Published by Institute of Physics Publishing for SISSA/ISAS Received: August 7, 2004 Revised: October 27, 2004 Accepted: October 27, 2004

Reconciling neutralino relic density with Yukawa unified supersymmetric models

Daniel Auto, Howard Baer, Alexander Belyaev and Tadas Krupovnickas Department of Physics, Florida State University Tallahassee, FL 32306, U.S.A.

E-mail: auto@hep.fsu.edu, baer@hep.fsu.edu,

belyaev@hep.fsu.edu,tadas@hep.fsu.edu

Abstract: Supersymmetric grand unified models based on the gauge group SO(10) are especially attractive in light of recent data on neutrino masses. The simplest SO(10) SUSY GUT models predict unification of third generation Yukawa couplings in addition to the usual gauge coupling unification. Recent surveys of Yukawa unified SUSY GUT models predict an inverted scalar mass hierarchy in the spectrum of sparticle masses if the superpotential μ term is positive. In general, such models tend to predict an overabundance of dark matter in the universe. We survey several solutions to the dark matter problem in Yukawa unified supersymmetric models. One solution — lowering the GUT scale mass value of first and second generation scalars — leads to ũ_R and c̃_R squark masses in the 90 − 120 GeV regime, which should be accessible to Fermilab Tevatron experiments. We also examine relaxing gaugino mass universality which may solve the relic density problem by having neutralino annihilations via the Z or h resonances, or by having a wino-like LSP.

Keywords: Supersymmetric Standard Model, GUT, Hadronic Colliders.

© SISSA/ISAS 2004 http://jhep.sissa.it/archive/papers/jhep102004066 /jhep102004066 .pdf

Contents

1. Introduction 1

2. Scalar mass non-universality and light squarks 4 2.1 Phenomenological consequences of two light squarks 9

3. Gaugino mass non-universality 14

4. Conclusions 16

1. Introduction

The unification of gauge couplings in the Minimal Supersymmetric Standard Model (MSSM) can be construed as indirect evidence for the existence of weak scale supersymmetry. It is of course also suggestive of the existence of a grand unified symmetry at energy scales Q ≥ M_{GUT} ≃ 2 × 10^{16} GeV. Such a SUSY GUT theory may be the “low energy effective theory” that can be obtained from some more fundamental superstring theory. Models based on the gauge group SU(5) are compelling in that they explain the apparently ad-hoc hypercharge assignments of the SM fermions [1]. However, many SU(5) SUSY GUT models as formulated in four dimensions are already excluded by proton decay constraints [2]. SU(5) SUSY GUT models can also be formulated in five or more dimensions, where compactification of the extra dimensions leads to a break down in gauge symmetry [3]. These models can dispense with the unwieldy large Higgs representations required by four dimensional models, and can also be constructed to suppress or eliminate proton decay entirely.

The steady accumulation of data on neutrino mass and neutrino oscillations in the past several years has given strong motivation to the possibility that nature is described by a SUSY GUT theory based on the gauge group SO(10) [4, 5]. In SO(10) theories, all 15 of the SM matter fields of a single generation inhabit the 16-dimensional spinorial representation of SO(10). The 16th element can be taken to be a SM gauge singlet field that functions as the right-hand neutrino. A large Majorana mass term is allowed for this field by the gauge symmetry. Dominantly left handed neutrinos thus gain tiny masses via the see-saw mechanism, while dominantly right handed neutrinos acquire a mass near to the unification scale, and are conveniently swept out-of-sight [6]. The neutrino see-saw mechanism also lends itself elegantly to a mechanism for baryogenesis via leptogenesis [7]. For these reasons (and others), the possibility that nature is described by an SO(10) SUSY GUT model at scales Q ≥ M_{GUT} deserves serious consideration.

– 1 –

In the simplest SO(10) SUSY GUT models, the two Higgs doublets of the MSSM occupy the same 10 dimensional Higgs multiplet ϕ(10). The superpotential then contains the term f̂ ∋ fψ(16)ψ(16)ϕ(10) + · · · (1.1)

where f is the single Yukawa coupling for the third generation. Thus, the simplest SO(10) SUSY GUT models predict t − b − τ Yukawa coupling unification in addition to gauge coupling unification. It is possible to calculate the t, b and τ Yukawa couplings at Q = m_{weak}, and extrapolate them to M_{GUT} in much the same way one checks the theory for gauge coupling unification. Yukawa coupling unification turns out to depend on the entire spectrum of sparticle masses and mixings [8] since these enter into the weak scale supersymmetric threshold corrections. Thus, the requirement of t − b − τ Yukawa coupling unification can be a powerful constraint on the soft SUSY breaking terms of the low energy effective theory [9].

It is well known from early work that large values of tan β ∼ 50 are required for t − b − τ unification. However, in models with a common scalar mass, such as mSUGRA, it was found that a breakdown in the mechanism of radiative EWSB occurred which excluded tan β values which would give rise to Yukawa coupling unification. In ref. [10], it was found that models with Yukawa coupling unification with R < 1.05 (good to 5%) could be found if additional D-term splittings of scalar masses were included. Here, R ≡ max(f_t, f_b, f_τ )/min(f_t, f_b, f_τ ), where all Yukawa couplings are evaluated at the GUT scale. The D-term splittings occur naturally when the SO(10) gauge symmetry breaks to SU(5), and they are given by [11]

m^2_Q = m^2_E = m^2_U = m^2_{16} + M^2_D , m^2_D = m^2_L = m^2_{16} − 3M^2_D , m^2_N = m^2_{16} + 5M^2_D , m^2_{Hu,d} = m^2_{10} ∓ 2M^2_D , (1.2)

where M^2_D parameterizes the magnitude of the D-terms. Owing to our ignorance of the gauge symmetry breaking mechanism, M^2_D can be taken as a free parameter, with either positive or negative values. |M_D| is expected to be of order the weak scale. Thus, the D-term (DT ) model is characterized by the following free parameters,

m_{16} , m_{10} , M^2_D , m_{1/2} , A_0 , tan β , sign(μ) . (1.3)

Using the DT model, Yukawa unification good to 5% was found when soft term parameters m_{16} and m_{10} were scanned up to 1.5 TeV, but only for μ < 0 values [10]. The essential quality of the D-term mass splitting is that it gave the value of m_{Hu} a head start over m_{Hd} in running towards negative values, as is required for REWSB. In ref. [12], the DT model for μ < 0 was explored in more detail, and the neutralino relic density was explored. It was found that a good relic density could be found in the A-annihilation funnel [13], although a rather large value of BF (b → sγ) ≳ 4 × 10^{−4} was usually predicted. Good relic density

– 2 – was also found in the stau co-annihilation [14] and hyperbolic branch/focus point (HB/FP) region [15, 16, 17], but at some cost to the degree of Yukawa coupling unification.^1 Later, E821 measurements of the muon anomalous magnetic moment appeared, which favored positive values of the superpotential μ parameter. In ref. [18], it was found that Yukawa coupling unification good to only 30% could be achieved in DT models with μ > 0 when m_{16} values were scanned up to 2 TeV. The models with the best Yukawa coupling unification were found to have soft term relations

A^2_0 ≃ 2m^2_{10} ≃ 4m^2_{16} , (1.4)

which had also been found by Bagger et al. in the context of radiatively driven inverted scalar mass hierarchy (IMH) models [19, 20, 21].^2 In ref. [18], a model with just GUT scale Higgs mass splittings was also examined (HS), while all other scalars remained universal. The parameter space of the HS model is that of eq. 1.3, but where the D-term splitting is only applied to the last of the relations in eq. 1.2. Yukawa coupling unification in the HS model was found to be comparable to the DT model case when m_{16} values up to 2 TeV were scanned. Finally, in ref. [22] (Auto et al.), soft term values of m_{16} up to 20 TeV were explored. In this case, Yukawa unified solutions to better than 5% were found for μ > 0 for the HS model when very large values of m_{16} > 5 − 10 TeV were scanned. The large scalar masses that gave rise to Yukawa unification also acted to suppress neutralino annihilation in the early universe, so that rather large values of the relic density were found. Models with Ω_{~Z1} h^2 < 0.2 could be found, but only at the expense of accepting Yukawa coupling unification to 20%, rather than 5%. The models found with low relic density generally had either a low μ value, or were in the light Higgs annihilation corridor, with 2m_{~Z1} ∼ m_h.

Similar work has been carried on by Blazek, Dermisek and Raby (BDR). In ref. [23, 24], the BDR group used a top-down approach to the RG sparticle mass solution to find Yukawa unified solutions for μ > 0, where they also noted that in this case the HS model worked better than the DT model. In their approach, the third generation fermion masses and other electroweak observables were an output of the program, so that starting with models with perfect Yukawa coupling unification, they would look for solutions with a low χ^2 value constructed from the low energy observables. The BDR Yukawa unified solutions were also characterized by soft term IMH model boundary conditions. The solutions differed from those of ref. [22] in that they always gave a very low value of Higgs mass m_A and also small μ parameter, indicative of a mixed higgsino-bino LSP. In ref. [25], the neutralino relic density was examined for the BDR solutions. Their low μ and m_A values generally led to very low values of Ω_{~Z1} h^2 unless m_{1/2} was small enough compared to μ that the LSP was in the mixed higgsino-bino region.^3

1The HB/FP region is characterized by |μ| ≲ M2 so that the LSP is a mixed higgsino-bino, and has a large annihilation rate into vector bosons.

2In IMH models, starting with multi-TeV scalars masses at Q = MGUT, for certain choices of boundary conditions third generation and Higgs soft masses are driven to sub-TeV values, while first and second generation scalars remain heavy.

3We note that the HS model without Yukawa coupling unification has recently been examined by Ellis et al., ref. [26].

– 3 –

In this paper, we give further scrutiny to the Auto et al. Yukawa unified solutions, especially with respect to the relic density of neutralinos expected from these models. Our goal is to find regions of parameter space where a high degree of Yukawa coupling unification is preserved, but also where a cold dark matter relic density in accord with WMAP measurements [27] can be found.^4 To do so, we expand the parameter space of the SO(10) model. In section 2, we consider relaxing generational universality of the matter scalars. The expansion of parameter space in this fashion is consistent with the SO(10) gauge symmetry, which only preserves universality within a generation (when SO(10) is unbroken). By maintaining TeV scale third generation masses, but reducing first and second generation masses, light first and second generation scalars are produced which enhance the neutralino annihilation rate. The curious effect in the HS model is that the split Higgs mass contribution to RG running causes the right up and charm squarks to be by far the lightest of the scalars, with m_{ũR} and m_{c̃R} ∼ 100 GeV needed to achieve the required relic density. We show that such light squarks are just at the limit of observability for the Fermilab Tevatron collider. Our analysis motivates an experimental search for just two species of light squarks, while all other scalars are in the TeV range, and where m_{g̃} ∼ 400 GeV.

In section 3, instead we relax the condition of gaugino mass universality. The gauge kinetic function of supergravity theories need not adopt its minimal form in order to respect the SO(10) gauge symmetry. We examine several models found in ref. [22], and vary the U(1) gaugino mass M_1. This allows the bino-like LSP to sit atop the h or Z resonance, which in some cases is enough to reduce the relic density to the Ω_{~Z1} h^2 ∼ 0.1 level. Also, by increasing substantially the value of M_1, ultimately the lightest neutralino becomes winolike, and a valid relic density is also achieved. Variation of the gaugino masses preserves the Yukawa coupling unification in all the models we examined. We also examine the case of lowering the SU(2) gaugino mass M_2 to obtain a wino-like LSP. In this case, the lightest chargino usually drops below limits from LEP2. In section 4, we present a summary and conclusions. We note here additional studies which have been performed, where just b − τ unification was examined [28, 29] or where Yukawa quasi-unification was examined [30].

2. Scalar mass non-universality and light squarks

Our goal in this section is to explore whether an expanded parameter space allowing nonuniversality of generations can provide new avenues towards solving the dark matter problem in Yukawa unified supersymmetric models. Thus, we expand the parameter space of the HS model to now include

m_{16}(1) , m_{16}(3) , m_{10} , M^2_D , m_{1/2} , A_0 , tan β and sign(μ), (2.1)

where the matter scalar soft mass is now broken up into m_{16}(3) for the third generation, and m_{16}(1) for the first generation. We will also assume m_{16}(2) = m_{16}(1) to reduce parameter space freedom and to quell potential contributions to flavor changing processes

4The WMAP collaboration has determined ΩCDM h^2 = 0.1126^{+0.0161}_{−0.0181} at 2σ level.

– 4 – parameter value (GeV) m_{16}(3) 7826.5 m_{16}(1) 1202.0 m_{10} 9652.3 M^2_D (2894.9)^2 m_{1/2} 80.0 A_0 −16626.0 tan β 51.165 f_t(M_{GUT}) 0.563 f_b(M_{GUT}) 0.549 f_τ (M_{GUT}) 0.563 R 1.02 μ 3075.4 m_{g̃} 380.1 m_{ũL} 1172.2 m_{ũR} 107.0 m_{d̃L} 1175.0 parameter value (GeV) m_{d̃R} 1343.7 m_{ẽL} 693.4 m_{ẽR} 1734.2 m_{ν̃L} 672.7 m_{t̃1} 1651.1 m_{b̃1} 2330.5 m_{τ̃1} 3049.2 m_{~W1} 135.1 m_{~Z1} 57.3 m_{~Z2} 134.9 m_A 2505.7 m_h 134.4 Ω_{~Z1} h^2 0.093 BF (b → sγ) 3.96 × 10^{−4} Δa_μ 15.7 × 10^{−10}

Table 1: Masses and parameters in GeV units for a Yukawa unified HS model with generational non-universality. The spectrum is obtained using ISAJET v7.69.

like K_L −K_S mass difference and BF (μ → eγ). Allowing third generation non-universality can also contribute to the Δm_B ≡ m^0_{BH} − m^0_{BL} mass difference, the rate BF (τ → eγ) or BF (τ → μγ), and BF (b → sγ). However, these latter constraints are all rather mild, and in general can allow for significant deviations in generational non-universality [31, 32, 33].

Our goal is to maintain the successful prediction of Yukawa coupling unification found in ref. [22] with heavy scalars and an inverted scalar mass hierarchy, but at the same time reduce some of the scalar particle masses so that there is not too severe a suppression of neutralino annihilation in the early universe which leads to too large a relic density. The IMH mechanism of Bagger et al. works if the mass relation between third generation scalars, Higgses and A terms is preserved: A^2_0 ≃ 2m^2_{10} ≃ 4m^2_{16}(3). Thus, a possible way forward is to decrease the value m_{16}(1) = m_{16}(2) so far that a valid relic density is attained. It turns out this procedure is possible, but that it leads to a qualitatively new spectrum of superparticle masses wherein two of the squarks — ũ_R and c̃_R — become quite light, in the 90-120 GeV regime, while the other scalar masses remain quite heavy.

A sample spectrum is shown in table 1, which uses Isajet 7.69 to generate the spectrum [34]. As can be seen, a high degree of Yukawa coupling unification is maintained, while simultaneously achieving an acceptable dark matter relic density Ω_{~Z1} h^2 = 0.09. The low relic density is obtained because the light ũ_R and c̃_R squarks allow ~Z_1 ~Z_1 → uū, cc̄ annihilations to proceed at a high rate due to unsuppressed t-channel squark exchange.

Why are some of the squark masses quite light, while most other scalars are heavy? The answer comes from the 1-loop RGEs for the SUSY soft breaking terms. For first

– 5 – generation matter scalars, they have the form [35] dm^2_{Q1} dt = 2 16π^2 ( − 1 15 g^2_1 M^2_1 − 3g^2 M^2_2 − 16 3 g^2_3 M^2_3 + 1 10 g^2_1 S ) , (2.2) dm^2_{U1} dt = 2 16π^2 ( − 16 15 g^2_1 M^2_1 − 16 3 g^2_3 M^2_3 − 2 5 g^2_1 S ) , (2.3) dm^2_{D1} dt = 2 16π^2 ( − 4 15 g^2_1 M^2_1 − 16 3 g^2_3 M^2_3 + 1 5 g^2_1 S ) , (2.4) dm^2_{L1} dt = 2 16π^2 ( − 3 5 g^2_1 M^2_1 − 3g^2 M^2_2 − 3 10 g^2_1 S ) , (2.5) dm^2_{E1} dt = 2 16π^2 ( − 12 5 g^2_1 M^2_1 + 3 5 g^2_1 S ) , (2.6)

where S = m^2_{Hu} − m^2_{Hd} + T r [ m^2_Q − m^2_L − 2m^2_U + m^2_D + m^2_E ] . (2.7)

In the mSUGRA model, the term involving S doesn’t contribute to RG running at all, since universality implies S = 0. However, in the HS model, while the trace over mass matrices remains zero, the contribution from Higgs splitting is large, especially for our case where the soft Higgs masses can be ∼ 10 TeV. Radiative EWSB in Yukawa unified models requires m^2_{Hd} > m^2_{Hu} , so that in fact S < 0. Then the soft masses with negative co-efficients on the S terms will be highly suppressed in their RG running, while terms with positive S coefficient will be pushed to higher mass values. If the S term dominates the RG running, then indeed we expect a large splitting due to RG evolution in all the first and second generation soft breaking masses, with the splitting being dictated by the soft mass U(1)_Y quantum numbers. The splitting amongst third generation soft masses will be much less, since their RGEs include additional Yukawa coupling times soft mass terms, and the third generation soft terms are also large.

In figure 1a., we show the third generation and Higgs soft term running, for the same case as in table 1. The soft term suppression due to Yukawa coupling contributions is apparent. In figure 1b., we show first generation soft term running. In this case, the large splitting due to the dominant S term is evident, and causes the U_1 mass to run to very low values, which gives rise to the light ũ_R and c̃_R squarks. In addition, the L_1 soft mass also is suppressed, though not as much as U_1, so that rather light left selectrons and smuons and their associated sneutrinos are generated.

In figure 2, we show the m_{16}(1) vs. m_{1/2} plane for fixed m_{16}(3) = 7826.5 GeV, and other parameters as given in table 1. The blue region at low m_{1/2} is excluded by the LEP2 bound on chargino mass m_{~W1} > 103.5 GeV. The black region on the left is excluded because the m^2_{U1} squared mass is driven tachyonic, resulting in a color symmetry violating ground state. The green region denotes sparticle mass spectrum solution with relic density 0.094 < Ω_{~Z1} h^2 < 0.129, within the WMAP favored regime, while the yellow region denotes even lower relic density values, wherein the CDM in the universe might be a mixture of neutralinos plus some other species. The red region has Ω_{~Z1} h^2 < 0.5. It may be allowed if

– 6 –

Figure 1: Evolution of (a) third generation and Higgs scalar soft masses and (b) first generation soft masses for the case of m_{16}(3) = 7826.5 GeV, m_{10} = 9652.3 GeV, M_D = 2894.9 GeV, m_{16}(1) = 1202.3 GeV, m_{1/2} = 80 GeV, A_0 = −16626 GeV, μ > 0, tan β = 51.165 and m_t = 180 GeV. For Higgs soft masses, we actually plot sign(m^2_H ) · √ |m^2_H |.

QCD corrections to ~Z_1 ~Z_1 → uū, cc̄ are large and positive.^5 The remaining unshaded regions give sparticle spectra solutions with Ω_{~Z1} h^2 > 0.5, and would be excluded by WMAP. We also show several contours of BF (b → sγ), Δa^{SUSY}_μ and R, the max/min ratio of GUT scale Yukawa couplings. We see that all constraints on the sparticle mass spectrum are within allowable limits for the shaded region to the right of the excluded region.

We have also performed a χ^2 analysis in the parameter space listed in eq. 2.1 and scanned over the following range of seven parameters:

0 < m_{16}(1) < 10 T eV , 0 < m_{16}(3) < 10 T eV , 0 < m_{10} < 15 T eV , 0 < m_{1/2} < 0.5 T eV , 0 < M_D < 5 T eV , −30 < A_0 < 30 T eV , 40 < tan β < 60 .(2.8)

For every point in parameter space, we calculate the χ^2 quantity formed from Δa_μ, BF (b → sγ) and Ω_{~Z1} h^2. We present plots with a color coded representation of the χ^2 value, where red shading corresponds to high χ^2, green shading corresponds to low χ^2 and yellow shading has intermediate values. The numerical correspondence is listed in figure 3. As a result, we have found that in order to have Yukawa unification below ∼ 5% level and low χ^2, one should be in the special, strongly correlated region of the parameter space. For further

5A subset of QCD corrections for ~Z1 ~Z1 → qq̄ has been calculated by Drees et al., and are found to be small [36].

– 7 –

Figure 2: Allowed parameter space of Yukawa unified supersymmetric HS model with generational non-universality. We show the m_{16}(1) vs. m_{1/2} plane for m_{16}(3) = 7830 GeV, m_{10} = 9650 GeV, M_D/m_{16}(3) = 0.37, A_0/m_{16}(3) = −2.1, μ > 0, tan β = 51 and m_t = 180 GeV. The black shaded region gives tachyonic particles, while the blue region is excluded by LEP2 chargino search experiments. The yellow and green regions are allowed by the WMAP determination of Ω_{~Z1} h^2. We also show contours of R, the measure of Yukawa unification at M_{GUT}.

analysis we have fixed some parameters at the values favored by the χ^2 analysis:

m_{16}(3) = 7750 GeV , A_0 = −2.05m_{16}(3) , (2.9)

and varied the others within the χ^2 fit preferred range:

49.8 ≤ tan β ≤ 51.6 , 75 GeV ≤ m_{1/2} ≤ 120 GeV , 0.14 ≤ m_{Hd} − m_{Hu} m_{16}(3)

≤ 0.23 , 1.225 ≤ m_{Hd} + m_{Hu} 2m_{16}(3)

≤ 1.27 . (2.10)

Finally, for each point generated in the range specified by eq. 2.10 the value of χ^2 was minimized by varying m_{16}(1).

Those solutions and respective correlations among the model parameters are illustrated in figure 3 where we show the results of scanning over the complete parameter space listed in eq. 2.8. The color coding of the points corresponds to a χ^2 value computed from the value of Ω_{~Z1} h^2, Δa^{SUSY}_μ and BF (b → sγ). In constructing the χ^2 quantity, we adopt the limits that Ω_{~Z1} h^2 = 0.1126 ± 0.00805 (we use the upper limit only), Δa^{SUSY}_μ = (27 ± 10) × 10^{−10} (as required by the recent E821 (g − 2)_μ measurement compared to SM predictions [37]), and BF (b → sγ) = (3.25 ± 0.54) × 10^{−4} [38].

– 8 –

Figure 3: Scan of SO(10) HS models with generational non-universality for various planes of the parameter space. The colors of the dots correspond to the χ^2 value computed from Ω_{~Z1} h^2, BF (b → sγ) and a^{SUSY}_μ .

In figure 4, we show the results of scanning over the narrowed parameter space defined by eq. 2.10 in the R vs. Ω_{~Z1} h^2 plane with the same color coding as in figure 3. We see that a large range of points are generated with low χ^2 value, and that many of these have Yukawa coupling unification below the 5% level, and also with a WMAP allowed relic density.

In figure 5, we show the same points from the parameter space scan, but this time in the m_{ũR} vs. R plane. In this case, we see that essentially all of the low χ^2 points have m_{ũR} values in the 90-120 GeV range. For models with m_{ũR} > 120 GeV, the value of Ω_{~Z1} h^2 exceeds the WMAP bounds, and the models become excluded. The allowed models shown all have R values in the 1.02-1.21 range.

2.1 Phenomenological consequences of two light squarks

Given that the Yukawa unified model with split generations predicts two light squarks of mass 90-120 GeV in order to obtain a relic density in accord with WMAP, it is natural to examine the phenomenological consequences of such light squarks. We first turn to data from LEP2. In ref. [39], the ALEPH collaboration reports mass limits on squarks in the MSSM. Using 410 pb^{−1} of data ranging up to CM energies of 201.6 GeV, they report m_{q̃} > 97 GeV at 95% CL assuming q̃ → q ~Z_1 with a mass gap m_{q̃} − m_{~Z1} > 6 GeV, and assuming 10 species of degenerate squarks. In our case, with just two nearly degenerate squarks, the mass limits will be even lower.^6 Furthermore, the OPAL collaboration [40] has

6If we make the simplifying assumption that all of the mass limit comes from running at the highest

– 9 –

Figure 4: Scan of SO(10) HS models with generational non-universality, in the R vs. Ω_{~Z1} h^2 plane. The colors of the dots correspond to the χ^2 value computed from Ω_{~Z1} h^2, BF (b → sγ) and a^{SUSY}_μ . Points excluded by Edelweiss (CDMS II) direct dark matter searches are denoted by purple (blue) dots.

searched for t̃_1¯t̃_1 pairs assuming t̃_1 → c ~Z_1. These limits exclude can be applied to our case of c̃_R¯c̃_R production, and exclude m_{c̃R} < 90 GeV for almost all values of m_{~Z1} < m_{c̃R} − m_c.

There are also limits on squark pair production from Fermilab Tevatron experiments. In ref. [41], the CDF collaboration reports a mass limit of m_{q̃} ≳ 250 GeV when m_{g̃} ≃ 400 GeV, based on 84 pb^{−1} of data taken in Run 1 with √ s = 1.8 TeV. This analysis assumes eight degenerate squarks when MSSM parameters are used, and can potentially rule out the case presented here with two species of nearly degenerate squarks. Thus, we examine the relative signal produced in the Yukawa unified case with two light squarks with mass ∼ 90 − 120 GeV. A similar analysis by the D0 collaboration [42] also excludes m_{q̃} < 250 GeV (with 10 degenerate squarks) by searching for jets+ E̸_T events, using 79 pb^{−1} of Run 1 data. This analysis assumes the mSUGRA model, however, which doesn’t give rise to our case where m_{q̃} ≪ m_{g̃}.

We generate all sparticle pair production reactions using the event generator Isajet 7.69, using the model parameters as given in table 1, except allowing m_{16}(1) to float as a free parameter. The mass value m_{ũR} varies nearly linearly with m_{16}(1), so this allows us to vary

energy of √ s = 201.6 GeV, then the 97 GeV mass limit for 10 degenerate squarks would be reduced to 89 GeV if only ũR ¯ũR and c̃R¯c̃R are produced.

– 10 –

Figure 5: Scan of SO(10) HS models with generational non-universality, in the R vs. m_{ũR} plane. The colors of the dots correspond to the χ^2 value as listed in figure 4.

the squark masses, while keeping other parameters fixed. We use the ISAJET toy detector CALSIM with calorimetry covering the regions −4 < η < 4 with cell size Δη × Δϕ = 0.1×0.262. Electromagnetic energy resolution is given by ΔE_{em}/E_{em} = 0.15/ √ E_{em}, while hadronic resolution is given by ΔE_h/E_h = 0.7/ √ E_h. Jets are identified using the ISAJET jet finding algorithm GETJET using a fixed cone size of ΔR = √ Δη^2 + Δϕ^2 = 0.7.

Clusters with E_T > 15 GeV and |η(jet)| < 2.5 are labeled as jets. Muons and electrons are classified as isolated if they have E_T > 5 GeV, |η_ℓ| < 2.5, and the visible activity within a cone of R = 0.4 about the lepton direction is less than 2 GeV.

The CDF analysis requires the following cuts:

• N(jets) ≥ 3,

• at least one jet has |η| < 1.1,

• no isolated leptons,

• the second and third highest E̸_T jets are fiducial,

• R_1 ≡ √ δϕ^2 + (π − δϕ^2_1) > 0.75 rad, R_2 ≡ √ δϕ^2_1 + (π − δϕ^2) > 0.5 rad (δϕ_1 = |ϕ_{leading jet} − ϕ_{E̸T} | and δϕ_2 = |ϕ_{second jet} − ϕ_{E̸T} |),

• E̸_T > 70 GeV,

• H_T ≡E̸_T + E_T (jet 2) + E_T (jet 3) ≥ 150 GeV,

– 11 –

Figure 6: Plot of cross section for ≥ 3 jet+ E̸_T events vs. m_{ũR} at the Fermilab Tevatron collider after implementing CDF cuts, for same case as in table 1, but with varying m_{16}(1). We show plots assuming all sparticles contributing to the cross section, and also the cross section coming just from gluino and squark production. We also show the 95% CL signal level for errors added linearly (upper) or in quadrature (lower).

which we also implement into our analysis. In figure 6, we plot the signal cross section after cuts. The dashed curve is the result including just q̃q̃ + g̃q̃ + g̃g̃ production (as CDF does), while the solid curve includes all sources of ≥ 3 jet events, including especially ~W^+_1 ~W^−_1 and ~W^±_1 ~Z_2 production. The points and error bars correspond to our actual signal rate computation, along with statistical error. We also show the 95% CL limits as computed by adding maximally allowed signal cross section with SM error either linearly (BG2) or in quadrature (BG1). We see that, depending on how the signal and background levels are interpreted, squark masses in the 100 GeV range may or may not be allowed by Run 1 analyses. For the case shown, m_{ũR} ∼ 100 − 120 GeV would be excluded. If instead we take a case with larger m_{1/2} = 99.5 GeV, m_{16}(1) = 1297.1 GeV, m_{16}(3) = 8767.2 GeV, m_{10}/m_{16}(3) = 1.238, M_D/m_{16}(3) = 0.356, tan β = 50.79 and A_0/m_{16}(3) = −2.13, then we generate a model with R = 1.02, Ω_{~Z1} h^2 = 0.13, m_{ũR} = 117 GeV but with heavier charginos and neutralinos, with σ(3 − jets+ E̸_T ) = 203 fb, which is below both BG1 and BG2 levels. In figure 7, we show model points in the m_{~Z1} vs. m_{ũR} plane. In this case, we see the mass gap m_{ũR} − m_{~Z1} ranging from 25-50 GeV. (The bands are due to sampling of m_{1/2} in steps of 5 GeV, while other parameters are varied continuously.) Solutions with a large mass gap are more likely to give large observable rates at Tevatron searches, while solutions with small mass gaps will be more difficult to see, since there is less visible energy released in the squark decays.

An overall assessment seems to be that the two light squark scenario from Yukawa unified models with generational non-universality is at the edge of exclusion from previous

– 12 –

Figure 7: Scan of SO(10) HS models with generational non-universality, in the m_{ũR} vs. m_{~Z1} plane. The colors of the dots correspond to the χ^2 value as listed in figure 4.

Tevatron searches using Run 1 data. However, given that Run 2 has already amassed ∼ 400 pb^{−1} of data, a new dedicated analysis by CDF and/or D0 of ≥ 2−jets + E̸_T events arising from squark pair production will likely either rule in or rule out this scenario with two light squarks with mass in the 90-120 GeV range.

We mention here that there also exist Tevatron searches for pp̄ → t̃_1¯t̃_1X production [43], where it is assumed that t̃_1 → c ~Z_1 100% of the time. These analyses by CDF [44] and D0 [45] require a tagged charm jet, so would not apply to ũ_R ¯ũ_R production. They do apply to c̃_Rt̄c_R production. However, the best limit (by CDF) requires m_{~Z1} < 50 GeV, which is too light to apply to the scenario given here: see figure 7. However, a new search for cc̄+ E̸_T events by CDF and D0 using Run 2 data should be able to probe the parameter space of the scenario listed in this paper.

Another consequence of light squarks is that they can mediate neutralino-nucleon scattering at observable rates via squark exchange in s and u-channel quark-neutralino subprocess diagrams. In figure 8, we plot various SO(10) HS models with Yukawa unification to better than 20%, in the log_{10} σ( ~Z_1p) vs. Ω_{~Z1} h^2 plane. We use the neutralino-nucleon scattering rate code developed in ref. [46]. The colors of the dots correspond to the χ^2 value as presented in figure 4. We see that the models with low relic density falling within the WMAP acceptable range also have rather large values of neutralino-nucleus scattering cross section. In fact, the purple (blue) dots are already excluded by Edelweiss [47] (CDMS II [48]) searches. CDMS II is expected to ultimately probe neutralino-proton scalar cross sections as low as 10^{−8} pb. This essentially covers the complete range of models with acceptable Ω_{~Z1} h^2 as obtained from Yukawa unified models with light ũ_R and c̃_R squarks.

– 13 –

Figure 8: Scan of SO(10) HS models with generational non-universality, in the σ( ~Z_1p) vs. Ω_{~Z1} h^2 plane. The colors of the dots correspond to the χ^2 value computed from Ω_{~Z1} h^2, BF (b → sγ) and a^{SUSY} μ . 3. Gaugino mass non-universality

Aside from generational non-universality in SO(10) models, it is also possible to have nonuniversality of gaugino masses. In a general non-renormalizable SUSY gauge theory, the gaugino masses arise from the term L ∋ − 1 4 ∫ d^2θ_Lf_{AB}(Ŝ)Ŵ^c_AŴ_B , (3.1)

where we have introduced the gauge kinetic function (GKF) f_{AB}(Ŝ) which is an analytic function of chiral superfields Ŝ_i, and where Ŵ_A are gauge superfields. In supergravity theories, the GKF can be expanded as

f_{AB} = δ_{AB} + ϕ̂_{AB} M_P + · · · , (3.2)

where, to maintain gauge invariance, ϕ̂_{AB} transforms as the symmetric product of two adjoints. If the auxiliary field F_{ϕAB} of ϕ̂_{AB} obtains a SUSY breaking (and possibly gauge symmetry breaking) vev, then gaugino mass terms are induced: L ∋ ⟨F_{ϕAB} ⟩ M_P λ_Aλ_B + · · · . (3.3)

In the case of SU(5) GUT theories [50], the product of two adjoints can be decomposed as

(24 × 24)_{sym} = 1 + 24 + 75 + 200 , (3.4)

– 14 – where only the singlet represention leads to universal gaugino masses. The higher representations lead to relations amongst the GUT scale gaugino masses which are dictated by group theory, and are listed in ref. [50]. In the general case, the field ϕ̂_{AB} could transform as a linear combination of the above representations, in which case the three MSSM gaugino masses at Q = M_{GUT} would be essentially free parameters. In the case of SO(10) GUTS [51, 52], we have

(45 × 45)_{sym} = 1 + 54 + 210 + 770 . (3.5)

For our purposes here, we will not adopt any specific GUT symmetry breaking pattern or set of gaugino masses, but instead merely enlarge the parameter space by allowing each MSSM gaugino mass as a free parameter. Given this freedom, it is then possible to take any of the Yukawa unified solutions generated by Auto et al. [22] and vary the gaugino masses to see if an acceptable relic density solution is found. The only problem of concern is whether doing so will destroy the Yukawa coupling unification, or lead to models which are violated by constraints such as those imposed by LEP2 searches for sparticles. We note here that an alternative approach is to allow restricted, or even complete freedom of gaugino masses, and to explore whether Yukawa coupling unification is possible. That approach has been followed in the context of 5-d gaugino-mediated SUSY breaking models [53], where all scalar masses are set to zero at M_c ∼ M_{GUT}; we refer to the work of Balazs and Dermisek for more details [54].

We have examined the positive μ Yukawa unified solutions presented in table 1 of [22] with regard to variation of the GUT scale gaugino masses M_1 and M_2. In the case of decreasing M_2, ultimately the lightest neutralino makes a transition from being bino-like to being wino-like. Wino-like LSPs have a large annihilation and co-annihilation rate into SM particles, and give a relic density almost always much lower than the WMAP bound [55]. However, in lowering M_2 to the point of achieving a valid Ω_{~Z1} h^2, we find in these five cases that the chargino mass always falls below the LEP2 limits, so that the model becomes excluded by LEP2 rather than WMAP. The other case, that of varying the U(1)_Y gaugino mass M_1, leads to models that can satisfy the WMAP bound while being consistent with other constraints including those from LEP2.

In figure 9, we show the relic density for four of the points from table 1 of [22] versus variation in GUT scale gaugino mass M_1. In all cases there is a similar structure: for generic values of M_1, the relic density lies beyond the WMAP limits. However, there exists a double dip structure where the relic density may or may not fall below the WMAP limit, and then at high M_1, the relic density drops to very low values which would imply non-neutralino cold dark matter. The high M_1 behavior occurs because as M_1 is increased, ultimately M_1 > M_2, and the LSP becomes wino-like, although in this case, since M_2 is fixed, the chargino mass stays fixed beyond the LEP2 mass limits. At lower M_1 values, the double dip structure occurs when the value of 2m_{~Z1} drops below the h or the Z resonance. In these cases, the neutralinos can efficiently annihilate at high rates through these resonances in the early universe, leading to lower relic density values. In some of the cases, the diminution is sufficient to drop below WMAP limits, while in others (those with very heavy scalars, and hence with a large μ parameter), the diminution is insufficient to save the model. In

– 15 –

Figure 9: Plot of Ω_{~Z1} h^2 versus GUT scale gaugino mass M_1 for four case studies extracted from table 1 of ref. [22]. We also show as a horizontal line the relic density limit demanded by WMAP analysis.

each case, we have found that the Yukawa coupling unification changes by less than a per cent for variation of the M_1 parameter over the range indicated in figure 9.

4. Conclusions

Supersymmetric GUTs based on the SO(10) gauge group are highy motivated theories for physics beyond the standard model. Many of these models also predict unification of the t − b − τ Yukawa couplings as well. The restriction of third generation Yukawa coupling unification places stringent constraints on the parameter space of supersymmetric models, and leads to some new and interesting predictions for new physics. In this paper, we restrict ourselves to models with a positive superpotential μ parameter, which is favored by BF (b → sγ) and (g − 2)_μ measurements. In these models, Yukawa unified sparticle mass solutions with R < 1.05 can be found, but only in the HS case, and for very large m_{16} ∼ 5 − 15 TeV case. This also leads generally to TeV scale values of m_A and μ, and these numbers, along with TeV scale masses for matter scalars, act to suppress neutralino annihilation in the early universe, and hence to predictions of a value of Ω_{~Z1} h^2 far in excess of WMAP allowed values.

In this paper, we have explored two methods in which to reconcile Yukawa unified sparticle mass solutions with the neutralino relic density. The first case is to allow splitting of the third generation of scalars from the first two generations. By decreasing the first and second generation scalar masses, we obtain sparticle mass solutions with very light ũ_R

– 16 – and c̃_R squark masses, in the 90-120 GeV range. The origin of the light squarks comes from the S term in the one-loop RGEs, which is non-zero and large in the case of multi-TeV valued split Higgs masses. A search for just two light squarks at the Fermilab Tevatron collider using the new Run 2 data should be able to either verify or disprove this scenario. In addition, the light squarks give rise to large rates for direct detection of dark matter, and should give observable rates for searches at CDMS II.

Some possible criticisms of the model presented in section 2 is that 1. a degree of fine-tuning is required in order to obtain the correct relic density, and 2. the large trilinear soft breaking A parameters may lead to charge and/or color breaking minima in the scalar potential. We would concur with the first of these criticisms. However, our goal in this paper was to examine whether or not a relic density in accord with WMAP could be generated in Yukawa unified models with μ > 0, irregardless of fine-tuning arguments. Regarding point 2, we note that beginning with Frere et al.[56], bounds have been derived on soft breaking parameters of the form |A_u|^2 ≤ 3(m^2_Q + m^2_U + m^2_{Hu} ) by trying to avoid charge and/or color breaking minima of the scalar potential. A complete analysis must go beyond the tree level and include at least 1-loop radiative corrections to the scalar potential [57]. We do not include such an analysis here in part because of the philosophical question of whether false vacua are allowed, and also because a simple solution of the problem may arise by taking the first two generation A_0 parameters to be light, and nondegenerate with the third generation A parameter.

The other scenario we examined was the case of non-degenerate gaugino masses at the GUT scale. Beginning with any of the Yukawa unified solutions found in an earlier study, we find that by dialing M_1 to large enough values, a (partially) wino-like LSP can be generated, with a relic density in accord with WMAP allowed values. Also, we showed that M_1 can be dialed so that the value of 2m_{~Z1} sits near the Z or h resonance, thus enhancing annihilation rates of the ~Z_1 in the early universe. Depending on the model considered, this may or may not be enough to bring the neutralino relic density into accord with the WMAP measured value.

Acknowledgments

We thank X. Tata for discussions. This research was supported in part by the U.S. Department of Energy under contract number DE-FG02-97ER41022.

References

[1] H. Georgi and S.L. Glashow, Unity of all elementary particle forces, Phys. Rev. Lett. 32 (1974) 438;

H. Georgi, H.R. Quinn and S. Weinberg, Hierarchy of interactions in unified gauge theories, Phys. Rev. Lett. 33 (1974) 451;

A.J. Buras, J.R. Ellis, M.K. Gaillard and D.V. Nanopoulos, Aspects of the grand unification of strong, weak and electromagnetic interactions, Nucl. Phys. B 135 (1978) 66.

[2] H. Murayama and A. Pierce, Not even decoupling can save minimal supersymmetric SU(5), Phys. Rev. D 65 (2002) 055009.

– 17 –

[3] Y. Kawamura, Triplet doublet splitting, proton stability and extra dimension, Prog. Theor.

Phys. 105 (2001) 999;

G. Altarelli and F. Feruglio, SU(5) grand unification in extra dimensions and proton decay, Phys. Lett. B 511 (2001) 257 [hep-ph/0102301];

L.J. Hall and Y. Nomura, Gauge unification in higher dimensions, Phys. Rev. D 64 (2001) 055003 [hep-ph/0103125];

A. Hebecker and J. March-Russell, A minimal S^1/(Z_2 × Z^′_2) ORBIFOLD GUT, Nucl. Phys. B 613 (2001) 3;

A.B. Kobakhidze, Proton stability in TeV-scale GUTs, Phys. Lett. B 514 (2001) 131 [hep-ph/0102323].

[4] H. Georgi, The state of the art-gauge theories, in Proceedings of the american institue of physics, C. Carlson ed., 1974;

H. Fritzsch and P. Minkowski, Unified interactions of leptons and hadrons, Ann. Phys. (NY) 93 (1975) 193;

M. Gell-Mann, P. Ramond and R. Slansky, Color embeddings, charge assignments, and proton stability in unified gauge theories, Rev. Mod. Phys. 50 (1978) 721; For recent reviews, R.N. Mohapatra, Unification and supersymmetry, hep-ph/9911272; S. Raby, Desperately seeking supersymmetry (SUSY), Rept. Prog. Phys. 67 (2004) 755.

[5] G. Altarelli and F. Feruglio, Models of neutrino masses and mixings, hep-ph/0405048.

[6] M. Gell-Mann, P. Ramond and R. Slansky, Complex spinors and unified theories, in Supergravity, proceedings of the workshop, Stony Brook, New York 1979, North-Holland, Amsterdam;

T. Yanagida, Horizontal symmetry and masses of neutrinos, KEK Report No. 79-18, 1979; R.N. Mohapatra and G. Senjanovic, Neutrino mass and spontaneous parity nonconservation, Phys. Rev. Lett. 44 (1980) 912.

[7] For a review, see W. Buchmuller, Neutrinos, grand unification and leptogenesis,

hep-ph/0204288.

[8] R. Hempfling, Yukawa coupling unification with supersymmetric threshold corrections, Phys.

Rev. D 49 (1994) 6168;

L.J. Hall, R. Rattazzi and U. Sarid, The top quark mass in supersymmetric SO(10) unification, Phys. Rev. D 50 (1994) 7048 [hep-ph/9306309]; M. Carena et al., Nucl. Phys. B 426 (1994) 269;

D. Pierce, J. Bagger, K. Matchev and R. Zhang, Nucl. Phys. B 491 (1997) 3.

[9] B. Ananthanarayan, G. Lazarides and Q. Shafi, Top mass prediction from supersymmetric GUTs, Phys. Rev. D 44 (1991) 1613; Radiative electroweak breaking and sparticle spectroscopy with tan β ≃ M_t/M_b, Phys. Lett. B 300 (1993) 245;

G. Anderson, S. Raby, S. Dimopoulos, L.J. Hall and G.D. Starkman, A systematic SO(10) operator analysis for fermion masses, Phys. Rev. D 49 (1994) 3660 [hep-ph/9308333]; V.D. Barger, M.S. Berger and P. Ohmann, The supersymmetric particle spectrum, Phys. Rev. D 49 (1994) 4908 [hep-ph/9311269];

M. Carena, M. Olechowski, S. Pokorski and C.E.M. Wagner, Electroweak symmetry breaking and bottom-top Yukawa unification, Nucl. Phys. B 426 (1994) 269 [hep-ph/9402253]; B. Ananthanarayan, Q. Shafi and X.M. Wang, Improved predictions for top quark, lightest supersymmetric particle and Higgs scalar masses, Phys. Rev. D 50 (1994) 5980 [hep-ph/9311225];

– 18 –

F.M. Borzumati, M. Olechowski and S. Pokorski, Constraints on the minimal SUSY SO(10) model from cosmology and the b → sγ decay, Phys. Lett. B 349 (1995) 311 [hep-ph/9412379]; R. Rattazzi and U. Sarid, The unified minimal supersymmetric model with large Yukawa couplings, Phys. Rev. D 53 (1996) 1553 [hep-ph/9505428];

T. Blazek, M. Carena, S. Raby and C. Wagner, A global χ^2 analysis of electroweak data in SO(10) susy GUTs, Phys. Rev. D 56 (1997) 6919;

T. Blazek and S. Raby, Supersymmetric grand unified theories and global fits to low energy data, Phys. Lett. B 392 (1997) 371 [hep-ph/9611319]; b → sγ with large tan β in MSSM analysis constrained by a realistic SO(10) model, Phys. Rev. D 59 (1999) 095002 [hep-ph/9712257];

T. Blazek, S. Raby and K. Tobe, Neutrino oscillations in a predictive SUSY GUT, Phys. Rev. D 60 (1999) 113001 [hep-ph/9903340]; Neutrino oscillations in an so(10) SUSY GUT with U_2 × U^n_1 family symmetry, Phys. Rev. D 62 (2000) 055001 [hep-ph/9912482].

[10] H. Baer, M.A. Diaz, J. Ferrandis and X. Tata, Sparticle mass spectra from SO(10) grand unified models with Yukawa coupling unification, Phys. Rev. D 61 (2000) 111701 [hep-ph/9907211];

This work is based on an earlier work by H. Murayama, M. Olechowski and S. Pokorski, Viable t-b-τ Yukawa unification in SUSY SO(10), Phys. Lett. B 371 (1996) 57 [hep-ph/9510327].

[11] M. Drees, Intermediate scale symmetry breaking and the spectrum of super partners in superstring inspired supergravity models, Phys. Lett. B 181 (1986) 279; J.S. Hagelin and S. Kelley, Sparticle masses as a probe of GUT physics, Nucl. Phys. B 342 (1990) 95;

A.E. Faraggi, J.S. Hagelin, S. Kelley and D.V. Nanopoulos, Sparticle spectroscopy, Phys. Rev. D 45 (1992) 3272;

Y. Kawamura and M. Tanaka, Scalar mass spectrum as a probe of E_6 gauge symmetry breaking, Prog. Theor. Phys. 91 (1994) 949;

Y. Kawamura, H. Murayama and M. Yamaguchi, Probing symmetry breaking pattern using sfermion masses, Phys. Lett. B 324 (1994) 52 [hep-ph/9402254]; Low-energy effective lagrangian in unified theories with nonuniversal supersymmetry breaking terms, Phys. Rev. D 51 (1995) 1337 [hep-ph/9406245];

N. Polonsky and A. Pomarol, Nonuniversal GUT corrections to the soft terms and their implications in supergravity models, Phys. Rev. D 51 (1995) 6532 [hep-ph/9410231]; H.C. Cheng and L.J. Hall, Squark and slepton mass relations in grand unified theories, Phys. Rev. D 51 (1995) 5289 [hep-ph/9411276];

C.F. Kolda and S.P. Martin, Low-energy supersymmetry with D term contributions to scalar masses, Phys. Rev. D 53 (1996) 3871 [hep-ph/9503445].

[12] H. Baer et al., Yukawa unified supersymmetric SO(10) model: cosmology, rare decays and collider searches, Phys. Rev. D 63 (2001) 015007 [hep-ph/0005027].

[13] M. Drees and M.M. Nojiri, The neutralino relic density in minimal N = 1 supergravity, Phys.

Rev. D 47 (1993) 376 [hep-ph/9207234];

H. Baer and M. Brhlik, Neutralino dark matter in minimal supergravity: direct detection vs. collider searches, Phys. Rev. D 57 (1998) 567 [hep-ph/9706509];

H. Baer et al., Yukawa unified supersymmetric SO(10) model: cosmology, rare decays and collider searches, Phys. Rev. D 63 (2001) 015007 [hep-ph/0005027];

– 19 –

A. Djouadi, M. Drees and J.L. Kneur, Constraints on the minimal supergravity model and prospects for SUSY particle production at future linear e^+e^− colliders, J. High Energy Phys. 08 (2001) 055 [hep-ph/0107316];

J.R. Ellis, T. Falk, G. Ganis, K.A. Olive and M. Srednicki, The cmssm parameter space at large tan β, Phys. Lett. B 510 (2001) 236 [hep-ph/0102098];

L. Roszkowski, R. Ruiz de Austri and T. Nihei, New cosmological and experimental constraints on the CMSSM, J. High Energy Phys. 08 (2001) 024 [hep-ph/0106334]; A.B. Lahanas and V.C. Spanos, Implications of the pseudo-scalar Higgs boson in determining the neutralino dark matter, Eur. Phys. J. C 23 (2002) 185 [hep-ph/0106345].

[14] J.R. Ellis, T. Falk and K.A. Olive, Neutralino stau coannihilation and the cosmological upper limit on the mass of the lightest supersymmetric particle, Phys. Lett. B 444 (1998) 367 [hep-ph/9810360];

J. Ellis, T. Falk, K. Olive and M. Srednicki, Calculations of neutralino-stau coannihilation channels and the cosmologically relevant region of MSSM parameter space, Astropart. Phys. 13 (2000) 181 [hep-ph/9905481], erratum ibid. 15 (2001) 413;

M.E. Gomez, G. Lazarides and C. Pallis, Supersymmetric cold dark matter with Yukawa unification, Phys. Rev. D 61 (2000) 123512 [hep-ph/9907261]; Yukawa unification, b → sγ and bino stau coannihilation, Phys. Lett. B 487 (2000) 313 [hep-ph/0004028].

[15] K.L. Chan, U. Chattopadhyay and P. Nath, Naturalness, weak scale supersymmetry and the prospect for the observation of supersymmetry at the Tevatron and at the LHC, Phys. Rev. D 58 (1998) 096004 [hep-ph/9710473].

[16] J.L. Feng, K.T. Matchev and T. Moroi, Multi-TeV scalars are natural in minimal supergravity, Phys. Rev. Lett. 84 (2000) 2322 [hep-ph/9908309]; Focus points and naturalness in supersymmetry, Phys. Rev. D 61 (2000) 075005 [hep-ph/9909334].

[17] H. Baer, C.-h. Chen, F. Paige and X. Tata, Signals for minimal supergravity at the cern large hadron collider: multi-jet plus missing energy channel, Phys. Rev. D 52 (1995) 2746 [hep-ph/9503271]; Signals for minimal supergravity at the cern large hadron collider ii: multilepton channels, Phys. Rev. D 53 (1996) 6241 [hep-ph/9512383].

[18] H. Baer and J. Ferrandis, Supersymmetric so(10) GUT models with yukawa unification and a positive mu term, Phys. Rev. Lett. 87 (2001) 211803 [hep-ph/0106352].

[19] J.L. Feng, C.F. Kolda and N. Polonsky, Solving the supersymmetric flavor problem with radiatively generated mass hierarchies, Nucl. Phys. B 546 (1999) 3 [hep-ph/9810500]; J. Bagger, J.L. Feng and N. Polonsky, Naturally heavy scalars in supersymmetric grand unified theories, Nucl. Phys. B 563 (1999) 3 [hep-ph/9905292];

J.A. Bagger, J.L. Feng, N. Polonsky and R.-J. Zhang, Superheavy supersymmetry from scalar mass a-parameter fixed points, Phys. Lett. B 473 (2000) 264 [hep-ph/9911255].

[20] H. Baer, P. Mercadante and X. Tata, Calculable sparticle masses with radiatively driven inverted mass hierarchy, Phys. Lett. B 475 (2000) 289 [hep-ph/9912494]; H. Baer et al., Aspects of supersymmetric models with a radiatively driven inverted mass hierarchy, Phys. Rev. D 64 (2001) 015002 [hep-ph/0102156].

[21] H. Baer, M.A. Diaz, P. Quintana and X. Tata, Impact of physical principles at very high energy scales on the superparticle mass spectrum, J. High Energy Phys. 04 (2000) 016 [hep-ph/0002245].

[22] D. Auto et al., Yukawa coupling unification in supersymmetric models, J. High Energy Phys.

06 (2003) 023 [hep-ph/0302155].

– 20 –

[23] T. Blazek, R. Dermisek and S. Raby, Predictions for Higgs and SUSY spectra from SO(10) yukawa unification with μ > 0, Phys. Rev. Lett. 88 (2002) 111804 [hep-ph/0107097].

[24] T. Blazek, R. Dermisek and S. Raby, Yukawa unification in SO(10), Phys. Rev. D 65 (2002) 115004 [hep-ph/0201081].

[25] R. Dermisek, S. Raby, L. Roszkowski and R. Ruiz De Austri, Dark matter and b/s → μ^+μ^− with minimal SO(10) soft SUSY breaking, J. High Energy Phys. 04 (2003) 037 [hep-ph/0304101].

[26] J.R. Ellis, K.A. Olive and Y. Santoso, The MSSM parameter space with non-universal Higgs masses, Phys. Lett. B 539 (2002) 107 [hep-ph/0204192];

J.R. Ellis, T. Falk, K.A. Olive and Y. Santoso, Exploration of the MSSM with non-universal Higgs masses, Nucl. Phys. B 652 (2003) 259 [hep-ph/0210205].

[27] WMAP collaboration, D.N. Spergel et al., First year wilkinson microwave anisotropy probe (WMAP) observations: determination of cosmological parameters, Astrophys. J. Suppl. 148 (2003) 175 [astro-ph/0302209].

[28] S. Profumo, Neutralino dark matter, b-τ Yukawa unification and non-universal sfermion masses, Phys. Rev. D 68 (2003) 015006 [hep-ph/0304071].

[29] C. Pallis, b − τ unification and sfermion mass non-universality, Nucl. Phys. B 678 (2004) 398 [hep-ph/0304047].

[30] M.E. Gomez, G. Lazarides and C. Pallis, Supersymmetric cold dark matter with Yukawa unification, Phys. Rev. D 61 (2000) 123512 [hep-ph/9907261];

M.E. Gomez, G. Lazarides and C. Pallis, Yukawa quasi-unification, Nucl. Phys. B 638 (2002) 165 [hep-ph/0203131];

M.E. Gomez, G. Lazarides and C. Pallis, On yukawa quasi-unification with μ < 0, Phys. Rev. D 67 (2003) 097701 [hep-ph/0301064].

[31] F. Gabbiani, E. Gabrielli, A. Masiero and L. Silvestrini, A complete analysis of fcnc and CP constraints in general SUSY extensions of the standard model, Nucl. Phys. B 477 (1996) 321 [hep-ph/9604387].

[32] M. Misiak, S. Pokorski and J. Rosiek, Supersymmetry and FCNC effects, Adv. Ser. Direct.

High Energy Phys. 15 (1998) 795.

[33] H. Baer, A. Belyaev, T. Krupovnickas and A. Mustafayev, SUSY normal scalar mass hierarchy reconciles (g − 2)_μ, b → sγ and relic density, J. High Energy Phys. 06 (2004) 044 [hep-ph/0403214].

[34] F.E. Paige, S.D. Protopescu, H. Baer and X. Tata, Isajet 7.69: a monte carlo event generator for p p, p̄p and e^+e^− reactions, hep-ph/0312045.

[35] V.D. Barger, M.S. Berger and P. Ohmann, The supersymmetric particle spectrum, Phys. Rev.

D 49 (1994) 4908 [hep-ph/9311269].

[36] M. Drees, G. Jungman, M. Kamionkowski and M.M. Nojiri, Neutralino annihilation into gluons, Phys. Rev. D 49 (1994) 636 [hep-ph/9306325].

[37] Muon g-2 collaboration, G.W. Bennett et al., Measurement of the positive muon anomalous magnetic moment to 0.7-ppm, Phys. Rev. Lett. 89 (2002) 101804 [hep-ex/0208001]; Measurement of the negative muon anomalous magnetic moment to 0.7-ppm, Phys. Rev. Lett. 92 (2004) 161802 [hep-ex/0401008].

– 21 –

[38] H. Baer et al., Updated constraints on the minimal supergravity model, J. High Energy Phys.

07 (2002) 050 [hep-ph/0205325]; Updated constraints on the minimal supergravity model,

hep-ph/0210441;

For a review, see G. Eigen, R. Gaitskell, G.D. Kribs and K.T. Matchev, Indirect investigations of supersymmetry, eConf C010630 (2001) P342 [hep-ph/0112312].

[39] ALEPH collaboration, R. Barate et al., Search for supersymmetric particles in e^+e^− collisions at s^{1/2} up to 202-GeV and mass limit for the lightest neutralino, Phys. Lett. B 499 (2001) 67 [hep-ex/0011047].

[40] OPAL collaboration, G. Abbiendi et al., Search for scalar top and scalar bottom quarks at √ s = 189 GeV at LEP, Phys. Lett. B 456 (1999) 95 [hep-ex/9903070].

[41] CDF collaboration, T. Affolder et al., Search for gluinos and scalar quarks in pp̄ collisions at √ s = 1.8 TeV using the missing energy plus multijets signature, Phys. Rev. Lett. 88 (2002) 041801 [hep-ex/0106001].

[42] D0 collaboration, B. Abbott et al., Search for squarks and gluinos in events containing jets and a large imbalance in transverse energy, Phys. Rev. Lett. 83 (1999) 4937 [hep-ex/9902013].

[43] H. Baer, M. Drees, R. Godbole, J.F. Gunion and X. Tata, Phenomenology of light top squarks at the fermilab Tevatron, Phys. Rev. D 44 (1991) 725;

H. Baer, J. Sender and X. Tata, The search for top squarks at the fermilab Tevatron collider, Phys. Rev. D 50 (1994) 4517 [hep-ph/9404342];

R. Demina, J.D. Lykken, K.T. Matchev and A. Nomerotski, Stop and sbottom searches in run II of the fermilab Tevatron, Phys. Rev. D 62 (2000) 035011 [hep-ph/9910275].

[44] CDF collaboration, T. Affolder et al., Search for scalar top and scalar bottom quarks in pp̄ collisions at √ s = 1.8 TeV, Phys. Rev. Lett. 84 (2000) 5704 [hep-ex/9910049].

[45] D0 collaboration, S. Abachi et al., Search for light top squarks in pp̄ collisions at √ s = 1.8 TeV, Phys. Rev. Lett. 76 (1996) 2222.

[46] H. Baer, C. Balazs, A. Belyaev and J. O’Farrill, Direct detection of dark matter in supersymmetric models, JCAP 09 (2003) 007 [hep-ph/0305191].

[47] Edelweiss collaboration, G. Chardin et al., Latest results from the edelweiss wimp search, Nucl. Instrum. Meth. A520 (2004) 101.

[48] CDMS collaboration, D.S. Akerib et al., First results from the cryogenic dark matter search in the soudan underground lab, astro-ph/0405033.

[49] Particle Data Group collaboration, S. Eidelman et al., Review of particle physics, Phys.

Lett. B 592 (2004) 1.

[50] J. Amundson et al., Report of the supersymmetry theory subgroup, ECONF C960625 (1996) SUP106 [hep-ph/9609374];

G. Anderson, H. Baer, C.-h. Chen and X. Tata, The reach of fermilab Tevatron upgrades for SU(5) supergravity models with non-universal gaugino masses, Phys. Rev. D 61 (2000) 095005 [hep-ph/9903370].

[51] N. Chamoun, C.-S. Huang, C. Liu and X.-H. Wu, Non-universal gaugino masses in supersymmetric SO(10), Nucl. Phys. B 624 (2002) 81 [hep-ph/0110332].

– 22 –

[52] A. Corsetti and P. Nath, Gaugino mass nonuniversality and dark matter in sugra, strings and D-brane models, Phys. Rev. D 64 (2001) 125010 [hep-ph/0003186]; U. Chattopadhyay, A. Corsetti and P. Nath, Supersymmetric dark matter and Yukawa unification, Phys. Rev. D 66 (2002) 035003 [hep-ph/0201001].

[53] R. Dermisek and A. Mafi, SO(10) grand unification in five dimensions: proton decay and the mu problem, Phys. Rev. D 65 (2002) 055002 [hep-ph/0108139];

H. Baer et al., Viable models with non-universal gaugino mediated supersymmetry breaking, J. High Energy Phys. 05 (2002) 061 [hep-ph/0204108].

[54] C. Balazs and R. Dermisek, Yukawa coupling unification and non-universal gaugino mediation of supersymmetry breaking, J. High Energy Phys. 06 (2003) 024 [hep-ph/0303161].

[55] S. Mizuta, D. Ng and M. Yamaguchi, Phenomenological aspects of supersymmetric standard models without grand unification, Phys. Lett. B 300 (1993) 96 [hep-ph/9210241]; C.H. Chen, M. Drees and J.F. Gunion, A non-standard string/SUSY scenario and its phenomenological implications, Phys. Rev. D 55 (1997) 330 [hep-ph/9607421]; A. Birkedal-Hanson and B. Nelson, The role of wino content in neutralino dark matter, Phys. Rev. D 64 (2001) 015008; Relic neutralino densities and detection rates with nonuniversal gaugino masses, Phys. Rev. D 67 (2003) 095006.

[56] J.M. Frere, D.R.T. Jones and S. Raby, Fermion masses and induction of the weak scale by supergravity, Nucl. Phys. B 222 (1983) 11;

L. Alvarez-Gaumé, J. Polchinski and M.B. Wise, Minimal low-energy supergravity, Nucl. Phys. B 221 (1983) 495;

J.P. Derendinger and C.A. Savoy, Quantum effects and SU(2) × U(1) breaking in supergravity gauge theories, Nucl. Phys. B 237 (1984) 307;

C. Kounnas, A.B. Lahanas, D.V. Nanopoulos and M. Quiros, Low-energy behavior of realistic locally supersymmetric grand unified theories, Nucl. Phys. B 236 (1984) 438; M. Claudson, L.J. Hall and I. Hinchliffe, Low-energy supergravity: false vacua and vacuous predictions, Nucl. Phys. B 228 (1983) 501;

M. Drees, M. Gluck and K. Grassie, A new class of false vacua in low-energy N = 1 supergravity theories, Phys. Lett. B 157 (1985) 164;

J.F. Gunion, H.E. Haber and M. Sher, Charge/color breaking minima and a-parameter bounds in supersymmetric models, Nucl. Phys. B 306 (1988) 1;

H. Komatsu, New constraints on parameters in the minimal supersymmetric model, Phys. Lett. B 215 (1988) 323.

[57] For some analyses of non-standard vacua including radiative corrections, see J.A. Casas, A. Lleyda and C. Muñoz, Strong constraints on the parameter space of the MSSM from charge and color breaking minima, Nucl. Phys. B 471 (1996) 3 [hep-ph/9507294]; H. Baer, M. Brhlik and D. Castano, Constraints on the minimal supergravity model from non-standard vacua, Phys. Rev. D 54 (1996) 6944 [hep-ph/9607465]; S. Abel and T. Falk, Charge and color breaking in the constrained MSSM, Phys. Lett. B 444 (1998) 427 [hep-ph/9810297].

– 23 –