arXiv:hep-ph/0210176 v1 11 Oct 2002

THEORETICAL DEVELOPMENTS IN STANDARD-MODEL HIGGS PHYSICS AT A FUTURE e^+e^− LINEAR COLLIDER^a

B.A. KNIEHL II. Institut für Theoretische Physik, Universität Hamburg, Luruper Chaussee 149, 22761 Hamburg, Germany

We review the decay properties and production mechanisms of the Standard-Model Higgs boson at a future e^+ e^− linear collider with special emphasis on the influence of quantum corrections. We also discuss how its quantum numbers and couplings can be extracted from the study of appropriate final states.

1 Introduction

The Higgs boson is the missing link of the Standard Model (SM) of elementary particle physics. At a future e^+e^− linear collider (LC), an important experimental task will be to determine the Higgs quantum numbers and couplings in order to distinguish between the minimal SM and possible extensions. In particular, the measurement of the Higgs self-couplings will allow one to directly test the Higgs mechanism.

In this presentation, we discuss the decay properties of the Higgs boson and its main production mechanisms at a future e^+e^− LC, emphasizing the influence of radiative corrections, and explain how to extract its quantum numbers and couplings from the study of final states. For more details, we refer to a recent review.^1

2 Decay Properties

At the tree level, the Higgs boson decays to pairs of massive fermions and gauge bosons if M_H > 2M_i (i = f, V ). If M_V < M_H < 2M_V (M_H < M_V ), then one of the (both) final-state gauge bosons are forced to be off shell, so that one is dealing with three-particle (four-particle) decays.^2 The Higgs boson also couples to photons (gluons), through loops involving charged (coloured) massive particles, and one is led to consider the loop-induced decays H → Zγ, H → γγ, H → gg, etc. In order to match the high experimental precision to be achieved with a future e^+e^− LC, it is indispensable to take radiative corrections into account. At one loop, the electroweak corrections to Γ ( H → ff̄ ) ,^{3,4} Γ(H → V V ),^{3,5} and Γ ( H → Zff̄ )_6 and the QCD ones to Γ(H → qq̄)^7 are well established, including the dependence on all particle masses. Beyond one loop,

aTo appear in the Proceedings of the Workshop on Physics and Experiments with Future Electron-Positron Linear Colliders (LCWS 2002), Jeju Island, Korea, August 26–30, 2002.

only dominant classes of corrections were investigated, sometimes only in limiting cases. For a low-mass Higgs boson, these include corrections enhanced by the strong-coupling constant α_s and the top Yukawa coupling g_{ttH} = M_t/v, where v = 2^{−1/4}G^{−1/2}_F ≈ 246 GeV, with G_F being Fermi’s constant. Specifically, the two-loop QCD corrections were found for Γ(H → l^+l^−),^8 Γ(H → qq̄) (q ≠ t),^{9,10} Γ (H → tt̄ ) ,^{11} Γ(H → Zγ),^{12} Γ(H → γγ),^{13} and Γ(H → gg).^{10,14} Even three-loop QCD corrections were calculated, namely for Γ(H → qq̄) (q ≠ t),^{15} Γ(H → γγ),^{16} and Γ(H → gg).^{17} In the last case, they are quite significant, the correction factor being 1 + 0.66 + 0.21 for M_H = 100 GeV.^{17} An efficient way of obtaining corrections leading in X_t = g^2_{ttH}/(4π)^2 to processes involving low-mass Higgs bosons is to construct an effective Lagrangian by integrating out the top quark. This may be conveniently achieved by means of a low-energy theorem,^{18} which relates the amplitudes of two processes which differ by the insertion of an external Higgs-boson line carrying zero four-momentum. In this way, the O ( X^2_t ) ,^{19} O(X_tα_s),^{8,20} and O ( X_tα^2_s

)_{21}

corrections to Γ(H → l^+l^−), Γ(H → W^+W^−), and Γ(H → ZZ) were obtained. In O ( X^2_t ) , also the full M_b dependence is available.^{19} The O(X_t), O ( X^2_t ) , and O(X_tα_s) corrections to Γ(H → qq̄), where q ≠ b, t, coincide with those for Γ(H → l^+l^−). The O ( X_tα^2_s ) corrections to Γ(H → qq̄) were found in Ref. 22. The effective-Lagrangian method in connection with the low-energy theorem was also employed to obtain the O(X_tα_s)^{23} and O ( X_tα^2_s

)_{22} corrections to Γ(H → bb̄), the O(X_t) corrections to Γ(H → γγ),^{19} and the O(X_t)^{19,22,24} and O(X_tα_s)^{25} corrections to Γ(H → gg).

It is fair to say that radiative corrections for Higgs-boson decays have been explored to a similar degree as those for Z-boson decays. Unfortunately, this does not necessarily lead to similarly precise theoretical predictions. In fact, the errors on the latter are dominated by parametric uncertainties, mainly by those in α^{(5)}_s (M_Z ) and the quark masses.^{26}

3 Production in e^+e^− Collisions

The dominant mechanisms of Higgs-boson production in e^+e^− collisions are Higgs-strahlung and W^+W^− fusion. The cross section of ZZ fusion is approximately one order of magnitude smaller than the one of W^+W^− fusion, because of weaker couplings. Compact cross section formulas may be found in Ref. 27.

As for the Higgs-strahlung process, the electromagnetic^{27,28} and weak^{27,29} corrections are fully known at one loop. The electroweak corrections for V V fusion, a 2 → 3 process, are not yet available. However, the leading effects can be conveniently included as follows. The bulk of the initial-state bremsstrahlung can be taken into account in the so-called leading logarithmic approximation provided by the structure-function method, by convoluting the tree-level cross section with a radiator function, which is known through O(α^2) and can be further improved by soft-photon exponentiation.^{30} The residual dominant corrections of fermionic origin can be incorporated in a systematic and convenient fashion by invoking the so-called improved Born approximation.^{20,21,31} 4 Quantum Numbers and Couplings from Final States

The spin, parity, and charge-conjugation quantum numbers J^{P C} of Higgs bosons can be determined at a future e^+e^− LC in a model-independent way by analyzing the threshold behaviour and the angular dependence of the Higgsstrahlung process.^{32} This process can also be employed to place limits on anomalous ZZH and ZγH couplings.^{33} The top Yukawa coupling g_{ttH} and the trilinear Higgs self-coupling g_{HHH} can be probed by studying the processes e^+e^− → tt̄H,^{34} e^+e^− → ZHH, and e^+e^− → ν̄_eν_eHH.^{35} 5 Conclusions and Outlook

The theoretical predictions for the partial decay widths of the SM Higgs boson and its production cross sections at a future e^+e^− LC are generally in good shape. The strategies for the determination of the Higgs profile are also well elaborated. The list of urgent tasks left to be done includes the calculation of the full O(α) corrections for important 2 → 3 processes, such as W^+W^− fusion, ZZ fusion, and tt̄H associated production, and the inclusion of background processes and detector simulation. References

[1] B.A. Kniehl, Int. J. Mod. Phys. A 17, 1457 (2002). [2] B.A. Kniehl, Phys. Lett. B 244, 537 (1990).

[3] J. Fleischer and F. Jegerlehner, Phys. Rev. D 23, 2001 (1981). [4] D.Yu. Bardin, B.M. Vilenskiĭ, P.Kh. Khristova, Sov. J. Nucl. Phys. 53, 152 (1991); B.A. Kniehl, Nucl. Phys. B 376, 3 (1992); A. Dabelstein and W. Hollik, Z. Phys. C 53, 507 (1992).

[5] B.A. Kniehl, Nucl. Phys. B 352, 1 (1991); 357, 439 (1991); D.Yu. Bardin, B.M. Vilenskiĭ, P.Kh. Khristova, Sov. J. Nucl. Phys. 54, 833 (1991).

[6] B.A. Kniehl, Phys. Rep. 240, 211 (1994).

[7] E. Braaten and J.P. Leveille, Phys. Rev. D 22, 715 (1980). [8] B.A. Kniehl and A. Sirlin, Phys. Lett. B 318, 367 (1993); B.A. Kniehl, Phys. Rev. D 50, 3314 (1994).

[9] S.G. Gorishny, A.L. Kataev, S.A. Larin, and L.R. Surguladze, Mod. Phys.

Lett. A 5, 2703 (1990); Phys. Rev. D 43, 1633 (1991); A.L. Kataev and V.T. Kim, Mod. Phys. Lett. A 9, 1309 (1994); L.R. Surguladze, Phys. Lett. B 341, 60 (1994); B.A. Kniehl, Phys. Lett. B 343, 299 (1995); K.G. Chetyrkin and A. Kwiatkowski, Nucl. Phys. B 461, 3 (1996).

[10] S.A. Larin, T. van Ritbergen, and J.A.M. Vermaseren, Phys. Lett. B 362, 134 (1995).

[11] R. Harlander and M. Steinhauser, Phys. Rev. D 56 3980 (1997). [12] M. Spira, A. Djouadi, and P.M. Zerwas, Phys. Lett. B 276, 350 (1992). [13] H. Zheng and D. Wu, Phys. Rev. D 42, 3760 (1990). [14] T. Inami, T. Kubota, and Y. Okada, Z. Phys. C 18, 69 (1983). [15] K.G. Chetyrkin, Phys. Lett. B 390, 309 (1997); K.G. Chetyrkin and M.

Steinhauser, Phys. Lett. B 408, 320 (1997).

[16] M. Steinhauser, in Proceedings of the Ringberg Workshop: The Higgs Puzzle—What Can We Learn From LEP2, LHC, NLC And FMC?, Ringberg Castle, Germany, 1996, ed. B.A. Kniehl (World Scientific, Singapore, 1997), p. 177.

[17] K.G. Chetyrkin, B.A. Kniehl, and M. Steinhauser, Phys. Rev. Lett. 79, 353 (1997); Nucl. Phys. B 510, 61 (1998).

[18] B.A. Kniehl and M. Spira, Z. Phys. C 69, 77 (1995). [19] A. Djouadi, P. Gambino, and B.A. Kniehl, Nucl. Phys. B 523, 17 (1998). [20] B.A. Kniehl and M. Spira, Nucl. Phys. B 443, 37 (1995); B.A. Kniehl, Phys. Rev. D 53, 6477 (1996).

[21] B.A. Kniehl and M. Steinhauser, Nucl. Phys. B 454, 485 (1995); Phys.

Lett. B 365, 297 (1996).

[22] K.G. Chetyrkin, B.A. Kniehl, and M. Steinhauser, Phys. Rev. Lett. 78, 594 (1997); Nucl. Phys. B 490, 19 (1997).

[23] A. Kwiatkowski and M. Steinhauser, Phys. Lett. B 338, 66 (1994); 342, 455(E) (1995); B.A. Kniehl and M. Spira, Nucl. Phys. B 432, 39 (1994).

[24] A. Djouadi and P. Gambino, Phys. Rev. Lett. 73, 2528 (1994). [25] M. Steinhauser, Phys. Rev. D 59, 054005 (1999).

[26] E. Gross, B.A. Kniehl, and G. Wolf, Z. Phys. C 63, 417 (1994); 66, 321(E) (1995).

[27] B.A. Kniehl, Z. Phys. C 55, 605 (1992).

[28] F.A. Berends and R. Kleiss, Nucl. Phys. B 260, 32 (1985). [29] J. Fleischer and F. Jegerlehner, Nucl. Phys. B 216, 469 (1983); A. Denner, J. Küblbeck, R. Mertig, and M. Böhm, Z. Phys. C 56, 261 (1992).

[30] W. Beenakker, F.A. Berends, and S.S. van der Marck, Nucl. Phys. B 349, 323 (1991).

[31] F. Halzen, B.A. Kniehl, and M.L. Stong, Z. Phys. C 58, 119 (1993). [32] V. Barger, K. Cheung, A. Djouadi, B.A. Kniehl, and P.M. Zerwas, Phys. Rev. D 49, 79 (1994); D.J. Miller, S.Y. Choi, B. Eberle, M.M. Mühlleitner, and P.M. Zerwas, Phys. Lett. B 505, 149 (2001).

[33] K. Hagiwara, S. Ishihara, J. Kamoshita, and B.A. Kniehl, Eur. Phys. J.

C 14, 457 (2000); T. Han and J. Jiang, Phys. Rev. D 63, 096007 (2001).

[34] J.F. Gunion, B. Grzadkowski, and X.-G. He, Phys. Rev. Lett. 77, 5172 (1996).

[35] A. Djouadi, W. Kilian, M. Mühlleitner, and P.M. Zerwas, Eur. Phys. J.

C 10, 27 (1999).