hep-ph/9908443 23 Aug 1999

Effects of large CP violating phases on g¯ � 2 in MSSM

Tarek Ibrahim^a and Pran Nath^b

a. Department of Physics, Faculty of Science, University of Alexandria, Alexandria, Egypt b. Department of Physics, Northeastern University, Boston, MA 02115-5000, USA

Abstract Effects of CP violation on the supersymmetric electro-weak correction to the anomalous magnetic moment of the muon are investigated with the most general allowed set of CP violating phases in MSSM. The analysis includes contributions from the chargino and the neutralino exchanges to the muon anomaly. The supersymmetric contributions depend only on specific combinations of CP phases. The independent set of such phases is classified. We analyse the effects of the phases under the EDM constraints and show that large CP violating phases can drastically affect the magnitude of the supersymmetric electro-weak contribution to a_μ and may even affect its overall sign.

1 Introduction

As is well known supersymmetric theories contain many new sources of CP violation which mostly arise from the phases of the soft SUSY breaking parameters and that such phases contribute to the electric dipole moments (EMDs) of the electron and of the neutron. Experimentally the electron and the neutron EDMs have very strict limits, i.e., for the neutron the limit is[1] |d_n| < 6.3 × 10^{−26}ecm (1) and for the electron the limit is[2] |d_e| < 4.3 × 10^{−27}ecm (2) and these limits impose stringent constrains on particle physics models. In SUSY/string models one normally expects CP violating phases O(1) and phases of this size typically lead to EDM predictions in such models already in excess of the current experimental limits. Of the possible remedies to this problem the conventional approach has been to assume that the phases are small[3, 4], typically, O(10^{2−3}), which, however, constitutes a fine tuning. Another possibility suggested is to assume that the SUSY spectrum is heavy in the several TeV region[5]. Generally, a heavy spectrum may constitutes fine tuning[6] except in certain limited domains of the parameter space[7, 8]. Further, such a heavy spectrum may lie outside the reach of even the Large Hadron Collider (LHC) and thus a disappointing scenario from the point of view of particle physicists. A third more encouraging possibility is that the large phases could indeed be there, but one escapes the experimental EDM constraints because of cancellations among the various contributions to the EDMs. This possibility was proposed in Ref.[9] and there have been further verification and developments[10, 11, 12, 13, 14] and applications such as in dark matter[15, 16, 17, 18, 19, 20], in low energy processes[21, 22, 23, 24], and on other SUSY phenomena[25, 26, 27, 28, 29, 30].

The cancellation mechanism opens a new window on the SUSY parameter space where large CP phases along with a light SUSY spectrum can co-exist. Thus significant effects on SUSY phenomena can result. One of the quantities affected by CP phases is a_μ = (g_μ − 2)/2, where g_μ − 2 is the anomalous magnetic moment of the muon. This quantity is of considerable current interest since the new Brookhaven experiment [31] will measure a_μ to an accuracy of better than a factor of 20[32]. Further, recently there has been considerable progress in reducing the hadronic error[34, 35, 36]. With the reduced hadronic error the new g_μ experiment will test the Standard Model (SM) electro-weak correction[37] which including the two loop SM corrections stands at[38]

a^{SM}_μ = 15.1 × 10^{−10} (3)

It turn out that the supersymmetric electro-weak corrections to a_μ can be quite large and these supersymmetric effects on a_μ have been investigated for many years[39, 40, 41, 42]. However, the CP violating supersymmetric electro-weak effects on a_μ have been ignored for the reason that small CP phases or large CP phases with a heavy spectrum lead only to negligible effects on a_μ.

With the cancellation mechanism the possibility of large CP phases along with a light spectrum arises and such a situation can lead to very significant effects on a_μ. Indeed in a recent work[43] the effects of CP phases on a_μ in the context of the minimal supergravity model (mSUGRA) were analysed and it was shown that CP violating phases can produce significant effects on a_μ. In the absence of CP violating phases the soft SUSY breaking parameters at the GUT scale in mSUGRA[44] consist of the universal scalar mass m_0, the universal gaugino mass m 1_2 , the universal trilinear coupling A_0 and tan β =< H_2 > / < H_1 > where H_2 gives mass to the up quark and H_1 gives mass to the down quark. More generally the soft SUSY breaking parameters as well as the Higgs VEVs are complex and have phases. However, by a redefinition of fields it is easily seen that there are only two CP violating phases in mSUGRA. These can be chosen to be the phase of A_0 and the phase of μ_0 where μ_0 appears in the Higgs mixing term, i.e., in the term μ_0H_1H_2 in the superpotential. In this paper we extend our analysis of the effects of CP violating phases on a_μ to supergravity models with non-universalities[45, 46, 47, 48, 49, 50, 51, 52] and to the Minimal Supersymmetric Standard Model (MSSM) which has many more CP violating phases. The existence of a larger set of CP phases widens the region of the parameter space where cancellations can occur. The purpose of this paper is to derive the general one loop supersymmetric correction to a_μ with the most general set of CP violating phases allowed in MSSM and determine the numerical effects of these CP violating phases on a_μ under the experimental constraints on the electron and on the neutron EDM.

The outline of the rest of the paper is as follows: In Sec.2 we derive the general one loop formula for a_f for the case of a fermion f interacting with a fermion and a scalar in the presence of CP violating phases and without any approximation on the relative size of the external and internal particle masses in the loop. In Sec.3 we apply this formula for the computation of the chargino and neutralino exchange contributions to a_μ for the most general allowed set of CP violating phases in this sector. In Sec.4 and in Appendix A we study the combination of CP phases that enter a_μ and compare them with the corresponding combinations that arise in the expressions for the electron and the neutron EDMs. In Sec.5 and in Appendix B the supersymmetric limit of our result is given and it is explicitly shown how the one loop Standard Model contribution to a_μ including the one loop QED correction, i.e. α_{em}/2π, is cancelled by the supersymmetric contribution. In Sec.6 we give a discussion of the satisfaction of the EDM constraints. In Sec.7 we give an analysis of CP violating effects on a_μ. Conclusions are given in Sec.8. Appendix C is devoted to a discussion of the vanishing CP violating phases and a comparison of our results with previous analyses.

2 CP Effects on g � 2 in MSSM

We give here the general analysis for the CP effects on g − 2 of a fermion. In general for the interaction of a fermion ψ_f of mass m_f interacting with a fermion ψ_i of mass m_i and a scalar ϕ_k of mass m_k, the vertex interaction has the general form − L_{int} = ∑ ik ψ̄_f (K_{ik} 1 − γ^5 2 + L_{ik} 1 + γ_5 2 )ψ_iϕ_k + H.c. (4) This interaction violates CP invariance iff Im(K_{ik}L^∗_{ik}) ≠ 0. The one loop contribution to a_f is given by a_f = a^1_f + a^2_f (5)

where a^1_f and a^2_f arise from Fig. 1(a) and Fig. 1(b) respectively. a^1_f is a sum of two terms: a^1_f = a^{11}_f + a^{12}_f where

a^{11}_f = ∑ ik m_f 8π^2m_i Re(K_{ik}L^∗_{ik})I_1( m^2_f m^2_i , m^2_k m^2_i

) (6) and I_1(α, β) = −

∫_1 0 dx ∫_{1−}x 0 dz z αz^2 + (1 − α − β)z + β (7) and where a^{12}_f = ∑ ik m^2_f 16π^2m^2_i

(|K_{ik}|^2 + |L_{ik}|^2)I_2( m^2_f m^2_i , m^2_k m^2_i

) (8) and I_2(α, β) =

∫_1 0 dx ∫_{1−}x 0 dz z^2 − z αz^2 + (1 − α − β)z + β (9) Similarly, a^2_f consists of two terms: a^2_f = a^{21}_f + a^{22}_f where

a^{21}_f = ∑ ik m_f 8π^2m_i Re(K_{ik}L^∗_{ik})I_3( m^2_f m^2_i , m^2_k m^2_i

) (10) and I_3(α, β) =

∫_1 0 dx ∫_{1−}x 0 dz 1 − z αz^2 + (β − α − 1)z + 1

(11)

and where a^{22}_f = − ∑ ik m^2_f 16π^2m^2_i

(|K_{ik}|^2 + |L_{ik}|^2)I_4( m^2_f m^2_i , m^2_k m^2_i

) (12) and I_4(α, β) =

∫_1 0 dx ∫_{1−}x 0 dz z^2 − z αz^2 + (β − α − 1)z + 1

(13)

In the above we have given the exact expressions for the integrals I_1−I_4 rather than their approximate forms in the limit when one neglects terms of size m^2_f relative to m^2_k and m^2_i which allows one to write simple closed form expressions for them. We will see that the general expressions are needed to discuss the supersymmetric limit of our results which provides the absolute check on our normalizations.

3 g_μ � 2 with CP Violating Phases

We apply now the above relations for the computation of the chargino and the neutralino exchange contributions. We consider the chargino exchange contributions first. The CP violating phases enter here via the chargino mass matrix defined by

M_C = ( |m̃_2|e^{iξ2} √ 2m_W sin βe^{−iχ2} √ 2m_W cos βe^{−iχ1} |μ|e^{iθμ} ) (14)

where χ_1 and χ_2 are phases of the Higgs VEVs, i.e., < H_i >= | < H_i > |e^{iχi} (i=1,2). The matrix of Eq.(14) can be diagonalized by the biunitary transformation U^∗M_C V^{−1} = diag(m̃_χ+_1 , m̃_χ+_2 ) where U and V are unitary matrices. By looking at the muon-chargino-sneutrino interaction one can identify K_i and L_i and one finds a^χ �_μ

= a^{21}_μ + a^{22}_μ (15) where a^{21}_μ and a^{22}_μ are given below. We exhibit these only in the limit where I_3(α, β) and I_4(α, β) have their first arguments zero and one may write

I_3(0, x) = − 1 2 F_3(x), I_4(0, x) = − 1 6 F_4(x) (16)

where F_3(x) = 1 (x − 1)^3

(3x^2 − 4x + 1 − 2x^2lnx) (17)

F_4(x) = 1 (x − 1)^4

(2x^3 + 3x^2 − 6x + 1 − 6x^2lnx). (18)

In the above approximation we have

a^{21}_μ = m_μα_{EM} 4π sin^2 θ_W 2∑ i=1 1 M_χ+_i

Re(κ_μU^∗_{i2}V^∗_{i1})F_3(

M^2_{ν̃} M^2_{χ+i}

). (19) and a^{22}_μ = m^2_μα_{EM} 24π sin^2 θ_W 2∑ i=1 1 M^2_χ+_i

(|κ_μU^∗_{i2}|^2 + |V_{i1}|^2)F_4(

M^2_{ν̃} M^2_χ+_i

). (20)

where κ_μ = m_μ √ 2M_W cos β e^{−iχ1} (21)

Next we discuss the neutralino exchange contribution to a_μ. CP violating effects here are all contained in the neutralino and smuon mass matrices. For the neutralino mass matrix the CP violating phases enter as below

|m̃_1|e^{iξ1} 0 −M_z sin θ_W cos βe^{−iχ1} M_z sin θ_W sin βe^{−iχ2} 0 |m̃_2|e^{iξ2} M_z cos θ_W cos βe^{−iχ1} −M_z cos θ_W sin βe^{−iχ2} −M_z sin θ_W cos βe^{−iχ1} M_z cos θ_W cos βe^{−iχ2} 0 −|μ|e^{iθμ} M_z sin θ_W sin βe^{−iχ1} −M_z cos θ_W sin βe^{−iχ2} −|μ|e^{iθμ} 0 . (22) The neutralino mass matrix M_χ0 is a complex non hermitian and symmetric matrix and can be diagonalized using a unitary matrix X such that X^T M_χ0 X=diag(m̃_χ0_1 , m̃_χ0_2 , m̃_χ0_3 , m̃_χ0_4 ). Since the loop correction involving the neutralino exchange also involves the smuon exchange (see Fig.1a) the CP phases in the smuon (mass)^2 also enter the analysis. The smuon (mass)^2 matrix is given by

M^2_{μ̃} = ( M^2_{μ̃11} m_μ(A^∗_μm_0 − μ tan βe^{i(χ1+χ2)}) m_μ(A_μm_0 − μ^∗ tan βe^{−i(χ1+χ2)}) M^2_{μ̃22} ) , (23)

This matrix is hermitian and can be diagonalized by the unitary transformation

D^†M^2_{μ̃}D = diag(M^2_{μ̃1}, M^2_{μ̃2}) (24)

The neutralino exchange contribution to a_μ is given by

a^{χ0}_μ = a^{11}_μ + a^{12}_μ (25)

where a^{11}_μ = m_μα_{EM} 2π sin^2 θ_W 4∑ j=1 2∑ k=1 1 M_χ0_j

Re(η^k_{μj} )I_1( m^2_μ M^2_{χ0j} , M^2_{μ̃k} M^2_{χ0j}

) (26) and η^k_{μj} = −( 1 √ 2 [tan θ_W X_{1j} + X_{2j}]D^∗_{1k} − κ_μX_{3j} D^∗_{2k}) ( √ 2 tan θ_W X_{1j}D_{2k} + κ_μX_{3j}D_{1k}) (27)

and a^{12}_μ is given by

a^{12}_μ = m^2_μα_{EM} 4π sin^2 θ_W 4∑ j=1 2∑ k=1 1 M^2_{χ0j}

X^k_{μj} I_2( m^2_μ M^2_{χ0j} , M^2_{μ̃k} M^2_{χ0j}

) (28)

where

X^k_{μj} = m^2_μ 2M^2_W cos^2 β |X_{3j}|^2 + 1 2 tan^2 θ_W |X_{1j}|^2(|D_{1k}|^2 + 4|D_{2k}|^2) + 1 2 |X_{2j}|^2|D_{1k}|^2 + tan θ_W |D_{1k}|^2Re(X_{1j} X^∗_{2j}) + m_μ tan θ_W M_W cos β

Re(e^{−iχ1} X_{3j}X^∗_{1j}D_{1k}D^∗_{2k}) − m_μ M_W cos β

Re(e^{−iχ1} X_{3j}X^∗_{2j} D_{1k}D^∗_{2k}) (29)

If one ignores the muon mass with respect to the other masses involved in the problem, the form factors I_1(α, β) and I_2(α, β) become

I_1(0, x) = 1 2 F_1(x), I_2(0, x) = 1 6 F_2(x) (30)

where F_1(x) = 1 (x − 1)^3

(1 − x^2 + 2xlnx) (31) and F_2(x) = 1 (x − 1)^4

(−x^3 + 6x^2 − 3x − 2 − 6xlnx). (32)

4 The number of independent linear combinations of phases that enter a_μ

Not all the phases that enter in the chargino, neutralino and smuon mass matrices are independent. We discuss here the set of independent phases that enter a_μ. We consider the chargino contribution to a_μ first. Here the matrix elements of U and V as defined in the paragraph following Eq.(14) along with κ_μ as defined by Eq.(21) carry the phases ξ_2, θ_μ, χ_1 and χ_2. By introducing the transformation M_C = B_RM^′_CB^†_L and choosing B_R = diag(e^{iξ2}, e^{−iχ1} ) and B_L = diag(1, e^{i(χ2+ξ2)}) we can rotate the phases so that M^′_C is given by

M^′_C = ( |m̃_2| √ 2m_W sin β √ 2m_W cos β |μ|e^{i(θμ+ξ2+χ1+χ2)} ) (33)

The matrix M^′_C can be diagonalized by the biunitary transformation U^†_RM^′_C U_L=diag (m̃_χ+_1 , m̃_χ+_2 ). It is clear that the matrix elements of U_L and U_R are functions only of the combination θ = θ_μ + ξ_2 + χ_1 + χ_2. We also have U^∗M_C V^{−1} = diag(m̃_χ+_1 , m̃_χ+_2 ) where U = (B_RU_R)^T , and V=(B_LU_L)^†. By inserting the new forms of U and V in the chargino contribution one finds (as shown in Appendix A) that a^{21}_μ and a^{22}_μ depend on only one combination, i.e., θ = θ_μ + ξ_2 + χ_1 + χ_2.

Now we turn to the neutralino contribution, the phases that enter here are θ_μ, α_{Aμ} , ξ_2, ξ_1, χ_1 and χ_2 and they are carried by the matrix elements of X, D_μ and the phase of κ_μ. Next we make the transformation M_χ0 =P^T_χ0 M^′_χ0 P_χ0 where

P_χ0 = diag(e^{i ξ12} , e^{i ξ22} , e^{−i( ξ12 +χ1)}, e^{−i( ξ22 +χ2)}) (34)

After the transformation the matrix M

0_{χ0} takes the form

|m̃_1| 0 −M_z sin θ_W cos β M_z sin θ_W sin βe^{−i Δξ}2 0 |m̃_2| M_z cos θ_W cos βe^{i Δξ2} −M_z cos θ_W sin β −M_z sin θ_W cos β M_z cos θ_W cos βe^{i Δξ}2 0 −|μ|e^{iθ}0 M_z sin θ_W sin βe^{−i Δξ}2 −M_z cos θ_W sin β −|μ|e^{iθ}0 0 .

(35) where θ 0 =^{ξ1+ξ2}_2 + θ_μ + χ_1 + χ_2, and Δξ = (ξ_1 − ξ_2). The matrix M

0_{χ0}

can be diagonalized by the transformation Y^T M^′_χ0 Y =diag(m̃_χ0_1 , m̃_χ0_2 , m̃_χ0_3 , m̃_χ0_4 ) where Y is a function only of θ 0 and Δξ/2. Thus the complex non hermitian and symmetric matrix M_χ0 can be diagonalized using a unitary matrix X = P^†_{χ0} Y such that X^T M_χ0 X = diag(m̃_χ0_1 , m̃_χ0_2 , m̃_χ0_3 , m̃_χ0_4 ). As shown in Appendix A by applying the above transformations to each term of η^k_{μj} and X^k_{μj} one finds that the phase combinations that enter here are θ 0 , Δξ/2 and α_{Aμ} + θ_μ + χ_1 + χ_2 from which we can construct the three combinations ξ_1 + θ_μ + χ_1 + χ_2, ξ_2 + θ_μ + χ_1 + χ_2 and α_{Aμ} + θ_μ + χ_1 + χ_2.

By defining θ_1 = θ_μ + χ_1 + χ_2 one finds that the a_μ dependence on phases from both the chargino and the neutralino exchanges consists only of the three combinations α_{Aμ} + θ_1, ξ_1 + θ_1 and ξ_2 + θ_1. One may compare these combinations with those that appear in the supersymmetric contribution to the electron and the neutron EDMs. In the analysis of Ref.[10] we found that the electron and the neutron EDMs depend on the following combinations: ξ_i + θ_1, (i = 1, 2, 3) and α_{Ak} + θ_1 with k = u, d, t, b, c, s; l. We note that even though a_μ and the EDMs are very different physical quantities the linear combination of phases that enter in them are similar. In fact the phases that enter a_μ are a subset of phases that enter in the supersymmetric contributions to the EDMs.

5 The Supersymmetric Limit

To check the absolute normalization of our results we discuss now their supersymmetric limit. In Ref.[43] the supersymetric contributions to a_μ from the chargino sector in the supersymmetric limit were computed by going to the limit such that

U^∗M_C V^{−1} = diag(M_W , M_W ) (36)

In this limit it was shown that the contributions from this sector was precisely negative of the contribution from the W exchange[37]. The analysis of Ref.[43] was carried out in the framework of mSUGRA with two CP violating phases. For the MSSM case being discussed here with many CP phases the structure of U and V matrices in susy limit will be modified so that U = 1 √ 2 ( 1 e^{−iχ1} −1 e^{−iχ1} ) , V = 1 √ 2 ( 1 e^{−iχ2} 1 −e^{−iχ2} ) (37)

However, taking the phases χ_1 and χ_2 into account we find exactly the same result as in Ref.[43] due to the appearance of the κ_μ phase. Thus the sum of the W exchange contribution and of the chargino exchange contributions cancel in the supersymmetric limit. Similarly it was shown in Ref. [43] by making a unitary transformation that the neutralino mass matrix in the supersymmetric limit can be written in the form

X^T M_χ0 X = diag(0, 0, M_Z , M_Z) (38) where the eigen-values are positive definite. It was then shown that the last two eigen-modes give a contribution which is negative of the contribution from the Z exchange in the Standard Model[37]. In the case of MSSM we are discussing here the structure of the diagonalizing matrix X is now changed because of the χ_1 and χ_2 phases (see Appendix B). However, the final result we arrived at in Ref.[43] still holds due to the appearance of the κ_μ phase once again. Thus the sum of the Z exchange and of the heavy neutralino exchanges exactly cancel in the supersymmetric limit.

We now turn to the supersymmetric limit of the contribution from the first two massless eigen states of the neutralino mass matrix. A direct sum over the first two eigen-modes for the case of Eq.(38) in the supersymmetric limit gives a^{susy}_μ (zero − modes) = − α_{em} 2π (39)

Thus the sum of the Standard Model contributions to a_μ from the photon at one loop and form the Z and the W exchanges at one loop[37] is cancelled by the supersymmetric contributions from the neutralino and the chargino exchanges in MSSM at one loop in the supersymmetric limit, i.e., in the supersymmetric limit one has a^{MSSM} μ = 0 (40) This result is consistent with the expectation on general grounds[53, 54]. The details of the derivation of Eq.(39) are given in Appendix B.

6 Satisfaction of EDM Constraints

Before proceeding to discuss the CP effects on a_μ we describe briefly the EDM constraints on the CP violating phases. As is well known for the case of the neutron EDM there are three operators that contribute to the neutron EDM, namely, the electric dipole moment operator, the color dipole moment operator and the purely gluonic dimension six operator. Both the electric and color operators have three components each from the chargino, neutralino and gluino contributions. For the electron case we have only the electric dipole moment operator which has only two components, the chargino and the neutralino ones. Recently, it has been pointed out that in addition to the above contributions certain two loop graphs may also contribute significantly in some regions of the parameter space[55]. In our analysis here we include the effects of these contributions as well. However, the effect of these terms is found to be generally very small compared to the other contributions in most of the parameter space we consider. Satisfaction of the EDM constraints can be achieved in a straightforward fashion using the cancellation mechanism.

7 Analysis of CP Violating Effects

In the above we have given the most general analysis of a_μ within the framework of MSSM with inclusion of CP violating phases. Our results limit to those of Refs.[39, 40] in the limit when CP violating effects vanish (see Appendix C for details). For the case of the general analysis with phases in MSSM the number of parameters that enter a_μ along with the number of parameters that enter the EDM constraints which must be imposed on the CP violating phases is large. For the purpose of a numerical study of the CP violating effects on a_μ we shall confine ourselves to a more constrained set. Here we shall generate the masses of the sparticles at low energy starting with parameters at the GUT scale and evolve these downwards using renormalization group equations. At the GUT scale we shall use the parameters m_0, m_{1/2}, and A_0, and μ will be determined via radiative breaking of the electro-weak symmetry. We set χ_1 + χ_2 = 0 and choose the phases that we vary to consist of θ_μ, α_{A0} , and ξ_i (i = 1, 2, 3). The choice of the above constrained set is simply for the purpose of reducing the number of parameters for the numerical study.

We begin our discussion of the numerical results by exhibiting the dependence of a_μ on the CP violating phases but without the imposition of the EDM constraints. The dependence of a_μ on θ_μ and α_{A0} was already studied in Ref.[43] and we confine ourselves here to the dependence of a_μ on ξ_1 and ξ_2. In Fig.2 we exhibit the dependence of a_μ on ξ_1 and in Fig.3 the dependence of a_μ on ξ_2. From Figs.2 and 3 we find that a_μ is significantly affected by the dependence of both ξ_1 and ξ_2. However, a comparison of Fig.2 and Fig.3 shows that the dependence of a_μ on ξ_2 is much stronger than on ξ_1. The reason behind this difference is easily understood. The relatively weaker dependence on the ξ_1 phase arises because this phase appears only in the neutralino contribution while the ξ_2 phase appears both in the neutralino and in the chargino contributions to a_μ.

We discuss now the effects of CP violating phases on a_μ under the EDM constraints. In Table 1 we show four points which lie on the curves of Fig.2 and Fig.3. As one can see the SUSY mass parameters m_0 and m_{1/2} are relatively small (i.e., m_0, m_{1/2} << 1 T eV ), the CP phases are large and there is compatability with experimental constraints on the electron EDM and on the neutron EDM as a consequence of the cancellation mechanism. One also finds on comparing a_μ with and without phases that the effects of CP violating phases on a_μ are very significant.

Table 1:

θ_{μ0} α_{A0} d_n(10^{−26}ecm) d_e(10^{−27}ecm) [a_μ(phases)](10^{−9}) [a_μ(0)](10^{−9}) (1) 2.35 .4 −3.08 −0.86 −4.8 7.45 (2) 1.98 0.4 −0.34 −1.67 −7.8 11.7 (3) 1.2 −1.5 1.87 2.24 −3.25 5.6 (4) 2.7 −0.4 1.87 −0.03 −15.5 3.15 Table caption: Parameters other than those exhibited corresponding to the cases (1)-(4) are: (1) m_0=70, m_{1/2}=99, tanβ=3 , |A_0|=5.6, ξ_1=−1, ξ_2=1.5, ξ_3=0.62; (2) m_0=80, m_{1/2}=99, tanβ=5 , |A_0|=5.5, ξ_1=−0.8, ξ_2=1.5, ξ_3=0.95; (3) m_0=75, m_{1/2}=132, tanβ=4 , |A_0|=6.6, ξ_1=−1, ξ_2=1.78, ξ_3=2.74; (4) m_0=70, m_{1/2}=99, tanβ=6 , |A_0|=3.2, ξ_1=0.63, ξ_2=0.41, ξ_3=0.47, where all masses are in GeV units and all phases are in rad.

In Fig.4 we exhibit a_μ as a function of m_{1/2} where all points on these trajectories satisfy the experimental constraints on the electron EDM and on the neutron EDM by cancellation. One finds that the magnitude of the supersymmetric electro-weak contributions are comparable to and even larger than the Standard Model electroweak contribution as given by Eq.(3)[38].

8 Conclusions

We have given in this paper a complete one loop analysis of the effects of CP violating phases on a_μ with the most general set of allowed phases in MSSM in this sector. We have checked the absolute normalization of our results exhibiting the complete cancellation of the supersymmetric result in the supersymmetric limit with the Standard Model result including the qed one loop correction to a_μ, i.e., α_{em}/2π. A detailed numerical analysis of the CP violating effects on a_μ for the regions which satisfy the EDM constraints is also given. Computations of a_μ under the EDM constraints shows that the supersymmetric electro-weak effects can generate significant contributions to a_μ even with moderate values of tan β, i.e., tan β ∼ 3 − 6, which can be comparable to the Standard Model electro-weak correction. Thus supersymmetric CP effects on a_μ are within the realm of observability in the new Brookhaven g_μ − 2 experiment.

Acknowledgements This research was supported in part by NSF grant PHY-9901057. Appendix A:

In this appendix we give the explicit derivation of the linear combinations of phases on which a_μ depends. For the chargino contributions the phases are contained in the quantities Re(κ_μU^∗_{i2}V^∗_{i1}) and |κ_μU^∗_{i2}|^2 + |V_{i1}|^2. By using U = (B_RU_R)^T and V = (B_LU_L)^+ as defined in Sec.4, where U_L and U_R are functions of the combination θ = θ_μ + ξ_2 + χ_1 + χ_2, one finds

U^∗_{i2} = e^{iχ1} U^∗_{R2i} (41) and V^∗_{i1} = U_{L1i} (42) which leads to κ_μU^∗_{i2}V^∗_{i1} = |κ_μ|U^∗_{R2i}U_{L1i} (43) and |κ_μU^∗_{i2}|^2 + |V_{i1}|^2 = |κ_μ|^2|U^∗_{R2i}|^2 + |U_{L1i}|^2 (44) Eqs.(43) and (44) show that the chargino contribution to a_μ depends only on one combination of phases, i.e., θ = θ_μ + ξ_2 + χ_1 + χ_2.

For the case of the neutralino contribution to a_μ, the phases are contained in the quantities Re(η^k_{μj} ) and X^k_{μj} . We first consider the quantity Re(η^k_{μj}). It consists of six terms in the product

η^k_{μj} = ([aX_{1j} + bX_{2j}]D^∗_{1k} − κ_μX_{3j} D^∗_{2k})

(cX_{1j}D_{2k} + κ_μX_{3j}D_{1k}) (45)

where a, b and c are real numbers and independent of phases. The first term in the expansion of Eq.(45) is

acX^2_{1j}D^∗_{1k}D_{2k} = ±acX^2_{1j} cos θ_f sin θ_f e^{iβf} (46)

where +(−) sign is for k = 1(2) and where the following definitions are used

tan 2θ_f =

2m_μ[|m_0A_μ|^2 + |μR_μ|^2 − 2|m_0A_μμR_μ| cos α]^{1/2} M^2_{μ̃11} − M^2_{μ̃22}

(47)

Here R_μ = tan βe^{i(χ1+χ2)} and α = α_{Aμ} + θ_μ + χ_1 + χ_2. The phase β_f is defined such that cos β_f = A [A^2 + B^2]^{1/2}

(48) and sin β_f = B [A^2 + B^2]^{1/2}

(49)

where A is defined by

A = |m_0A_μ| cos α_{Aμ} − |μR^∗_μ| cos(θ_μ + χ_1 + χ_2) (50)

and B is defined by

B = |m_0A_μ| sin α_{Aμ} + |μR^∗_μ| sin(θ_μ + χ_1 + χ_2) (51)

By using X_{1j} = Y_{1j}e^{−iξ1/2} where Y_{1j} are functions only of θ 0 and Δξ/2, one can write the first term as given by Eq.(46) as follows

acX^2_{1j}D^∗_{1k}D_{2k} = acY^2_{1j}f_k(α)e^{−i(ξ1−βf )} (52)

where f_k(α) are real functions of α. By using the definition of β_f as given by Eqs.(48) and (49) and by taking the real part of Eq.(52) we find that the right hand side of Eq.(52) contains the three combinations θ 0 , Δξ/2 and α which come from the first part of the the right hand side of Eq.(52) and in addition it contains the following two combinations: α_{Aμ} − ξ_1 and θ_μ + χ_1 + χ_2 + ξ_1 which come from the exponent. But the latter two combinations are linear combinations of the first three combinations. Thus the left hand side of Eq.(46) or Eq.(52) will depend only on the combinations θ 0 , Δξ/2 and α. The same analysis can be applied to the other five terms and each one of them will give us the same three linear combinations.

Next we consider X^k_{μj} . It consists of six terms and the quantities in them which contain phases are |X_{3j}|^2, |X_{1j}|^2(|D_{1k}|^2 +4|D_{2k}|^2), |X_{2j}|^2|D_{1k}|^2, |D_{1k}|^2Re(X_{1j}X^∗_{2j} ), Re(e^{−iχ1} X_{3j}X^∗_{1j}D_{1k}D^∗_{2k}) and Re(e^{−iχ1} X_{3j} X^∗_{2j}D_{1k}D^∗_{2k}). The first one of them, i.e. |X_{3j}|^2, can be written in terms of the Y matrix as |Y_{3j}|^2 which depends only on the two combinations θ0 and Δξ/2. The second expression can be written as |Y_{1j}|^2g_k(α) where g_k(α) are real functions of α as defined after Eq.(47). So this term will depend on the three combinations θ 0 , Δξ/2 and α. The third expression is similar to the second one and will give the same combinations. The fourth expression can be written as h_k(α)Re(Y_{1j} Y^∗_{2j}) where h_k(α) are real functions of α.

So this term also depends on the same three combinations. The fifth expression can be written as

Re(e^{−iχ1} X_{3j} X^∗_{1j}D_{1k}D^∗_{2k}) = Re(Y_{3j}Y^∗_{1j}s_k(α)e^{i(ξ1−βf )}) (53)

where s_k(α) are real functions of α. By treating the exponential term as we did in the first term of η^k_{μj}, it will give us two extra combinations besides the usual three. These are α_{Aμ} − ξ_1 and θ_μ + χ_1 + χ_2 + ξ_1 which, however, are linear combinations of the usual three. Thus we end up here with the same three combinations. The sixth expression can be written as

Re(e^{−iχ1} X_{3j} X^∗_{2j}D_{1k}D^∗_{2k}) = Re(Y_{3j}Y^∗_{2j}s_k(α)e^{i( ξ1+ξ22 −βf )}) (54)

from which we can identify the usual three combinations and in addition one has the following combinations in the exponent :α_{Aμ} −^{ξ1+ξ2}_2 and θ_μ + χ_1 + χ_2 +^{ξ1+ξ2}_2 . These again are linear combination of the usual three and thus we end up with only three phases in the neutralino contribution, i.e., θ 0 , Δξ/2 and α.

Appendix B In this appendix we discuss the supersymmetric limit in the massless sector.. For this purpose we begin by exhibiting the unitary matrix X that diagonalizes the neutralino mass matrix in the supersymmetric limit such that the eigen-values are arranged so that X^T M_χ0 X = diag(0, 0, M_Z , M_Z) (55)

With the above ordering the unitary matrix X takes on the form α β^{sin θW√}_2 i^{sin θW√}_2 α tan θ_W β tan θ_W −^{cos θW√}_2 −i^{cos θW√}_2 αe^{iχ1} −^1_2 βsec^2θ_W e^{iχ1} −^1_2 e^{iχ1 i}_2 e^{iχ1} αe^{iχ2} −^1_2 βsec^2θ_W e^{iχ2 1}_2 e^{iχ2} −^i_2 e^{iχ2}

. (56)

where α = 1 √ 3 + tan^2 θ_W , β = 1 √ 1 + tan^2 θ_W +^1_2 sec^4θ_W

(57)

Using these results it is easily seen that the sum over the first two neutralino mass eigen-values gives

a^{11}_μ (zero − modes) = − α_{EM} 2π sin^2 θ_W H 2∑ j=1 2∑ k=1 Re(η^k_{μj} )( M_χ0_j m_μ ) → 0 (58) where we set M_{μ̃k} = m_μ and the factor H is defined by H = ∫_1 0 dx ∫_{1−}x 0 dz z (z − 1)^2

(59)

Thus in the supersymmetric limit the entire supersymmetric contribution to a^1_μ from the masseless neutralino states comes from a^{12}_μ . To compute this contribution we need the sum

a^{12}_μ = m^2_μα_{EM} 4π sin^2 θ_W 2∑ j=1 2∑ k=1 1 M^2_{χ0j}

X^k_{μj} I_2( m^2_μ M^2_{χ0j} , M^2_{μ̃k} M^2_{χ0j}

) (60)

where the sum over j runs only over the first two modes. In the supersymmetric limit we set M^2_{μ̃k} = m^2_μ, M_χ0_j → 0 (j=1,2), and x_{μj} ≡^{m2μ}_{M 2χ0} j → ∞ (j=1,2) and

m^2_μ M^2_χ0_j I_2(x_{μj}, x_{μj}) → − 1 2 (61)

Now substitution of the explicit form of the X matrix gives 2∑ j=1 2∑ k=1 X^k_{μj} = 4sin^2θ_W (62)

Use of Eqs. (61) and (62) in Eq.(60) gives a^{12}_μ (zero − modes) = − α_{em} 2π (63)

Thus we find that in the supersymmetric limit the exchange of two massless neutralinos gives a one loop contribution to a_μ which is exactly negative of the photonic one loop contribution. Thus in the supersymmetric limit the sum of the one loop contributions of the zero modes of the theory cancel. The cancellation provides an absolute check on the normalization of our supersymmetric result in this sector. Appendix C In this section we consider the limit of vanishing CP violating phases and compare our results with those of previous works. We first compare our results with those of Ref.[39]. We consider the chargino contribution first. Using Eq.(2.8) of Ref.[39] and noting that the free part of the Lagrangian density for the complex scalar fields in that work is given by^1_2 (∂_μz^∗∂^μz − m^2z^∗z), we find that our K_i and L_i are related to the A^±_L and A^±_R of Ref.[39] as follows: K_{1,2ν} → −i √ 2A^{+,−}_L , L_{1,2ν} → −i √ 2A^{+,−}_R (64)

Further, our form factors F_3(x) and F_4(x) are related to the form factors F_1 and F_2 of Ref.[39] as follows:

F_3(x) = −F_2(x), F_4(x) = F_1(x) (65)

Defining g^{W̃}_1 = 2a^{22}_μ , g^{W̃}_2 = 2a^{21}_μ (66) we find that our Eq.(12) in the limit of vanishing CP violating phases is given in the notation of Ref.[39] by

g^{W̃}_1 = m^2_μ 24π^2 ∑ a=1,2 A^{(a)2}_R + A^{(a)2}_L

m̃^2_a

F_1(x_a) (67)

and similarly our Eq.(10) in the same limit in the notation of Ref.[39] is given by

g^{W̃}_2 = m_μ 4π^2 ∑ a=1,2 A^{(a)}_R A^{(a)}_L m̃_a F_2(x_a) (68)

where x_a = m̃^2_ν m̃^2_a

; a = 1, 2 (69)

Eqs. (67) and (68) agree precisely with Eqs.(2.6a) and (2.6b) of Ref.[39] to leading order in μ^2/m̃^2_a taking account of the typo in Eq.(2.6a) where A^{(a)}_R should read A^{(a)2}_R and noting that A^{2+,−}_L is proportional to m^2_μ/M^2_W and thus does not contribute to leading order.

We consider next the neutralino contribution. From the interaction Lagrangian Eq.(2.4) of Ref.[39] we find the transition from our notation to that of Ref.[39]as follows: K_{kr} → − √ 2i(O 0_{1r} B^L_k − C_kO 0_{2r} ), L_{kr} → − √ 2i(O 0_{2r}

B^R_k + C_kO

0_{1r}

) (70)

where we identify O^′ to be O 0 = ( cos δ sin δ − sin δ cos δ ) (71)

Noting that our form factors F_1(x) and F_2(x) are related to the form factors G_2(x) and G_1(x) of Ref.[39] by

F_1(x) = −G_2(x), F_2(x) = −2G_1(x) (72)

and defining g^{Z̃}_1 = 2a^{12}_μ and g^{Z̃}_2 = 2a^{11}_μ we find that our Eq.(8) gives precisely Eq.(2.10) of Ref.[39] taking account of the typos in Eq.(2.10a) in that 1/μ̃_k should read 1/μ̃^2_k and G_2(x_{2k}) in the same equation should read G_1(x_{2k}). Further, our Eq.(6) agrees precisely with Eq.(2.12) of Ref.[39].

Next we compare our results with those of Ref.[40]. For this purpose in the chargino sector we identify W̃_1 and W̃_2 states with the states W̃^− and H̃^− of Ref.[40] in order to use Table 1 of Ref.[40]. With this identification in the limit of vanishing CP violating phases we find that in the chargino sector our matrices V and U are real and orthogonal and are related to the matrices O_1 and O_2 of Ref.[40] as follows V^∗_{km} → O_{1mk}, U^∗_{km} → O_{2mk} (73) The analysis of Ref.[40] computes only the contribution a^{21}_μ of a^χ

�_μ

in their Eq.(5).

Relating our F_3(η) to their F_{sν}(η) by F_3(η) = −2F_{sν}(x), we find that our Eq.(19) can be written in the form

2a^{21}_μ = − m_μe^2 4π^2 sin^2 θ^2_W ∑ k m_μ √ 2M_km_W cos β

O_{22k}O^T_{1k1}F_{sν} (η 0_{νk} ) (74)

which is exactly Eq.(5) of Ref.[40] on relating their sin θ_H to our cos β by sin θ_H = cos β. The consistency of the analysis of Ref.[40] with our analysis, however, requires that the sign of the terms with M_W in the chargino mass matrix given by Eq.(3b) of Ref.[40] be reversed.

To compare our results to those of Ref.[40] in the neutralino sector we note that our H^0_1 and H^0_2 states are related to their H^0 and H^0 0 states by H^0_1 = H^0 and H^0_2 = H^00. In the limit of vanishing CP violating phases, our neutralino and smuon mass matrices become real, and the corresponding diagonalizing matrices X and D become orthogonal and can be identified with the real orthogonal matrices O and S of Ref.[40]: X → O, D → S (75) The consistency of the analysis of Ref.[40] with our analysis, however, requires that the sign of the terms with M_Z in the neutranlino mass matrix given by Eq.(3a) of Ref.[40] be reversed. The analysis of Ref.[40] calculated only the part a^{11}_μ in their Eq.(6). To compare the result of a^{11}_μ of our Eq.(25) with their Eq.(6) we first note that our F_1 is related to their F by F_1(η) = −F (η). Second we need to identify the fields W̃_i (i-1,2,3) in Eq.(6) of Ref.[40] in order to use Table 1 of Ref.[40] to write out in detail the interactions of Eq.(6). This identification is as follows:

W̃_1 = B̃^0, W̃_2 = W̃^0, W̃_3 = H̃^0. (76)

Further in Ref.[40] we identify L = 1 and R = 2 in their Eq.(6), and we need to complete their Table 1 since the term g(μ_LH̃^0s^R_μ ) is missing in Table 1 and one needs it to expand out Eq.(6). Here we find that the entry for the magnitude for this coupling in their Table 1 should be the same as the magnitude for the coupling g(μ_RH̃^0s^L_μ ) listed in Table 1 (see Eqs. (5.1) and (5.4) of Ref.[56]). Using the above correspondence we find that our result for 2a^{11}_μ gotten from our Eq.(25) produces exactly Eq.(6) of Ref.[40] in the limit of vanishing CP phases.

References

[1] P.G. Harris et.al., Phys. Rev. Lett. 82, 904(1999); see also S.K. Lamoreaux and R. Golub, hep-ph/9907282.

[2] E. Commins, et. al., Phys. Rev. A50, 2960(1994); K. Abdullah, et. al., Phys.

Rev. Lett. 65, 234(1990).

[3] J. Ellis, S. Ferrara and D.V. Nanopoulos, Phys. Lett. B114, 231(1982);

J. Polchinski and M.B. Wise, Phys.Lett.B125,393(1983); E. Franco and M. Mangano, Phys.Lett.B135,445(1984); R.Garisto and J. Wells, Phys. Rev. D55, 611(1997);

For reviews see, S.M. Barr and W.J. Marciano, in CP Violation, edited by C. Jarlskog (World Scientific, Singapore, 1989), p.455; W. Bernreuther and M. Suzuki, Rev. Mod. Phys.63, 313(1991).

[4] S. Weinberg, Phys. Rev. Lett. 63, 2333(1989);

E. Braaten, C.S. Li, and T.C. Yuan, ibid., 64, 1709(1990); J. Dai, H. Dykstra, R.G. Leigh, S. Paban, and D.A. Dicus, Phys. Lett. B237, 216(1990);

R. Arnowitt, J.Lopez and D.V. Nanopoulos, Phys. Rev. D42, 2423(1990); R. Arnowitt, M. Duff and K. Stelle, Phys. Rev. D43, 3085(1991).

[5] P. Nath, Phys. Rev. Lett.66, 2565(1991);

Y. Kizukuri and N. Oshimo, Phys.Rev.D46,3025(1992); ibid.D45, 1806(1992).

[6] K.L. Chan, U. Chattopadhyay and P. Nath, Phys. Rev. D58, 096004 (1998).

For other measures of fine tuning and related works see, R. Barbieri and G.F. Giudice, Nucl. Phys. B306, 63(1988); S.Dimopoulos and G.F. Giudice, Phys. Lett. B357,573(1995); G.W. Anderson, D.J. Castano and A. Riotto, Phys. Rev. D55, 2950(1997); P.H. Chankowski, J. Ellis, M. Olechowski and S. Pokorski, Nucl. Phys.B544, 39(1999);

G.L. Kane and S.F. King, Phys. Lett. B451, 113(1999).

[7] See Chan et.al. in Ref.[6].

[8] J.L. Feng, K.T. Matchev and T. Moroi, hep-ph/9908309.

[9] T. Ibrahim and P. Nath, Phys. Lett.B 418, 98(1998); Phys.

Rev.D57,478(1998); E ibid D58, 019901(1998). [10] T. Ibrahim and P. Nath, Phys. Rev.D58, 111301(1998). [11] T. Falk and K Olive, Phys. Lett. B 439, 71(1998).

[12] M. Brhlik, G.J. Good, and G.L. Kane, Phys. Rev. D59, 115004 (1999). [13] A. Bartl, T. Gajdosik, W. Porod, P. Stockinger, and H. Stremnitzer, hepph/9903402.

[14] S. Pokorski, J. Rosiek and C.A. Savoy, hep-ph/9906206. [15] T. Falk, A. Ferstl and K. Olive, Phys. Rev.D59, 055009(1999). [16] U. Chattopadhyay, T. Ibrahim and P. Nath, hep-ph/9811362. [17] S. Khalil and Q. Shafi, hep-ph/990448. [18] T. Falk, A. Ferstl and K. Olive, hep-ph/9908311. [19] P. Gondolo and K. Freese, hep-ph/9908390. [20] S.Y. Choi, hep-ph/9908391.

[21] M. Brhlik and G.L. Kane, Phys. Lett. 437, 331(1998). [22] A. Pilaftsis and C. Wagner, hep-ph/9902371. [23] V. Barger, T. Han, T.-J. Li, and T. Plehn, hep-ph/9907425. [24] A number of other works where large CP violating phases affect SUSY phenomena consist of:

W. Hollik, J.I. Illana, S. Rigolin and D. Stockinger, Phys. Lett. B425, 322(1998);

T. Goto, Y. Okada and Y.Shimuzu, Phys. Rev. D58, 094006, 1998; S.Y. Choi and M. Drees, Phys. Rev. Lett. 81, 5509(1998); S.Y. Choi, A. Djouadi, H.S. Song and P.M. Zerwas, Eur. Phys. J.C8, 669, 1999;

S. Baek and P. Ko, Phys. Rev. Lett. 83, 488(1999); hep-ph/9906374. S.Y. Choi, M. Guchait, H.S. Song and W.Y. Song, hep-ph/9904276;

T. Goto, Y.Y. Keum, T. Nihei and Y. Shimizu, hep-ph/9812369; M. Aoki, G-C Cho and N. Oshimo,hep-ph/9903385; T. Falk, K.A. Olive, M. Prospelov, and R. Roiban, hep-ph/9904393; H.H. Asatrian and H.M. Asatrian, hep-ph/9906221. Y. Okada, K. Okumura, Y. Shimizu, hep-ph/9906446; S. Khalil and T. Kobayashi, hep-ph/9906374; J.L. Kneur and M. Moultaka, hep-ph/9907360; W-G Ma et.al., hep-ph/9907368;

S.Y. Choi, H.S. Song, W.Y. Song, hep-ph/9907474.

[25] A. Pilaftsis, hep-ph/9803297; hep-ph/9805373.

[26] D. Demir, hep-ph/9901389

[27] K.S. Babu, C. Kolda, J. March-Russel, F. Wilczek, Phys. Rev. D59, 016004(1999).

[28] S. Barr and S. Khalil, hep-ph/9903425.

[29] M. Brhlik, L. Everett, G. Kane and J.Lykken, hep-ph/9905215; hepph/9908326.

[30] E. Accomando, R. Arnowitt and B. Datta, hep-ph/9907446.

[31] For a review of the BNL experiment E821 see,

J. Miller, ”The BNL Muon g-2 Experiment”, talk at the International Symposium on LEPTON MOMENTS at Heidelberg, Germany, 8-12 June, 1999; D.W. Hertzog et.al., in Proceedings of the Sixth International Symposium on Particles, Strings and Cosmology, Boston, March 1998.ed. P. Nath (World Scientific, Singapore). p.186.

[32] The BNL experiment E821 has already measured g-2 to approximately the same precision as the CERN experiment[33]. See, R.M. Carey et.al., Phys. Rev. Lett. 82, 1632(1999).

[33] J. Bailey et. al., Nucl. Phys. B150, 1(1979).

[34] T. Kinoshita and W.J. Marciano, in Quantum Electrodynamics, ed. T. Kinoshita (World Scientific, Singapore).

[35] M. Davier and A. Hocker, Phys. Lett. B419, 419(1998).

[36] M.Hayakawa and T. Kinoshita, Phys. Rev. D57, 465(1998); J. Bijnens, E.

Pallante and J. Prades, Nucl. Phys. B474, 379(1996).

[37] K. Fujikawa, B.W. Lee and A. I. Sanda, Phys. Rev. D6, 2923(1972);

R. Jackiw and S. Weinberg, Phys. Rev. D5, 2473(1972); G. Altarelli, N. Cabibbo and L. Maiani, Phys. Lett.B40, 415(1972); I. Bars and M. Yoshimura, Phys. Rev. D6, 374(1972);

W.A. Bardeen, R. Gastmans and B.E. Lautrup, Nucl. Phys. B46, 315(1972).

[38] A. Czarnecki, B. Krause and W. Marciano, Phys. Rev. Lett. 76, 3267(1996);

G. Degrassi and G.F. Giudice, Phys. Rev. D58, 05007(1998).

[39] T. C. Yuan, R. Arnowitt, A.H. Chamseddine and P. Nath, Z. Phys. C26, 407(1984).

[40] D. A. Kosower, L. M. Krauss, N. Sakai, Phys. Lett. 133B, 305(1983).

[41] J. Lopez, D.V. Nanopoulos, and X. Wang, Phys. Rev. D49, 366(1994).

[42] U. Chattopadhyay and P. Nath, Phys. Rev. D53, 1648(1996);

T. Moroi, Phys. Rev. D53, 6565(1996);

M. Carena, G.F. Giudice and C.E.M. Wagner, Phys. Lett. B390, 234(1997).

[43] T. Ibrahim and P. Nath, hep-ph/9907555.

[44] A. Chamseddine, R. Arnowitt and P. Nath, Phys. Rev. Lett.49, 970 (1982);

For reviews see P. Nath, R. Arnowitt and A.H. Chamseddine, Applied N=1 supergravity, Lecture series,1983 (World Scientific, Singapore); H. P. Nilles, Phys. Rep. 110, 1(1984);

H.E. Haber, G.L.Kane. Phys.Report 117, 195(1985).

[45] S.K. Soni and H.A. Weldon, Phys. Lett. B126, 215(1983).

[46] V.S. Kaplunovsky and J. Louis, Phys. Lett. B306, 268(1993).

[47] D. Matalliotakis and H.P. Nilles, Nucl.Phys. B435, 115(1995).

[48] M. Olechowski and S. Pokorski, Phys. Lett.B344, 201(1995).

[49] N. Polonski and A. Pomerol, Phys.Rev. D51, 6532(1995).

[50] P. Nath and R. Arnowitt, Phys. Rev. D56, 2820(1997). [51] R. Arnowitt and P. Nath, Phys.Rev. D56, 2833(1997). [52] For a review see,

R. Arnowitt and P. Nath, in the book Perspectives on Supersymmetry, World Scientific, ed. E. Kane. pp 442-461.

[53] S. Ferrara and E. Remiddi, Phys. Lett. B53, 347(1974). [54] R. Barbieri and G.F. Giudice, Phys. Lett. B309, 86(1993). [55] D. Chang, W-Y. Keung and A. Pilaftsis, Phys.Rev. Lett. 82, 900(1999);

S.M. Barr and A. Zee, Phys.Rev. Lett. 65, 21(1990).

[56] H.E. Haber and J.E. Gunion, Nucl. Phys. B272, 1(1998); E-ibid. B402, 567(1993).

Figure 1: The one loop contribution to g_μ − 2 from (a) neutralino exchange, and (b) chargino exchange diagrams.

Figure 2: Plot of a^{SUSY}_μ as a function of ξ_1 without the imposition of EDM constraints. The values of the other parameters for the curves (1)-(4) correspond the cases (1)-(4) in Table 1.

Figure 3: Plot of a^{SUSY}_μ as a function of ξ_2 without the imposition of EDM constraints.The values of the other parameters for the curves (1)-(4) correspond the cases (1)-(4) in Table 1.

Figure 4: Plot of a^{SUSY}_μ as a function of m 1_2 where all points on the trajectories satisfy the current experimental constraints on the neutron and on the electron EDM. The curves labelled (1)-(3) are drawn for the following set of data: (1): |A_0|=6.5, θ_μ=2.92, α_{A0} =−0.4, tan β = 4, ξ_1 = 0, ξ_2 = 0.2, ξ_3 = 0.065; (2): |A_0|=5.4, θ_μ= 3.006, α_{A0} =−0.1, tan β = 3.5, ξ_1 = 0.105, ξ_2 = 0.105, ξ_3 = 0.15; (3): |A_0|=2.9 , θ_μ=3.02 , α_{A0} =0.5 , tan β = 2.6, ξ_1 = 0.19, ξ_2 = 0.19, ξ_3 = 0.41. For all cases 50 < m_0 < 250 (GeV) and all phases are in rad.