arXiv:0908.0731v1 [hep-ph] 5 Aug 2009

Coannihilation Scenarios and Particle Spectroscopy in SU(4)_c × SU(2)_L × SU(2)_R

Ilia Gogoladze^1 Rizwan Khalid^2 and Qaisar Shafi

Bartol Research Institute, Department of Physics and Astronomy, University of Delaware, Newark, DE 19716, USA

Abstract

We identify a variety of coannihilation scenarios in a supersymmetric SU(4)_c × SU(2)_L × SU(2)_R model with discrete left-right symmetry. Non-universal gaugino masses, compatible with the gauge symmetry, play an essential role in realizing gluino and bino-wino coannihilation regions that are consistent with the WMAP dark matter constraints. We also explore regions of the parameter space in which the little hierarchy problem is partially resolved. We present several phenomenologically interesting benchmark points and the associated sparticle and Higgs mass spectra.

1E-mail: ilia@physics.udel.edu On leave of absence from: Andronikashvili Institute of Physics, GAS, 380077 Tbilisi, Georgia. 2E-mail: rizwan@udel.edu

1 Introduction

In a recent paper, hereafter referred to as [1], we explored the phenomenology of a supersymmetric SU(4)_c ×SU(2)_L ×SU(2)_R (4-2-2) model [2] with third family Yukawa unification [3, 4]. We showed, in particular, that Yukawa unification and neutralino dark matter are readily compatible in this 4-2-2 model, which should be contrasted with the conclusion reached in [5] within the corresponding SO(10) framework where it is extremely hard to do so. The reason for this difference largely stems from the assumption made in 4-2-2 of tree-level gaugino non-universality, which is not possible in SO(10). Thus, in contrast to the latter, there is an additional soft parameter in 4-2-2 which enables one, via gluino coannihilation [6], to make third family Yukawa unification and neutralino dark matter mutually consistent. In [1] we showed some benchmark points highlighting the characteristic sparticle and Higgs mass spectra in the presence of Yukawa unification. A relatively light gluino is a characteristic feature of this 4-2-2 [1] as well as SO(10) [5] model.

In this paper we carry out a more thorough investigation of the 4-2-2 model without insisting on Yukawa unification. We assume low scale gravity mediated supersymmetry breaking [7], and allow the asymptotic gaugino masses to be non-universal at tree level, compatible with the 4-2-2 symmetry [8, 9]. We identify a variety of coannihilation scenarios in this more general model which, as in [1], also has discrete left-right symmetry [2, 10] (more precisely C-parity) [11]. As in [1], non-universal gaugino masses, compatible with the 4-2-2 gauge symmetry, play an essential role in realizing gluino [6] and bino-wino [12] coannihilation regions that are consistent with the WMAP dark matter constraints. We also explore regions of the parameter space in which the little hierarchy problem is partially resolved. We present several benchmark points and the associated sparticle and Higgs mass spectra. Many of the new particles are in a mass range which is accessible at the LHC.

Supplementing 4-2-2 with a discrete left-right (LR) symmetry reduces the number of independent gauge couplings in 4-2-2 from three to two. This is because LR symmetry imposes SU(2)_L and SU(2)_R gauge coupling unification condition at M_{GUT} (g_L = g_R). In 4-2-2 the matter fields are unified into three generations of ψ (4, 2, 1), and the antimatter fields are in three generations of ψ_c (¯4, 1, 2). If the minimal supersymmetric standard model (MSSM) electroweak doublets come from the bi-doublet H(1, 2, 2), the third family Yukawa coupling H ψ_cψ yields the following relation valid at M_{GUT}, namely Y_t = Y_b = Y_τ = Y_{Dirac}. (1)

In order to get the correct fermion masses and mixings one possibility is to assume that the SM Higgs partially comes from Δ (15, 2, 2) dimensional representation of 4-2-2 [13]. In other words we have to assume that the SM Higgs doublet is a superposition of (1, 2, 2) and (15, 2, 2) Higgs fields.

In this case, the superpotential for the Yukawa sector of the 4-2-2 model is

Y^{ij}_1 ψ_cψH + Y^{ij}_2 ψ_cψΔ (2)

With the MSSM Higgs doublets now arising from a linear combination of the Higgs doublets in (1,2,2) and (15,2,2), the Yukawa unification condition in Eq.(1) is in general lost.

We will assume that due to C-parity the soft mass^2 terms, induced at M_{GUT} through gravity mediated supersymmetry breaking are equal in magnitude for the scalar squarks and sleptons of the three families. The tree level asymptotic MSSM gaugino masses, on the other hand, can be nonuniversal from the following consideration. From C-parity, we can expect that the gaugino masses at M_{GUT} associated with SU(2)_L and SU(2)_R are the same (M_2 ≡ M^R_2 = M^L_2 ). However, the asymptotic SU(4)_c and consequently SU(3)_c gaugino masses can be different. With the hypercharge generator in 4-2-2 given by Y =

√_2 5 (B−L)+ √_3 5 I_{3R}, where B−L and I_{3R} are the diagonal generators of SU(4)_c and SU(2)_R, we have the following asymptotic relation between the three MSSM gaugino masses: M_1 = 3 5 M_2 + 2 5 M_3. (3)

The supersymmetric 4-2-2 model with C-parity thus has two independent parameters (M_2 and M_3) in the gaugino sector. The fundamental parameters of the 4-2-2 model are as follows:

m_0, m_{Hu} , m_{Hd} , M_2, M_3, A_0, tan β, sign μ. (4)

Thus, compared to the NUHM2 model of [14], we have one additional parameter in 4-2-2 which plays a crucial role in opening up several distinct coannihilation channels each associated with a characteristic sparticle and Higgs mass spectrum.

The outline for the rest of the paper is as follows. In Section 2 we summarize the scanning procedure and the experimental constraints that we have employed. In Section 3 we present the results from our scan, highlight some of the predictions of the 4-2-2 model, and display some benchmark points. Our conclusions are summarized in Section 4.

2 Phenomenological constraints and scanning procedure

We employ the ISAJET 7.78 package [15] to perform random scans over the parameter space listed in Eq.(4). In this package, the weak scale values of gauge and third generation Yukawa couplings are evolved to M_{GUT} via the MSSM renormalization group equations (RGEs) in the DR regularization scheme, where M_{GUT} is defined to be the scale at which g_1 = g_2. We do not enforce the unification condition g_3 = g_1 = g_2 at M_{GUT}, since a few percent deviation from unification can be assigned to unknown GUT-scale threshold corrections [16]. At M_{GUT}, the boundary conditions are imposed and all the (soft supersymmetry breaking) SSB parameters, along with the gauge and Yukawa couplings, are evolved back to the weak scale M_Z. The impact of the neutrino Dirac Yukawa coupling in the running of the RGEs is significant only for relatively large values (∼ 2 or so) [17]. In our model we expect the largest Dirac coupling to be comparable, at best, to the top Yukawa coupling (∼ 0.5).

In the evaluation of Yukawa couplings the SUSY threshold corrections [18] are taken into account at the common scale M_{SUSY} = √m~_{tL} m~_{tR} . The entire parameter set is iteratively run between M_Z and M_{GUT} using the full 2-loop RGEs until a stable solution is obtained. To better account for leadinglog corrections, one-loop step-beta functions are adopted for gauge and Yukawa couplings, and the SSB parameters m_i are extracted from RGEs at multiple scales m_i = m_i(m_i). The RGE-improved 1-loop effective potential is minimized at an optimized scale M_{SUSY}, which effectively accounts for the leading 2-loop corrections. Full 1-loop radiative corrections are incorporated for all sparticle masses.

The requirement of radiative electroweak symmetry breaking (REWSB) [19] puts an important theoretical constraint on the parameter space. Another important constraint comes from limits on the cosmological abundance of stable charged particles [20]. This excludes regions in the parameter space where charged SUSY particles, such as τ̃_1 or t̃_1, become the lightest supersymmetric particle (LSP). We accept only those solutions for which one of the neutralinos is the LSP and saturates the WMAP dark matter relic abundance bound.

We have performed random scans for the following parameter range:

0 ≤ m_0 ≤ 10 TeV, 0 ≤ M_2 ≤ 1 TeV, 0 ≤ M_3 ≤ 1 TeV, −30 TeV ≤ A_0 ≤ 0, 0 ≤ m_{Hu} ≤ 10 TeV, 0 ≤ m_{Hd} ≤ 10 TeV, 1 ≤ tan β ≤ 65, (5)

with μ > 0 , and m_t = 172.6 GeV [21]. A more recent estimate by the CDF/D0 collaboration quotes a slightly larger value m_t = 173.1 [22]. This does not change our conclusions in any significant way.

We first collected 1 million points for the 4-2-2 model. To this we added the results of constrained MSSM (CMSSM) and CMSSM with non-universal Higgs (150,000 points each), as these are subsets of the 4-2-2 model. All of these points satisfy the requirement of REWSB with the neutralino being the LSP in each case. Furthermore, all of these points satisfy the constraint Ω_{CDM}h^2 ≤ 10. This is done so as to collect more points with a WMAP compatible value of cold dark matter relic abundance. After collecting the data, we use the IsaTools package [23] to implement the following phenomenological constraints:

m_{χ̃}±_1 (chargino mass) ≥ 103.5 GeV [20] m_{τ̃} (stau mass) ≥ 86 GeV [20] m~_t (stop mass) ≥ 175 GeV [20] m~_b (sbottom mass) ≥ 222 GeV [20] m_{g̃} (gluino mass) ≥ 220 GeV [20] m_h (lightest Higgs mass) ≥ 114.4 GeV [24] BR(B_s → μ^+μ^−) < 5.8 × 10^{−8} [25] 2.85 × 10^{−4} ≤ BR(b → sγ) ≤ 4.24 × 10^{−4} (2σ) [26] Ω_{CDM}h^2 = 0.111^{+0.028}_{−0.037} (5σ) [27] 3.4 × 10^{−10} ≤ (g − 2)_μ ≤ 55.6 × 10^{−10} (3σ) [28]

We apply the experimental constraints successively on the data that we acquire from ISAJET. In our plots we exhibit points that satisfy all of the above constraints as well as those that do not satisfy the (g − 2)_μ constraint.

3 Results

The asymptotic gaugino mass parameter M_1 is constrained by Eq.(3) at M_{GUT} which is characteristically different from the asymptotic relation M_1 = M_2 = M_3 in the case of CMSSM. In the CMSSM, after RGE running, it is therefore not possible to have the three gauginos nearly degenerate in mass at the low scale. Indeed at 1-loop level, we have the relations M_3 ∼ 6M_1 and M_2 ∼ 2M_1. In the 4-2-2 model, if we start with a low value at M_{GUT} of the ratio M_3/M_2, it is possible to realize M_3 ∼ M_2 at the TeV scale. This scenario offers a relatively light gluino NLSP (next to LSP), so that gluino coannihilation plays an important role in determining the LSP relic density [6]. Similarly, if we start with a large value of M_3/M_2 at M_{GUT}, it is possible to have the wino nearly degenerate with the bino, in which case one opens up the bino-wino coannihilation channel [12]. This can be seen in Figure 1 where we plot results in the M_2 - M_3, m_0 - M_2 and m_0 - M_3 planes. Shown in gray are points that satisfy REWSB and the requirement that the LSP is a neutralino. The other three colors depict points that satisfy the above mentioned bounds except the (g − 2)_μ constraint. These include the WMAP bounds on dark matter relic density and various collider constraints (BR(B_s → μ^+μ^−), BR(b → sγ), and (s)particle mass bounds). Shown in orange is the gluino coannihilation channel which occurs at low M_3 and high M_2 values. We show the bino-wino coannihilation channel in red which occurs at low M_2 and high M_3. Shown in blue are all other coannihilation channels which have been extensively studied in the CMSSM and CMSSM with non-universal Higgs [29]. Figure 2 is similar to Figure 1 except that we now show the effect of imposing in addition the constraint from

(g − 2)_μ. The allowed parameter space in this case is appreciably shrunk, which is understandable because as we increase m_0, the MSSM particles gradually decouple from the theory and we end up with the SM result for (g − 2)_μ. We note, however, the two new coannihilation channels introduced by the 4-2-2 model are also present in Figure 2.

In Figure 3 we show results in the A_0 - M_3/M_2, tan β - M_3/M_2, m_{Hu}/m_{Hd} - M_3/M_2 and μ - M_3/M_2 planes. The green points satisfy all the constraints, while the blue ones satisfy all constraints except the one from (g − 2)_μ. We do not distinguish the bino-wino and gluino coannihilation channels in Figure 3. The A_0 - M_3/M_2 plane shows that the (g − 2)_μ constraint can only be satisfied for |A_0| ≲ 4TeV. The tan β - M_3/M_2 plane shows a wide range of allowed values for tan β. If we focus on the m_{Hu}/m_{Hd} - M_3/M_2 plane, we can identify points on the M_3/M_2 = 1 line with the non-universal Higgs model. The CMSSM corresponds to a single point in the m_{Hu}/m_{Hd} - M_3/M_2 plane, while the m_{Hu}/m_{Hd} = 1 line displays the effect of varying the ratio M_3/M_2 in the NUHM1 parameter space [14], with M_1 given by Eq.(3). The results in the μ - M_3/M_2 plane show that in the 4-2-2 model we have the possibility of realizing relatively small μ values and, hence, there exists the potential for ameliorating the little hierarchy problem [30].

We exhibit in Figure 4 the various coannihilation as well as the resonance channels by plotting the relevant (NLSP) sparticle mass versus the lightest neutralino. The color coding is the same as in Figure 3 except that we now suppress the gray background corresponding to the region allowed by REWSB and a neutralino LSP. In the m_{χ̃}0_1 (bino) - m_{χ̃}0_2 (wino) plane we show those solutions for which the lightest neutralino is essentially a pure bino and the NLSP is primarily a wino. The unit slope line in this plane corresponds to the bino-wino coannihilation region. In the m_{χ̃}0_1 (not bino) - m_{χ̃}0_2 (not wino) plane we can recognize the possibility for coannihilation between the two lightest neutralinos with the lightest neutralino not a pure bino and the NLSP not primarily a wino. This case mostly corresponds to the coannihilation of higgsinos.

We display the gluino coannihilation region in the m_{χ̃}0_1 - m_{g̃} plane. Consistent with all known bounds, the gluino can be as light as 250 GeV or so.

We can recognize the A-funnel region in the 2m_{χ̃}0_1 - m_A plane where neutralino annihilation occurs through the CP-odd Higgs resonance channel. In the m_{χ̃}0_1 - m~_t plane we have the stop coannihilation region with the possibility of a stop as light as ∼ 200 GeV. Even though the stop coannihilation region is found in the CMSSM, the possibility of a light stop consistent with all constraints including the one from (g − 2)_μ is a rather exciting feature of the 4-2-2 model. The stau-coannilation region is displayed in the m_{χ̃}0_1 - m_{τ̃} plane.

In Figure 5 we show the various coannihilation and resonance channels as a function of M_3/M_2. We have plotted on the y-axis m_i/m_{χ̃}0_1 in the case of coannihilations and m_i/2m_{χ̃}0_1 in the case of resonance annihilations of the neutralino, where m_i is the NLSP mass. This means that in each figure, we need to focus close to the line y = 1 in order to see coannihilations and resonances. The M_3/M_2 - m_{χ̃}0_2 /m_{χ̃}0_1 plane shows, once again, that bino-wino coannihilation occurs for a relatively large value of M_3/M_2 ≳ 2.5. The coannihilations shown in this plane close to M_3/M_2 ∼ 1 are due to the higgsinos. The M_3/M_2 - m_{g̃}/m_{χ̃}0_1 plane shows that for gluino coannihilations to work, one needs M_3/M_2 ≲ 0.1 at M_{GUT}. It is, therefore, not surprising that these channels are not found in the CMSSM as they need a large splitting in the gaugino sector. The other four planes have coannihilation solutions corresponding to M_3 ∼ M_2 as well as regions in parameter space that have a splitting between M_2 and M_3. The M_3/M_2 - m~_t/m_{χ̃}0_1 plane is rather interesting as it shows that stop-coannihilation prefers a ratio of M_3/M_2 smaller than 1. This is understandable because with an increase in the gluino mass, the stop will become heavier. It seems from the M_3/M_2 - m_h/2m_{χ̃}0_1 plane that annihilation via the lightest Higgs resonance occurs for M_3/M_2 ≤ 1. However, this may just be due to a lack of statistics rather than a trend.

Finally we present a few benchmark points in Table 1 highlighting phenomenologically interesting features of the 4-2-2 model. Point 1 has been taken from the bino-wino coannihilation region while point 2 represents a solution in the gluino coannihilation region of the 4-2-2 parameter space. Gluino coannihilations play a crucial role in reconciling the neutralino dark matter relic density with Yukawa coupling unification in the 4-2-2 model, as discussed in [1]. In Point 3, with a neutralino of mass ∼ 46 GeV, we demonstrate the possibility of resonant enhancement of neutralino annihilation via the Z-boson resonance state. Point 4 highlights another distinguishing feature of the 4-2-2 model. In the case of the CMSSM, the left-handed selectron is heavier than the right handed selectron because of the larger strength of the SU(2) interaction. In 4-2-2, it is possible to achieve m_{ẽL} < m_{ẽR} . This happens typically for a small M_3/M_2 ratio. Point 4 corresponds to the bino-wino coannihilation channel, while point 5 represents a solution with a relatively small magnitude of μ, so that the little hierarchy problem can be ameliorated.

4 Conclusions

We have shown that the Higgs and sparticle spectroscopy arising from the supersymmetric SU(4)_c × SU(2)_L × SU(2)_R model with non-universal gaugino masses can be quite distinct from the well studied constrained minimal supersymmetric standard model. Gluino and bino-wino coannihlation scenarios in particular, with their associated spectroscopy, are particularly exciting possbilities which will be tested at the LHC.

Acknowledgments

This work is supported in part by the DOE Grant No. DE-FG02-91ER40626 (I.G., R.K. and Q.S.), GNSF Grant No. 07 462 4-270 (I.G.), and by Bartol Research Institute (R.K.).

References

[1] I. Gogoladze, R. Khalid and Q. Shafi, Phys. Rev. D 79, 115004 (2009).

[2] J. C. Pati and A. Salam, Phys. Rev. D 10, 275 (1974).

[3] B. Ananthanarayan, G. Lazarides and Q. Shafi, Phys. Rev. D 44, 1613 (1991) and Phys. Lett. B 300, 24 (1993)5; Q. Shafi and B. Ananthanarayan, Trieste HEP Cosmol.1991:233-244; L. J. Hall, R. Rattazzi and U. Sarid, Phys. Rev. D 50, 7048 (1994).

[4] V. Barger, M. Berger and P. Ohmann, Phys. Rev. D 49, (1994) 4908; M. Carena, M. Olechowski, S. Pokorski and C. Wagner, Nucl. Phys. B 426, 269 (1994); B. Ananthanarayan, Q. Shafi and X. Wang, Phys. Rev. D 50, 5980 (1994); G. Anderson et al. Phys. Rev. D 47, (1993) 3702 and Phys. Rev. D 49, 3660 (1994); R. Rattazzi and U. Sarid, Phys. Rev. D 53, 1553 (1996); T. Blazek, M. Carena, S. Raby and C. Wagner, Phys. Rev. D 56, 6919 (1997); T. Blazek, S. Raby and K. Tobe, Phys. Rev. D 62, 055001 (2000); H. Baer, M. Diaz, J. Ferrandis and X. Tata, Phys. Rev. D 61, 111701 (2000); H. Baer, M. Brhlik, M. Diaz, J. Ferrandis, P. Mercadante, P. Quintana and X. Tata, Phys. Rev. D 63, 015007(2001); S. Profumo, Phys. Rev. D 68 (2003) 015006; C. Pallis, Nucl. Phys. B 678, 398 (2004); M. Gomez, G. Lazarides and C. Pallis, Phys. Rev. D 61 (2000) 123512, Nucl. Phys. B 638, 165 (2002) and Phys. Rev. D 67, 097701(2003); I. Gogoladze, Y. Mimura and S. Nandi, Phys. Lett. B 562, 307 (2003); I. Gogoladze, Y. Mimura, S. Nandi and K. Tobe, Phys. Lett. B 575, 66 (2003); U. Chattopadhyay, A. Corsetti and P. Nath, Phys. Rev. D 66 035003, (2002); T. Blazek, R. Dermisek and S. Raby, Phys. Rev. Lett. 88, 111804 (2002) and Phys. Rev. D 65, 115004 (2002); M. Gomez, T. Ibrahim, P. Nath and S. Skadhauge, Phys. Rev. D 72, 095008 (2005); K. Tobe and J. D. Wells, Nucl. Phys. B 663, 123 (2003); W. Altmannshofer, D. Guadagnoli, S. Raby and D. M. Straub, Phys. Lett. B 668, 385 (2008); D. Guadagnoli, S. Raby and D. M. Straub, arXiv:0907.4709 [hep-ph]; H. Baer, S. Kraml and S. Sekmen, arXiv:0908.0134 [hep-ph].

[5] H. Baer, S. Kraml, S. Sekmen and H. Summy, JHEP 0803, 056 (2008); H. Baer, M. Haider, S. Kraml, S. Sekmen and H. Summy, JCAP 0902, 002 (2009).

[6] S. Profumo and C. E. Yaguna, Phys. Rev. D 69, 115009 (2004).

[7] A. H. Chamseddine, R. L. Arnowitt and P. Nath, Phys. Rev. Lett. 49, 970 (1982). R. Barbieri, S. Ferrara, and C. A. Savoy, Phys. Lett. B 119, 343 (1982); L. J. Hall, J. D. Lykken, and S. Weinberg, Phys. Rev. D 27, 2359 (1983); E. Cremmer, P. Fayet, and L. Girardello, Phys. Lett. B 122, 41 (1983); N. Ohta, Prog. Theor. Phys. 70, 542 (1983).

[8] Non-universal gaugino masses arising from dimension five operators in GUTs have been discussed in the past. See, for instance, S. P. Martin, Phys. Rev. D 79, 095019 (2009); U. Chattopadhyay, D. Das and D. P. Roy, Phys. Rev. D 79, 095013 (2009); S. Bhattacharya, A. Datta and B. Mukhopadhyaya, JHEP 0710, 080 (2007); A. Corsetti and P. Nath, Phys. Rev. D 64, 125010 (2001) and references therein. This is related to deviations from universality at M_{GUT} of the SM gauge couplings caused by such operators [9].

[9] Q. Shafi and C. Wetterich, Phys. Rev. Lett. 52, 875 (1984); C. T. Hill, Phys. Lett. B 135, 47 (1984).

[10] R. N. Mohapatra and J. C. Pati, Phys. Rev. D 11, 2558 (1975); G. Senjanovic and R. N. Mohapatra, Phys. Rev. D 12, 1502 (1975); M. Magg, Q. Shafi and C. Wetterich, Phys. Lett. B 87, 227 (1979); M. Cvetic, Nucl. Phys. B 233, 387 (1984).

[11] T. W. B. Kibble, G. Lazarides and Q. Shafi, Phys. Lett. B 113, 237 (1982); T. W. B. Kibble, G. Lazarides and Q. Shafi, Phys. Rev. D 26, 435 (1982); R. N. Mohapatra and B. Sakita, Phys. Rev. D 21, 1062 (1980).

[12] H. Baer, T. Krupovnickas, A. Mustafayev, E. K. Park, S. Profumo and X. Tata, JHEP 0512, 011 (2005); H. Baer, A. Mustafayev, E. K. Park and S. Profumo, JHEP 0507, 046 (2005).

[13] G. Lazarides, Q. Shafi and C. Wetterich, Nucl. Phys. B 181, 287 (1981).

[14] See for instance H. Baer, A. Mustafayev, S. Profumo, A. Belyaev and X. Tata, JHEP 0507, 065 (2005); J. R. Ellis, K. A. Olive and P. Sandick, Phys. Rev. D 78, 075012 (2008); L. Roszkowski, R. Ruiz de Austri, R. Trotta, Y. L. Tsai and T. A. Varley, arXiv:0903.1279 [hep-ph].

[15] H. Baer, F. E. Paige, S. D. Protopopescu and X. Tata, arXiv:hep-ph/0001086.

[16] J. Hisano, H. Murayama, and T. Yanagida, Nucl. Phys. B402 (1993) 46. Y. Yamada, Z. Phys.

C60 (1993) 83; J. L. Chkareuli and I. G. Gogoladze, Phys. Rev. D 58, 055011 (1998).

[17] For recent discussions and additional references see V. Barger, D. Marfatia and A. Mustafayev, Phys. Lett. B 665, 242 (2008); M. E. Gomez, S. Lola, P. Naranjo and J. Rodriguez-Quintero, arXiv:0901.4013 [hep-ph].

[18] D. M. Pierce, J. A. Bagger, K. T. Matchev, and R.-j. Zhang, Nucl. Phys. B491 (1997) 3. [19] L. E. Ibanez and G. G. Ross, Phys. Lett. B110 (1982) 215; K. Inoue, A. Kakuto, H. Komatsu and S. Takeshita, Prog. Theor. Phys. 68, 927 (1982) [Erratum-ibid. 70, 330 (1983)]; L. E. Ibanez, Phys. Lett. B118 (1982) 73; J. R. Ellis, D. V. Nanopoulos, and K. Tamvakis, Phys. Lett. B121 (1983) 123; L. Alvarez-Gaume, J. Polchinski, and M. B. Wise, Nucl. Phys. B221 (1983) 495.

[20] W. M. Yao et. al., Review of particle physics, J. Phys. G33 (2006) 1. [21] Tevatron Electroweak Working Group and CDF Collaboration and D0 Collaboration, arXiv:0803.1683 [hep-ex].

[22] Tevatron Electroweak Working Group and CDF Collaboration and D0 Collaboration, arXiv:0903.2503 [hep-ex].

[23] H. Baer, C. Balazs, and A. Belyaev, JHEP 03 (2002) 042; H. Baer, C. Balazs, J. Ferrandis, and X. Tata Phys. Rev. D64 (2001) 035004.

[24] S. Schael et al. Eur. Phys. J. C 47, 547 (2006).

[25] T. Aaltonen et al. [CDF Collaboration], Phys. Rev. Lett. 100, 101802 (2008). [26] E. Barberio et al. [Heavy Flavor Averaging Group (HFAG) Collaboration], arXiv:0704.3575 [hep-ex].

[27] For a recent discussion see E. Komatsu et al. [WMAP Collaboration], arXiv:0803.0547 [astro-ph]. [28] G. W. Bennett et al. [Muon G-2 Collaboration], Phys. Rev. D 73, 072003 (2006). [29] See for instance J. R. Ellis, S. F. King and J. P. Roberts, JHEP 0804, 099 (2008); H. Baer, A. Mustafayev, E. K. Park and X. Tata, JHEP 0805, 058 (2008) and references therein.

[30] H. Abe, T. Kobayashi and Y. Omura, Phys. Rev. D 76, 015002 (2007); I. Gogoladze, M. U. Rehman and Q. Shafi, arXiv:0907.0728 [hep-ph].

Figure 1: Plots in the M_2 - M_3, m_0 - M_2 and m_0 - M_3 planes. Gray points are consistent with REWSB and χ̃^0_1 LSP. Blue, orange and red points satisfy the WMAP bounds on χ̃^0_1 dark matter abundance and various constraints from colliders (BR(B_s → μ^+μ^−), BR(b → sγ), and (s)particle mass bounds). Orange points represent the gluino coannihilation channel, red points depict the bino-wino coannihilation channel, while blue points represent all other channels.

Figure 2: Plots in the M_2 - M_3, m_0 - M_2 and m_0 - M_3 planes. Color coding same as in Figure 1, except that now the orange, red and blue points also satisfy the (g − 2)_μ constraint.

Figure 3: Plots in the A_0 - M_3/M_2, tan β - M_3/M_2, m_{Hu}/m_{Hd} - M_3/M_2 and μ - M_3/M_2 planes. Gray points are consistent with REWSB and χ̃^0_1 LSP. Blue points satisfy the WMAP bounds on χ̃^0_1 abundance and various constraints from colliders (BR(B_s → μ^+μ^−), BR(b → sγ), and (s)particle mass bounds). Green points also satisfy the (g − 2)_μ constraint.

Figure 4: Plots in the m_{χ̃}0_1 (bino) - m_{χ̃}0_2 (wino), m_{χ̃}0_1 (not bino) - m_{χ̃}0_2 (not wino), m_{χ̃}0_1 - m_{g̃}, 2m_{χ̃}0_1 - m_A, m_{χ̃}0_1 - m~_t and m_{χ̃}0_1 - m_{τ̃} planes. Also shown is the unit slope line in each case. Color coding same as in Figure 3.

Figure 5: M_3/M_2 versus m_{χ̃}0_2 /m_{χ̃}0_1 , m_h/2m_{χ̃}0_1 , m_{g̃}/m_{χ̃}0_1 , m_A/2m_{χ̃}0_1 , m~_t/m_{χ̃}0_1 and m_{τ̃} /m_{χ̃}0_1 . Color coding same as in Figure 3.

Point 1 Point 2 Point 3 Point 4 Point 5 m_0 244.10 1193.7 4778.5 3064.6 464.83 M_2 206.02 914.41 126.07 304.23 407.81 M_3 563.02 93.34 66.51 927.12 492.05 tan β 13.45 49.20 7.79 52.42 12.85 A_0 -26.02 -1161.5 -4716.2 -4928.0 -299.34 m_{Hu} 156.95 381.52 4983.6 2339.3 898.58 m_{Hd} 134.74 534.6 4376.1 5660.1 467.12 sgn μ + + + + + m_h 114.7 114.7 117.9 122.8 114.9 m_H 746 438 4394 4783 575 m_A 741 435 4365 4752 571 m_H± 751 447 4395 4784 580 m_{χ̃}±_{1,2} 156,742 746,946 110,402 262,2451 221,358 m_{χ̃}0_{1,2} 140,155 255,745 46,109 244,262 166,230 m_{χ̃}0_{3,4} 736,741 928,945 390,403 2449,2449 252,362 m_{g̃} 1293 295 274 2207 1151 m_{ũL,R} 1157,1159 1331,1205 4731,4775 3540,3392 1122,1114 m~_{t1,2} 944,1120 707,1028 2489,3777 1855,2385 752,1011 m~_{dL,R} 1160,1158 1334,1203 4732,4748 3541,3584 1125,1098 m~_{b1,2} 1073,1149 870,1032 3774,4717 2360,2562 975,1083 m_{ν̃1} 271 1334 4787 2955 548 m_{ν̃3} 269 1181 4772 1861 543 m_{ẽL,R} 286,277 1336,1216 4785,4744 2956,3277 555,462 m_{τ̃1,2} 246,308 830,1186 4714,4769 492,1881 453,551 μ 730 934 376 2456 243 Ω_{CDM} h^2 0.111 0.105 0.113 0.111 0.105

Table 1: Sparticle and Higgs masses (in GeV units), with m_t = 172.6 GeV and μ > 0. Points 1, 2 and 3 respectively correspond to the bino-wino coannihilation, gluino coannihilation and m_Z resonance channels. Point 4 lists the spectrum for a solution for which the left-handed selectron is lighter than the right-handed selectron. Point 5 is an example of a scenario in which the little-hierarchy problem is ameliorated. Points 1, 2 and 5 satisfy all the constraints listed at the end of Section 2, while points 3 and 4 satisfy all constraints except (g − 2)_μ.