Proceedings of the DIS’2004, Štrbské Pleso, Slovakia

HIGGS RADIATION OFF BOTTOM QUARKS AT HADRON COLLIDERS

MICHAEL SPIRA Paul Scherrer Institut PSI, CH-5232 Villigen PSI, Switzerland

Higgs-boson production in association with bottom quarks, pp̄/pp → bb̄H + X, is an important discovery channel for supersymmetric Higgs particles at the Tevatron and the LHC. The next-to-leading order QCD corrections to the parton processes qq̄, gg → bb̄H and results for total cross sections as well as for distributions in the transverse momenta of the bottom quarks are presented. A comparison with results involving bottom densities is performed.

The Higgs mechanism [1] is a cornerstone of the Standard Model (SM) and its supersymmetric extensions. The masses of the fundamental particles, electroweak gauge bosons, leptons, and quarks, are generated by interactions with Higgs fields. The search for Higgs bosons is thus one of the most important endeavours in highenergy physics and is being pursued at the upgraded proton–antiproton collider Tevatron with a centre-of-mass (CM) energy of 1.96 TeV, followed in the near future by the proton–proton collider LHC with 14 TeV CM energy.

Various channels can be exploited to search for Higgs bosons at hadron colliders. Higgs radiation off bottom quarks, qq̄, gg → bb̄H (see Fig. 1), [2] is the dominant Higgs-boson production mechanism in supersymmetric theories at large tan β, where the bottom–Higgs Yukawa coupling is strongly enhanced. The parameter tan β = v_2/v_1 is the ratio of the vacuum expectation values of the two Higgs fields generating the masses of up- and down-type particles in supersymmetric extensions of the SM. H = H_{SM}, h^0, H^0 may denote the SM Higgs boson or any of the CP-even neutral Higgs bosons of supersymmetric theories.

Note that the inclusive cross-section prediction for the process gg → bb̄H develops potentially large logarithmic terms ∝ log(Q/m_b) which arise from the splitting of gluons into bb̄ pairs, since the b-quark mass acts as a cutoff for the collinear singularity. The large scale Q corresponds to the upper limit of the collinear region up to which factorization is valid. It has been argued that Q is of the order of M_H /4 or less [3]. The log(Q/m_b) terms can be summed to all orders in perturbation theory by introducing bottom parton densities [4], provided that the b-quarks

Figure 1. A generic set of diagrams for the Born level.

© Institute of Experimental Physics SAS, Košice, Slovakia 1 are produced predominantly at small transverse momentum. The LO process in this approach is Higgs-boson production through bb̄ fusion, bb̄ → H. The first order corrections comprise the O(α_s) corrections to bb̄ → H and the LO process gb → bH [5]. The second-order corrections, involving bb̄ → H at NNLO, have been completed recently [6].

Higgs searches in the bb̄H channel, however, do in general employ cuts on the b-quark transverse momenta and thus require theoretical predictions for exclusive final states. In this case the calculation is based on the parton processes qq̄, gg → bb̄H. In the following we review the NLO QCD predictions for associated bb̄H production at the Tevatron and the LHC in the SM. The calculation of the NLO QCD corrections has been presented in Refs. [7–10]. In LO, the transition to the MSSM can be done by a simple rescaling of cross sections and distributions according to the modified bottom-quark Yukawa coupling, since the LO matrix element is proportional to this coupling. In NLO, this rescaling is spoiled by one-loop diagrams in which the Higgs boson couples to a closed top-quark loop. However, our calculation reveals that these contributions only amount to about −5%(−10%) of the NLO cross section at the Tevatron (LHC) in the SM. Thus, to a very good approximation, also the cross sections and distributions including NLO QCD corrections follow the simple LO rescaling. All scales have been set equal and are varied around the central value μ_0 = (2m_b + M_H )/2. Figure 2 shows the scale dependence for both the total cross section and the cross section with two high-p_T bottom quarks. The reduction of the spurious scale dependence at NLO is particularly striking for the exclusive cross section where both b-quarks are required to be produced with p_T > 20 GeV. We note that the bb̄H cross section at the Tevatron and the LHC is completely dominated by the gluon-gluon fusion and gluon-(anti)quark scattering reactions.

Figure 2. Variation of the LO and NLO cross sections with the renormalization and factorization scales for bb̄H + X production at the Tevatron and the LHC.

The total cross section for associated bb̄H production at the Tevatron and the LHC is displayed in Fig. 3 as a function of the Higgs-boson mass. We have varied all scales between μ_0/4 and μ_0. For the central choice μ = μ_0/2 the NLO QCD corrections increase the theoretical prediction significantly, by a factor 1.6 − 2.3

Higgs Radiation off Bottom Quarks 3

at the Tevatron and 1.1 − 1.8 at the LHC. For comparison the error bands of the approach based on bottom densities are shown at NNLO [6]. When including higher-order QCD corrections, the results obtained in the two approaches are in reasonable numerical agreement. In particular, the cross-section predictions for bb̄H production at the LHC are compatible within their respective scale uncertainties. We would like to emphasize, however, that in spite of the numerical agreement between the qq̄, gg → bb̄H and bb̄ → H cross-section predictions, the intrinsic uncertainties of both approaches have not yet been fully quantified. A similar reasonable agreement has been found in the case that only one bottom jet is required to develop a transverse momentum p_T > 20 GeV, while the other bottom jet is integrated out [11].

Figure 3. Variation of the LO and NLO cross sections with the renormalization and factorization scales for bb̄H + X production at the Tevatron and the LHC.

In Fig. 4 we show the cross section with one or two high-p_T bottom quarks as a function of the minimal b-quark transverse momentum. We observe sizeable positive corrections if the b-quarks are produced at small p_T . If both b-quarks are required to be produced with larger p_T >∼ 20 GeV the NLO corrections reduce the LO prediction.

In summary, the strong scale dependence of the LO predictions for the processes pp̄/pp → bb̄H + X, which provide important search channels for supersymmetric Higgs bosons, requires the inclusion of QCD corrections. For the total cross section, we find a reduction of the spurious scale dependence at NLO. Our results are in reasonable numerical agreement with calculations based on the bottom-quark fusion process. We find a drastic reduction of the scale dependence at NLO when the Higgs boson is produced in association with high-p_T bottom quarks. The improved NLO predictions for the exclusive cross sections can thus be taken as a base for experimental analyses at the Tevatron and the LHC.

Acknowledgements The author is pleased to thank S. Dittmaier and M. Krämer for their collaboration on Ref. [9]. This work has been supported by the European Union under contract HPRN-CT-2000-00149 and the Swiss Bundesamt für Bildung und Wissenschaft.

Figure 4. Cross section for bb̄H +X production at the Tevatron and LHC with one or two high-p_T bottom quarks as a function of the minimal b-quark transverse momentum.

References

1. P. W. Higgs, Phys. Lett. 12, 132 (1964); Phys. Rev. Lett. 13, 508 (1964) and Phys. Rev. 145, 1156 (1966); F. Englert and R. Brout, Phys. Rev. Lett. 13, 321 (1964); G. S. Guralnik, C. R. Hagen and T. W. Kibble, Phys. Rev. Lett. 13, 585 (1964).

2. R. Raitio and W. W. Wada, Phys. Rev. D19 (1979) 941; J. N. Ng and P. Zakarauskas, Phys. Rev. D29 (1984) 876; Z. Kunszt, Nucl. Phys. B247, 339 (1984);

3. D. Rainwater, M. Spira and D. Zeppenfeld, hep-ph/0203187; T. Plehn, Phys.

Rev. D67 (2003) 014018; F. Maltoni, Z. Sullivan and S. Willenbrock, Phys. Rev. D67 (2003) 093005; E. Boos and T. Plehn, Phys. Rev. D69 (2004) 094005.

4. R. M. Barnett, H. E. Haber and D. E. Soper, Nucl. Phys. B306 (1988) 697;

D. A. Dicus and S. Willenbrock, Phys. Rev. D39 (1989) 751. 5. D. Dicus, T. Stelzer, Z. Sullivan and S. Willenbrock, Phys. Rev. D59 (1999) 094016; C. Balazs, H. J. He and C. P. Yuan, Phys. Rev. D60 (1999) 114001.

6. R. V. Harlander and W. B. Kilgore, Phys. Rev. D68 (2003) 013001. 7. W. Beenakker, S. Dittmaier, M. Krämer, B. Plümper, M. Spira and P. M. Zerwas, Phys. Rev. Lett. 87 (2001) 201805 and Nucl. Phys. B653 (2003) 151.

8. L. Reina and S. Dawson, Phys. Rev. Lett. 87 (2001) 201804; L. Reina, S. Dawson and D. Wackeroth, Phys. Rev. D65 (2002) 053017; S. Dawson, L.H. Orr, L. Reina and D. Wackeroth, Phys. Rev. D67 (2003) 071503; S. Dawson, C. Jackson, L.H. Orr, L. Reina and D. Wackeroth, Phys. Rev. D68 (2003) 034022.

9. S. Dittmaier, M. Krämer and M. Spira, arXiv:hep-ph/0309204. 10. S. Dawson, C. Jackson, L. Reina and D. Wackeroth, Phys. Rev. D69 (2004) 074027.

11. J. Campbell, S. Dawson, S. Dittmaier, C. Jackson, M. Krämer, F. Maltoni, L. Reina, M. Spira, D. Wackeroth and S. Willenbrock, hep-ph/0405302 and hep-ph/0406152, Proceedings of the 3rd Les Houches Workshop: Physics at TeV Colliders, Les Houches, France, 26 May - 6 Jun 2003.