arXiv:hep-ph/0306240 v1 24 Jun 2003

hep-ph/0306240 FTPI–MINN–03/14 UMN–TH–2203/04 CERN–TH/2003–121

CP Violation in Supersymmetric U(1)^′ Models

Durmuş A. Demir^1 and Lisa L. Everett^2

1 William I. Fine Theoretical Physics Institute,

University of Minnesota, Minneapolis, MN 55455, USA

2 CERN, TH Division, CH-1211 Geneva 23, Switzerland

Abstract

The supersymmetric CP problem is studied within superstring-motivated extensions of the MSSM with an additional U(1)^′ gauge symmetry broken at the TeV scale. This class of models offers an attractive solution to the μ problem of the MSSM, in which U(1)^′ gauge invariance forbids the bare μ term, but an effective μ parameter is generated by the vacuum expectation value of a Standard Model singlet S which has superpotential coupling of the form SH_uH_d to the electroweak Higgs doublets. The effective μ parameter is thus dynamically determined as a function of the soft supersymmetry breaking parameters, and can be complex if the soft parameters have nontrivial CP-violating phases. We examine the phenomenological constraints on the reparameterization invariant phase combinations within this framework, and find that the supersymmetric CP problem can be greatly alleviated in models in which the phase of the SU(2) gaugino mass parameter is aligned with the soft trilinear scalar mass parameter associated with the SH_uH_d coupling. We also study how the phases filter into the Higgs sector, and find that while the Higgs sector conserves CP at the renormalizable level to all orders of perturbation theory, CP violation can enter at the nonrenormalizable level at one-loop order. In the majority of the parameter space, the lightest Higgs boson remains essentially CP even but the heavier Higgs bosons can exhibit large CP-violating mixings, similar to the CP-violating MSSM with large μ parameter.

1 Introduction

While phenomenological models with low energy supersymmetry (SUSY) are arguably the best candidates for physics beyond the Standard Model (SM), they typically include a large number of parameters associated with the soft supersymmetry breaking sector. For example, the minimal supersymmetric standard model (MSSM), which has two Higgs doublets and conserved R-parity, contains 105 new parameters [1], including the bilinear Higgs superpotential parameter μ and the soft SUSY breaking parameters (this counting does not include the gravitino mass and coupling). The parameter count generically increases if such SUSY models are extended beyond the minimal gauge structure and particle content of the MSSM (unless symmetry relations exist in the theory which relate subsets of parameters). Many of these new parameters are phases, which both provide new sources of CP violation and modify the amplitudes for CP-conserving processes. Even if certain sectors of the theory exhibit no CP violation at tree level (e.g. if the relevant phases can be eliminated by global phase rotations), the phases can leak into such sectors of the theory at the loop level and have an impact on collider phenomenology and cosmology.

In contrast to the SM, in which the only source of CP violation is present in the CKM matrix and thus is intimately tied to flavor physics, CP-violating phases within SUSY models can occur in both flavor-conserving and flavor-changing couplings. The phases of the flavor-conserving couplings (which have no analogue in the SM) are of particular interest because they can have significant phenomenological implications which can be studied without knowledge of the origin of intergenerational mixing. In the MSSM, these phases are given by reparameterization invariant combinations of the phases of the gaugino mass parameters M_a (a = 1, 2, 3), the trilinear couplings A_f , the μ parameter, and the Higgs bilinear coupling b ≡ μB. However, not all of these phases are physical; after utilizing the U(1)_{P Q} and U(1)_R global symmetries of the MSSM, the reparameterization invariant phase combinations are θ_f = ϕ_μ + ϕ_{Af} − ϕ_b and θ_a = ϕ_μ + ϕ_{Ma} − ϕ_b (in self-evident notation).

Such phases have traditionally been assumed to be small due to what is known as the supersymmetric CP problem: the experimental upper limits on the electric dipole moments (EDMs) of the electron, neutron, and certain atoms individually constrain the phases to be less than O(10^{−2}) (for sparticle masses consistent with naturalness) [2, 3, 4]. However, recent studies have shown that EDM bounds can be satisfied without requiring all reparameterization invariant phase combinations to be small, if either (i) certain cancellations exist between different EDM contributions [5, 6, 7, 8, 9], or (iii) the sparticles of the first and second families have multi-TeV masses [10].^1 Even within each of these scenarios, the particularly strong constraints arising from the atomic EDMs [13] lead to a general upper bound of <∼ O(10^{−3}) on the reparameterization invariant phase present in the chargino sector (θ_2 in our notation), while the other phases are comparatively unconstrained [8]. These constraints will be discussed in detail later in the paper; for now, it is worth noting that

1The EDM bounds are more difficult to satisfy in both of these scenarios when tan β (the ratio of electroweak Higgs VEVs) is large. Not only are cancellations in the one-loop EDMs more difficult to achieve, but certain two-loop contributions are then enhanced [11, 12] which do not decouple when the sfermions are heavy. In part for this reason, we will restrict our attention in this paper to the small tan β regime.

this “CP hierarchy problem” is an intriguing issue to be addressed within models of the soft parameters which include CP violation.^2

Of course, if the reparameterization invariant phases are sizeable, they can have important phenomenological consequences. Within the MSSM, one of the examples in which these phases can have a significant impact is the Higgs sector. As is well known, the MSSM Higgs sector conserves CP at tree level. However, radiative corrections involving the SM fields and their superpartners (with the dominant effects typically due to top and stop loops) have a substantial impact on Higgs masses and mixings. For example, the one-loop radiative corrections substantially elevate the tree-level theoretical upper bound of M_Z on the mass of the lightest Higgs boson [16]; these results have been improved by utilizing complete one-loop on-shell renormalization[17], renormalization group methods [18], diagrammatic methods with leading order QCD corrections [19], two-loop on-shell renormalization [20], and complete two-loop effective potential [21]. Indeed, if the radiative corrections include a nontrivial dependence on phases, the Higgs potential violates CP explicitly at one-loop. The Higgs mass eigenstates then no longer have definite CP properties, which leads to important implications for Higgs production and decay [22, 23, 24, 25].

The MSSM offers a minimal framework for stabilizing the Higgs sector against quadratic divergences. However, it is well known that the MSSM has a hierarchy problem with respect to the scale of the superpotential μ parameter [26], which has a natural scale of O(M_{GU T} ), and the electroweak scale. An elegant framework in which to address this “μ problem” is to generate the μ parameter via the the vacuum expectation value (VEV) of a SM singlet S. One simple possibility^3 [28] is to invoke an additional nonanomalous U(1)^′ gauge symmetry broken at the TeV scale, as expected in many string models. For suitable U(1)^′ charges, the bare μ parameter is forbidden but the operator h_sSH_u ·H_d is allowed, such that an effective μ term is generated after S develops a VEV of order the electroweak/TeV scale (assuming the Yukawa coupling h_s ∼ O(1), as is well-motivated within semirealistic superstring models). This framework is of particular interest because such extra U(1) groups are often present in plausible extensions of the MSSM, and in fact are ubiquitous within many classes of fourdimensional superstring models. Indeed, additional nonanomalous U(1) gauge groups are present in virtually all known 4D string models with semirealistic features, such as gauge structure which includes SU(3)_c × SU(2)_L × U(1)_Y (or a viable GUT extension) and particle content which includes the MSSM fields.^4

2However, there are unavoidable theoretical uncertainties involved in the determination of the hadronic EDMs and the atomic EDMs (see e.g. [14, 15] for discussions). These uncertainties are particularly problematic for the mercury EDM, which yields the strongest constraints on the SUSY phases. For this reason, there are disagreements in the literature over how to include this bound. Here we take a conservative approach by including the Hg EDM constraint.

3The μ parameter can also be generated in models with no additional gauge groups, i.e. the next-to-minimal supersymmetric standard model (NMSSM). However, NMSSM models generically possess discrete vacua and the tensions of the walls separating them are too large to be cosmologically admissable [27].

4For example, many examples of such semirealistic models have been constructed within perturbative heterotic string theory (see e.g. [29] for an overview). An interesting class of constructions is the set of free fermionic models [30, 31, 32], in which a number of extra U (1)’s are always present at the string scale. Whether or not all of these U (1)s persist to the TeV scale depends on the details of the vacuum restabilization procedure. Although there are cases in which only the MSSM gauge structure remains at low energy [33],

Within this class of models, the electroweak and U(1)^′ symmetry breaking is driven by the soft SUSY breaking parameters, and hence the Z^′ mass is expected to be of order a few TeV or less. Such a Z^′ should be easily observable at either present or forthcoming colliders. Indeed, the nonobservation to date of a Z^′ puts interesting but stringent limits on the Z^′ mass and mixing with the ordinary Z both from direct searches at the Tevatron [38] and indirect tests from precision electroweak measurements [39]. Although limits depend on the details of the Z^′ couplings, typically M_Z′ > 500 − 800 GeV and the Z − Z^′ mixing angle α_{Z−Z}′ <∼ O(10^{−3}).^5 These models have been analyzed at tree level in [41, 42, 43], where it was found that there are corners of parameter space in which an acceptable Z − Z^′ hierarchy can be achieved. Further studies of a different class of string-motivated U(1)^′ models can be found in [44].

As the phase of the μ parameter filters into the amplitudes for many physical observables in the MSSM (and plays an important role in the Higgs sector at one-loop), it is worthwhile to analyze models which solve the μ problem in the presence of explicit CP violation. In this paper, we thus study the supersymmetric CP problem in U(1)^′ models, focusing on the radiative corrections to the Higgs sector of the U(1)^′ model of [41] in the case that the soft supersymmetry breaking parameters have general CP-violating phases (radiative corrections in the CP-conserving case has been studied in [45]). We begin by classifying the reparameterization invariant phase combinations and comment on the phenomenological constraints on these phases from EDM bounds. We then turn to the Higgs sector, which conserves CP at tree level, but phases enter the Higgs potential through the stop mass-squared matrix at one-loop (just as in the MSSM). The VEV’s of the electroweak Higgs doublets H_{u,d} and singlet S are then determined by minimizing the loop-corrected Higgs potential. Within this framework, an effective μ parameter of the correct magnitude is generated which also has a phase governed by the phases of the soft SUSY breaking parameters. We study the pattern of Higgs masses and mixings including the EDM and Z^′ constraints, and discuss the phenomenological implications for Higgs searches.

2 The SUSY CP Problem in U(1)^′ Models

We study the class of U(1)^′ models of [41], in which the gauge group is extended to

G = SU(3)_c × SU(2)_L × U(1)_Y × U(1)^′, (1)

with gauge couplings g_3, g_2, g_Y , g_Y ′ , respectively. The matter content includes the MSSM superfields and a SM singlet S, which are all generically assumed to be charged under the

typically one or more extra U (1)s persists to the electroweak scale [34, 35]. Additional U (1)s also are generic in supersymmetric braneworld models derived from Type II string orientifolds [36] (due at least in part to the U (N ) gauge groups associated with a stacks of D branes). Phenomenological analyses also indicate that typically extra U (1)s are present in the low energy theory and broken at the electroweak/TeV scale [37].

5A potentially more stringent limit on the Z^′ mass arises from cosmology if the U (1)^′ gauge symmetry forbids the standard implementation of the seesaw mechanism for neutrino masses. In such scenarios, the right-handed neutrinos may be light, and BBN constraints then require model-dependent limits that in some cases are as strong as M_Z′ >∼ 4 TeV [40].

additional U(1)^′ gauge symmetry. Explicitly, the particle content is: ^L_i ∼ (1, 2, −1/2, Q_L), ^E^c_i ∼ (1, 1, 1, Q_E ), ^Q_i ∼ (3, 2, 1/6, Q_Q), ^U^c_i ∼ (¯3, 1, −2/3, Q_U ), ^D^c_i ∼ (¯3, 1, 1/3, Q_D ), ^H_d ∼ (1, 2, −1/2, Q_d), ^H_u ∼ (1, 2, 1/2, Q_u ), ^S ∼ (1, 1, 0, Q_S ), in which i is the family index.^6 The superpotential includes a Yukawa coupling of the two electroweak Higgs doublets H_{u,d} to the singlet S, as well as a top quark Yukawa coupling:

W = h_s ^S ^H_u · ^H_d + h_t ^U^c_3 ^Q_3 · ^H_u. (2)

Gauge invariance of W under U(1)^′ requires that Q_u + Q_d + Q_S = 0 and Q_{Q3} + Q_{U3} + Q_u = 0. This choice of charges not only forbids the “bare” μ parameter but also a Kähler potential coupling of the form H_uH_d + h.c. required for the Giudice-Masiero mechanism [47] (the Kähler potential is otherwise assumed to be of canonical form).^7

The form of (2) is motivated by string models in which a given Higgs doublet only has O(1) Yukawa couplings to a single (third) family. We will consider the small ⟨H_u⟩/⟨H_d ⟩ ≡ tan β regime only^8 such that the Yukawa couplings of the b and τ can be safely neglected. The origin of the Yukawa couplings of the first and second generations of quarks and leptons is not addressed. As we are primarily interested in the third family, we shall suppress the family index in what follows.

The soft supersymmetry breaking parameters include gaugino masses M_a (a = 1, 1^′, 2, 3), trilinear couplings A_s and A_t, and soft mass-squared parameters m^2_α: −L_{sof t} = ( ∑ a M_aλ_aλ_a + A_sh_sSH_u · H_d + A_th_t ~U^c ~Q · H_u + h.c.) + m^2_u|H_u|^2 + m^2_d|H_d|^2

+ m^2_s|S|^2 + M^2~_Q| ~Q|^2 + M^2~_U | ~U |^2 + M^2~_D|~D|^2 + M^2~_E | ~E|^2 + M^2~_L| ~L|^2. (3)

These soft SUSY breaking parameters are generically nonuniversal at low energies. We do not address the origin of these low energy parameters via RG evolution from high energy boundary conditions in this paper.

The gaugino masses M_a and soft trilinear couplings A_{s,t} of (3) can be complex; if so, they can provide sources of CP violation (without loss of generality, the Yukawa couplings h_{s,t} can be assumed to be real). However, not all of these phases are physical, just as the case in the MSSM. Let us first consider the MSSM. The reparameterization invariant combinations of phases in the MSSM are easily determined by forming invariants with respect to the global U(1)_{P Q} and U(1)_R symmetries present in the limit that the soft breaking parameters and the μ term are set to zero [49]; for reference, the U(1)_{R,P Q} charge assignments are presented

6Note that if the U (1)^′ charges are family nonuniversal they provide a tree-level source of FCNC. Phenomenological bounds thus dictate that the charges of the first and second families should be identical to avoid overproduction of FCNC without fine-tuning [46].

7Other than these constraints, we prefer to leave the U (1)^′ charges unspecified because our aim is not to construct a specific model. In an explicit model there will be additional constraints on the U (1)^′ charges (e.g from anomaly cancellation). We also do not consider kinetic mixing in the analysis [48]. However, even if kinetic mixing is absent at tree level will be generated through 1-loop RG running if TrQ_Y Q_1′ ≠ 0 [48].

8Here low values of tan β such as tan β = 1 are allowed (this region is excluded in the MSSM). The reason is that the Higgs bosons are generically heavier in U (1)^′ models (as in the NMSSM and other models with extended Higgs sectors), and even at tree level the lightest Higgs boson can easily escape LEP bounds.

Field ^Q ^U^c ^D^c ^H_u ^H_d λ_a M_a μ b A_f m^2_α U(1)_R 1 1 1 0 0 1 −2 2 0 −2 0 U(1)_{P Q} 0 0 0 1 1 0 0 −2 −2 0 0

Table 1: The U (1)_{R,P Q} charge assignments for the MSSM fields and spurions.

Field ^Q ^U^c ^D^c ^H_u ^H_d ^S λ_a M_a A_f m^2_α U(1)_R 1 1 1 0 0 2 1 -2 - 2 0

Table 2: The U(1)_R charge assignments for the fields and spurions in the U (1)^′ framework. Note that ^S

(whose VEV induces an effective μ parameter) has nonzero R charge.

in Table 2. A convenient basis of the resulting reparameterization invariant phases thus is θ_f = ϕ_μ +ϕ_{Af} −ϕ_b and θ_a = ϕ_μ +ϕ_{Ma} −ϕ_b, which enter the mass matrices of the sfermions and the gauginos/Higgsinos, respectively. An analysis of the MSSM tree level Higgs sector also suggests it is useful to exploit U(1)_{P Q} to set ϕ_b = 0 (ϕ_b is then dropped from the invariants above), in which case the Higgs VEVs are real.

Performing the same exercise in the U(1)^′ framework, one immediately notices that the U(1)_{P Q} symmetry of the MSSM is embedded within the U(1)^′ gauge symmetry. However, a nontrivial U(1)_R symmetry remains; the U(1)_R charges of the superfields and the associated spurion charges of the soft parameters are presented in Table 2. The reparameterization invariant phase combinations are therefore θ_{f f} ′ = ϕ_{Af} − ϕ_{Af ′≠f} , θ_{a f} = ϕ_{Ma} − ϕ_{Af} , and θ_{a b} = ϕ_{Ma} − ϕ_{Mb≠a} , of which only two are linearly independent (e.g. ϕ_{a b} = ϕ_{a f} − ϕ_{b f} ). We will see that (in analogy to the MSSM) the tree-level Higgs sector suggests it is convenient to measure all phases with respect to the phase of A_s. (In fact, one can go further and exploit the U(1)_R symmetry to set ϕ_{As} = 0, although we prefer not to do that in this paper.) A basis of reparameterization invariant phase combinations can then be chosen as θ_{f s} = ϕ_{Af} − ϕ_{As} θ_{a s} = ϕ_{Ma} − ϕ_{As} . (4)

To see this more explicitly and to lay the foundation for our analysis of the Higgs sector including one-loop radiative corrections, let us now review the tree-level Higgs potential analyzed in [41]. Gauge symmetry breaking is driven by the VEVs of the electroweak Higgs doublets H_u, H_d

H_u = ( H^+_u H^0_u ) , H_d = ( H^0_d H^−_d ) , (5)

and the singlet S. The tree level Higgs potential is a sum of F terms, D terms, and soft supersymmetry breaking terms: V_{tree} = V_F + V_D + V_{sof t}, (6) in which

V_F = |h_s|^2 [ |H_u · H_d|^2 + |S|^2(|H_u|^2 + |H_d|^2) ] , (7)

V_D =

G^2 8 ( |H_u|^2 − |H_d|^2 )_2 + g^2 2 (|H_u|^2|H_d|^2 − |H_u · H_d|^2) + g^2_Y ′ 2 ( Q_u|H_u|^2 + Q_d|H_d|^2 + Q_S |S|^2

)_2

, (8)

V_{sof t} = m^2_u|H_u|^2 + m^2_d|H_d|^2 + m^2_s|S|^2 + (A_sh_sSH_u · H_d + h.c.). (9)

where G^2 = g^2 + g^2_Y and g_Y = √ 3/5g_1, g_1 is the GUT normalized hypercharge coupling.

At the minimum of the potential, the Higgs fields are expanded^9 as follows: ⟨H_u⟩ = 1 √ 2 ( √ 2H^+_u v_u + ϕ_u + iφ_u ) , ⟨H_d⟩ = 1 √ 2 ( v_d + ϕ_d + iφ_d √ 2H^−_d )

⟨S⟩ = 1 √ 2 e^{iθ} (v_s + ϕ_s + iφ_s) , (10)

in which v^2 ≡ v^2_u + v^2_d = (246 GeV)^2. In the above, a phase shift e^{iθ} has been attached to ⟨S⟩. Since gauge invariance dictates that only the phase of the combination SH_u · H_d enters the potential, we can assume that the VEVs of H_{u,d} are real and attach a phase only to S without loss of generality (this choice is also consistent with our assignment of U(1)_R charges in Table 2). The effective μ parameter is generated by the singlet VEV ⟨S⟩: μ_{ef f} ≡ h_sv_s √ 2 e^{iθ}. (11)

The only complex parameter which enters the Higgs potential at tree level is A_s. However, the global phases of the Higgs fields (more precisely, of the combination SH_u ·H_d) can always be chosen to absorb the phase ϕ_{As} of A_s by performing a U(1)_R rotation on the fields, such that A_s and the VEV’s can all be taken to be real without loss of generality [41]. To state this another way, the minimization conditions with respect to the CP odd directions φ_{1,2,s} all lead to the condition sin(θ + ϕ_{As} ) = 0, (12)

such that θ = −ϕ_{As} at tree level. With this condition, the Higgs sector is CP conserving. The Higgs mass eigenstates thus have definite CP quantum numbers, with three CP even Higgs bosons H_{i=1,2,3} and one CP odd Higgs boson A^0, as well as a charged Higgs pair H^±. Expressions for their masses at tree level and a discussion of the associated Higgs phenomenology can be found in [41].

9As discussed in [41], gauge rotations can be used to set ⟨H^+_u ⟩ = 0. However, ⟨H^−_d ⟩ = 0 is not automatic and imposes constraints on the parameter space of the model. Indeed, ⟨H^−_d ⟩ = 0 implies that the physical charged Higgs is nontachyonic (M^2_{H±} > 0).

Although the Higgs sector conserves CP at tree level whether or not the soft SUSY breaking parameters are complex, this is generically not true for other sectors of the theory and care must be taken in the phenomenological analysis (e.g. for the EDM bounds) if there are nontrivial CP-violating phases in the soft terms even if the Higgs sector is only analyzed at tree level. Clearly, this is due to the fact that the phases which enter the mass matrices of the sfermion and the gaugino/higgsino sectors involve the phase of the singlet VEV θ (i.e., the phase of the effective μ parameter μ_{ef f} ) as well as the phases of the A terms and the gaugino masses. For example, the reparameterization invariant phase combination which enters the chargino mass matrix within this class of U(1)^′ models is

θ~_χ± = θ + ϕ_{M2} = ϕ_{M2} − ϕ_{As} + . . . = θ_{2 s} + . . . , (13)

in which the terms represented by (+ . . .) are higher-loop contributions. As previously mentioned, this phase is strongly constrained by EDM experimental bounds (although the precise constraints can depend in detail on the other parameters of the model). More generally, the statement of (flavor-independent) SUSY CP violation within U(1)^′ models is that if any of the phases θ_{f s} and θ_{a s} defined in (4) are nonzero, they can lead to CP-violating effects which may be in conflict with experiment and must be checked. This is in direct analogy to the statement of flavor-independent SUSY CP violation in the MSSM. However, as μ is dynamically generated within U(1)^′ models, its phase ϕ_μ is now a function of the phases of the other soft breaking parameters rather than an independent quantity.

Returning now to the question of CP violation in the Higgs sector, (12) suggests that it is natural to consider the combination of phases

θ ≡ θ + ϕ_{As} (14)

as the parameter which governs CP violation in the Higgs sector. Note that θ is a reparameterization invariant quantity, while θ is not (θ = θ in the basis in which ϕ_{As} = 0). While θ = 0 at tree level, it acquires a nonzero value at one-loop if the sfermion and gaugino/higgsino mass matrices have nontrivial phases. This calculation is outlined in the next section.

3 Higgs Sector CP Violation

Previously we discussed the SUSY CP problem within U(1)^′ models, and reviewed the tree level Higgs sector (the patterns of gauge symmetry breaking which led to an acceptable Z − Z^′ hierarchy were analyzed at tree level in [41]). In what follows, we will compute the one-loop radiative corrections to the Higgs sector of this class of Z^′ models within a general framework including nontrivial CP violation (radiative corrections in the CP-conserving case were previously presented in [45]).

3.1 Radiative Corrections to the Higgs Potential

The effective potential approach provides an elegant way of determining the true vacuum state of a spontaneously broken gauge theory. The potential has the form V = V_{tree} + ΔV + . . . , (15) where V_{tree} is defined in (6), and the one-loop contribution ΔV has the Coleman-Weinberg form ΔV = 1 64π^2 { StrM^4(H_u, H_d, S) ( ln M^2(H_u, H_d, S) Q^2 − 3 2 )} . (16)

in the mass-independent renormalization scheme DR.^{10} In the above, Str ≡ ∑ J (−1)^{2J+1}(2J+ 1) is the usual supertrace, Q is the renormalization scale, and M represents the Higgs fielddependent mass matrices of the particles and sparticles of the theory.^{11}

Here we will include only the dominant terms due to top and scalar top quark loops:

ΔV = 6 64π^2 ∑ k=1,2 ( m^2~_{tk} )_2 ln m^2~_{tk} Q^2 − 3 2 − 2 ( m^2_t

)_2 [ ln ( m^2_t Q^2 ) − 3 2 ] (17)

in which the masses depend explicitly on the Higgs field components (note that ΔV naturally vanishes in the limit of exact SUSY). The top mass-squared is given by m^2_t = h^2_t |H_u|^2, and the stop masses-squared are obtained by diagonalizing the mass-squared matrix

~M^2 = ( M^2_{LL} M^2_{LR} M^2_{LR}^† M^2_{RR} ) (18)

via the unitary matrix S_t as S^†_t ~M^2S_t = diag ( m^2~_{t1} , m^2~_{t2} ) . The entries of ~M^2 are given by

M^2_{LL} = M^2~_Q + h^2_t |H_u|^2 − 1 4 ( g^2 − g^2_Y 3 ) ( |H_u|^2 − |H_d|^2 )

+ g^2_Y ′ Q_Q ( Q_u|H_u|^2 + Q_d|H_d|^2 + Q_s|S|^2 ) (19)

M^2_{RR} = M^2~_U + h^2_t |H_u|^2 − 1 3 g^2_Y ( |H_u|^2 − |H_d|^2 ) + g^2_Y ′ Q_U ( Q_u|H_u|^2 + Q_d|H_d|^2 + Q_s|S|^2 ) (20) M^2_{LR} = h_t ( A^∗_t H^{0∗}_u − h_sSH^0_d ) , (21)

in which we have emphasized the fact that the LR entry depends only on the neutral components of the Higgs fields. As the stop LR mixing can be complex, the term h_th_sA_tSH^0_u H^0_d + h.c. present in |M^2_{LR}|^2 can provide a source of CP violation in the Higgs sector. From the discussion of the previous section, we can infer that this source is the phase θ_{t s} ≡ ϕ_{At} − ϕ_{As} .

10See Martin’s paper in [21] for a detailed discussion of the regularization and renormalization scheme dependence of the effective potential.

11While the complete effective potential is scale invariant, it is scale dependent when truncated to any finite loop order in perturbation theory due to the renormalization of the parameters and the Higgs wavefunctions. In the MSSM, most of the scale-dependent terms can be collected in the pseudoscalar mass, which itself can be regarded as a free parameter of the theory. The remaining Q^2-dependence arises from the D term contributions generated by wavefunction renormalization, such that in the limit in which g_2 = g_Y = 0 all of the scale dependence can be absorbed into the pseudoscalar mass. For the U (1)^′ models, the scale dependence can be absorbed into the pseudoscalar mass only if the D term contributions vanish and the superpotential parameter h_s = 0, because the potential also includes quartic Higgs couplings which arise from F terms. These properties are manifest in the Higgs mass-squared matrix presented below.

The vacuum state is characterized by the vanishing of all tadpoles and positivity of the resulting Higgs boson masses. Recalling the expressions for the Higgs fields in (10), the vanishing of tadpoles for V along the CP even directions ϕ_{u,d,s} enables the soft masses m^2_{u,d,s} to be expressed in terms of the other parameters of the potential:

m^2_u = M^2_0 cos^2 β − λ_uv^2_u − 1 2 ( λ_{ud}v^2_d + λ_{us}v^2_s ) − 1 v_u ( ∂ΔV ∂ϕ_u ) 0 (22)

m^2_d = M^2_0 sin^2 β − λ_dv^2_d − 1 2 ( λ_{ud}v^2_u + λ_{ds}v^2_s ) − 1 v_d ( ∂ΔV ∂ϕ_d ) 0 (23)

m^2_s = M^2_0 cot^2 α − λ_sv^2_s − 1 2 ( λ_{us}v^2_u + λ_{ds}v^2_d ) − 1 v_s ( ∂ΔV ∂ϕ_s ) 0 , (24)

in which the subscript 0 indicates that the derivatives of ΔV are to be evaluated at ϕ_i = 0 and φ_i = 0. Here the various λ coefficients represent the quartic couplings in the potential λ_{u,d} = 1 8 G^2 + 1 2 Q^2_{u,d}g^2_Y ′ , λ_s = 1 2 Q^2_s g^2_Y ′ , λ_{ud} = − 1 4 G^2 + Q_uQ_d g^2_Y ′ + h^2_s , λ_{us,ds} = Q_sQ_{u,d} g^2_Y ′ + h^2_s . (25)

The Higgs soft masses (22) are written in terms of two angle parameters: (i) tan β, which measures the hierarchy of the Higgs doublet VEVs, and (ii) cot α ≡ (v sin β cos β)/v_s, which is an indication of the splitting between the U(1)^′ and electroweak breaking scales. For convenience, we have also introduced the mass parameter

M^2_0 = h_s|A_s|v_s cos θ √ 2 sin β cos β

, (26)

which corresponds to the mass parameter of the CP odd Higgs boson of the MSSM after using the definition of the effective μ parameter in (11).

While the vanishing of the tadpoles along the CP odd directions φ_{u,d,s} led to (12) at tree level, once the loop corrections are included they lead to the following conditions:

M^2_0 sin β cos β tan θ = 1 v_d ( ∂ΔV ∂φ_u ) 0 (27)

M^2_0 sin β cos β tan θ = 1 v_u ( ∂ΔV ∂φ_d ) 0 (28)

M^2_0 cot α tan θ = 1 v_s ( ∂ΔV ∂φ_s ) 0 , (29)

demonstrating explicitly that the phase θ = θ +ϕ_{As} associated with the phase θ of the singlet VEV is indeed a radiatively induced quantity. Indeed, the derivatives of ΔV with respect to φ_{u,d,s} are nonvanishing provided that there is a nontrivial phase difference between A_t and A_s (i.e., if θ_{t s} ≠ 0). In fact, (27)–(29) all lead to the same relation for θ: sin θ = −β_{ht} |A_t| |A_s| sin θ_{t s} F(Q^2, m^2~_{t1} , m^2~_{t2} ) (30) in which β_{ht} = 3h^2_t /(32π^2) is the beta function for the top Yukawa coupling, and the loop function

F(Q^2, m^2~_{t1} , m^2~_{t2} ) = −2 + ln m^2~_{t1} m^2~_{t2} Q^4 + m^2~_{t1} + m^2~_{t2} m^2~_{t1} − m^2~_{t2} ln m^2~_{t1} m^2~_{t2}

(31)

depends explicitly on the renormalization scale. In the above, θ_{t s} = ϕ_{At} + θ = ϕ_{At} − ϕ_{As} up to one loop accuracy determined by (30).

3.2 The Higgs Mass Calculation

We now turn to the Higgs mass calculation at one-loop in the presence of CP violation in the stop LR mixing. The mass-squared matrix of the Higgs scalars is

M^2_{ij} = ( ∂^2 ∂Φ_i∂Φ_j V ) 0 , (32)

subject to the minimization constraints Eqs. 22-24 and (30). In the above, Φ_i = (ϕ_i, φ_i). Clearly, two linearly independent combinations of the pseudoscalar components φ_{u,d,s} are the Goldstone bosons G_Z and G_Z′ , which are eaten by the Z and Z^′ gauge bosons when they acquire their masses. These two modes are given by

G_Z = − sin βφ_u + cos βφ_d , G_Z′ = cos β cos αφ_u + sin β cos αφ_d − sin αφ_s, (33)

and hence the orthogonal combination

A = cos β sin αφ_u + sin β sin αφ_d + cos αφ_s (34)

is the physical pseudoscalar Higgs boson in the CP-conserving limit. In the decoupling limit, v_s ≫ v, sin α → 1 and cos α → 0, in which case G_Z and A reduce to their MSSM expressions. In the basis of scalars B = {ϕ_u, ϕ_d, ϕ_s, A}, the Higgs mass-squared matrix M^2 takes the form

M^2_{uu} + M^2_A cos^2 β M^2_{ud} − M^2_A sin β cos β M^2_{us} − M^2_A cot α cos β M^2_{uA} sin θ_{t s}

M^2_{ud} − M^2_A sin β cos β M^2_{dd} + M^2_A sin^2 β M^2_{ds} − M^2_A cot α sin β M^2_{dA} sin θ_{t s}

M^2_{us} − M^2_A cot α cos β M^2_{ds} − M^2_A cot α sin β M^2_{ss} + M^2_A cot^2 α M^2_{sA} sin θ_{t s}

M^2_{uA} sin θ_{t s} M^2_{dA} sin θ_{t s} M^2_{sA} sin θ_{t s} M^2_P

, (35)

in which our notation explicitly demonstrates that all of the entries M^2_{iA} (i = u, d, s) identically vanish in the CP-conserving limit θ_{t s} → ϕ_0. In the above,

M^2_A = M^2_0 ( 1 + β_{ht} |A_t| |A_s| cos θ_{t s} cos θ F ) , (36) which depends explicitly on the renormalization scale, and

M^2_P =

M^2_A sin^2 α + 4β_{ht} m^2_t |μ_{ef f} |^2|A_t|^2 ( m^2~_{t1} − m^2~_{t2}

)_2

sin^2 θ_{t s} sin^2 α sin^2 β

G (37)

is the one-loop pseudoscalar mass in the CP-conserving limit. The loop function G is independent of the renormalization scale and has the functional form G ( m^2~_{t1} , m^2~_{t2} ) = 2 − m^2~_{t1} + m^2~_{t2} m^2~_{t1} − m^2~_{t2} ln m^2~_{t1} m^2~_{t2} . (38) We now turn to the mass parameters M^2_{ij} (i, j = u, d, s) which appear in M^2. These entries may be represented as

M^2_{ij} = v_iv_j { λ_{ij} + 3 (4π)^2 [ ( ρ_i~m^2_j + ~m^2_i ρ_j ) m^2~_{t1} + m^2~_{t2}

(2 − G) + ( ρ_iρ_j + ζ_iζ_j + δ_{id}δ_{js} h^2_t h^2_s 4 ) F

+ ρ_iρ_j + ~m^2_i ~m^2_j ( m^2~_{t1} − m^2~_{t2}

)_2 G − δ_{iu}δ_{ju}h^4_t ln { m^4_t Q^4 } ]} , (39)

in which λ_{ij} = λ_{ij} for i ≠ j, λ_{ij} = 2λ_i for i = j. For notational purposes we have also introduced the dimensionless quantities ρ_u = h^2_t − λ_u , ρ_d = (h^2_s − λ_{ud})/2 , ρ_s = (h^2_s − λ_{us})/2 (40) as well as the dimensionful ones, ~m^2_u = ζ_uδ + h^2_t |A_t| (|A_t| − |μ_{ef f} | cot β cos θ_{t s}) (41) ~m^2_d = ζ_dδ + h^2_t |μ_{ef f} | (|μ_{ef f} | − |A_t| tan β cos θ_{t s}) (42)

~m^2_s = ζ_sδ + v^2_d v^2_s h^2_t |μ_{ef f} | (|μ_{ef f} | − |A_t| tan β cos θ_{t s}) , (43)

with δ = M^2~_Q − M^2~_U + ζ_uv^2_u + ζ_dv^2_d + ζ_sv^2_s . The new dimensionless couplings appearing here are pure D term contributions

ζ_u = − 1 8 (g^2 − 5 3 g^2_Y ) + 1 2 (Q_Q − Q_U )Q_ug^2_Y ′ (44)

ζ_d = 1 8 (g^2 − 5 3 g^2_Y ) + 1 2 (Q_Q − Q_U )Q_dg^2_Y ′ (45) ζ_s = −(ζ_u + ζ_d). (46) Finally, the scalar-pseudoscalar mixing entries M^2_{iA} (i = u, d, s), which exist only if there are sources of CP violation in the Lagrangian (as has been made explicit in M^2 by factoring out sin θ_{t s}), are given by

M^2_{iA} = 2β_{ht} vv_i sin α |μ_{ef f} ||A_t| m^2~_{t1} − m^2~_{t2} 2ρ_i m^2~_{t1} − m^2~_{t2} m^2~_{t1} + m^2~_{t2} + ~m^2_i m^2~_{t1} − m^2~_{t2} − ρ_i m^2~_{t1} − m^2~_{t2} m^2~_{t1} + m^2~_{t2} G , (47) and are scale independent. These results agree with the tree level computations of [41]. After identifying (11) with the |μ_{ef f} | parameter of the MSSM, the doublet sector of the mass-squared matrix agrees with that of the MSSM [22]. Finally, the results also agree with those of [45] in the CP-conserving limit (sin θ_{t s} = 0).

As previously stated, there are three CP even and one CP odd Higgs boson in the CPconserving limit. The mass of the CP odd Higgs boson A is given in (37), while the masses of the CP even scalars arise from the diagonalization of the upper 3 × 3 subblock of (35). The masses and mixings then differ from their tree level values by the inclusion of radiative effects. In this limit, the only source of CP violation is the CKM matrix and one easily evades constraints from the absence of permanent EDMs for leptons and hadrons. The lightest Higgs boson has a larger mass than M_Z even at tree level, and the radiative effects modify it sizeably [45]. Once the radiative corrections are included a direct comparison with experimental results is possible. In principle, one can constrain certain portions of the parameter space using the post-LEP indications for a light scalar with mass >∼ 114 GeV.

In the presence of CP violation, there are four scalar bosons with no definite CP quantum number. This results from the mixing between the CP even scalars ϕ_{u,d,s} with the CP odd scalar A via the entries M^2_{iA} sin θ_{t s} in (35). The main impact of the CP breaking Higgs mixings on the collider phenomenlogy comes via the generation of novel couplings for Higgs bosons which eventually modify the event rates and asymmetries. Indeed, a given Higgs boson can couple to both scalar and pseudoscalar fermion densities depending on the strength of CP violation [22]. Moreover, the coupling of the lightest Higgs to Z bosons can be significantly suppressed, avoiding the existing bounds from the LEP data [24, 25]. The CP-violating entries of M^2 grow with |μ_{ef f} A_t| as in the MSSM. The mass-squared matrix is diagonalized by a 4 × 4 orthonormal matrix R

R · M^2_h · R^T = diag. ( M^2_{H1} , M^2_{H2} , M^2_{H3} , M^2_{H4} ) . (48)

To avoid discontinuities in the eigenvalues it is convenient to adopt an ordering: M_{H1} < M_{H2} < M_{H3} < M_{H4} . The mass eigenstates H_i can then be expressed as

H_i = R_{iu}ϕ_u + R_{id}ϕ_d + R_{is}ϕ_s + R_{iA}A (49)

in which e.g. |R_{iA}|^2 is a measure of the CP odd composition of H_i. The elements of R determine the couplings of Higgs bosons to the MSSM fermions, scalars, and gauge bosons.

3.3 Comparison with MSSM

Before turning to the numerical analysis, it is instructive to compare the origin of Higgs sector CP violation in the U(1)^′ models to that within the MSSM. Let us first consider the case of the MSSM, in which the Higgs sector consists of the two electroweak Higgs doublets H_{u,d}. It is useful to start with the most general renormalizable Higgs potential for a two Higgs doublet model (2HDM), which must be built out of the gauge invariant combinations |H_u|^2, |H_d|^2, and H_u · H_d as follows: V^{2HDM} ren = m^2_u|H_u|^2 + m^2_d|H_d|^2 + ( m^2_3H_u · H_d + h.c. )

+ λ_1|H_u|^4 + λ_2|H_d|^4 + λ_3|H_u|^2|H_d|^2 + λ_4|H_u · H_d|^2 + [ λ_5(H_u · H_d)^2 − ( λ_6|H_d|^2 + λ_7|H_u|^2 ) H_u · H_d + h.c. ] , (50)

in which m^2_3, λ_{5,6,7} can be complex. In a general 2HDM, the Higgs sector exhibits CP violation if any two of these couplings have nontrivial relative phases. Spontaneous CP violation can also occur for certain ranges of the parameters [50]. However, at tree level the MSSM is a special 2HDM, with m^2_3 = Bμ ≡ b, m^2_{u,d} = m^2_{Hu,d} , and

λ_1 = λ_2 = G^2/4; λ_3 = (g^2 − g^2_Y )/4; λ_4 = −g^2/2; λ_5 = λ_6 = λ_7 = 0. (51)

As previously discussed, there is only one complex coupling Bμ in the MSSM Higgs potential at tree level, and hence its phase can always be eliminated by a suitable PQ rotation of the Higgs fields. Although the Higgs sector is CP-conserving at tree level, CP violation occurs at the loop level if θ_f and/or θ_a are nonzero, with the dominant contribution involving θ_t. If θ_t ≠ 0, a relative phase θ between the VEVs of H_u and H_d is generated [22].

Essentially, while the U(1)_{P Q} symmetry of the MSSM forbids nonzero values of λ_{5,6,7} at tree level, these couplings are generated by radiative corrections because U(1)_{P Q} is softly broken by the Bμ term. For example, the effective λ_5 coupling which is generated at one-loop is approximately

λ_5 ∼ h^2_t 16π^2m^4_{SU SY}

(μA_t)^2; (52)

see [22] for the explicit expressions.^{12}

Within the U(1)^′ models, the tree level Higgs potential does not allow for explicit or spontaneous CP violation. However, it is possible to make a stronger statement: unlike the MSSM, the Higgs potential in this class of U(1)^′ models does not allow for CP violation at the renormalizable level at any order in perturbation theory. To see this more clearly, consider the most general renormalizable Higgs potential for H_u, H_d, and S. The potential can be expressed as a function of the gauge-invariant quantities |H_u|^2, |H_d|^2, |H_d · H_u|^2, and SH_u · H_d: V_{ren} = m^2_u|H_u|^2 + m^2_d|H_d|^2 + m^2_S |S|^2 + (m_{12}SH_u · H_d + h.c.)

+ λ_u|H_u|^4 + λ_d|H_d|^4 + λ_s|S|^4 + λ_{ud}|H_u|^2|H_d|^2 + λ_{us} |H_u|^2|S|^2 + λ_{ds}|H_d|^2|S|^2 + ~λ_{ud}|H_u · H_d|^2, (53)

At tree level, the dimensionful parameters m^2_{u,d} = m^2_{Hu,d} and m_{12} = h_sA_s, and the dimensionless couplings have all been listed before except ~λ_{ud} =^1_2 g^2 − h^2_s . Therefore, even in the most general renormalizable Higgs potential there is only one coupling which can be complex (m_{12}); this is because the gauge-invariant operator SH_u · H_d is already dimension 3. Hence, the global phases of the Higgs fields (more precisely of the combination SH_uH_d) can always

12Note that spontaneous CP violation (SCPV) requires m^2_3 < λ_5v_uv_d. As λ_5 is loop suppressed in the MSSM, SCPV would require a very small m^2_3, leading to an unacceptably light pseudoscalar Higgs mass [50].

be chosen such that the phase of m_{12} is absorbed. Note that this statement, while true for the tree-level potential of (6), does not depend in any way on perturbation theory.^{13} As the Higgs potential conserves CP to all orders at the renormalizable level, CP violation can enter the theory only through loop-induced nonrenormalizable operators. The form of (17) demonstrates that the one-loop contributions to the Higgs potential include an infinite series of terms involving powers of the Higgs fields. While these terms include contributions to the potential at the renormalizable level, they also include a tower of nonrenormalizable terms, such as V_{nr} = . . . + ( λ m^2_{SU SY} (SH_u · H_d)^2 + h.c. ) + . . . , (54)

in which m_{SU SY} denotes a typical sfermion mass. By U(1)_R invariance, the coupling λ of the (SH_u · H_d)^2 term is proportional to λ ∼ A^2_t /(16π^2m^2_{SU SY} ). Such a term is generated by the one-loop diagram formed from the Lagrangian interactions h_sh^∗_t SH^0_d ~u^∗_L ~u^{c∗}_L + h.c. (from F terms) and the soft SUSY breaking interaction h_tA_t ~u_L ~u^c_L + h.c.. For ⟨S⟩ ≫ ⟨H_{u,d}⟩, (54) effectively leads to the coupling^{14} λ^{ef f}_5 m^2_{SU SY} (H_u · H_d)^2, (55)

with λ^{ef f}_5 ∼ (A_t⟨S⟩)^2 16π^2m^2_{SU SY}

. (56)

In general, one can expand the one-loop potential in powers of the phase-sensitive gaugeinvariant operator SH_u · H_d: δV = . . . − β_{ht} h_s F ( Q^2, m^2~_{t1} , m^2~_{t2} ) A_t SH_u · H_d + β_{ht} h^2_t h^2_s G ( m^2~_{t1} , m^2~_{t2} ) A^2_t ( m^2~_{t1} − m^2~_{t2}

)_2 (SHu · Hd)^2 + h.c. + . . . , (57)

in which we have presented only the phase-sensitive corrections up to quadratic order (this expansion can of course be continued to higher orders with no difficulty at all). The first term renormalizes the h_sA_sSH_u ·H_d operator in the tree level potential, while the second term is a new higher-dimensional operator. Both terms violate CP through the phase of A_t⟨S⟩ (recall this phase is irremovable if A_t and A_s have a nontrivial relative phase θ_{t s}). The effective theory at scales below ⟨S⟩ is equivalent to the MSSM (with μ and Bμ parameters related to the other soft parameters of the model). One concludes from (57) that the size of the CP violation in the Higgs sector depends on the extent to which the U(1)^′ breaking scale is split from the electroweak scale. Indeed, below the scale ⟨S⟩, the coefficients of the CP-violating effective operators in (50) grow with |A_t|v_s (or equivalently |A_t||μ_{ef f} |), in agreement with the CP-violating M^2_{(u,d,s)A} entries of the Higgs mass-squared matrix.

13Note that the structure of the potential is very different in the case of the NMSSM, in which the S is a total gauge singlet. As gauge invariance then does not restrict the possible S couplings, the Higgs sector generically violates CP at tree level [51].

14Note that SCPV is also not viable in this potential, for the same reason as in the MSSM.

4 Phenomenological Implications

In this section we discuss the existing constraints on U(1)^′ models as well as their phenomenological implications with explicit CP violation.

4.1 Constraints from Z − Z^′ Mixing

In the previous section, we computed the radiatively corrected Higgs boson mass-squared matrix (35). If the eigenvalues of the Higgs mass-squared are all positive definite, the parameter space under concern corresponds to a minimum of the potential. The parameter space is of course also constrained by the fact that direct collider searches have yielded lower bounds on the sparticle and Higgs masses. Within U(1)^′ models, further constraints arise from the nonobservation to date of a Z^′, both from direct searches [38] and indirect precision tests from Z pole, LEP II and neutral weak current data [28, 39]. The strongest constraints arise from the mixing mass term between the Z and the Z^′ induced by electroweak breaking: M_{Z−Z}′ = M^2_Z Δ^2

Δ^2 M^2_Z′ , (58) in which

M^2_Z = G^2v^2/4 (59) M^2_Z′ = g^2_Y ′ ( Q^2_uv^2_u + Q^2_dv^2_d + Q^2_s v^2_s ) (60)

Δ^2 = 1 2 g_Y ′ G ( Q_uv^2_u − Q_dv^2_d ) . (61)

Current data requires Δ^2 ≪ M^2_Z′ , M^2_Z , because the Z − Z^′ mixing angle α_{Z−Z}′ = 1 2 arctan ( 2Δ^2 M^2_Z′ − M^2_Z ) . (62)

must not exceed a few × 10^{−3} in typical models.

Let us review the implications of this constraint, which was studied in [28, 41]. One can see from (62) that unless M_Z′ ≫ M_Z , the Z − Z^′ mixing angle is naturally of O(1). Therefore, a small α_{Z−Z}′ requires a cancellation in the mixing term Δ^2 for a given value of tan β. For models in which M_Z′ ∼ O(M_Z ), this cancellation must be nearly exact; this can be slightly alleviated if the Z^′ mass is near its natural upper limit of a few TeV. Hence, tan^2 β must be tuned around Q_d/Q_u with a precision determined by the size of α_{Z−Z}′ . In our analysis, we will eliminate tan β from (62) for a given value of α_{Z−Z}′ :

tan^2 β = η Q_d − α_{Z−Z}′ ( −1 + η^2 ( Q_d^2 + Q_s^{2 v2s}_{v2} )) η Q_u + α_{Z−Z}′ ( −1 + η^2 ( Q_u^2 + Q_s^{2 v2s}_{v2} )) , (63) in which η = 2g_Y ′ /G, and we used tan(2 α_{Z−Z}′ ) ≈ 2 α_{Z−Z}′ . Having fixed tan β in this way, a multitude of parameters remain which can be varied continuusly as long as all collider constraints are satisfied. In [41], two phenomenologically viable scenarios were identified:

• Light Z^′ Scenario. Clearly, the U(1)^′ symmetry can be broken along with the SM gauge symmetries at the electroweak scale.^{15} In this case v_s ∼ v, tan β ∼ √ |Q_d|/|Q_u|, and M_Z′ is of order M_Z (the precise factor depends on the size of g_Y ′ |Q_s|). However, the collider constraints on such a light Z^′ are severe within typical models, and hence it can be accommodated in the spectrum only if it is sufficiently leptophobic. Note that within this framework, leptophobic U(1)^′ couplings lead to a generic difficulty related to lepton mass generation: as Q_{Hd} ≠ 0, if the electron mass is induced via the Yukawa coupling h_e ^L_1 ^H_d ^E^c_1, the leptons necessarily have nonvanishing U(1)^′ charges. The electron mass (and perhaps all light fermion masses) then must be generated via nonrenormalizable interactions which guarantee the neutrality of ^L_1 and ^E^c_1 under the U(1)^′. In practice, this would need to be investigated within specific models.^{16}

• Heavy Z^′ Scenario. In this scenario, the U(1)^′ breaking is radiative (driven by the running of m^2_S to negative values in the infrared) and occurs at a hierarchically larger scale than the electroweak scale. However, gauge invariance does not allow for the U(1)^′ and electroweak breakings to decouple completely (as Q_{Hu,d} ≠ 0). The electroweak scale is then achieved by a cancellation among the soft masses, which are typically of O(M_Z′ ), with a fine-tuning O(M_Z′ /M_Z ). As discussed in [41], excessive fine tuning is avoided if M_Z′ in units of the heavy scale is roughly bounded by the ratio of the charges, Min[|Q_s/Q_d|, |Q_s/Q_d|]. There are several advantages of the heavy Z^′ scenario. First, the Z − Z^′ mixing can be kept small enough with less fine-tuning of the Δ^2 in (58); in particular, Q_u = Q_d is no longer a requirement. In addition, the collider constraints are less severe for Z^′ bosons with TeV-scale masses in typical models; for example, leptophobic couplings are not generically a phenomenological necessity.

4.2 Constraints from Dipole Moments

Let us now turn to dipole moment constraints. Recall in SUSY theories dipole moments of the fundamental fermions are generated by gaugino/Higgsino exchanges accompanied by sfermions of the appropriate flavor. The dipole moment under concern may (e.g. the electric and chromoelectric dipole moments of the quarks) or may not (e.g. the anomalous magnetic moment of muon) require explicit sources of CP violation.

15As shown in [41], at tree level a light Z^′ boson with a vanishing Z − Z^′ mixing (for Q_u = Q_d) naturally arises when |A_s| is the dominant soft mass in the Higgs potential. Such trilinear coupling induced minima can also accommodate a heavy Z^′ boson. This can happen in models in which there are several additional singlets in a secluded sector coupled to the Higgs fields H_{u,d} and S via the gauge or gravitational interactions [44]. Furthermore, these large trilinear coupling scenarios (with light Z^′ bosons) also have interesting implications for baryogenesis, due to the first order phase transition at tree level. If the phase transition remains first order after radiative corrections are included, then θ̄ may be sufficient to generate the baryon asymmetry. The electroweak phase transition in Z^′ models with a secluded sector is strongly first order (with a heavy enough Z^′ without any fine-tuning), and electroweak baryogenesis in such models can be viable in a greater region of parameter space than in the minimal model [52].

16However, the kinetic mixing between the hypercharge and Z^′ gauge bosons can be used to decouple leptons from Z^′ though all leptons, with nonzero U (1)^′ charges, acquire their masses from their Yukawa couplings [48].

In the MSSM, dipole moments can provide important constraints on the parameter space. For example, the anomalous magnetic moment of the muon is in principle an important observable either for discovering SUSY indirectly or constraining SUSY parameter space; however, at present the theoretical uncertainties present in certain nonperturbative SM contributions lead to difficulties in carrying out this procedure using recent data (see e.g. [53] for a review of the basic physics and [54] for the most recent experimental results). At present, the most stringent constraints arise from electric dipole moments (EDMs). As is well known, the experimental upper bounds on the EDMs of the electron, neutron, and certain atoms impose particularly severe constraints on the parameter space of general SUSY models. In contrast to the SM, in which EDMs are generated only at three-loop order (as the only source of CP violation is in the CKM matrix), the sources of explicit CP violation in SUSY theories include phases in flavor-conserving couplings which, if present, lead to nonvanishing one-loop contributions to the EDMs which can exceed the experimental bounds. As these phases generically filter into the Higgs sector, it is important to include the parameter space constraints provided by the EDM bounds.

Let us consider the dipole moments which arise within this class of U(1)^′ models. After replacing the μ parameter of the MSSM by μ_{ef f} in (11), all one-loop dipole moments are found to be identical to their MSSM counterparts except for an additional contribution generated by the ~Z^′– ~f diagram in Fig.1. Here ~Z^′ is the U(1)^′ gaugino with mass M_1′ . This diagram generates the operator D_f f_Lσ^{μν} F_{μν} f_R, in which

D_f (~Z^′) ∼ g^2_Y ′ Q^2_f 16π^2 m_f |M_1′ | M^4~_f [ |A_f | e^{i(θ1′ s−θf s )} − R_f |μ_{ef f} | e^{i(θ1′s+θ)} ] , (64)

in units of the electromagnetic or strong coupling. In the above R_f = (tan β)^{−2I 3f} , M ~_f characterizes the typical sfermion mass, and recall that the reparameterization invariant phases are defined in (4). Clearly, the (chromo-)electric and (chromo-)magnetic dipole moments are generated, respectively, by Im[D_f ] and Re[D_f ]. The expression above is approximate estimate (valid in the limit that M ~_f ≫ M_1′ ) of the exact amplitude; a more precise treatment would take into account the mixing of all six neutral fermions. The amplitude (64) is similar to the bino exchange contribution in the MSSM.

Within the aforementioned light Z^′ scenario, for phenomenologically viable models D_e(~Z^′) vanishes because the lepton couplings to the Z^′ are necessarily leptophobic. Therefore, for instance, the electron EDM is completely decoupled from the presence of an electroweak scale U(1)^′ symmetry. This conclusion extends to other leptons for family universal Z^′ models. This may also be relevant for the hadronic dipole moments depending on whether or not the Z^′ boson is hadrophobic (assuming it is detected in present and/or forthcoming colliders). As |μ_{ef f} | ≪ M ~_f within the light Z^′ scenario, the dipole moments of both the up-type and down-type fermions are largely controlled by the corresponding A_f parameters. In contrast, the U(1)^′ charges are not necessarily suppressed for any fermion flavor in the heavy Z^′ scenario and thus the D_f (~Z^′) contribution to dipole moments can compete with the MSSM amplitudes. In this scenario, |μ_{ef f} | ∼ M_Z′ ≫ M_Z , and hence both terms in D_f (~Z^′) are important. The dipole moments become sensitive to θ_1′_s + θ if the A_f parameters are sufficiently small compared to |μ_{ef f} |.

Figure 1: The ~Z^′–sfermion diagram which contributes to the (chromo-)electric and (chromo-)magnetic

dipole moments of the fermion f. The photon (γ) or gluon (g) are to be attached in all possible ways.

As the dipole moments generically scale as m_f /M^2~_f , (which is clear from the form of (64)), when M ~_f ∼ O(M_Z ) the EDMs typically exceed the existing bounds by 2 to 3 orders of magnitude if the phases are O(1). As discussed briefly in the Introduction, one possibility is satisfying the experimental bounds while retaining O(1) phases is to raise M ~_f to multi-TeV values, which in effect requires the sfermions of first and second generations to be ultraheavy [2, 4]. Another way of suppressing the EDMs is to invoke accidental cancellations between different contributions, i.e. to find regions of parameter space in which the SUSY amplitudes interfere destructively. In the MSSM with low values of tan β , this has been shown to occur with almost no costraint on any of the invariant phases except |θ~_χ± | = |ϕ_μ + ϕ_{M2} | <∼ π/10 [4, 5, 6, 7, 8]. This strong constraint follows from the fact that g_Y ≪ g_2, and thus the SU(2) gauginos dominate the EDMs. Within the U(1)^′ framework, the EDM constraints can have varying implications depending on the size of (64).

• If g_Y ′ ∼ O(g_Y ) or (more generally) g_Y ′ ≪ g_2, the EDM constraints on the parameter space are similar to that of the MSSM except for a slight folding of the cancellation domain due to the inclusion of (64). Once again, the most strongly constrained phase is θ~_χ± , with |θ~_χ± | <∼ π/10 in the low tan β regime. As θ~_χ± = θ_{2s} + θ and θ is a loop-suppressed angle (30), the EDMs provide a constraint on θ_{2s}: |θ_{2s}| <∼ π/10. Consequently, the dynamical solution to the μ problem present in this class of U(1)^′ models also solves the SUSY CP hierarchy problem in specific models of the soft parameters in which (at least) the SU(2) gaugino mass has the same phase as the A_s parameter (then θ_{2s} = 0 by definition).^{17}

• If g_Y ′ >∼ g_2, the dipole moment amplitude D_f (~Z^′) becomes comparable to or larger than

17In this paper, we have not addressed the origin of the phases of the soft parameters in (3), and hence we cannot make any claims about how one solves the SUSY CP hierarchy problem within this framework. However, it is worthwhile to note that models of the soft parameters in which the gaugino masses and A terms have the same phases are quite common within various classes of four-dimensional string models (at least at tree level) under plausible assumptions [55].

the SU(2) gaugino contribution, and the cancellation domain found in the MSSM will be significantly folded. In this case, the EDMs will constrain a combination of the phases in (64) and θ~_χ± . Such a scenario, however, can have tension with the standard picture of gauge coupling unification at a high fundamental scale (although in principle it could be considered as a possibility in generic low scale realizations).

Until this point, we have only discussed one-loop EDMs. It was pointed out a while ago [11] that in certain regions of MSSM parameter space certain two-loop contribution contributions which exclusively depend on the third generation sfermions can be nonnegligible. These contributions, which are particularly relevant if the one-loop EDMs are suppressed solely by ultraheavy first and second generation sfermion masses, involve the same phases which predominantly filter into the Higgs potential at one-loop (i.e. the phases present in the stop mass-squared matrix). However, these two-loop EDMs become sizeable only at large tan β. In this paper, we have restricted our attention to small tan β values, which is a well-motivated parameter regime (e.g., tan β = 1 is allowed within this framework, in contrast to the MSSM). Hence, these contributions will not provide significant parameter space constraints in our numerical analysis.

4.3 Numerical Estimates for Higgs Sector CP Violation

In this section, we present sample numerical calculations of the Higgs boson masses and mixings derived in Section 3.2, taking into account the phenomenological constraints on the parameter space discussed in Sections 4.1 and 4.2.

In the absence of CP violation, the scalar-pseudoscalar mixing terms of the Higgs masssquared matrix (35) vanish (sin θ̄ = 0), and hence (35) takes on a block diagonal form. The structure of (35) demonstrates that in this limit there is one CP even scalar with mass ∝ v_s and a CP odd scalar with mass proportional to √ |A_s|v_s. In addition, there is a light CP even scalar of mass ∼ M_Z and a heavier CP even scalar with its mass controlled by a combination of v and M_A. However, in the presence of explicit CP violation, the Higgs bosons cease to have definite CP parities. The strength of CP violation in the Higgs sector is parameterized by the reparameterization invariant phase θ_{t s}, which induces a nonvanishing θ̄ through the relation (30). The induced phase θ is a loop-induced and scale-dependent quantity which is particularly enhanced in parameter regions with a low M_A.

As discussed in Section 4.2, while the one-loop EDM constraints strongly constrain the phase θ_{2s}, this phase is not the dominant source of CP violation in the Higgs sector for small values of tan β and hence this constraint does not restrict the parameter space for our analysis. The dominant corrections to the Higgs potential arise from top and stop loops, and the dipole moments of the fermions in first two generations feel such effects only at two loop level. In fact, in low tan β limit (which is the domain in which our analysis of the Higgs potential is valid), such effects are completely negligible [11]. Therefore, the EDM constraints do not have a direct impact on our analysis of CP violation in the Higgs sector (we simply assume that the dipole moment constraints have been saturated either via cancellations or by choosing the first and second generation sfermion masses heavy enough; we could also simply assume that all phases except θ_{t s} are small).

We now turn to the analysis of the parameter space, including the nontrivial constraints arising from Z−Z^′ mixing. The fundamental parameters relevant for the Higgs sector include {v_s, A_s, A_t, M ~_Q, M~_U ,h_s, Q_u, Q_d, g_Y ′ , θ_{t s}}. We fix a subset of these parameters as follows: (i) α_{Z−Z}′ = 10^{−3}, which is well below the present bounds; (ii) g^2_Y ′ = (5/3)G^2 sin^2 θ_W , as inspired from one-step GUT breaking; (iii) h_s = 1/ √ 2, as motivated by the RGE analysis of [41]; (iv) Q_u = Q_d = −1, such that tan β remains close to unity (as can be seen from (63)); and finally (v) M ~_Q = M~_U . The remaining parameters can be fixed on a case by case basis depending on the range of values assumed for M_Z′ . A few notational comments are also in order. Although (35) suggests that M_A can be chosen to be a fundamental parameter and this is what is traditionally done in the MSSM, we prefer to work instead with A_s for consistency with previous discussions in this paper as well as the tree level analysis of [41]. In addition, in our numerical results we fix the renormalization scale to be Q = (2m_t + M_Z′ )/2. This differs once again from the MSSM, where the renormalization scale is chosen to be Q = m_t in order to minimize the next-to-leading order corrections. Such higher order corrections are beyond the scope of this paper; our choice for Q can be regarded as some nominal value in between the electroweak and U(1)^′ breaking scales.

We begin with an analysis of the light Z^′ scenario. For purposes of definiteness, we set M ~_Q = 2v_s, v_s = v/ √ 2 ≃ m_t, and |A_s| = v_s, in which case M_Z′ ≃ 2M_Z and |μ_{ef f} | ≃ M_Z . The SUSY phase θ_{t s} influences both the Higgs masses and their mixings, as shown in Figure 2. In the left panel, the variation of the lightest Higgs mass with θ_{t s} is displayed for several values of |A_t|/v_s. For |A_t|/v_s = 1/2, 1 and 2 M_{H1} grows gradually with θ_{t s}, peaking at θ_{t s} = π. This behaviour is easy to understand: as the magnitude of the stop LR mixing depends strongly on θ_{t s}, the variation of M_{H1} with respect to θ_{t s} simply displays the well-known fact that the lightest Higgs mass depends strongly on the value of the stop mixing. Indeed, |M^2_{LR}|_{θt s=π} |M^2_{LR}|_{θt s=0} = |A_t| + |μ_{ef f} | cot β |A_t| − |μ_{ef f} | cot β , (65)

which becomes large when |A_t| and |μ_{ef f} | are of comparable size. The ratio (65) gets saturated with further increase of |A_t|; however, in this case |A_t||μ_{ef f} | also becomes large, which affects both the M^2_P and M^2_{iA} entries of the Higgs mass-squared matrix. While the former shifts the peak value of M_{H1} towards the point of maximal CP violation (see the dot-dashed curve in the figure), the latter enhances the scalar-pseudoscalar mixings. The generic strength of the scalar-pseudoscalar mixings can be determined e.g. by working out the CP-odd composition of H_3 (the would-be pseudoscalar Higgs). The result is shown in the right panel of Figure 2. Clearly, the M^2_{iA} sin θ_{t s} elements of the Higgs mass-squared matrix are not large enough to enhance such mixings (|R_{3A}|^2 falls at most to 99.75% for |A_t| = 4v_s).

The functional dependence of the heavier Higgs boson masses on θ_{t s} is opposite that of M_{H1} in that the masses tend to decrease as θ_{t s} ranges from 0 to π; e.g. when |A_t| = 4v_s, (M_{H4} , M_{H3} , M_{H2} ) fall from (245, 224, 191) to (234, 206, 182) GeV. In accord with the analytical expression (30), θ grows with |A_t| until it arrives at the peak value of ∼ 30% for |A_t| = 4v_s for maximal CP violation. For low M_Z′ minima, the scalar-pseudoscalar mixings (which govern the novel CP violating effects in the Higgs couplings to fermions, gauge bosons and other Higgs bosons) are typically small due to the low value of |μ_{ef f} |.

Figure 2: The θ_{t s} dependence of the lightest Higgs mass and the CP-odd composition of H_3 in the light Z^′

scenario. The solid, dashed, dotted, and dot-dashed curves correspond to, respectively, |A_t|/v_s = 1/2, 1, 2 and 4 with v_s = v/ √ 2.

Figure 3: The θ_{t s} dependence of the lightest Higgs mass (left panel) and the CP-odd composition of H_3

in the heavy Z^′ scenario. Here solid, dashed, dotted, and dot-dashed curves correspond, respectively, to |A_s|/v_s = 1/5, 1/2, 3/4 and 1 with v_s = 1 TeV.

We now discuss the heavy Z^′ scenario, setting v_s = 1 TeV, M ~_Q = 750 GeV, and |A_t| = 2M ~_Q. Figure 3 depicts the variations of the lightest Higgs mass (left panel) and the CP-odd composition of the would-be Higgs scalar as a function of θ_{t s} and |A_s|. In both figures, the solid, dashed, dotted, and dot-dashed curves correspond, respectively, to |A_s|/v_s = 1/5, 1/2, 3/4 and 1. In contrast to the light Z^′ scenario as shown in Figure 2, here we illustrate the dependence on |A_s| (or equivalently M_A), as this parameter remains largely free in the heavy Z^′ limit [41]. As the left panel of the figure shows, the mass of the lightest Higgs is typically larger than that in the light Z^′ scenario. The lightest Higgs mass is also a steep function of |A_s|, which becomes increasingly smaller as M_A increases due to decoupling. Note also that the dependence of M_{H1} on θ_{t s} in this scenario is similar to the case within the light Z^′ scenario; once again, this is because the radiative corrections to the lightest Higgs mass strongly depend on the value of the stop mixing parameter.

However, in contrast to the light Z^′ scenario, the scalar-pseudoscalar mixings in the heavy M_Z′ limit are sizeable, as shown in the right panel of Figure 3. This feature is expected because the strength of the Higgs sector CP violation is governed by the size of the singlet VEV, i.e. the effective μ parameter, and in this scenario |μ_{ef f} | ∼ M_Z′ . In general, the CP-violating mixings grow larger as A_s decreases, because in this case M^2_{iA} sin θ_{t s} can be comparable to M_A, which facilitates scalar-pseudoscalar transitions. For |A_s| = v_s/5, the CPodd composition of the would-be pseudoscalar Higgs falls down to 70% around θ_{t s} ∼ π/6. However, as |A_s| increases (while keeping |μ_{ef f} | and |A_t| fixed), the diagonal elements of (35) also increase, with the result that the CP-violating effects become weaker. The large variations in |R_{3A}|^2 depicted here are due to the mixings between H_3 and H_2. Indeed, for |A_s|/v_s = 1/5, 1/2, 3/4 and 1 the two masses are strongly degenerate, with (M_{H2} , M_{H3} ) starting at (476, 477), (722, 726), (876, 881), (1013, 1007) and decreasing to (417, 418), (685, 688), (846, 851), (987, 981) GeV as θ_{t s} varies from 0 to π. Note that the scalar-pseudoscalar conversions are more efficient when the two masses are highly degenerate.

For the values of |A_s|/v_s exhibited above, the Higgs sector is within the decoupling regime (M_A > 2M_Z )^{18}, in which the lightest Higgs resembles the SM Higgs boson, the heaviest Higgs is singlet-dominated with a mass of order M_Z′ , and the two intermediate mass Higgs (the CP odd scalar and the second heaviest CP even scalar in the absence of CP violation) are strongly degenerate. The lightest Higgs boson is essentially CP even (|R_{1A}|^2 ≪ 0.1% for |A_s|/v_s ≥ 1/15) and hence is decoupled from CP-violating effects, although its mass depends strongly on θ_{ts}. However, there are phenomenologically interesting corners of parameter space with sufficiently small values of |A_s|/v_s in which the lightest Higgs boson can have a significant mixing with the would-be pseudoscalar. As the lightest Higgs mass is a steep function of |A_s|/v_s, for a value of M_{H1} consistent with LEP bounds the CP-odd composition of H_1 cannot be larger than 20%. It is important to keep in mind though that the couplings of the lightest Higgs boson to gauge bosons and fermions are modified when the lightest Higgs has a significant mixing with the would-be pseudoscalar (the modifications grow with the CP-odd composition of the lightest Higgs), such that the existing LEP bounds may not be applicable (see e.g. [24, 25] for discussions within the MSSM).

18See [22, 23] for a more precise definition of the decoupling regime in the CP-violating MSSM.

Our results demonstrate that the CP-violating effects in the Higgs sector, or more precisely, the mixing between the would-be scalars and pseudoscalars in the CP conserving limit, are generically highly suppressed in the light Z^′ models but can be sizeable in the heavy Z^′ scenario, even though the masses can vary strongly with θ_{t s} (which is of course a CP-conserving effect). This behaviour is exactly in accordance with the general discussion of Section 3.3, in which we demonstrated that the CP-violating terms in the Higgs potential necessarily originate from nonrenormalizable terms present at one-loop (such terms are encoded within the full Coleman-Weinberg potential). The strength of such terms in e.g. the doublet sector then scale according to the ratio of the singlet VEV v_s ≃ |μ_{ef f} | to the scale of a typical soft mass. Hence, within the light Z^′ scenario (in which the effective μ parameter is small) CP-violating effects are suppressed, while the large |μ_{ef f} | present in the heavy Z^′ scenario can allow for spectacular effects of CP violation.

We close this section with a brief discussion of the implications for collider searches. In general, at least a subset of the Higgs masses within this class of U(1)^′ models can be observable at forthcoming colliders and future colliders such as TESLA and NLC. next generation of colliders such as TESLA and NLC. Within light Z^′ models, all of the Higgs bosons remain light after including radiative corrections, but such models generically have very small CPviolating Higgs couplings. In contrast, large Z^′ models can have large CP-violating Higgs couplings. As the viable regions of space typically correspond to the decoupling limit in which all of the Higgs bosons except the lightest Higgs are heavy, detecting the CP-violating effects within this scenario is similar to that within the MSSM for a large μ parameter. Such effects have been studied in [22, 24, 25], where it is known that Higgs sector CP violation can introduce sizeable modifications in the couplings of the Higgs bosons to fermions and vector bosons, and strongly affect the bounds inferred from the CP-conserving theory. Furthermore, the CP purity of the Higgs bosons (assuming that the collider searches establish their existence) can be tested by measuring CP violation in its decays into heavy quarks or vector bosons [56].

5 Summary

In this paper, we have discussed the nature and implications of explicit CP violating phases present in the soft breaking Lagrangian within supersymmetric models with an additional U(1) gauge symmetry and an additional SM gauge singlet S. This class of models is worthy of further study not only because such gauge extensions are ubiquitous within four-dimensional string models (and other plausible extensions of the MSSM), but also they provide an elegant framework in which the μ problem of the MSSM. The solution, which is to forbid the bare μ term by U(1)^′ gauge invariance and generate an effective μ parameter through the VEV of the singlet S, is similar to that found within the NMSSM (but its generic cosmological and CP problems). Our results can be summarized as follows:

• All reparameterization invariant phases can be expressed as linear combinations of θ_{f s} ≡ ϕ_{Af} − ϕ_{As} and θ_{a s} ≡ ϕ_{Ma} − ϕ_{As} (and hence a “natural” basis can be obtained by using U(1)_R to set ϕ_{As} = 0).

• The Higgs sector is manifestly CP conserving at tree level (and indeed at renormalizable level to all orders in perturbation theory). However, the CP-violating phases present in the stop mass-squared matrix filter into the Higgs sector at the nonrenormizalizable level at one-loop. The CP-violating effects are particularly enhanced when U(1)^′ symmetry is broken near the sparticle thresholds.

• The spontaneous breakdown of the U(1)^′ symmetry near the weak scale stabilizes not only the modulus of μ but also its phase. The phase of μ itself is of course not a basis-independent quantity; however, in the “natural” basis defined above, this phase (θ̄ in this basis) arises only at the loop level and is typically 1–10%, depending on the size of M_A (the pseudoscalar Higgs boson mass in the CP conserving limit).

• The absence of permanent EDMs for leptons and hadrons (even assuming either cancellations and/or heavy first and second generation sfermions) strongly bound the reparameterization invariant phase present in the chargino mass matrix (ϕ_μ + ϕ_{M2} ) = (θ̄ − ϕ_{As} + ϕ_{M2} ), while the other SUSY phases remain largely unconstrained. In specific models in which the phase difference between (at least the SU(2)) gaugino mass parameters and A_s is vanishingly small, this “SUSY CP hierarchy problem” is resolved because the radiative phase θ̄ is sufficiently small to be easily allowed by EDM bounds.

• The CP-violating effects in the Higgs sector are quite distinct for the two phenomenologically viable scenarios with acceptably small Z − Z^′ mixing, because these effects are proprotional to the size of the effective μ term. In scenarios with a light Z^′, CP-violating effects are suppressed, while heavy Z^′ models can exhibit significant CPviolating scalar-pseudoscalar mixings, with phenomenological implications similar to that of the MSSM with large μ parameter.

6 Acknowledgments

We thank Paul Langacker for many illuminating discussions about U(1)^′ models and for comments on the manuscript, and Keith Olive for discussions about EDM bounds on the phase of the μ parameter. We also thank Jose Ramon Espinosa, Hassib Amini, Apostolos Pilaftsis, Alon Faraggi, and Daniel Chung for helpful and informative conversations. This work is supported in part by the DOE grant DE-FG02-94ER40823.

References

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

[2] J. R. Ellis, S. Ferrara and D. V. Nanopoulos, Phys. Lett. B 114, 231 (1982); W. Buchmuller and D. Wyler, Phys. Lett. B 121, 321 (1983); J. Polchinski and M. B. Wise, Phys. Lett. B 125, 393 (1983); F. del Aguila, M. B. Gavela, J. A. Grifols and A. Mendez, Phys. Lett. B 126, 71 (1983) [Erratum-ibid. B 129, 473 (1983)]; P. Nath, Phys. Rev. Lett. 66, 2565 (1991); Y. Kizukuri and N. Oshimo, Phys. Rev. D 46, 3025 (1992).

[3] M. Dugan, B. Grinstein and L. J. Hall, Nucl. Phys. B 255, 413 (1985).

[4] T. Falk and K. Olive, Phys. Lett. B 375, 196 (1996) [hep-ph/9602299]; Phys. Lett. B 439, 71 (1998) [hep-ph/9806236].

[5] T. Ibrahim and P. Nath, Phys. Rev. D 57, 478 (1998) [Erratum-ibid. D 58, 019901] [hep-ph/9708456]; Phys. Rev. D 58, 111301 (1998) [Erratum-ibid. D 60, 099902 (1999)] [hep-ph/9807501].

[6] M. Brhlik, G. J. Good and G. L. Kane, Phys. Rev. D 59, 115004 (1999) [hepph/9810457].

[7] S. Pokorski, J. Rosiek and C. A. Savoy, Nucl. Phys. B 570, 81 (2000) [hep-ph/9906206].

[8] V. D. Barger, T. Falk, T. Han, J. Jiang, T. Li and T. Plehn, Phys. Rev. D 64, 056007 (2001) [hep-ph/0101106];

[9] S. Abel, S. Khalil and O. Lebedev, Nucl. Phys. B 606, 151 (2001) [hep-ph/0103320].

[10] S. Dimopoulos and G. F. Giudice, Phys. Lett. B 357, 573 (1995) [hep-ph/9507282];

A. G. Cohen, D. B. Kaplan and A. E. Nelson, Phys. Lett. B 388, 588 (1996) [hepph/9607394]; A. Pomarol and D. Tommasini, Nucl. Phys. B 466, 3 (1996) [hepph/9507462].

[11] D. Chang, W. Y. Keung and A. Pilaftsis, Phys. Rev. Lett. 82, 900 (1999) [Erratumibid. 83, 3972 (1999)] [hep-ph/9811202]; A. Pilaftsis, Phys. Lett. B 471, 174 (1999) [hep-ph/9909485].

[12] O. Lebedev and M. Pospelov, Phys. Rev. Lett. 89, 101801 (2002) [hep-ph/0204359].

[13] T. Falk, K. Olive, M. Pospelov and R. Roiban, Nucl. Phys. B 560, 3 (1999) [hepph/9904393].

[14] A. Pilaftsis, Nucl. Phys. B 644, 263 (2002) [hep-ph/0207277].

[15] D. A. Demir, M. Pospelov and A. Ritz, Phys. Rev. D 67, 015007 (2003) [hepph/0208257].

[16] H. E. Haber and R. Hempfling, Phys. Rev. Lett. 66, 1815 (1991); A. Yamada, Phys.

Lett. B 263, 233 (1991); Y. Okada, M. Yamaguchi and T. Yanagida, Prog. Theor. Phys. 85, 1 (1991); J. R. Ellis, G. Ridolfi and F. Zwirner, Phys. Lett. B 257, 83 (1991); R. Barbieri and M. Frigeni, Phys. Lett. B 258, 395 (1991).

[17] P. Chankowski, S. Pokorski and J. Rosiek, Nucl. Phys. B 423, 437 (1994) [hepph/9303309]; A. Dabelstein, Nucl. Phys. B 456, 25 (1995) [hep-ph/9503443]; Z. Phys. C 67, 495 (1995) [hep-ph/9409375]; D. M. Pierce, J. A. Bagger, K. T. Matchev and R. j. Zhang, Nucl. Phys. B 491, 3 (1997) [hep-ph/9606211].

[18] J. A. Casas, J. R. Espinosa, M. Quiros and A. Riotto, Nucl. Phys. B 436, 3 (1995) [Erratum-ibid. B 439, 466 (1995)] [hep-ph/9407389]; M. Carena, J. R. Espinosa, M. Quiros and C. E. Wagner, Phys. Lett. B 355, 209 (1995) [hep-ph/9504316]; M. Carena, M. Quiros and C. E. Wagner, Nucl. Phys. B 461, 407 (1996) [hepph/9508343]; H. E. Haber, R. Hempfling and A. H. Hoang, Z. Phys. C 75, 539 (1997) [hep-ph/9609331].

[19] R. Hempfling and A. H. Hoang, Phys. Lett. B 331, 99 (1994) [hep-ph/9401219];

R. J. Zhang, Phys. Lett. B 447, 89 (1999) [hep-ph/9808299].

[20] S. Heinemeyer, W. Hollik and G. Weiglein, Eur. Phys. J. C 9, 343 (1999) [hepph/9812472].

[21] J. R. Espinosa and R. J. Zhang, JHEP 0003, 026 (2000) [hep-ph/9912236], Nucl. Phys.

B 586, 3 (2000) [hep-ph/0003246]; S. P. Martin, Phys. Rev. D 65, 116003 (2002) [hepph/0111209], Phys. Rev. D 66, 096001 (2002) [hep-ph/0206136].

[22] A. Pilaftsis, Phys. Lett. B 435, 88 (1998) [hep-ph/9805373]; D. A. Demir, Phys. Rev.

D 60, 055006 (1999) [hep-ph/9901389]; A. Pilaftsis and C. E. Wagner, Nucl. Phys. B 553, 3 (1999) [hep-ph/9902371]; S. Y. Choi, M. Drees and J. S. Lee, Phys. Lett. B 481, 57 (2000) [hep-ph/0002287].

[23] M. Carena, J. R. Ellis, A. Pilaftsis and C. E. Wagner, Nucl. Phys. B 586, 92 (2000) [hep-ph/0003180]; Nucl. Phys. B 625, 345 (2002) [hep-ph/0111245].

[24] M. Carena, J. R. Ellis, A. Pilaftsis and C. E. Wagner, Phys. Lett. B 495, 155 (2000) [hep-ph/0009212]; M. Carena, J. R. Ellis, S. Mrenna, A. Pilaftsis and C. E. Wagner, hep-ph/0211467.

[25] D. A. Demir, Phys. Lett. B 465, 177 (1999) [hep-ph/9809360]; G. L. Kane and L. T. Wang, Phys. Lett. B 488, 383 (2000) [hep-ph/0003198]; V. D. Barger, T. Han, T. J. Li and T. Plehn, Phys. Lett. B 475 (2000) 342 [hep-ph/9907425]; S. Y. Choi, M. Drees, J. S. Lee and J. Song, Eur. Phys. J. C 25, 307 (2002) [hep-ph/0204200]; A. G. Akeroyd and A. Arhrib, Phys. Rev. D 64, 095018 (2001) [hep-ph/0107040]; B. E. Cox, J. R. Forshaw, J. S. Lee, J. Monk and A. Pilaftsis, hep-ph/0303206.

[26] J. E. Kim and H. P. Nilles, Phys. Lett. B 138, 150 (1984); D. Suematsu and Y. Yamagishi, Int. J. Mod. Phys. A 10, 4521 (1995) [hep-ph/9411239].

[27] J. R. Ellis, J. F. Gunion, H. E. Haber, L. Roszkowski and F. Zwirner, Phys. Rev. D 39, 844 (1989); M. Drees, Int. J. Mod. Phys. A 4, 3635 (1989).

[28] M. Cvetic and P. Langacker, Phys. Rev. D 54, 3570 (1996) [hep-ph/9511378]; Mod.

Phys. Lett. A 11, 1247 (1996) [hep-ph/9602424]; D. Suematsu, Phys. Rev. D 59, 055017 (1999) [hep-ph/9808409].

[29] F. Quevedo, hep-th/9603074.

[30] A. E. Faraggi, Nucl. Phys. B 387, 239 (1992) [hep-th/9208024]. A. E. Faraggi, Phys.

Lett. B 278, 131 (1992). A. E. Faraggi, D. V. Nanopoulos and K. j. Yuan, Nucl. Phys. B 335, 347 (1990).

[31] S. Chaudhuri, G. Hockney and J. Lykken, Nucl. Phys. B 469, 357 (1996) [hepth/9510241].

[32] I. Antoniadis, G. K. Leontaris and J. Rizos, Phys. Lett. B 245, 161 (1990); G. K. Leontaris and J. Rizos, Nucl. Phys. B 554, 3 (1999) [hep-th/9901098].

[33] G. B. Cleaver, A. E. Faraggi and D. V. Nanopoulos, Phys. Lett. B 455, 135 (1999) [hepph/9811427]; Int. J. Mod. Phys. A 16, 425 (2001) [hep-ph/9904301]; Nucl. Phys. B 593, 471 (2001) [hep-ph/9910230]; Mod. Phys. Lett. A 15, 1191 (2000) [hep-ph/0002060].

[34] A. E. Faraggi, Phys. Lett. B 499, 147 (2001) [hep-ph/0011006]; G. B. Cleaver, D. J. Clements and A. E. Faraggi, Phys. Rev. D 65, 106003 (2002) [hep-ph/0106060]; A. E. Faraggi, Nucl. Phys. B 403, 101 (1993) [hep-th/9208023]. A. E. Faraggi, Phys. Lett. B 274, 47 (1992).

[35] G. Cleaver, M. Cvetic, J. R. Espinosa, L. L. Everett and P. Langacker, Nucl. Phys.

B 525, 3 (1998) [hep-th/9711178]; Nucl. Phys. B 545, 47 (1999) [hep-th/9805133]; G. Cleaver, M. Cvetic, J. R. Espinosa, L. L. Everett, P. Langacker and J. Wang, Phys. Rev. D 59, 055005 (1999) [hep-ph/9807479]; Phys. Rev. D 59, 115003 (1999) [hepph/9811355].

[36] M. Cvetic, G. Shiu and A. M. Uranga, Phys. Rev. Lett. 87, 201801 (2001) [hepth/0107143]; Nucl. Phys. B 615, 3 (2001) [hep-th/0107166].

[37] M. Cvetic, P. Langacker and G. Shiu, Phys. Rev. D 66, 066004 (2002) [hep-ph/0205252] and Nucl. Phys. B 642, 139 (2002) [hep-th/0206115]. M. Cvetic, I. Papadimitriou and G. Shiu, hep-th/0212177; J. F. Cascales and A. M. Uranga, hep-th/0303024; R. Blumenhagen, L. Gorlich and T. Ott, JHEP 0301, 021 (2003) [hep-th/0211059].

[38] F. Abe et al. [CDF Collaboration], Phys. Rev. Lett. 79, 2192 (1997).

[39] J. Erler and P. Langacker, Phys. Lett. B 456, 68 (1999) [hep-ph/9903476]; P. Langacker, M. x. Luo and A. K. Mann, Rev. Mod. Phys. 64, 87 (1992); U. Amaldi et al., Phys. Rev. D 36, 1385 (1987).

[40] V. Barger, P. Langacker and H. S. Lee, Phys. Rev. D 67, 075009 (2003) [hepph/0302066].

[41] M. Cvetic, D. A. Demir, J. R. Espinosa, L. L. Everett and P. Langacker, Phys. Rev. D 56, 2861 (1997) [Erratum-ibid. D 58, 119905 (1998)] [hep-ph/9703317].

[42] P. Langacker and J. Wang, Phys. Rev. D 58, 115010 (1998) [hep-ph/9804428].

[43] P. Langacker, N. Polonsky and J. Wang, Phys. Rev. D 60, 115005 (1999) [hepph/9905252].

[44] J. Erler, P. Langacker and T. j. Li, Phys. Rev. D 66, 015002 (2002) [hep-ph/0205001];

A. E. Faraggi and M. Thormeier, Nucl. Phys. B 624, 163 (2002) [hep-ph/0109162].

[45] For earlier discussions of radiative effects on the Higgs sector, see: D. A. Demir and N. K. Pak, Phys. Rev. D 57, 6609 (1998) [hep-ph/9809357]; Y. Daikoku and D. Suematsu, Phys. Rev. D 62, 095006 (2000) [hep-ph/0003205]. For the most recent complete analysis, see: H. Amini, 5 (2003) 49 [hep-ph/0210086].

[46] P. Langacker and M. Plumacher, Phys. Rev. D 62, 013006 (2000) [hep-ph/0001204];

G. Buchalla, G. Hiller and G. Isidori, Phys. Rev. D 63 (2001) 014015 [hep-ph/0006136].

[47] G. F. Giudice and A. Masiero, Phys. Lett. B 206, 480 (1988).

[48] K. R. Dienes, C. F. Kolda and J. March-Russell, Nucl. Phys. B 492, 104 (1997) [hepph/9610479]; K. S. Babu, C. F. Kolda and J. March-Russell, Phys. Rev. D 54, 4635 (1996) [hep-ph/9603212]; B. Holdom, Phys. Lett. B 166, 196 (1986).

[49] S. Dimopoulos and S. Thomas, Nucl. Phys. B 465, 23 (1996) [hep-ph/9510220].

[50] A. Pomarol, Phys. Lett. B 287, 331 (1992) [hep-ph/9205247].

[51] N. Haba, M. Matsuda and M. Tanimoto, Phys. Rev. D 54, 6928 (1996) [hepph/9512421]; S. W. Ham, S. K. Oh and D. Son, Phys. Rev. D 65, 075004 (2002) [hep-ph/0110052].

[52] J. Kang, P. Langacker, and T. Liu, to appear.

[53] A. Czarnecki and W. J. Marciano, Phys. Rev. D 64, 013014 (2001) [hep-ph/0102122];

[54] C. S. Ozben et al. [Muon g-2 Collaboration], eConf C020805, TW08 (2002) [hepex/0211044].

[55] A. Brignole, L. E. Ibanez and C. Munoz, Nucl. Phys. B 422, 125 (1994) [Erratum-ibid.

B 436, 747 (1995)] [hep-ph/9308271]; L. E. Ibanez, C. Munoz and S. Rigolin, Nucl. Phys. B 553, 43 (1999) [hep-ph/9812397].

[56] D. Chang and W. Y. Keung, Phys. Lett. B 305, 261 (1993) [hep-ph/9301265]; D. Chang, W. Y. Keung and I. Phillips, Phys. Rev. D 48, 3225 (1993) [hep-ph/9303226].