arXiv:hep-ph/0110341 v1 25 Oct 2001

TIFR/TH/01-41 NUB-TH/3222

b − τ Unification, g_μ − 2, the b → s + γ Constraint and Nonuniversalities

Utpal Chattopadhyay^{(a)} and Pran Nath^{(b)} (a)Department of Theoretical Physics, Tata Institute of Fundamental Research,Homi Bhabha Road Mumbai 400005, India (b)Department of Physics, Northeastern University, Boston, MA 02115, USA

Abstract

An analysis is given of the b−τ Yukawa coupling unification in view of the recent result from Brookhaven on g_μ −2 and under the constraint of b → s+γ. We explore b − τ unification under the above constraints for nonuniversal boundary conditions for the soft SUSY breaking parameters. We find new regions of the parameter space where significant negative supersymmetric contribution to the b quark mass can arise and b − τ unification within SU(5) framework can occur with nonuniversal gaugino masses. Specifically we find that for the case where the gaugino mass matrix transforms like a 24 plet one finds a negative contribution to the b quark mass irrespective of the sign of the Higgs mixing parameter μ when the supersymmetric contribution to g_μ − 2 is positive. We exhibit regions of the parameter space where b − τ unification occurs for μ > 0 satisfying the constraints of b → s + γ and g_μ − 2. The μ < 0 case is also explored. The dependence of the accuracy of b−τ unification defined by |λ_b − λ_τ |/λ_τ on the parameter space is also investigated and it is shown that unification with an accuracy of a few percent can be achieved in significant regions of the parameter space. The allowed parameter space is consistent with the naturalness constraints and the corresponding sparticle spectrum is accessible at the Large Hadron Collider.

1 Introduction

The unification of b and τ Yukawa couplings, along with gauge coupling unification, is traditionally been viewed as a success of supersymmetric grand unification models with grand unification group structure SU(5) and SO(10). However, a close scrutiny reveals that b − τ unification is rather sensitively dependent on the parameter space of the supersymmetric models such as α_3 and tan β[1, 2], GUT threshold corrections and the effects of gravitational smearing[3]. It is also known that b − τ unification is sensitive to the sign of the Higgs mixing parameter μ[4, 5] and that it prefers the negative sign of μ in the standard μ convention[6]. However, the recent experimental results from Brookhaven[7] indicate that for a class of SUSY models the sign of μ is positive[8] and this result then makes the realization of b − τ unification more difficult. Some recent analyses have tried to address this problem. In the analysis of Ref.[9], the authors work in an SO(10) supersymmetric grand unified model and show that with the inclusion of the D-term contribution to the sfermion and Higgs masses arising from the breakdown of SO(10) it is possible to obtain Yukawa coupling unification up to about 30% with a positive value of μ. The sparticle spectrum found in this analysis is close to that of an inverted hierarchy model[10]. In this scenario the first and the second generation sparticles masses are typically above a TeV and a_μ (a=(g-2)/2) is on the extreme low side of the corridor allowed by the BNL experiment. Another analysis within SO(10) is of Ref.[11] which requires an almost exact Yukawa coupling unification for positive μ. The a_μ predicted in this work is also rather small, i.e., in the range (5 − 10) × 10^{−10}. The scenarios of both Refs.[9, 11] require b − t − τ unification and are for large tan β, i.e., typically ∼ 50.

In this paper we carry out an analysis with focus on b − τ Yukawa unification within SU(5). We do a comprehensive study of this problem with inclusion of nonuniversalities. We find new regions of the parameter space where one has b−τ unification with satisfaction of the g_μ −2 and the b → s+γ constraints. While most of the new parameter space where the desired constraints are satisfied requires μ > 0, we also find regions of the parameter space satisfying all the constraints for the μ < 0 case. The outline of the rest of the paper is as follows. In Sec.II we discuss briefly the current situation on g − 2. In Sec.III we discuss the framework of the proposed analysis. In Sec.IV we give a discussion of the results. Conclusions are given in Sec.V.

2 The g_μ − 2 Constraint on SUSY

We begin with a discussion of the current situation on a_μ. The recent Brookhaven National Laboratory (BNL) experiment gives[7]

a^{exp}_μ = 11659203(15) × 10^{−10} (1)

while the prediction in the Standard Model where a^{SM}_μ = a^{qed}_μ + a^{EW}_μ + a^{hadronic}_μ is[12]

a^{SM}_μ = 11659159.7(6.7) × 10^{−10} (2)

Essentially the entire error above arises from the hadronic correction since[13, 14] a^{had}_μ (vac.pol.) = 692.4(6.2) ×10^{−10}. There is thus a 2.6σ deviation between theory and experiment,

a^{exp}_μ − a^{SM}_μ = 43(16) × 10^{−10}. (3)

The result above is to be compared with the electro-weak correction in the Standard Model[12] a^{EW}_μ = 15.2(0.4) × 10^{−10}. The observed difference between experiment and theory could arise due to a variety of phenomena[15]. Of special interest to us here is the possibility that the observed phenomenon is supersymmetry. It is well known that SUSY makes important contributions to g_μ − 2[16, 17]. After the result of the BNL experiment became available analyses within SUSY were carried out for a variety of scenarios. We begin by summarizing here the results for mSUGRA[18] which is characterized by the following parameters: m_0, m 1_2 , A_0, tan β and sign(μ) where m_0 is the universal scalar mass, m 1_2 is the universal gaugino mass, A_0 is the universal trilinear coupling, tan β =< H_2 > / < H_1 > where H_2 gives mass to the up quark and H_1 gives mass to the down quark and the lepton of each generation and μ is the Higgs mixing parameter. In this case one finds that the sparticle spectrum consistent with the observed effect satisfies the constraint so that m_0 ≤ 1.5 TeV and m 1_2 < 0.8 TeV and further that the sign of μ is determined to be positive[8]. Now positive μ is preferred by the b → s+γ constraint since for positive μ, the parameter space consistent with the constraint is large, while for negative μ the parameter space consistent with the constraint is small[19, 20]. A positive μ is also desirable for the direct detection of dark matter[8, 21]. Within mSUGRA the sparticle spectrum consistent with the BNL constraint lies with in reach of the Large Hadron Collider[22]. However, the upper limits are significantly model dependent[23, 24, 25]. Further, there is also a significant dependence on the CP violating phases[26]. Such model dependence should be taken account of while interpreting the implications of the BNL result.

3 Framework of Analysis

The main purpose of this paper concerns the investigation of the parameter space where b − τ unification occurs consistent with the BNL g − 2 constraint and the b → s + γ constraint by relaxing the universal boundary conditions in mSUGRA. The universality of the soft parameters in mSUGRA model arises from the assumption of a flat Kahler potential and the assumption that the gauge kinetic energy function f_{αβ} is proportional to δ_{αβ} where α, β = 1, .., 24 for SU(5). However, the nature of Planck scale physics is still largely unknown. Thus it is reasonable to investigate more general scenarios based on curved Kahler potentials and with non gauge singlet gauge kinetic energy functions. Of course, there exist strong constraints on the allowed form of nonuniversalities from flavor changing neutral currents. In the scalar sector the flavor changing neutral current constraints still allow for the presence of significant amounts of nonuniversalities in the Higgs doublet sector and in the third generation sector[27]. Our focus in this paper is on nonuniversalities in the gaugino mass sector. In this sector supergravity theories in general allow for the presence of an arbitrary gauge kinetic energy function f_{αβ}. In the presence of a curved Kahler potential this then leads to a gaugino mass matrix of the form M_{αβ} =^1_4ē^{G/2}G^a(G^{−1})^b_a(∂f^∗_{αγ}/∂z^{∗b})f^{−1}_{γβ} , where G = − ln[κ^6W W^∗] − κ^2K. Here, W is the superpotential, K(z, z^∗) is the Kahler potential, z^a are the complex scalar fields, and κ = (8πG_N )^{− 1}2 = 0.41 × 10^{−18} GeV^{−1} where G_N is Newton’s constant. Now f_{αβ} would have a nontrivial field dependence in general involving fields which transform as a singlet or a nonsinglet irreducible representation of the underlying gauge group. With imposition of the SU(3)_C × SU(2)_L × U(1) gauge invariance the gaugino masses at the GUT scale M_G(∼ 2 × 10^{16} GeV) will in general have the form[28] m̃_i(0) = m 1_2 ∑ r c_rn^r_i (4)

where n^r_i are characteristic of the representation r and c_r are the relative weights of the various representations. Since f_{αβ} transform as (24 × 24)_{symm} = 1 + 24 + 75 + 200 the representations r consist of the set {1, 24, 75, 200}. The singlet representation leads to universality of the gaugino masses while the nonsinglet representations 24, 75 and 200 generate nonuniversalities (n^r_i for various representations are given in the Appendix). We will investigate b − τ unification by exploring a wide range of the soft SUSY parameter space with inclusion of nonuniversalities of the type that enter in Eq.(4). The details of the analysis are as follows: We begin at the GUT scale with a prescribed set of boundary conditions and carry out a two loop renormalization group evolution (RGE) for the couplings as well as for the soft parameters. The electroweak symmetry is broken radiatively by the minimization of the Higgs potential computed to the complete one-loop level [29] at the scale[30] Q ∼ √m~_{t1} m~_{t2} . In the analysis we include the supersymmetric corrections [31] to the top quark (with M_t = 175 GeV) and the bottom quark mass. For the light Higgs boson mass we have used the code FeynHiggsFast [32].

In the analysis we impose the BNL g_μ −2 constraint and the b → s+γ constraint which we now summarize. In the Standard Model the branching ratio for the process b → s + γ is estimated to be[33] B(b → s + γ)= (3.29 ± 0.33)×10^{−4}. The most recent experimental determination of this branching ratio gives[34] B(b → s + γ)=(3.15 ± 0.35 ± 0.32 ± 0.26) ×10^{−4} where the first error is statistical, and there are two types of systematic errors. The experimental determination of B(b → s + γ) has many inherent errors and so we use a 2σ range around the current experiment[34] and thus take

2 × 10^{−4} < B(b → s + γ) < 4.3 × 10^{−4} (5) The issue of b − τ unification is closely tied with the supersymmetric correction to the b quark mass

m_b(M_Z ) = λ_b(M_Z ) v √ 2 cos β(1 + Δ_b) (6)

where Δ_b is loop correction to m_b. The running b quark mass m_b(M_b), where M_b is the pole mass, is computed via the RG running from M_Z to M_b using 2-loop Standard Model renormalization group equations. The pole mass M_b is then related to the running mass m_b(M_b) by the relation[1]

M_b = (1 +

4α_3(M_b) 3π + 12.4 α_3(M_b)^2 π^2

)m_b(M_b) (7) Now the largest contributions to Δ_b arise from the gluino and the chargino pieces[31]. For the gluino one has

Δ^{g̃}_b =

2α_3μM_{g̃} 3π tan βI(m^2_{b̃1} , m^2_{b̃2} , M^2_{g̃} ) (8) where I(a, b, c) = abln(a/b) + bcln(b/c) + acln(c/a) (a − b)(b − c)(a − c) (9) We note that since I(m^2_{b̃1} , m^2_{b̃1} , M^2_{g̃} ) is always positive one finds that Δ^{g̃}_b is negative when μM_{g̃} is negative. This situation can arise when either μ is negative and M_{g̃} positive or when μ is positive and M_{g̃} is negative. There is a similar situation for the case of the chargino contribution which is Δ^{χ̃+}_b = Y_tμA_t 4π tan βI(m^2_{t̃1}, m^2_{t̃2} , μ^2) (10)

where Y_t = λ^2_t /4π. In this case Δ^{χ̃+}_b is negative when either μ is negative and A_t is positive or when μ is positive and A_t is negative. We note that typically satisfaction of the g_μ − 2 constraint requires that the sign of μm̃_2 be positive. For universal boundary conditions this would lead to a positive Δ^{g̃}_b which is not preferred by b − τ unification. We note, however, that for the case when the gaugino masses arise from a 24 plet term in Eq.(4) one has that the signs of the m̃_3 and m̃_2 are necessarily opposite. Because of this one finds that a positive a^{SU SY}_μ implies a negative Δ^{g̃}_b which is what is preferred by b − τ unification. This anti-correlation between the positivity of a^{SU SY}_μ and the negativity of Δ^{g̃}_b occurs independent of the sign of μ. However, since the satisfaction of b → s + γ typically prefers a positive μ the positive μ sign would still be preferred but solutions with negative μ are not necessarily excluded just because of the BNL constraint in this case. (The fact that a negative μ can still give a positive supersymmetric contribution to g_μ − 2 in the 24 plet case was also noticed in Ref.[24]). Typically one expects the gluino contribution of Eq.(8) to be the largest supersymmetric contribution. An enhancement of Δ_b can occur when both Δ^{g̃}_b and Δ^{χ̃+}_b are negative. For μ > 0 this occurs when C_{24} < 0 and A_t < 0 and for μ < 0 this occurs when C_{24} > 0 and A_t > 0.

4 Discussion of Results

We give now details of the numerical analysis with focus on the gaugino mass nonuniversalities as discussed above. We find that the most favorable situation arises for the case when c_{24} is negative while cases with nonvanishing c_{75} and c_{200} do not produce b − τ unification consistent with g_μ − 2 and b → s + γ constraints. It is indeed the g_μ − 2 constraint which is not satisfied in the latter two scenarios. The result of the analysis is given in Figs.1 -10 which we now discuss in detail. In analyzing b−τ unification it is useful to define the parameter δ_{bτ} which prescribes the accuracy with which b − τ unification is achieved where δ_{bτ} = |λ_b − λ_τ | λ_τ (11)

In Fig.(1a) we plot δ_{bτ} vs tan β for the following range of parameters: 0 < m_0 < 2000 GeV, −1000GeV < c_{24}m 1_2 < 1000GeV , −6000GeV < A_0 < 6000GeV and μ > 0. The dotted points satisfy b−τ unification at the level shown, the crosses additionally satisfy b → s+γ constraint and the filled circles satisfy all the constraints, ie., b − τ unification, b → s + γ and g_μ − 2 constraints. If one uses a criterion that b − τ unification be satisfied to an accuracy of 30% then Fig.(1a) exhibits that there are significant regions of the parameter space with δ_{bτ} ≤ 0.3. However, Fig.(1a) also shows that there are appreciable regions in the parameter space where b − τ unification can be satisfied to 20%, 10% and even less than 5% level. An interesting phenomenon we see in Fig.(1a) is that the values of tan β consistent with b − τ unification lie in a wide range depending on the accuracy of the b − τ unification that is desired. Thus for a δ_{bτ} ≤ 0.3 one finds that the allowed values of tan β can be as low as 15 − 20 and as high as 40 − 45. However, a b − τ unification with a few percent accuracy would require a value of tan β in the vicinity of 30 or above. An analysis similar to that of Fig.(1a) but with a plot of δ_{bτ} vs m_0 is given in Fig.(1b) where the parameter range is as in Fig.(1a) and tan β lies in the range 2 < tan β < 55. We note that the bulk of m_0 values satisfying all the desired constraints are such that m_0 ≤ 1TeV. An analysis of δ_{bτ} vs C_{24} ∗ m 1_2 is given in Fig.(1c). Here one finds quite remarkably that the allowed points in the parameter space which satisfy the desired constraints all appear to lie in a rather narrow strip −200 GeV < C_{24} ∗ m 1_2 < 0, where the narrow strip specifically comes from the g_μ − 2 constraint. Finally in Fig.(1d) a plot of δ_{bτ} vs A_0 reveals that the bulk of the allowed A_0 values consistent with all the desired constraints are negative. In most of the parameter space the dominant supersymmetric correction to the b quark mass arises from the gluino exchange term. These results are consistent with our discussion at the end of Sec.3.

The importance of supersymmetry for b − τ unification is exhibited in Fig.(2) which gives a plot of δ_{bτ} vs Δ_b where Δ_b is the supersymmetric contribution to the b quark mass. Here the dots refer to the points satisfying b − τ unification, and filled squares represent points which additionally satisfy the b → s + γ and the g_μ − 2 constraints. From Fig.(2) one finds that the more accurate the b − τ unification the larger is the fraction of the supersymmetric contribution and that b − τ unification within a few percent accuracy requires a SUSY correction to the b quark mass which can be as large as 30% to 40%. Next we discuss b − τ unification with the stricter constraint that the unification hold to within 10%. In Fig.(3a) a plot of Δ_b is given as a function of tan β with all other parameters the same as in Fig.(2) but with the additional constraint that δ_{bτ} ≤ 0.1. Here one finds that the SUSY corrections must be at least 15-20% of the b quark mass but could be as large as 40%. A similar analysis but with Δ_b vs m_0 is given in Fig.(3b), with Δ_b vs C_{24}m 1_2 in Fig.(3c), and with Δ_b vs A_0 in Fig.(3d). We note that for the case of Fig.(3d) the allowed values of A_0 are all negative as anticipated in our discussion at the end of Sec.3 for the μ > 0 case.

Motivated by the fact that tan β ∼ 35 is the most favored zone for b−τ unification (see Fig. 1(a)) we compare the sparticle mass spectra in mSUGRA with the one arising in the 24-plet nonuniversal case in Figs.4(a) and 4(b). Since the SU(3) gauge sector produces important renormalization group effects on the sparticle masses we have chosen identical m_3(M_G) values in Figs.4(a) and 4(b) for a direct comparison. Thus for m_0 and m_3(M_G) fixed we find that the squark and slepton masses undergo a relatively small change as we go from Fig.(4a) to Fig.(4b) but a relatively large change is seen in the lightest neutralino mass due to the very different ratio of the U(1) and SU(3) gaugino masses for the 24 plet case compared to the mSUGRA case. Having identified the signature of the 24-plet nonuniversal scenario on the mass spectra as given by Figs.(4a) and (4b) we now study the sparticle spectrum in the most favored b − τ unification region under the b → s + γ constraint and the g_μ − 2 limits. The result is exhibited in Fig.4(c). The choice of parameters in Fig.(4c) is based on the fact that the requirement of b − τ unification along with the b → s + γ constraint prefers the parameters tan β = 35, A_0 = −1 TeV and c_{24}m_{1/2} < 0. The choice c_{24}m_{1/2} = −100 GeV (see Fig.1(a)) is guided by the fact that the g_μ − 2 constraint is most easily satisfied for this value of c_{24}m_{1/2}. In Fig.(4c) δ_{bτ} ranges between 0.2 to 0.4. Regarding the sparticle spectra we note that as in Fig.(4b) the lightest neutralino mass is much smaller relative to the mSUGRA case of Fig.(4a). Another interesting phenomenon is that because of the large A_0 value in this case there is a large L-R mixing in the stop mixing matrix resulting in significantly smaller m~_{t1} here relative to that in Fig.(4b). More generally the third generation scalar sector is relatively lighter. Finally, most importantly, while considering m_0 between 400 to 800 GeV which is the favored region for satisfying all the constraints (see Fig.1(b)) we see that the spectrum in Fig.4(c) is well below a TeV. Thus the naturalness requirement is preserved (see, e.g., Ref.[30]).

We discuss now briefly the 24 plet case for μ < 0. The results are exhibited in Fig.(5) where we have used the range of parameters 0 < m_0 < 2T eV , −1T eV < c_{24}m_{1/2} < 1T eV , and −6T eV < A_0 < 6T eV and imposed the unification criterion δ_{bτ} ≤ 0.2. The analysis of Fig.(5) shows that there are significant regions of the parameter space where all the constraint, i.e., b → s + γ, g_μ − 2 and the b − τ unification are consistently satisfied. In Fig.(6) we exhibit the allowed and the disallowed regions due to various constraints in the m_0 −m_3(M_G) plane. Dotted points satisfy b−τ constraint with δ_{bτ} < 0.3, the blue crosses are the points which are additionally allowed by the g_μ − 2 constraint and the black filled circles satisfy the g_μ − 2 constraint, the b → s + γ constraint, and the constraint δ_{bτ} < 0.3. Fig.(6a) gives the analysis for μ > 0 and Fig.(6b) for μ < 0. We note that the density of points where all the constraints are satisfied is quite significant for both the μ > 0 and the μ < 0 cases.

Next we discuss cases where the gaugino masses transform like the 75 and the 200 plet representations. We start by exhibiting in Fig.(7) the gaugino masses at the scale M_Z for the universal (mSUGRA) case (Fig.(7a)) and for the nonuniversal (24,75 and 100 plet) cases (Figs.(7b-7d)). We note that the ratio of gaugino masses for the 75 plet and the 200 plet cases are drastically different from each other and from the mSUGRA and the 24 plet cases. This is of course what we expect from the nature of the boundary conditions for the four cases as given in the Appendix. In Fig.(8) we exhibit the mass spectra for the universal and the nonuniversal cases as a function of m_0. One notices the drastic modification of the pattern of sparticle masses as one goes from the universal case of Fig.(8a) to the nonuniversal cases of Figs.(8b-8d). A similar display with respect to m 1_2 for the universal case and with respect to m_3(M_G) for the nonuniversal cases is given in Fig.(9) where the gray areas represent the excluded regions because of LEP chargino mass limits[35] and the absence of radiative electroweak symmetry breaking. Again one finds some drastic modifications of the sparticle spectrum when one compares the four cases exhibited in Fig.(9). In Fig.(10) we exhibit the points in the parameter space which satisfy b − τ unification for 75 and 200 plet cases. One finds that there exist significant regions of the parameter space in Fig.(10a) and Fig.(10c) satisfying b−τ unification which also additionally satisfy the b → s + γ constraint for μ > 0. Both the requirements of b − τ unification as well as the b → s + γ constraint reduces the allowed parameter space significantly for μ < 0, but there still exist significant regions of the parameter space in this case which are allowed by the constraints as shown in Fig.(10b) and Fig.(10d). However, none of the allowed points in Figs.(10a-10d) which satisfy the b − τ unification and the b → s + γ constraints satisfy the g_μ − 2 constraint.

5 Conclusions

In this paper we have analyzed b − τ unification within SU(5) with emphasis on nonuniversalities in the gaugino sector. We find that there exist regions of the parameter space with nonuniversalities in the gaugino mass sector which lead to b−τ unification consistent with the Brookhaven result on g_μ − 2 and with satisfaction of the b → s + γ constraint. We discussed the 24 plet, the 75 plet and the 200 plet types of nonuniversality in the gaugino sector. We found that while b − τ unification and the b → s + γ constraint can be satisfied for all three types of nonuniversalities, but it is only the 24 plet case where the additional BNL g_μ − 2 constraint can be satisfied. An important result that was observed for the 24 plet case is that in this case there exists an anti-correlation between the positivity of a^{SU SY}_μ and the negativity of Δ^{g̃}_b and hence of Δ_b since Δ^{g̃}_b is the dominant contribution to Δ_b over most of the parameter space of the model. Quite remarkably the above anti-correlation holds irrespective of the sign of μ. The above result implies that in the 24 plet case the experimental BNL constraint that a^{SU SY}_μ > 0 automatically leads to a negative contribution from Δ^{g̃}_b resulting in a negative Δ_b which is what is needed for b − τ unification. We investigated both the μ > 0 and the μ < 0 branches and find satisfactory solutions for both cases. In both cases we find new regions of the parameter space which give negative SUSY contribution to the b quark mass, satisfy the g_μ − 2 as well as b → s + γ constraints and lead to a satisfactory b − τ unification. The new regions of the parameter space are also consistent with the naturalness criteria and further the corresponding sparticle spectrum which arises in this parameter space lies within the reach of the Large Hadron Collider. It would be interesting to discuss the details of the supersymmetric signals such as the trileptonic signal[36, 6] in this part of the parameter space. However, this analysis is outside the scope of this paper. Further, we have not discussed in this paper the topic of proton stability which involves the Higgs triplet sector of the theory. The most recent experimental data from SuperKamiokande appears to put a rather stringent constraint on the Higgs triplet coupling in the simplest supersymmetric grand unification models[37, 38]. However, it is possible to relieve this constraint in non minimal models[39, 40]. Further work is required in this area but again this analysis is outside the scope of this paper. While this paper was under preparation the work of Ref.[41] appeared where the issue of b − τ unification with gaugino mass nonuniversality was also briefly discussed. Appendix We record here the numerical values of n^r_i for the universal and the nonuniversal cases. For the universal case one has n^{(1)}_i = 1 for all i. The cases r=24,75, 200 are nonuniversal. For r=24 one has n^{(24)}_1 = −1; n^{(24)}_2 = −3; n^{(24)}_3 = 2. For r= 75 one has n^{(75)}_1 = −5; n^{(75)}_2 = 3; n^{(75)}_3 = 1. Finally, for r=200 one has n^{(200)}_1 = 10; n^{(200)}_2 = 2; n^{(200)}_3 = 1.

6 Acknowledgments

This work was initiated when the authors were at CERN and they acknowledge the hospitality extended to them during the period of the visit there. This research was supported in part by NSF grant PHY-9901057.

References

[1] H. Arason, D.J. Castano, B.E. Kesthelyi, S. Mikaelian, E.J. Piard, P. Ramond, and B.D. Wright, Phys. Rev. Lett. 67, 2933(1991).

[2] V. Barger, M.S. Berger, and P. Ohman, Phys. Lett. B314, 351(1993); Phys. Rev.

D47, 1093(1993).

[3] T. Dasgupta, P. Mamales and P. Nath, Phys. Rev. D52, 5366(1995). [4] D. Pierce, J. Bagger, K. Matchev and R. Zhang, Nucl. Phys. B491, 3(1997); H. Baer, H. Diaz, J. Ferrandis and X. Tata, Phys. Rev. D61, 111701(2000).

[5] W. de Boer, M. Huber, A.V. Gladyshev, D.I. Kazakov, Eur. Phys. J. C 20, 689 (2001);

W. de Boer, M. Huber, C. Sander, and D.I. Kazakov, hep-ph/0106311; [6] SUGRA Working Group Collaboration (S. Abel et. al.), hep-ph/0003154. [7] H.N. Brown et al., Muon (g − 2) Collaboration, hep-ex/0102017. [8] U. Chattopadhyay and P. Nath, Phys. Rev. Lett. 86, 5854 (2001). See also, L. L. Everett, G. L. Kane, S. Rigolin and L. Wang, Phys. Rev. Lett. 86, 3484 (2001); J. L. Feng and K. T. Matchev, Phys. Rev. Lett. 86, 3480 (2001); E. A. Baltz and P. Gondolo, Phys. Rev. Lett. 86, 5004 (2001).

[9] H. Baer and J. Ferrandis, hep-ph/0106352.

[10] J. Bagger, J. Feng, N. Polonsky and R. Zhang, Phys. Lett. B473, 264(2000); H.

Baer, C. Balazs, M. Brhlik, P. Mercadante, X.Tata and Y. Wang, Phys. Rev. D64 :01500 (2001); H. Baer, C. Balazs, P. Mercadante, X.Tata and Y. Wang, Phys.Rev. D63 :015011 (2001) ; H. Baer, P. Mercadante and X.Tata, Phys. Lett. B475:289, (2000).

[11] T. Blazek, R. Dermisek and S. Raby, hep-ph/0107097; S. Raby, hep-ph/0110203. [12] A. Czarnecki and W.J. Marciano, Nucl. Phys. (Proc. Suppl.) B76, 245(1999). [13] M. Davier and A. Höcker, Phys. Lett. B 435, 427 (1998).

[14] For other assessments of the hadronic error see, F.J. Yndurain, hep-ph/0102312;

J.F. De Troconiz and F.J. Yndurain, hep-ph/0106025; S. Narison, Phys. Lett. B 513, 53 (2001); K. Melnikov, hep-ph/0105267; G. Cvetic, T. Lee and I. Schmidt, hep-ph/0107069. For a review of status of the hadronic error see, W.J. Marciano and B.L. Roberts, ”Status of the hadronic contribution to the muon g − 2 value”, hep-ph/0105056; J. Prades, ”The Standard Model Prediction for Muon g − 2”, hepph/0108192

[15] A. Czarnecki and W.J. Marciano, Phys. Rev. D64, 013014(2001).

[16] D.A. Kosower, L.M. Krauss, N. Sakai, Phys. Lett. B 133, 305 (1983); T. C. Yuan, R. Arnowitt, A. H. Chamseddine and P. Nath, Z. Phys. C 26, 407 (1984); J.L. Lopez, D.V. Nanopoulos, X. Wang, Phys. Rev. D 49, 366 (1994).

[17] U. Chattopadhyay and P. Nath, Phys. Rev. D 53, 1648 (1996); T. Moroi, Phys.

Rev. D 53, 6565 (1996); M. Carena, M. Giudice and C.E.M. Wagner, Phys. Lett. B 390, 234 (1997); E. Gabrielli and U. Sarid, Phys. Rev. Lett. 79, 4752 (1997); K.T. Mahanthappa and S. Oh, Phys. Rev. D 62, 015012 (2000); T. Blazek, hepph/99122460; U.Chattopadhyay , D. K. Ghosh and S. Roy, Phys. Rev. D 62, 115001 (2000).

[18] A.H. Chamseddine, R. 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. 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). For reviews, see P. Nath, R. Arnowitt and A.H. Chamseddine, ”Applied N=1 Supergravity”, world scientific, 1984; H.P. Nilles, Phys. Rep. 110, 1(1984).

[19] P. Nath and R. Arnowitt, Phys. Lett. B 336, 395 (1994); Phys. Rev. Lett. 74, 4592 (1995); F. Borzumati, M. Drees and M. Nojiri, Phys. Rev. D 51, 341 (1995); H. Baer, M. Brhlik, D. Castano and X. Tata, Phys. Rev. D 58, 015007 (1998).

[20] M. Carena, D. Garcia, U. Nierste, C.E.M. Wagner, Phys. Lett. B499 141 (2001); G.

Degrassi, P. Gambino, G.F. Giudice, JHEP 0012, 009 (2000) and references therein; W. de Boer, M. Huber, A.V. Gladyshev, D.I. Kazakov, Eur. Phys. J. C 20, 689 (2001).

[21] J. Ellis, D.V. Nanopoulos, K. A. Olive, Phys. Lett. B 508, 65 (2001); R. Arnowitt, B. Dutta, B. Hu, Y. Santoso, Phys. Lett. B 505, 177 (2001).

[22] H. Baer, C. Balazs, J. Ferrandis, X. Tata, Phys.Rev.D64: 035004, (2001).

[23] S. Komine, T. Moroi, and M. Yamaguchi, Phys. Lett. B 506, 93 (2001); Phys. Lett.

B 507, 224 (2001); M. Byrne, C. Kolda, J.E. Lennon, hep-ph/0108122.

[24] S. P. Martin, J. D. Wells, Phys. Rev. D 64, 035003 (2001);

[25] The literature on g − 2 is now enormous. For a review and a more complete set of references see, U. Chattopadhyay and P. Nath, hep-ph/0108250.

[26] T. Ibrahim, U. Chattopadhyay and P. Nath, Phys. Rev. D 64, 016010 (2001);

T. Ibrahim and P. Nath, hep-ph/0105025; T. Ibrahim and P. Nath, Phys. Rev. D 61, 095008 (2000); Phys. Rev. D 62, 015004 (2000).

[27] M. Olechowski and S. Pokorski, Phys. Lett. B344, 201 (1995); D. Matalliotakis and H.P. Nilles, Nucl. Phys.B435, 115 (1995); N. Polonsky and A. Pomarol, Phys. Rev. D51, 6532 (1995); Y. Kawamura, H. Murayama, and M. Yamaguchi, Phys. Rev. D51, 1337(1995); H. Murayama, M. Olechowski and S. Pokorski, Phys. Lett. B371, 57 (1996); P. Nath and R. Arnowitt, Phys. Rev. D56, 2820(1997).

[28] G. Anderson, C.H. Chen, J.F. Gunion, J. Lykken, T. Moroi, and Y. Yamada, hepph/9609457; G. Anderson, H. Baer, C-H Chen and X. Tata, hep-ph/9903370; A. Corsetti and P. Nath, hep-ph/0003186 (to appear in Phys. Rev. D).

[29] R. Arnowitt and P. Nath, Phys. Rev D46, 3981 (1992); V. Barger, M.S. Berger and P. Ohmann, Phys. Rev. D49, 4908 (1994).

[30] K.L. Chan, U. Chattopadhyay and P. Nath, Phys. Rev. D 58, 096004 (1998).

[31] L.J. Hall, R. Rattazzi and U. Sarid, Phys. Rev D50, 7048 (1994); R. Hempfling, Phys. Rev D49, 6168 (1994); M. Carena, M. Olechowski, S. Pokorski and C. Wagner, Nucl. Phys. B426, 269 (1994); D. Pierce, J. Bagger, K. Matchev and R. Zhang, Nucl. Phys. B491, 3 (1997).

[32] S. Heinemeyer, W. Hollik and G. Weiglein, hep-ph/0002213. [33] A.L. Kagan and M. Neubert, Eur. Phys. J. C7, 5(1999).

[34] S. Ahmed et al. (CLEO Collaboration), ”b→ s+gamma branching ratio and CP asymmetry”, hep-ex/9908022.

[35] R. Barate et.al., (ALEPH Collaboration), Phys. Lett. B495, 1(2000): M. Acciarri et.al., (L3 Collaboration), Phys. Lett. B495, 18(2000); P. Abrieu et.al., (DELPHI Collaboration), Phys. Lett. B499, 23(2001); G. Abbiendi et.al., (OPAL Collaboration), Phys. Lett. B499, 38(2001).

[36] P. Nath and R. Arnowitt, Mod. Phys.Lett.A2, 331(1987); H. Baer and X. Tata, Phys. Rev.D47, 2739(1993); V. Barger and C. Kao, Phys. Rev. D60, 115015(1999).

[37] R. Dermisek, A. Mafi and S. Raby, Phys.Rev.D63, 035001(2001). [38] H. Murayama and A. Pierce, hep-ph/0108104.

[39] G. Altarelli, F. Feruglio and I. Masina, JHEP 0011: 040, (2000). [40] P. Nath and R.M. Syed, Phys. Lett. B506, 68(2001); hep-th/0109116 (to appear in Nucl. Phys. B).

[41] S. Komine and M. Yamaguchi, hep-ph/0110032

(a) (b)

(c) (d)

Figure 1: Plots of λ_b − λ_τ unification parameter δ_{bτ} vs model inputs for the 24-plet case when tan β < 55, 0 < m_0 < 2 TeV, −1 TeV < C_{24}m_{1/2} < 1 TeV, −6 TeV < A_0 < 6 TeV and μ > 0. The dotted points satisfy unification at the level shown, (blue) crosses additionally satisfy b → s + γ limits and (black) filled circles satisfy all the constraints, i.e., b − τ unification at the level shown, the b → s + γ constraint and the muon g − 2 constraint.

Figure 2: Plot of λ_b − λ_τ unification parameter δ_{bτ} vs the supersymmetric correction Δ_b to the b-quark mass for the 24-plet case, when tan β < 55, 0 < m_0 < 2 TeV, −1 TeV < C_{24}m_{1/2} < 1 TeV, −6 TeV < A_0 < 6 TeV and μ > 0. The dots refer to b−τ unification at the shown level and filled (blue) squares additionally represent points which satisfy both the b → s + γ and the muon g − 2 constraints.

(a) (b)

(c) (d)

Figure 3: Plots of the supersymmetric correction Δ_b to the b-quark mass vs model inputs for the 24-plet case when δ_{bτ} < 10%. Here tan β < 55, 0 < m_0 < 2 TeV, −1 TeV < C_{24}m_{1/2} < 1 TeV, −6 TeV < A_0 < 6 TeV and μ > 0. The (red) dots refer to points satisfying b − τ unification with δ_{bτ} < 10% and filled (blue) squares additionally represent points which satisfy both the b → s + γ and the muon g − 2 constraints.

(a) (b)

(c) Figure 4: (a):Sparticle masses in mSUGRA vs m_0 for the case μ > 0, tan β = 35, A_0 = 0, and m 1_2 = 300 GeV. (b): Sparticle masses vs m_0 in the 24 plet case of nonuniversality. The value of m_3(M_G) and other parameters are chosen to be identical with that of (a) for comparison. (c):Similar to (b) except that A_0 = −1 TeV and C_{24}m_{1/2} = −100 GeV. The parameters chosen in Fig.(4b) and Fig.(4c) favor b − τ unification as may be seen from Figs. 1(a) to 1(d).

Figure 5: The superymmetric correction Δ_b to the b-quark mass vs tan β for the 24-plet case for μ < 0 when δ_{bτ} < 20%. Here 0 < m_0 < 2 TeV, −1 TeV < C_{24}m_{1/2} < 1 TeV, −6 TeV < A_0 < 6 TeV. The dots refer to points satisfying b−τ unification with δ_{bτ} < 20%. The (blue) crosses additionally satisfy b → s + γ limits. The (black) filled circles satisfy in addition the muon g − 2 constraint corresponding to the points in the parameter space where m_2μ > 0, typically with 10%< δ_{bτ} < 20%.

(a)

(b) Figure 6: The allowed and the disallowed regions for the 24-plet case in the m_0 − m_3(M_G) plane with various constraints. The dotted points satisfy b − τ unification with δ_{b−τ} < 0.3 but do not satisfy the b → s + γ constraint or the muon g − 2 constraint. Blue crosses are the allowed points which satisfy the b − τ unification with δ_{bτ} < 0.3 and the muon g − 2 constraint. Black filled circles are the allowed points which satisfy all the constraints, i.e., the b − τ unification with δ_{b−τ} < 0.3, the muon g − 2 constraint, and the b → s + γ constraint. (a) is for the case when μ > 0, tan β = 35, and A_0 = 1 TeV and (b) is for the case when μ < 0, tan β = 35 and A_0 = −1 TeV.

(a) (b)

(c) (d)

Figure 7: (a):Gaugino masses in mSUGRA vs m_{1/2} when μ > 0, tan β = 5, m_0 = 400 GeV, and A_0 = 0. (b): gaugino masses for the 24 plet nonuniversal case vs m_3(M_G) for the same set of parameters as in (a). (c): Same as (b) except for the 75-plet case. (d): Same as (b) except for the 200-plet case.

(a) (b)

(c) (d)

Figure 8: (a):Sparticle masses in mSUGRA vs m_0 for μ > 0 when tan β = 5, A_0 = 0, and m 1_2 = 300 GeV. (b): Sparticle masses for the 24-plet nonuniversal case for μ > 0, when tan β = 5, A_0 = 0, and m_3(M_G) = 300 GeV. Values of m_3(M_G) and of other parameters are chosen to be identical with that of (a) for a direct comparison. (c): Same as (b) except for the 75-plet nonuniversal case. (d): Same as (b) except for the 200-plet nonuniversal case.

(a) (b)

(c) (d)

Figure 9: (a):Sparticle masses in mSUGRA vs m_{1/2} for the case μ > 0, tan β = 5, m_0 = 400 GeV, and A_0 = 0. (b): Similar plots of mass spectra vs m_3(M_G) for the 24-plet nonuniversal case. (c): Same as (b) except for the 75-plet nonuniveral case. (d): Same as (b) except for the 200-plet nonuniversal case. The gray areas represent the disallowed regions because of chargino mass limits and the absence of radiative electroweak symmetry breaking.

(a) (b)

(c) (d)

Figure 10: (a): Plot of λ_b − λ_τ unification parameter δ_{bτ} vs C_{75}m_{1/2} for the 75-plet case when μ > 0 and the other parameters are varied so that tan β < 55, 0 < m_0 < 2 TeV, and the third generation trilinear parameters are varied independently in the range −6 TeV to 6 TeV. The dotted points satisfy b−τ unification at the level shown and the (blue) crosses additionally obey the b → s + γ constraint. There are no parameter points consistent with the muon g − 2 constraint. (b) Same as (a)except that μ < 0. (c) Same as (a) except that the plot is for δ_{bτ} vs C_{200}m_{1/2}. (d) Same as (c) exept that μ < 0.