arXiv:hep-ph/0508290 v2 4 Dec 2005

HRI-P-05-08-001

Associated single photons as signals for a doubly charged scalar at linear e^−e^− colliders

Biswarup Mukhopadhyaya and Santosh Kumar Rai

Harish-Chandra Research Institute, Chhatnag Road, Jhusi, Allahabad, India 211 019.

Electronic address: biswarup@mri.ernet.in, skrai@mri.ernet.in

ABSTRACT

Doubly charged scalars, predicted in many models having exotic Higgs representations, can in general have lepton-number violating (LFV) couplings. The basis of most searches for this charged scalar has been to look for its direct production and its subsequent decay to like-sign final state leptons. In this work we show that by using an associated monoenergetic final state photon seen at a future linear e^−e^− collider, we can have a clear and distinct signature for a doubly-charged resonance and also determine its mass rather precisely. We also estimate the strength of the ΔL = 2 coupling which can be probed in this way at √ s = 1 TeV, as a function of the recoil mass of the doubly-charged scalar.

The absence of the Higgs boson from the cupboard containing particle trophies discovered by experimentalists, still leaves a scope of speculation as to what would eventually be the possible structure for SU(2) × U(1)-breaking. Thus scenarios with extended Higgs sectors, ranging from ones with two or more doublets to those with other representations of SU(2), are often considered. Doubly charged scalars arise in a number of such scenarios [1, 2]. The most common models to accommodate such scalars are those with triplet Higgs. Triplets can be made part of the electroweak symmetry breaking sector in purely phenomenological studies [3–5]. On the other hand, they may be indispensable in some special theories such as the simplest versions of Little Higgs models [6], where the Higgs is envisioned as a pseudogoldstone boson, and the triplets are required to cancel the quadratic divergence to the Higgs mass.

An added feature often associated with doubly-charged Higgs is the possibility of leptonnumber violation. This basically consists in ΔL = 2 couplings with leptons of the form

L_Y = ih_{ij} Ψ^T_{iL}Cτ_2ΦΨ_{jL} + h.c. (1)

where i, j = e, μ, τ are generation indices, the Ψ’s are the two-component left-handed lepton fields, and Φ is the triplet with Y = 2 weak hypercharge and is given by the 2 × 2 matrix of the scalar fields: ϕ^+/ √ 2 ϕ^{++} ϕ^0 −ϕ^+/ √ 2 This leads to mass terms for neutrinos [1, 7] once the neutral component ϕ^0 acquires a vacuum expectation value (vev):

M^ν_{ij} ∼ h_{ij} v^′ (2) v^′ being the triplet vev. Since constraints on the ρ-parameter [8] puts strong limits on the the triplet vev [9] in general, this immediately translates to limits on the L-violation Yukawa couplings from the expected ranges of neutrino masses [10]. Such limits usually constrain the collider signals for doubly-charged scalars sought through ΔL = 2 interactions. Of course, there are models where the limits from the ρ-parameter can be avoided [11] by postulating real as well as complex triplets at the same time, and assuming a custodial symmetry relating their vev [3]. Although such a custodial symmetry has been found to be preserved in higherorder corrections from the scalar potential [12], its stability against corrections via gauge coupling is not obvious. Thus it is safe to abide by the constraints on both the triplet vev ⟨ϕ^0⟩ and the quantities h_{ij} ⟨ϕ^0⟩ in an analysis related to collider signals.

In this paper we point out the usefulness of looking for doubly-charged scalars in an e^−e^− collider, in the radiative production channel. A linear collider with, say, √ s = 1 TeV can operate for part of its run-time in the electron mode, where certain signals can be remarkably free from backgrounds. Also, this mode is perhaps ideal for exploring scenarios with ΔL = 2 couplings. As for doubly-charged scalars, their resonant production in e^−e^− as well as μ^−μ^− have been already studied [11,13]. However, resonant production of the ϕ^{−−} requires one to know its mass with reasonable accuracy to start with, and tune the center-of-mass energy of the colliding electrons accordingly. In addition, precise identification of a doubly-charged resonance will also depend on its decay products [14], which depend on the parameters of the L-violating sector. In general, one can have the decays • ϕ^{−−} −→ W^−W^− • ϕ^{−−} −→ l^−l^− • ϕ^{−−} −→ W^−ϕ^− • ϕ^{−−} −→ ϕ^−ϕ^− Of these, the third mode, if kinematically possibly, is dominant as it is driven by gauge coupling. However, a degeneracy among the triplet components is often a consequence of theories, albeit in a model-dependent fashion. If we thus neglect the last two channels listed above, we still have the W^−W^− and l^−l^− channels, of which the first is controlled by the triplet vev v^′ and the second, by the coupling h_{ll}. When the first mode is dominant, it requires careful analysis of the W-decay products in order to isolate signatures of resonant production. Furthermore, the analysis becomes complicated in case the ϕ^{−−} can decay into a ϕ^− or a pair of them.

It is thus desirable to have supplementary channels in mind while looking for doublycharged scalars. With this in view, we have calculated the rates for the process

e^−e^− −→ ϕ^{−−}γ −→ Xγ concentrating on the hard single photon in the final state. This photon will be monochromatic if a doubly-charged resonance is produced, irrespective of what it decays into. Furthermore, one is no more required to tune the electron-electron center-of-mass energy at a fixed value [15]. And finally, one can use such a study of monochromatic single photons in e^−e^− collision to include the search for doubly-charged objects other than the scalar discussed above, an example being bilepton resonances [16].

For our analysis, taking the radiative production of the scalar ϕ^{−−} as the benchmark process, we concentrate only on the flavor diagonal coupling h_{ee}. Others, especially the nondiagonal couplings, are subject to very stringent bounds from rare decay processes of μ^± and τ^± leptons. The rare decay studies [17] provide bounds on the product of couplings as: h_{eμ}h_{ee} < 3.2 × 10^{−11} GeV^{−2}M^2_ϕ±± (3) h_{eμ}h_{μμ} < 2.0 × 10^{−10} GeV^{−2}M^2_ϕ±± (4) The relevant bounds in our case are the following upper bounds, which come from Bhabha scattering [18]:

h^2_{ee} ∼ 6.0 × 10^{−6} GeV^{−2}M^2_ϕ±± (5) and from (g − 2)_μ measurements [19]:

h^2_{μμ} ∼ 2.5 × 10^{−5} GeV^{−2}M^2_ϕ±± (6) Much stringent upper bounds exist from the measurements of muonium-antimuonium transition [20] in the form of the product of the couplings: h_{ee}h_{μμ} ∼ 2.0 × 10^{−7} GeV^{−2}M^2_ϕ±± (7) The above bounds allow for small value of doubly-charged scalar mass with small coupling constant. In our numerical estimate, we have chosen the coupling strength to be h_{ee} = 0.1 which is consistent with the limits obtained from Bhabha scattering [21,22] and also respects the most stringent bounds coming from muonium-antimuonium conversion results which for flavor diagonal coupling is h < 0.44 M^{±±}_ϕ TeV^{−1} at 90% C.L. The latter bound however, can be relaxed in different new physics models [23].

As has been mentioned already, on-shell radiative production of a doubly-charged scalar gives an almost monochromatic photon of energy E_γ = s − M^2_ϕ−− 2 √ s (8) which stands out against the continuum background of the standard model (SM). In the discussions to follow based on our work, we show how, by simply tagging on the isolated photon in the final state without bothering about the the other associated particles, and looking at the line spectrum superposed on the continuum background, leads to clear signals for the production of a doubly-charged scalar.

Before we present the results of our analysis, it may be noted that there exist studies on the doubly-charged scalar in the context of hadron colliders [24] and in different modes of operation of linear colliders other than e^−e^− collision [13,25] and e^+e^− mode [26], such as the eγ and γγ modes [27]. Although these works point out interesting ways of producing doublycharged scalars either singly or in pair, the latter are somewhat restrictive in mass reach, considering the fact that a back-scattered photon carries a fraction of the initial electron beam energy. Moreover, there is an unavoidable kinematic suppression in pair-production in the γγ channel, in spite of the spectacular enhancement of rates due to the electric charge(s). Also, another possible channel for associated production of a doubly charged Higgs in e^−e^− collisions has been looked at in ref [28]. In this work we show that we can probe the full energy reach of the collider in its fundamental mode of running, and is only restricted by the phase-space restrictions due to the kinematic cuts used for the selection of events. Hardness and transversality cuts on the photon in our final state are presumed to avoid any confusion with initial state radiation (ISR) or beamstrahlung photons.

Figure 1: Feynman graphs corresponding to single production of a doubly-charged scalar along with an associated photon in e^−e^− collisions.

The Feynman diagrams contributing to the associated photon process are shown in Figure 1. It is worth mentioning here that since they involve clashing fermion lines, one has to be careful while writing down the Feynman amplitudes and carefully handle the charge conjugation operator appearing in the Feynman rules for the eeH vertices. Using the properties of the charge conjugation operator C, it is a matter of simple algebra to write down the matrix amplitude squares for the different graphs in Figure 1. The above process is also a clear indicator of a ΔL = 2 process. We look at this process in the context of a √ s = 1 TeV linear e^−e^− collider. As discussed earlier, we consider decay of the doubly-charged scalar to like signed leptons only and that too of the same flavor. We assume that the h_{ii} couplings are of equal strength and so the branching ratio BR(ϕ^{−−} → l^−_i l^−_i ) = 1/3 for i = 1, 2, 3. In this work we have consistently chosen the coupling strength to be h_{ee} = 0.1 and we calculate the decay width of the doubly-charged scalar assuming the decays to leptons only. In other words, we assume the triplet vev to be very small, so it hardly contributes to the decay mode of ϕ^{−−} → W^−W^− which is directly proportional to the triplet vev squared (v^{′2}) and we have also neglected the other possible decay modes of ϕ^{−−} as pointed out earlier. We find that the total decay width obtained is very miniscule (∼ 1.2 GeV) for a 1 TeV scalar mass when compared to the machine energy. So we can use the narrow-width approximation and consider on-shell production of the doubly-charged scalar and its subsequent decay to e^−e^−.

The major SM background that contributes to the above process is the radiative Moller scattering process: e^− + e^− → γ + e^− + e^− which, although a continuum background, could prima facie be large enough to wash away the monochromatic peak. The event selection criteria, therefore, are largely aimed at suppressing this continuum background.

We impose the following set of cuts. Since we do not want the final state particles to be too close to the beam pipe, one needs to have a rapidity cut on the final state particles: |η(e^−)| < 3.0 and |η(γ)| < 2.5 We also demand a hard photon in the final state, which is the main focus of our work. This is obtained by imposing a cut on the minimum photon energy:

E(γ) > 20 GeV

A minimum energy is also demanded for both the final state electrons:

E(e^−) > 5 GeV

Figure 2: Differential cross-sections for (a) signal with |η_e| < 3.0, (b) signal+background and SM background with |η_e| < 3.0 and (c) signal+background and SM background with |η_e| < 1.5, against electron rapidity η_e.

The above criteria help us in suppressing the continuum background to a considerable extent. Finally we would like the detectors to register and resolve events for the different particles and hence all the final state particles should be well separated in space and satisfy: δR > 0.2 where (δR)^2 ≡ (Δϕ)^2 + (Δη)^2 with Δη and Δϕ respectively denoting the separation in rapidity and azimuthal angle for the pair of particles under consideration. Using the above cuts we make an estimate of the SM background and the signal. The background has been generated using the MadEvent Monte Carlo generator [29]. It is found that the background is quite large compared to the signal with a cross-section of about 3216 fb. In Figure 2. we show the distribution for the differential cross-section as a function of the electron rapidity. It is worth noticing that the SM background is symmetric in the binwise distribution for η(e^−) of the final state electron and is peaked away from the central region of the rapidity distribution (Fig 2(b)), which means that they are more in the forward direction. This is expected due to the strong t-channel radiative contribution to Moller scattering. On the same curve we also show the distribution for the signal+background for two different values of the doubly-charged scalar mass, m_ϕ−− = 300 GeV and 750 GeV. In contrast to the background, we find that the signal is peaked at the central region, which is clear from Fig 2(a) where we have plotted the signal alone and this peaking becomes more pronounced as the mass

Figure 3: Illustrating the ratio of signal+background with the SM background. The broken line (blue) corresponds to the cut |η_e| < 3.0 and the solid line (red) corresponds to the cut |η_e| < 1.5

of the ϕ^{−−} increases. Infact for the low mass there does not seem to be much difference in the rapidity distribution but as the mass is increased to a higher value, the difference shows up with the signal peaked centrally. This can be easily understood if we look at the kinematics of production. The higher the mass of the ϕ^{−−}, the less boost it will have and hence the decay products will come out back-to-back. Using this as a cue, we can actually implement a more stronger cut on the rapidity of the electron which will throw the signal into prominence. We find that a cut of |η(e^−)| < 1.5 is good enough to kill the background by about 80% while the signal goes down only by about 45% for low masses (∼ 300 GeV) and by about 10% for large masses (∼ 900 GeV) for the doubly-charged scalar. With the kind of luminosity expected at future linear colliders we expect that the event rates would be considerable even if low mass state is realized and although the signal might drop by 40%−50%, it will still stand out against the much reduced background due to this cut. To highlight this we implement the cut and plot the distribution Cut on η_e |η| < 3.0 |η| < 1.5 M_ϕ±± (GeV ) σ_B(fb) σ_S (fb) σ_B(fb) σ_S (fb) 300 65.5 35.4 400 72.7 47.9 500 84.8 62.5 600 3216.0 105.9 614.0 84.1 700 146.1 122.2 800 235.6 204.7 900 524.9 468.8

Table 1: Cross-sections for signal and the SM background corresponding to the two choices of rapidity cut on the final state electron.

in Fig 2(c). It is clearly visible how the signal is enhanced compared to the background with this cut. We have demonstrated the signal+background for three different masses for the doubly-charged scalar, m_ϕ−− = 300, 600, 900 GeV. We also show the significance of the cut in Fig 3 by plotting the ratio of the cross-sections of the signal+background (σ_{S+B}) with the SM background (σ_B), for both the choices of the cut on electron rapidity, as a function of the doubly-charged scalar mass. The graph clearly highlights the enhancement in the signal to background ratio and reflects the increase in the cross-section as we go higher in scalar mass. In Table 1, we list the cross-sections (rounded off to the nearest integer) for different masses corresponding to the respective cuts imposed on the electron rapidity for a more quantitative outlook.

Next, we focus on the main trigger, viz. the photon. In Fig 4(a) we show the distribution of the photon energy, where we have superposed the differential cross-section for signal+background in each bin over the SM background. A pronounced peak can be seen in

Figure 4: Differential cross-sections against (a) photon energy E_γ and (b) invariant mass of electron pair M_{ee}. The dash-dot-dash (green) line corresponds to M_ϕ−− = 300 GeV, dotted (blue) line corresponds to M_ϕ−− = 600 GeV and the dashed (red) line corresponds to M_ϕ−− = 900 GeV respectively. The binsize is chosen to be 5 GeV in (a) and 10 GeV in (b).

the photon energy distribution, due to the monochromaticity of the photon, corresponding to the recoil energy against the scalar resonance through the relation of Eq.8. To make our analysis realistic, we have smeared the photon energy by a Gaussian function whose half-width is guided by the resolution of the electromagnetic calorimeter [30, 31]: ΔE E = 14% √ E Moreover, we have fully incorporated the effects of ISR [32] which often results in substantial broadening of the peak, due to the spread in the effective center of mass energy available for our process. We have used CompHEP [33] to include ISR effects for the SM background. We show the resulting peak for three choices of scalar mass (300, 600, 900 GeV). Alternatively, in Fig 4(b), we also show the invariant mass distribution of the ee pair for the above choice of parameters and as expected the distribution peaks corresponding to the mass of scalar. Here the half-width of the Gaussian function used for smear is [30, 31]: ΔE E = 15% √ E + 0.01

In Fig 5 we plot the energy distribution of the photon once again. But here we assume that we do not have prior knowledge of the decay products of the doubly-charged scalar. In

Figure 5: Differential cross-sections against photon energy E_γ when ϕ^{−−} → X(anything). The dash-dot-dash (green) line corresponds to M_ϕ−− = 300 GeV, dotted (blue) line corresponds to M_ϕ−− = 600 GeV and the dashed (red) line corresponds to M_ϕ−− = 900 GeV respectively. The binsize is 5 GeV.

other words, we only look at the final state hard transverse photon in e^−e^− → γ + ϕ^{−−} → γ + X The distribution again shows peaks corresponding to the recoil against the massive scalars, irrespective of the knowledge of the decay products of the scalar. In fact our signal here receives a relative boost as it is not suppressed by considering any further decay since the BR(ϕ^{−−} → X) = 100%. Through Fig 4. and Fig 5. we have shown that a single associated photon will show peaks in its energy distribution over the continuum background of SM, if a doubly-charged scalar is produced with mass M_ϕ−− < √ s. We only demand that no electron in the final state can have a rapidity whose absolute value is greater than 1.5. The fact that looking at a single photon against the backdrop of a continuum background makes it possible to identify a LFV (ΔL = 2) process in a model independent way, makes this signal worth studying at a future e^−e^− collider and running the linear collider in this mode.

Since the rates for the signal depend directly on the eeH coupling squared, we can make an estimate of the strength of the coupling which can give substantial rates for identification of the peaks in the photon energy distribution. We do this for the case when ϕ^{−−} → X

Figure 6: Illustrating the reach of the coupling constant at which the resonances in the E_γ distribution can be identified over the fluctuations in the SM background. The assumed luminosity is 100 fb^{−1}.

and in Fig 6. We show the strength of the coupling for which the peaks would stand out against the fluctuations in the SM background at 2σ, 4σ and 6σ level. In our analysis we have assumed a luminosity of L = 100 fb^{−1}, easily achievable at future linear colliders. We have also done this analysis based on the smear in photon energies due to finite resolution of the detector as well as ISR effects, as mentioned earlier. A bin of width 10 GeV about the signal peak in photon energy has been identified for each M_ϕ−− . We then look at the fluctuations in the SM background in that bin and compare the corresponding rate for the signal. This procedure has been repeated for different coupling strengths. The fact that we are not looking at any specific final state arising from ϕ^{−−} decay improves the reach of this search channel. Our analysis suggests that the peaks in the photon distributions will be distinguishable for coupling strengths as low as 0.006(0.010) for scalar mass of 300 GeV at 2σ(6σ) level and to about 0.0034(0.006) for scalar mass of 900 GeV at 2σ(6σ). This estimate far overwhelms the simple method of comparing total rates of signal and background and restricting the coupling strength in the parameter space. It is also worth mentioning that if one is to assign a certain order of detection efficiency ϵ, with the final states then the above reach atmost scales by ϵ^{−1/4}. However, if a direct resonance is excited then that would invariably translate into a much stronger probe of the coupling strength [11]. Nonetheless, our analysis is not dependent on the tuning of the √ s of the machine to hit a resonance and hence serves as a more robust proposition. For luminosity higher than what we have used, this reach can be further enhanced.

To summarise, the cleanliness of central photon detection at a high energy linear collider can be very helpful in identifying a doubly-charged scalar. While it is true that final states such as (μ^−μ^−) can be completely background-free, the peaks in the hard photon energy can be helpful in two ways. First, one does not need to tune the two electron beams, and can therefore work without a prior knowledge of the ϕ^{−−} mass. Secondly, this method is shown to work even if the ϕ^{−−} dominantly decays into states that are not clean enough for the resonance to be identified. Thus, as soon as one succeeds in reducing the SM backgrounds (using, for example, the electron rapidity cut), one can clearly see ΔL = 2 interactions, just by looking at the accompanying hard photon. Not only doubly-charged scalars but also more exotic resonances such as bileptons are amenable to detection in this manner.

Acknowledgments: SKR would like to thank Anindya Datta and R. Srikanth for helpful comments. We also acknowledge illuminating discussions with Aseshkrishna Datta.

References

[1] J. Schechter and J. W. F. Valle, Phys. Rev. D 23, 1666 (1981); G. B. Gelmini and M. Roncadelli, Phys. Lett. B 99, 411 (1981).

[2] J. C. Pati and A. Salam, Phys. Rev. D 10, 275 (1974); R. N. Mohapatra and J. C. Pati, Phys. Rev. D 11, 566 (1975); G. Senjanovic and R. N. Mohapatra, Phys. Rev. D 12, 1502 (1975); R. N. Mohapatra and D. P. Sidhu, Phys. Rev. Lett. 38, 667 (1977); R. E. Marshak and R. N. Mohapatra, Phys. Lett. B 91, 222 (1980).

[3] H. Georgi and M. Machacek, Nucl. Phys. B 262, 463 (1985).

[4] A. Kundu and B. Mukhopadhyaya, Int. J. Mod. Phys. A 11, 5221 (1996).

[5] J. F. Gunion, R. Vega and J. Wudka, Phys. Rev. D 42, 1673 (1990); B. Mukhopadhyaya, Phys. Lett. B 252, 123 (1990); R. Godbole, B. Mukhopadhyaya and M. Nowakowski,

Phys. Lett. B 352, 388 (1995); D. K. Ghosh, R. M. Godbole and B. Mukhopadhyaya, Phys. Rev. D 55, 3150 (1997).

[6] N. Arkani-Hamed, A. G. Cohen and H. Georgi, Phys. Lett. B 513, 232 (2001); N. Arkani- Hamed, A. G. Cohen, E. Katz, A. E. Nelson, T. Gregoire and J. G. Wacker, JHEP 0208, 021 (2002); I. Low, W. Skiba and D. Smith, Phys. Rev. D 66, 072001 (2002); D. E. Kaplan and M. Schmaltz, JHEP 0310, 039 (2003); T. Han, H. E. Logan, B. McElrath and L. T. Wang, Phys. Rev. D 67, 095004 (2003); W. Skiba and J. Terning, Phys. Rev. D 68, 075001 (2003); S. Chang, JHEP 0312, 057 (2003); S. Chang and J. G. Wacker, Phys. Rev. D 69, 035002 (2004); M. Schmaltz, JHEP 0408, 056 (2004).

[7] T. Han, H. E. Logan, B. Mukhopadhyaya and R. Srikanth, [arXiv:hep-ph/0505260].

[8] S. Eidelman et al. [Particle Data Group], Phys. Lett. B 592, 1 (2004).

[9] LEP Collaborations, Phys. Lett. B 276, 247 (1992).

[10] V. Barger, D. Marfatia and A. Tregre, Phys. Lett. B 595, 55 (2004).

[11] J. F. Gunion, R. Vega and J. Wudka, Phys. Rev. D 43, 2322 (1991); J. F. Gunion, Int.

J. Mod. Phys. A 11, 1551 (1996).

[12] M. S. Chanowitz and M. Golden, Phys. Lett. B 165, 105 (1985).

[13] F. Cuypers and M. Raidal, Nucl. Phys. B 501, 3 (1997); M. Raidal, Phys. Rev. D 57, 2013 (1998).

[14] J. F. Gunion, J. Grifols, B. Kayser, A. Mendez and F. Olness, Phys. Rev. D 40, 1546 (1989);

[15] S. K. Rai and S. Raychaudhuri, JHEP 0310, 020 (2003); D. Choudhury, S. K. Rai and S. Raychaudhuri, Phys. Rev. D 71, 095009 (2005).

[16] N. Lepore, B. Thorndyke, H. Nadeau and D. London, Phys. Rev. D 50, 2031 (1994);

F. Cuypers and S. Davidson, Eur. Phys. J. C 2, 503 (1998).

[17] U. Bellgardt et al. [SINDRUM Collaboration], Nucl. Phys. B 299, 1 (1988); M. L. Brooks et al. [MEGA Collaboration], Phys. Rev. Lett. 83, 1521 (1999).

[18] M. L. Swartz, Phys. Rev. D 40, 1521 (1989); E. J. Chun, K. Y. Lee and S. C. Park, Phys. Lett. B 566, 142 (2003); M. Kakizaki, Y. Ogura and F. Shima, Phys. Lett. B 566, 210 (2003); O. M. Boyarkin, G. G. Boyarkina and T. I. Bakanova, Phys. Rev. D 70, 113010 (2004).

[19] H. N. Brown et al. [Muon g-2 Collaboration], Phys. Rev. Lett. 86, 2227 (2001).

[20] L. Willmann et al., Phys. Rev. Lett. 82, 49 (1999).

[21] J. Abdallah et al. [DELPHI Collaboration], Phys. Lett. B 552, 127 (2003); P. Achard et al. [L3 Collaboration], Phys. Lett. B 576, 18 (2003); G. Abbiendi et al. [OPAL Collaboration], Phys. Lett. B 577, 93 (2003).

[22] S. Atag and K. O. Ozansoy, Phys. Rev. D 68, 093008 (2003).

[23] V. Pleitez, Phys. Rev. D 61, 057903 (2000); P. H. Frampton and A. Rasin, Phys. Lett.

B 482, 129 (2000).

[24] J. F. Gunion, C. Loomis and K. T. Pitts, eConf C960625, LTH096 (1996) [arXiv:hepph/9610237]; K. Huitu, J. Maalampi, A. Pietila and M. Raidal, Nucl. Phys. B 487, 27 (1997); A. Datta and A. Raychaudhuri, Phys. Rev. D 62, 055002 (2000); M. Muhlleitner and M. Spira, Phys. Rev. D 68, 117701 (2003); G. Azuelos, K. Benslama and J. Ferland, [arXiv:hep-ph/0503096]; A. G. Akeroyd and M. Aoki, [arXiv:hep-ph/0506176].

[25] G. Barenboim, K. Huitu, J. Maalampi and M. Raidal, Phys. Lett. B 394, 132 (1997);

J. Maalampi and N. Romanenko, Phys. Lett. B 474, 347 (2000).

[26] S. Godfrey, P. Kalyniak and N. Romanenko, Phys. Lett. B 545, 361 (2002).

[27] S. Chakrabarti, D. Choudhury, R. M. Godbole and B. Mukhopadhyaya, Phys. Lett. B 434, 347 (1998); E. M. Gregores, A. Gusso and S. F. Novaes, Phys. Rev. D 64, 015004 (2001); S. Godfrey, P. Kalyniak and N. Romanenko, Phys. Rev. D 65, 033009 (2002).

[28] V. D. Barger, J. F. Beacom, K. m. Cheung and T. Han, Phys. Rev. D 50, 6704 (1994).

[29] F. Maltoni and T. Stelzer, JHEP 0302, 027 (2003).

[30] The TESLA TDR, http://tesla.desy.de/

[31] CMS Collaboration, G.L. Bayatian et al., Technical Proposal CERN/LHCC 94-38, 1994;

ATLAS Collaboration, W.W. Armstrong et al., Technical Proposal CERN/LHCC/94- 43, 1994.

[32] E.A. Kuraev and V.S. Fadin, Sov. J. Nucl. Phys. 41, 466 (1985); O. Nicrosini and L. Trentadue, Phys. Lett. B 196 551 (1987).

[33] A.Pukhov et al. Preprint INP MSU 98-41/542, [arXiv:hep-ph/9908288].