Published by Institute of Physics Publishing for SISSA/ISAS Received: January 7, 2004 Revised: January 27, 2004 Accepted: February 16, 2004

Electroweak symmetry breaking in supersymmetric gauge-Higgs unification models

Kiwoon Choi, Kwang-Sik Jeong and Ken-ichi Okumura

Department of Physics, Korea Advanced Institute of Science and Technology Daejeon 305-701, Korea E-mail: kchoi@hep.kaist.ac.kr, ksjeong@hep.kaist.ac.kr,

okumura@hep.kaist.ac.kr

Naoyuki Haba

Institute of Theoretical Physics, University of Tokushima Tokushima 770-8502, Japan E-mail: haba@ias.tokushima-u.ac.jp

Yasuhiro Shimizu and Masahiro Yamaguchi

Department of Physics, Tohoku University Sendai 980-8578, Japan E-mail: shimizu@tuhep.phys.tohoku.ac.jp, yama@tuhep.phys.tohoku.ac.jp

Abstract: We examine the Higgs mass parameters and electroweak symmetry breaking in supersymmetric orbifold field theories in which the 4-dimensional Higgs fields originate from higher-dimensional gauge supermultiplets. It is noted that such gauge-Higgs unification leads to a specific boundary condition on the Higgs mass parameters at the compactification scale, which is independent of the details of supersymmetry breaking mechanism. With this boundary condition, phenomenologically viable parameter space of the model is severely constrained by the condition of electroweak symmetry breaking for supersymmetry breaking scenarios which can be realized naturally in orbifold field theories. For instance, if it is assumed that the 4-dimensional effective theory is the minimal supersymmetric standard model with supersymmetry breaking parameters induced by the Scherk-Schwarz mechanism, a correct electroweak symmetry breaking can not be achieved for reasonable range of parameters of the model, even when one includes additional contributions to the Higgs mass parameters from the auxiliary component of 4-dimensional conformal compensator. However if there exists a supersymmetry breaking mediated by brane superfields, sizable portion of the parameter space can give a correct electroweak symmetry breaking.

Keywords: Field Theories in Higher Dimensions, Supersymmetry Breaking, Supersymmetric Standard Model.

© SISSA/ISAS 2004 http://jhep.sissa.it/archive/papers/jhep022004037 /jhep022004037 .pdf

Contents

1. Introduction 1

2. Susy breaking masses in 5d gauge-higgs unification models 2

3. Analysis of electroweak symmetry breaking 8

4. Conclusion 13

1. Introduction

It has been noticed that theories with extra dimension can provide an elegant mechanism to generate various hierarchical structures in 4-dimensional (4D) physics, e.g. the scale hierarchy M_W /M_{P l} ≈ 10^{−16} [1] or the doublet-triplet splitting in grand unified theories [2]. Another interesting possibility with extra dimension is that 4D Higgs fields originate from higher-dimensional gauge fields, unifying Higgs fields with gauge fields [3, 4]. However, constructing a realistic model of gauge-Higgs unification is non-trivial because of the difficulties to obtain the Higgs quartic coupling and a realistic form of Yukawa couplings [5, 6]. Recently it has been pointed out that the idea of gauge-Higgs unification can be implemented successfully within the framework of supersymmetric orbifold field theories [7, 8, 9] in which the Higgs quartic couplings can be given by the usual D-term potential of SU(2)×U(1), and also a realistic form of Yukawa couplings can be obtained through the quasi-localization of bulk fermions and the mixings with brane fermions.

In this paper, we examine the Higgs mass parameters and the resulting electroweak symmetry breaking in supersymmetric gauge-Higgs unification models. To be specific, we will focus on 5D models, however some of our results are valid in more general cases. One model-independent prediction of supersymmetric gauge-Higgs unification is a specific boundary condition on the Higgs mass parameters at the compactification scale. In fact, the predicted boundary condition is same as the one which has been obtained in supersymmetric pseudo-Goldstone Higgs boson models [10]. This can be easily understood by noting that higher-dimensional gauge symmetry constrains the Kähler potential of Higgs superfields in the same way as non-linear global symmetry in pseudo-Goldstone Higgs boson models does.

Although the boundary condition on the Higgs mass parameters predicted by gauge- Higgs unification is independent of the details of supersymmetry (SUSY) breaking, its phenomenological viability severely depends on SUSY breaking mechanism since the Higgs mass parameters at the weak scale receive large radiative corrections depending on other

– 1 – sparticle masses [11]. It turns out that the condition of electroweak symmetry breaking severely restricts the parameter space of the model for SUSY breaking scenarios which can be realized naturally in orbifold field theories. If N = 1 SUSY breaking masses are much smaller than the compactification scale, which will be assumed throughout this paper, the N = 1 SUSY breaking can be described by the auxiliary components of 4D N = 1 superfields. Then there can be two distinctive sources of SUSY breaking for visible fields, one mediated by the zero modes of bulk superfields propagating in 5D spacetime and the other mediated by 4D brane superfields confined on the orbifold fixed points. An attractive possibility is that SUSY breaking is mediated dominantly by the bulk radion superfield T [12], which can be realized for instance through the Scherk-Schwarz (SS) SUSY breaking by boundary conditions [13, 14]. Another source of SUSY breaking in bulk is the auxiliary component of 4D supergravity (SUGRA) multiplet which can be parameterized by the F -component of the chiral conformal-compensator superfield Ω [15]. Classical conformal invariance ensures that soft scalar masses, gaugino masses and trilinear A-parameters are not affected by F^Ω at tree level, however the Higgs μ and Bμ parameters receive contributions from F^Ω even at tree level [16]. As we will see, if the 4D effective theory of the model is given by the minimal supersymmetric standard model (MSSM) with soft SUSY breaking parameters induced by the F -components of the radion superfield T and the compensator superfield Ω, a correct electroweak symmetry breaking can not be achieved for reasonable range of parameters of the model. Therefore one needs an additional SUSY breaking other than those from the radion and 4D SUGRA multiplets, e.g. the SUSY breaking mediated by a brane superfield, in order to achieve electroweak symmetry breaking in 5D gauge-Higgs unification models whose 4D effective theory corresponds to the MSSM. When there exists a supersymmetry breaking mediated by brane superfield, sizable portion of the parameter space can give a correct electroweak symmetry breaking.

This paper is organized as follows. In section 2, we discuss SUSY breaking masses in 5D gauge-Higgs unification models, particularly the Higgs mass parameters, in the framework of 4D effective action in N = 1 superspace. In section 3, we perform a numerical analysis for electroweak symmetry breaking at the weak scale under the assumption that the 4D effective theory below the compactification scale is given by the MSSM. Section 4 is the conclusion.

2. Susy breaking masses in 5d gauge-higgs unification models

The most efficient way to compute SUSY breaking masses is to derive the 4D effective action in N = 1 superspace which contains the SUSY-breaking messenger superfields explicitly [15]. In this section, we derive the (part of) 4D effective action of a 5D theory compactified on S^1/Z_2 × Z^′_2 in which the 4D Higgs fields originate from 5D vector supermultiplets, and discuss SUSY breaking masses induced by the auxiliary components of the 4D SUGRA multiplet, the radion superfield, and also generic chiral brane superfields.

In N = 1 superspace, a 5D vector multiplet is represented by a vector superfield V and a chiral superfield Σ. The orbifold boundary conditions of these N = 1 superfields are

– 2 – given by V^a(−y) = z_aV^a(y) , V^a(−y^′) = z^′_aV^a(y^′) , Σ^a(−y) = −z_aΣ^a(y) , Σ^a(−y^′) = −z^′_aΣ^a(y^′) , (2.1) where y^′ = y − π, z_a = ±1 and z^′_a = ±1. In gauge-Higgs unification models, 4D gauge bosons originate from V^a with z_a = z^′_a = 1, while 4D Higgs bosons originate from Σ^a with z_a = z^′_a = −1. The 5D gauge transformations associated with {V^a, Σ^a} are given by

e^V → e^Λe^V e^{Λ†} , Σ → e^Λ ( Σ − √ 2∂_y ) e^{−Λ} , (2.2)

where V = V^aT^a, Σ = Σ^aT^a, and Λ = Λ^aT^a denotes the chiral gauge transformation superfield satisfying the orbifold boundary condition:

Λ^a(−y) = z_aΛ^a(y) , Λ^a(−y^′) = z^′_aΛ^a(y^′) .

As a concrete example of the orbifold boundary condition for gauge-Higgs unification, let us consider the SU(6) model proposed in [7]. The boundary conditions for vector multiplets are given by V (−y) = P V (y)P^{−1} , Σ(−y) = −P Σ(y)P^{−1} V (−y^′) = P^′V (y^′)P^{′−1} , Σ(−y^′) = −P^′Σ(y^′)P^{′−1} ,

where

P = diag(1, 1, 1, 1, 1, −1) , P^′ = diag(1, 1, −1, −1, −1, −1) .

With this boundary condition, SU(6) is broken down to SU(5) × U(1)_X at y = 0 and to SU(2) × SU(4) × U(1)_X′ at y = π, where

X = diag(1, 1, 1, 1, 1, −5) , X^′ = diag(2, 2, −1, −1, −1, −1) .

Then V^a for the generators of SU(3)_C ×SU(2)_L ×U(1)_Y ×U(1)_X (Y = (5X^′ −X)/18) have (++)-boundary condition, thus give massless 4D gauge fields. The gauge group U(1)_X can be broken by the usual Higgs mechanism on the branes, while leaving the MSSM gauge group SU(3)_C ×SU(2)_L ×U(1)_Y unbroken. As for Σ^a, only Σ^6_i and Σ^i_6 have (++)-boundary condition, where Σ^I_J = Σ^a(T^a)^I_J (I, J = 1, 2, . . . , 6) and i = 1, 2 denotes SU(2)_L-doublet index. Obviously the zero modes of Σ^6_i and Σ^i_6 can be identified as the MSSM Higgs superfields H_1 and H_2. One can also introduce appropriate hypermultiplets and brane chiral superfields to obtain the correct quark and lepton superfields at low energy scales [7].

The 5D action of V^a and Σ^a in N = 1 superspace is given by [17]

S_{bulk} = ∫ d^5x [∫ d^4θ 1 g^2_5 1 T + T^∗ ( ∂_yV^a − 1 √ 2 (Σ^a + Σ^{a∗})

)_2 +

+ ∫ d^2θ T 4g^2_5 W^{aα}W^a_α + · · · ] , (2.3)

– 3 – where g^2_5 is the (unified) 5D gauge coupling with mass dimension −1 and the radion superfield T is given by T = R + iB_5 + θΨ^2_5 + θ^2F^T ,

where R is the orbifold radius, B_5 and Ψ^2_5 are the fifth-components of the graviphoton B_M and the symplectic Majorana gravitini Ψ^i_M (i = 1, 2). Here we limit ourselves to the terms which are bilinear in V^a and Σ^a. In addition to the above bulk action, there can be interactions of V^a and Σ^a at the orbifold fixed points, particularly the interactions with chiral brane superfields which have nonzero SUSY breaking auxiliary components. Those fixed-point interactions are restricted also by the 5D gauge symmetry (2.2) and 5D general covariance, and generically given by

S_{brane} = ∫ d^5x [∫ d^4θ δ(y)ΔY_a(Z, Z^∗) + δ(y−π)ΔY^′_a(Z^′, Z^{′∗}) g^2_5 (T + T^†)^2 ( ∂_yV^a − 1 √ 2 (Σ_a + Σ^∗_a)

)_2 +

+ ∫ d^2θ 1 4g^2_5 [ δ(y)ω_a(Z) + δ(y − π)ω^′_a(Z^′) ] W^{aα}W^a_α + · · · ] (2.4)

where Z and Z^′ stand for generic SUSY breaking brane superfields at y = 0 and y = π, respectively.

The 4D effective action of the gauge and Higgs zero modes at the compactification scale can be written as

S_{eff} = ∫ d^4x [∫ d^4θ e^{Ω+Ω†} ( Y_{H1} H^†_1H_1 + Y_{H2} H^†_2H_2 + γ_H H_1H_2 + γ^∗_H H^†_1 H^†_2 ) + + ∫ d^2θ 1 4 f_aW^{aα}W^a_α + · · · ] (2.5)

where the gauge kinetic function f_a is a holomorphic function of {Z_A} = {T, Z, Z^′}, while the Higgs wavefunction coefficients Y_{Hi} and γ_H depend on both {Z_A} and {Z^∗_A}. Here H_1 and H_2 are the two MSSM Higgs superfields originating from

Σ^1 = −(H_1 + H_2) , Σ^2 = −i(H_1 − H_2) , (2.6)

with z_{1,2} = z^′_{1,2} = −1, while W^{aα} are the chiral gauge superfields for the zero modes of V^a with z_a = z_a = 1. Note that we have introduced the chiral conformal-compensator superfield e^Ω to parameterize the SUSY breaking by the auxiliary component of 4D SUGRA multiplet [15]. It is then straightforward to find

Y_{H1} = Y_{H2} = γ_H = 2π g^2_5 (T + T^∗) [ 1 + ΔY_H (Z, Z^′, Z^∗, Z^{′∗}) π(T + T^∗) ] , f_a = 1 g^2_5 [ πT + ω_a(Z) + ω^′_a(Z^′) ] , (2.7)

where ΔY_H represents the contributions from ΔY_a and ΔY^′_a in (2.4) for Σ^a from which the Higgs fields originate.

– 4 –

A simple dimensional analysis suggests that the vacuum expectation values of ω_a, ω^′_a, ΔY_a and ΔY^′_a are generically of the order of the cutoff length scale, and thus ΔY_H (Z, Z^′, Z^∗, Z^{′∗}) π(T + T^∗) = O ( 1 πRΛ ) , ω_a(Z) + ω^′_a(Z^′) πT = O ( 1 πRΛ ) , (2.8)

where Λ denotes the cutoff mass scale. By construction, πRΛ should be bigger than the unity, however its precise value depends on the radion stabilization mechanism in the theory. Throughout this paper, we will assume that the theory is strongly coupled at Λ [18], and also πRΛ = O(8π^2) , (2.9)

which are consistent with each other. Under these assumptions, the contributions from brane actions to the SUSY-preserving components of Y_H and f_a are suppressed by O(1/8π^2) compared to the bulk contributions. Note that this does not mean that SUSY-breaking masses are dominated also by the bulk contributions since the F -components of Z and/or Z^′ can be significantly bigger than the F -components of T and Ω.

One important consequence of gauge-Higgs unification is that

Y_{H1} = Y_{H2} = γ_H . (2.10)

Obvioulsy the contributions to Y_{H1,2} and γ_H from the bulk action (2.3) obey the above relation due to the 5D gauge symmetry (2.2) unifying the Higgs fields with gauge fields. Generically this bulk gauge symmetry is broken down to a subgroup at the orbifold fixed point by boundary conditions, so one may expect the relation (2.10) is broken by the contributions from the brane action (2.4). However still (2.4) is constrained by (2.2), in particular, by the non-linear gauge symmetry under which

Σ^1 → Σ^1 + √ 2∂_yΛ^1 + · · · , Σ^2 → Σ^2 + √ 2∂_yΛ^2 + · · · , V^{1,2} → V^{1,2} + Λ^{1,2} + (Λ^{1,2})^† + · · · , (2.11)

where Λ^{1,2}(−y) = −Λ^{1,2}(y) and Λ^{1,2}(−y^′) = −Λ^{1,2}(y^′) are parity-odd gauge transformation superfields, and the ellipses denote the transformations not relevant for constraining the terms which are bilinear in the Higgs superfields. This non-linear gauge symmetry constrains the brane actions at the fixed points in such a way that the contributions to Y_{H1,2} and γ_H from the brane actions satisfy the relation (2.10). Note that the non-linear gauge symmetry (2.11) is realized for 5D fields, so not valid if the massive Kaluza-Klein modes are integrated out. As a result, the relation (2.10) is valid only at the compactification scale, but is modified by radiative corrections at lower energy scales.

Let us discuss SUSY breaking scenarios possible in 5D orbifold field theories. Since we are assuming that SUSY breaking scale is much lower than the compactification scale, any SUSY breaking can be described by the auxiliary components of light 4D messenger superfields. In 5D models under consideration, possible messenger superfields include

– 5 – the 4D SUGRA multiplet, the radion superfield T and also some set of brane superfields {Z, Z^′}. In the compensator formulation of 4D SUGRA, SUSY breaking by the auxiliary component of the 4D SUGRA multiplet can be described by the F -component of the chiral conformal-compensator superfield [15]

e^Ω = e^{Ω0} (1 + θ^2F^Ω) . (2.12)

In the Einstein frame, Ω_0 = K/6 where K is the Kähler potential. Then the compensator F -component is given by

F^Ω = m^∗_{3/2} + 1 3 ∂K ∂Z_A F^A , (2.13)

where m_{3/2} = e^{K/2}W is the gravitino mass for the superpotential W and F^A is the F - component of {Z_A} = {T, Z, Z^′}. Once the Kähler potential K and the superpotential W of 4D effective theory are known, F^A in the Einstein frame is determined to be [19] F^A = −e^{K/2}K^{AB} ( ∂W ∂Z_B + ∂K ∂Z_B W )_∗ , (2.14)

where K^{AB} is the inverse of the Kähler metric K_{AB} = (∂^2K/∂Z_A∂Z^∗_B ).

The SUSY breaking by F^T is another natural possibility in models with extra dimension [12]. An attractive way to achieve a nonzero F^T in 5D orbifold field theories is the Scherk-Schwarz mechanism to impose SUSY breaking boundary condition [13]:

Φ(y + 2π) = e^{2πi⃗ω·⃗σ}Φ(y) , (2.15)

where Φ is a generic 5D field, ⃗σ is the SU(2)_R generator in 5D SUGRA and ⃗ω = (ω_1, ω_2, 0). It has been pointed out [14] that this SS boundary condition corresponds to

F^T = 2R(ω_2 − iω_1) . (2.16)

If F^T is nonzero, for 4D matter fields originating from 5D bulk fields, all soft SUSY breaking masses receive generically a contribution of O(F^T /R) at tree approximation. On the other hand, for the SUSY breaking mediated by F^Ω, only the Higgsino mass μ and the bilinear Higgs coefficient B can receive a contribution of the order of F^Ω at tree level [19], while the gaugino masses M_a, soft scalar masses m_ϕ, and trilinear scalar coefficients A get the loop-suppressed conformal anomaly-mediated contributions of O(F^Ω/8π^2) [16]. The anomaly-mediated scenario corresponds to the case that F^Ω/8π^2 ≫ F^T /R, so M_a, m_ϕ and A are dominated by the conformal anomaly-mediated contributions. However the anomalymediated scenario is not acceptable in gauge-Higgs unification model since μ and B always receive a contribution of O(F^Ω), thus become O(8π^2M_a) unless an unnatural cancellation is assumed, which would be too large to allow a correct electroweak symmetry breaking. In this paper, we will assume that F^Ω is of the order of F^T /R or less, and thus ignore the loop-suppressed conformal anomaly-mediated contributions.

– 6 –

Following the standard method to compute soft SUSY breaking masses in 4D SUGRA [19], we find that the gaugino and Higgs mass parameters for generic f_a and Y_H are given by

L_{soft} = − ( 1 2 M_aλ_aλ_a + μH̃_1H̃_2 + h.c ) − (|μ|^2 + m^2_{H1} )|H_1|^2 −

− (|μ|^2 + m^2_{H2} )|H_2|^2 + (BμH_1H_2 + h.c) (2.17)

where

M_a = − 1 2Re(f_a) F^A ∂f_a ∂Z_A , μ^∗ = −F^Ω − F^A ∂ ln Y_H ∂Z_A , m^2_{H1} + |μ|^2 = m^2_{H2} + |μ|^2 = −Bμ = |μ|^2 − F^AF^{B∗}

∂^2 ln Y_H ∂Z_A∂Z^∗_B , (2.18)

for canonically normalized gauginos λ_a, Higgs bosons H_1 and H_2, and Higgsinos H̃_1 and H̃_2. Note that the relation between Higgs mass parameters

m^2_{H1} + |μ|^2 = m^2_{H2} + |μ|^2 = −Bμ (2.19)

is a consequence of (2.10), thus can be considered as a prediction of gauge-Higgs unification which is independent of the details of SUSY breaking mechanism. As we have noticed, (2.10) is a consequence of the non-linear 5D gauge symmetry (2.11) which is valid only at scales above the compactification scale, so the above relation corresponds to a boundary condition at the compactification scale. In fact, the same relation between Higgs mass parameters has been obtained before in the context of supersymmetric pseudo- Goldstone Higgs models. This is not surprising because the non-linear 5D gauge symmetry in gauge-Higgs unification models plays the same role as the non-linear global symmetry in pseudo-Goldstone Higgs models.

One attractive way to break SUSY in orbifold field theory is the Scherk-Schwarz mechanism [13] which can be parameterized by F^T [14]. Here we consider a more generic situation that there exist additional contributions from F^Ω to the Higgs mass parameters, which are generically of O(F^T /R). In this bulk SUSY breaking scenario mediated by F^T and F^Ω, the gaugino masses and Higgs mass parameters are given by

M_a = − F^T 2R , μ^∗ = −F^Ω + F^T 2R , m^2_{H1} + |μ|^2 = m^2_{H2} + |μ|^2 = −Bμ = −|M_a|^2 + |μ|^2 , (2.20)

where we have ignored the contributions from brane actions under the assumption of (2.8) and (2.9), and also the loop-suppressed anomaly-mediated contributions of O(F^Ω/8π^2).

To study the electroweak symmetry breaking, one needs also information on the sfermion masses and trilinear A-parameters for the quark and lepton superfields having

– 7 – large Yukawa coupling. In fact, the sfermion masses and A-parameters (at the compactification scale) in gauge-Higgs unification model depend highly on the details of the mechanism to generate hierarchical Yukawa couplings and flavor mixings, i.e. on the details of the quasi-localization of bulk fermions and the mixings with brane fermions. However, to have a large top-quark Yukawa coupling y_t ≈ g_{GUT}, there should not be any sizable suppression of the top-quark Yukawa coupling by quasi-localization and/or the mixing with brane fermions. In this case, the Kähler metrics of the SU(2)-doublet top quark superfield Q_3 and the SU(2)-singlet top quark superfield U_3 are given by [20] Y_{Q3} ≈ π 2 (T + T^∗) + ΔY_{Q3} (Z, Z^′, Z^∗, Z^{′∗}) Y_{U3} ≈ π 2 (T + T^∗) + ΔY_{U3} (Z, Z^′, Z^∗, Z^{′∗}) (2.21)

where ΔY represent the contributions from brane actions. The resulting soft stop masses and A-parameter are given by

L_{soft} = −m^2_{Q3} |Q̃_3|^2 − m^2_{U3} |Ũ_3|^2 + (A_ty_tH_2Q̃_3Ũ_3 + h.c) (2.22)

where

m^2_{Q3} = −F^AF^{B∗}

∂^2 ln Y_{Q3} ∂Z_AZ^∗_B , m^2_{U3} = −F^AF^{B∗}

∂^2 ln Y_{U3} ∂Z_AZ^∗_B , A_t = −F^A ∂ ln(Y_H Y_{Q3} Y_{U3} ) ∂Z_A . (2.23)

When SUSY breaking is dominated by F^T and F^Ω, we have A_t ≈ F^T 2R = −M_a , m^2_{Q3} ≈ m^2_{U3} ≈ | | | F^T 2R | | | 2 . (2.24)

If tan β = ⟨H^0_2 ⟩/⟨H^0_1 ⟩ is large, the b-quark and τ-lepton also have a large Yukawa coupling, and then the sbottom and stau have similar soft masses and A-parameters [20].

3. Analysis of electroweak symmetry breaking

Given the predictions for soft SUSY breaking masses at the compactification scale, we analyze electroweak symmetry breaking by numerically solving the renormalization group (RG) equations down to the symmetry breaking scale, M_{SB}, and minimizing the effective Higgs potential. We identify the compactification scale as the gauge unification scale, M_X = 2 × 10^{16} GeV together with an assumption that GUT scale gaugino masses are universal, M_a(M_X ) = M_{1/2}, and M_{SB} as √m_{t̃1} m_{t̃2} following the standard procedure where m_{t̃1,2} are the stop mass eigenvalues [21]. It is further assumed that the effective theory

– 8 – between M_X and M_{SB} is given by the MSSM which is reduced to the standard model at scales below M_{SB}. We will use the parameter convention in which the gauge-Higgs unification prediction for Higgs mass parameters takes the form (2.19).

To obtain the gauge and Yukawa couplings at M_X , we solve two-loop RG running [22] from the electroweak scale to M_X , however the matching at M_{SB} is performed without including the superparticle threshold corrections. Using the boundary conditions at M_X , the Higgs mass parameters at M_{SB} is calculated using one-loop RG equations for dimensionful parameters and two-loop RG equations for the gauge and Yukawa couplings. Given the inputs of dimensionless parameters at the electroweak scale and dimensionful parameters at M_X , a self-consistent value of M_{SB} is extracted by numerical iteration starting from M_{SB} taken to be the top quark mass.

A simple way to analyze the electroweak symmetry breaking is to compute the RGimproved tree-level Higgs potential at the electroweak scale which can be written as

V = m^2_1|H^0_1 |^2 + m^2|H^0_2 |^2 − ( BμH^0_1 H^0_2 + c.c. ) + 1 8 (g^2_1 + g^2 ) ( |H^0_1 |^2 − |H^0_2 |^2

)_2 , (3.1)

where m^2_{1,2} = m^2_{H1,2} + |μ|^2. To develop non-trivial vacuum (⟨H^0_{1,2}⟩ ≠ 0) and stabilize the flat direction of the D-term potential, the Higgs mass parameters should satisfy

m^2_1m^2 − |Bμ|^2 < 0 , m^2_1 + m^2 − 2|Bμ| > 0 . (3.2)

Under this conditions, M_Z and tan β at the minimum of the potential acquire the following values:

M^2_Z = (m^2_1 + m^2) [{ 1 + 4 ( m^2_1m^2 − |Bμ|^2 (m^2_1 − m^2)^2

)}_− 1_2 − 1 ] , tan β = m^2_1 + m^2 |Bμ| − 1 tan β

. (3.3)

This parameter region for stable electroweak symmetry breaking is given by the shaded area in figure 1.

Let us now consider the SUSY breaking by F^T and F^Ω, i.e. the Sherk-Schwarz SUSY breaking with additional contributions to Higgs mass parameters from the auxiliary component of the 4D SUGRA multiplet. In this scenario, SUSY breaking parameters at the GUT scale are given by (2.20) and (2.24). The resulting solutions of RG equations for |M_{1/2}| = 1 TeV, 10 TeV and 100 TeV are depicted in figure 1 by the solid, dashed and longdashed lines, respectively. For numerical analysis, we use the top quark Yukawa coupling y_t(m_t) = 0.98, and also the GUT scale predictions A_t/M_{1/2} = −1 and m^2_{Q3} = m^2_{U3} = M^2_{1/2}. For simplicity, we ignored the effects of the b-quark and τ-lepton Yukawa couplings, so the results can be somewhat modified for large tan β. In figure 1a (left), μ(M_X )/M_{1/2} varies from −∞ to 0, while it varies from 0 to ∞ in figure 1b (right). For each value of |M_{1/2}|, we have two lines since Bμ(M_{SB}) crosses zero, thereby the solution goes to infinity at some value of μ(M_X )/M_{1/2}. As |M_{1/2}| is decreasing from 100 TeV to 1 TeV, the solutions sweep the shaded region of figure 1a from upper right to lower right, while there exists no solu-

– 9 –

Figure 1: Results of the analysis of the RG-improved tree level Higgs potential for the bulk SUSY breaking mediated by F^T and F^Ω. Here m^2_i = m^2_{Hi} + |μ|^2 (i = 1, 2) and m^2_3 = Bμ at M_{SB}. Electroweak symmetry is broken in the shaded regions. The solid, dashed and long-dashed lines indicate the solutions of RG equations for |M_{1/2}| = 1, 10, 100 TeV, respectively. The parameter ratio μ/M_{1/2} is varying from −∞ to 0 in figure 1a (left), and from 0 to ∞ in figure 1b (right). Note that the pure Sherk-Schwarz SUSY breaking scenario, i.e. F^Ω = 0, gives μ/M_{1/2} = −1, which is clearly outside the symmetry breaking shaded region. The long arrows show the direction to which μ/M_{1/2} increases. The stop soft parameters at M_X are chosen to be A_t/M_{1/2} = −1 and m^2_{Q3} = m^2_{U3} = M^2_{1/2} as given in (2.22) , and the top quark Yukawa coupling y_t(m_t) = 0.98.

tion in the shaded region of figure 1b. This indicates that 1 TeV ≲ |M_{1/2}| ≲ 100 TeV with μ/M_{1/2} < 0 is required to obtain a symmetry breaking vacuum. Still to get the correct value of M_Z , one needs a fine-tuned value of μ(M_X ) for each value of |M_{1/2}|.

The pure Sherk-Schwarz SUSY breaking scenario gives (2.20) and (2.24) with F^Ω = 0, so μ(M_X ) = −M_{1/2}. As can be seen in figure 1a, such parameter value develops an unstable vacuum, and thus should be excluded. With F^Ω ≠ 0, μ/M_{1/2} can have an arbitrary value in principle. However for the case with μ/M_{1/2} > 0, as can be seen in figure 1b, the whole parameter space of (2.20) and (2.24) develops an unstable vacuum, thus should be excluded also. A stable vacuum with correct value of M_Z can be obtained for −2 ≲ μ(M_X )/M_{1/2} < −1, but only for an abnormally large gaugino mass

|M_{1/2}| ≳ 10 TeV .

In this case, we need an unnatural fine-tuning of μ(M_X ) with an accuracy δμ/μ ≲ 10^{−4} in order to get M_Z = 91 GeV, which is hard to be accepted. We thus conclude that a correct electroweak symmetry breaking can not be achieved in SUSY breaking scenarios mediated by F^T and F^Ω alone,

To confirm the above results, we perform an alternative analysis including the effects of one-loop effective Higgs potential [23, 24] as well as the effects of the b-quark and τ-lepton Yukawa couplings. Here we treat Bμ and μ at M_{SB} as free parameters and evaluate their

– 10 – values by minimizing the one-loop corrected effective Higgs potential for fixed values of M_Z , tan β and |M_{1/2}|. We then evolve Bμ and μ up to M_X and check if the resulting values satisfy the relation (2.20). This method works because the RG equations of other soft SUSY breaking masses do not depend on μ or Bμ at one-loop level. For numerical analysis, we use m^{pole}_t = 175 GeV, and the relevant sfermion masses and A-parameters are assumed to be A_{t,b,τ} /M_{1/2} = −1, m^2_{Q3,U3} = (y_t/g_{GUT})^2M^2_{1/2}, m^2_{D3} = (y_b/g_{GUT})^2M^2_{1/2} and m^2_{E3,L3} = (y_τ /g_{GUT})^2M^2_{1/2} at M_X , where D_3, E_3 and L_3 denote the SU(2)-singlet b-quark, SU(2)-singlet τ-lepton, and SU(2)-doublet τ-lepton superfield, respectively. For large tan β, which is the case that A_{b,τ} and m^2_{D3,E3,L3} become relevant, these forms of A_{b,τ} and m^2_{D3,E3,L3} mimic well the actual values [20] for the SUSY breaking by F^T and F^Ω.

The tree-level relations of (3.3) can be rewritten as

μ^2 = −

M^2_Z 2 − m^2_{H1} − m^2_{H2} tan^2 β 1 − tan^2 β |Bμ| = tan β 1 + tan^2 β

(m^2_{H1} + m^2_{H2} + 2μ^2) . (3.4)

Then the effects of one-loop Higgs potential can be included by replacing m^2_{H1,2} by m^2_{H1,2} − t_{1,2}/⟨H^0_{1,2}⟩, where t_{1,2} are given by [25]

t_{1,2} = − 1 32π^2 Str [ ∂M^2 ∂⟨H^0_{1,2}⟩ M^2 ( ln M^2 M^2_{SB} − 1 )] , (3.5)

for M^2 representing all the mass matrices in the model. For numerical analysis, we use the form of t_{1,2} given in [26]. Because t_{1,2} depend implicitly on μ through the masses of neutralino, chargino and squarks, we use numerical iteration to evaluate μ starting from a point around the RG-improved tree-level solution.

In figure 2, we show the result of the analysis computing m^2_{H1,2} + μ^2 + Bμ at M_X as a function of tan β for various values of |M_{1/2}|. Because the electroweak symmetry breaking condition does not depend on the signs of μ and Bμ, we have four different cases distinguished by the signs of μ and μB. Figure 2 shows that the condition of gauge-Higgs unification, i.e. m^2_{H1,2} + μ^2 + Bμ = 0 at M_X , cannot be satisfied for reasonable range of |M_{1/2}|. To satisfy the gauge-Higgs unification condition, |M_{1/2}| ≳ 10 TeV is required as we have anticipated from the analysis based on the RG-improved tree-level Higgs potential.

We saw that a correct electroweak symmetry breaking is not allowed when SUSY breaking is mediated dominantly by the bulk F^T and F^Ω for the reasonable range of |M_{1/2}| ≲ 10 TeV. This strong constraint is mainly due to the predictions m^2_{H1,H2} = −M^2_{1/2} and A_t = −M_{1/2} at M_X which are valid for the SUSY breaking by F^T and F^Ω. If another source of SUSY breaking is introduced, e.g. the auxiliary component F^Z and/or F^{Z′} of Z, Z^′ confined at the orbifold fixed point, these predictions are not valid anymore, while the prediction (2.19) remains to be valid. We examine such general situation in which A_t/M_{1/2} and m^2_{H1,H2} /M^2_{1/2} at M_X have arbitrary values of order unity, while the prediction (2.19) is maintained. For the results depicted in figure 3, we assumed that the squark and slepton masses at M_X are given by m^2_{Q3,U3} = (y_t/g_{GUT})^2M^2_{1/2}, m^2_{D3} = (y_b/g_{GUT})^2M^2_{1/2} and m^2_{E3,L3} = (y_τ /g_{GUT})^2M^2_{1/2}, and also A_t = A_b = A_τ . In fact, the results are not so sensitive to m^2_ϕ (ϕ = Q_3, U_3, D_3, L_3, E_3), and we obtain similar results as long as m^2_ϕ = O(M^2_{1/2}).

– 11 –

Figure 2: Results of the alternative analysis for the bulk SUSY breaking mediated by F^T and F^Ω. The value of (m^2_{H1 ,H2} + |μ|^2 + Bμ)/|M_{1/2}|^2 at M_X is obtained for μ and B at M_{SB} giving M_Z = 91 GeV, and is is depicted as a function of tan β. The solid, dashed and long-dashed curves represent the results for |M_{1/2}| = 1, 10, 100 TeV, respectively. The effects of one-loop effective Higgs potential are fully included. The relevant sfermion soft parameters at M_X are assumed to be given by A_{t,b,τ} /M_{1/2} = −1, m^2_{Q3,U3} = (y_t/g_{GUT})^2M^2_{1/2}, m^2_{D3} = (y_b/g_{GUT})^2M^2_{1/2} and m^2_{E3,L3} = (y_τ /g_{GUT})^2M^2_{1/2}.

Figure 3: Shaded parameter regions of A_t/M_{1/2} and m^2_{H1 ,H2} /M^2_{1/2} at M_X give a correct electroweak symmetry breaking vacuum when the SUSY breaking effects from the orbifold fixed points are included for |M_{1/2}| = 500 GeV.

The shaded region in figure 3 represent the parameter region yielding a correct electroweak symmetry breaking for tan β varying from 2 to 60. Each solid curve indicates a contour of fixed tan β. Figure 3 shows that if there exists an additional SUSY breaking

– 12 –

Figure 4: Shaded parameter regions of A_t/M_{1/2} and m^2_ϕ/m̄^2_ϕ (m̄^2_ϕ = (y_{t,b,τ} /g_{GUT})^2M^2_{1/2}) at M_X give a correct electroweak symmetry breaking vacuum when the SUSY breaking effects from the orbifold fixed points are included for |M_{1/2}| = 500 GeV.

F^{Z,Z′} = O(F^T /R) or O(F^Ω) from the fixed points, sizable parameter region of the model can yield a correct electroweak symmetry breaking. In particular, it shows that any value of tan β > 2 can be realized. The point (m^2_H /|M_{1/2}|^2, A_t/M_{1/2}) = (−1, −1) corresponds to the bulk SUSY breaking by F^T and F^Ω, which is obviously outside the shaded regions.

We also performed the analysis for the case that A_t/M_{1/2} and m^2_ϕ/M^2_{1/2} at M_X take arbitrary values of order unity, while m^2_{H1,H2} /M^2_{1/2} = −1. The results are depicted in figure 4. Here m̄^2_ϕ is defined as (y_{t,b,τ} /g_{GUT})^2 M^2_{1/2}, and other parameters are same as in figure 3, so the point (m^2_ϕ/m̄^2_ϕ, A_t/M_{1/2}) = (1, −1) corresponds to the SUSY breaking by the bulk F^T and F^Ω. Figure 4 shows that the results are not so sensitive to m^2_ϕ as long as m^2_ϕ at M_X is positive. It shows also that to achieve a correct electroweak symmetry breaking with A_t ≈ −M_{1/2}, a negative stop mass of O(M^2_{1/2}) is required at M_X , which becomes positive at M_{SB} due to the RG evolution.

4. Conclusion

In this paper, we have examined the Higgs mass parameters and electroweak symmetry breaking in supersymmetric orbifold field theories in which the 4D Higgs fields originate from higher-dimensional gauge supermultiplets. To be specific, we focused on 5D models, however some of our results are more generic. It is noted that the gauge-Higgs unification within orbifold field theory leads to a specific boundary condition on the Higgs mass parameters at the compactification scale M_X , which has been obtained also in supersymmetric pseudo-Goldstone Higgs models. More restrictive boundary conditions on the Higgs mass parameters could be obtained when SUSY breaking is mediated dominantly by the auxiliary components of the radion superfield T and the 4D SUGRA multiplet, which cor-

– 13 – responds to the Sherk-Schwarz SUSY breaking with additional SUSY breaking from the conformal compensator superfield Ω. If the 4D effective theory at scales below M_X is the MSSM, the SUSY breaking by F^T and F^Ω alone can not give a correct electroweak symmetry breaking vacuum for reasonable range of parameters. So we need additional SUSY breaking mediated for instance by a brane superfield Z confined at the orbifold fixed points. If F^Z is included, there exist a sizable portion of parameter space which can give correct electroweak symmetry breaking with wide range of tan β. The results of numerical analysis are summarized in figures 1–4.

Acknowledgments

This work is supported by KRF PBRG 2002-070-C00022 (K.C. and K.O.), the Center for High Energy Physics of Kyungbook National University (K.C. and K.J.), the Grantsin-aid from the Ministry of Education, Culture, Sports, Science and Technology, Japan, No. 14039207, 14046208, 14740164 (N.H.), No. 12046201, and the 21st century COE program, “Exploring New Science by Bridging Particle-Matter Hierarchy” (Y.S. and M.Y.).

References

[1] N. Arkani-Hamed, S. Dimopoulos and G.R. Dvali, The hierarchy problem and new dimensions at a millimeter, Phys. Lett. B 429 (1998) 263 [hep-ph/9803315]; I. Antoniadis, N. Arkani-Hamed, S. Dimopoulos and G.R. Dvali, New dimensions at a millimeter to a fermi and superstrings at a TeV, Phys. Lett. B 436 (1998) 257 [hep-ph/9804398];

L. Randall and R. Sundrum, A large mass hierarchy from a small extra dimension, Phys. Rev. Lett. 83 (1999) 3370 [hep-ph/9905221].

[2] Y. Kawamura, Gauge symmetry reduction from the extra space S^1/Z_2, Prog. Theor. Phys.

103 (2000) 613 [hep-ph/9902423]; Split multiplets, coupling unification and extra dimension, Prog. Theor. Phys. 105 (2001) 691 [hep-ph/0012352]; Triplet-doublet splitting, proton stability and extra dimension, Prog. Theor. Phys. 105 (2001) 999 [hep-ph/0012125]; G. Altarelli and F. Feruglio, SU(5) grand unification in extra dimensions and proton decay, Phys. Lett. B 511 (2001) 257 [hep-ph/0102301];

L.J. Hall and Y. Nomura, Gauge unification in higher dimensions, Phys. Rev. D 64 (2001) 055003 [hep-ph/0103125]; Gauge coupling unification from unified theories in higher dimensions, Phys. Rev. D 65 (2002) 125012 [hep-ph/0111068];

A. Hebecker and J. March-Russell, The structure of GUT breaking by orbifolding, Nucl. Phys. B 625 (2002) 128 [hep-ph/0107039];

Y. Nomura, D.R. Smith and N. Weiner, GUT breaking on the brane, Nucl. Phys. B 613 (2001) 147 [hep-ph/0104041];

A. Hebecker and J. March-Russell, A minimal S^1/(Z_2 × Z^′_2) orbifold GUT, Nucl. Phys. B 613 (2001) 3 [hep-ph/0106166];

R. Barbieri, L.J. Hall and Y. Nomura, Softly broken supersymmetric desert from orbifold compactification, Phys. Rev. D 66 (2002) 045025 [hep-ph/0106190]; H.-D. Kim, J.E. Kim and H.M. Lee, Top-bottom mass hierarchy, s − μ puzzle and gauge coupling unification with split multiplets, Eur. Phys. J. C 24 (2002) 159 [hep-ph/0112094]; H.D. Kim and S. Raby, Unification in 5d SO(10), J. High Energy Phys. 01 (2003) 056 [hep-ph/0212348].

– 14 –

[3] N.S. Manton, A new six-dimensional approach to the Weinberg-Salam model, Nucl. Phys. B 158 (1979) 141;

D.B. Fairlie, Two consistent calculations of the Weinberg angle, J. Phys. G 5 (1979) L55; Higgs’ fields and the determination of the Weinberg angle, Phys. Lett. B 82 (1979) 97; P. Forgacs and N.S. Manton, Space-time symmetries in gauge theories, Commun. Math. Phys. 72 (1980) 15;

G. Chapline and R. Slansky, Dimensional reduction and flavor chirality, Nucl. Phys. B 209 (1982) 461;

S. Randjbar-Daemi, A. Salam and J. Strathdee, Spontaneous compactification in six-dimensional Einstein-Maxwell theory, Nucl. Phys. B 214 (1983) 491; I. Antoniadis, A possible new dimension at a few TeV, Phys. Lett. B 246 (1990) 377; N.V. Krasnikov, Ultraviolet fixed point behavior of the five-dimensional Yang-Mills theory, the gauge hierarchy problem and a possible new dimension at the TeV scale, Phys. Lett. B 273 (1991) 246;

D. Kapetanakis and G. Zoupanos, Coset space dimensional reduction of gauge theories, Phys. Rept. 219 (1992) 1;

I. Antoniadis and K. Benakli, Limits on extra dimensions in orbifold compactifications of superstrings, Phys. Lett. B 326 (1994) 69 [hep-th/9310151];

H. Hatanaka, T. Inami and C.S. Lim, The gauge hierarchy problem and higher dimensional gauge theories, Mod. Phys. Lett. A 13 (1998) 2601 [hep-th/9805067].

[4] G.R. Dvali, S. Randjbar-Daemi and R. Tabbash, The origin of spontaneous symmetry breaking in theories with large extra dimensions, Phys. Rev. D 65 (2002) 064021 [hep-ph/0102307];

N. Arkani-Hamed, A.G. Cohen and H. Georgi, Electroweak symmetry breaking from dimensional deconstruction, Phys. Lett. B 513 (2001) 232 [hep-ph/0105239]; I. Antoniadis, K. Benakli and M. Quiros, Finite Higgs mass without supersymmetry, New J. Phys. 3 (2001) 20 [hep-th/0108005];

L.J. Hall, H. Murayama and Y. Nomura, Wilson lines and symmetry breaking on orbifolds, Nucl. Phys. B 645 (2002) 85 [hep-th/0107245];

R. Dermisek, S. Raby and S. Nandi, Magnetic monopoles with wilson loops on a 5d orbifold, Nucl. Phys. B 641 (2002) 327 [hep-th/0205122].

[5] L.J. Hall, Y. Nomura and D.R. Smith, Gauge-higgs unification in higher dimensions, Nucl.

Phys. B 639 (2002) 307 [hep-ph/0107331].

[6] C. Csáki, C. Grojean and H. Murayama, Standard model Higgs from higher dimensional gauge fields, Phys. Rev. D 67 (2003) 085012 [hep-ph/0210133].

[7] G. Burdman and Y. Nomura, Unification of Higgs and gauge fields in five dimensions, Nucl.

Phys. B 656 (2003) 3 [hep-ph/0210257].

[8] N. Haba and Y. Shimizu, Gauge-higgs unification in the 5 dimensional E_6, E_7 and E_8 GUTs on orbifold, Phys. Rev. D 67 (2003) 095001 [hep-ph/0212166];

I. Gogoladze, Y. Mimura and S. Nandi, Gauge Higgs unification on the left-right model, Phys. Lett. B 560 (2003) 204 [hep-ph/0301014];

T.-j. Li, Gauge-fermion unification and flavour symmetry, hep-ph/0309199.

[9] I. Gogoladze, Y. Mimura and S. Nandi, Unification of gauge, Higgs and matter in extra dimensions, Phys. Lett. B 562 (2003) 307 [hep-ph/0302176]; Unity of elementary particles and forces in higher dimensions, Phys. Rev. Lett. 91 (2003) 141801 [hep-ph/0304118]; Model building with gauge-Yukawa unification, hep-ph/0311127;

– 15 –

N. Cosme and J.M. Frere, CP-violation in weak interactions from orbifold reduction: possible unification structures, hep-ph/0303037.

[10] K. Inoue, A. Kakuto and H. Takano, Higgs as (pseudo)Goldstone particles, Prog. Theor.

Phys. 75 (1986) 664;

K. Inoue and A. Kakuto, Higgs as (pseudo)Goldstone particles revisited, Prog. Theor. Phys. 85 (1991) 661;

A.A. Anselm and A.A. Johansen, SUSY GUT with automatic doublet-triplet hierarchy, Phys. Lett. B 200 (1988) 331;

A.A. Anselm, A supersymmetric theory of grand unification with automatic hierarchy and low-energy physics, Sov. Phys. JETP 67 (1988) 663 [Zh. Eksp. Teor. Fiz. 94 (1998) 26]; Z. Berezhiani, C. Csáki and L. Randall, Could the supersymmetric Higgs particles naturally be pseudogoldstone bosons?, Nucl. Phys. B 444 (1995) 61 [hep-ph/9501336].

[11] K. Inoue, A. Kakuto, H. Komatsu and S. Takeshita, Aspects of grand unified models with softly broken supersymmetry, Prog. Theor. Phys. 68 (1982) 927; Renormalization of supersymmetry breaking parameters revisited, Prog. Theor. Phys. 71 (1984) 413; L.E. Ibáñez and G.G. Ross, SU(2)_L × U(1) symmetry breaking as a radiative effect of supersymmetry breaking in guts, Phys. Lett. B 110 (1982) 215;

J.R. Ellis, D.V. Nanopoulos and K. Tamvakis, Grand unification in simple supergravity, Phys. Lett. B 121 (1983) 123;

L. Alvarez-Gaumé, J. Polchinski and M.B. Wise, Minimal low-energy supergravity, Nucl. Phys. B 221 (1983) 495.

[12] Z. Chacko and M.A. Luty, Radion mediated supersymmetry breaking, J. High Energy Phys.

05 (2001) 067 [hep-ph/0008103];

K.-w. Choi, D.Y. Kim, I.-W. Kim and T. Kobayashi, Supersymmetry breaking in warped geometry, hep-ph/0305024.

[13] J. Scherk and J.H. Schwarz, Spontaneous breaking of supersymmetry through dimensional reduction, Phys. Lett. B 82 (1979) 60; How to get masses from extra dimensions, Nucl. Phys. B 153 (1979) 61.

[14] D. Marti and A. Pomarol, Fayet-Iliopoulos terms in 5d theories and their phenomenological implications, Phys. Rev. D 66 (2002) 125005 [hep-ph/0205034];

D.E. Kaplan and N. Weiner, Radion mediated supersymmetry breaking as a Scherk-Schwarz theory, hep-ph/0108001;

G. von Gersdorff and M. Quiros, Supersymmetry breaking on orbifolds from Wilson lines, Phys. Rev. D 65 (2002) 064016 [hep-th/0110132];

G. von Gersdorff, L. Pilo, M. Quiros, D.A.J. Rayner and A. Riotto, Supersymmetry breaking with quasi-localized fields in orbifold field theories, Phys. Lett. B 580 (2004) 93 [hep-ph/0305218];

G. von Gersdorff, M. Quiros and A. Riotto, Scherk-Schwarz supersymmetry breaking with radion stabilization, hep-th/0310190.

[15] S.J. Gates, M.T. Grisaru, M. Roček and W. Siegel, Superspace, or one thousand and one lessons in supersymmetry, Front. Phys. 58 (1983) 1.

[16] G.F. Giudice, M.A. Luty, H. Murayama and R. Rattazzi, Gaugino mass without singlets, J.

High Energy Phys. 12 (1998) 027 [hep-ph/9810442];

L. Randall and R. Sundrum, Out of this world supersymmetry breaking, Nucl. Phys. B 557 (1999) 79 [hep-th/9810155];

– 16 –

A. Pomarol and R. Rattazzi, Sparticle masses from the superconformal anomaly, J. High Energy Phys. 05 (1999) 013 [hep-ph/9903448].

[17] N. Arkani-Hamed, T. Gregoire and J. Wacker, Higher dimensional supersymmetry in 4d superspace, J. High Energy Phys. 03 (2002) 055 [hep-th/0101233];

D. Marti and A. Pomarol, Supersymmetric theories with compact extra dimensions in N = 1 superfields, Phys. Rev. D 64 (2001) 105025 [hep-th/0106256];

K.-W. Choi, H.D. Kim and Y.W. Kim, Gauge coupling renormalization in orbifold field theories, J. High Energy Phys. 11 (2002) 033 [hep-ph/0202257]; Radius dependent gauge unification in AdS_5, J. High Energy Phys. 03 (2003) 034 [hep-ph/0207013].

[18] Z. Chacko, M.A. Luty and E. Ponton, Massive higher-dimensional gauge fields as messengers of supersymmetry breaking, J. High Energy Phys. 07 (2000) 036 [hep-ph/9909248]; Y. Nomura, Strongly coupled grand unification in higher dimensions, Phys. Rev. D 65 (2002) 085036 [hep-ph/0108170].

[19] A. Brignole, L.E. Ibáñez and C. Muñoz, Soft supersymmetry-breaking terms from supergravity and superstring models, hep-ph/9707209;

V.S. Kaplunovsky and J. Louis, Model independent analysis of soft terms in effective supergravity and in string theory, Phys. Lett. B 306 (1993) 269 [hep-th/9303040]; K. Choi, J.S. Lee and C. Muñoz, Supergravity radiative effects on soft terms and the μ term, Phys. Rev. Lett. 80 (1998) 3686 [hep-ph/9709250].

[20] K. Choi, K.S. Jeong and K. Okumura, in preparation.

[21] H. Baer, C.-h. Chen, M. Drees, F. Paige and X. Tata, Collider phenomenology for supersymmetry with large tan β, Phys. Rev. Lett. 79 (1997) 986 [hep-ph/9704457].

[22] V.D. Barger, M.S. Berger and P. Ohmann, Supersymmetric grand unified theories: two loop evolution of gauge and Yukawa couplings, Phys. Rev. D 47 (1993) 1093 [hep-ph/9209232]; D.J. Castano, E.J. Piard and P. Ramond, Renormalization group study of the Standard Model and its extensions, 2. The minimal supersymmetric Standard Model, Phys. Rev. D 49 (1994) 4882 [hep-ph/9308335].

[23] S.R. Coleman and E. Weinberg, Radiative corrections as the origin of spontaneous symmetry breaking, Phys. Rev. D 7 (1973) 1888;

S. Weinberg, Perturbative calculations of symmetry breaking, Phys. Rev. D 7 (1973) 2887.

[24] G. Gamberini, G. Ridolfi and F. Zwirner, On radiative gauge symmetry breaking in the minimal supersymmetric model, Nucl. Phys. B 331 (1990) 331;

B. de Carlos and J.A. Casas, One loop analysis of the electroweak breaking in supersymmetric models and the fine tuning problem, Phys. Lett. B 309 (1993) 320 [hep-ph/9303291].

[25] V.D. Barger, M.S. Berger and P. Ohmann, The supersymmetric particle spectrum, Phys. Rev.

D 49 (1994) 4908 [hep-ph/9311269].

[26] D.M. Pierce, J.A. Bagger, K.T. Matchev and R.-j. Zhang, Precision corrections in the minimal supersymmetric Standard Model, Nucl. Phys. B 491 (1997) 3 [hep-ph/9606211].

– 17 –