arXiv:hep-ph/0307123 v2 20 Jul 2003

Twenty Years of SUGRA

Pran Nath

Department of Physics, Northeastern University, Boston, Massachusetts, 02115, USA

Abstract. A brief review is given of the developments of mSUGRA and its extensions since the formulation of these models in 1982. Future directions and prospects are also discussed.

1 Introduction

Supersymmetry provides a technical solution to the so called gauge hierarchy problem in the form of a no renormalization theorem[1] which makes it an attractive candidate for model building. The main hurdle in the development of realistic models in the early days was the difficulty of breaking supersymmetry[2] in a phenomenologically viable manner[3]. The resolution of this problem arises in supergravity framework. In this paper we briefly summarize the developments over the last 20 years since the formulation of the minimal supergravity grand unified model[4,5] (mSUGRA) and its extensions including nonuniversalities to which we give the generic name: SUGRA models. The formulations of SUGRA models are based on techniques of applied supergravity where one couples gauge fields with matter fields (z_i) and then couples the combined system to N = 1 supergravity[6,5]. The coupled theory depends on three arbitrary functions: the gauge kinetic energy function f_{αβ}(z_i, z^†_i ), the Kahler potential K(z_i, z^†_i ), and the superpotential W (z_i). This allows one to construct grand unified models based on supergravity[7]. The central assumption of SUGRA models is that supersymmetry is broken in a so called hidden sector and the breaking is communicated by gravitational interactions to the visible sector where quarks, leptons and the Higgs fields reside[4]. The theory intrinsically contains large mass scales which include the Planck scale and the grand unification scale. It is then shown that the low energy theory that results after integration over the Planck scale and the GUT scale is free of both these high scales, i.e., the Planck scale and the GUT scale. The absence of the Planck scale from low energy theory was shown in the work of Chamseddine etal and Barbieri etal in Ref.[4] while the cancellation of the grand unification scale was shown in the work of Chamseddine etal and Hall eta in Ref.[4]. For the case of minimal supergravity unification which uses the flat Kahler potential (K = ∑ z_iz^†_i )[4] the low energy theory results in just four soft breaking parameters which are the universal scalar mass m_0, the universal gaugino mass m 1_2 , the universal trilinear coupling A_0 and the universal bilinear couplings B_0. In addition, the low energy theory contains a Higgs mixing parameter μ_0 which can arise in a variety of ways but its size is typically of the soft breaking scale[4,5,8,9]. The universality of the soft parameters holds at unification scale and below this scale the soft parameters and the parameter μ evolve according to the renormalization group equations governing the gauge and yukawa couplings[10] and the soft parameters[11]. In the development of mSUGRA models it was assumed that SUSY breaks in the hidden sector via some scalar fields developing vacuum expectation values[12]. At the more fundamental level the breaking may arise via gaugino condensation with < λγ^0λ >≠ 0[13]. However, this phenomenon requires non-perturbative effects to occur and generally it is difficult to obtain explicit models where a satisfactory solution is achieved. Returning to SUGRA models, they have played a dominant role in the development of SUSY phenomenology and some of the early works are contained in Ref.[14].

A remarkable aspect of SUGRA models is that they lead to the breaking of the electroweak symmetry[4] which is something that is rather adhoc in the standard model. Further, an attractive mechanism for this is via renormalization group effects using renormalization group evolution[11]. The radiative electroweak symmetry breaking solutions must be subject to the constraints of color and charge conservation[15]. Under these constraints one minimizes the effective potential in the vicinity of the electroweak scale which leads to constraints on the vacuum expectation value of the Higgs fields. In the minimal supersymmetric standard model (MSSM) one has two Higgs fields, H_i (i=1,2), which leads to two constraints which arise from the extremization conditions corresponding to these fields. One of these constraints can be used to eliminate μ (the value of μ_0 at the electroweak scale) except for its sign while the second one allows one to eliminate the soft parameter B_0 in favor of 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. Thus the low energy theory can be described by only four parameters, i.e. the parameters m_0, m 1_2 , A_0, tan β, and sign (μ). This is to be contrasted with the large number of soft parameters one can add in MSSM[16] consistent with the cancellation of the quadratic divergences[17]. Historically local supersymmetry first arose in the form of supergravity in superspace called gauge supersymmetry[18,19]. This formulation was a direct extension of Einstein gravity to superspace. The formulation of local supersymmetry directly in ordinary space was given in Refs.[20,21].

The outline of the rest of the paper is as follows: In section 2 we discuss some of the signatures of SUGRA models which include a discussion of the phenomenon of scaling. We discuss the trileptonic signal and also emphasize the importance of the process B^0_{s,d} → μ^+μ^− as an important signal of SUSY and SUGRA for the case of large tan β. In Sec.3 we discuss the current situation regarding the implications of the Brookhaven experiment on a_μ = (g_μ − 2)/2 for SUGRA models. It is argued that a SUSY contribution to a_μ of size O(10^{−9}) or larger implies upper limits for sparticle masses which should be accessible at the Large Hadron Collider (LHC). In Sec.4 we discuss the implications of CP phases arising from the soft breaking parameters becoming complex. In this section we also discuss the constraints on CP phases from the electric dipole moment limits that exist for the electron, the neutron and for the atomic edms such as Hg^{199}. Implications of large CP phases on low energy phenomena are also discussed. Of special interest are the phenomena involving the mixings of CP even and CP odd Higgs states induced by the CP phases via loop corrections to the Higgs masses. These mixings can lead to interesting effects in SUSY phenomena at colliders. In Sec.4 we also discuss the effects of CP phases on supersymmetric corrections to the b quark mass and for the τ lepton mass, and the modifications of the Higgs decays h → bb̄, τ τ̄, cc̄ due to CP phases. An accurate measurements of these decays may reveal the effects of supersymmetry and of CP phases. In Sec.5 we discuss the hyperbolic branch (HB) of the radiative breaking in SUGRA models. This branch is characterized by the property that the soft parameters m_0 and m_{1/2} lie on the surface of a hyperbola for fixed μ and thus can get large while μ remains fixed and small. It is also discussed in Sec.5 that the focus point (FP) region is a part of the hyperbolic branch corresponding to relatively low values of m_{1/2}. The hyperbolic branch naturally leads to heavy squarks and gluinos but it is shown in Sec.6 that this branch may still allow for sufficient relic density to be consistent with the current astrophysical data. In Sec.7 the current status of SUGRA GUTs is discussed. Also discussed is the relationship of SUGRA to strings. Conclusions are given in Sec.8. In this paper we do not discuss other developments such as the no scale supergravity[22] and the gauge mediated breaking of supersymmetry[23]. Indeed the literature following the development of SUGRA models is enormous and it is physically not possible to do justice to reviewing it in a conference talk. Thus although the bibliography looks extensive there is no claim it is complete as it is only a fraction of the existing literature. Further, we limit ourselves in this talk to only a few topics of current interest and many other interesting topics within SUGRA are not discussed.

2 SUGRA Signatures

An important hint for supersymmetry comes from the LEP data in terms of precise values for the gauge couplings constants and the fact that unification occurs within SUSY/SUGRA unified models[24,25,26]. We note that the threshold corrections from the sparticle masses enter crucially in the gauge coupling unification and provide an indirect support for SUGRA. The analyses involve evolution of gauge and Yukawa couplings from the GUT scale to low energy using one and two loop renormalization group equations of the gauge and Yukawa couplings[10,27] and of the soft parameters[11,28]. Further, more accurate determinations of the sparticle masses at low energy require that the minimization of the effective potential include loop corrections[29,30,31]. In the Higgs sector such loop corrections turn out to be crucial. Thus in mSUGRA one has the tree relation that the lightest Higgs mass should lie below the Z boson mass[5]. However, this relation is modified by loop corrections which lift the lightest Higgs mass significantly above M_Z [32]. The parameter space of SUGRA model is limited by experimental and theoretical constraints. One of these is the constraint of the flavor changing neutral current process b → s + γ which limits the parameter space depending on the μ sign[33].

An interesting phenomenon exhibited by renormalization group analyses is that of scaling[34]. It arises in regions of the parameter space where μ >> M_Z (and m_0, m_{g̃} ≤ 1 TeV) and leads to interesting relation on the gaugino masses of the type m_χ0_1 ≃ 0.5m_χ0_2 , m_χ0_2 ≃ m_{g̃} /3, m_χ0_2 ≃ m_χ±_1 , m_{χ3} ≃ m_χ0_4 ≃ μ as well as interesting relations among the other sparticle masses. Many of the mSUGRA mass relations can be appropriately expressed as sum rules which can be put to test when one has a precise measurement of the sparticle masses[34,35]. One consequence of the RG analysis is that the lightest neutralino turns out to be the lightest supersymmetric particle (lsp) over most of the parameter space of the model. Further, in the region where scaling holds one finds that the lightest neutralino is in fact mostly a Bino[34,36]. This result has important implications for supersymmetric dark matter in SUGRA models with R parity conservation. Further, the R parity conservation constraint leads to interesting missing energy signals in sparticles decays. One such signal is the trileptonic signal. It was noted early in the investigation of SUGRA models that the W^± decay into a chargino and the second lightest neutralino, i.e., χ^±_1 + χ^0_2 with the subsequent decays of the χ^±_1 and χ^0_2 can lead to a clean trileptonic signal[14] and further work was carried out in Ref.[37]. In Ref.[38] it was observed that the decays from an off-shell W can extend very significantly the potential for the discovery of the chargino χ^±_1 . A recent analysis of this process can be found in Ref.[39]. Another process which has been the subject of recent studies is the decay B^0_s → μ^+μ^−. In the standard model the branching ratio for this process is rather small, i.e., Br(B̄^0_s → μ^+μ^−) = (2.1 ± 1.4) × 10^{−9} (for V_{ts} = 0.04 ± 0.002) and beyond the reach of experiment in the near future. Thus the current experimental limit for this process is Br(B̄^0_s → μ^+μ^−) < 2.6×10^{−6} and one estimates that a branching ratio down to the level of 10^{−8} may be achievable at RUNII of the Tevatron. However, a check on the standard model branching ratio Br(B̄^0_s → μ^+μ^−) would not be feasible even with this enhanced sensitivity. In supersymmetry the so called counterterm diagram is proportional to tan^6 β for large tan β[40]. Detailed numerical analyses show that indeed one expects a big enhancement of order 10^2 in some parts of the parameter space in SUGRA models[41,42,43,44,45,46]. Thus the process Br(B̄^0_s → μ^+μ^−) is a strong indicator of supersymmetry and in fact an observation of this process will be a pointer to the existence of sparticles even before the sparticles are seen. There are a variety of other signals which have been discussed in the literature and the reader is directed to Ref.[47] for a more comprehensive survey, to Refs.[39,48,49] for more recent constraints on mSUGRA, to Refs.[50,51,52] for more recent surveys, and to Refs.[53,54] for the disovery potential of SUSY/SUGRA at ATLAS and CMS.

3 g_μ − 2 and SUGRA

g_μ − 2 is one of the most sensitively determined quantities in all of physics. The precision of this determination has further increased due to the recent

Brookhaven experiment[55,56]. The standard model correction consists of several parts: the qed correction, the hadronic correction and the electroweak correction[57]. Of these the qed correction and the electroweak correction are reliably determined and the largest source of error in the theoretical analysis arises from the hadronic correction. The hadronic correction consists of the leading order (LO) and the nonleading order hadronic (NLO) contributions and the light-by-light hadronic contribution. The NLO correction is well understood. However, the LO correction has been the subject of much scrutiny[58,59]. Similarly, the light-by-light hadronic correction has seen a flip in its sign and is still a subject of some debate[60,61,62,63,64]. A very recent estimate of the difference between experiment and theory gives[59] Δa_μ= (a^{exp}_μ − a^{SM}_μ ) ∼ (33 ± 10) × 10^{−10} which is about a 3σ effect. However, this difference is likely to change with more accurate determinations of the LO hadronic correction, and with more data expected from Brookhaven. Now it was predicted already nearly twenty years ago that the supersymmetric electroweak correction should be of the same size as the standard model electroweak correction[65] and that any experiment that tests the standard model electroweak correction will in fact also test the supersymmetric electroweak correction[65]. Further, it was later pointed out that the sign of susy correction to g_μ − 2 is the sign of μ in a large part of the parameter space[66,67]. An important issue concerns if extra dimensions might provide a strong background to the supersymmetric effects. That is to say if the corrections to g_μ − 2 from the exchange of Kaluza-Klein states might produce a large enough correction which might mask the supersymmetric effect. This analysis was carried out in Ref.[68]. The analysis showed that using the current lower limits on the size of extra dimensions one finds that the corrections from the extra dimensions do not produce a serious background to the supersymmetric correction. Thus after the results of the Brookhaven experiment in the year 2001[55] which showed a 2.6σ effect there was a lot of theoretical activity to understand the implications of the results[69] in the context of supersymmetry. One of the major consequences that emerged from these analyses was the result that the Brookhaven result implied the existence of upper limits on sparticle masses which appeared to lie within reach of the LHC. The Brookhaven result of 2002[56] is essentially consistent with its previous determination. However, in the meantime the theoretical evaluations of Δa^{SM}_μ have changed due to reevaluations of the leading order hadronic correction and the light-by -light hadronic correction. While the new evaluations still indicate a significant effect[59], the situation is in a state of flux since the issue of hadronic corrections to a^{SM}_μ is not fully settled and there is more data to come from Brookhaven.

4 CP Phases

The minimal supergravity model mSUGRA can be extended to have two phases which can be taken to be the phase of μ_0 and the phase of the trilinear coupling A_0. The main problem encountered with the inclusion of phases is that there are severe experimental constraints on them, e.g. from the electron edm[70] and from the neutron edm[71]. Theoretically there are many contributions to the electric dipole moment of an elementary particle. Thus while for the electron the contribution to the electric dipole moment arises from the electric dipole operator, for the quarks it arises from the electric dipole operator, from the chromo electric dipole operator and from the dimension six operator[72]. These contributions are computed at the weak scale and evolved down to the low scales where the experimental measurements of these are given. In extracting contributions from the chromo electric dipole operator and from the dimension six operator one uses the so called naive dimensional analysis[73]. Now typically phases O(1) tend to give edm contributions which are already in contradiction with current experiment[70,71]. There are a variety of ways that have been discussed in the literature for controlling these edms. These include fine tuning to make the phases small[74], suppression of the edms by heavy masses[75], suppression of phases in a class of Left-Right symmetric models[76], and suppression by the cancellation mechanism[77,78]. Additional ways for the suppression include putting the phases in the third generation[79]. Further, the experimental limits on the atomic edms arising from Schiff moment and specifically the experimental atomic edm of Hg^{199}[80] also impose important constraints on model building[81,82]. Since a broad class of SUGRA and string models constrain soft breaking parameters with large phases, the cancellation mechanism is specially suited for these scenarios. We explain, therefore, in some detail how the cancellation mechanism by which the edms are reduced works. Consider, for example, the electric dipole moment of the electron which receives contributions only from the electric dipole operator. However, the supersymmetric contribution to this operator includes contributions from the exchange of two charginos and four neutralinos. In certain regions of the parameter space these contributions have opposite signs and naturally cancel reducing the edm below the experimental limit. For the quarks the situation is more complex. As mentioned above the quark edm receives contributions from the electric dipole, the chromoelectric dipole and the purely gluonic dimension six operator. Here the electric dipole operator and the chromoelectric dipole operators receive contributions from the exchange of the gluino, the charginos, and the neurtralinos and thus there are even more possibilities for cancellations. Similarly for the dimension six operators one has contributions arising from the exchange of stops and sbottoms. In addition to the cancellations that can occur within each individual operator from gluino, chargino and neutralino exchanges, one has an additional possibility for cancellations for the quark case not available for the electron electric dipole moment, i.e., one may have cross cancellations among the electric dipole, the chromoelectric dipole, and the purely gluonic dimension six operators.

Such cancellations are further facilitated in the nonuniversal SUGRA model (nSUGRA). In nSUGRA one may give nonuniversal gaugino masses as well as nonuniversalities in the Higgs sector and in the third generation sector consistent with FCNC. We focus here on the gaugino sector. In this case one may have independent gaugino masses for the SU (3), SU (2) and U (1) sector gaugino masses m̃_i so that m̃_i = |m̃_i|e^{iξi} (i=1,2,3). We note in passing that the physical quantities such as the edms depend only on certain combinations of phases which have been classified in Ref.[83]. Even so the appearance of a larger number of phases allows a larger region of the parameter space for the cancellation mechanism to operate. The central point of the cancellation mechanism and of other mechanisms is that they allow the phases to be large and one can still satisfy the edm constraints. Now if the phases are large they will affect a variety of low energy phenomena. These include effects on Higgs phenomenology[84,85], on sparticle phenomenology[86,87], on flavor and B physics[88,89], on B^0_{s,d} → μ^+μ^−[46], on g_μ − 2[90], and on proton decay[91]. CP phases also affect loop corrections to the b quark mass and the τ lepton mass[92]. It is known that the SUSY effects can produce large corrections to the b quark mass for large tan β[93]. It was found in Ref.[92] that CP effects on these can also be large. Similarly supersymmetric effects produce important corrections to the Higgs decays to bb̄, τ τ̄ and cc̄[94]. Here also one finds that CP phases can produce large corrections to these decays of the Higgs bosons[95].

5 Hyperbolic Branch/Focus Point (HB/FP)

It is now known that there are two branches to the radiative breaking of the electroweak symmetry, an ellipsoidal branch and a hyperbolic branch[96]. These arise due to two solutions of μ using radiative symmetry breaking equation that determines μ, i.e., C_1m^2_0 + C_3m^{′2}_{1/2} + C^′_2A^2_0 + Δμ^2_{loop}= μ^2+^1_2 M^2_Z , where m^′_{1/2} = m_{1/2} +^1_2 A_0C_4/C_3, and C_1 etc are determined purely in terms of gauge and Yukawa couplings and Δμ^2 are the loop corrections. These loop corrections play an important role in the analysis. For small to moderate values of tan β the loop corrections are relatively small. Also from the renormalization group analysis one finds that the co-efficients C^′_2, C_3 are positive. In these cases the scale dependence of C_1 is relatively small and one finds C_1 > 0 for a range of scales Q where the radiative electroweak symmetry breaking is realized. In this case one finds that the soft parameters for fixed μ lie on the surface of an ellipsoid. Now for larger values of tan β, i.e., typically tan β > 5 one finds that the loop corrections to μ become large. Further, for this case one also finds a rather significant variation in this correction with the scale Q and also a significant variation of C_1 with the scale. The implications of this scale dependence can be seen by choosing a scale Q_0 at which the loop corrections to μ are minimized. At this scale one then finds that sign(C_1(Q_0))=-1. One immediately sees that the implication of this result is to change the nature of the radiative symmetry breaking equation above from an ellipsoidal to a hyperbolic constraint. The choice of Q_0 in the discussion above is for illustration purposes only and the phenomenon discussed above would occur for any Q_0 in the region of the electroweak symmetry breaking. Now the parameter μ can also be regarded as the fine tuning parameter[96] of the theory. Though there are by now several different criteria of what constitutes fine tuning[97] the parameter μ provides the simplest criterion. This parameter is especially suitable for interpreting the implications of the hyperbolic branch vs the ellipsoidal branch. Thus for fixed μ and hence for a fixed fine tuning, one finds that the ellipsoidal branch of radiative breaking puts upper bounds on m_0 and m_{1/2} while the hyperbolic branch does not. In the latter case one finds that m_0 and m_{1/2} could lie in the several TeV region consistent with a small μ.

If indeed the hyperbolic branch is realized masses of some of the supersymmetric particles, specifically the squarks, the gluino, the heavier neutralinos, the heavier chargino, and the heavy Higgs, could be very large. In this scenario the lightest particles will be the light Higgs and χ^0_1, χ^0_2, χ^±_1 . Typically for large m_0 and m_{1/2} the pattern of masses for χ^0_1, χ^0_2, χ^±_1 is given by m_χ0_1 < m_χ±_1 < m_χ0_2 at the tree level but loop corrections here may be significant[98,99]. In this scenario the mass differences ΔM^± = m_χ±_1 − m_χ0_1 and ΔM^0 = m_χ0_2 − m_χ0_1 are typically O(10) GeV. Thus the usual strategies for identification of supersymmetry in this region does not work and one must follow other strategies for identification of such particles[100,101,102]. However, it was argued in Ref.[103] that observation of supersymmetric dark matter is still possible even in this region. This comes about because as m_0 and m_{1/2} get large for fixed μ, χ^0_1, χ^0_2 and χ^±_1 move from being mostly gaugino like to mostly higgsino like. We will discuss more on this in the section on dark matter below. A part of the hyperbolic region corresponds to the so called focus point region (FP)[104]. As in the hyperbolic branch (HB) the focus point region also corresponds to a small μ. However, the focus point case corresponds to that part of the hyperbolic branch for which m_{1/2} is relatively small. As a result m_0 is also constrained to get not too large. Still values of m_0 in several TeV region can be gotten in this part of the hyperbolic branch. Thus the focus point region is contained in the hyperbolic branch and corresponds to the low end of the m_{1/2} region on this branch (see also Refs.[105,103] in this context). Of course if the g_μ − 2 experimental difference at the level currently seen continues to persist then a significant part of HB/FP region will be eliminated.

6 Dark Matter in SUGRA

Soon after the formulation of mSUGRA it was realized that the lightest neutralino with R parity conservation could be a candidate for dark matter[106,107]. While this was originally just a possibility a concrete realization of this possibility occurs when one carries out renormalization group analyses on sparticle masses in mSUGRA models and one does indeed produce the light neutralino as the lsp over a significant part of the parameters space. Further, as pointed out in Sec.2 in SUGRA models theoretical analyses show that for regions of the parameter space where μ >> M_Z (m_0, m_{g̃} ≤ 1 TeV), the lightest neutralino is a Bino[34,36]. Of course, as discussed above there are other regions (HB/FP) where the lightest neutralino would be mostly a higgsino. We discuss now some salient features of the analyses of supersymmetric dark matter. First one needs to check if the density of relic neutralinos falls within current limits given by the astrophysical observations. The quantity of interest is Ω_{CDM} h^2 where Ω_{CDM} = ρ_{CDM} /ρ_c where ρ_{CDM} is the mass density of cold dark matter in the universe and ρ_c is the relic density needed to close the universe, and h is the Hubble parameter in units of 100 km/sMpc. The most recent data from the Wilkinson Microwave

Anisotropy Probe indicates the result[108,109] Ω_{CDM} h^2 = 0.1126^{+0.008}_{−0.009}. Before we discuss the implications of this highly accurate determination for supersymmetry, we continue first with our general line of discussion. The analysis of the relic density is quite intricate in that the annihilation of the relic neutralinos can result in many final states, such ff̄ , W W , ZZ, Zh etc with the number of final states included depending on the mass of the relic neutralino. The analysis of the relic density involves the thermal averaged quantity < σ_{eff} v > where σ_{eff} is the neutralino annihilation cross section and v is the relative velocity of the annihilating neutralinos.

In general thermal averaging will involve integrating over the Breit-Wigner poles which is somewhat of a delicate procedure[110,111]. It turns out that the analysis of relic density is also significantly affected by the phenomenon of coannihilation [112,113,114,115,116,117,118]. The quantity of interest in these analyses is the number density n = ∑ n_a where the sum runs over all the particle types that coannihilate and n obeys the Boltzmann equation^{dn}_{dt} = −3Hn− < σ_{eff} v > (n^2 − n^2_0) where H is the Hubble parameter and n_0 stands for the equilibrium number density while σ_{eff} = ∑ σ_{ab}r_ar_b where σ_{ab} is the annihilation cross section of particles a and b and r_a = n_{0a}/n_0 with n_{0a} the density of particles of species a at equilibrium. In the coannihilation process after the freeze out the next to the lowest supersymmetric particles (nlsp’s) decay to the lsp and thus n becomes the number density of the lsp. The importance of coannihilation arises from the fact that it extends considerably the allowed region of the parameter space where the relic density constraints can be satisfied. Thus without coannihilation the allowed range of the neutralino mass where the relic density constraint can be satisfied extends typically to around 150-200 GeV in mSUGRA. However, with the inclusion of coannihilation the allowed range of the neutralino mass can extend up to around 700 GeV[114,115]. In this case the processes that enter in the relic density analyses are χℓ̃^a_R → ℓ^aγ, ℓ^aZ, ℓ^ah, ℓ̃a_Rℓ̃b_R → ℓaℓb, and ℓ̃a_Rℓ̃b∗_R → ℓaℓ̄b, γγ, γZ, ZZ, W +W −, hh. The most important coannihilation channel here turns out to be the one involving the staus.

Theoretical analyses over more than a decade and a half have investigated both the indirect and the direct detection of dark matter[119,120,121,122] and a number of phenomena have been studied. These include the effects of nonuniversalities in the higgs sector and in the third generation sector[123,124]. Specifically in these sectors the nonuniversalities can be parametrized at the GUT scale by the relations m_{Hi} (M_G) = m_0(1 + δ_i) (i=1,2) and by m_{t̃L} (M_G) = m_0(1 + δ_3) and m_{t̃R} (M_G) = m_0(1 + δ_4) where one may allow δ_i (i=1-4) to be O(1) consistent with the FCNC constraints. It is found that variations of δ_i in this range can lead to enhancements of the neutralino-proton cross section (σ_{χ−p}) by as much a factor of 10. The gaugino non-universalities[125,126] also have a very significant influence on dark matter[127,128]. Nouniversalities in the gaugino sector can enter via non-singlet representations in the decomposition of the neutralino mass matrix. Thus, for example, for SU(5) the gaugino mass matrix transforms in general like the symmetric product 24 × 24 which in its decomposition contains the SU(5) representations 1,24, 75, and 200. The assumption of only the singlet leads to universal gaugino masses while a non-vanishing contribution from the non-singlet parts will lead to nonuniversalities. A similar situation occurs for the case of SO(10) where the gaugino mass matrix transforms like the symmetric product 45 × 45 and contains the representations 1, 54, 210 and 770. The gaugino mass nonuniversalities affect very significantly the allowed range of the neutralino mass over which the relic density constraints can be satisfied[127]. Further, the direct detection rates are also affected. Similarly, the effect of CP violation on dark matter analyses turn out to be important[129]. The situation regarding the imposition of the Yukawa unification constraint and specifically the b − τ unification constraint is interesting[130,131]. It is well known that b − τ unification requires a negative contribution to the b quark mass[132,133]. Now roughly the correction to the b quark mass depends directly on the sign of μ and thus a negative contribution to the b quark mass indicates that a negative sign of μ is preferable. However, the BNL experiment appears to indicate that the sign of μ is positive. Thus these two results appear to be in conflict. However, a closer scrutiny reveals that the sign of the b quark correction depends on the sign μm_{g̃} while the sign of g_μ − 2 correction is controlled by the the chargino exchange and hence depends on μ and the SU (2) gaugino mass m̃_2. Thus one obvious solution presents itself, i.e., that the signs of m_{g̃} and m̃_2 are opposite[134]. Specifically, choosing a negative sign for μm_{g̃} resolves this conflict. The opposite correlation of m_{g̃} and m̃_2 arises naturally if the gauginos belong to the 24 plet representation for the SU (5) case and to the 54 plet representation for the SO(10) case. The analysis of dark matter in this framework of Yukawa unification is given in Ref.[131]. Other possibilities for this resolution have also been explored[135,136].

We turn now to a discussion of dark matter on the hyperbolic branch. It is quite interesting that on the hyperbolc branch we can satisfy the relic density constraints even though much of the sparticle spectrum is rather heavy. The satisfaction of the relic density constraints here arises once again due in part to the inclusion of coannihilation which arise because of the near degeneracy of χ^0_1, χ^0_2 and χ^±_1 . The coannihilation involving these particles lead to processes of the type χ^+_1 χ^−_1 , χ^0_1χ^0_2→ u_iū_i, d_id̄_i, W^+W^− and χ^0_1χ^+_1 , χ^0_2χ^+_1 →u_id̄_i, ē_iν_i, AW^+, ZW^+, W^+h. The channel that dominates the coannihilation is the one that involves the sparticle which has the smallest mass difference with the lsp which in this case is between χ^+_1 and χ^0_1. As pointed out earlier the neutralino in the hyperbolic region is mostly a higgsino and this structure tends to enhance the neutralino-proton cross section. We return now to the constraint of the WMAP constraint[108,109]. There have been several analyses recently to explore the implications of this constraint[137,105,103]. One important result that emerges is that the new data limits more severely the parameters space of models. Quite interestingly HB/FP region is consistent with the WMAP constraint[103]. Further, the WMAP constraint produces neutralino-proton cross sections that lie within range of the current[138,139,140,141] and future[142,143] dark matter experiments[103].

7 SUGRA, GUTS and Strings

Supergravity grand unification much like SUSY GUTS generates baryon and lepton number violation whose nature and strength is controlled by the nature of the grand unification group. Theories based on SU(5), SO(10), E(6) gauge groups generate below the grand unification scale baryon and lepton number violating dimension five operators with chiral structures LLLL and RRRR[144,145]. When dressed with the full set of chargino, gluino and neutralino exchange diagrams the dimension five operators produce dimension six operators with chiral structures LLLL, LLRR, RRLL and RRRR which can decay the proton[144,145] and a similar situation exists also in string models[146]. A detailed analysis of proton decay, however, is rather intricate and depends on both the high and the low energy structures of the theory. Thus the lifetime of the proton can be significantly affected by the soft breaking sector of SUGRA GUTS and by the Higgs triplet structure[147] and specifically by the textures in the Higgs triplet sector[148]. The most recent limits on the proton lifetime appear to disfavor the minimal SU(5) model[149] (see, however, Ref.[150]). Regarding SO(10) there are a whole variety of possible SO(10) models and so there are no necessarily definitive SO(10) predictions since the proton decay modes are highly model dependent[151,152,153,154]. An important issue concerns the role of large representations such as 120 and 126. The appearance of such representations can significantly affect analyses of proton decay[154] and of neutrino masses[155]. We turn now to a brief discussion of the connection of SUGRA models and strings. Since SUGRA models are derived from models involving supergravity and supergravity may be viewed as a low energy limit of string theory below the Planck scale, it is natural to imagine SUGRA arising as a low energy limit of a string model. There are two elements involved in such a connection. First one must try to deduce a realistic model with a standard model gauge group from string theory and efforts have been in this direction from the very beginning[156,157]. Second one must try to obtain a realistic breaking of supersymmetry from strings and there has some been progress also along these lines[13,158] specifically using dualities[159,160]. More recently the constraints of modular invariance on soft breaking have been investigated to make contact with low energy phenomenology[161]. An interesting issue concerns the constraints needed in modular invariant theories to derive universality of soft parameters and in Ref.[162] some dynamical constraints to achieve universality of soft parameters were identified. Thus while we do not yet have a fully realistic string model it is interesting that one can still make tentative contact between supergravity based models and string theory.

8 Conclusion

The advent of SUGRA models in 1982 spurred an activity in supersymmetry phenomenology that still continues. Historically it was only within the framework of SUGRA models that a phenomenologically consistent spontaneous breaking of supersymmetry was first achieved. The basic concept of supersymmetry breaking in one sector and its communication to the physical sector also introduced first in SUGRA finds applications in string based scenarios. Further, SUGRA models with R parity predict the existence of cold dark matter (CDM), something that appears desirable from astrophysical considerations. The literature on mSUGRA, its extensions and their implications is enormous and a comprehensive review of the developments is obviously outside the scope of a conference talk. Thus we have focussed on a few topics of current interest. One of these topics concerns the difference Δa_μ = (a^{exp}_μ − a^{SM}_μ ). There are several estimates of this quantity which differ mainly due to the different estimates of the leading order hadronic correction. According to the recent analysis of Ref.[59] this difference is (33 ± 10) × 10^{−10} which amounts to about a 3σ deviation between experiment and theory. An effect of this size is expected within SUGRA models since it was noted early on[65] that the size of the supersymmetric electroweak correction could be as large or larger than the standard model electroweak correction. However, the theoretical evaluations of the hadronic error are still in a state of flux and Δa_μ is likely to shift before it settles down. However, we note that if a value of Δa_μ persists at a perceptible level, i.e., ∼ 10^{−9} then the sparticle mass limits lie within reach of the LHC and the direct observation of new physics is implied. Thus most of the sparticles (g̃, q̃, W̃ , χ^0, ..) should become visible at the LHC. Another interesting aspect of SUGRA models is that renormalization group analyses show that in a large part of the parameter space the sign of a^{SUSY} μ is correlated with the sign of μ. Thus the current analyses on Δa_μ imply a positivity of the μ sign. A positive μ is very desirable for the satisfaction of the b → s + γ constraint and also for the observation of supersymmetric dark matter.

mSUGRA is consistent with the flavor changing neutral current constraints. However, it is possible to extend mSUGRA to include non-universalities by the assumption of a non-flat Kahler potential and a non-flat gauge kinetic energy function. These extensions allow one to include nonuniversalities in the Higgs sector, in the third generation sector and in the gaugino masses consistent with the FCNC constraints. Further, SUGRA models allow the soft breaking parameters to become complex in general. Thus mSUGRA allows up to two phases in the soft breaking sector while more phases can appear when one includes nonuniversalities. However, the inclusion of phases requires strong consistency checks with the current very sensitive limits on the electron and the neutron edms. Additionally, the atomic edms generated via the Schiff moments also constrain phases. This is the case specifically for the atomic edm of Hg^{199}. Typically phases O(1) will violate these constraints unless a mechanism is invoked for their suppression. Several mechanisms for such suppressions have been discussed in the literature. One mechanism which leads to a natural suppression in certain regions of the parameter space of SUGRA models is the cancellation mechanism and there are many works exploiting this technique to allow for large phases. However, whatever mechanism is employed for the suppression of the edms, the presence of large phases typically has large effects on supersymmetry phenomenology. One of the most dramatic effects occurs in the Higgs sector where the Higgs mass eigenstates are no longer CP even and CP odd states but rather admixtures of CP even and CP odd states. This mixing will lead to rather dramatic effects in SUSY phenomena at e^+e^− colliders and elsewhere. Further, the inclusion of phases produces important effects on SUSY corrections to the Higgs mass, on SUSY corrections to the b quark and τ lepton masses and on Higgs decays to bb̄, τ τ̄ and cc̄. Thus, for example, the decay branching ratio of the Higgs to bb̄ will carry signatures of both supersymmetry and CP phases. Another process affected strongly by phases is the decay B^0_{s,d} → μ^+μ^−. The branching ratio for this process in the standard model is too small to be accessible to experiment in RUNII of the Tevatron. However, in SUGRA models the branching ratio for this process can be enhanced by as much as a factor of 10^2 for large tan β. Further, the inclusion of CP phases can produce additional enhancements which can be as large as another factor of 10^2. These enhancements put the the B^0_{s,d} → μ^+μ^− branching ratio within reach of the Tevatron. Thus the observation of this process will be a strong hint for supersymmetry pointing to the existence of sparticles even before the sparticles are directly observed.

The existence of supersymmetric dark matter is an important prediction of SUGRA models with R parity invariance. Detailed analyses of the density of the relic neutralinos indicate that the predictions of mSUGRA and its extensions allow for consistency with the most recent determinations of Ω_{CDM} h^2 from the WMAP data. Further, the relic density limits from WMAP more sharply constrain the sparticle spectrum and define more sharply the allowed ranges of the spin independent and spin dependent neutralino- proton cross sections. In this talk we have also reviewed the hyperbolic branch of the radiative breaking of the electroweak symmetry. A part of this branch allows for large values of m_0 and m_{1/2} for a fixed value of μ and puts most of the sparticle in this region in the several TeV region. However, quite interestingly this region still produces a relic density consistent with the WMAP constraints and leads to scalar and spin dependent neutralino- proton cross sections which appear to be within reach of the future dark matter experiments such as GENIUS and ZEPLIN. Proton decay in SUGRA GUTs depends on two elements, on the sparticle spectrum and on the GUT group. Unlike the sparticle masses which in mSUGRA are essentially independent of the GUT structure as pointed out in section 1, proton decay hinges critically on the GUT structure. Thus this sector of the theory is more model dependent. While models do exist where one can make consistent the GUT theory with the current proton decay limits, there is not a uniqueness in fixing the GUT structure. Fortunately, the low energy predictions of SUGRA models are independent of the dimension 5 operators and thus the SUGRA predictions are not affected by issues related to the proton lifetime. Finally, we note that SUGRA models have gravity as an intrinsic piece of their fabric and have good chance of making contact with string theory. Thus more effort is needed to derive SUGRA, mSUGRA and other competing models from a top down approach. More than 20 Years after its invention SUGRA is still a leading candidate for new physics beyond the SM. Experiment is awaited to check the predictions of this model in the laboratory.

Acknowledgments This research was supported in part by NSF grant PHY-0139967. This article was written when the author was visiting the Max Planck Institute fur Kernphysik, Heidelberg. The author thanks the Institute for hospitality and the Alexander von Humboldt Foundation for support during this period.

References

1. M. Grisaru, M. Roĉek and W. Seigel, Nucl. Phys. B159, 429 (1979). 2. S. Weinberg, Phys. Lett. B62, 111 (1976); E. Witten, Nucl. Phys. B202, 253 (1982).

3. S. Dimopoulos and H. Georgi, Nucl. Phys. B 193, 150 (1981); N. Sakai, Z. Phys.

C 11, 153 (1981).

4. 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).

5. 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).

6. A. H. Chamseddine, R. Arnowitt and P. Nath, Phys. Rev. Lett. 29, 970 (1982);

E. Cremmer, S. Ferrara, L. Girardello and A. van Proeyen, Phys. Lett. 116B, 231 (1982); Nucl. Phys. B212, 413 (1983); E. Witten and J. Bagger, Nucl. Phys. B222, 125 (1983); “Applied N = 1 Supergravity” in Ref.[5].

7. A. H. Chamseddine, R. Arnowitt and P. Nath, Phys. Rev. Lett. 49, 970 (1982); L.

E. Ibañez, Phys. Lett. B118, 73 (1982); P. Nath, R. Arnowitt and A. H. Chamseddine, Phys. Lett. B 121, 33 (1983); R. Arnowitt, A. H. Chamseddine and P. Nath, Phys. Lett. B 120, 145 (1983); J. Ellis, D. V. Nanopoulos and K. Tamvakis, Phys. Lett. B121, 123 (1983).

8. S. Soni and A. Weldon, Phys. Lett. B126, 215(1983). 9. G. F. Giudice and A. Masiero, Phys. Lett. B 206, 480 (1988). 10. M. B. Einhorn and D. R. Jones, Nucl. Phys. B 196, 475 (1982). 11. K. Inoue et al., Prog. Theor. Phys. 68, 927 (1982); L. Ibañez and G. G. Ross, Phys. Lett. B110, 227 (1982); L. Alvarez-Gaumé, J. Polchinski and M. B. Wise, Nucl. Phys. B250, 495 (1983); J. Ellis, J. Hagelin, D. V. Nanopoulos and K. Tamvakis, Phys. Lett. B125, 2275 (1983); L. E. Ibañez and C. Lopez, Phys. Lett. B128, 54 (1983); Nucl. Phys. B233, 545 (1984), L. E. Ibañez, C. Lopez and C. Muños, Nucl. Phys. B256, 218 (1985); J. Ellis and F. Zwirner, Nucl. Phys. B338, 317 (1990).

12. J. Polonyi, Univ. of Budapest Rep. No. KFKI-1977-93 (1977). 13. H. P. Nilles, Phys. Lett. B115, 193 (1981); S. Ferrara, L. Girardello and H. P.

Nilles, Phys. Lett. B125, 457 (1983).

14. A small sample of early works on the phenomenological implications of SUGRA models consists of S. Weinberg, Phys. Rev. Lett. 50, 387 (1983); R. Arnowitt, A. H. Chamseddine and P. Nath, Phys. Rev. Lett. 50 (1983) 232; A. H. Chamseddine, P. Nath and R. Arnowitt, Phys. Lett. B 129, 445 (1983); P. Nath, R. Arnowitt and

A. H. Chamseddine, HUTP-83/A077; D. A. Dicus, S. Nandi, W. W. Repko and X. Tata, Phys. Rev. Lett. 51, 1030 (1983); Phys. Rev. D 29, 67 (1984); Phys. Rev. D 29, 1317 (1984); D. A. Dicus, S. Nandi and X. Tata, Phys. Lett. B 129, 451 (1983); J. M. Frere and G. L. Kane, Nucl. Phys. B 223, 331 (1983); J. R. Ellis, J. M. Frere, J. S. Hagelin, G. L. Kane and S. T. Petcov, Phys. Lett. B 132, 436 (1983); J. R. Ellis, J. S. Hagelin, D. V. Nanopoulos and M. Srednicki, Phys. Lett. B 127, 233 (1983); M. K. Gaillard, L. J. Hall, B. Zumino, F. del Aguila, J. Polchinski and G. G. Ross, Phys. Lett. B 122, 355 (1983).

15. J. M. Frere, D. Jones and S. Raby, Nucl. Phys. B222, 1 (1983); M. Claudson, L.

Hall and I. Hinchliffe, Nucl. Phys. B288, 501 (1983); M. Drees, M. Gluck and K. Brassie, Phys. Lett. B157, 164 (1985).

16. S. Dimopoulos and D. W. Sutter, Nucl. Phys. B 452, 496 (1995) [arXiv:hep-ph/9504415].

17. L. Giradello and M. T. Grisaru, Nucl. Phys. B194 65 (1982). 18. P. Nath and R. Arnowitt, Phys. Lett. B 56, 177 (1975). 19. R. Arnowitt, P. Nath and B. Zumino, Phys. Lett. B 56, 81 (1975). 20. D. Z. Freedman, P. van Nieuwenhuizen and S. Ferrara, Phys. Rev. D 13, 3214 (1976).

21. S. Deser and B. Zumino, Phys. Lett. B 62, 335 (1976). 22. A. B. Lahanas and D. V. Nanopoulos, Phys. Rept. 145, 1 (1987). 23. G. F. Giudice and R. Rattazzi, Phys. Rept. 322, 419 (1999) 24. S. Dimopoulos, S. Raby and F. Wilczek, Phys. Rev. D 24, 1681 (1981). 25. J. Ellis, S. Kelley and D. V. Nanopoulos, Phys. Lett. 249B, 441 (1990); B260, 131 (1991); U. Amaldi, W. de Boer and H. Furstenau, Phys. Lett. 260B, 447 (1991); P. Langacker and M. x. Luo, Phys. Rev. D 44, 817 (1991); F. Anselmo, L. Cifarelli, A. Peterman and A. Zichichi, Nuov. Cim. 104A, 1817 (1991).

26. L. J. Hall and U. Sarid, Phys. Rev. Lett. 70, 2673 (1993); T. Dasgupta, P. Mamales and P. Nath, Phys. Rev. D 52, 5366 (1995); D. Ring, S. Urano and R. Arnowitt, Phys. Rev. D 52, 6623 (1995) 27. M. E. Machacek and M. T. Vaughn, Nucl. Phys. B 222, 83 (1983); Nucl. Phys.

B 236, 221 (1984); Nucl. Phys. B 249, 70 (1985).

28. S. P. Martin and M. T. Vaughn, Phys. Lett. B 318, 331 (1993) [arXiv:hep-ph/9308222]; Phys. Rev. D 50, 2282 (1994) [arXiv:hep-ph/9311340]; I. Jack, D. R. Jones, S. P. Martin, M. T. Vaughn and Y. Yamada, Phys. Rev. D 50, 5481 (1994) [arXiv:hep-ph/9407291].

29. R. Arnowitt and P. Nath, Phys. Rev. D 46, 3981 (1992). 30. G. Gamberini, G. Ridolfi and F. Zwirner, Nucl. Phys. B331, 331 (1990). 31. R. Arnowitt and P. Nath, Phys. Rev. D46, 3981 (1992).

32. M.S. Berger,Phys. Rev. D41, 225(1990); J. Ellis, G. Ridolfi and F. Zwirner, Phys. Lett. B257, 83(1991); H.E. Haber and R. Hempling,Phys. Rev. Lett. 66, 1815(1991); Y. Okada, M. Yamaguchi and T. Yanagida, Prog. Theor. Phys. 85, 1(1991); R. Barbieri, M. Frigeni and F. Caravaglio, Phys. Lett. B258, 167(1991).

33. P. Nath and R. Arnowitt, Phys. Lett. B336, 395(1994); F. Borzumati, M. Drees, and M.M. Nojiri, Phys. Rev.D51, 341(1995); V. Barger and C. Kao, Phys. Rev. D57, 3131(1998); H. Baer, M. Brhlik, D. Castano and X. Tata, Phys. Rev. D58, 015007(1998).

34. R. Arnowitt and P. Nath, Phys. Rev. Lett. 69, 725 (1992); P. Nath and R. Arnowitt, Phys. Lett. B 289, 368 (1992).

35. S. P. Martin and P. Ramond, Phys. Rev. D 48, 5365 (1993) [arXiv:hep-ph/9306314].

36. R. G. Roberts and L. Roszkowski, Phys. Lett. B 309, 329 (1993) [arXiv:hep-ph/9301267].

37. H. Baer and X. Tata, Phys. Lett. B 155, 278 (1985); H. Baer, K. Hagiwara and X. Tata, Phys. Rev. Lett. 57, 294 (1986).

38. P. Nath and R. Arnowitt, Mod. Phys. Lett. A 2 (1987) 331. 39. H. Baer, T. Krupovnickas and X. Tata, “Reach of the Fermilab Tevatron for minimal supergravity in the region of large scalar masses,” arXiv:hep-ph/0305325.

40. S. R. Choudhury and N. Gaur, Phys. Lett. B 451, 86 (1999); K. S. Babu and C. Kolda, Phys. Rev. Lett. 84, 228 (2000).

41. A. Dedes, H. K. Dreiner, U. Nierste, and P. Richardson, Phys. Rev. Lett. 87, 251804 (2001).

42. R. Arnowitt, B. Dutta, T. Kamon and M. Tanaka, Phys. Lett. B 538 (2002) 121. 43. S. Baek, P. Ko, and W. Y. Song, arXiv:hep-ph/0206008; arXiv:hep-ph/0208112 44. J.K. Mizukoshi, X. Tata and Y. Wang, hep-ph/0208078 45. C. S. Huang and W. Liao, Phys. Lett. B 538, 301 (2002); S. w. Baek, arXiv:hep-ph/0301269.

46. T. Ibrahim and P. Nath, Phys. Rev. D 67, 016005 (2003) [arXiv:hep-ph/0208142]. 47. SUGRA Working Group Collaboration (S. Abel et. al.), arXiv:hep-ph/0003154. 48. H. Baer, C. Balazs, A. Belyaev, T. Krupovnickas and X. Tata, arXiv:hep-ph/0304303.

49. H. Baer and C. Balazs, arXiv:hep-ph/0303114.

50. R. Arnowitt, ” mSUGRA At The NLC ”, Talk at the Conference ”Twenty Years of SUGRA, Search for SUSY, and Unification”, March 17-21, 2002, Northeastern University, Boston, USA.

51. H. Baer, ” Phenomenology of Models from mSUGRA to Yukawa Unification”, Talk at the Conference ”Twenty Years of SUGRA, Search for SUSY, and Unification”, March 17-21, 2002, Northeastern University, Boston, USA.

52. H. Tata, ”mSUGRA Phenomenology: Current Constraints and Future Prospects” Talk at the Conference ”Twenty Years of SUGRA, Search for SUSY, and Unification”, March 17-21, 2002, Northeastern University, Boston, USA.

53. F. Paige, ”Discovery Potential for SUGRA/SUSY at ATLAS” Talk at the Conference ”Twenty Years of SUGRA, Search for SUSY, and Unification”, March 17-21, 2002, Northeastern University, Boston, USA.

54. S. Villa, ”Discovery Potential for SUGRA/SUSY at CMS” Talk at the Conference ”Twenty Years of SUGRA, Search for SUSY, and Unification”, March 17-21, 2002, Northeastern University, Boston, USA.

55. H.N. Brown et al., Muon (g − 2) Collaboration, Phys. Rev. Lett. 86, 2227 (2001). 56. G. W. Bennett [Muon g-2 Collaboration], arXiv:hep-ex/0208001. 57. A. Czarnecki and W.J. Marciano, Nucl. Phys. (Proc. Suppl.) B76, 245(1999). 58. M. Davier and A. Höcker, Phys. Lett. B 435, 427 (1998).

59. K. Hagiwara, A. D. Martin, D. Nomura and T. Teubner, Phys. Lett. B 557, 69 (2003) [arXiv:hep-ph/0209187].

60. M. Knecht and A. Nyffeler, arXiv:hep-ph/0111058; M. Knecht, A. Nyffeler, M.

Perrottet and E. de Rafael, Phys. Rev. Lett. 88, 071802 (2002). 61. M. Hayakawa and T. Kinoshita, arXiv:hep-ph/0112102.

62. I. Blokland, A. Czarnecki and K. Melnikov, Phys. Rev. Lett. 88, 071803 (2002). 63. J. Bijnens, E. Pallante and J. Prades, arXiv:hep-ph/0112255. 64. M. Ramsey-Musolf and M. B. Wise, theory,” arXiv:hep-ph/0201297. 65. T. C. Yuan, R. Arnowitt, A. H. Chamseddine and P. Nath, Z. Phys. C 26, 407 (1984); D.A. Kosower, L.M. Krauss, N. Sakai, Phys. Lett. B 133, 305 (1983);

66. J.L. Lopez, D.V. Nanopoulos, X. Wang, Phys. Rev. D 49, 366 (1994). 67. U. Chattopadhyay and P. Nath, Phys. Rev. D 66, 093001 (2002) 68. P. Nath and M. Yamaguchi, Phys. Rev. D 60, 116006 (1999); M. L. Graesser, Phys. Rev. D 61, 074019 (2000) 69. see, U. Chattopadhyay and P. Nath, arXiv:hep-ph/0108250 and the references therein.

70. E. Commins, et. al., Phys. Rev. A50, 2960(1994). 71. P.G. Harris et.al., Phys. Rev. Lett. 82, 904(1999). 72. S. Weinberg, Phys. Rev. Lett. 63, 2333 (1989). 73. A. Manohar and H. Georgi, Nucl. Phys. B 234, 189 (1984); 74. See, e.g., J. Ellis, S. Ferrara and D.V. Nanopoulos, Phys. Lett. B114, 231(1982);

J. Polchinski and M. B. Wise, Phys. Lett. B 125, 393 (1983); W. Buchmuller and D. Wyler, Phys. Lett. B121,321(1983).

75. P. Nath, Phys. Rev. Lett.66, 2565(1991); Y. Kizukuri and N. Oshimo, Phys.Rev.D46,3025(1992).

76. K.S. Babu, B. Dutta and R. N. Mohapatra, Phys. Rev. D61, 091701(2000). 77. T. Ibrahim and P. Nath, Phys. Lett. B 418, 98 (1998); Phys. Rev. D57, 478(1998);

T. Falk and K Olive, Phys. Lett. B 439, 71(1998); M. Brhlik, G.J. Good, and G.L. Kane, Phys. Rev. D59, 115004 (1999); A. Bartl, T. Gajdosik, W. Porod, P. Stockinger, and H. Stremnitzer, Phys. Rev. 60, 073003(1999); S. Pokorski, J. Rosiek and C.A. Savoy, Nucl.Phys. B570, 81(2000); E. Accomando, R. Arnowitt and B. Dutta, Phys. Rev. D 61, 115003 (2000).

78. T. Ibrahim and P. Nath, Phys. Rev. D 61, 093004 (2000) [arXiv:hep-ph/9910553]. 79. D. Chang, W-Y.Keung,and A. Pilaftsis, Phys. Rev. Lett. 82, 900(1999). 80. S. K. Lamoreaux, J. P. Jacobs, B. R. Heckel, F. J. Raab and E. N. Fortson, Phys.

Rev. Lett. 57, 3125 (1986).

81. T. Falk, K.A. Olive, M. Prospelov, and R. Roiban, Nucl. Phys. B560, 3(1999);

V. D. Barger, T. Falk, T. Han, J. Jiang, T. Li and T. Plehn, Phys. Rev. D 64, 056007 (2001); S.Abel, S. Khalil, O.Lebedev, Phys. Rev. Lett. 86, 5850(2001) 82. T. Ibrahim and P. Nath, Phys. Rev. D 67, 016005 (2003) 83. T. Ibrahim and P. Nath, Phys. Rev. D 58, 111301 (1998) [arXiv:hep-ph/9807501]. 84. A. Pilaftsis, Phys. Rev. D58, 096010; Phys. Lett.B435, 88(1998); A. Pilaftsis and C.E.M. Wagner, Nucl. Phys. B553, 3(1999); D.A. Demir, Phys. Rev. D60, 055006(1999); S. Y. Choi, M. Drees and J. S. Lee, Phys. Lett. B 481, 57 (2000); M. Boz, Mod. Phys. Lett. A 17, 215 (2002).

85. T. Ibrahim and P. Nath, Phys.Rev.D63:035009,2001; hep-ph/0008237;

T. Ibrahim, Phys. Rev. D 64, 035009 (2001); T. Ibrahim and P. Nath, Phys. Rev. D 66, 015005 (2002); S. W. Ham, S. K. Oh, E. J. Yoo, C. M. Kim and D. Son, arXiv:hep-ph/0205244.

86. S. Mrenna, G. L. Kane and L. T. Wang, Phys. Lett. B 483, 175 (2000); A. Dedes, S. Moretti, Phys.Rev.Lett.84:22-25,2000; Nucl.Phys.B576:29-55,2000; S.Y.Choi and J.S. Lee, Phys. Rev.D61, 111702(2000); S. Heinemeyer, S. Kraml, W. Porod and G. Weiglein, arXiv:hep-ph/0306181; A. Bartl, S. Hesselbach, K. Hidaka, T. Kernreiter and W. Porod, arXiv:hep-ph/0306281.

87. S. Y. Choi, M. Guchait, J. Kalinowski and P. M. Zerwas, Phys. Lett. B 479, 235 (2000); S. Y. Choi, A. Djouadi, H. K. Dreiner, J. Kalinowski and P. M. Zerwas, Eur. Phys. J. C 7, 123 (1999); V. Barger, Tao Han, Tian-Jun Li, Tilman Plehn, Phys.Lett.B475:342-350,2000.

88. See, e.g., A. Masiero and H. Murayama, Phys. Rev. Lett. 83, 907 (1999); S. Khalil and T. Kobayashi, Phys. Lett. B 460, 341 (1999); D. A. Demir, A. Masiero and O. Vives, Phys. Lett. B 479, 230 (2000).

89. A. Masiero, ”SUGRA FCNC 20 years after: still hope for SUSY hints?” Talk at the Conference ”Twenty Years of SUGRA, Search for SUSY, and Unification”, March 17-21, 2002, Northeastern University, Boston, USA.

90. T. Ibrahim and P. Nath, Phys. Rev. D 62, 015004 (2000) [arXiv:hep-ph/9908443];

Phys. Rev. D 61, 095008 (2000) [arXiv:hep-ph/9907555]; T. Ibrahim, U. Chattopadhyay and P. Nath, Phys. Rev. D 64, 016010 [arXiv:hep-ph/0102324].

91. T. Ibrahim and P. Nath, Phys. Rev. D 62, 095001 (2000) [arXiv:hep-ph/0004098]. 92. T. Ibrahim and P. Nath, Phys. Rev. D 67, 095003 (2003) [arXiv:hep-ph/0301110]. 93. 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).

94. K. S. Babu and C. F. Kolda, Phys. Lett. B 451, 77 (1999); M. Carena, S. Mrenna and C. E. Wagner, Phys. Rev. D 60, 075010 (1999).

95. T. Ibrahim and P. Nath, arXiv:hep-ph/0305201.

96. K.L. Chan, U. Chattopadhyay and P. Nath, Phys. Rev. D 58, 096004 (1998). 97. R. Barbieri and G. F. Giudice, Nucl. Phys. B 306, 63 (1988); G. W. Anderson and D. J. Castano, Phys. Lett. B 347, 300 (1995) 98. D. Pierce and A. Papadopoulos, Phys. Rev. D 50, 565 (1994); Nucl. Phys. B 430, 278 (1994); A. B. Lahanas, K. Tamvakis and N. D. Tracas, Phys. Lett. B 324, 387 (1994) 99. M. Drees, M. M. Nojiri, D. P. Roy and Y. Yamada, Phys. Rev. D 56, 276 (1997); 100. C. H. Chen, M. Drees and J. F. Gunion, Phys. Rev. Lett. 76, 2002 (1996); Phys.

Rev. D 55, 330 (1997) [Erratum-ibid. D 60, 039901 (1999)] 101. J. L. Feng, T. Moroi, L. Randall, M. Strassler and S. f. Su, Phys. Rev. Lett. 83, 1731 (1999) 102. P. Abreu et al. [DELPHI Collaboration], Eur. Phys. J. C 11, 1 (1999) 103. U. Chattopadhyay, A. Corsetti and P. Nath, arXiv:hep-ph/0303201. 104. J. L. Feng, K. T. Matchev and T. Moroi, Phys. Rev. D 61, 075005 (2000); Phys.

Rev. Lett. 84, 2322 (2000) [arXiv:hep-ph/9908309].

105. H. Baer, C. Balazs, A. Belyaev and J. O’Farrill, arXiv:hep-ph/0305191; H. Baer, C. Balazs, A. Belyaev, T. Krupovnickas and X. Tata, arXiv:hep-ph/0304303; J. Ellis, K. A. Olive, Y. Santoso and V. C. Spanos, arXiv:hep-ph/0305212.

106. H. Goldberg, Phys. Rev. Lett. 50, 1419 (1983).

107. J. R. Ellis, J. S. Hagelin, D. V. Nanopoulos, K. A. Olive and M. Srednicki, Nucl.

Phys. B 238, 453 (1984).

108. C. L. Bennett et al., arXiv:astro-ph/0302207. 109. D. N. Spergel et al., arXiv:astro-ph/0302209.

110. K. Greist and D. Seckel, Phys. Rev. D43, 3191(1991); P. Gondolo and G. Gelmini, Nucl. Phys. B360, 145(1991).

111. R. Arnowitt and P. Nath, Phys. Lett. B299, 103(1993); Phys. Rev. Lett. 70, 3696(1993); H. Baer and M. Brhlik, Phys. Rev. D53, 597(1996); V. Barger and C. Kao, Phys. Rev. D57, 3131(1998).

112. S. Mizuta and M. Yamaguchi, Phys. Lett. B 298, 120 (1993) [arXiv:hep-ph/9208251].

113. J. R. Ellis, T. Falk and K. A. Olive, Phys. Lett. B 444, 367 (1998) [arXiv:hep-ph/9810360].

114. J. R. Ellis, T. Falk, K. A. Olive and M. Srednicki, Astropart. Phys. 13, 181 (2000) [Erratum-ibid. 15, 413 (2001)] [arXiv:hep-ph/9905481].

115. R. Arnowitt, B. Dutta and Y. Santoso, Nucl. Phys. B 606, 59 (2001) [arXiv:hep-ph/0102181].

116. J. R. Ellis, K. A. Olive and Y. Santoso, arXiv:hep-ph/0112113. 117. T. Nihei, L. Roszkowski and R. Ruiz de Austri, JHEP 0207, 024 (2002) [arXiv:hep-ph/0206266].

118. V. A. Bednyakov, H. V. Klapdor-Kleingrothaus and V. Gronewold, arXiv:hep-ph/0208178.

119. M. W. Goodman and E. Witten, Phys. Rev. D 31, 3059 (1985); K. Greist, Phys.

Rev. D38, 2357(1988); J. Ellis and R. Flores, Nucl. Phys. B307, 833(1988); R. Barbieri, M. Frigeni and G. Giudice, Nucl. Phys. B313, 725(1989); A. Bottino et.al., B295, 330(1992). M. Drees and M.M. Nojiri, Phys. Rev.D48,3483(1993).

120. For analyses specific to SUGRA models see, P. Nath and R. Arnowitt, Phys. Rev.

Lett. 74, 4592(1995); R. Arnowitt and P. Nath, Phys. Rev. D54, 2374(1996); E. Diehl, G.L. Kane, C. Kolda, J.D. Wells, Phys.Rev.D52, 4223(1995); H. Baer and M. Brhlik, Phys.Rev.D57,567(1998); J.D. Vergados, Phys. Rev. D83, 3597(1998); J.L. Feng, K. T. Matchev, F. Wilczek, Phys.Lett. B482, 388(2000); J.L. Feng, K. T. Matchev, F. Wilczek, Phys. Rev. D 63, 045024 (2001); V. D. Barger and C. Kao, Phys. Lett. B 518, 117 (2001); K. Olive, ”SUGRA Dark Matter”, Talk at the Conference ”Twenty Years of SUGRA, Search for SUSY, and Unification”, March 17-21, 2002, Northeastern University, Boston, USA.

121. P. Belli, R. Bernbei, A. Bottino, F. Donato, N. Fornengo, D. Prosperi, and S.

Scopel, Phys. Rev. D61, 023512(2000); M. Brhlik and L. Roszkowski, Phys. Lett. B464, 303(1999); A. Corsetti and P. Nath, Int. J. Mod. Phys. A15, 905(2000).

122. H. Baer, C. Balazs, A. Belyaev, J. K. Mizukoshi, X. Tata and Y. Wang, JHEP 0207, 050 (2002) 123. D. Matalliotakis and H. P. Nilles, Nucl. Phys. B435, 115(1995); M. Olechowski and S. Pokorski, Phys. Lett. B344, 201(1995); N. Polonski and A. Pomerol, Phys. Rev.D51, 6532(1995);

124. P. Nath and R. Arnowitt, Phys. Rev.D56, 2820(1997); E. Accomando, R.

Arnowitt and B. Datta, and Y.Santoso, Nucl. Phys. B585, 124(2000). 125. J. Ellis,K. Enqvist,D. V. Nanopoulos, and K. Tamvakis, Phys. Lett. 155B, 381(1985); M. Drees, Phys. Lett. B158, 409(1985);. T. Dasgupta, P. Mamales, P. Nath, Phys.Rev.D52:5366-5369,1995; Phys. Rev. D56, 4194(1997); G. Anderson, C.H. Chen, J.F. Gunion, J. Lykken, T. Moroi, and Y. Yamada, hep-ph/9609457;. H. Baer, M. A. Diaz, P. Quintana, and X. Tata, hep-ph/0002245.

126. N. Chamoun, C. S. Huang, C. Liu and X. H. Wu, Nucl. Phys. B 624, 81 (2002) [arXiv:hep-ph/0110332].

127. A. Corsetti and P. Nath, Phys. Rev. D 64, 125010 (2001); hep-ph/0005234;

hep-ph/0011313.

128. A. Birkedal-Hansen and B. D. Nelson, arXiv:hep-ph/0211071. 129. U. Chattopadhyay, T. Ibrahim and P. Nath, Phys. Rev. D60,063505(1999); T.

Falk, A. Ferstl and K. Olive, Astropart. Phys. 13, 301(2000); S. Khalil, Phys. Lett. B484, 98(2000); S. Khalil and Q. Shafi, Nucl.Phys. B564, 19(1999); K. Freese and P. Gondolo, hep-ph/9908390; S.Y. Choi, hep-ph/9908397.

130. M.E. Gomez, G. Lazarides and C. Pallis, Phys. Rev. D61, 123512(2000). 131. U. Chattopadhyay, A. Corsetti and P. Nath, Phys. Rev. D 66, 035003 (2002) [arXiv:hep-ph/0201001]; U. Chattopadhyay and P. Nath, Phys. Rev. D 65, 075009 (2002) [arXiv:hep-ph/0110341].

132. D. M. Pierce, J. A. Bagger, K. T. Matchev and R. j. Zhang, Nucl. Phys. B 491, 3 (1997) [arXiv:hep-ph/9606211];H. Baer, M. A. Diaz, J. Ferrandis and X. Tata, Phys. Rev. D 61, 111701 (2000) [arXiv:hep-ph/9907211].

133. W. de Boer, M. Huber, A. V. Gladyshev and D. I. Kazakov, Eur. Phys. J. C 20, 689 (2001) [arXiv:hep-ph/0102163].

134. U. Chattopadhyay and P. Nath, Phys. Rev. D 65, 075009 (2002) [arXiv:hep-ph/0110341];S. Komine and M. Yamaguchi, Phys. Rev. D 65, 075013 (2002) [arXiv:hep-ph/0110032].

135. H. Baer and J. Ferrandis, Phys. Rev. Lett. 87, 211803 (2001) [arXiv:hep-ph/0106352]; T. Blazek, R. Dermisek and S. Raby, Phys. Rev. Lett. 88, 111804 (2002) [arXiv:hep-ph/0107097]; M.E. Gómez, G. Lazarides and C. Pallis, Nucl. Phys. B638, 165 (2002) [hep-ph/0203131]; Phys.Rev.D67 097701,2003 [hep-ph/0301064] 136. K. Tobe and J. D. Wells, arXiv:hep-ph/0301015.

137. J. Ellis, K. A. Olive, Y. Santoso and V. C. Spanos, arXiv:hep-ph/0303043; H. Baer and C. Balazs, arXiv:hep-ph/0303114; A. B. Lahanas and D. V. Nanopoulos, arXiv:hep-ph/0303130.

138. R. Belli et.al., Phys. Lett.B480,23(2000), ”Search for WIMP annual modulation signature: results from DAMA/NAI-3 and DAMA/NAI-4 and the global combined analysis”, DAMA collaboration preprint INFN/AE-00/01, 1 February, 2000.

139. R. Abusaidi et.al., Phys. Rev. Lett.84, 5699(2000), ”Exclusion Limits on WIMP- Nucleon Cross-Section from the Cryogenic Dark Matter Search”, CDMS Collaboration preprint CWRU-P5-00/UCSB-HEP-00-01 and astro-ph/0002471.

140. L. Baudis, A. Dietz, B. Majorovits, F. Schwamm, H. Strecker and H.V. Klapdor- Kleingrothaus, Phys. Rev. D63,022001 (2001).

141. A. Benoit et al., arXiv:astro-ph/0206271.

142. H.V. Klapdor-Kleingrothaus, et.al., ”GENIUS, A Supersensitive Germanium Detector System for Rare Events: Proposal”, MPI-H-V26-1999, hep-ph/9910205.

143. D. Cline et al., “A Wimp Detector With Two-Phase Xenon,” Astropart. Phys.

12, 373 (2000).

144. S. Weinberg, Phys. Rev. D26, 287(1982); N. Sakai and T. Yanagida, Nucl.

Phys.B197, 533(1982); S. Dimopoulos, S. Raby and F. Wilczek, Phys.Lett. 112B, 133(1982); J. Ellis, D.V. Nanopoulos and S. Rudaz, Nucl. Phys. B202, 43(1982); S. Chadha, G.D. Coughlan, M. Daniel and G.G. Ross, Phys. Lett.149B, 47(1984).

145. P. Nath, R. Arnowitt and A.H. Chamseddine, Phys. Rev. 32D, 2348(1985); R.

Arnowitt, A.H. Chamseddine, and P. Nath, Phys. Lett. B156, 215(1985); Phys. Rev. F38, 1479(1988); J. Hisano, H. Murayama and T. Yanagida, Nucl. Phys. B402, 46(1993); T. Goto and T. Nihei, Phys. Rev. D59, 115009(1999).

146. See, e.g., R. Arnowitt and P. Nath, Phys. Rev. Lett. 62, 2225(1989); Phys. Lett.

B287, 89(1992).

147. R. Arnowitt and P. Nath, Phys. Rev. D60, 044002(1999); Phys. Rev. D49, 1479 (1994); M.E. Gomez, J. Rizos, and K. Tamvakis, Phys. Rev. D58, 057701(1998).

148. P. Nath, Phys. Rev. Lett. 76, 2218 (1996) [arXiv:hep-ph/9512415]; Phys. Lett. B 381, 147 (1996) [arXiv:hep-ph/9602337].

149. R. Dermisek, A. Mafi and S. Raby, Phys. Rev. D 63, 035001 (2001) [arXiv:hep-ph/0007213]; H. Murayama and A. Pierce, Phys. Rev. D 65, 055009 (2002) [arXiv:hep-ph/0108104].

150. B. Bajc, P. F. Perez and G. Senjanovic, Phys. Rev. D 66, 075005 (2002) [arXiv:hep-ph/0204311].

151. V. Lucas and S. Raby, Phys. Rev. D54, 2261 (1996); ibid. D55, 6988(1997); S.M.

Barr, Phys. Rev. D59, 015004(1999).

152. K.S. Babu, J.C. Pati, and F. Wilczek, Phys.Lett. B423, 337(1998); Nucl. Phys.

B566, 33(2000); J. C. Pati, and proton decay,” arXiv:hep-ph/0305221. 153. R.N. Mohapatra, Trieste Lectures 1999, hep-ph/9911272.

154. P. Nath and R. M. Syed, Phys. Lett. B 506, 68 (2001) [arXiv:hep-ph/0103165];

Nucl. Phys. B 618, 138 (2001) [arXiv:hep-th/0109116].

155. M. C. Chen and K. T. Mahanthappa, arXiv:hep-ph/0305088; Phys. Rev. D 65, 053010 (2002) [arXiv:hep-ph/0106093]; arXiv:hep-ph/0110037.

156. For a sample of string phenomenology see, L.E.Ibanez, H. P. Nilles and F.

Quevedo, Nucl. Phys.B307(1988)109; A. Antoniadis, J.Ellis, J. Hagelin, and D.V. Nanopoulos, Phys. Lett. B194(1987)231; B. R. Green, K. H. Kirklin, P.J. Miron G.G. Ross, Nucl. Phys.B292 1987606; R. Arnowitt and P. Nath, Phys. Rev. D40 (1989)191; A. Farragi, Phys. Lett. B278 (1992)131; M. Cvetic and P. Langacker, Phys. Rev. D54(1996)3570.

157. D.C. Lewellen, Nucl. Phys. B337(1990)61; J. A. Schwarz, Phys. Rev. Phys. Rev.

D42(1990)1777; S. Chaudhuri, S.-W. Chung, G. Hockney, and J.D. Lykken, Nucl. Phys.452(1995)89; G.B. Cleaver,Nucl. Phys. B456(1995)219; Z. Kakushadze and S.H.H. Tye, Phys. Rev. D55(1997)7896; ibid, D561997)7878; Phys. Lett. 392(1997)325.

158. H. P. Nilles, Phys. Lett. B 115 (1982) 193; S. Ferrara, L. Girardello and H. P. Nilles, Phys. Lett. B 125 (1983) 457; M. Dine, R. Rohm, N. Seiberg and E. Witten, Phys. Lett. B 156 (1985) 55; C. Kounnas and M. Porrati, Phys. Lett. B 191 (1987) 91.

159. S. Ferrara, N. Magnoli, T. R. Taylor and G. Veneziano, Phys. Lett. B 245, 409 (1990).

160. A. Font, L. E. Ibanez, D. Lust and F. Quevedo, Phys. Lett. B 245, 401 (1990). 161. P. Binetruy, M. K. Gaillard and B. D. Nelson, Nucl. Phys. B 604 (2001) 32;

T. Dent, JHEP 0112 (2001) 028; D. Bailin, G. V. Kraniotis and A. Love, Phys. Lett. B 435, 323 (1998); G. Kane, J. Lykken, B. Nelson and L. T. Wang, hep-ph/0207168;

162. P. Nath and T. R. Taylor, Phys. Lett. B 548, 77 (2002) [arXiv:hep-ph/0209282].