arXiv:0906.1460v2 [hep-ph] 1 Jul 2009

IISER/HEP/09/06

Tracking down the elusive charginos / neutralinos through τ leptons at the Large Hadron Collider

Nabanita Bhattacharyya,^1 and Amitava Datta,^2

Indian Institute of Science Education and Research-Kolkata, P. O. Mohanpur, Pin: 741246, West Bengal, India.

Abstract An unconstrained minimal supersymmetric standard model with the superpartners of the strongly interacting particles very heavy (close to the kinematic reach of the LHC or even beyond it) and a relatively light electroweak sector is considered. Using the event generator Pythia it is shown that the 1τ-jet (tagged) + 2l and 2τ-jets (tagged) + 1l signals with a reasonably hard ̸E_T spectrum either by themselves or in combination with the conventional 3l signal, which is known to be of rather modest size with a soft E̸_T spectrum, may appreciably extend the reach of chargino-neutralino search at the LHC with 10 fb^{−1} of integrated luminosity. This is especially so if the lighter chargino and the second lightest neutralino decays via two body leptonic modes with large BRs. The theoretical motivation of this scenario, yielding large values of the fine-tuning parameters but consistent with various indirect constraints including the dark matter relic density, is briefly discussed. It is shown that in the minimal supergravity (mSUGRA) model with an universal scalar mass at the GUT scale, the signals involving τ-jets are not viable. Theoretically well-motivated variations of these boundary conditions are, however, adequate for reviving these signals.

PACS no:12.60.Jv, 95.35.+d, 13.85.-t, 13.85.Rm, 13.85.Qk, 95.35.+d

1nabanita@iiserkol.ac.in 2adatta@iiserkol.ac.in

1 Introduction

Supersymmetry (SUSY) [1] is one of the most well motivated extensions of the standard model (SM) of particle physics. Moreover, it is widely expected on general theoretical arguments like the naturalness of the Higgs boson mass [2, 3] that the masses of the superpartners of the SM particles, collectively called the sparticles, should be O(1 TeV). Therefore the discovery of SUSY at the large hadron collider (LHC), the first accelerator designed for probing TeV scale physics, is eagerly awaited.

Unfortunately the SUSY breaking mechanism and, consequently, the mass spectrum of the sparticles at the energies of experimental interest is still unknown. Thus one cannot apriorily exclude the possibility that a sub-set of the sparticles may very well be too heavy and escape detection at the LHC. Whether the relatively light sparticles are adequate to produce observable signatures at the LHC is then one of the main concerns of the SUSY search strategists at the LHC.

Very heavy sparticles, however, tend to violate the naturalness criterion [2, 3]. There are attempts to quantify the degree of naturalness violation by defining a set of fine-tuning parameters [4]. Large magnitudes of these parameters increase the degree of violation. Thus models with heavy sparticles have been seriously considered only if the magnitudes of the fine-tuning parameters turn out to be small. A case in point is focus point supersymmetry [5]. In this particular parameter space of the minimal supergravity(mSUGRA) [6] model, the scalar superpartners turn out to be very heavy. Nevertheless the naturalness parameters have acceptably small magnitudes. Moreover, the signatures of the gluinos (g̃), which could be relatively light, are easily observable at the LHC [7] if the gluino mass(m_{g̃}) is^<∼ 2 TeV.

However, it has recently been emphasized that SUSY has many other attractive features apart from the solution of the naturalness problem. The simplest versions of the supersymmetric grand unified theories (SUSYGUTs) allow the unification of the strong, electromagnetic and weak forces [8]. Moreover, the stable, neutral and weakly interacting lightest superpartner (LSP) in a R-parity conserving theory is an ideal candidate for explaining the observed dark matter relic density in the universe [9, 10]. Thus models have been constructed [11] with very heavy scalars (squarks and sleptons) which can explain the coupling constant unification at the grand unified theory (GUT) scale (M_G) and the relic density data [10]. As expected, such models predict large values of the fine-tuning parameters [11]. The additional virtues of these models with very heavy scalars are highly suppressed flavour changing neutral current (FCNC) induced processes and CP violating phenomenon [11]. The LHC signatures of these ‘unnatural’ split SUSY models, which mainly arises from gluino production and decays have been analysed in great details [12]. It should be borne in mind that it is hard to precisely quantify the acceptable magnitudes of the fine-tuning parameters. Moreover, the fact that one has to live with fine tuned parameters (e.g., a tiny cosmological constant) in many other cases, provides further motivation for these ’unnatural’ models.

In order to settle the all important issue of existence or non-existence of SUSY experimentally without any theoretical bias, one would like to develop a search strategy at the LHC which could probe the unexplored parameter space just beyond the regions excluded by the searches at the Large Electron Positron collider (LEP) [13] and the Tevatron collider [14, 15, 16] and could continue these probes upto the kinematic reach of LHC. The best limits on the masses of the sparticles belonging to the electroweak sector comes from the LEP experiments [13]. Typically these mass limits are ≈ 100 GeV which is approximately the kinematic reach of LEP experiments^3. The best limits on the strongly interacting squarkgluino sector come from the searches at the pp̄ collider Tevatron. These limits are, however, more model dependent. The CDF and D0 collaborations have been looking for the sparticles since the dawn of the Tevatron experiments nearly 20 years ago [16]. Assuming that there are five flavours of squarks of L and R type and each has approximately the same mass as the gluino (m_{q̃} ≈ m_{g̃} = m̃), the CDF collaboration obtained the limit m̃ > 392 GeV. For heavier squarks m_{q̃} = 600 GeV, the gluino mass limit is m_{g̃} > 280 GeV [14]. The D0 collaboration has obtained similar limits [15].

The above limits imply that in a subspace of the parameter space yet to be probed experimentally, the masses of the sparticles belonging to the electroweak sector could be well within the reach of the LHC (≥ 100 GeV), while the strongly interacting sparticles could be rather heavy (close to the kinematic reach of the LHC or even beyond it). In this paper we focus attention on this parameter space. From the point of view of LHC search strategies this scenario is challenging since signals from the strongly interacting sparticles most easily accessible at hadron colliders are absent. Henceforth in this paper we shall refer to this scenario as the light electroweak gaugino-slepton scenario (LEWGSS).

3If sneutrinos decay invisibly, the best lower limit on their mass ( ≈ M_Z /2) from the invisible width of Z measured at LEP turns out to be much weaker. A proposal for improving this limit can be found in [17].

Of course this sparticle spectrum is not realized in conventional models of SUSY breaking like the much advertised mSUGRA model [6]. In the latter model there are only five free parameters [1] namely a common scalar mass (m_0), a common gaugino mass (m_{1/2}), tanβ, A_0 and sign of μ. Here tanβ is the ratio of the vacuum expectation values of the two Higgs bosons in the model, A_0 is the trilinear soft breaking term and μ is the higgisino mass parameter; the magnitude of μ is fixed by the radiative electroweak symmetry breaking condition [18]. As a result it leads to a highly correlated sparticle mass spectrum which is rather restrictive. However, this is certainly allowed in more general frameworks and should receive due attention since the mechanism of SUSY breaking is still unknown. Later on we shall discuss some possible theoretical frameworks leading to such sparticle spectra and the impact of the indirect constraints (e.g., the constraints imposed by the observed DM relic density [10]) on this parameter space.

That the SUSY signals in this case may not be easily accessible even at the LHC can be anticipated from the simulations by the CMS (see [19] Fig. 13.32 (left)) and the ATLAS [20] collaborations in the mSUGRA model. From the scalar sector only the dilepton + ̸E_T signature from slepton pair production may be observable for slepton mass (m~_{lL} )^<∼ 300 GeV for an integrated luminosity (L) of 60 fb^{−1} [21]. However, the existence of this signal alone can hardly establish SUSY.

The only other viable signal within the framework of the minimal supergravity (mSUGRA) model from the electroweak sector alone is the hadronically quiet trilepton (3l, l = e or μ) events [22] from the production of the lighter chargino ( ~χ^±_1 ) and the second lightest neutralino ( ~χ^0_2) pairs. But the chargino-neutralino mass reach attainable is rather modest. Observable signals correspond to m^±~_{χ1} < 107 GeV for L of 10 fb^{−1} [19] if the slepton mass (m~_l) is much larger ( m~_{lR} > 500GeV ) than the lighter chargino and the second lightest neutralino. In this case the produced gauginos decay via three body modes with branching ratio (BR)s very similar to that of the W and Z bosons. As a result the produced chargino/neutralino pairs decay into e, μ and τ channels with nearly equal BRs irrespective of the specific magnitude of m~_l. These leptonic BRs are relatively small since the hadronic decays of ~χ^±_1 and ~χ^0_2 dominate.

However, in a large region of the parameter space of interest sleptons could be lighter than the ~χ^±_1 and the heavier neutralinos. In this case the ~χ^±_1 ( ~χ^0_2) decays into two body final states involving slepton-neutrino and sneutrino -lepton (slepton-lepton and sneutrinoneutrino) pairs of all flavours. Due to the absence of the hadronic channels the combined BRs of these leptonic modes are nearly 100% and consequently in a limited region of the parameter space the ~χ^±_1 mass reach can be marginally improved compared to the one presented in the last paragraph ( m^±~_{χ1} < 136 GeV for m~_{lR} ≈ 100 GeV and L = 10 fb^{−1}) [19].

In either case the mass reach is not much larger than the current LEP lower bounds. We also emphasize that almost the entire parameter space probed in [19] accessible to the clean trilepton signal is forbidden by the lower limit on the lightest Higgs boson mass (m_h): m_h > 114.7 GeV due to the special correlations among the sparticle masses in mSUGRA. The only exception is the region with m_0 ≥1400 GeV.

The absence of viable signals from the electroweak sector is not a serious hindrance in the mSUGRA model, since a large region of this parameter space can, in any case, be scanned via the squark-gluino events. However, in a more general framework like the LEWGSS, with the squarks and the gluinos beyond the kinematical reach of the LHC, the electroweak sector could be the only source of information on SUSY. Thus one would like to optimize the search strategy for this sector.

It should be emphasized that in the parameter space where the leptonic two body decays of ~χ^±_1 and ~χ^0_2 dominate, the lighter stau mass eigenstate (~τ_1) is often significantly lighter than the other sleptons due to mixing in the ~τ mass matrix [1]. Thus the chargino-neutralino pairs may preferentially decay into final states involving one or more τ -jets and the 3l signal could be degraded or even depleted for all practical purposes. We refer to this parameter space as the ’τ - corridor’.

It may be noted that scenarios with light ~τ mostly in the context of the mSUGRA model have been considered in the literature [23]. These studies, however, concentrated on the impact of the light ~τ scenario on the signals from squark-gluino events. The direct signals from a relatively light electroweak sector did not receive the due attention.

In this paper we propose that signals with 1l + 2τ-jets, 2l + 1τ-jet in the final state be also included in the search strategy especially if the strongly interacting sparticles are very heavy. These signals will be the main discovery channel in the τ corridor and, as shown in a subsequent section, may extend the chargino mass reach significantly. Moreover, these final states in conjunction with the conventional 3l signal, will cover a significantly larger parameter space even outside the corridor, where two body decays of ~χ^±_1 , ~χ^0_2 still dominate and extend the chargino mass reach appreciably.

It is well-known that the chargino-neutralino signals - like all other SUSY signals - is accompanied by large missing transverse energy ( ̸E_T ). Unfortunately the ̸E_T spectrum accompanying the 3l signal turns out to be rather soft. Infact it has been already observed in [19] that cuts on ̸E_T do not improve the signal-background ratio since the signal is also considerably depleted by this cut.

However, the final states with τ-jets have additional neutrinos and the ̸E_T spectrum is much harder as we shall show. Thus a suitable cut on this variable may discriminate against the SM backgrounds more effectively and compensate for the reduction in the signal size due to limited τ-jet detection efficiency. It has been noted that there are hitherto neglected backgrounds (mainly from heavy flavour production) to the 3l signal which reduces its visibility [24]. In principle these backgrounds may affect the signals involving τ-jets as well. It is reassuring to note that these new backgrounds also involve rather soft E̸_T spectrum [24] and may be drastically reduced by a strong cut which does not affect the signal very much (see section 2 for the details).

In order to illustrate the proposed signals and the expected improvements in the chargino mass reach, we simulate ~χ^±_1 − ~χ^0_2 production followed by their decays using the event generator Pythia (version 6.409) [25] in section 2. In the same section we also comment qualitatively on the compatibility of the LEWGSS in some specific SUSY breaking models. We also comment on the compatibility of this model with indirect constraints like the one from the dark matter relic density.

In the next section we revisit the mSUGRA model with low m_0 and m_{1/2} where two body decays of ~χ^±_1 and ~χ^0_2 dominate. This region is ruled out by the lower bound on the lighter Higgs scalar mass from LEP only if the trilinear SUSY breaking coupling A_0 is chosen to be zero. However, for non-zero trilinear coupling this parameter space is compatible with both the Higgs mass bound and the WMAP data on dark matter relic density [26]. More importantly this parameter space leads to novel signals with τ-rich final states [26, 27] at the LHC. We shall, therefore, analyse the prospect of the signals with τ-jets proposed in this paper and revisit the conventional 3l signal. We shall summarise the results and future outlooks in section 4.

2 The signals with and without τ-jets

In this section we focus our attention on signals involving one or more τ-jets arising from ~χ^±_1 - ~χ^0_2 pair production at the LHC in the LEWGSS. Throughout this paper all masses and parameters which have dimension of mass are expressed in GeV unless otherwise stated explicitly.

We have generated the sparticle spectrum using SUSPECT (version 2.3) [28] with the following choice of the weak scale parameters: a common mass for the L and R type weak eigenstates of sleptons of all three generations (m ~_{lL} = m ~_{lR} = m~_l). We shall comment on this slepton spectrum which is somewhat different from the one in the mSUGRA model. For simplicity we have also assumed M_1 ≈ 0.5M_2, which is the typical expectation in a model with a unified gaugino mass in the electroweak sector at a high scale (the GUT scale, say) [1]. However, this is not a crucial assumption for the viability of the proposed signals as long as the LSP is significantly lighter than the sleptons. We have also assumed the g̃ and L and R squarks belonging to all three generations to be very heavy: m_{g̃} = m_{q̃} = 3.0 TeV. So far as the trilepton signal goes it hardly matters even if the strongly interacting sparticles are assumed to be even heavier.

We further assume that tanβ = 10 , A_0 = 0, m_A = 1000, where m_A is the mass of the pseudo-scalar Higgs boson. The last choice, which leads to a decoupled Higgs sector with only one light neutral standard model like Higgs scalar, is also not very crucial for the signals from the electroweak gauginos.

The size of the signals of interest crucially depend on the mixing in the ~τ sector driven by the parameter X_τ = m_τ (A_τ − μ tanβ). Earlier several authors have addressed squark-gluino production in mSUGRA by considering large tanβ [23] only. We have varied the parameter μ to investigate the effect of this mixing. We have represented the large (small) ~τ mixing scenario by μ =1000 (500). Since the dependence of the chargino-neutralino sector on μ and tanβ are very different, both approaches seem to be worth investigating unless additional theoretical assumptions like the common scalar mass m_0 in mSUGRA fixes μ completely from EW symmetry breaking [18].

Over the entire parameter space scanned by us m~_{τ1}^<∼ m~_{eL,R} , m~_{μL,R} due to mixing effects in the ~τ mass matrix. The mass difference of course increases for larger mixing.

In Table 1 we present the BRs of the lighter chargino (see the upper half) and the second lightest neutralino (see the lower half) decays in two representative scenarios. In the first

(m~_{ll} , m~_χ0_2 ) (160,274) (270,274) Decay modes ~χ^+_1 → ~ν_ll^+ 37.8 38.6 ~χ^+_1 → ~ν_τ τ^+ 18.9 19.4 ~χ^+_1 → ~l_lν_l 27.8 1.6 ~χ^+_1 → ~τ^+_1 ν_τ 10.7 20.1 ~χ^+_1 → ~τ^+_2 ν_τ 4.2 – ~χ^+_1 → ~χ^0_1W – 21.5 ~χ^0_2 → ~l_ll 30.6 2.8 ~χ^0_2 → ~τ_1τ 11.6 22.5 ~χ^0_2 → ~τ_2τ 4.8 – ~χ^0_2 → ~νν 52.5 57.2 ~χ^0_2 → ~χ^0_1h – 17.0 ~χ^0_2 → ~χ^0_1Z – –

Table 1: The BRs of the dominant decay modes of the ~χ^+_1 and ~χ^0_2 for μ = 500 at two representative points inside and outside the ’τ corridor’.

case (see the second column) the common slepton mass is much smaller than the chargino mass. Consequently BRs of the two body chargino and neutralino decays in different leptonic channels are approximately the same inspite of the fact that the ~τ_1 lighter than the other sleptons.

Through the second scenario we illustrate the ’τ corridor’ defined in the introduction. Here the m~_l is close to the chargino mass, yet the ~τ_1 is considerably lighter due to mixing. The resulting BRs are presented in the third column of Table 1. These suggest that the 3l signal will be heavily suppressed compared to case 1, but the final states with 1τ + 2l and 2τ + 1l may produce observable signals.

We have simulated all events with gaugino pair production by Pythia(version 6409) [25] . Initial and final state radiation, decay, hadronization, fragmentation and jet formation are implemented following the standard procedures in Pythia. The backgrounds have also been simulated by Pythia.

We next discuss different signals and the kinematical cuts for improving their size relative to the background.

For events with τ-jets, the parent τs are selected with P_T ≥ 20 and |η| < 2.4. The τ-jets are then divided into several E_T bins from 30 to 200. A τ-jet in any bin is then treated as tagged or untagged according to the efficiency (ϵ_τ ) given in [29] for that bin. Isolated leptons (l = e, μ) are selected if P^e_T ≥ 17 and P^μ_T ≥ 10 and |η^l| < 2.4. For lepton-jet isolation we require ΔR(l, j) > 0.5, where ΔR = √ (Δη)^2 + (Δϕ)^2. The detection efficiencies of e and μ are assumed to be 100% for simplicity. An invariant mass cut on the opposite sign dilepton pair 80 < M^{ll}_{inv} < 100 is employed for the 1τ + 2l signal to remove the backgrounds from the Z-bosons. We have further rejected all events with tagged b-jets to reduce the tt̄ background. This reduces the tt̄ background from 0.064 pb to 0.012 pb. In contrast the signal, e.g., with μ = 500, m^±~_{χ1} = 253.7 and m~_l = 150 reduces from 0.0042 pb to .0041 pb. On the other hand the usual veto against light flavour jets other than the tagged τ-jets is not used as it does not improve the S/ √ B ratio, where S(B) is the total number of signal (background) events.

In order to examine whether the events with τ-jets, if combined with the clean 3l events, improve the chargino mass reach at the LHC, we have also simulated the later events using Pythia. However, since the purpose of this generator level work is to suggest a new possibility for chargino-neutralino search and not to present a complete analysis, we do not make a full background analysis. We simply follow the analysis of CMS collaboration for the 3l signal and use the total background estimated by them (0.05953 pb) (see [19], section 13.14) . The cuts imposed on the 3l the signal are summarized below. (i)Events with 3 leptons with P^l_T > 10, |η^l| < 2.4 are selected. (ii) Events with jets having transverse energy E_T > 30 and |η| < 2.4 are vetoed. (iii) Events involving two same flavor opposite sign (SFOS) isolated leptons (e or μ) in |η| < 2.4 with P^e_T > 10, P^μ_T > 17 and the dilepton invariant mass below the Z peak M_{ll} < 75 are retained. The third lepton in the event is required to have P^{μ,e}_T > 10 in |η| < 2.4. We note in passing that vetoing events with tagged b-jets, as suggested above, would further suppress the background while leaving the signal practically unaffected.

The E̸_T spectrum of the 3l, 1τ + 2l and 2τ + 1l events, can be seen in Fig. 1 (left). All distributions are obtained after applying all but the E̸_T cut. The plots in Fig. 1 correspond to μ = 500,m ~_χ±_1 = 253 and m~_l = 170 other parameters are given at the begining of this section. It is clear from the ̸E_T plot that the events containing one or more τ-jets have significantly harder E̸_T distribution than the 3l events. In fact it has already been noted in

Figure 1: The normalized distribution of missing transverse energy (E̸_T ) (left) after applying all cuts except the one on ̸E_T and the ordered transverse momentum (P_T ) distribution of the two τ-jets and the lepton for 2τ + 1l events (right) after selection cuts on the lepton and the τ-jets. The details of the parameter space is given in the text.

[19] and, more recently, in [24] that the rather soft E̸_T distribution of the 3l signal does not permit an improvement of its significance by a strong E̸_T cut. For 2τ + 1l and 1τ + 2l events we apply a cut ̸E_T >100 for background rejection. We also present the P_T distribution of 2τ + 1l events in Fig. 1 (right) for the same spectrum, from where it is clear that the signal will involve high P_T τ-jets which are taggable with high efficiencies according to the simulation by the CMS collaboration [29].

We have analysed the following backgrounds for the τ-jet signals: WW, WZ, ZZ, tt̄, QCD, Zbb̄, Z + jets, W γ^∗/Z^∗. It may be recalled that the importance of the last process and its interference with WZ amplitude has often been emphasized in the past [24, 30] although several analyses neglected it. We have generated these events using CalcHEP [31] and interfaced them with Pythia. We find that the strong ̸E_T cut efficiently removes these backgrounds. The backgrounds involving heavy flavour (e.g., Zbb̄ events) are also potentially dangerous for the 3l signal [24]. They are unimportant for the signals involving τ-jets for two reasons. First, the probability of τ-emission from heavy flavour decay is significantly

Figure 2: Regions of m~_χ±_1 - m~_l plane which could be probed by (i)2τ + 1l (ii)1τ + 2l and (iii)3l signals for μ = 1000 (large ~τ mixing scenario), A_0 = 0 and tanβ = 10 (see text for details).

smaller than that for e/μ emission. In addition the ̸E_T spectra of these backgrounds are also rather soft [24].

For the 2τ +1l events the largest surviving background after all cuts comes from W γ^∗/Z^∗ ( 0.000502 pb). For 1τ + 2l signals, tt̄ events play this role with a size of 0.012 pb, W γ^∗/Z^∗ contributes 0.000314 pb. We summarize the observability of various signals in Fig. 2 (Fig. 3) for the large mixing (small mixing) case. Throughout the white region to the left of the blue dotted line corresponding to m~_{τ1} = m~_χ0_1 , ~τ_1 is the LSP and it is theoretically disallowed. The red line corresponds to m~_χ±_1 = m~_l. No observable signal can be seen in the remaining white regions in the figures.

The blue crosses in both the figures indicate the parameter space where 5σ signal via the combined 1τ +2l and 2τ +1l events can be achieved with L = 10fb^{−1}. Clearly a significantly larger parameter space can be covered compared to the pure 3l signal. In the large mixing case one can even probe some parameter space where the common slepton mass is larger

Figure 3: Regions of m~_χ±_1 - m~_l plane which could be probed by (i)2τ + 1l (ii)1τ + 2l and (iii)3l signals for μ = 500 (small ~τ mixing scenario), A_0 = 0 and tanβ = 10 (see text for details).

than the m~_χ±_1 . The best chargino mass reach is estimated to be m~_χ±_1 ≤ 350 (330) for m~_l ≤ 250 (290) in the large mixing (small mixing) case. The red circles indicate the regions where 3σ signal is achievable through these channels. For higher luminosity the reach can certainly be extended. For example, with m~_χ±_1 = 500 (425), m~_l = 300, a 5σ signal at 300fb^{−1} can be attained in the large mixing (small mixing) scenario.

It may be interesting to compare the LHC mass reach with the current limits obtained from 3l events at the Tevatron. The CDF collaboration, for example, analysed the small τ-mixing scenario in mSUGRA with tanβ =3 [32]. Analysing 2 fb^{−1} of data they obtain lower limits of 145 (127) on m~_χ±_1 if two body (three body) decays of ~χ^±_1 and ~χ^0_2 dominate.

Even in the regions where the clean 3l channel alone gives a satisfactory signal, the inclusion of the 2τ + 1l and 1τ + 2l events may improve the overall statistical significance. This could be especially important in view of the observation that several new backgrounds neglected in the earlier analyses may reduce the currently estimated statistical significance of the 3l signal [24].

The grey shaded regions in Figs. 2 and 3 corresponds to S/ √ (B) ≥ 5 for the clean 3l signal alone. Since our parametrization is somewhat different from the mSUGRA scenario our signal size differs from the CMS analysis. For example, for very heavy squarks the ~χ^±_1 - ~χ^0_2 pair production cross section increases by 15 - 20% compared to the cross sections in mSUGRA for comparable chargino-neutralino masses. However qualitatively our conclusion is quite similar to [19]. Moreover, we have explicitly checked that for the mSUGRA point LM9 our efficiencies agrees with that given in Table 13.15 of [19]. We have, however, not included the trigger efficiency( ≈ 80%) in our analysis, nor have we taken detector effects into account. The m~_χ±_1 reach is seen to be 250 for m~_{lL,R} < m^±~_{χ1} (i.e, if the 2 body leptonic decays of the electroweak gauginos are the dominant channels).

If the channels involving τ-jets are combined with the 3l we obtain 5σ signal in a sizable region outside the τ-corridor for both small and large τ-mixing( see the regions demarcated by blue stars in Fig. 2 and Fig. 3).

For larger m~_l the decays of ~χ^±_1 and ~χ^0_2 mediated by W and Z respectively dominate. This reduces the leptonic BRs and , consequently, the ~χ^±_1 mass reach is smaller (m~_χ±_1 < 170 (see the grey shaded areas in Figs. 2 and 3 for large m~_l ). It should, however, be stressed that all grey shaded regions are consistent with the lower bound on the Higgs mass from LEP. This is due to the large radiative correction to the Higgs sector by the heavy squarks.

The chargino mass reach in this region cannot be further improved by combining the 1 τ+ 2l and 2τ + l events with the clean trilepton signal. This is because here both the signals are rather weak due to small BRs as well as suppression resulting from τ detection efficiencies.

Throughout this analysis we have used leading order cross sections for the signals as well as the backgrounds using CalcHEP. If next to leading order (NLO) corrections are included the signal cross section is expected to increase by 1.25 to 1.35 [33]. As noted above tt̄ events are the dominant background for the 1τ + 2l signals. The NLO cross section for tt̄ production is 800 pb [34] which is about a factor of two larger than the leading order cross section used in this paper. The significance S/ √ B estimated for this signal in this paper, therefore, will remain almost unchanged. The relevant backgrounds for the other signals (3l and 2τ + 1l) come from pure electroweak processes (W γ^∗/Z^∗ etc). One can therefore conservatively conclude that the total background is not likely to be enhanced by a factor

~χ^0_1 123.6 ~τ_1 125.4 ~ν_{lL} 136.0 ~ν_{τL} 136.0 ~l_R 156.3 ~l_l 156.8 ~τ_2 182.4 ~χ^±_1 253.6 ~χ^0_2 253.8 ~χ^0_3 518.9 ~χ^0_4 531.7 ~χ^±_2 531.9 ~b_1 2888.7 ~q_L 2890.0 ~q_R 2890.0 ~b_2 2893.0 ~t_1 2923.3 ~g 2942.9 ~t_2 2956.5

Table 2: The Mass spectrum in order of ascending masses for a representative point M_1 = 125, M_2 = 250, M_{q̃,g̃} = 3000, m~_l = 150, μ = 500,A = 0,tanβ = 10 and Omega(Ω) = .0903.

larger than two. The significance of various signals estimated by us are therefore conservative vis-a-vis the uncertainties in the production cross sections.

Close to the line m~_{τ1} ≈ m~_χ0_1 in Fig. 2 and Fig. 3 the Dark Matter (DM) relic density computed by the program micrOMEGAs (version 2.0) [35] turns out to be consistent with the Wilkinson Microwave Anisotropy Probe (WMAP) data [10]: 0.09 < Ω_{CDM} h^2 < 0.13 where, Ω_{CDM} h^2 is the DM relic density in units of critical density, h is the Hubble constant. (see the blue squares). Both bulk annihilation and ~τ - coannihilation contributes dominantly to the relic density. In the large τ-mixing scenario (Fig. 2) observable signals may be obtained in regions consistent with the WMAP data through i) the clean 3l events alone ii) events of type i) augmented by the events containing τ-jets or iii) purely τ-jet type events. If τ mixing is small signal iii) is somewhat disfavoured. The sparticle spectrum at a representative point is presented in Table 2. At this point an observable signal is obtained by combining the 3l events with the events involving the τ-jets.

We have checked that if A, tanβ and μ are varied, keeping X_τ fixed, the area of the region consistent with WMAP data increases. The above variations do not affect the ~χ^±_1 and ~χ^0_2 decay characteristics drastically. Since the size of the signal basically depends on masses of the ~χ^±_1 and the ~χ^0_2 and their BRs, the mass reach remains more or less the same.

It should, however, be noted that a large part of the parameter space corresponding to the corridor is disfavoured by the WMAP data. Moreover in this region the predictions exceed the observed relic density. If signals corresponding to this region are observed, then

SUSY can not be the origin of the observed dark matter relic density. But this region may still be of interest as far as the LHC signals are concerned. For example, a tiny R-parity violating coupling - induced, for example, by higher dimensional operators - would make the neutralino stable at LHC experiments but unstable cosmologically. Thus the issue of dark matter could be completely decoupled from collider signals.

Large supersymmetric contributions to FCNC processes (the SUSY flavour problem) or CP violating processes (the SUSY CP problem) are potentially dangerous and may lead to strong indirect constraints on model parameters. The SUSY flavour problem in the squark sector can be evaded or, at the very least, can be much softened by the large squark gluino masses. We remind the reader that the signal discussed in the paper are insensitive to m_{q̃,g̃} once these parameters are beyond the kinematic reach of the LHC. The same is true for the SUSY CP problem in the squark sector. However, some tuning of the SUSY CP phases and other parameters may be needed for accommodating the bounds on the electric dipole moment (EDM) of the electron. The g−2 of the muon may receive a large SUSY contribution as we have checked with SUSPECT. For the point shown above this contribution: 2.86 ×10^{−9} is, however, acceptable.

The only Achilles’ heel of the proposed scenario could be the high value of the naturalness parameter as we have checked with SUSPECT. However, as already noted in the introduction, the main interest is to see the predictions of a model which retains all virtues of SUSY except for the naturalness.

The scenario understudy may arise naturally in gravity mediated SUSY breaking provided the gaugino mass universality at the GUT scale is given up. Gaugino masses at the high scale are generated by a chiral superfield. If this superfield is singlet under the GUT group then an universal gaugino mass (M_1 = M_2 = M_3 = m_{1/2}) emerge at M_G. GUT non-singlet superfields in general leads to non-universal gaugino masses at M_G [36]. If M_3 >> M_1,M_2 at M_G, then the squarks and the gluinos will be naturally heavy at M_G, while the sparticles belonging to the electroweak sector may have smaller masses if the common scalar mass m_0 and m_{1/2} = M_1 = M_2 at the GUT scale are small. The clean 3l signal in several scenarios with non-universal gaugino masses has recently been studied in [37].

However, the desired scenario cannot be accommodated in SUSYGUTs based on SU(5) or SO(10) if a single chiral superfield, non-singlet under the GUT group, generates the gaugino masses [36]. If on the other hand a combination of several chiral superfields, transforming

~χ^0_1 117.2 ~τ_1 132.1 ~l_R 193.6 ~ν_{τL} 221.6 ~ν_{lL} 222.5 ~χ^±_1 225.3 ~χ^0_2 225.3 ~l_l 235.7 ~τ_2 272.7 ~χ^0_3 1433.5 ~χ^0_4 1435.4 ~χ^±_2 1436.1 ~t_1 1913.1 ~b_1 2101.9 ~t_2 2125.9 ~b_2 2240.9 ~q_L 2245.1 ~q_R 2248.6 ~g 2594.7

Table 3: The Mass spectrum in order of ascending masses for a representative GUT boundary condition M_1 = M_2 = 300, M_3 = 1200, m~_l = 150, m_0 = 160, A_0 = 0, tanβ = 10 and Omega(Ω) = 0.10.

differently under the GUT group, contributes to this non-universality then the desired pattern may emerge in principle. The key point is that the chiral superfields belonging to different GUT representations contribute to the gaugino masses with different magnitudes and signs. Thus the mass pattern may emerge if a suitable linear combination of these chiral superfields come into play.

With M_3 = 1200, M_1 = M_2 = 300 at the GUT scale, we obtain the spectrum in Table 3 with features similar to the spectrum used in the LEWGSS. We also obtain Ω = 0.10 with the dominant contribution coming from bulk annihilation (63 %) while 33% comes from coannihilation. Observable signals with τ-jets in the final state are predicted. Coupling constant unification at M_G (∼ 10^{16}) also occur naturally.

However, in this scenario with fixed boundary conditions at the GUT scale, μ at the weak scale is determined by the EW symmetry breaking condition. The large μ obtained in this case tend to make the naturalness parameters [4], computed by SUSPECT, rather large. If the squark and gluino masses are lowered to 2 TeV and /or m_{Hu} and m_{Hd} at M_{GUT} are increased relative to m_0 the magnitudes of these above parameters tend to reduce.

Intuitively another natural framework for the LEWGSS scenario seems to be the gauge mediated symmetry breaking (GMSB) [38]. Here the strongly interacting sparticles with masses proportional to α^2_s, where α_s is the strong coupling constant, tend to be heavy. In contrast the sparticles in the electroweak sector with masses determined by the corresponding couplings, are naturally light. However, one may have to go beyond the conventional GMSB scenario with the gravitino as the LSP and ~χ^0_1 as the LSP. In this scenario the ~χ^0_1 decays into gravitino + photon leading to entirely different collider signals. On the other hand models with a ~τ NLSP looks promising and may lead to models similar to the one considered here. We leave the other details as challenges for the model builders.

3 The electroweak gaugino signals in mSUGRA revisited

As noted earlier almost the entire parameter space corresponding to observable 3l signal in mSUGRA is disfavoured by the lower bound on m_h from LEP data (see [19] Fig. 13.32), if the trilinear coupling A_0 is chosen to be zero. For non-vanishing A_0 even small values of m_0 and m_{1/2} are allowed by the above bound [26]. It is therefore worthwhile to check the size of the 3l and the τ-jet induced signals in the modified picture. However, these signals are not the discovery channels since in any case larger signals can be obtained from the squark-gluino events.

The three benchmark mSUGRA scenarios A, B and C [26] have common m_0 = 120, tanβ = 10 and μ > 0. The values of (m_{1/2}, A_0) are (300.0, -930.0), (350.0, -930.0) and (500.0, 0.0) for A, B and C respectively. The sparticle spectrum and the BRs can be seen from Tables 2 and 5 of [26]. SUSY events in scenarios A and B will contain more τ than e or μ showing a strong departure from ’lepton universality’ [26, 27]. However in scenario C lepton universality is restored.

The dominant DM relic density producing mechanisms in the above scenarios are given in Fig. 1(a)of [26]. Scenario A is characterized by both LSP pair annihilation [39] and LSP- ~τ_1 coannihilation [40]. In scenario B, ~τ_1 coannihilation dominates among the relic density producing processes although LSP pair annihilation plays a significant role. In scenario C with A_0 = 0 ~τ_1 coannihilation is the only DM producing mechanism.

Using the cuts introduced in the last section we compute the 2τ + 1l, 1τ + 2l and 3l in the three scenarios. In scenarios A, B the detection efficiencies of the τ-jets will be rather low due to low ~τ mass. On the the other hand the 3l signals will be degraded due to small BRs. In scenario C the observable signal in any channel cannot be found due to small production cross section of the ~χ^±_1 - ~χ^0_2 pair. The results are summarized in Table 4. We have also investigated other parameter spaces consistent with the relic density data. We find that none of the three signals is at the observable level. Hence an important feature of WMAP allowed mSUGRA parameter space for low m_0 and m_{1/2} is that signal from direct EW gaugino production is strongly disfavoured even if A_0 is non-zero.

A B C σ (pb) 0.747 0.403 0.106 2 τ + 1 l 0.000149 0.000100 0.000120 1 τ + 2 l 0.000172 0.000165 0.000670 3 l 0.000179 0.000117 0.001181

Table 4: Cross-section times efficiency (in pb) of the three signals after all cuts mentioned in the text.

We next investigate the parameter space not allowed by the DM data but consistent with the m_h bound from LEP (see Fig. 4 of [26]). The choice of parameter is A_0 = −700, tanβ = 10 and μ > 0. We find that there is a small region where W, Z mediated three body decays of ~χ^±_1 and ~χ^0_2 dominate and observable 3l signal is possible. Some representative parameter spaces are: i) m_{1/2} = 200, 210 < m_0 < 300 ii) m_{1/2} = 220, 230 < m_0 < 280 iii) m_{1/2} = 230, 240 < m_0 < 250.

It is worthwhile to compare the LEWGSS in section 2 with mSUGRA and identify the features of the sparticle spectrum responsible for the degradation of chargino-neutralino signals in mSUGRA with low m_0 and m_{1/2}. We can identify the following points. The heavy squarks in the more general scenario yield a larger ~χ^±_1 - ~χ^0_2 production cross section compared to mSUGRA for the same m~_χ±_1 . In mSUGRA with a common scalar mass m_0 at M_G, ~τ_R turns out to be the lightest charged slepton at the weak scale due to renormalization group evolution from M_G to M_{weak}. Consequently the decay products of the lighter mass eigenstate ~τ_1, which is dominantly ~τ_R, are rather soft. As a result the number of taggable τ-jets above a certain P_T threshold, in the final state is small compared to the LEWGSS with a common slepton mass ( m~_{τL} ≈ m~_{τR} ) at the weak scale. It is to be noted that in principle the mSUGRA condition m~_{lR} = m~_{lL} = m_0 may hold at a higher mass scale higher than M_G ( say, at the Planck scale M_P ). The evolution between M_P and M_W may induce a relatively large m~_{lR} at M_W . Thus the spectrum of sleptons at the weak scale may contain a heavier right slepton relative to mSUGRA. In fact in a SU(5) SUSYGUT the bulk of the R-type slepton mass at the weak scale may come from the M_P - M_G evolution [41]. Thus viable signals involving τ-jets may also arise within the framework of gravity mediated SUSY breaking with a physically well-motivated variation in the boundary conditions at the high scale. The R-type slepton mass may also be enhanced by the D-terms which arise naturally if the rank of the GUT group is reduced after the break down of the GUT symmetry [42]. For collider signatures in supergravity models with universal boundary conditions modified by the SO(10) D-terms see [43].

4 Conclusions

We consider an unconstrained MSSM with very heavy strongly interacting sparticles (close to the kinematic reach of the LHC or even beyond it) and relatively light electroweak gauginos and sleptons. In this scenario, referred to as the LEWGSS, the slepton pair production via a Drell-Yan like mechanism and the clean 3l signal via ~χ^±_1 and ~χ^0_2 pair production are the main SUSY search channels at the LHC. From the existing simulations (see, e.g., Fig. 13.32 of [19] and [21]) it is, however, expected that these signals are of modest size.

In a significant region of the parameter space under consideration the sleptons can be lighter than ~χ^±_1 and ~χ^0_2. In this case the final states from the decays of these gauginos naturally contain more τ leptons than electrons and muons (see sections 1 and 2). As a consequence the 1τ-jet (tagged) + 2l and 2τ -jets (tagged) + 1l signals from ~χ^±_1 or ~χ^0_2 production, either by themselves or in conjunction with the usual clean 3l signal, may appreciably extend the reach of chargino-neutralino search at the LHC. For the signals involving τ-jets, it is easier to suppress the SM background because of the harder ̸E_T spectrum of the signal (see Fig. 1). We also veto events with tagged b-jets for rejecting the tt̄ background. The results are summarized in Figs. 2 and 3. These results are insensitive to the precise values of the squark and the gluino masses as long as they are near or beyond the kinematic reach (^>∼ 2.5 TeV) of the LHC. It also follows that if sleptons are much heavier than the ~χ^±_1 or ~χ^0_2 then the signals involving the τ-jets are not viable and mass reach via the 3l signal alone remain modest as usual.

In this scenario the SUSY induced FCNC processes or CP violating processes in the squark sector will be naturally small. Coupling constant unification at M_G occurs as usual. The WMAP data on dark matter relic density is satisfied over a small but nontrivial region of the parameter space. The only Achille’s heel of the model is the large values of the finetuning parameters. However, in many other fields one has to live with unnatural values of parameters and one may accept the model under consideration in this spirit which is similar to the philosophy of split SUSY.

The theoretical motivations for the above scenario are briefly discussed in section 2. Gravity mediated SUSY breaking with non-universal gaugino masses at M_G with the hierarchy M_3 >> M_2 ≈ M_1 may generate the mass hierarchy between the strong sector and electroweak sector considered in this paper. Scenarios similar to the GMSB model where the soft breaking masses of the sparticles are proportional to the corresponding gauge coupling is another possibility.

It is shown in section 3 that in the minimal supergravity model (mSUGRA), however, the signals involving the τ-jets are not observable due to the special correlations among the sparticle masses in mSUGRA. In particular the mass relation m~_{τL} > m~_{τR} at the weak scale in mSUGRA makes the decay products of the lighter physical state ~τ_1, which is dominantly ~τ_R, rather soft. Consequently the number of taggable τ-jets in the final state is small compared to the LEWGSS considered in section 2 with m~_{τL} ≈ m~_{τ R} at the weak scale. As discussed in section 3 the relatively heavy ~τ_R’s at the weak scale can be realized in gravity mediated SUSY breaking with theoretically well-motivated boundary conditions at M_G. Signals involving τjets may, therefore, improve the chargino neutralino mass reach in these modified scenarios.

Acknowledgment: A. D and N. B acknowledge financial support from Department of Science and Technology, Government of India under the project No. (SR/S2/HEP-18/2003).

References

[1] For reviews on Supersymmetry, see, e.g., H. P. Nilles, Phys. Rep. 110, 1 (1984); H. E.

Haber and G. Kane, Phys. Rep. 117, 75 (1985); J. Wess and J. Bagger, Supersymmetry and Supergravity, 2nd ed., (Princeton, 1991); M. Drees, P. Roy and R. M. Godbole, Theory and Phenomenology of Sparticles, (World Scientific, Singapore, 2005).

[2] S. Weinberg, Phys. Rev. D 13, 974 (1976); Phys. Rev. D 19, 1277 ( 1979); E. Gildener, Phys. Rev. D 14, 1667 (1976); L. Susskind, Phys. Rev. D 20, 2619 (1979); G. ’t Hooft, in Recent developments in gauge theories, Proceedings of the NATO Advanced Summer Institute, Cargese 1979, (Plenum, 1980).

[3] S. Dimopoulos and S. Raby, Nucl. Phys. B 192, 353 (1981); E. Witten, Nucl. Phys.

B 188, 513 (1981); M. Dine, W. Fischler, and M. Srednicki, Nucl. Phys. B 189, 575 (1981); S. Dimopoulos and H. Georgi, Nucl. Phys. B 193, 150 (1981); N. Sakai, Z. Phys. C 11, 153 (1981); R. K. Kaul, Phys. Lett. B 109, 9 (1982); R.K. Kaul and P. Majumdar, Nucl. Phys. B 199, 36 (1982).

[4] R. Barbieri and G. F. Giudice, Nucl. Phys. B 306, 63 (1988)

[5] K.L.Chan, U. Chattopadhyay and P.Nath, Phys. Rev. D 58, 096004 (1998); J. Feng, K. Matchev and T. Moroi, Phys. Rev. Lett. 84, 2322 (2000), Phys. Rev. D 61, 075005 (2000).

[6] A. H. Chamseddine, R. Arnowitt and P. Nath, Phys. Rev. Lett. 49, 970 (1982); R.

Barbieri, S. Ferrara and C. A. Savoy, Phys. Rev. Lett. 119, 343 (1982); L. J. Hall, J. Lykken and S. Weinberg, Phys. Rev. D 27, 2359 (1983); P. Nath, R. Arnowitt and A. H. Chamseddine, Nucl. Phys. B 227, 121 (1983); N. Ohta, Prog. Theor. Phys. 70, 542 (1983).

[7] U. Chattopadhyay, Amitava Datta, Aseshkrishna Datta, Anindya Datta and D. P. Roy, Phys. Lett. B 493, 127 (2000); P. G. Mercadante, J. K. Mizukoshi and X. Tata, Phys. Rev. D 72, 035009 (2005); H. Baer, V. Barger, G. Shaughnessy, H. Summy and L. -t. Wang, Phys. Rev. D 75, 095010 (2007); S. P. Das, Amitava Datta, M. Guchait, M. Maity, S. Mukherjee, Eur. Phys. J. C 54, 645 (2008).

[8] P. Langacker, ”Precision Tests of The Standard Model,” in proceedings of the PAS- COS90 Symposium, (World Scientific, 1990); J. Ellis, S. Kelley and D. Nanopoulos, Phys. Lett. B 260, 131 (1991); U. Amaldi, W. de Boer and H. Furstenau, Phys. Lett. B 260, 447 (1991); P. Langacker and M. Luo, Phys. Rev. D 44, 817 (1991); C. Giunti, C. W. Kim and U. W. Lee Mod. Phys. Lett. A 6, 1745 (1991).

[9] see e.g., L. Roszkowski, Pramana 62, 389 (2004); G. Bertone, D. Hooper and J. Silk, Phys. Rept. 405, 279 (2005); Manuel Drees, Plenary talk at 11th International Symposium on Particles, Strings and Cosmology (PASCOS 2005), Gyeongju, Korea, 30 May - 4 Jun 2005 (published in AIP Conf.Proc., 805, 48-54, (2006).

[10] D. N. Spergel et al., Astrophys. J. Suppl. 170, 377 (2007) [11] N. Arkani-Hamed and S. Dimopoulos, J. High Energy Phys. 06, 073 (2005); G.F. Giudice and A. Romanino, Nucl. Phys. B 699, 65 (2004); Erratum-ibid. B 706, 487, (2005).

[12] J.L. Hewett et al., J. High Energy Phys. 09, 070 (2004); W. Kilian, T. Plehn, P.

Richardson, and E. Schmidt, Eur. Phys. J. C 39, 229 (2005).

[13] LEPSUSYWG, ALEPH, DELPHI, L3 and OPAL collaborations, note LEPSUSYWG/04-02.1 (http:/ lepsusy.web.cern.ch/lepsusy/Welcome.html).

[14] http://www-cdf.fnal.gov/physics/exotic/exotic.html. [15] http://www-d0.fnal.gov/Run2Physics/WWW/results/np.htm.

[16] For a recent review with almost upto date experimental limits on sparticle masses see e.g., L. Pape and D. Treille, Rep. Prog. Phys. 69 2843.

[17] Amitava Datta and Aseshkrishna Datta, Phys. Lett. B 578, 165 (2004). [18] L. E. Ibanez and G. G. Ross, Phys. Lett. B 110, 215 (1982); K. Inoue, A. Kakuto, H.

Komatsu and S. Takeshita, Prog. Theor. Phys. 68, 927 (1982) [Erratum-ibid. 70, 330 (1983)]; J. R. Ellis, J. S. Hagelin, D. V. Nanopoulos and K. Tamvakis, Phys. Lett. B 125, 275 (1983); L. Alvarez-Gaume, J. Polchinski and M. B. Wise, Nucl. Phys. B 221, 495 (1983).

[19] A. De Roeck, CMS physics Technical Design Report, vol-II, J. Phys. G 34, 995 (2007). [20] See, e.g., A. Ventura, et al. [ATLAS Collaboration] , ATL-PHYS-PROC-2009-038, ATL- COM-PHYS-2009-035, Feb 2009.

[21] See [19], Fig. 13.29.

[22] H. Baer, K. Hagiwara and X. Tata, Phys. Rev. D 35, 1598 (1987); R. Arnowitt and P.

Nath, Mod. Phys. Lett. A 2, 331 (1987); H. Baer and X. Tata, Phys. Rev. D 47, 2739 (1993); H. Baer, C. Kao and X. Tata, Phys. Rev. D 48, 5175 (1993); S. Mrenna, G. Kane, G. D. Kribs and J. D. Wells, Phys. Rev. D 53, 1168 (1996).

[23] See, e.g., H. baer et al., Phys. Rev. D 59, 055014 (1999). [24] Zack Sullivan, Edmond L. Berger, Phys. Rev. D 78, 034030 (2008). [25] T. Sjostrand, P. Eden, C. Friberg, L. Lonnblad, G. Miu, S. Mrenna and E. Norrbin, Comp. Phys. Comm. 135, 238 (2001); For a more recent version see, J. High Energy Phys. 0605, 026 (2006).

[26] Utpal Chattapadhyay, Debottam Das, Amitava Datta and Sujoy Poddar, Phys. Rev. D 76, 055008 (2007).

[27] Nabanita Bhattacharyya, Amitava Datta and Sujoy Poddar, Phys. Rev. D 78, 075030 (2008).

[28] Abdelhak Djouadi, Jean-Loic Kneur, Gilbert Moultaka, Comp. Phys. Comm. 176, 426 (2007) [29] D. Acosta, CMS physics Technical Design Report, vol-I., 2006, Fig. 12.9. [30] For reference to earlier works see [24].

[31] See, e.g., A. Pukhov, CalcHEP− a package for evaluation of Feynman diagrams and integration over multi-particle phase space, hep-ph/9908288. For the more recent versions see: http://www.ifh.de/pukhov/calchep.html.

[32] CDF collaboration, T. Aaltonen et al., Phys. Rev. Lett. 101, 251801 (2008) [33] W. Beenakker, M. Klasen, M. Kramer, T. Plehn , M. Spira and P. M. Zerwas, Phys.

Rev. Lett. 83, 3780 (1999), Erratum-ibid.100:029901,2008.

[34] M.Cacciari et al. , J. High Energy Phys. 404, 68 (2004); N.Kidonakis and R.Vogt, Phys.

Rev. D 68, 114014 (2003) [35] G. Belanger, F. Boudjema, A. Pukhov, A. Semenov, Comp. Phys. Comm. 176, 367 (2007) [36] J. R. Ellis, C. Kounnas and D. V. Nanopoulos, Nucl. Phys. B 247, 373 (1984); J.

R. Ellis, K. Enqvist, D. V. Nanopoulos and K. Tamvakis, Phys. Lett. B 155, 381 (1985); M. Drees, Phys. Lett. B 158, 409 (1985). For a more recent work see S. P.

Martin arXiv:0903.3568. For reviews see, e.g., G. Anderson et al., hep-ph/9609457; J. Amundson et al., hep-ph/9609374.

[37] Subhaditya Bhattacharyya, AseshKrishna Datta and Biswarup Mukhopadhyaya, Phys.

Rev. D 78, 035011 (2008).

[38] M. Dine and W. Fischler, Phys. Lett. B 110, 227 (1982); C.R. Nappi and B.A. Ovrut, Phys. Lett. B 113, 175 (1982); L. Alvarez-Gaumé, M. Claudson and M.B. Wise, Nucl. Phys. B 207, 96 (1982); For reviews, see, e.g. C. Kolda, ArXiv: hep-ph/9707450; G.F. Giudice and R. Rattazzi, Phys. Rept. 322, 419 (1999).

[39] See [9]; M. Drees and M. Nojiri, Phys. Rev. D 47, 376 (1993).

[40] J. R. Ellis, T. Falk and K. A. Olive, Phys. Lett. B 444, 367 (1998) J. R. Ellis, T.

Falk, K. A. Olive and M. Srednicki, Astropart. Phys. 13, 181 (2000) [Erratum-ibid. 15, 413 (2001)]; A. Lahanas, D. V. Nanopoulos and V. Spanos, Phys. Rev. D 62, 023515 (2000); R. Arnowitt, B. Dutta and Y. Santoso, Nucl. Phys. B 606, 59 (2001); T. Nihei, L. Roszkowski and R. Ruiz de Austri, J. High Energy Phys. 0207, 024 (2002); V. A. Bednyakov, H. V. Klapdor-Kleingrothaus and V. Gronewold, Phys. Rev. D 66, 115005 (2002).

[41] N. Polonsky and A. Pomarol, Phys. Rev. D 51, 6532 (1995)

[42] M. Drees, Phys. Lett. B 181, 279 (1986); J. S. Hagelin and S. Kelly, Nucl. Phys. B 342, 95 (1990) Y. Kawamura, H. Murayama and M. Yamaguchi, Phys. Rev. D 51, 1337 (1995).

[43] Amitava Datta, Aseshkrishna Datta and M. K. Parida, Phys. Lett. B 431, 347 (1998);

Amitava Datta, Aseshkrishna Datta, M. Drees and D. P. Roy, Phys. Rev. D 61, 055003 (2000); Amitava Datta, Shyamapada Maity, Anindya Datta, J.Phys.G 27, 1547 (2001).