Published by Institute of Physics Publishing for SISSA/ISAS Received: March 26, 2004 Revised: August 4, 2004 Accepted: September 24, 2004

Higgs production in association with top quark pair at e^+e^− colliders in theories of higher dimensional gravity

Debajyoti Choudhury

Department of Theoretical Physics, Indian Association for the Cultivation of Science 2A&B, Raja Subodh C. Mullick Road, Jadavpur, Calcutta 700 032, India, and Harish-Chandra Research Institute Chhatnag Road, Jhusi, Allahabad 211019, India E-mail: debchou@iacs.res.in, debchou@mri.ernet.in

Nilendra G. Deshpande and Dilip Kumar Ghosh

Institute of Theoretical Science, 5203 University of Oregon Eugene OR 97403-5203, U.S.A.

E-mail: desh@oregon.uoregon.edu, dghosh@physics.uoregon.edu

Abstract: Models with large extra compact dimensions predict exciting phenomenological consequences with gravitational interactions becoming strong at the TeV scale. Such theories can be tested at the existing and future colliders. In this paper, we study the contribution of virtual Kaluza-Klein excitations in the process e^+e^− → tt̄H at a future linear collider. The exchange of virtual KK gravitons is found to modify the cross-section σ(e^+e^− → tt̄H) from its Standard Model value to a very significant extent. The consequent sensitivity to the effective string scale M_S depends (weakly) on the number of extra-dimensions n and (strongly) on the center-of-mass energy of the collider. For n = 3, M_S ≃ 920 GeV (8 TeV) could be probed at machines working at √ s = 500 GeV (3 TeV).

More importantly, this process can serve to distinguish such models from other sources of new physics.

Keywords: Extra Large Dimensions, Standard Model, Beyond Standard Model, Higgs Physics.

© SISSA/ISAS 2004 http://jhep.sissa.it/archive/papers/jhep092004055 /jhep092004055 .pdf

Contents

1. Introduction 1

2. e^+e^− → tt̄H 3

3. Summary 8

A. Feynman rules for graviton exchange 8

1. Introduction

The concept of large extra dimensions and TeV scale gravity introduced by Arkani-Hamed, Dimopoulos and Dvali, often referred to as the ADD model [1] has attracted a lot of attention. In this scenario, the total space-time has D = 4 + n dimensions, with the additional n dimensions compactified. While gravity lives in the entire bulk space-time, the Standard Model (SM) particles are deemed to be confined to the usual four (i.e. 3 + 1) dimensions. The 4-dimensional Planck scale, M_{P l} ∼ 2.4 × 10^{18} GeV, is no longer a fundamental quantity but is derived from the size R of the extra dimensions^1 and the fundamental Planck scale M_S in the full theory:

M^2_{P l} ∼ R^nM^{n+2}_S . (1.1)

Thus, for large extra-dimensions, it is possible to have a fundamental scale M_S as low as a TeV [1], thereby “solving” the gauge hierarchy problem of the standard model. However, M_S ∼ O(1 TeV) in a model with a single extra dimension (n = 1) necessitates R ∼ 10^{11}mm, a value that obviously runs counter to astrophysical observations. On the other hand, for n ≥ 2, we have R ≤ mm, a range that is still allowed by gravitational experiments.

The graviton couples to the standard model matter and gauge particles through the energy-momentum tensor, with a strength suppressed by powers of the 4-dimensional Planck scale, M_{P l}. However, from the 4-dimensional point of view, the massless graviton propagating in the (4 + n)-dimensional bulk is to be interpreted as a tower of massive Kaluza-Klein (KK) modes of excitations, with spin-2, spin-1 (which decouples ) as well spin-0 components. In the context of collider experiments, the mass spectrum of these KK

1In principle, each of the extra dimensions could have a different size. For the sake of simplicity though, we shall assume that the radii of the compactified T^n are identical.

– 1 – modes can be treated as a continuum, as the mass splitting (∼ 1/R) between successive modes is about 10^{−4} eV (1 MeV) for n = 2(6). On summing over the KK modes, the effective graviton-exchange contribution to processes involving the standard model particles is only suppressed by powers of ( √ s/M_S ) [1], where √ s is the energy available for the process.

The Feynman rules for this theory may be developed from a linearized theory of gravity in the bulk and may be found in refs. [2, 3]. These new interactions can give rise to several interesting phenomenological consequences testable at present and future colliders [4] with their effects observed either through production of real KK modes [5, 6, 7], or through the exchange of virtual KK modes in various processes [4].

Real graviton emission, at LEP, through the processes e^+e^− → G γ(Z), with the G providing missing energy-momentum, have been studied [8, 9]. Negative results lead to a lower bound on M_S ∼ 0.6 (1.4) TeV for n = 6 (2) [10]. The corresponding search by the D0 [11] and the CDF [12] collaborations (in the jets + E_T/ channel) with a data sample of 84 pb^{−1} collected at √ s = 1.8 TeV, leads to the exclusion, at 95% C.L., of M_S below 1.0, 0.77 and 0.71 TeV for n = 2, 4 and 6 respectively. The CDF Collaboration has also investigated the γ + E_T/ channel, but the sensitivity is distinctly lower (M_S > 550, 581 and 602 GeV for n = 4, 6 and 8 respectively). Significant enhancement of the sensitivity is expected at the LHC though. For example, with an accumulated luminosity of 100 fb^{−1}, the jets +E_T/ channel can be used to probe M_S upto 9.1, 7.0 and 6.0 TeV for n = 2, 3 and 4 respectively [13]. On the other hand, at future e^+e^− linear colliders operating at √ s ∼ 0.25 − 1.5 TeV, processes such as e^+e^− → G γ(Z) [6] or Bhabha scattering with radiated gravitons [14] could be sensitive to M_S of upto several TeVs.

In contrast to real graviton production, one may also consider the contribution of virtual graviton exchanges in SM-allowed processes. Several 2 → 2 scattering processes have been investigated in the context of both hadronic as well as leptonic colliders [15]– [23]. The best curent limit was obtained from Drell-Yan production at the Tevatron (data collected upto October 2003) with the CDF and D0 collaborations setting limits of M_S > 1.1 TeV and M_S > 1.43 TeV respectively ( in the convention used by GRW [2]). While Run II(b) Run is expected to improve these bounds by more than a factor of 2 (e.g., combining dilepton and diphoton channel data is expected to probe upto M_S ≲ 3.5 TeV for n = 2), at the LHC the sensitivity is enhanced manifold (M_S ∼ 8.3–13 TeV for n = 2–6) [17]. Similarly, at future e^+e^− linear colliders one could expect to probe M_S ≲ 5 √ s [24].

The next generation e^+e^− linear colliders is expected to function with a center-of-mass energy ranging from 300 GeV up to about 1 TeV [25, 26, 27]. There is also a possibility of multi-TeV linear collider operating between energy range of 3-5 TeV at CERN [28]. In this paper we will consider the process e^+e^− → tt̄H to study the effect of low-scale gravity at the proposed linear colliders operating with a center of mass energy 500 GeV and beyond. Within the SM, tt̄H production has been studied in the context of the determination of the top quark Yukawa couplings [29, 30]. Thus, one would be looking for significant deviations from the expectations within the SM as a signal of new physics. However, it should be borne in mind that these processes are unlikely to serve as the dominant discovery channel for KK gravitons, since there exist other simpler channels that are equally (or more) sensitive to such graviton exchanges [4].

– 2 –

On the other hand, once a discovery is made, the next phase would comprise of confirmatory tests as well as the determination of the parameters of the theory. This can be achieved only through a series of other experiments and this is where the process under discussion would be useful. For one, the enhancement on account of graviton exchanges could, in principle, behave differently with a change in √ s than in the case for the simple and well-studied 2 → 2 processes. This behaviour will be different for different models of new physics beyond the SM and thus help distinguish between them. Furthermore, such a study could provide us with additional insight into the Higgs mechanism operative in higher dimensional theories.

2. e^+e^− → tt̄H

In this section we study the effect of the graviton exchange in the production of a Higgs particle in association with a pair of top quarks at a Linear Collider. The SM diagrams contributing to this process are well known. We present the Feynman rules relevant for this process in the appendix. In figure 1, we present the additional set of diagrams that arise in the theory under consideration.^2

The amplitudes corresponding to the diagrams in figure 1 can be easily calculated following the Feynman rules derived in, say, ref. [3]. As mentioned earlier, the gravitational coupling κ ≡ √ 16πG_N (G_N being the four-dimensional Newton’s constant) can be

e^+(k_1)

e^−(k_2) G t(p_1)

H(p_3)

t̄(p_2) (a) e^+(k_1)

e^−(k_2) G t(p_1)

H(p_3)

t̄(p_2) (b) e^+(k_1)

e^−(k_2) G H(p_3) t(p_1)

t̄(p_2)

(c) Figure 1: The graviton-mediated diagrams contributing to e^+e^− → tt̄H at the tree level.

2Note that two further diagrams exist. These involve the exchange of the graviscalar with a ff̄G vertex at one end and a ff̄HG vertex on the other. However, since the graviscalar coupling, with or without the Higgs, is proportional to the fermion mass, we may safely neglect such contributions on account of the smallness of me.

– 3 – expressed in terms of the fundamental scale M_S and the size R of the n extra dimensions through κ^2R^n = 16π (4π)^{n/2} Γ(n/2) M^{−(n+2)}_S . (2.1)

Choosing to work in the de Donder gauge, we have, for the amplitudes,

M_a = −Ggm_tπ 16M_W P^{μναβ} (p_1 + p_3)^2 − m^2_t

[v̄(k_1)C_{μν} u(k_2)][ū(p_1) (p_1/ + p_3/ + m_t)χ^a_{αβ}v(p_2)]

M_b = Ggm_tπ 16M_W P^{μναβ} (p_2 + p_3)^2 − m^2_t

[v̄(k_1)C_{μν} u(k_2)][ū(p_1) (p_2/ + p_3/ − m_t)χ^b_{αβ} v(p_2)]

M_c = −Ggm_tπ 2M_W P^{μναβ} (p_1 + p_2)^2 − m^2_H

[v̄(k_1)C_{μν} u(k_2)][ū(p_1)χ^c_{αβ}v(p_2)] (2.2)

where, G = κ^2 16π D(s) = M^{−4}_S ( √ s M_S )_{n−2} [ π + 2i P ∫_{MS /}^√_s 0 y^{n−1} dy 1 − y^2 ]

P^{μναβ} = η^{μα}η^{νβ} + η^{μβ} η^{να} − 2 3 η^{μν} η^{αβ} C_{μν} = [γ_μ(k_2 − k_1)_ν + (μ ↔ ν)] χ^a_{αβ} = [γ_α(p_1 − p_2 + p_3)_β − η_{αβ} (p_1/ − p_2/ + p_3/ − 2m_t)] + (β ↔ α) χ^b_{αβ} = [γ_α(p_1 − p_2 − p_3)_β − η_{αβ} (p_1/ − p_2/ − p_3/ − 2m_t)] + (β ↔ α) χ^c_{αβ} = m^2_H η_{αβ} − (p_1 + p_2)^μp^ν_3 [η_{μα}η_{νβ} + η_{να}η_{μβ} − η_{μν} η_{αβ}] (2.3)

with s ≡ (k_1 + k_2)^2. The function D(s) is the resultant of summing over the KK modes of the graviton, and only the principal part of the integral is to be taken.

The cross sections after adding the new amplitudes to the SM are presented in figure 2 as a function of machine energy, and for different Higgs masses. To be specific, we hold the number of extra dimensions to be n = 3. In each figure, the solid line represents the standard model predictions and exhibits the expected fall-off with energy. The inclusion of the graviton exchange changes the √ s-dependence drastically. For relatively large values of M_S , the fall-off persists upto a certain value of √ s and thereafter the cross section increases rapidly. And, as expected, the turnaround point (in √ s) is a monotonic function of M_S . Thus we can expect stronger bounds on M_S as the machine energy increases. Comparing the three panels in figure 2, it is very clear that the ADD contribution is not strongly dependent on Higgs mass. At low energies, the difference in the magnitude of cross-sections for these three values of Higgs masses arises mainly from the phase space. At relatively higher value of √ s, the cross-sections corresponding to m_H = 120 and 200 GeV become nearly identical. Indeed, the relative difference between the cross sections for any two different values of m_H tends to be smaller in the ADD case than that within the standard model.

Since the integral in D(s) — see eq. (2.3) — is a relatively slowly increasing function of (M_S / √ s), the amplitudes typically go down as ∼ M^{−4}_S . This is reflected in figure 3, where we present the total cross-section as a function of M_S for theories with different numbers

– 4 –

Figure 2: Variation of the cross-section (fb) for tt̄H production with machine energy. The four dashed curves correspond to the ADD predictions for M_S = 3.5, 4.5, 5.5 and 6.5 TeV and n = 3, while the solid line represents the standard model expectations. The three panels correspond to three different values of the Higgs mass.

Figure 3: The variation of the cross-section (fb) for tt̄H production with M_S , for a Higgs mass of 120 GeV. The curves correspond to the ADD predictions for n = 3, 4, 5 and 6 respectively. Also indicated are the standard model expectations. The left and the right panels correspond to √ s = 500 GeV and 1 TeV respectively.

of extra dimensions. For comparison, the SM cross-sections are also given. As with simpler processes, here too the graviton contribution decreases with the increase in the number of extra-dimension as long as the machine energy and M_S are held constant.

It is thus obvious that graviton-exchange contributions can significantly alter the predictions for the e^+e^− → tt̄H cross-section in such models. However, before one can claim

– 5 –

Figure 4: Variation of σ(e^+e^− → tt̄H) with machine energy (m_H = 120 GeV). The solid curve represents the SM cross-section while the band around it indicates the variation in it wrought by a ±10% deviation in the SM tt̄H coupling. The monotonically increasing curve corresponds to a ADD model with n = 3 and M_S = 1.5 TeV. Also shown are three curves corresponding to a 4-dimensional model with a sequential Z^′ for different values of the latter’s mass.

that any such observed deviation has been occasioned by the exchange of virtual gravitons, one needs to ascertain that such deviations cannot be explained by any other possible 4- dimensional new physics effects (4DNP) going beyond the SM. We proceed to do this next.

Note that, within the SM, the process under discussion is controlled by two relatively undetermined couplings, namely the tt̄H and the ZZH ones. Of these, the latter is expected to be measured to a very great accuracy at such a collider [31]. As for the former, the expected accuracy is far less. In fact, the process under consideration, in itself, is perhaps the best channel for this measurement! In view of this ignorance, let us assume that any 4DNP effect may change the tt̄H coupling by at most 10%. While this may be an underestimate, we shall see that even a somewhat larger uncertainty would not change our conclusions qualitatively.

In figure 4, we display the effect of such a variation in the tt̄H coupling on the crosssection under consideration. The two sidebands around the central (SM) curve represent the cross section expected for an enhancement (reduction) of the tt̄H coupling by 10%. As is immediately obvious, the functional dependence of the cross-section on the centerof-mass energy remains virtually the same as in the standard model for modest changes in this coupling. On the other hand, the functional dependence is markedly different for ADD scenarios. Thus, measurements at two different center of mass energies would clearly distinguish between these two classes of models.

– 6 –

√ s M_S in GeV TeV n = 3 4 5 6 0.5 920 (880) 855 (825) 810 (785) 780 (750) 1.0 2530 (2470) 2300 (2240) 2140 (2090) 2020 (1970) 3.0 7970 (7680) 7200 (6960) 6680 (6470) 6300 (6100)

Table 1: 3σ exclusion limits on M_S achievable with an integrated luminosity of 500 fb^{−1} for different center-of-mass energies ( √ s). n is the number of extra dimensions and we assume m_H = 120 GeV. The numbers in parentheses refer to the corresponding (5σ) discovery limits.

As a further example of 4DNP, let us consider an extension of the SM to a model with an extra neutral gauge boson (Z^′). For illustrative purposes, we choose to work with a sequential Z^′, namely one whose couplings to the SM particles are exactly the same^3 as those of the usual Z [32]. In figure 4, we also demonstrate how the tt̄H production cross section may change in the presence of such a Z^′. For center of mass energies well below m_Z′ , the cross section would naturally be quite similar to that within the SM. However, as the energy is raised, the cross section starts to grow rapidly, potentially mimicking the effect within an ADD model. However, if the energy is raised further, the resonance structure characteristic of such a Z^′ would evince itself (as also in other production modes). If the energy were to be raised still further to values much larger than m_Z′ , the cross section would fall as dictated by considerations of partial wave unitarity. Thus, once again, such models are easily distinguishable from ADD-like ones.

Note, however, that both the sets of alternative models considered here are renormalizable ones. One might, instead, consider a generic effective field theory characterized by (a multitude of) higher-dimensional operators [33, 34, 35] giving rise to cross-sections increasing with energy (see, e.g., figure 2 of ref. [35]). Clearly, any single experiment such as the one discussed here cannot distinguish between such scenarios from the ADD one. This criticism applies equally well to the more canonical probes of the ADD scenario. However, if one considers the totality of experimental signatures of ADD, it is highly improbable that such higher dimensional operators produce similar energy-dependence of the cross sections in all the channels considered. In fact, the importance of considering many alternative signatures for ADD, such as the one we have considered here, is precisely in eliminating explanations based on ad hoc higher dimensional operators. We thus do not compare our results with such models here.

Now that a method of distinguishing has been delineated, we may try to estimate the sensitivity of the process under consideration. To this end, we display, in table 1, the 3σ exclusion limit on M_S for different machine energies and number of extra dimensions. In estimating these limits we assume an integrated luminosity of 500 fb^{−1}, detection efficiency of 80% and a 2% systematic error. We would, however, like to point out that, in the absence of a detailed simulation, such estimates are necessarily very crude ones. Furthermore, while estimating the SM tth cross-sections we have not considered QCD and EW corrections, which has been computed by several groups [36, 37].

3The corresponding results for a Z^′ with a different set of couplings are qualitatively very similar.

– 7 –

That the exclusion limits vary strongly with the available energy is but a consequence of the structure of the theory (in particular, the momentum dependence of the couplings) and could have already been expected from figures 2 or 3. What is also remarkable is that the exclusion (discovery) limits on M_S are only weakly dependent on the number of extra dimensions.

3. Summary In this paper we have studied the implications of KK graviton contribution to the process e^+e^− → tt̄H, which has been studied in the standard model. The spin-2 mode of KK gravitons contribute to this process substantially. It is likely though that the existence of low-energy quantum gravity may be discovered through more direct channels as studied by several groups. Nevertheless, this process will be an independent confirmation for such a discovery. We have shown both 3σ exclusion limit and 5σ discovery limit for the string scale M_S obtainable at typical linear collider energies assuming the benchmark integrated luminosity of 500 fb^{−1}.

Acknowledgments The authors thank the High Energy Physics Division of the Argonne National Laboratory for hospitality during the period the project was initiated. DC thanks the Department of Science & Technology, India for financial assistance under the Swarnajayanti Fellowship grant. The work of NGD and DKG was supported by US DOE contract numbers DE- FG03-96ER40969.

A. Feynman rules for graviton exchange In this section we list the leading-order, i.e. O(κ), Feynman rules relevant for this analysis. Detailed Feynman rules can be found in ref. [3, 38]. Following the symbols used in ref. [3] we have:

Figure 5: Three-point fermion-fermion-Graviton (a) and scalar-scalar-Graviton (b) Feynman rules. The KK states are denoted by double sinusoidal curves. m_f and m_Φ are masses of the fermion and scalar particles, κ = √ 16πG_N and C_{μν,ρσ} = η_{μρ}η_{νσ} + η_{μσ} η_{νρ} − η_{μν} η_{ρσ} .

– 8 –

References

[1] N. Arkani-Hamed, S. Dimopoulos and G.R. Dvali, The hierarchy problem and new dimensions at a millimeter, Phys. Lett. B 429 (1998) 263 [hep-ph/9803315]; Phenomenology, astrophysics and cosmology of theories with sub-millimeter dimensions and TeV scale quantum gravity, Phys. Rev. D 59 (1999) 086004 [hep-ph/9807344]; I. Antoniadis, N. Arkani-Hamed, S. Dimopoulos and G.R. Dvali, New dimensions at a millimeter to a fermi and superstrings at a TeV, Phys. Lett. B 436 (1998) 257 [hep-ph/9804398].

[2] G.F. Giudice, R. Rattazzi and J.D. Wells, Quantum gravity and extra dimensions at high-energy colliders, Nucl. Phys. B 544 (1999) 3 [hep-ph/9811291].

[3] T. Han, J.D. Lykken and R.-J. Zhang, On Kaluza-Klein states from large extra dimensions, Phys. Rev. D 59 (1999) 105006 [hep-ph/9811350].

[4] For reviews see: T.G. Rizzo, Kaluza-Klein physics at muon colliders, AIP Conf. Proc. 530 (2000) 290–307 [hep-ph/9911229];

Y.A. Kubyshin, Models with extra dimensions and their phenomenology, hep-ph/0111027; J. Hewett and M. Spiropulu, Particle physics probes of extra spacetime dimensions, Ann. Rev. Nucl. Part. Sci. 52 (2002) 397–424 [hep-ph/0205106] and references therein.

[5] E.A. Mirabelli, M. Perelstein and M.E. Peskin, Collider signatures of new large space dimensions, Phys. Rev. Lett. 82 (1999) 2236 [hep-ph/9811337].

[6] K.-m. Cheung and W.-Y. Keung, Direct signals of low scale gravity at e^+e^− colliders, Phys.

Rev. D 60 (1999) 112003 [hep-ph/9903294].

[7] C. Balazs, H.-J. He, W.W. Repko, C.P. Yuan and D.A. Dicus, Collider tests of compact space dimensions using weak gauge bosons, Phys. Rev. Lett. 83 (1999) 2112 [hep-ph/9904220].

[8] ALEPH collaboration, R. Barate et al., Single- and multi-photon production in e^+e^− collisions at centre-of-mass energies between 188.6 and 201.6 GeV, ALEPH Note CONF-99-027, ibid. 2000-008.

[9] DELPHI collaboration, P. Abreu et al., Photon events with missing energy at √ s = 183 → 189 GeV, Eur. Phys. J. C 17 (2000) 53 [hep-ex/0103044].

[10] G. Landsberg, Extra dimensions and more . . . , hep-ex/0105039.

[11] D0 collaboration, V.M. Abazov et al., Search for large extra dimensions in the monojet + missing ET channel at D0, Phys. Rev. Lett. 90 (2003) 251802 [hep-ex/0302014].

[12] CDF collaboration, D. Acosta, Search for Kaluza-Klein graviton emission in pp̄ collisions at √ s = 1.8 TeV using the missing energy signature, Phys. Rev. Lett. 92 (2004) 121802 [hep-ex/0309051].

[13] CDF collaboration, M. Sanders, Search for extra dimensions at hadron colliders,

hep-ex/0310033.

[14] S. Datta, P. Konar, B. Mukhopadhyaya and S. Raychaudhuri, Bhabha scattering with radiated gravitons at linear colliders, Phys. Rev. D 68 (2003) 095005 [hep-ph/0307117].

[15] J.L. Hewett, Indirect collider signals for extra dimensions, Phys. Rev. Lett. 82 (1999) 4765 [hep-ph/9811356].

– 9 –

[16] K.-m. Cheung, Global lepton quark neutral current constraint on low scale gravity model, Phys. Lett. B 460 (1999) 383 [hep-ph/9904510].

[17] K.-m. Cheung and G. Landsberg, Drell-Yan and diphoton production at hadron colliders and low scale gravity model, Phys. Rev. D 62 (2000) 076003 [hep-ph/9909218].

[18] K.-m. Cheung, Diphoton signals for low scale gravity in extra dimensions, Phys. Rev. D 61 (2000) 015005 [hep-ph/9904266].

[19] O.J.P. Eboli, T. Han, M.B. Magro and P.G. Mercadante, Diphoton signals for large extra dimensions at the Tevatron and cern LHC, Phys. Rev. D 61 (2000) 094007 [hep-ph/9908358].

[20] K. Agashe and N.G. Deshpande, Limits on low scale gravity from e^+e^− → w^+w^−, zz and γγ, Phys. Lett. B 456 (1999) 60 [hep-ph/9902263];

P. Poulose, Effects of TeV scale gravity on e^+e^− → w^+w^−, Phys. Lett. B 534 (2002) 131 [hep-ph/0202230].

[21] D. Atwood, S. Bar-Shalom and A. Soni, Gauge boson gauge boson scattering in theories with large extra dimensions, Phys. Rev. D 61 (2000) 054003 [hep-ph/9906400].

[22] K.Y. Lee, H.S. Song and J.-H. Song, Polarization effects on the e^+e^− → w^+w^− process with large extra dimensions, Phys. Lett. B 464 (1999) 82 [hep-ph/9904355].

[23] P. Mathews, S. Raychaudhuri and K. Sridhar, Testing TeV scale quantum gravity using dijet production at the Tevatron, J. High Energy Phys. 07 (2000) 008 [hep-ph/9904232]; Getting to the top with extra dimensions, Phys. Lett. B 450 (1999) 343 [hep-ph/9811501].

[24] T.G. Rizzo, More and more indirect signals for extra dimensions at more and more colliders, Phys. Rev. D 59 (1999) 115010 [hep-ph/9901209].

[25] N. Akasaka et al., JLC design study, KEK-REPORT-97-1.

[26] International Study Group collaboration, C. Adolphsen et al., International study group progress report on linear collider developement, KEK-REPORT-2000-7 (April 2000).

[27] ECFA/DESY LC Physics Working Group collaboration, J.A. Aguilar-Saavedra et al., Tesla technical design report part III: physics at an e^+e^− linear collider, hep-ph/0106315.

[28] The CLIC Study Team, R.W. Assmann et al., A 3 TeV e^+e^− linear collider based on CLIC technology, G. Guignard ed., SLAC-REPRINT-2000-096.

[29] K.J.F. Gaemers and G.J. Gounaris, Bremsstrahlung production of Higgs bosons in e^+e^− collisions, Phys. Lett. B 77 (1978) 379;

A. Djouadi, J. Kalinowski and P.M. Zerwas, Higgs radiation off top quarks in high-energy e^+e^− colliders, Z. Physik C 54 (1992) 255.

[30] J.F. Gunion, B. Grzadkowski and X.-G. He, Determining the top anti-top and z z couplings of a neutral Higgs boson of arbitrary CP nature at the NLC, Phys. Rev. Lett. 77 (1996) 5172 [hep-ph/9605326];

H. Baer, S. Dawson and L. Reina, Measuring the top quark yukawa coupling at a linear e^+e^− collider, Phys. Rev. D 61 (2000) 013002 [hep-ph/9906419];

A. Juste and G. Merino, Top-higgs yukawa coupling measurement at a linear e^+e^− collider,

hep-ph/9910301.

– 10 –

[31] Precision Higgs Working Group of Snowmass 2001 collaboration, J. Conway, K. Desch, J.F. Gunion, S. Mrenna and D. Zeppenfeld, The precision of Higgs boson measurements and their implications, eConf C010630 (2001) P1WG2 [hep-ph/0203206] and references therein.

[32] A. Leike, The phenomenology of extra neutral gauge bosons, Phys. Rept. 317 (1999) 143 [hep-ph/9805494] and references therein.

[33] K. Whisnant, J.-M. Yang, B.-L. Young and X. Zhang, Dimension-six CP-conserving operators of the third-family quarks and their effects on collider observables, Phys. Rev. D 56 (1997) 467 [hep-ph/9702305].

[34] G.J. Gounaris, D.T. Papadamou and F.M. Renard, General description of new physics in t, b and boson interactions and its unitarity constraints, Z. Physik C 76 (1997) 333 [hep-ph/9609437].

[35] T. Han, T. Huang, Z.H. Lin, J.X. Wang and X. Zhang, e^+e^− → tt̄H with non-standard Higgs boson couplings, Phys. Rev. D 61 (2000) 015006 [hep-ph/9908236].

[36] S. Dawson and L. Reina, QCD corrections to associated Higgs boson-heavy quark production, Phys. Rev. D 59 (1999) 054012 [hep-ph/9808443];

S. Dittmaier, M. Kramer, Y. Liao, M. Spira and P.M. Zerwas, Higgs radiation off quarks in supersymmetric theories at e^+e^− colliders, Phys. Lett. B 478 (2000) 247 [hep-ph/0002035].

[37] Y. You et al., Electroweak radiative corrections to e^+e^− → tt̄H at linear colliders, Phys. Lett.

B 571 (2003) 85 [hep-ph/0306036];

G. Belanger et al., Full o(alpha) electroweak and o(α_s) corrections to e^+e^− → tt̄H, Phys. Lett. B 571 (2003) 163 [hep-ph/0307029];

A. Denner, S. Dittmaier, M. Roth and M.M. Weber, Electroweak radiative corrections to e^+e^− → tt̄H, Phys. Lett. B 575 (2003) 290 [hep-ph/0307193].

[38] T. Gleisberg et al., Helicity formalism for spin-2 particles, J. High Energy Phys. 09 (2003) 001 [hep-ph/0306182].

– 11 –