arXiv:hep-ph/0510339v3 21 Nov 2007

Effects of Universal Extra Dimensions on Higgs signals at LHC

Santosh Kumar Rai^1 High Energy Physics Division, Department of Physical Sciences, University of Helsinki, and Helsinki Institute of Physics, P.O. Box 64, FIN-00014 University of Helsinki, Finland

Abstract

A major focus at the Large Hadron Collider (LHC) will be on Higgs boson studies and it would be an interesting prospect to simultaneously probe for physics beyond the Standard Model (SM) in the Higgs signals. In this work we show as to what extent, the effects of Universal Extra Dimension (UED) can be isolated at the LHC through the Higgs signals. By doing a detailed study of the different uncertainties involved in the measurement of the rates for the process pp → h → γγ we estimate the extent to which these uncertainties can mask the effects of the contributions coming from UED.

Keywords Higgs, Universal Extra Dimension, Kaluza-Klein.

1 Introduction

The much anticipated experiments at the Large Hadron Collider (LHC) are expected to refine our understandings of the Standard Model (SM) further and also shed some light on physics beyond the SM. But most importantly, the LHC is envisioned as the machine to complete the picture of the SM by discovering the Higgs boson, or instead, give a hint into the mechanism responsible for electroweak symmetry breaking. Being a subject of so much speculation and study in particular, one would always want to find out if the study on the Higgs sector itself may reflect information on any kind of new physics beyond the SM. In this work, we explore this above possibility by studying the effects of new physics on the signal of Higgs boson in the light of experiments at the LHC.

Within some models of extradimensions motivated from the framework of string theory [1], non-gravitational fields are also free to propagate in the bulk provided they do not disturb the experimental constraints. One such scenario, referred to as the Universal Extra Dimension (UED) model [2], allows all the SM fields to propagate in the extra dimension. In the effective four dimensional space-time the effects of the extra dimension is felt through the Kaluza-Klein (KK) excitations of these bulk fields which interact with the SM particles (identified as the zero modes of the excitations). At tree level, the momentum along the extra dimensions is conserved, which requires pair production of these Kaluza-Klein (KK) modes at colliders and preventing tree level mixing effects from altering precision electroweak measurements. Values of the compactification

1E-mail: santosh.rai@helsinki.fi

scale are constrained, and it has a lower bound of about 300 GeV [3]. The phenomenological implications of UED have been extensively studied in the literature [2, 4–24].

Direct detection of UED KK states at future colliders requires them to be pair produced due to the KK number conservation and hence already puts a limit on the minimum energy at which the collider should run to produce these particles. The LHC will invariably be able to probe physics at the energy regime unconstrained by precision measurements, where such particle resonances are expected to occur. The main experimental signal for the production and decay of KK excitations at hadron colliders will be the observation of events with multiple leptons and jets of moderately high energies in association with large missing energy [25]. This draws a lot of parallels with supersymmetric searches at the hadron colliders and it will prove to be a strong challenge to distinguish the signatures. We refer the readers to [25] where one gets a nice review of different interesting signatures at colliders. However, it would be worthwhile to look for its effects in Higgs boson studies whose signals would be extensively studied. There would be possible modifications in the signal, through the modification of Higgs decay properties due to the KK states contributing in the loop mediated decay modes of the Higgs boson. The partial decay widths for h → gg, h → γγ and h → γZ decay modes which are driven by loops can be substantially modified due to KK excited modes of SM particles running in the loops. There is in fact remarkably significant enhancement in the partial decay width of the Higgs in h → gg due to the excited top quark loops [26]. This can greatly enhance the Higgs production at the LHC viz. the gg → h mode of production. The production mode gg → h → γγ is relevant for the Higgs boson lying in the mass range of 120−150 GeV. Due to the limitations in the resolution of the calorimeter the measurement of the decay width of the Higgs boson in this mass range will be impossible. Thus it would be impossible to study the partial widths Γ_{gg}, Γ_{Zγ} and Γ_{γγ} and look for any kind of UED effects. It would require study of event rates for its production and try to extract the contributions of new physics through the analysis of the rates for the above mentioned process. A study considering rates to identify UED effects in Higgs signals at a linear e^+e^− collider has been looked into, in ref [27].

However, the effects would be masked by the different uncertainties which will affect measurements at the LHC and thus make it difficult to differentiate the contributions coming from UED. In this work we look at the dominant mode of Higgs production through the gg-fusion for a Higgs in the mass range of 120 − 150 GeV and its subsequent decay into two photons and try to identify the contribution coming from UED and the extent to which these can be identified over the uncertainties that would affect measurements at the LHC. A very similar analysis has been recently carried out, in context of Split Supersymmetry, in identifying additional contributions to the Higgs rate [28]. In Section 2 we give a very brief overview about the model in consideration. In Section 3 we discuss the process under consideration and how the signals for the diphoton final states get modified due to UED contributions. In Section 4 we discuss the different uncertainties that would affect the signals. In Section 5 we present our numerical results and finally we summarise and conclude in Section 6.

2 The Minimal Model

The UED model, in its simplest form [2], has all the SM particles propagating in a single extra dimension, which is compactified on an S_1/Z_2 orbifold with R as the radius of compactification. Conservation of KK number which is a consequence of momentum conservation along the extra dimension forces the KK particles to be pair produced. Consequently, UED predicts a stable lightest Kaluza-Klein particle (LKP) which would be much like the lightest supersymmetric particle (LSP) and a prospective candidate for dark matter [29, 30]. Bulk and brane radiative effects [31–34] however break KK number down to a discrete conserved quantity, the so called KK parity, (−1)^n, where n is the KK level. KK parity conservation in turn, implies that the contributions to various precisely measured low-energy observables only arise at loop level and are small [4–10].

The KK tower resulting on the four dimensional space-time has a tree level mass given by

m^2_n = m^2 + n^2 R^2 (1) where n denotes the n^{th}-level of the KK tower and m corresponds to the mass of the SM particle in question. This implies a mass degeneracy in the n^{th}-level of the spectrum at least for the leptons and lighter quarks. This degeneracy is however removed due to radiative corrections to the masses [31–34].

3 Higgs signals and the diphoton mode

If the Higgs exists in the mass range of 120 − 150 GeV, then we should be able to see it during an early phase of the LHC. If that is possible, then it will be interesting to see if there are any indications of new physics in Higgs signal itself, even if the detection of any new particle beyond the SM might not be possible due to their high mass.

The most suggestive channel in this context, for a Higgs boson in the mass range 120 − 150 GeV, is the production of the Higgs through the gg-fusion channel followed by its decay into the diphotons. In this mode, the (partial) decay width Γ(h → gg), gets additional contributions from the KK excitation of the top quark, while the (partial) decay width Γ(h → γγ) gets additional contributions from the KK excitation of both the top quark and the W −boson alongwith its associated Goldstone modes, ghost KK states, and in addition, also due to the charged Higgs tower. It has been shown in quite detail [26] that these loop contributions alter the Higgs decay widths, thus making it distinguishable from the SM Higgs boson. In this work, we are mainly interested in the modification of these partial decay width of the Higgs. Since the KK number is not violated at any of the vertices inside a loop, the contributions come from all the KK-excitations, with a decoupling nature for the higher modes. The combined expressions for the partial decay width for h → gg and h → γγ for both UED and SM contributions can be written down as, Γ(h → gg) = G_F m^3_h 36 √ 2π ( α_s(m_h) π )_2 |I_q + ∑ n Ĩ_{q(n)} |^2 (2)

Γ(h → γγ) = G_F 128 √ 2 α^2_{em}m^3_h

π^3

|I_q + I_W + ∑ n Ĩ_{q(n)} + ∑ n Ĩ_{W (n)} |^2 (3)

where G_F is the Fermi constant, α_s(m_h) is the running QCD coupling evaluated at m_h, α_{em} is the electromagnetic coupling and I_i, Ĩ_i(n) are the contributions of the loop integrals for the SM and UED case respectively. We consider the contributions from the KK excitation of the top quark as well as the bottom quark as we wish to make precise estimates comparable to uncertainties. We have to include the KK excitations of the W −boson and its associated Goldstone modes, ghost KK states and the charged Higgs tower for the diphoton decay channel. The UED contributions include the sum over the KK towers of the respective particle. As the more massive modes in the loop will hardly make significant contributions, we ensure that the sum is terminated as the higher modes decouple. We include all the decay modes affected by UED contributions in the decay package HDECAY [36] to evaluate the relative sensitivities to the branching ratios to the different decay channels of the Higgs boson.

It has to be remembered, however, that the above decay width will not be a directly measurable quantity at the LHC. This is because the width is of the order of keV in the relevant Higgs mass range, which is smaller than the resolution of the electromagnetic calorimeters to be used [37, 38]. Here we try to estimate how the UED contributions may be extracted in this channel, given the rather sizable theoretical as well as experimental uncertainties in the various relevant parameters.

We, therefore, have chosen to do a calculation involving the full process (pp → hX → γγ), that is to say, the production of the Higgs followed by its decay into the diphoton final state. Taking all uncertainties into account, we have tried to find the significance level at which the additional contributions can be differentiated in different regions of the parameter space which in this scenario is the compactification radius R. We have confined ourselves to the production of Higgs via gluon fusion. The other important channel, namely gauge boson fusion, has been left out of this study, partly because it is plagued with uncertainties arising, for example, from diffractive production, which may be too large for the small effects under consideration here. In the SM, the loop-induced decay widths of the Higgs boson, including QCD as well as further electroweak corrections, are well-documented in the literature [39–50].

The rate for the inclusive process pp → h + X −→ γγ (where Higgs production takes place via gluon fusion) can be expressed in the leading order as N = π^2 8m_hs Γ_{h→2g}Γ_{h→2γ} Γ_{tot} ∫_1 τ dζ 1 ζ g ( ζ, m^2_h ) g ( τ ζ , m^2_h ) (4) where τ =^{m2h}_S and g ( ζ, m^2_h ) is the gluon distribution function evaluated at Q^2 = m^2_h and parton momentum fraction ζ. Γ_{h→2γ} , Γ_{h→2g} and Γ_{tot} stand respectively for the diphoton, two-gluon and total decay widths of the Higgs. The lowest order estimate given above is further multiplied by the appropriate K-factors to obtain the next-to-next leading order (NNLO) predictions in QCD. While the computation of the rate is straightforward, we realise that the various quantities used are beset with theoretical as well as experimental uncertainties [51–53]. We undertake an analysis of these uncertainties in the next section.

4 Numerical estimate: uncertainties

As has already been stated in the previous section, the rate for diphoton production through real Higgs at LHC is given by N = σ(pp → h) × B = σ(pp → h) Γ(h → γγ) Γ_{tot} (5) We have performed a parton-level Monte Carlo calculation for the production cross-section, using the MRS [54] parton distribution functions and multiplied the results with the corresponding NNLO K-factors [55–57]. It may be noted that NNLO K-factors are not yet available for most other parameterizations. In estimating the statistical uncertainties in the experimental value [53], MRS (at leading order) distributions have been used by the CMS group while ATLAS uses CTEQ distributions. We have obtained the aforesaid uncertainty by taking the estimate based on MRS and multiplying the corresponding event rate by the NNLO K-factor for MRS. It may also be mentioned that the difference between the NLO estimates of Higgs production using the MRS and CTEQ parameterizations is rather small (<∼ 2%), according to recent studies [55]. Therefore, it is expected that the NNLO estimate of uncertainties (where there is scope of further evolution in any case) used by us will ultimately converge to even better agreement with other parameterizations and will not introduce any serious inaccuracy in our conclusions. The programme HDECAY [36], including O(α^2_s) contributions, has been used for Higgs decay computations.

Parameter Central Value Present Uncertainty LHC Uncertainty m_h 120. − 150. − 0.2 m_W 80.425 .034 .015 m_t 172.7 2.9 1.5 m_b 4.62 .15 − m_c 1.42 .1 − m_τ 1.777 .0003 − α_s 0.1187 0.002 −

Table 1: Current and projected uncertainties (at LHC) in the values of various parameters. All the masses are given in GeV . The values are extracted from refs [60–62]

The number of two-photon events seen is given by LN where L is the integrated luminosity. L

Total Uncertainty in SM rate PDF+scale uncertainty Higgs mass (GeV) δ_{exp}(%) δ_{th}(%) (15.0%) (10.0%) (5.0%) 120.0 8.9 8.1 19.3% 15.8% 13.2% 130.0 8.1 6.9 18.5% 14.7% 11.9% 140.0 8.6 5.6 18.3% 14.4% 11.6% 150.0 11.3 4.6 19.4% 15.9% 13.3%

Table 2: Entries in the second (third) column corresponds to experimental (theoretical) uncertainties in the rates as discussed in the text. The total uncertainty in the SM rate including the theoretical and experimental uncertainties along with the errors (different choices) due to parton distributions and renormalisation scale (15%,10% and 5%) are listed for different Higgs boson mass.

is expected to be known at the LHC to within 2 %. We include this uncertainty in our calculation, although it has a rather small effect on our conclusions.

The possible sources of theoretical uncertainties can be divided into two general classes: parametric uncertainties and intrinsic uncertainties. The former are related to the fact that, within the SM, each quantity of interest is a function of a set of input parameters, which are known with a finite experimental precision. Any variation of the input parameters within the experimentally allowed range gives rise to an uncertainty on the observable considered. On the other hand, the intrinsic uncertainties have to do with the perturbative treatment of the quantum corrections: scheme dependence, ignorance of higher orders in the perturbative expansion and so on. We have included the NNLO K-factors for the production cross-section σ(gg → h), available in the literature and assume that our ignorance of more higher order contributions will not introduce a very significant uncertainty.

In order to estimate the total uncertainty in N, one has to first obtain the spread in theoretically predicted value in the SM due to the uncertainty in the various parameters used. In addition, however, there is an uncertainty in the experimental values, although the actual level of this will be known only after the LHC run begins, the anticipated statistical spread in the measured value can be estimated through simulations. These two uncertainties, combined in quadrature, are indicative of the difference with central value of the SM prediction which is required to establish any nonstandard effect at any given confidence level. We have performed such an exercise, taking the standard model calculation and that with SM + UED contributions. Thus the total uncertainty in N can be expressed as ( δN N )_2 = ( δN N )_2 th + ( δN N )_2 exp (6) where the theoretical component can be further broken up as ( δN N )_2 th = 1 N^2 ∑ i σ^2_{Ni} (7)

where σ_{Ni} stands for the spread in the prediction of N due to uncertainty in the i^{th} parameter relevant for the calculation. The sum runs over m_h, m_W , m_t, m_b, m_τ and m_c, in addition to the uncertainty in the strong coupling α_s. The spread in the predicted value is predicted in each case by random generation of values for each parameter (taken to vary one at a time) within the allowed range. Thus we obtain^1_{N 2} σ^2_{Ni} corresponding to each parameter. This has been listed in Table 1 for different choices of m_h. One has to further include QCD uncertainties arising via parameterization dependence of the parton distribution functions (PDF) [52] and the renormalisation scale. Although NNLO calculation reduced such uncertainties, the net spread in the prediction due to them could be as large as ∼ 15 percent [52, 55–59] in the Higgs mass range 120 − 150 GeV. The levels of uncertainties in the various parameters, are presented in Table 1. In that table we have given the uncertainties, wherever they are available, from recent and current experiments like the LEP and the Tevatron. In addition, whatever improved measurement, leading to smaller errors (in, say, m_t or m_W ) are expected after the initial run of the LHC are also separately incorporated in the table. We have used the estimates corresponding to LHC wherever they are available. In our calculation, we have used three values of the combined uncertainty from PDF and scale-dependence, namely, 15%, 10% and 5%, the latter two with an optimistic view to likely improvement using data at the LHC. Table 2 contains the finally predicted values of (_{δN} N ) , for the different values of the Higgs boson mass.

Figure 1: Illustrating the effects of UED contributions on the branching ratio of (a) h → γγ and (b) h → gg.

N_{exp} includes statistical uncertainties, as estimated in detector simulations with a luminosity of 100 fb^{−1} [53]. As has been already mentioned, we have obtained benchmark values of this quantity using the results for CMS presented in ref [53] for MRS distributions at the lowest order, and appropriately improving them with the NNLO K-factors available in the literature. The resulting predictions are listed as δ_{exp} in Table 2 for different values of m_h. Thus one is able to obtain the net (1σ level) uncertainties in the standard model as shown in the last three columns of Table 2.

Figure 2: Illustrating the percentage difference over standard model rates for different values of the Higgs mass as a function of the compactification scale R^{−1}. The horizontal lines in each figure corresponds to the confidence levels as labeled. The graphs are shown for different choices of the PDF + scale uncertainty, viz. (a) 5%, (b) 10% and (c) 15%.

Next, the UED contributions via KK excitations-induced diagrams are calculated and added to the standard model amplitude. The observable decay rate obtained therefrom is compared with that predicted in the standard model taking the uncertainty into account at various confidence levels.

Thus one is able to decide whether the UED contributions to the diphoton rate are discernible from the standard model contributions at a given confidence level for a particular R. The realistic estimate requires subjecting the predictions to some experimental cuts aimed at maximizing the signal-to-background ratio as well as focusing on kinematic regions of optimal observability. We incorporate the effects of such cuts with the help of an efficiency factor which, on explicit calculation in representative cases, turns out to be approximately 47-53%. The only assumptions required are that the percentage error due to various parameters are the same for uncut rates as those calculated with cuts, and that the standard model and UED contribution suffer the same reduction due to cuts. We have checked that this holds true so long as the kinematic region is not drastically curtailed by the cuts.

5 Numerical estimate: discussions

Our purpose is to see at what confidence levels one can distinguish the UED effects on h −→ γγ, gg. With this in view, we estimate the excess in the rates due to the UED contributions and calculate the fractional difference with that predicted for standard model. It is worth noting that for the mass range of the Higgs boson that we consider, the partial decay width of the h → γγ mode falls below the SM value while that of the h → gg mode is greater than that of the SM contribution. To highlight the dependence, we plot the branching ratios for these two modes in figure 1. This suggests that the UED contribution will have a slight suppression as the rate for the process in consideration is proportional to the product of the above branching ratios. In figure 2 we show the contour plots for the three choices of PDF + scale uncertainty. We can see from figure 2(a), which has the most optimistic choice of 5% for the PDF + scale uncertainty, that at the 2σ confidence level, one can see excess over the SM rate for values of compactification scale as large as R^{−1} ≃ 630, 690, 710, 660 GeV for Higgs mass m_h = 120, 130, 140, 150 GeV respectively, while at 1σ confidence level, these go up to R^{−1} ≃ 990, 1050, 1090, 1020 GeV for Higgs mass m_h = 120, 130, 140, 150 GeV respectively. For the more conservative choices of PDF + scale uncertainty, these numbers for R^{−1} will go down and as shown in figure 2(c), where the choice for PDF + scale uncertainty is taken as 15%, the 2σ (1σ) confidence level limits R^{−1} ≃ 450(780), 490(810), 500(830), 500(810) GeV for Higgs mass m_h = 120, 130, 140, 150 GeV respectively. With improvements in the measurement resolutions and lower uncertainties, this reach can be improved further. We must point out that although the better convergence of the NNLO result over the NLO calculations do suggest a better understanding of the theoretical result, our ignorance of corrections beyond NNLO limits our complete knowledge of the intrinsic theoretical error. The updated lower bounds on the compactification scale [63, 64] (>∼ 600 GeV for m_h = 115 GeV and top quark mass of 173 GeV at 90% C.L.), which depends on the Higgs mass and the top quark mass, however suggest that the visible effects at the LHC would be marginal and one really needs a better hold on the different uncertainties to highlight the large deviations that are expected in the UED predictions.

6 Summary and conclusions

We have explored the signals for the intermediate mass range of the Higgs boson production through the gg → h channel and its subsequent decay to two photons. Both the production and decay channel get contributions through loops due to the absence of tree level couplings. The excited KK modes of the SM particles would give additional contribution to these decay modes, thus altering the decay rates. We have performed a detailed analysis of the rates for the inclusive process gg → h → γγ incorporating the different uncertainties that would affect measurements at LHC. We find that one can have observable enhancements in the allowed range of the parameter space of UED to distinguish effects of UED contributions in the Higgs signals by studying the rates for the inclusive process considered in this work. We show that although the rates (after including UED contributions) differ from the standard model prediction substantially, large uncertainties, both theoretical (we have neglected the intrinsic theoretical error in the Higgs production cross section from corrections beyond NNLO assuming it to be small) as well as experimental, have a large role to play. These uncertainties combine to dilute the substantially significant deviations from SM coming from new physics contributions and are seen to be marginal [63, 64]. However, with better luminosity and improvements in the theoretical calculations and experimental measurements, this channel can provide for new physics effects in the Higgs signal itself.

References

[1] I. Antoniadis, Phys. Lett. B 246, 377 (1990).

[2] T. Appelquist, H. C. Cheng and B. A. Dobrescu, Phys. Rev. D 64, 035002 (2001) [arXiv:hepph/0012100].

[3] T. Appelquist and H. U. Yee, Phys. Rev. D 67, 055002 (2003).

[4] K. Agashe, N. G. Deshpande and G. H. Wu, Phys. Lett. B 514, 309 (2001) [arXiv:hepph/0105084].

[5] D. Chakraverty, K. Huitu and A. Kundu, Phys. Lett. B 558, 173 (2003) [arXiv:hep-ph/0212047].

[6] A. J. Buras, M. Spranger and A. Weiler, Nucl. Phys. B 660, 225 (2003) [arXiv:hep-ph/0212143].

[7] A. J. Buras, A. Poschenrieder, M. Spranger and A. Weiler, Nucl. Phys. B 678, 455 (2004) [arXiv:hep-ph/0306158].

[8] J. F. Oliver, J. Papavassiliou and A. Santamaria, Phys. Rev. D 67, 056002 (2003) [arXiv:hepph/0212391].

[9] T. Appelquist and B. A. Dobrescu, Phys. Lett. B 516, 85 (2001) [arXiv:hep-ph/0106140].

[10] K. Agashe, N. G. Deshpande and G. H. Wu, Phys. Lett. B 511, 85 (2001) [arXiv:hepph/0103235].

[11] T. G. Rizzo and J. D. Wells, Phys. Rev. D 61, 016007 (2000) [arXiv:hep-ph/9906234]. [12] A. Strumia, Phys. Lett. B 466, 107 (1999) [arXiv:hep-ph/9906266]. [13] C. D. Carone, Phys. Rev. D 61, 015008 (2000) [arXiv:hep-ph/9907362]. [14] C. Macesanu, C. D. McMullen and S. Nandi, Phys. Rev. D 66, 015009 (2002) [arXiv:hepph/0201300].

[15] C. Macesanu, C. D. McMullen and S. Nandi, Phys. Lett. B 546, 253 (2002) [arXiv:hepph/0207269].

[16] H. C. Cheng, Int. J. Mod. Phys. A 18, 2779 (2003) [arXiv:hep-ph/0206035]. [17] C. D. Carone, J. M. Conroy, M. Sher and I. Turan, Phys. Rev. D 69, 074018 (2004) [arXiv:hepph/0312055].

[18] A. Muck, A. Pilaftsis and R. Ruckl, Nucl. Phys. B 687, 55 (2004) [arXiv:hep-ph/0312186]. [19] G. Bhattacharyya, P. Dey, A. Kundu and A. Raychaudhuri, Phys. Lett. B 628, 141 (2005) [arXiv:hep-ph/0502031].

[20] M. Battaglia, A. Datta, A. De Roeck, K. Kong and K. T. Matchev, JHEP 0507, 033 (2005) [arXiv:hep-ph/0502041].

[21] H. C. Cheng, K. T. Matchev and M. Schmaltz, Phys. Rev. D 66, 056006 (2002) [arXiv:hepph/0205314].

[22] B. Bhattacherjee and A. Kundu, Phys. Lett. B 627, 137 (2005) [arXiv:hep-ph/0508170]. [23] J. M. Smillie and B. R. Webber, JHEP 0510, 069 (2005) [arXiv:hep-ph/0507170]. [24] M. Kakizaki, S. Matsumoto, Y. Sato and M. Senami, Phys. Rev. D 71, 123522 (2005) [arXiv:hep-ph/0502059];

[25] C. Macesanu, Int. J. Mod. Phys. A 21, 2259 (2006) [arXiv:hep-ph/0510418]. [26] F. J. Petriello, JHEP 0205, 003 (2002) [arXiv:hep-ph/0204067]. [27] A. Datta and S. K. Rai, arXiv:hep-ph/0509277.

[28] S. K. Gupta, B. Mukhopadhyaya and S. K. Rai, arXiv:hep-ph/0510306. [29] G. Servant and T. M. P. Tait, Nucl. Phys. B 650, 391 (2003) [arXiv:hep-ph/0206071]. [30] D. Majumdar, Phys. Rev. D 67, 095010 (2003) [arXiv:hep-ph/0209277].

[31] H. Georgi, A. K. Grant and G. Hailu, Phys. Lett. B 506, 207 (2001) [arXiv:hep-ph/0012379]. [32] G. von Gersdorff, N. Irges and M. Quiros, Nucl. Phys. B 635, 127 (2002) [arXiv:hepth/0204223].

[33] H. C. Cheng, K. T. Matchev and M. Schmaltz, Phys. Rev. D 66, 036005 (2002) [arXiv:hepph/0204342].

[34] M. Puchwein and Z. Kunszt, Annals Phys. 311, 288 (2004) [arXiv:hep-th/0309069]. [35] V. Barger and R.J.N. Phillips, Collider Physics, Addison-Wesley Publishing Company (1987). [36] A. Djouadi, J. Kalinowski and M. Spira, Comput. Phys. Commun. 108, 56 (1998) [arXiv:hepph/9704448].

[37] ATLAS Collaboration, ATLAS Detector and Physics Performance Technical Design Report, report CERN-LHCC-99-15 (1999).

[38] CMS Collaboration, CMS, the Compact Muon Solenoid: Technical proposal, report CERN- LHCC-94-38 (1994).

[39] H. Zheng and D. Wu, Phys. Rev. D 42, 3760 (1990).

[40] A. Djouadi, M. Spira, J. J. van der Bij and P. M. Zerwas, Phys. Lett. B 257, 187 (1991). [41] S. Dawson and R. P. Kauffman, Phys. Rev. D 47, 1264 (1993).

[42] K. Melnikov and O. I. Yakovlev, Phys. Lett. B 312, 179 (1993) [arXiv:hep-ph/9302281]. [43] A. Djouadi, M. Spira and P. M. Zerwas, Phys. Lett. B 311, 255 (1993) [arXiv:hep-ph/9305335]. [44] M. Inoue, R. Najima, T. Oka and J. Saito, Mod. Phys. Lett. A 9, 1189 (1994). [45] Y. Liao and X. y. Li, Phys. Lett. B 396, 225 (1997) [arXiv:hep-ph/9605310]. [46] M. Steinhauser, arXiv:hep-ph/9612395.

[47] A. Djouadi, P. Gambino and B. A. Kniehl, Nucl. Phys. B 523, 17 (1998) [arXiv:hepph/9712330].

[48] J. Fleischer, O. V. Tarasov and V. O. Tarasov, Phys. Lett. B 584, 294 (2004) [arXiv:hepph/0401090].

[49] U. Aglietti, R. Bonciani, G. Degrassi and A. Vicini, Phys. Lett. B 595, 432 (2004) [arXiv:hepph/0404071].

[50] G. Degrassi and F. Maltoni, arXiv:hep-ph/0504137.

[51] M. Duhrssen, S. Heinemeyer, H. Logan, D. Rainwater, G. Weiglein and D. Zeppenfeld, Phys.

Rev. D 70, 113009 (2004) arXiv:hep-ph/0406323.

[52] A. Djouadi and S. Ferrag, Phys. Lett. B 586, 345 (2004) [arXiv:hep-ph/0310209]. [53] D. Zeppenfeld, R. Kinnunen, A. Nikitenko and E. Richter-Was, Phys. Rev. D 62, 013009 (2000) [arXiv:hep-ph/0002036].

[54] A. D. Martin, R. G. Roberts, W. J. Stirling and R. S. Thorne, Phys. Lett. B 531, 216 (2002) [arXiv:hep-ph/0201127].

[55] V. Ravindran, J. Smith and W. L. van Neerven, Nucl. Phys. B 665, 325 (2003) [arXiv:hepph/0302135].

[56] C. Anastasiou and K. Melnikov, Nucl. Phys. B 646, 220 (2002) [arXiv:hep-ph/0207004]. [57] R. V. Harlander and W. B. Kilgore, Phys. Rev. Lett. 88, 201801 (2002) [arXiv:hepph/0201206].

[58] A. Belyaev, J. Pumplin, W. K. Tung and C. P. Yuan, JHEP 0601, 069 (2006) [arXiv:hepph/0508222].

[59] A. Cafarella, C. Coriano, M. Guzzi and J. Smith, Eur. Phys. J. C 47, 703 (2006) [arXiv:hepph/0510179].

[60] S. Eidelman et al. [Particle Data Group], Phys. Lett. B 592, 1 (2004). [61] [CDF Collaboration], arXiv:hep-ex/0507091.

[62] S. Heinemeyer, W. Hollik and G. Weiglein, arXiv:hep-ph/0412214.

[63] T. Flacke, D. Hooper and J. March-Russell, Phys. Rev. D 73 (2006) 095002 [Erratum-ibid. D 74 (2006) 019902] [arXiv:hep-ph/0509352].

[64] I. Gogoladze and C. Macesanu, Phys. Rev. D 74 (2006) 093012 [arXiv:hep-ph/0605207].