arXiv:1108.2025v1 [hep-ph] 9 Aug 2011

MPP-2011-98 August 9, 2011

Complete Electroweak Corrections to Higgs production

in a Standard Model with four generations at the LHC.^{‡‡∗}

Giampiero Passarino^†

Dipartimento di Fisica Teorica, Università di Torino, Italy INFN, Sezione di Torino, Italy

Christian Sturm^‡

Max-Planck-Institut für Physik, (Werner-Heisenberg-Institut), Föhringer Ring 6, 80805 München, Germany

Sandro Uccirati^§

Lehrstuhl für Theoretische Physik II, Institut für Theoretische Physik und Astrophysik, Universität Würzburg, 97074 Würzburg, Germany

Complete electroweak two-loop corrections to the process gg → H are presented and discussed in a Standard Model with a fourth generation of heavy fermions. The latter is studied at the LHC to put exclusion limits on a fourth generation of heavy fermions. Therefore also a precise knowledge of the electroweak(EW) next-to-leading-order(NLO) corrections is important. The corrections due to the fourth generation are positive and large for a light Higgs boson, positive but relatively small around the t−t threshold and start to become negative for a Higgs boson mass around M_H = 450 GeV. Increasing further the value of the Higgs boson mass, the EW NLO effects tend to become huge and negative, O(−100%), around the heavy-fermion threshold, assumed at 1.2 TeV, so that gg -fusion becomes non-perturbative. Above that threshold they start to grow again and become positive around M_H = 1.75 TeV. The behaviour at even larger values of M_H shows a positive enhancement, O(+100%) at M_H = 3 TeV.

Keywords: Feynman diagrams, Loop calculations, Radiative corrections, Higgs physics

PACS classification: 11.15.Bt, 12.38.Bx, 13.85.Lg, 14.80.Bn, 14.80.Cp

‡‡Work performed within the Higgs Cross-Section Working Group https://twiki.cern.ch/twiki/bin/view/LHCPhysics/CrossSections.

∗Work supported by MIUR under contract 2008H8F9RA_002. †giampiero@to.infn.it ‡sturm@mpp.mpg.de §Sandro.Uccirati@physik.uni-wuerzburg.de

1 Introduction

In the last year there have been intensive studies at the LHC aimed to put exclusion limits on a fourth generation of heavy fermions in the Standard Model [1,2,3]. For similar searches at Tevatron we refer to Ref. [4]. Recently, the overall combination of six Standard Model (SM) Higgs boson searches has been presented by the CMS Collaboration [5] using the following Higgs boson decay signatures: H → γγ, ττ, WW → 2l 2ν, ZZ → 2l 2ν, ZZ → 2l 2q. The same experimental search results, reinterpreted in the context of the Standard Model with four fermion generations (SM4), allow them to exclude the SM4 Higgs boson with a mass in the range 120−600 GeV at 95% C.L.

From direct searches the situation is as follows: for the decay of a fourth generation quark b^′ → tW, the LHC can put a limit close to 490 GeV for 1 fb^{−1} data. For b^′ → bW and for ≈ 200 pb^{−1} they can already obtain a limit around 420 GeV without a full optimization. The relevant production channel for these searches is gluon-gluon fusion (gg-fusion) that is sensitive to new coloured, heavy particles. There is little doubt that a Standard Model with a fourth generation of heavy fermions cannot stimulate great interest (for an additional vector-like generation see Ref. [6]), however, the spectacular modification in the Higgs boson cross-section at hadron colliders can be tested easily with LHC data.

So far, the experimental analysis has concentrated on models with ultra-heavy fourth generation fermions, excluding the possibility that the Higgs boson decays to heavy neutrinos. Furthermore, the full two-loop electroweak corrections have been included under the assumption that they are dominated by light fermions. At the moment the experimental strategy consists in computing the cross-section ratio R = σ(SM4)/σ(SM3) with HIGLU [7] while NLO electroweak radiative corrections are switched off, where SM3 stands for the Standard Model with three generations.

In this work we concentrate on the computation of the complete two-loop electroweak corrections and refer to the work of Ref. [8,9] for the inclusion of the QCD corrections. In the next Section 2 we discuss the limit of heavy fermions in the gluon fusion channel. In Section 3 we present our results for the electroweak corrections in the SM4 and discuss in Section 4 the impact of the fourth generations on the Higgs boson decay. Finally we close with our conclusions in Section 5.

2 Heavy fermion mass limit in gluon-gluon fusion

Recently, there have been some confusing and inaccurate statements on the impact of two-loop electroweak (EW) corrections to Higgs boson production at the LHC (through gg-fusion) in a Standard Model with a fourth generation of fermions. The naive expectation is that light fermions dominate the low Higgs boson mass regime and, therefore, electroweak corrections can be well approximated by using the available ones [10,11] in the Standard Model with three generations (SM3). It is worth noting that the leading behaviour of the EW corrections for high values of masses in the fourth generation has been known for a long time [12,13] (see also Ref. [14]) showing an enhancement of the radiative corrections.

To avoid misunderstandings we define the following terminology: for a given amplitude A, in the limit of the fermion mass m_f → ∞ we will distinguish decoupling for A ∼ 1/m^2_f (or more), screening for A → constant (or ln m^2_f ) and enhancement for A ∼ m^2_f (or more). To discuss decoupling we need few definitions: SM3 is the usual SM with one t−b doublet; SM4 is the extension of SM3 with a new family of heavy fermions with t^′−b^′ quarks and l^′−ν_l^′ leptons. All relevant formulae for the asymptotic limit can be found in Ref. [12,13]. The amplitude for gg-fusion is (only EW corrections are considered here)

A(SM3) = A^{1-loop}_t + A^{NLO}_3 , A^{NLO}_3 = A^{2-loop}_t + δ^{FR}_t A^{1-loop}_t ,

A(SM4) = A^{1-loop}_Q + A^{NLO}_4 , A^{NLO}_4 = A^{2-loop}_Q + δ^{FR}_{Q+L} A^{1-loop}_Q , (1)

where

A_Q = A_{t+t}′_{+b}′ , δ^{FR}_{Q+L} = δ^{FR}_{t+t}′_{+b}′_{+l}′_{+νl}′ . (2)

In Eq.(1) δ^{FR} gives the contribution from finite renormalization, including Higgs boson wave-function renormalization (see Sect. 3.4 of Ref. [10] for technical details).

First we recall the standard argument for asymptotic behaviour in the lowest-order (LO) gg-fusion process, extendible to next-to-leading-order (NLO) and next-to-next-to-leading-order (NNLO) QCD corrections [15] and give a simple argument to prove enhancement at the NLO EW level.

Any Feynman diagram contributing to the Higgs-gluon-gluon vertex has dimension one; however, the total Higgs-gluon-gluon amplitude must be proportional to T_{μν} = p^2 δ_{μν} − p_μp_ν (where p is the Higgs momentum) because of gauge invariance. For any fermion f the Yukawa coupling is proportional to m_f /M_W and T has dimension two; therefore, the asymptotic behaviour of any diagram must be proportional to T/m_f when m_f → ∞. The part of the diagram which is not proportional to T will cancel in the total because of gauge invariance (all higher powers of m_f will go away and this explains the presence of huge cancellations in the total amplitude). At LO there is only one Yukawa coupling as in NLO(NNLO) QCD where one adds only gluon lines, so there is screening. At the EW NLO there are diagrams with three Yukawa couplings, therefore giving the net m^2_f behaviour predicted in [12], so there is enhancement and at two-loop level it goes at most with m^2_f . To be more precise, let us define

σ_{SM3} (gg → H) = σ^{LO}_{SM3} (gg → H) ( 1 + δ^3_{EW} ) and σ_{SM4} (gg → H) = σ^{LO}_{SM4} (gg → H) ( 1 + δ^4_{EW} ) . (3)

Analysing the results of Ref. [12,13], which is valid for a light Higgs boson, one can see that in SM3 there is enhancement in the quark sector for m_t ≫ m_b (δ^3_{EW} ∼ G_F m^2_t where G_F is the Fermi coupling constant). The full calculation of Ref. [11] shows that the physical value for the top-quark mass is not large enough to make this quadratic behaviour relevant with respect to the contribution from light fermions in a wide range of the Higgs boson mass. From Ref. [12] one can also understand that an hypothetical SM3 with mass-degenerate t−b quarks (m_t = m_b = m_q) would generate an enhancement in the small mass region with the opposite sign (δ^3_{EW} ∼ − G_F m^2_q). Moving to SM4, Eq.(62) of Ref. [13] shows that the enhanced terms coming from finite renormalization exactly cancel the similar contribution from two-loop diagrams for m_t′ = m_b′ , so that for mass-degenerate quarks t^′−b^′ we observe screening in the fourth generation quark sector. This accidental cancellation follows from the 3 of colour SU(3) and from the fact that we have 3 heavy quarks contributing to LO almost with the same rate (no enhancement at LO). However, the same is not true for the leptons l^′−ν_l^′. There are no two-loop diagrams with leptons in gg -fusion; they enter through the renormalization procedure. We observe enhancement in the leptonic sector of SM4, which actually dominates the behaviour at small values of M_H. To summarize:

• SM3 with a heavy-light quark doublet: (positive) enhancement;

• SM3 with a heavy-heavy (mass-degenerate) quark doublet: (negative) enhancement;

• SM4 with a heavy-light and heavy-heavy (mass-degenerate) quark doublets: enhancement in heavylight, screening in heavy-heavy;

• SM4 with a heavy-heavy l^′−ν_l^′ doublet: enhancement.

We have verified that our (complete) results confirm the asymptotic estimates of Ref. [12,13].

Exclusion of SM4 at LHC requires the most conservative setup and, sometimes, it has been suggested to set limits in a scenario where all fermions in the fourth generation are ultra-heavy. This is not reasonable for at least three reasons: there is the usual unitarity requirement which puts a LO bound of approximately 500 GeV (although some recent literature [16] puts the current interesting region in the interval 400−600 GeV); implications of triviality for the Standard Model [17], where one deduces that in the framework of a twoloop renormalization group analysis the heaviest quark mass has to be smaller than 400 GeV. This bound emerges from vacuum stability constraints and turns out to be stronger than the 500 GeV from unitarity. Finally, EW NLO corrections to gg-fusion show that already at the t^′−b^′ threshold, assumed to be at around 1.2 TeV, the contributions of the NLO corrections to the cross-section are as big as the LO one.

Following the recommendation of the Higgs XS Working Group we have adopted the following scenario (see Refs. [18,19]):

m_b′ = m_l′ = m_{νl}′ = 600 GeV,

m_t′ − m_b′ = 50 ( 1 + 1 5 ln M_H M_{ref} ) GeV , (4) where M_{ref} = 115 GeV. The reason for this scenario is that while one should pay attention to the theoretical upper bounds also lower bounds from direct search at LHC matter, so that our assumption will not become obsolete in the near future. MonteCarlo studies show that the sensitivity at LHC for heavy quark search is about 600 GeV with 1 fb^{−1} data^1. Note that the constraint of Eq.(4) is a severe one and the quarks t^′−b^′ are almost mass-degenerate meaning that, at low values of M_H, the quarks of the fourth generation contribute very little to the leading behaviour of the EW NLO corrections.

3 Results

In this Section we present numerical results for complete NLO EW corrections to gg-fusion in SM4, obtained using the techniques developed in [10].

In order to prove that light-fermion dominance in SM3 below 300 GeV is a numerical accident due to the fact that the top-quark is not heavy enough, we have computed δ^3_{EW} for a top-quark of 800 GeV at M_H = 100 GeV and found top-quark dominance (δ^3_{EW} = 4.2% (11%) at m_t = 172.5 GeV (800 GeV)). A similar effect in the top-quark sector is also present in SM4; if, for instance, we fix all heavy masses to 600 GeV, we find δ^4_{EW} = 12.1% (29.1%) at m_t = 172.5 GeV (600 GeV).

Moving to SM4, the LO gg-fusion cross-section is for a light Higgs boson about nine times the one in SM3, e.g. see Ref. [20]; the contribution from pure two-loop EW diagrams should have an impact three times smaller than the equivalent one in SM3 in the small M_H region. Therefore, if one assumes that also NLO SM4 is dominated by light-fermion corrections, i.e. that EW corrections are the same for SM3 and SM4, one expects δ^4_{EW} ≈ δ^3_{EW} /3 for very heavy fermions. According to Ref. [13] this would be true provided that no heavy leptons are included. In Fig. 1 we show our findings for SM4 in the case where only the quark contribution of the fourth generation is included; in this case δ^4_{EW} turns to be effectively small for light M_H (compared to δ^3_{EW} from Ref. [11], dashed(blue) curve), but the ratio δ^4_{EW} /δ^3_{EW} is slightly different from the expected 1/3. This reduction factor applies in fact just to the pure two-loop diagrams, while finite renormalization in the top sector remains unchanged moving from δ^3_{EW} to δ^4_{EW} , giving for the corrections proportional to m^2_t an overall enhancement of a factor 5 in δ^4_{EW} with respect to δ^3_{EW} .

Figure 1: Percentage corrections in SM4 (t^′−b^′ quarks only) due to two-loop electroweak corrections to gg → H (solid(red) curve). Here we have chosen m_t′ = m_b′ = 400 GeV. For comparison we also show the percentage corrections in SM3 (dashed(blue) curve). The vertical dotted lines denote the location of the W −W and Z−Z thresholds.

In Fig. 2 we have checked our result against the asymptotic limit predicted in Ref. [12], where the interference between finite renormalization effects due to the fourth generation of quarks and the one-loop top-quark amplitude was neglected, together with the contribution from heavy leptons. The solid(red) curve corresponds to our exact result for the EW NLO corrections to δ^4_{EW} for fixed M_H = 100 GeV as a function of

1R. Tanaka, private communication

m_q = m_t′ = m_b′ , where the assumptions of Ref. [12] have been applied. To better appreciate the agreement, the result of Ref. [12] has been shifted (dashed(blue) curve) by a factor −0.7, which is our empirical estimate of the contributions of the non-enhanced terms, not included in the heavy quark expansion of Ref. [12].

Figure 2: Comparison of the component of δ^4_{EW} due to a mass-degenerate quark isodoublet t^′−b^′ (solid(red) curve) with −0.7 +^4_3 ΔQ, where ΔQ is Eq.(12) of Ref. [12](dashed(blue) curve). The interference of finite renormalization t^′−b^′ quark effects with the one-loop top-quark amplitude have been excluded.

In Fig. 3 we consider the dependence of δ^4_{EW} on the masses of the fourth generation, at small values of M_H. In the left part is plotted the heavy quark dependence of δ^4_{EW} for a mass-degenerate isodoublet t^′−b^′ at M_H = 100 GeV as a function of m_q = m_t′ = m_b′ for m_l′ = m_{νl}′ = 600 GeV, showing the expected screening for mass-degenerate heavy quarks in SM4. In the right part of Fig. 3 we plot δ^4_{EW} with a mass-degenerate isodoublet l^′−ν_l^′ of leptons at M_H = 100 GeV as a function of m_l = m_l′ = m_{νl}′ for m_t′ = m_b′ = 600 GeV. The plot gives complete confirmation of the quadratic enhancement in the masses of leptons and neutrinos of SM4.

(a) (b) Figure 3: (Left) Complete δ^4_{EW} due to a degenerate isodoublet t^′−b^′ at MH = 100 GeV as a function of mq = m_t′ = m_b′ for m_l′ = m_{νl}′ = 600 GeV. (Right) Complete δ^4_{EW} due to a mass-degenerate isodoublet l^′−ν_l^′ at MH = 100 GeV as a function of m_l = m_l′ = m_{νl}′ for m_t′ = m_b′ = 600 GeV. The vertical line denotes the location of the values studied in the following Fig. 5.

Our complete result is shown in Fig. 4 where the t^′−b^′ and the l^′−ν_l^′ doublets are included with the setup of Eq.(4). In Fig. 5 we consider the alternative scenario with complete mass-degenerate fourth generation fermions (m_l′ = m_{νl}′ = m_t′ = m_b′ = 600 GeV).

Electroweak NLO corrections due to the fourth generation are positive and large for a light Higgs boson, positive but relatively small around the t−t threshold and start to become negative around 450 GeV. The asymptotic behaviour for M_H well below any heavy q−q threshold makes the LO Higgs-gluon-gluon coupling local and allows for a partial(total) cancellation of the EW NLO leading corrections due to heavy quark (m_t = m_b); however, the top-quark triangle is the first to become non-local when M_H is approaching the t−t threshold, spoiling the asymptotic behaviour. Increasing further the value of the Higgs boson mass, the NLO effects tend to become huge and negative (δ^4_{EW} < −100%) around the heavy-quark threshold. Above that threshold δ^4_{EW} starts to grow again and becomes positive around M_H = 1750 GeV. The behaviour at even larger values of M_H shows the usual positive enhancement (at M_H = 3000 GeV we find δ^4_{EW} > +100%), similar to SM3, entering the non-perturbative regime.

Figure 4: Percentage corrections in SM4 (t^′−b^′ and l^′−ν_l^′ doublets) due to two-loop electroweak corrections to gg → H. Here we have chosen m_b′ = m_l′ = m_{νl}′ = 600 GeV and m_t′ − m_b′ = 50 ( 1 +^1_5 ln^{MH}_{Mref} ) GeV with M_{ref} = 115 GeV. The vertical dotted lines denote the location of the W −W , Z−Z and t−t thresholds.

Figure 5: Percentage corrections in SM4 (t^′−b^′ and l^′−ν_l^′ doublets) due to two-loop electroweak corrections to gg → H. Here we have chosen m_t′ = m_b′ = m_l′ = m_{νl}′ = 600 GeV. The vertical dotted lines denote the location of the W −W , Z−Z and t−t thresholds.

Our result proves that the naive expectation that EW NLO corrections are dominated by the light fermion contributions fails in SM4. This was expected for several reasons, including our previous results in SM3 where the partial corrections generated by the top-quark yields contributions of similar order of magnitude as the one induced by light fermion loops, smaller though but still in the per cent range as the whole EW corrections. Comparing Fig. 5 with Fig. 3(b), taking into account the m_l-dependence, one can see that the fourth generation of leptons, which enter the renormalization procedure, have an important impact on the size of the percentage corrections.

4 SM4 exclusion

To put limits on SM4 one also needs to consider the final state; for the low Higgs mass region the important channels are H → γγ and H → ZZ^∗, H → WW^∗. In both cases it will be difficult to reach exclusion with one channel and it is important to have also here the NLO EW corrections in SM4 under control. Complete NLO EW calculations are not yet available in SM4 for the decay processes and we can only argue in terms of the leading behaviour of the corrections as given in Ref. [13]. All channels show enhancement due to heavy fermions of the fourth generation, however this leading term is universal for WW and ZZ (at least for almost degenerate fermions) so that we expect less impact on the branching ratios although corrections on partial widths are expected to be huge (≈ −60%(−20%)) for mass-degenerate fermions t^′−b^′(l^′−ν_l^′) of 600 GeV. For H → γγ the SM4 branching ratio is suppressed by a factor 8 with respect to SM3 but one should be aware of the fact that in SM4 the NLO EW corrections can be as large as the LO partial width.

5 Conclusions

In this work we have provided the full two-loop electroweak correction for the gluon-gluon-fusion process in a Standard Model with a fourth generation of heavy fermions. Due to the expected enhancement of radiative corrections we have found a substantially different behaviour with respect to the same corrections in the Standard Model with three generations only, also in the region of low Higgs boson masses. The effect on exclusion limits at LHC are also briefly discussed. Finally, for values of the heavy-fermion masses given in Eq.(4) gluon-gluon-fusion becomes non-perturbative in SM4 for values of M_H around 1 TeV, as signalled by NLO ≈ LO.

Acknowledgments

We gratefully acknowledge several discussions with A. De Roeck, S. Dittmaier, P. Gambino, C. Mariotti, R. Tanaka and M. Spira.

References

[1] The ATLAS Collaboration Collaboration, G. Aad et al., Expected Performance of the ATLAS Experiment - Detector, Trigger and Physics, arXiv:0901.0512 [hep-ex].

[2] ATLAS Collaboration, G. Aad et al., Limits on the production of the Standard Model Higgs Boson in pp collisions at √ s = 7 TeV with the ATLAS detector, arXiv:1106.2748 [hep-ex].

[3] CMS Collaboration, S. Chatrchyan et al., Search for a Heavy Bottom-like Quark in pp Collisions at √ s = 7 TeV , Phys. Lett. B701 (2011) 204–223, arXiv:1102.4746 [hep-ex].

[4] CDF and D0 Collaboration, T. Aaltonen et al., Combined Tevatron upper limit on gg → H → W^+W^− and constraints on the Higgs boson mass in fourth-generation fermion models, Phys. Rev. D82 (2010) 011102, arXiv:1005.3216 [hep-ex].

[5] CMS, SM Higgs Combination, CMS-PAS-HIG-11-011 , 2011.

[6] K. Ishiwata and M. B. Wise, Higgs Properties and Fourth Generation Leptons,

arXiv:1107.1490 [hep-ph].

[7] M. Spira, HIGLU and HDECAY: Programs for Higgs boson production at the LHC and Higgs boson decay widths, Nucl. Instrum. Meth. A389 (1997) 357–360, arXiv:hep-ph/9610350.

[8] C. Anastasiou, S. Buehler, E. Furlan, F. Herzog, and A. Lazopoulos, Higgs production cross-section in a Standard Model with four generations at the LHC , arXiv:1103.3645 [hep-ph].

[9] C. Anastasiou, R. Boughezal, and E. Furlan, The NNLO gluon fusion Higgs production cross-section with many heavy quarks, JHEP 06 (2010) 101, arXiv:1003.4677 [hep-ph].

[10] S. Actis, G. Passarino, C. Sturm, and S. Uccirati, NNLO Computational Techniques: the Cases H → γγ and H → gg, Nucl. Phys. B811 (2009) 182–273, arXiv:0809.3667 [hep-ph].

[11] S. Actis, G. Passarino, C. Sturm, and S. Uccirati, NLO Electroweak Corrections to Higgs Boson Production at Hadron Colliders, Phys. Lett. B670 (2008) 12–17, arXiv:0809.1301 [hep-ph].

[12] A. Djouadi and P. Gambino, Leading electroweak correction to Higgs boson production at proton colliders, Phys. Rev. Lett. 73 (1994) 2528–2531, arXiv:hep-ph/9406432.

[13] A. Djouadi, P. Gambino, and B. A. Kniehl, Two loop electroweak heavy fermion corrections to Higgs boson production and decay, Nucl. Phys. B523 (1998) 17–39, arXiv:hep-ph/9712330.

[14] F. Fugel, B. A. Kniehl, and M. Steinhauser, Two-loop electroweak correction of O(G(F) M(t)**2) to the Higgs-boson decay into photons, Nucl. Phys. B702 (2004) 333–345, arXiv:hep-ph/0405232.

[15] M. Spira, A. Djouadi, D. Graudenz, and P. M. Zerwas, Higgs boson production at the LHC , Nucl. Phys. B453 (1995) 17–82, arXiv:hep-ph/9504378.

[16] D. Atwood, S. K. Gupta, and A. Soni, Detecting Fourth Generation Quarks at Hadron Colliders, arXiv:1104.3874 [hep-ph].

[17] M. Lindner, Implications of Triviality for the Standard Model, Zeit. Phys. C31 (1986) 295. [18] G. D. Kribs, T. Plehn, M. Spannowsky, and T. M. P. Tait, Four generations and Higgs physics, Phys. Rev. D76 (2007) 075016, arXiv:0706.3718 [hep-ph].

[19] M. Hashimoto, Constraints on Mass Spectrum of Fourth Generation Fermions and Higgs Bosons, Phys. Rev. D81 (2010) 075023, arXiv:1001.4335 [hep-ph].

[20] X. Ruan and Z. Zhang, Impact on the Higgs Production Cross Section and Decay Branching Fractions of Heavy Quarks and Leptons in a Fourth Generation Model, arXiv:1105.1634 [hep-ph].