arXiv:hep-ph/0410256 v2 15 Dec 2004

UG-FT-173/04 CAFPE-43/04 December 2004

Physics beyond the Standard Model and its Minimal Supersymmetric extension at large colliders^∗

F. del Aguila and R. Pittau^†

Departamento de Física Teórica y del Cosmos and Centro Andaluz de Física de Partículas Elementales (CAFPE) Universidad de Granada, E-18071 Granada, Spain

December 15, 2004

Abstract

New large colliders will probe scales up to few TeV, indicating the way Nature has chosen to extend the Standard Model. We review alternative scenarios to the traditional Minimal Supersymmetric Standard Model: the little Higgs model, split supersymmetry and extra dimensional models with low energy signals.

PACS numbers: 11.10.Kk, 11.25.Wx, 12.60.Cn, 12.60.Fr, 12.90.+b

1 Introduction

It is believed that the Standard Model (SM) is an effective low energy theory which has to be completed at some scale to include gravity. What aspects of this extension will show up first at large colliders will have to wait for new experimental data. In order to establish a departure from the SM predictions it will be probably necessary a new large striking signal. However, we will have to start carefully looking at the processes where the SM is less precisely

∗Presented by F. del Aguila at the final meeting of the European Network “Physics at Colliders”, Montpellier, France, September 26–27, 2004.

†On leave of absence from Dipartimento di Fisica Teorica, Torino and INFN Sezione di Torino, Italy.

known, like at the top or at the Higgs, or where clean signals can be observed, like lepton pair or monojet production.

The most popular low energy extension of the SM is the Minimal Supersymmetric Standard Model (MSSM). Its main virtues are to make less severe the hierarchy problem: how to keep the Higgs boson mass 16 orders of magnitude lighter than the Planck scale ∼ 2.4 × 10^{18} GeV , and to unify the gauge coupling constants of the three SM interactions near this scale. Its phenomenology is discussed in other contributions to these proceedings (see [1, 2, 3, 4, 5] for some recent reviews where this network has contributed). However, there are also other SM extensions which ameliorate its fine-tuning problems, and whose signatures can be also observable at large hadron colliders, like the Tevatron and the LHC, or at a large (International) Linear lepton Collider (ILC). In the following we review some of the implications of recent alternatives which may manifest at the top (Section 2), at the Higgs (Section 3), in lepton pair production with a large invariant mass (Section 4), and/or as an excess of monojets (Section 5).

Two generic examples of alternative scenarios are the Little Higgs Model [6, 7, 8] and large Extra Dimensions [9, 10] (for recent (phenomelogical) reviews see [11] ([12])). The former explotes our knowledge of four-dimensional gauge theories. It improves the hierachy problem related with the stability of the Higgs mass enlarging the SM to include a larger global symmetry at a higher scale ∼ T eV , with a locally gauged subgroup containing the SM gauge group. Its breaking above the T eV is communicated to the SM Higgs doublet, which is a pseudo-Goldstone boson, through radiative corrections, and then, it is delayed by factors of 4π times coupling constants. The extra fields of its littlest version [7] are a charged^2_3 vector-like quark T , a complex scalar triplet ϕ, and four new gauge bosons A_H , W^±_H , Z_H ; all of them with masses near the T eV scale, and eventually observable.

On the other hand, the possibility of having observable large Extra spatial Dimensions raised in [9, 10] allows to reformulate the hierarchy problem. In this scenario there is only one fundamental scale of the order of the T eV , with some models being even Higgsless [13]. The SM fields must mainly live in our four-dimensional brane, but can propagate, as does gravity, in the Extra Dimensions depending on the model assumptions. In this case new physics manifests as towers of Kaluza-Klein (KK) states, which, if light enough, would be observable at large colliders. Thus, we may want to know how to search for them. In practice, one can consider only the first massive states as we do below: new gauge bosons with the SM couplings but with heavier masses, new vector-like fermions with the SM quantum numbers and/or extra scalar replicas.

This new framework also offers a new playground for dealing with other SM puzzles, as for instance, the necessity of accommodating the very different fermion masses observed in Nature. The paradigmatic example is the very small neutrino masses. It was pointed out in [14] that if Right-Handed (RH) neutrinos living in the bulk exist, their wave-function values on the brane where the standard Left-Handed (LH) neutrinos stay can be effectively so small as to explain the tiny Dirac neutrino masses observed; although to write definite realistic models, other mechanisms may be also required. The neutrino mass generation (see [15] for a review, and [11] for the Extra Dimensional view), as the measured neutrino masses m_ν , is not directly distinguishable at large colliders, because any related effect is suppressed by very small ratios ∼^{mν√}_s , where √ s is the collider center of mass energy. New neutrino effects at colliders must be associated to leptons with masses ∼ √ s and relatively large mixings with the SM fermions. These new leptons (neutrinos), which may be also light KK modes, are discussed in other contribution to these proceedings [16] (see also [17, 18, 19] and references there in).

Here we will be concerned with the (top) quark sector. The observed hierarchy between the light quarks and the top can be related to their localisation in the Extra Dimensions [20]. Indeed, simple models with one extra dimension and quarks propagating in the bulk can reproduce the observed pattern of quark masses and mixings [21], and predict new vector-like quarks below the T eV scale. Hence, a precise measurement of the top coupling V_{tb} and the search of new heavy quarks at large colliders will constrain these models as well.

Both SM alternatives, the Little Higgs Model and the large Extra Dimensions, are more a class of models than definite complete theories. Their predictions are mainly estimates which may depend on unexpected new effects. This is the case in models with Extra Dimensions, for instance, of the so-called Brane Kinetic Terms (BKT). These are corrections to the kinetic terms of the bulk fields which are localised at the branes. They were first discussed in the context of gravity [22], but they are generated for bulk fields already at one loop in compactification with defects, as for instance in orbifolds [23]. They are phenomenologically relevant [24, 25, 26], and deserve further theoretical study [27] (see [28] for a more complete set of references). A review [29] can be found in these proceedings.

Finally, as a last recent example of alternative to the MSSM it is worth to mention Split Supersymmetry [30, 31]. In this proposal squarks and sleptons are very heavy and can not even mediate the dominant decays of gauginos and higgsinos, which remain near the electroweak scale. The SM superpartners are thus split. The plethora of new sparticles expected to be produced at forthcoming experiments in the MSSM gets reduced to some new (Majorana) fermions appearing, as we shall comment in Section 5, mainly as missing energy, plus a jet, for instance, in the gluino case. A general discussion of the main phenomenological differences with traditional low-scale supersymmetry (SUSY), with emphasis in the cosmological aspects, is given in [32].

2 Signals at the top

Large colliders will be top factories. In particular the LHC with a cross section of 860 pb will produce tens of millions of top pairs [33] (see also [34, 35] in these proceedings), and a large number of pairs of any new heavy quark which may exist with a mass up to several T eV . Single top production will be down by more than an order of magnitude, but it will give the best measurement of the top coupling to the W , V_{tb}, with an expected precision of 5% [36]. The top coupling to the Z, X_{tt}, will be measured with a better precision at ILC, 2% [3]. These two measurements could give evidence of new physics if different from their SM values V^{SM}_{tb} = 0.999 and X^{SM}_{tt} = 1, respectively. The most probable explanation of such a large deviation V_{tb} < 0.96 from the SM predictions would be the top mixing with other vector-like quark of charge^2_3 , T [37]. As emphasized in the Introduction, alternative SM extensions like the Little Higgs Model or Extra Dimensions predict such new vector-like quarks [7, 21].

In the simplest case of only one effective light T quark the t − T quark system is parameterised by the two quark masses m_t < m_T and its mixing angle V_{T b} = √ 1 − V^2_{tb} . (1)

(V^{SM}_{tb} can be taken equal to 1). The corresponding mass matrix reads ( m_t V_{T b}m_T 0 m_T ) , (2)

where the RH quarks (columns) have been rotated and the field phases chosen conveniently, and V_{T b} ∼ O(0.1) ≪ 1 is a small expansion parameter. The physics of this SM addition has been often discussed in the literature [38]. We follow the analysis in [39]. The main constraint from precise electroweak data results from the oblique parameter [40]

T = 0.12 ± 0.10 . (3)

This latest value differs significatively from the value quoted in [41] but it has been obtained fixing the parameter U = 0, what seems more adequate for this type of SM extensions. T is a function of the T mass and of its couplings to the W and to the Z squared, |V_{T b}|^2 and

|X_{T t}|^2 = |V_{T b}V_{tb}|^2 = |V_{T b}|^2(1 − |V_{T b}|^2) , (4)

respectively. Its approximate expression can be written (m^2_t ≪ m^2_T ) T = N_c 16π sin^2 θ_W cos^2 θ_W

|V_{T b}|^2[−18.4 + 7.8 log m^2_T M^2_Z

+ O(

M^2_Z m^2_T

)] , (5)

where N_c = 3 is the number of colours, and sin^2 θ_W = 0.231 and m_t taken equal to 176 GeV are the MS values of the electroweak mixing angle and the top mass at the M_Z = 91.2 GeV scale, respectively. In Fig. 1 we plot the experimentally excluded region (shadowed) of the m_T − V_{tb} plane [26]. The limiting curve defines the 3 standard deviation bound T ≤ 0.29, and only masses and mixings on the top-left part are allowed.

In the Little Higgs Model [8]

V_{T b} = λ_1 λ_2 m_t m_T and V_{tb} = 1 − 1 2 λ^2_1 λ^2 m^2_t m^2_T

, (6)

with λ_{1,2} two couplings of O(1) satisfying 1 λ^2_1 + 1 λ^2 ≃ v^2 m^2_t

, (7)

where v = 246 GeV is the Higgs doublet vacuum expectation value, and m_T naturally ranging from 1 up to 5 T eV , but otherwise arbitrary. (In more restrictive models of this class the non-observation of an excess of lepton pairs at Tevatron banishes m_T to higher values [42].) Then Eq. (5) and the 3 σ limit on T above further constrain λ_1 λ_2 ≤ m_T (T eV ) √ 0.681 + 0.560 log m_T (T eV )

, (8)

Figure 1: Excluded region (shadowed) in the m_T − V_{tb} plane defined by requiring the T parameter to deviate by more than 3σ from its experimental value. Lines show the m_T − V_{tb} values for models with an extra dimension parameterising the orbifold^{S1}_{Z2} and radius R =^1_{Mc} with M_c = 0.5, 0.7, 1 T eV , from left to right. The points along the lines correspond to growing BKT coefficients, from 0 to 20R from right to left.

for large m_T . Hence, already for m_T = 1 T eV , V_{tb} > 0.96, and no distinction between the Little Higgs Model and the SM can be made with the foreseen precision for the V_{tb} measurement. On the other hand, models with Extra Dimensions and multilocalisation can accommodate smaller m_T and V_{tb} values [21]. In these models they fix two free parameters: the five-dimensional top mass and the position of the intermediate brane. The allowed m_T − V_{tb} region can be also reached in the simplest models without multilocalisation if relatively large BKT are included [26]. In Fig. 1 we draw lines of constant compactification scale M_c and growing BKT from right to left. A model with excluded values in the shadowed region can predict allowed m_T masses and V_{tb} couplings increasing (moving from right to left along the lines) the BKT coefficient. In summary, a new vector-like T quark with a large mixing with the top could be the first signal of Extra Dimensions.

Even if the mixing of such a new quark is too small to be observed, it could still be produced at LHC if its mass is up to few T eV . In Fig. 2 we plot the cross sections for different T production processes at LHC [8, 5]. T T̄ production is fixed by QCD and its cross section decreases faster with

Figure 2: Cross sections for different T production processes at LHC: pp → T T̄ X (dashed), pp → T jX (thick solid) and pp → T W X (thin solid).

m_T because the t-channel interchanges the T quark and the s-channel is relatively suppressed at high energy (Fig. 3(a)). T j production is model dependent. In Fig. 3(b) we show the dominant process. The cross section in Fig. 2 corresponds to V_{T b} =^{mt}_{mT} . In the Little Higgs Model a ratio^{λ1}_{λ2} =^1_2 in Eq. (6) would stand for a factor 4 smaller cross section. Larger ratios are constrained by Eq. (8). The upper variable f in this Figure is the parameter fixing the scale of new physics. The plotted values correspond to the lower limit f^<_∼^v_{2mt} m_T . Models with Extra Dimensions can show a similar V_{T b} dependance [21]. The s-channel (Fig. 3(c)) is very much suppressed, because although it involves the same vertices as the t-channel, it has the high energy s-channel suppression relative to t-channel contribution. We also plot in Fig. 2 the T W cross section. The corresponding diagrams are depicted in Fig. 4. Although there is the enhancement of a strong coupling vertex and an initial gluon relative to the T j contributions, the exchange of a T quark in the t-channel diagram (Fig. 4(b)) and the s-channel suppression at high energy (Fig. 4(a)) reduce this cross section below the other processes. However, to decide about the best signal one also must wonder about the background. In Table 1 we give an estimate for the three cases. Jets are required to have a transverse momentum p^j_t > 40 GeV , a pseudorapidity |η_j | < 2.5 and a

(b) (c) b

(-) q

W T

(-) q ′ q̄′

q

W T

b̄ g

g T T

T̄ g

g T T

T̄

(a) g

g g T

T̄ q̄

q g T

T̄

Figure 3: (a): Diagrams for T T̄ production. (b) and (c): t- and s- channel contributions, respectively, to T j production.

(a) (b) g

b b T

W g

b T T

W

Figure 4: s-channel (a) and t-channel (b) T W production diagrams.

separation Δr(jj) > 0.7. In all cases we assume that T decays into Zt, what typically does^1_4 of the time [8, 44], for it gives the cleanest signal. The largest T cross section, T j production, has also the largest background, but it can be reduced by a large factor, as also can the other backgrounds, requiring the t → W b and the T → Zt reconstruction (cutting in the corresponding invariant mass distributions). Cross sections must be multiplied in all cases by the corresponding branching ratios when looking at specific channels.

3 A non-standard Higgs

The SM Higgs physics as well as the SUSY and the Two-Higgs Doublet Model (2HDM) [45] (see also [46]) Higgs sector are reviewed in other contributions

T production process pp → T T̄X pp → T jX pp → T W X SM background pp → ZZW W jjX pp → ZW jjX pp → ZW W jX Estimate 4 × 10^{−4} pb 6 pb 8 × 10^{−2} pb

Table 1: SM background estimates for different T production processes evaluated with ALPGEN [43].

to these proceedings [47, 48]. Here we concentrate on the types of models discussed in the Introduction.

The complete reconstruction of the Higgs potential necessarily requires the measurement of the Higgs self-couplings. These include a trilinear and a quartic interaction, parameterised by the coupling constants λ_{HHH} and λ_{HHHH} , which in the SM take the values

λ^{(0)}_{HHH} = −3

M^2_H v , λ^{(0)}_{HHHH} = −3 M^2_H v^2

, (9)

where M_H is the Higgs mass. A direct measurement of λ_{HHH} can be obtained, both at LHC and ILC, via the detection of Higgs boson pairs, while, due to the vanishingly small 3-Higgs production cross section, there is no hope for a measure of λ_{HHHH} . Several models predict sizeable departures of λ_{HHH} from its SM value. For example, a scan over the parameter space of the 2HDM shows that values of r ≡ λ_{HHH} /λ^{(0)}_{HHH} such as −15 < r < 15 are quite possible [49].

A second example is the Little Higgs Model [8], with

1 ≤ r ≃ 1 + δ_r and δ_r = λ^2_{hϕh} λ_ϕ2 λ^{(0)}_{HHH}

, (10)

where λ_{hϕh} and λ_ϕ2 are coefficients of the enlarged Higgs potential after the spontaneous breaking of the assumed global symmetry. Besides the usual complex scalar doublet h, this Littlest Higgs Model potential contains an additional complex scalar triplet ϕ. Then, the quartic Higgs doublet selfcoupling λ_h4 , which also gives λ_{HHH} , is not any more only fixed in terms of the Higgs mass and v, but of this ratio of Higgs potential couplings function of the fundamental parameters of the model: gauge and Yukawa couplings, and loop coefficients.

In Fig. 5 we show the effect, at LHC, of varying λ_{HHH} independently of

Figure 5: Dependence of the cross sections for the three processes qq^{(′)} → qq^{(′)}HH, gg, qq̄ → tt̄HH and qq̄^{(′)} → V HH on r = λ_{HHH} /λ^{(0)}_{HHH} , in correspondence of three values of the Higgs mass.

any other SM parameter [49]. Notice that the cross sections do not vanish at zero values of λ_{HHH} because of the presence of diagrams where the two Higgses are radiated independently, with strength proportional to the Yukawa or gauge couplings. The two vertical lines correspond to the limits given in Eq. (10) with δ_r = 5.1. The region at the right of the thin dashed line is accessible for a 3 σ discovery at LHC when M_H ∼ 120 GeV . Such a discovery limit has been computed with a detailed signal-to-background analysis performed with ALPGEN [43]. This measurement with a large deviation from the SM prediction would further constrain this class of models.

Finally, the Higgs decay rates also show a dependance on the model, especially the induced decays: H → gg, γγ. This variation is expected to be relatively small in the Little Higgs Model, and difficult to observed at LHC or ILC [50].

In models with Extra Dimensions the Higgs can mix with the new singlet scalars associated to the background metric. For instance, this mixing with the radion in the Randall-Sundrum model [10] also modifies the Higgs mass and decay rates. The universal coupling of the metric to the energy-momentum tensor gives no variation in the Higgs branching ratios into massive states but modifies the total and partial decay rates, as well as the induced decay H → gg branching fraction [51]. These modifications can be larger if the model has a non-minimal Higgs sector, as in the case of the 2HDM [5].

4 Large di-lepton signals

Lepton pair production is expected to be the main production channel to discover and to study new gauge bosons at LHC and ILC (see [52] for a review). An excess of lepton pairs with a large invariant mass can be also the signature of a tower of KK gravitons [12]. As a matter of fact, the large variety of models which predict new contributions to this final state will require a detailed study of this signal, and of other channels, to characterise its origin. A resonant peak periodically repeated will point out to Extra Dimensions, but the mass of the first resonance will constrain the type of model. For instance, if relatively heavy, it will disfavour universal Extra Dimensions [53]. On the other hand, its angular distribution will determine the spin assignment, which can be measured at the LHC, as well as at the ILC [54, 55].

In any case a detailed analysis of this final state together with other related channels, like W pair production or even quark pair production, shall help to distinguish between models, for example, establishing its Higgsless character [56]. (The simplest versions of Higgsless models [13] give a too large S oblique parameter [56, 57], but this could be cured [58].)

The Little Higgs Model also predicts new heavy gauge bosons with characteristic decay rates [8]. For a review of the phenomenology of SM gauge extensions, like for instance those based on E_6, see [59] and references there in. 5 Jets beyond the SM

As in the case of di-leptons, missing energy is a signal of many SM extensions, supersymmetric or not. For example, any new neutral gauge boson coupling to quarks and neutrinos, as those predicted by the Little Higgs Model [8], would increase the SM background for mono-jets. In models with Extra Dimensions KK gravitons which escape detection can be also produced with a jet [2].

This signature is also characteristic of SUSY models. The most recent alternative to the MSSM, Split SUSY, can manifest as a mono-jet excess if the gluinos, which are assumed to be relatively light, hadronise little [60]. For a general discussion of the phenomenology of this new scenario see [32].

6 Conclusions

Alternatives to the SM beyond the MSSM like the Little Higgs Model, Models with Extra Dimensions (Higgsless or not) or Split SUSY offer a distintive solution to the hierarchy problem, and then new physics at the T eV scale which can be eventually observed at large colliders. We have reviewed some of their implications for top and Higgs physics, and in di-lepton and monojet production. These two channels are the signature of many SM extensions and we have essentially referred to the literature. In Table 2 we gather the signal and collider where to test each class of models. See [5] for a recent

Signal Collider New physics Small V_{tb} (X_{tt}) LHC (ILC) Extra dimensions New T quark of charge^2_3 LHC

Extra dimensions Little Higgs model Non-standard trilinear Higgs coupling LHC

Extra dimensions Little Higgs model

Higgs decay rates LHC / ILC

Extra dimensions Little Higgs model Large di-lepton

production LHC / ILC

Extra dimensions Little Higgs model

Non-standard jet

cross sections LHC Extra dimensions Little Higgs model Split SUSY

Table 2: Signals of alternative SM extensions at large colliders.

review of these alternatives.

We thank J.A. Aguilar-Saavedra, A. Martínez de la Ossa, D. Meloni, M. Pérez-Victoria and J. Santiago for assistance in preparing this review.

This work has been supported in part by MCYT under contract FPA2003- 09298-C02-01, by Junta de Andalucía group FQM 101, by the European Community’s Human Potential Programme under contract HPRN-CT-2000- 00149 Physics at Colliders. R.Pittau thanks the financial support of MEC under contract SAB2002-0207.

References

[1] M. Carena et al., Physics at Run II: Supersymmetry / Higgs Workshop, hep-ph/0010338.

[2] F. Gianotti et al., Physics potential and experimental challenges of the LHC luminosity upgrade, hep-ph/0204087.

[3] ECFA/DESY LC Physics Working Group Collaboration, J.A. Aguilar- Saavedra et al., TESLA: The superconducting electron positron linear collider with an integrated X-ray laser laboratory. Technical design report. Part 3. Physics at an e^+e^− linear collider, hep-ph/0106315.

[4] B.C. Allanach et al., Eur. Phys. J. C25, 113 (2002); G. Azuelos et al., The Beyond the Standard Model Working Group: Summary report, hep-ph/0204031; P. Skands et al., SUSY Les Houches accord: Interfacing SUSY spectrum calculators, decay packages and event generators, hep-ph/0311123.

[5] B.C. Allanach et al., Les Houches “Physics at TeV Colliders 2003” Beyond the Standard Model Working Group: Summary report, hep-ph/0402295.

[6] N. Arkani-Hamed, A.G. Cohen and H. Georgi, Phys. Lett. B513, 232 (2001).

[7] N. Arkani-Hamed, A.G. Cohen, E. Katz and A.E. Nelson, J. High Energy Phys. 0207, 034 (2002).

[8] T. Han, H.E. Logan, B. McElrath and L.-T. Wang, Phys. Rev. D67, 095044 (2003); see also G. Burdman, M. Perelstein and A. Pierce, Phys. Rev. Lett. 90, 241802 (2003); Erratum 92, 049903 (2004); M. Perelstein, M.E. Peskin and A. Pierce, Phys. Rev. D69, 075002 (2004).

[9] N. Arkani-Hamed, S. Dimopoulos and G.R. Dvali, Phys. Lett. B429, 263 (1998); Phys. Rev. D59, 086004 (1999); I. Antoniadis, N. Arkani- Hamed, S. Dimopoulos and G.R. Dvali, Phys. Lett. B436, 257 (1998); I. Antoniadis, Phys. Lett. B246, 317 (1990).

[10] L. Randall and R. Sundrum, Phys. Rev. Lett. 83, 3370 (1999); 4690 (1999).

[11] F. Feruglio, hep-ph/0401033; C. Csáki, hep-ph/0404096.

[12] J. Hewett and J. March-Russell in Review of Particle Physics, S. Eidelman et al., Phys. Lett. B592, 1 (2004); T.G. Rizzo, hep-ph/0409309.

[13] C. Csáki, C. Grojean, H. Murayama, L. Pilo and J. Terning, Phys. Rev.

D69, 055006 (2004); C. Csáki, C. Grojean, L. Pilo and J. Terning, Phys. Rev. Lett. 92, 101802 (2004).

[14] K.R. Dienes, E. Dudas and T. Gherghetta, Nucl. Phys. B557, 25 (1999);

N. Arkani-Hamed, S. Dimopoulos, G.R. Dvali and J. March-Russell, Phys. Rev. D65, 024032 (2002); G.R. Dvali and A.Y. Smirnov, Nucl. Phys. B563, 63 (1999).

[15] G. Altarelli and F. Feruglio, hep-ph/0405048.

[16] D. Meloni, Acta Phys. Polon. B 35, 2781 (2004).

[17] J.I. Illana and T. Riemann, Phys. Rev. D63, 053004 (2001); B. Bekman, J. Gluza, J. Holeczek, J. Syska and M. Zralek, Phys. Rev. D66, 093004 (2002).

[18] G.C. Branco, D. Delépine, B.M. Nobre and J. Santiago, Nucl. Phys.

B657, 355 (2003).

[19] F. del Aguila, J.A: Aguilar-Saavedra, A. Martínez de la Ossa and D.

Meloni, UG-FT-168/04, CAFPE-38/04.

[20] N. Arkani-Hamed and M. Schmaltz, Phys. Rev. D61, 033005 (2000).

[21] F. del Aguila and J. Santiago, J. High Energy Phys. 0203, 010 (2002).

[22] G. R. Dvali, G. Gabadadze and M. Porrati, Phys. Lett. B485, 208 (2000).

[23] H. Georgi, A. K. Grant and G. Hailu, Phys. Lett. B506, 207 (2001). [24] H. C. Cheng, K. T. Matchev and M. Schmaltz, Phys. Rev. D66, 036005 (2002).

[25] M. Carena, T. M. Tait and C. E. Wagner, Acta Phys. Polon. B 33, 2355 (2002); H. Davoudiasl, J. L. Hewett and T. G. Rizzo, Phys. Rev. D68, 045002 (2003); M. Carena, E. Ponton, T. M. Tait and C. E. Wagner, Phys. Rev. D67, 096006 (2003).

[26] F. del Aguila and J. Santiago, Nucl. Phys. B (Proc. Suppl.) 116, 326 (2003); F. del Aguila, M. Perez-Victoria and J. Santiago, hep-ph/0305119; Acta Phys. Polon. B 34, 5511 (2003).

[27] F. del Aguila, M. Pérez-Victoria and J.Santiago, J. High Energy Phys.

0302, 051 (2003); hep-ph/0410082.

[28] F. del Aguila, M. Pérez-Victoria and J.Santiago, hep-ph/0310352. [29] M. Pérez-Victoria, Acta Phys. Polon. B 35, 2795 (2004). [30] N. Arkani-Hamed and S. Dimopoulos, hep-ph/0405159. [31] G.F. Giudice and A. Romanino, hep-ph/0406088.

[32] N. Arkani-Hamed, S. Dimopoulos, G.F. Giudice and A. Romanino, hep-ph/0409232; see also W. Kilian, T. Plehn, P. Richardson and E. Schmidt, hep-ph/0408088.

[33] M. Beneke et al., hep-ph/0003033. [34] E.W.N. Glover et al., hep-ph/0410110. [35] J.A. Aguilar-Saavedra, hep-ph/0409342.

[36] T. Stelzer, Z.Sullivan and S. Willenbrock, Phys. Rev. D58, 094021 (1998).

[37] F. del Aguila, J.A. Aguilar-Saavedra and R. Miquel, Phys. Rev. Lett.

82, 1628 (1999); . F. del Aguila, M. Pérez-Victoria and J.Santiago, J. High Energy Phys. 09, 011 (2000).

[38] F. del Aguila and M.J. Bowick, Nucl. Phys. B224, 107 (1983); G.C.

Branco and L. Lavoura, Nucl. Phys. B278, 738 (1986); P. Langacker and D. London, Phys. Rev. D38, 886 (1988); Y. Nir and D. Silverman, Phys. Rev. D42, 1477 (1990); E. Nardi, E. Roulet and Tommasini, Nucl. Phys. B386, 239 (1992); V. Barger, M.S. Berger and R.J.N. Phillips, Phys. Rev. D52, 1663 (1995); P.H. Frampton, P.Q. Hung and M. Sher, Phys. Rep. 330, 263 (2000).

[39] J.A. Aguilar-Saavedra, Phys. Rev. D67, 035003 (2003); Erratum D69, 099901 (2004).

[40] LEP Electroweak Working Group, Results Summer 2004: M.

Grünewald, http://lepewwg.web.cern.ch/LEPEWWG/stanmod/summer2004_−results.

[41] J. Erler and P. Langacker in Review of Particle Physics, S. Eidelman et al., Phys. Lett. B592, 1 (2004).

[42] C. Csáki, J. Hubisz, G.D. Kribs, P. Meade and J. Terning, Phys. Rev.

D67, 115002 (2003); J.L. Hewett, F.J. Petriello and T.G. Rizzo, J. High Energy Phys. 0310, 062 (2003).

[43] M.L. Mangano, M. Moretti, F. Piccinini, R. Pittau and A.D. Polosa, J.

High Energy Phys. 0307, 001 (2003).

[44] F. del Aguila, Ll. Ametller, G.L. Kane and J. Vidal, Nucl. Phys. B334, 1 (1990).

[45] J.F. Gunion and H.E. Haber, Phys. Rev. D67, 075019 (2003).

[46] F. Boudjema and A.V. Semenov, Phys. Rev. D66, 095007 (2002).

[47] M. Krawczyk, Acta Phys. Polon. B 35, 2633 (2004).

[48] G. Degrassi et al., Acta Phys. Polon. B 35, 2711 (2004).

[49] M. Moretti, S. Moretti, F. Piccinini, R. Pittau and A.D. Polosa, hep-ph/0410334 and hep-ph/0411039.

[50] T. Han, H.E. Logan, B. McElrath and L.-T. Wang, Phys. Lett. B563, 191 (2003).

[51] J.L. Hewett and T. G. Rizzo, J. High Energy Phys. 0308, 028 (2003).

[52] F. del Aguila, Acta Phys. Polon. B 25, 1317 (1994); see also P. Langacker and M.-X. Luo, Phys. Rev. D45, 278 (1992); A. Djouadi, A. Leike, T. Riemann, D. Schaile and C. Verzegnassi, Z. Phys. C56, 289 (1992); M. Cvetic and S. Godfrey, hep-ph/9504216.

[53] T. Appelquist, H.C. Cheng and B.A. Dobrescu, Phys. Rev. D64, 035002 (2001).

[54] H. Davoudiasl, J.L. Hewett and T.G. Rizzo, Phys. Rev. D63, 075004 (2001); B.C. Allanach, K. Odagiri, M.A. Parker and B.R. Webber, J. High Energy Phys. 0009, 019 (2000).

[55] P. Osland, A.A. Pankov and N. Paver, Phys. Rev. D68, 015007 (2003).

[56] H. Davoudiasl, J.L. Hewett, B. Lillie and T.G. Rizzo, Phys. Rev. D70, 015006 (2004).

[57] Y. Nomura, J. High Energy Phys. 0311, 050 (2003); R. Barbieri, A. Pomarol and R. Ratazzi, Phys. Lett. B591, 141 (2004); H. Georgi, hep-ph/0408067; M. Perelstein, hep-ph/0408072.

[58] G. Cacciapaglia, C. Csáki, C. Grojean, and J. Terning, hep-ph/0409126;

R. Foadi, S. Gopalakrishna and C. Schmidt, hep-ph/0409266.

[59] A. Leike, Phys. Rep. 317, 143 (1999); see also J.L. Hewett and T.G.

Rizzo, Phys. Rep. 183, 193 (1989).

[60] J.L. Hewett, B. Lillie, M. Masip and T.G. Rizzo, hep-ph/0408248; A.C.

Kraan, Eur. Phys. J. C37, 91 (2004).