{ 1{

SUPERSYMMETRY (by H.E. Haber, Univ. of California, Santa Cruz)

A. Introduction: Supersymmetry is a generalization of the

space-time symmetries of quantum field theory that transforms fermions into bosons and vice versa. It also provides a framework for the unification of particle physics and gravity, which takes place at an energy of order the Planck scale (≈ 10^{19} GeV) [1–3]. However, supersymmetry is clearly not an exact symmetry of nature, and therefore must be broken. In theories of “low-energy” supersymmetry, the effective scale of supersymmetry breaking is tied to the electroweak scale [4–6]. In this way, it is hoped that supersymmetry will ultimately explain the origin of the large hierarchy between the W and Z masses and the Planck scale. At present, there are no unambiguous experimental results that require the existence of low-energy supersymmetry. However, if experimentation at future colliders uncovers evidence for supersymmetry, this would have a profound effect on the study of TeV-scale physics and the development of a more fundamental theory of mass and symmetry-breaking phenomena in particle physics.

B. Structure of the MSSM: The minimal supersymmetric

extension of the Standard Model (MSSM) consists of taking the Standard Model and adding the corresponding supersymmetric partners [7]. In addition, the MSSM contains two hypercharge Y = ±1 Higgs doublets, which is the minimal structure for the Higgs sector of an anomaly-free supersymmetric extension of the Standard Model. The supersymmetric structure of the theory also requires (at least) two Higgs doublets to generate mass for both “up”-type and “down”-type quarks (and charged leptons) [8,9]. All renormalizable supersymmetric interactions consistent with (global) B−L conservation (B =baryon number and L =lepton number) are included. Finally, the most general soft-supersymmetry-breaking terms are added [10].

If supersymmetry is relevant for explaining the scale of electroweak interactions, then the mass parameters that occur in the soft-supersymmetry-breaking terms must be of order 1 TeV or below [11]. Some bounds on these parameters exist due to

CITATION: R.M. Barnett et al., Physical Review D54, 1 (1996)

July 23, 1996 13:14

{ 2{

the absence of supersymmetric-particle production at current accelerators (see the Particle Listings following this note). Additional constraints arise from limits on the contributions of virtual supersymmetric particle exchange to a variety of Standard Model processes [12]. The impact of precision electroweak measurements at LEP and SLC on the MSSM parameter space is discussed briefly at the end of this note.

As a consequence of B−L invariance, the MSSM possesses a discrete R-parity invariance, where R = (−1)^{3(B−L)+2S} for a particle of spin S [13]. Note that this formula implies that all the ordinary Standard Model particles have even R-parity, whereas the corresponding supersymmetric partners have odd R-parity. The conservation of R-parity in scattering and decay processes has a crucial impact on supersymmetric phenomenology. For example, starting from an initial state involving ordinary (Reven) particles, it follows that supersymmetric particles must be produced in pairs. In general, these particles are highly unstable and decay quickly into lighter states. However, Rparity invariance also implies that the lightest supersymmetric particle (LSP) is absolutely stable, and must eventually be produced at the end of a decay chain initiated by the decay of a heavy unstable supersymmetric particle.

In order to be consistent with cosmological constraints, the LSP is almost certainly electrically and color neutral [14]. Consequently, the LSP is weakly-interacting in ordinary matter, i.e. it behaves like a stable heavy neutrino and will escape detectors without being directly observed. Thus, the canonical signature for (R-parity conserving) supersymmetric theories is missing (transverse) energy, due to the escape of the LSP.

Some model builders attempt to relax the assumption of R-parity conservation. Models of this type must break B−L and are therefore strongly constrained by experiment [15]. Nevertheless, it is still important to allow for the possibility of R-parity violating processes in the search for supersymmetry. In such models, the LSP is unstable and supersymmetric particles can be singly produced and destroyed in association with B or L violation. These features lead to a phenomenology of

{ 3{

broken-R-parity models that is very different from that of the MSSM.

In the MSSM, supersymmetry breaking is accomplished by including the soft-supersymmetry breaking terms mentioned earlier. These terms parametrize our ignorance of the fundamental mechanism of supersymmetry breaking. If this breaking occurs spontaneously, then (in the absence of supergravity) a massless Goldstone fermion called the goldstino ( ~G) must exist. The goldstino would then be the LSP and could play an important role in supersymmetric phenomenology [16]. In models that incorporate supergravity, this picture changes. If supergravity is spontaneously broken, the goldstino is absorbed (“eaten”) by the gravitino (g_{3/2}), the spin-3/2 partner of the graviton [17]. By this super-Higgs mechanism, the gravitino acquires a mass (m_{3/2}). In many models, the gravitino mass is of order the electroweak-symmetry-breaking scale, while its couplings are gravitational in strength [1,18]. Such a gravitino would play no role in supersymmetric phenomenology at colliders.

The parameters of the MSSM are conveniently described by considering separately the supersymmetry-conserving sector and the supersymmetry-breaking sector. A careful discussion of the conventions used in defining the MSSM parameters can be found in Ref. 19. Among the parameters of the supersymmetry conserving sector are: (i) gauge couplings: g_s, g, and g^′, corresponding to the Standard Model gauge group SU(3)×SU(2)×U(1) respectively; (ii) Higgs-Yukawa couplings: λ_e, λ_u, and λ_d (which are 3 × 3 matrices in flavor space); and (iii) a supersymmetry-conserving Higgs mass parameter μ.

The supersymmetry-breaking sector contains the following set of parameters: (i) gaugino Majorana masses M_3, M_2 and M_1 associated with the SU(3), SU(2), and U(1) subgroups of the Standard Model; (ii) scalar mass matrices for the squarks and sleptons; (iii) Higgs-squark-squark trilinear interaction terms (the so-called “A-parameters”) and corresponding terms involving the sleptons; and (iv) three scalar Higgs mass parameters—two diagonal and one off-diagonal mass terms for the two Higgs doublets. These three mass parameters can be re-expressed in terms of the two Higgs vacuum expectation

{ 4{

values, v_1 and v_2, and one physical Higgs mass. Here, v_1 (v_2) is the vacuum expectation value of the Higgs field which couples exclusively to down-type (up-type) quarks and leptons. Note that v^2_1 + v^2 = (246 GeV)^2 is fixed by the W mass (or equivalently by the Fermi constant G_F ), while the ratio

tan β = v_2/v_1 (1)

is a free parameter of the model.

The supersymmetric constraints imply that the MSSM Higgs sector is automatically CP -conserving (at tree-level). Thus, tan β is a real parameter (conventionally chosen to be positive), and the physical neutral Higgs scalars are CP - eigenstates. Nevertheless, the MSSM does contain a number of possible new sources of CP violation. For example, gauginomass parameters, the A-parameters, and μ may be complex. Some combination of these complex phases must be less than of order 10^{−2}–10^{−3} (for a supersymmetry-breaking scale of 100 GeV) to avoid generating electric dipole moments for the neutron, electron, and atoms in conflict with observed data [20]. However, these complex phases have little impact on the direct searches for supersymmetric particles, and are usually ignored in experimental analyses.

C. The Higgs sector of the MSSM: Before describing the

supersymmetric-particle sector, let us consider the Higgs sector of the MSSM [21]. There are five physical Higgs particles in this model: a charged Higgs pair (H^±), two CP -even neutral Higgs bosons (denoted by H^0_1 and H^0_2 where m_H0_1 ≤ m_H0_2 ) and one CP -odd neutral Higgs boson (A^0). The properties of the Higgs sector are determined by the Higgs potential which is made up of quadratic terms [whose squared-mass coefficients were mentioned above Eq. (1)] and quartic interaction terms. The strengths of the interaction terms are directly related to the gauge couplings by supersymmetry (and are not affected at tree-level by supersymmetry-breaking). As a result, tan β [defined in Eq. (1)] and one Higgs mass determine: the Higgs spectrum, an angle α [which indicates the amount of mixing of the original Y = ±1 Higgs doublet states in the physical CP -even scalars], and the Higgs boson couplings.

{ 5{

When one-loop radiative corrections are incorporated, additional parameters of the supersymmetric model enter via virtual loops. The impact of these corrections can be significant [22,23]. For example, at tree-level, the MSSM predicts m_H0_1 ≤ m_Z [8,9]. If true, this would imply that experiments to be performed at LEP-2 operating at its maximum energy and luminosity would rule out the MSSM if H^0_1 were not found. However, this Higgs mass bound can be violated when the radiative corrections are incorporated. For example, in Ref. 22, the following approximate upper bound was obtained for m_H0_1 (assuming m_A0 > m_Z) in the limit of m_Z ≪ m_t ≪ M~_t [where top-squark (~t_L–~t_R) mixing is neglected]

m^2_{H01} . m^2_Z +

3g^2m^4_Z 16π^2m^2_W × { ln ( M^2~_t m^2_t )[ 2m^4_t − m^2_t m^2_Z m^4_Z ] + m^2_t 3m^2_Z } . (2)

More refined computations (which include the effects of topsquark mixing, renormalization group improvement, and the leading two-loop contributions) yield m_H0_1 . 125 GeV for m_t = 175 GeV and a top-squark mass of M~_t = 1 TeV [24]. Clearly, the radiative corrections to the Higgs masses have a significant impact on the search for the Higgs bosons of the MSSM at LEP [25].

D. Supersymmetric-particle spectrum: Consider next the

supersymmetric-particle sector of the MSSM. The supersymmetric partners of the gauge and Higgs bosons are fermions, whose names are obtained by appending “ino” at the end of the corresponding Standard Model particle name. The gluino is the color octet Majorana fermion partner of the gluon with mass M~_g = |M_3|. The supersymmetric partners of the electroweak gauge and Higgs bosons (the gauginos and Higgsinos) can mix. As a result, the physical mass eigenstates are model-dependent linear combinations of these states, called charginos and neutralinos, which are obtained by diagonalizing the corresponding mass matrices. The chargino-mass matrix depends on M_2, μ, tan β and m_W [26].

{ 6{

The corresponding chargino-mass eigenstates are denoted by ~χ^+_1 and ~χ^+_2 , with masses

M^2 ~χ^+_{1 ,}~χ^+_2

=^1_2 { |μ|^2 + |M_2|^2 + 2m^2_W

∓ [ ( |μ|^2 + |M_2|^2 + 2m^2_W

)_2 − 4|μ|^2|M_2|^2

− 4m^4_W sin^2 2β + 8m^2_W sin 2β Re(μM_2) ]_{1/2}} , (3)

where the states are ordered such that M~χ+_1 ≤ M~χ+_2 . If CP - violating effects are ignored (in which case, M_2 and μ are real parameters), then one can choose a convention where tan β and M_2 are positive. (Note that the relative sign of M_2 and μ is meaningful. The sign of μ is convention-dependent; the reader is warned that both sign conventions appear in the literature.) The sign convention for μ implicit in Eq. (3) is used by the LEP collaborations [27] in their plots of exclusion contours in the M_2 vs. μ plane derived from the non-observation of Z → ~χ^+_1 ~χ^−_1 . The neutralino mass matrix depends on M_1, M_2, μ, tan β, m_Z , and the weak mixing angle θ_W [26]. The corresponding neutralino eigenstates are usually denoted by ~χ^0_i (i = 1, . . . 4), according to the convention that M~χ0_1 ≤ M~χ0_2 ≤ M~χ0_3 ≤ M~χ0_4. If a chargino or neutralino eigenstate approximates a particular gaugino or Higgsino state, it may be convenient to use the corresponding nomenclature. For example, if M_1 and M_2 are small compared to m_Z (and μ), then the lightest neutralino ~χ^0_1 will be nearly a pure photino, ~γ (the supersymmetric partner of the photon).

It is common practice in the literature to reduce the supersymmetric parameter freedom by requiring that all three gaugino-mass parameters are equal at some grand unification scale. Then, at the electroweak scale, the gaugino-mass parameters can be expressed in terms of one of them (say, M_2). The other two gaugino-mass parameters are given by

M_3 = (g^2_s /g^2)M_2 , M_1 = (5g^{′ 2}/3g^2)M_2 . (4)

Having made this assumption, the chargino and neutralino masses and mixing angles depend only on three unknown

{ 7{

parameters: the gluino mass, μ, and tan β. However, the assumption of gaugino-mass unification could prove false and must eventually be tested experimentally.

The supersymmetric partners of the quarks and leptons are spin-zero bosons: the squarks, charged sleptons, and sneutrinos. For a given fermion f, there are two supersymmetric partners ~f_L and ~f_R which are scalar partners of the corresponding left and right-handed fermion. (There is no ~ν_R.) However, in general, ~f_L and ~f_R are not mass-eigenstates since there is ~f_L- ~f_R mixing which is proportional in strength to the corresponding element of the scalar mass-squared matrix [28]:

M^2_{LR} = { m_d(A_d − μ tan β), for “down”-type f m_u(A_u − μ cot β), for “up”-type f, (5)

where m_d (m_u) is the mass of the appropriate “down” (“up”) type quark or lepton. Here, A_d and A_u are (unknown) softsupersymmetry-breaking A–parameters and μ and tan β have been defined earlier. The signs of the A parameters are also convention-dependent; see Ref. 19. Due to the appearance of the fermion mass in Eq. (5), one expects M_{LR} to be small compared to the diagonal squark and slepton masses, with the possible exception of the top-squark, since m_t is large, and the bottom-squark and tau-slepton if tan β ≫ 1.

The (diagonal) L- and R-type squark and slepton masses are given by [2]

M^2~_uL = M^2~_Q + m^2_u + m^2_Z cos 2β(^1_2 −^2_3 sin^2 θ_W ) (6)

M^2~_uR = M^2~_U + m^2_u +^2_3 m^2_Z cos 2β sin^2 θ_W (7)

M^2~_d L = M^2~_Q + m^2_d − m^2_Z cos 2β(^1_2 −^1_3 sin^2 θ_W ) (8)

M^2~_d R = M^2~_D + m^2_d −^1_3 m^2_Z cos 2β sin^2 θ_W (9)

M^2~_ν = M^2~_L +^1_2 m^2_Z cos 2β (10)

M^2~_e L = M^2~_L + m^2_e − m^2_Z cos 2β(^1_2 − sin^2 θ_W ) (11)

M^2~_e R = M^2~_E + m^2_e − m^2_Z cos 2β sin^2 θ_W . (12)

{ 8{

The soft-supersymmetry-breaking parameters: M~_Q, M~_U , M~_D, M~_L, and M~_E are unknown parameters. In the equations above, the notation of first generation fermions has been used and generational indices have been suppressed. Further complications such as intergenerational mixing are possible, although there are some constraints from the nonobservation of flavor-changing neutral currents (FCNC) [29].

E. Reducing the MSSM parameter freedom: One way to

guarantee the absence of significant FCNC’s mediated by virtual supersymmetric-particle exchange is to posit that the diagonal soft-supersymmetry-breaking scalar squared-masses are universal in flavor space at some energy scale (normally taken to be at or near the Planck scale) [5,30,31]. Renormalization group evolution is used to determine the low-energy values for the scalar mass parameters listed above. This assumption substantially reduces the MSSM parameter freedom. For example, supersymmetric grand unified models with universal scalar masses at the Planck scale typically give [32] M~_L ≈ M~_E < M~_Q ≈ M~_U ≈ M~_D with the squark masses somewhere between a factor of 1–3 larger than the slepton masses (neglecting generational distinctions). More specifically, the first two generations are thought to be nearly degenerate in mass, while M~_{Q3} and M~_{U3} are typically reduced by a factor of 1–3 from the other soft-super-symmetry-breaking masses because of renormalization effects due to the heavy top quark mass.

As a result, four flavors of squarks (with two squark eigenstates per flavor) and ~b_R will be nearly mass-degenerate and somewhat heavier than six flavors of nearly mass-degenerate sleptons (with two per flavor for the charged sleptons and one per flavor for the sneutrinos). On the other hand, the ~b_L mass and the diagonal ~t_L and ~t_R masses are reduced compared to the common squark mass of the first two generations. In addition, third generation squark masses and tau-slepton masses are sensitive to the strength of the respective ~f_L– ~f_R mixing as discussed below Eq. (5).

Two additional theoretical frameworks are often introduced to reduce further the MSSM parameter freedom [1,2,33]. The first involves grand unified theories (GUTs) and the

{ 9{

desert hypothesis (i.e no new physics between the TeVscale and the GUT-scale). Perhaps one of the most compelling hints for low-energy supersymmetry is the unification of SU(3)×SU(2)×U(1) gauge couplings predicted by supersymmetric GUT models [5,34] (with the supersymmetry breaking scale of order 1 TeV or below). The unification, which takes place at an energy scale of order 10^{16} GeV, is quite robust (and depends weakly on the details of the GUT-scale theory). For example, a recent analysis [35] finds that supersymmetric GUT unification implies that α_s(m_Z ) = 0.129 ± 0.010, not including threshold corrections due to GUT-scale particles (which could diminish the value of α_s(m_Z)). This result is compatible with the world average of α_s(m_Z ) = 0.118 ± 0.003 as quoted by the Particle Data Group. In contrast, gauge coupling unification in the simplest nonsupersymmetric GUT models fails by many standard deviations [36].

Grand unification can impose additional constraints through the unification of Higgs-fermion Yukawa couplings (λ_f ). There is some evidence that λ_b = λ_τ leads to good low-energy phenomenology [37], and an intriguing possibility that in the MSSM (in the parameter regime where tan β ≃ m_t/m_b) λ_b = λ_τ = λ_t may be phenomenologically viable [38]. However, such unification constraints are GUT-model dependent, and do not address the origin of the first and second generation fermion masses and the CKM mixing matrix. Finally, grand unification imposes constraints on the soft-supersymmetry-breaking parameters. For example, gaugino-mass unification leads to the relations given in Eq. (4). Diagonal squark and slepton softsupersymmetry-breaking scalar masses may also be unified at the GUT scale (analogous to the unification of Higgs-fermion Yukawa couplings).

In order to further reduce the number of independent softsupersymmetry-breaking parameters (with or without grand unification), an additional simplifying assumption is required. In the minimal supergravity theory, the soft-supersymmetry-breaking parameters are often taken to have the following simple form. Referring to the parameter list given above Eq. (1), the Planck-scale values of the soft-supersymmetry-breaking terms

{ 10{

depend on the following minimal set of parameters: (i) a universal gaugino mass m_{1/2}; (ii) a universal diagonal scalarmass parameter m_0 [whose consequences were described at the beginning of this section]; (iii) a universal A-parameter, A_0; and (iv) three scalar Higgs mass parameters—two common diagonal-squared masses given by |μ_0|^2 + m^2_0 and an off-diagonal-squared mass given by B_0μ_0 (which defines the Planck-scale supersymmetry-breaking parameter B_0), where μ_0 is the Planck-scale value of the μ-parameter.

As before, renormalization group evolution is used to compute the low-energy values of the supersymmetry-breaking parameters and determines the supersymmetric-particle spectrum. Moreover, in this approach, electroweak symmetry breaking is induced radiatively if one of the Higgs diagonal-squared masses is forced negative by the evolution. This occurs in models with a large Higgs-top quark Yukawa coupling (i.e. large m_t). As a result, the two Higgs vacuum expectation values (or equivalently, m_Z and tan β) can be expressed as a function of the Planckscale supergravity parameters. The simplest procedure [32] is to remove μ_0 and B_0 in favor of m_Z and tan β (the sign of μ_0 is not fixed in this process). In this case, the MSSM spectrum and its interactions are determined by m_0, A_0, m_{1/2}, tan β, and the sign of μ_0 (in addition to the parameters of the Standard Model). However, the minimal approach above is probably too restrictive. Theoretical considerations suggest that the universality of Planck-scale soft-supersymmetry breaking parameters is not generic [39]. In the absence of a fundamental theory of supersymmetry breaking, further progress will require a detailed knowledge of the supersymmetric-particle spectrum in order to determine the nature of the Planck-scale parameters. Of course, any of the theoretical assumptions described in this section could be wrong and must eventually be tested experimentally.

F. The MSSM and precision of electroweak data: The

MSSM (with or without constraints imposed from the theory near the Planck scale) provides a framework that can be tested by precision electroweak data. The level of accuracy of the measured Z decay observables at LEP and SLC is sufficient to

{ 11{

test the structure of the one-loop radiative corrections of the electroweak model [40], and is thus potentially sensitive to the virtual effects of undiscovered particles. Combining the most recent LEP and SLC electroweak results [41] with the recent topquark mass measurement at the Tevatron [42], a weak preference is found [41,43] for a light Higgs boson mass of order m_Z, which is consistent with the MSSM Higgs mass upper bound previously noted. Moreover, for Z decay observables, the effects of virtual supersymmetric-particle exchange are suppressed by a factor of m^2_Z /M^2_{SUSY} , and therefore decouple in the limit of large supersymmetric-particle masses. It follows that for M^2_{SUSY} ≫ m_Z (in practice, it is sufficient to have all supersymmetricparticle masses above 200 GeV) the MSSM yields an equally good fit to the precision electroweak data as compared to the Standard Model fit.

On the other hand, there are a few tantalizing hints in the data for deviations from Standard Model predictions. Indeed, if R_b ≡ Γ(Z → bb̄)/Γ(Z → hadrons) is confirmed to lie above its Standard Model prediction due to the presence of new physics, then a plausible candidate for the new physics would be the MSSM with some light supersymmetric particles (e.g. a light chargino and top-squark and/or a light CP-odd scalar, A^0) close in mass to their present LEP bounds [44,45]. Such a scenario would be tested by the search for supersymmetric particles at LEP-2 and the Tevatron.

G. Beyond the MSSM: Nonminimal versions of low-energy

supersymmetry can also be constructed. These models add additional matter and/or gauge super-multiplets to the MSSM (at the TeV scale or below). Experimental and theoretical constraints place some restrictions on these approaches, although no comprehensive treatment has yet appeared in the literature.

References 1. H.P. Nilles, Phys. Reports 110, 1 (1984).

2. P. Nath, R. Arnowitt, and A. H. Chamseddine, Applied N = 1 Supergravity (World Scientific, Singapore, 1984).

3. M.B. Green, J.S. Schwarz, and E. Witten, Superstring Theory (Cambridge University Press, Cambridge, 1987).

{ 12{

4. E. Witten, Nucl. Phys. B188, 513 (1981).

5. S. Dimopoulos and H. Georgi, Nucl. Phys. B193, 150 (1981).

6. L. Susskind, Phys. Reports 104, 181 (1984);

N. Sakai, Z. Phys. C11, 153 (1981);

See also, R.K. Kaul, Phys. Lett. 109B, 19 (1982). 7. H.E. Haber and G.L. Kane, Phys. Reports 117, 75 (1985). 8. K. Inoue, A. Kakuto, H. Komatsu, and S. Takeshita, Prog.

Theor. Phys. 68, 927 (1982) [E: 70, 330 (1983)]; 71, 413 (1984);

R. Flores and M. Sher, Ann. Phys. (NY) 148, 95 (1983). 9. J.F. Gunion and H.E. Haber, Nucl. Phys. B272, 1 (1986);

[E. B402, 567 (1993)].

10. L. Girardello and M. Grisaru, Nucl. Phys. B194, 65 (1982).

11. See, e.g., R. Barbieri and G.F. Giudice, Nucl. Phys. B305, 63 (1988);

G.W. Anderson and D.J. Castano, Phys. Lett. B347, 300 (1995); Phys. Rev. D52, 1693 (1995).

12. See, e.g., S. Bertolini, F. Borzumati, A. Masiero, and G. Ridolfi, Nucl. Phys. B353, 591 (1991).

13. P. Fayet, Phys. Lett. 69B, 489 (1977);

G. Farrar and P. Fayet, Phys. Lett. 76B, 575 (1978). 14. J. Ellis, J.S. Hagelin, D.V. Nanopoulos, K. Olive, and M.

Srednicki, Nucl. Phys. B238, 453 (1984).

15. See, e.g., V. Barger, T. Han, and G.F. Giudice, Phys. Rev.

D40, 2987 (1989);

S. Dimopoulos, R. Esmailzadeh, L.J. Hall, and G.D. Starkman, Phys. Rev. D41, 2099 (1990);

H. Dreiner and G.G. Ross, Nucl. Phys. B365, 597 (1991). 16. P. Fayet, Phys. Lett. 84B, 421 (1979); Phys. Lett. 86B, 272 (1979).

17. S. Deser and B. Zumino, Phys. Rev. Lett. 38, 1433 (1977). 18. A.B. Lahanas and D.V. Nanopoulos, Phys. Reports 145, 1 (1987).

19. H.E. Haber, “Introductory Low-Energy Supersymmetry,” in Recent Directions in Particle Theory, Proceedings of the 1992 Theoretical Advanced Study Institute in Particle Physics, edited by J. Harvey and J. Polchinski (World Scientific, Singapore, 1993) pp. 589–686.

20. W. Fischler, S. Paban, and S. Thomas, Phys. Lett. B289, 373 (1992);

S.M. Barr, Int. J. Mod. Phys. A8, 209 (1993).

{ 13{

21. J.F. Gunion, H.E. Haber, G. Kane, and S. Dawson, The Higgs Hunter’s Guide (Addison-Wesley Publishing Company, Redwood City, CA, 1990).

22. H.E. Haber and R. Hempfling, Phys. Rev. Lett. 66, 1815 (1991).

23. Y. Okada, M. Yamaguchi, and T. Yanagida, Prog. Theor.

Phys. 85, 1 (1991);

J. Ellis, G. Ridolfi, and F. Zwirner, Phys. Lett. B257, 83 (1991).

24. M. Carena, J.R. Espinosa, M. Quiros, and C.E.M. Wagner, Phys. Lett. B335, 209 (1995);

H.E. Haber, R. Hempfling, and A.H. Hoang, CERN-TH- 95-216 (1995).

25. G. Altarelli et al., “Interim Report on the Physics Motivations for an Energy Upgrade of LEP2”, CERN-TH/95-151 and CERN-PPE/95-78 (1995).

26. Explicit forms for the chargino and neutralino mass matrices can be found in Appendix A of Ref. 9; see also Ref. 19.

27. See, e.g., D. Decamp et al. [ALEPH Collaboration], Phys.

Reports 216, 253 (1992).

28. J. Ellis and S. Rudaz, Phys. Lett. 128B, 248 (1983). 29. For recent works and references to the original literature, see: J. Hagelin, S. Kelley, and T. Tanaka, Nucl. Phys. B415, 293 (1994);

D. Choudhury et al., Phys. Lett. B342, 1980 (1995). 30. See e.g., M. Dine, R. Leigh, and A. Kagan, Phys. Rev.

D48, 4269 (1993).

31. Other mechanisms for avoiding potentially dangerous FCNC’s have been proposed. For example, non-universal scalar masses are not dangerous if squark and slepton mass matrices are diagonal in the same basis as the corresponding fermion mass matrices. See, e.g., Y. Nir and N. Seiberg, Phys. Lett. B309, 337 (1993);

S. Dimopoulos, G.F. Giudice, and N. Tetradis, CERN- TH/95-90 (1995).

32. For a recent review, see M. Drees and S.P. Martin, MAD- PH-95-879 [hep-ph/9504324], to appear in Electroweak Symmetry Breaking and New Physics at the TeV Scale, edited by T. Barklow, S. Dawson, H.E. Haber, and J. Siegrist (World Scientific, Singapore).

33. For a recent review, see R. Arnowitt and P. Nath, in Particles and Fields, Proceedings of the 7th Summer School Jorge Andre Swieca, Sao Paulo, Brazil, 10–23

{ 14{

January 1993, edited by O.J.P. Eboli and V.O. Rivelles (World Scientific, Singapore, 1994);

W. de Boer, Prog. in Part. Nucl. Phys. 33, 201 (1994). 34. M.B. Einhorn and D.R.T. Jones, Nucl. Phys. B196, 475 (1982);

W.J. Marciano and G. Senjanovic, Phys. Rev. D25, 3092 (1982).

35. P. Langacker and N. Polonsky, Phys. Rev. D52, 3081 (1995). Recent related work can be found in: R. Barbieri, P. Ciafaloni, and A. Strumia, Nucl. Phys. B442, 461 (1995);

J. Bagger, K. Matchev, and D. Pierce, Phys. Lett. B348, 443 (1995);

P.H. Chankowski, Z. Pluciennik and S. Pokorski, Nucl. Phys. B349, 23 (1995).

36. For a recent review comparing unification in supersymmetric and nonsupersymmetric GUTS, see S. Dimopoulos, CERN-TH-7531-94 [hep-ph/9412297].

37. H. Arason et al., Phys. Rev. Lett. 67, 2933 (1991);

Phys. Rev. D46, 3945 (1992);

V. Barger, M.S. Berger, and P. Ohmann, Phys. Rev. D47, 1093 (1993);

M. Carena, S. Pokorski, and C.E.M. Wagner, Nucl. Phys. B406, 59 (1993);

P. Langacker and N. Polonsky, Phys. Rev. D49, 1454 (1994).

38. M. Olechowski and S. Pokorski, Phys. Lett. B214, 393 (1988);

B. Ananthanarayan, G. Lazarides and Q. Shafi, Phys. Rev. D44, 1613 (1991);

S. Dimopoulos, L.J. Hall, and S. Raby, Phys. Rev. Lett. 68, 1984 (1992);

L.J. Hall, R. Rattazzi, and U. Sarid, Phys. Rev. D50, 7048 (1994);

M. Carena, M. Olechowski, S. Pokorski, and C.E.M. Wagner, Nucl. Phys. B426, 269 (1994).

39. L.E. Ibáñez and D. Lüst, Nucl. Phys. B382, 305 (1992);

B. de Carlos, J.A. Casas and C. Munoz, Phys. Lett. B299, 234 (1993);

V. Kaplunovsky and J. Louis, Phys. Lett. B306, 269 (1993);

A. Brignole, L.E. Ibáñez, and C. Munoz, Nucl. Phys. B422, 125 (1994) [E: B436, 747 (1995)].

{ 15{

40. D. Bardin, W. Hollik, and G. Passarino, editors, “Report of the Working Group on Precision Calculations for the Z Resonance”, CERN Yellow Report 95-03 (1995).

41. P. Antilogus et al. [LEP Electroweak Working Group], LEPEWWG/95-02 (1995), contributions of the LEP Experiments to the 1995 International Europhysics Conference on High Energy Physics, 27 July–2 August, 1995, Brussels, Belgium, and the 17th International Symposium on Lepton-Photon Interactions, 10–15 August, 1995, Beijing, China.

42. F. Abe et al. [CDF Collaboration], Phys. Rev. Lett. 74, 2626 (1995);

S. Abachi et al. [D0 Collaboration], Phys. Rev. Lett. 74, 2632 (1995).

43. P.H. Chankowski and S. Pokorski, Phys. Lett. B356, 307 (1995);

J.Ellis, G.L. Fogli, and E. Lisi, CERN-TH/95-202 [hepph/9507424].

44. M. Boulware and D. Finnel, Phys. Rev. D44, 2054 (1991);

A. Djouadi et al., Nucl. Phys. B349, 48 (1991); G. Altarelli, R. Barbieri, and F. Caravaglios, Nucl. Phys. B405, 3 (1993);

J.D. Wells, C. Kolda, and G.L. Kane, Phys. Lett. B338, 219 (1994).

45. Recent analyses along these lines can be found in: D.

Garcia, R.A. Jiménez and J. Solà, Phys. Lett. B347, 321 (1995) [E: B351, 602 (1995)];

D. Garcia and H. Solà, Phys. Lett. B354, 335 (1995); G.L. Kane, R.G. Stuart, and J.D. Wells, Phys. Lett. B354, 350 (1995);

A. Dabelstein, W. Hollik and W. Mösle, KA-THEP-5-1995 [hep-ph/9506251];

P.H. Chankowski and S. Pokorski, IFT-95/5 [hep-ph/9505304]; X. Wang, J.L. Lopez, and D.V. Nanopoulos, CTP-TAMU- 25/95 [hep-ph/9506217].