10. Standard Model of electroweak interactions iii

STANDARD MODEL OF ELECTROWEAK INTERACTIONS 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

2 10.1 Renormalization and radiative corrections 6 10.2 Cross section and asymmetry formulas

PART 2 Page # Section name

13 10.3 W and Z decays 14 10.4 Experimental results

PART 3 Page # Section name

21 10.5 Deviations from the Standard Model 22 References

10. Standard Model of electroweak interactions 21

10.5. Deviations from the Standard Model

The Z pole, W mass, and neutral-current data can be used to search for and set limits on deviations from the Standard Model.

For example, 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. It is convenient to take these as α, GF , MZ , and MW , since MW and MZ are directly measurable. Then bs 2Z and ρ0 can be considered dependent parameters defined by

bs^2_Z ≡ A^2_0/M^2_W (1 − Δbr_W ) (10.40) and ρ0 ≡ M 2W /(M 2Z bc 2Z bρ) . (10.41) 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. (10.36). (Also, the expression for MZ is divided by √ ρ0; the MW formula is unchanged.) There is now enough data to determine ρ0, sin2 θW , mt, and αs simultaneously. In particular, Rb and the direct CDF and DØ events yield mt independent of ρ0, the asymmetries yield bs 2Z, R gives αs, and MZ and the widths constrain ρ0. From the global fit (including CDF and DØ),

ρ0 = 1.0012 ± 0.0013 ± 0.0018 (10.42)

bs^2_Z = 0.2314 ± 0.0002 ± 0.0002 (10.43)

αs = 0.121 ± 0.004 ± 0.001 (10.44)

mt = 171 ± 12 , (10.45)

where the second error is from MH . This is in remarkable agreement with the Standard Model expectation ρ0 = 1, and constrains any higher-dimensional Higgs representation to have vacuum expectation values of less than a few percent of those of the doublets. The allowed regions in the ρ0 – bs 2Z plane are shown in Fig. 10.2. Allowing for new physics in Rb, one obtains ρ0 = 1.0002(14)(18) and αs = 0.101(8)(1). The effects of other types of new physics are described in Sec. 14 on “Constraints on New Physics from Electroweak Analyses” in this Review.

Most of the parameters relevant to ν-hadron, νe, e-hadron, and

e+e�_{processes are determined uniquely and precisely from the data}

in “model independent” fits (i.e., fits which allow for an arbitrary electroweak gauge theory). The values for the parameters defined in Eqs. (10.12)–(10.14) are given in Table 10.6 along with the predictions

22 10. Standard Model of electroweak interactions

Figure 10.2: The allowed regions in sin2 bθW − ρ0 at 90% CL. mt is a free parameter and MH = 300 GeV is assumed. (The upper (lower) dashed contours are for MH = 1000 (60) GeV.) The horizontal (width) band uses the experimental value of MZ in Eq. (10.36).

of the Standard Model. The agreement is excellent. The low-energy

e+e�_{results are difficult to present in a model-independent way}

because Z-propagator effects are non-negligible at TRISTAN, PETRA, and PEP energies. However, assuming e-μ-τ universality, the lepton asymmetries imply [45] 4(geA)2 = 0.99 ± 0.05, in good agreement with the Standard Model prediction ≃ 1. The much more precisely measured Z-pole parameters in Table 10.3 are in excellent agreement with the Standard Model.

References:

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

A. Salam in Elementary Particle Theory, ed. N. Svartholm (Almquist and Wiksells, Stockholm, 1969) p. 367; 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, Singapore, 1995).

10. Standard Model of electroweak interactions 23

Table 10.6: Values of the model-independent neutral-current parameters, compared with the Standard Model prediction using MZ = 91.1884 GeV for mt = 180 ± 7 GeV and MH = 300 GeV. There is a second gνeV,A solution, given approximately by gνeV ↔ gνeA , which is eliminated by e+e� data under the assumption that the neutral current is dominated by the exchange of a single Z. θi, i = L or R, is defined as tan�1[ϵi(u)/ϵi(d)].

Experimental Standard Model Quantity Value Prediction Correlation

ϵL(u) 0.332 ±0.016 0.345±0.0003 ϵL(d) −0.438 ±0.012 −0.429±0.0004 nonϵR(u) −0.178 ±0.013 −0.156 Gaussian ϵR(d) −0.026 +0.075�0.048 0.078

g2L 0.3017±0.0033 0.303±0.0005 g2R 0.0326±0.0033 0.030 small θL 2.50 ±0.035 2.46 θR 4.58 +0.46�0.28 5.18 gνeA −0.507 ±0.014 −0.507±0.0004 −0.04 gνeV −0.041 ±0.015 −0.037±0.0003 C1u −0.214 ±0.046 −0.190±0.0005 −0.995 −0.79 C1d 0.359 ±0.041 0.342±0.0004 0.79 C2u − 12 C2d −0.04 ±0.13 −0.052±0.0009

4. CDF: F. Abe et al., Phys. Rev. Lett. 74, 2626 (1995). 5. DØ: S. Abachi et al., Phys. Rev. Lett. 74, 2632 (1995). 6. For reviews, see J. Gunion et al., The Higgs Hunter’s Guide, (Addison-Wesley, Redwood City, 1990); M. Sher, Phys. Reports 179, 273 (1989).

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

8. α(MZ)�1 = 128.896 ± 0.090, S. Eidelman and F. Jegerlehner, Z. Phys. C67, 585 (1995).

9. α(MZ)�1 = 128.99 ± 0.06, A.D. Martin and D. Zeppenfeld, Phys.

Lett. B345, 558 (1995).

10. α(MZ)�1 = 128.89 ± 0.09, H. Burkhardt and B. Pietrzyk, Phys.

Lett. B356, 398 (1995).

11. α(MZ)�1 = 128.96 ± 0.06, (corrected from an original 129.08 ± 0.10), M.L. Swartz, SLAC-PUB-95-7001.

12. N.V. Krasnikov, Mod. Phys. Lett. A9, 2825 (1994). 13. W.J. Marciano and A. Sirlin, Phys. Rev. Lett. 61, 1815 (1988).

24 10. Standard Model of electroweak interactions

14. 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. 15.

15. P. Langacker, p. 883 of Ref. 3;

J. Erler and P. Langacker, Phys. Rev. D52, 441 (1995). 16. A. Sirlin, Phys. Rev. D22, 971 (1980); D29, 89 (1984);

W. Hollik, Fortsch. Phys. 38, 165 (1990); D.C. Kennedy et al., 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. 37,117 and W. Marciano, p. 170 in Ref. 3. Extensive references to other papers are given in Ref. 14.

17. W. Hollik in [16] and references therein;

V.A. Novikov, L.B. Okun, and M.I. Vysotsky, Nucl. Phys. B397, 35 (1993).

18. W.J. Marciano and J.L. Rosner, Phys. Rev. Lett. 65, 2963 (1990). 19. G. Degrassi, S. Fanchiotti, and A. Sirlin, Nucl. Phys. B351, 49 (1991).

20. P. Gambino and A. Sirlin, Phys. Rev. D49, 1160 (1994). 21. Zfitter: D. Bardin et al., CERN-TH.6443/92, and references therein.

22. R. Barbieri et al., Phys. Lett. B288, 95 (1992);

Nucl. Phys. B409, 105 (1993).

23. 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).

24. 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), B349, 597(E) (1995).

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

K.G. Chetyrkin et al., Mod. Phys. Lett. A8, 2785 (1993). 26. For a review, see F. Perrier, p. 385 of Ref. 3.

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

A. Blondel et al., Z. Phys. C45, 361 (1990).

28. CHARM: J.V. Allaby et al., Z. Phys. C36, 611 (1987). 29. BEBC: D. Allasia et al., Nucl. Phys. B307, 1 (1988).

10. Standard Model of electroweak interactions 25

30. 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). 31. CCFR: C.G. Arroyo et al., Phys. Rev. Lett. 72, 3452 (1994). 32. CHARM I: J. Dorenbosch et al., Z. Phys. C41, 567 (1989). 33. BNL E734: L.A. Ahrens et al., Phys. Rev. D41, 3297 (1990). 34. CHARM II: P. Vilain et al., Phys. Lett. B335, 246 (1994). See also J. Panman, p. 504 of Ref. 3.

35. C.Y. Prescott et al., Phys. Lett. 84B, 524 (1979). For a review, see P. Souder, p. 599 of Ref. 3.

36. 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). 37. Cesium (Boulder): M.C. Noecker et al., Phys. Rev. Lett. 61, 310 (1988).

38. Bismuth (Oxford): M.J.D. Macpherson et al., Phys. Rev. Lett.

67, 2784 (1991).

39. Lead (Seattle): D.M. Meekhof et al., Phys. Rev. Lett. 71, 3442 (1993).

40. Thallium (Oxford): N.H. Edwards et al., Phys. Rev. Lett. 74, 2654 (1995);

(Seattle): P.A. Vetter et al., Phys. Rev. Lett. 74, 2658 (1995). 41. S.A. Blundell, W.R. Johnson, and J. Sapirstein, Phys. Rev. Lett.

65, 1411 (1990) and p. 577 of Ref. 3;

V.A. Dzuba et al., Phys. Lett. 141A, 147 (1989). 42. J.L. Rosner, hepph-9507375.

43. S.J. Pollock et al., Phys. Rev. C46, 2587 (1992);

B.Q. Chen and P. Vogel, Phys. Rev. C48, 1392 (1993). 44. B.W. Lynn and R.G. Stuart, Nucl. Phys. B253, 216 (1985);

Physics at LEP, ed. J. Ellis and R. Peccei, CERN 86–02, Vol. I. 45. R. Marshall, Z. Phys. C43, 607 (1989);

C. Kiesling, Tests of the Standard Theory of Electroweak Interactions (Springer-Verlag, NY, 1988); Y. Mori et al., Phys. Lett. B218, 499 (1989); D. Haidt, p. 203 of Ref. 3.

46. For reviews, see D. Schaile, p. 215, and A. Blondel, p. 277 of Ref. 3.

47. Recent LEP results, including preliminary results from the 1994 run, are given in the LEP Electroweak Working Group report LEPEWWG/95-02.

48. SLD: K. Abe et al., Phys. Rev. Lett. 73, 25 (1994). 49. Preliminary SLD results including those from the 1994–1995 run were presented at the 1995 EPS meeting, Brussels, contributions eps 0654, 0222, 0248–0251.

26 10. Standard Model of electroweak interactions

50. 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. Gorishny, A.L. Kataev, and S.A. Larin, Phys. Lett. B212, 238 (1988) and B259, 144 (1991);

L.R. Surguladze and M.A. Samuel, Phys. Rev. Lett. 66, 560 (1991) and 2416 (E);

A comprehensive report and further references can be found in K.G. Chetyrkin, J.H. Kühn, and A. Kwiatkowski, CERN yellow report CERN 95-03, Part II.

51. For a recent review, see B.A. Kniehl, Int. J. Mod. Phys. A10, 443 (1995).

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

53. 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) and Phys. Rev. D25, 1218 (1982);

S.G. Gorishny, 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);

see also the last reference in Ref. 50.

54. B.A. Kniehl and J.H. Kühn, Phys. Lett. B224, 229 (1990) and Nucl. Phys. B329, 547 (1990);

K.G. Chetyrkin and A. Kwiatkowski, Phys. Lett. B305, 285 (1993) and 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). 55. A.L. Kataev, Phys. Lett. B287, 209 (1992). 56. D. Albert et al., Nucl. Phys. B166, 460 (1980);

F. Jegerlehner, Z. Phys. C32, 425 (1986); A. Djouadi et al., Z. Phys. C46, 411 (1990);

10. Standard Model of electroweak interactions 27

A. Borrelli et al., Nucl. Phys. B333, 357 (1990); see also Ref. 57.

57. W. Beenakker and W. Hollik, Z. Phys. C40, 141 (1988);

A.A. Akhundov et al., Nucl. Phys. B276, 1 (1986); B.W. Lynn and R.G. Stuart, Phys. Lett. B352, 676 (1990); J. Bernabeu, A. Pich, and A. Santamaria, Nucl. Phys. B363, 326 (1991).

58. See the Z-Boson Listings and Refs. 46 and 47. 59. CDF: F. Abe et al., Phys. Rev. Lett. 75, 11 (1995);

UA2: S. Alitti et al., Phys. Lett. B276, 354 (1992); DØ: C.K. Jung, presented at the 27th International Conference of High Energy Physics, Glasgow (1994).

60. M. Shifman, Mod. Phys. Lett. A10, 605 (1995);

see also Ref. 15.

61. P. Langacker and N. Polonsky, Phys. Rev. D52, 3081 (1995) and references therein.