arXiv:hep-ph/0503244 v2 31 May 2005

One-loop RGEs for two left-right SUSY models

N. Setzer & S. Spinner

May 31, 2005

Abstract

In this paper we present the renormalization group equations to one-loop order for all the parameters of two supersymmetric left-right theories that are softly broken. Both models are based upon the gauge group SU(3)^c × SU(2)_L × SU(2)_R × U(1)_{B−L} and both contain an arbitrary number of bidoublets as well as singlets; however, one model uses doublets to break SU(2)_R and the other uses triplets.

1 Introduction

The recent discovery of oscillating neutrinos (implying that neutrinos are massive) has created definitive experimental evidence of a flaw in the standard model. This flaw can be rectified by adding an SU(2)_R group to the standard model group structure. This will allow for a Dirac mass term for the neutrinos and will also provide a Majorona mass term for the right handed neutrino via the seesaw mechanism [1] when SU(2)_R is broken. These extensions are called left-right [2–9] and they can also be imbedded in supersymmetry. With SUSY, the models are dubbed SUSYLR [10–16] and contain the attractive features of the supersymmetric standard model (e.g. providing a solution for the hierarchy problem and allowing for gauge coupling unification [17]). SUSYLR models have the additional appealing characteristics of solving the strong CP problem [18–23] , asymptotic parity invariance and automatic R-Parity Conservation [24–29].

The parameters in these models are written down at a high scale of new physics such as the GUT or Planck scale. In order to make predictions at lower energy levels, renormalization group equations (RGEs) must be calculated for these parameters, and their values extrapolated to the energy realm of current experiments. In this paper the RGEs for two instances of left-right models are presented (non-SUSY Triplet left-right model equations can be found in [31]). These equations were calculated to one loop order using the general N=1 supersymmetry RGEs given in [30, 32] and agree (after accounting for the absence of SU(2)_R) with the subset previously published in [33]. The following equations represent a completion and extension of those RGEs, and provide a valuable tool for extrapolating down from higher scale physics to the scale of SU(2)_R breaking – at which point the model contains the MSSM and all couplings of interest can be extrapolated using the RGEs of the MSSM found in [32].

The two models used in this paper differ in their SU(2)_R breaking fields: one uses SU(2)_R doublets and the other SU(2)_R triplets. Theoretical consequences of these models can be found in various papers including [10–13, 34] and [16, 35] respectively. In section 2 we will present the doublet model starting with the specifics and continuing with the RGEs. In Section 3 we will follow a similar format for the triplet model.

2 Doublet Model

2.1 Particle Content

In Table 1 is the particle content for the doublet implementation of SUSYLR and the particle representations under the non-abelian gauge groups. The particle quantum numbers are stated for the U(1)_{B−L} gauge group (The B − L number used in the RGEs follows the GUT normalization scheme; the values in the table do not. To get the GUT-normalized value, multiply the number in the table by √ 3/8). SU(3)^c × SU(2)_L × SU(2)_R × U(1)_{B−L} Q 3 2 1 +^1_3 Q^c 3 1 2 −^1_3 L 1 2 1 −1 L^c 1 1 2 +1 Φ_a 1 2 2 0 χ 1 2 1 +1 χ^c 1 1 2 −1 χ̄ 1 2 1 −1 χ̄^c 1 1 2 +1 S^α 1 1 1 0

Table 1: This table shows the representations for the non-abelian gauge groups and the B − L number for U(1)

The Q and L are the quark and lepton fields of the MSSM and Q^c and L^c are the equivalent SU(2)_R fields. In order to keep this model general, we allow for an arbitrary amount of singlet fields, n_S and so in S^α, α = 1 . . . n_S . Likewise there are n_Φ bidoublet fields and so in Φ_a, a = 1 . . . n_Φ. Note that while including one Φ bidoublet does give mass to the fermions, it does not produce quark mixings at tree level (thus another method is required for V_{CKM} ≠ 1 – see, for instance [35]) and so most models set n_Φ = 2. The SU(2) doublets and bidoublets are represented in the following manner (with color and generational indices suppressed): Q = ( u d ) Q^c = ( d^c −u^c )

Φ_a = ( ϕ^0_{d a} ϕ^+_{ua} ϕ^−_{d a} ϕ^0_{u a} )

Here Q and Q^c are used as an example for any SU(2) doublet pair. The other doublets can be written in a similar fashion where the charges of the fields must obey the equation Q =

I_{L3} +I_{R3} +^{B−L}_2 Where I_{L3} and I_{R3} are the third component of the SU(2)_L and SU(2)_R quantum numbers.

Under SU(2), these fields transform as: Q → U_LQ Q^c → U_RQ^c L → U_LL L^c → U_RL^c χ → U_Lχ χ^c → U_Rχ^c χ̄ → U_Lχ̄ χ̄^c → U_Rχ̄^c Φ_a → U_LΦ_aU^†_R S^α → S^α

And their parity transformations are: Q → −iτ_2Q^{c ∗} Q^c → iτ_2Q^∗ L → −iτ_2L^{c ∗} L^c → iτ_2L^∗ χ → −iτ_2χ^{c ∗} χ^c → iτ_2χ^∗ χ̄ → −iτ_2χ̄^{c ∗} χ̄^c → iτ_2χ̄^∗ Φ_a → Φ^†_a S^α → S^{α ∗}

2.2 Superpotential and Soft Breaking Lagrangian

The most general superpotential and soft supersymmetry breaking lagrangian for this model are:

W = ih_aQ^T τ_2Φ_aQ^c + ih^′_aL^T τ_2Φ_aL^c + iλ_aχ^T τ_2Φ_aχ^c + iλ̄_aχ̄^T τ_2Φ_aχ̄^c

+ iμ^α_χS^αχ^T τ_2χ̄ + iμ^α_χc S^αχ^{cT} τ_2χ̄^c + 1 6 Y^{αβγ}S^αS^βS^γ + μ^α_{ab}S^α Tr ( Φ^T_a τ_2Φ_bτ_2 ) + iM_χχ^T τ_2χ̄ + iM_χc χ^{cT} τ_2χ̄^c + M_{ab} Tr ( Φ^T_a τ_2Φ_bτ_2 ) + 1 2 M^{αβ}_S S^αS^β + L^αS^α + W_{N R} (1)

L_{SB} = − 1 2 ( M_3g̃g̃ + M_LW̃_LW̃_L + M_RW̃_RW̃_R + M_1B̃B̃ + h.c. ) − [ iA_{Qa}Q̃^T τ_2Φ_aQ̃^c + iA_{La}L̃^T τ_2Φ_aL̃^c + iA_{λa}χτ_2Φ_aχ^c + iA¯_{λa}χ̄τ_2Φ_aχ̄^c

+ iA^α_χS^αχτ_2χ̄ + iA^α_χc S^αχ^cτ_2χ̄^c + 1 6 A^{αβγ}_S S^αS^βS^γ + A^α_{Φab}S^α Tr ( Φ^T_a τ_2Φ_bτ_2 ) + h.c. ]

− [ iB_χχτ_2χ̄ + iB_χc χ^cτ_2χ̄^c + B_{ab} Tr ( Φ^T_a τ_2Φ_bτ_2 ) + 1 2 B^{αβ}_s S^αS^β ]

− [ m^2_QQ̃^T Q̃^∗ + m_QcQ̃^{c†}Q̃^c + m^2_LL̃^T L̃^∗ + m^2_LcL̃^{c†}L̃^c + m^2_χχ^†χ + m^2_χc χ^{c†}χ^c

+ m^2_{χ̄}χ̄^†χ̄ + m^2_{χ̄}cχ̄^{c†}χ̄^c + m^2_{Φab} Tr ( Φ^†_aΦ_b ) + ( m^2_S )_{αβ} S^{∗α}S^β ] (2) Where we have suppressed the generational and SU(2) indices. If these were to be included, the term m^2_QQ̃^T Q̃^∗ would be written as ( m^2_Q )_j i Q̃_{jα}Q̃^i_α, where the lower case english letters run over generations and the greek letters run over SU(2)_L index in this case. W_{N R} denotes non-renormalizable terms arising from higher scale physics and would include (fLτ_2Lχτ_2χ + f^∗L^cτ_2L^cχ^cτ_2χ^c)/M_{pl} the term that gives rise to the seasaw mechanism, (M_{pl} refers to the higher scale physics, e.g. the planck scale). Since coefficients of this form are suppressed by the scale of higher physics, their contributions to the renormalization group equations may be ignored and will not be included below.

By demanding parity invariance from this theory, we also find the following relations among the parameters [18, 19, 21]: yuakawa couplings are hermitian except for μ^α_χ and μ^α_χc , trilinear couplings are hermitian except for A^α_χ and A^α_χc , soft breaking mass terms for an SU(2)_L doublet are equal to those of the corresponding SU(2)_R doublet and

μ^α_χ = μ^{α∗}_χc A^α_χ = A^{α∗}_χc M_χ = M^∗_χc M_{ab} = M^∗_{ab} M^{αβ}_S = M^{αβ∗}_S L^α = L^{α∗} g_L = g_R M_1 = M^∗_1 M_L = M^∗_R M_3 = M^∗_3 B_χ = B^∗_χc B_{Φab} = B^∗_{Φab} B^{αβ}_S = B^{αβ∗}_S

Where g_L and g_R are the SU(2)_L and SU(2)_R gauge coupling constants, respectively.

2.3 RGEs

In this section we present our results: one loop renormalization group equations for this model. The equations are broken up into subsections corresponding to their coupling type.

2.3.1 Gauge Couplings 16π^2 d dt g_1 = 9g^3_1 16π^2 d dt g_L = (1 + n_Φ)g^3_L

16π^2 d dt g_R = (1 + n_Φ)g^3_R 16π^2 d dt g_3 = −3g^3 (3)

2.3.2 Yukawa Couplings

16π^2 d dt h_a = h_a [ 2h^†_b h_b − 1 6 g^2_1 − 3g^2_L − 3g^2_R − 16 3 g^2_3 ]

+ h_b [ Tr ( 3h^†_bh_a + h^{′†}_b h^′_a ) + 2h^†_b h_a + λ^∗_b λ_a + λ̄^∗_bλ̄_a + 4 ( μ^{α†}_Φ μ^α_Φ ) ba ] (4) 16π^2 d dt h^′_a = h^′_a [ 2h^{′†}_b h^′_b − 3 2 g^2_1 − 3g^2_L − 3g^2_R ]

+ h^′_b [ Tr ( 3h^†_bh_a + h^{′†}_b h^′_a ) + 2h^{′†}_b h^′_a + λ^∗_b λ_a + λ̄^∗_bλ̄_a + 4 ( μ^{α†}_Φ μ^α_Φ ) ba ] (5) 16π^2 d dt λ_a = λ_a [ μ^{α∗}_χ μ^α_χ + μ^{α∗}_χc μ^α_χc + 4λ^∗_b λ_b − 3 2 g^2_1 − 3g^2_L − 3g^2_R ]

+ λ_b [ Tr ( 3h^†_b h_a + h^{′†}_b h^′_a ) + λ^∗_b λ_a + λ̄^∗_b λ̄_a + 4 ( μ^{α†}_Φ μ^α_Φ ) ba ] (6) 16π^2 d dt λ̄_a = λ̄_a [ μ^{α∗}_χ μ^α_χ + μ^{α∗}_χc μ^α_χc + 4λ̄^∗_bλ̄_b − 3 2 g^2_1 − 3g^2_L − 3g^2_R ]

+ λ̄_b [ Tr ( 3h^†_b h_a + h^{′†}_b h^′_a ) + λ^∗_b λ_a + λ̄^∗_b λ̄_a + 4 ( μ^{α†}_Φ μ^α_Φ ) ba ] (7)

16π^2 d dt μ^α_χ = μ^α_χ [ 2λ^∗_aλ_a + 2λ̄^∗_aλ̄_a + 2μ^{β∗}_χ μ^β_χ − 3 2 g^2_1 − 3g^2_L ]

+ μ^β_χ [ 2μ^{β∗}_χ μ^α_χ + 2μ^{β∗}_χc μ^α_χc + 1 2 ( Y^{βγδ} )_∗ Y^{αγδ} + 8 Tr ( μ^{β†}_Φ μ^α_Φ ) ] (8)

16π^2 d dt μ^α_χc = μ^α_χc [ 2λ^∗_aλ_a + 2λ̄^∗_aλ̄_a + 2μ^{β∗}_χc μ^β_χc − 3 2 g^2_1 − 3g^2_R ]

+ μ^β_χc [ 2μ^{β∗}_χ μ^α_χ + 2μ^{β∗}_χc μ^α_χc + 1 2 ( Y^{βμν} )_∗ Y^{αμν} + 8 Tr ( μ^{β†}_Φ μ^α_Φ ) ] (9) 16π^2 d dt Y^{αβγ} = Y^{αβρ} [ 2μ^{ρ∗}_χ μ^γ_χ + 2μ^{ρ∗}_χc μ^γ_χc + 1 2 (Y^{ρμν} )^∗Y^{γμν} + 8 Tr ( μ^{ρ†}_Φ μ^γ_Φ ) ]

+ Y^{γβρ} [ 2μ^{ρ∗}_χ μ^α_χ + 2μ^{ρ∗}_χc μ^α_χc + 1 2 (Y^{ρμν} )^∗Y^{αμν} + 8 Tr ( μ^{ρ†}_Φ μ^α_Φ ) ]

+ Y^{γαρ} [ 2μ^{ρ∗}_χ μ^β_χ + 2μ^{ρ∗}_χc μ^β_χc + 1 2 (Y^{ρμν} )^∗Y^{βμν} + 8 Tr ( μ^{ρ†}_Φ μ^β_Φ ) ] (10)

16π^2 d dt μ^α_{Φab} = μ^α_{Φac} [ Tr ( 3h^†_ch_b + h^{′†}_c h^′_b ) + λ^∗_c λ_b + λ̄^∗_cλ̄_b + 4 ( μ^{β†}_Φ μ^β_Φ ) cb ] + [ Tr ( 3h_ah^†_c + h^′_ah^{′†}_c ) + λ_aλ^∗_c + λ̄_aλ̄^∗_c + 4 ( μ^β_Φμ^{β†}_Φ ) ac ] μ^α_{Φcb} + μ^β_{Φab} [ 2μ^{β∗}_χ μ^α_χ + 2μ^{β∗}_χc μ^α_χc + 1 2 ( Y^{βμν} )_∗ Y^{αμν} + 8 Tr ( μ^{β†}_Φ μ^α_Φ ) ] −μ^α_{Φab} ( 3g^2_L + 3g^2_R ) (11)

2.3.3 Mass Couplings 16π^2 d dt M_χ = M_χ [ 2λ^∗_aλ_a + 2λ̄^∗_aλ̄_a + 2μ^{α∗}_χ μ^α_χ − 3 2 g^2_1 − 3g^2_L ] (12)

16π^2 d dt M_χc = M_χc [ 2λ^∗_aλ_a + 2λ̄^∗_aλ̄_a + 2μ^{α∗}_χc μ^α_χc − 3 2 g^2_1 − 3g^2_R ] (13)

16π^2 d dt M_{Φab} = M_{Φac} [ Tr ( 3h^†_ch_b + h^{′†}_c h^′_b ) + λ^∗_c λ_b + λ̄^∗_cλ̄_b + 4 ( μ^{α†}_Φ μ^α_Φ ) cb ] + [ Tr ( 3h_ah^†_c + h^′_ah^{′†}_c ) + λ_aλ^∗_c + λ̄_aλ̄^∗_c + 4 ( μ^α_Φμ^{α†}_Φ ) ac ] M_{Φcb} + M_{Φab} ( −3g^2_L − 3g^2_R ) (14)

16π^2 d dt M^{αβ}_s = M^{αρ}_s [ 2μ^{ρ∗}_χc μ^β_χc + 2μ^{ρ∗}_χ μ^β_χ + 1 2 (Y^{ρμν} )^∗Y^{βμν} + 8 Tr ( μ^{ρ†}_Φ μ^β_Φ ) ]

+ M^{βρ}_s [ 2μ^{ρ∗}_χc μ^α_χc + 2μ^{ρ∗}_χ μ^α_χ + 1 2 (Y^{ρμν} )^∗Y^{αμν} + 8 Tr ( μ^{ρ†}_Φ μ^α_Φ ) ] (15)

2.3.4 Linear Term 16π^2 d dt L^α = L^β [ 2μ^{β∗}_χc μ^α_χc + 2μ^{β∗}_χ μ^α_χ + 1 2 ( Y^{βμν} )_∗ Y^{αμν} + 8 Tr ( μ^{β†}_Φ μ^α_Φ ) ] (16)

2.3.5 Gaugino Masses 16π^2 d dt M_1 = 18M_1g^2_1 16π^2 d dt g_L = 2(1 + n_Φ)M_Lg^2_L

16π^2 d dt g_R = 2(1 + n_Φ)M_Rg^2_R 16π^2 d dt g_3 = −6M_3g^2_3

(17)

2.3.6 Soft Breaking Trilinear A’s

16π^2 d dt A_{Qa} = A_{Qa} [ 2h^†_bh_b − 1 6 g^2_1 − 3g^2_L − 3g^2_R − 16 3 g^2_3 ]

+ h_a [ 4h^†_b A_{Qb} + 1 3 M_1g^2_1 + 6M_Lg^2_L + 6M_Rg^2_R + 32 3 M_3g^2_3 ]

+ h_b [ 2h^†_b A_{Qa} + Tr ( 6h^†_bA_{Qa} + 2h^{′†}_b A_{La} ) + 2λ^∗_b A_{λa} + 2λ̄^∗_b A¯_{λa} + 8 ( μ^{α†}_Φ A^α_Φ ) ba ] + A_{Qb} [ 4h^†_bh_a + Tr ( 3h^†_bh_a + h^{′†}_b h^′_a ) + λ^∗_b λ_a + λ̄^∗_b λ̄_a + 4 ( μ^{α†}_Φ μ^α_Φ ) ba ] (18)

16π^2 d dt A_{La} = A_{La} [ 2h^{′†}_b h^′_b − 3 2 g^2_1 − 3g^2_L − 3g^2_R ]

+ h^′_a [ 4h^{′†}_b A_{Lb} + 3M_1g^2_1 + 6M_Lg^2_L + 6M_Rg^2_R ] + h^′_b [ 2h^{′†}_b A_{La} + Tr ( 6h^†_b A_{Qa} + 2h^{′†}_b A_{La} ) + 2λ^∗_b A_{λa} + 2λ̄^∗_b A¯_{λa} + 8 ( μ^{α†}_Φ A^α_Φ ) ba ] + A_{Lb} [ 4h^{′†}_b h^′_a + Tr ( 3h^†_b h_a + h^{′†}_b h^′_a ) + λ^∗_b λ_a + λ̄^∗_bλ̄_a + 4 ( μ^{α†}_Φ μ^α_Φ ) ba ] (19)

16π^2 d dt A_{λa} = A_{λa} [ 4λ^∗_b λ_b + μ^{α∗}_χ μ^α_χ + μ^{α∗}_χc μ^α_χc − 3 2 g^2_1 − 3g^2_L − 3g^2_R ]

+ λ_a [ 8λ^∗_b A_{λb} + 2μ^{α∗}_χ A^α_χ + 2μ^{α∗}_χc A^α_χc + 3M_1g^2_1 + 6M_Lg^2_L + 6M_Rg^2_R ] + A_{λb} [ Tr ( 3h^†_bh_a + h^{′†}_b h^′_a ) + λ^∗_b λ_a + λ̄^∗_bλ̄_a + 4 ( μ^{α†}_Φ μ^α_Φ ) ba ] + λ_b [ Tr ( 6h^†_bA_{Qa} + 2h^{′†}_b A_{La} ) + 2λ^∗_b A_{λa} + 2λ̄^∗_b A¯_{λa} + 8 ( μ^{α†}_Φ A^α_Φ ) ba ] (20)

16π^2 d dt A¯_{λa} = A¯_{λa} [ 4λ̄^∗_bλ̄_b + μ^{α∗}_χ μ^α_χ + μ^{α∗}_χc μ^α_χc − 3 2 g^2_1 − 3g^2_L − 3g^2_R ]

+ λ̄_a [ 8λ̄^∗_b A¯_{λb} + 2μ^{α∗}_χ A^α_χ + 2μ^{α∗}_χc A^α_χc + 3M_1g^2_1 + 6M_Lg^2_L + 6M_Rg^2_R ] + A¯_{λb} [ Tr ( 3h^†_bh_a + h^{′†}_b h^′_a ) + λ^∗_b λ_a + λ̄^∗_bλ̄_a + 4 ( μ^{α†}_Φ μ^α_Φ ) ba ] + λ̄_b [ Tr ( 6h^†_bA_{Qa} + 2h^{′†}_b A_{La} ) + 2λ^∗_b A_{λa} + 2λ̄^∗_b A¯_{λa} + 8 ( μ^{α†}_Φ A^α_Φ ) ba ] (21)

16π^2 d dt A^α_χ = A^α_χ [ 2λ^∗_aλ_a + 2λ̄^∗_aλ̄_a + 2μ^{β∗}_χ μ^β_χ − 3 2 g^2_1 − 3g^2_L ]

+ μ^α_χ [ 4λ^∗_aA_{λa} + 4λ̄^∗_aA¯_{λa} + 4μ^{β∗}_χ A^β_χ + 3M_1g^2_1 + 6M_Lg^2_L ] + A^β_χc [ 2μ^{β∗}_χ μ^α_χ + 2μ^{β∗}_χc μ^α_χc + 1 2 ( Y^{βμν} )_∗ Y^{αμν} + 8 Tr ( μ^{β†}_Φ μ^α_Φ ) ] + μ^β_χ [ 4μ^{β∗}_χ A^α_χ + 4μ^{β∗}_χc A^α_χc + ( Y^{βμν} )_∗ A^{αμν}_S + 16 Tr ( μ^{β†}_Φ A^α_Φ ) ] (22)

16π^2 d dt A^α_χc = A^α_χc [ 2λ^∗_aλ_a + 2λ̄^∗_aλ̄_a + 2μ^{β∗}_χc μ^β_χc − 3 2 g^2_1 − 3g^2_R ]

+ μ^α_χc [ 4λ^∗_aA_{λa} + 4λ̄^∗_aA¯_{λa} + 4μ^{β∗}_χc A^β_χc + 3M_1g^2_1 + 6M_Rg^2_R ] + A^β_χc [ 2μ^{β∗}_χ μ^α_χ + 2μ^{β∗}_χc μ^α_χc + 1 2 ( Y^{βμν} )_∗ Y^{αμν} + 8 Tr ( μ^{β†}_Φ μ^α_Φ ) ] + μ^β_χc [ 4μ^{β∗}_χ A^α_χ + 4μ^{β∗}_χc A^α_χc + ( Y^{βμν} )_∗ A^{αμν}_S + 16 Tr ( μ^{β†}_Φ A^α_Φ ) ] (23)

16π^2 d dt A^{αβγ}_S = A^{αβρ}_S [ 2μ^{ρ∗}_χ μ^γ_χ + 2μ^{ρ∗}_χc μ^γ_χc + 1 2 (Y^{ρμν} )^∗Y^{γμν} + 8 Tr ( μ^{ρ†}_Φ μ^γ_Φ ) ] + Y^{αβρ} [ 4μ^{ρ∗}_χ A^γ_χ + 4μ^{ρ∗}_χc A^γ_χc + (Y^{ρμν} )^∗A^{γμν}_S + 16 Tr ( μ^{ρ†}_Φ A^γ_Φ ) ] + A^{γβρ}_S [ 2μ^{ρ∗}_χ μ^α_χ + 2μ^{ρ∗}_χc μ^α_χc + 1 2 (Y^{ρμν} )^∗Y^{αμν} + 8 Tr ( μ^{ρ†}_Φ μ^α_Φ ) ] + Y^{γβρ} [ 4μ^{ρ∗}_χ A^α_χ + 4μ^{ρ∗}_χc A^α_χc + (Y^{ρμν} )^∗A^{αμν}_S + 16 Tr ( μ^{ρ†}_Φ A^α_Φ ) ] + A^{γαρ}_S [ 2μ^{ρ∗}_χ μ^β_χ + 2μ^{ρ∗}_χc μ^β_χc + 1 2 (Y^{ρμν} )^∗Y^{βμν} + 8 Tr ( μ^{ρ†}_Φ μ^β_Φ ) ] + Y^{γαρ} [ 4μ^{ρ∗}_χ A^β_χ + 4μ^{ρ∗}_χc A^β_χc + (Y^{ρμν} )^∗A^{βμν}_S + 16 Tr ( μ^{ρ†}_Φ A^β_Φ ) ] (24)

16π^2 d dt A^α_{Φab} = A^α_{Φac} [ Tr ( 3h^†_c h_b + h^{′†}_c h^′_b ) + λ^∗_c λ_b + λ̄^∗_cλ̄_b + 4 ( μ^{β†}_Φ μ^β_Φ ) cb ] + μ^α_{Φac} [ Tr ( 6h^†_cA_{Qb} + 2h^{′†}_c A_{Lb} ) + 2λ^∗_c A_{λb} + 2λ̄^∗_c A¯_{λb} + 8 ( μ^{β†}_Φ A^β_Φ ) cb ] + [ Tr ( 3h_ah^†_c + h^′_ah^{′†}_c ) + λ_aλ^∗_c + λ̄_aλ̄^∗_c + 4 ( μ^β_Φμ^{β†}_Φ ) ac ] A^α_{Φcb} + [ Tr ( 6A_{Qa}h^†_c + 2A_{La}h^{′†}_c ) + 2A_{λa}λ^∗_c + 2A¯_{λa}λ̄^∗_c + 8 ( A^β_Φμ^{β†}_Φ ) ac ] μ^α_{Φcb} + A^β_{Φab} [ 2μ^{β∗}_χ μ^α_χ + 2μ^{β∗}_χc μ^α_χc + 1 2 ( Y^{βμν} )_∗ Y^{αμν} + 8 Tr ( μ^{β†}_Φ μ^α_Φ ) ] + μ^β_{Φab} [ 4μ^{β∗}_χ A^α_χ + 4μ^{β∗}_χc A^α_χc + ( Y^{βμν} )_∗ A^{αμν}_S + 16 Tr ( μ^{β†}_Φ A^α_Φ ) ] − A^α_{Φab} ( +3g^2_L + 3g^2_R ) + μ^α_{Φab} ( 6M_Lg^2_L + 6M_Rg^2_R ) (25)

2.3.7 Soft Breaking Bilinear B’s

16π^2 d dt B_χ = B_χ [ 2λ^∗_aλ_a + 2λ̄^∗_aλ̄_a + 2μ^{α∗}_χ μ^α_χ − 3 2 g^2_1 − 3g^2_L ]

+ M_χ [ 4λ^∗_aA_{λa} + 4λ̄^∗_aA¯_{λa} + 4μ^{α∗}_χ A^α_χ + 3M_1g^2_1 + 6M_Lg^2_L ] + μ^α_χ [ 4μ^{α∗}_χ B_χ + 4μ^{α∗}_χc B_χc + (Y^{αμν} )^∗B^{μν}_S + 16 Tr ( μ^{α†}_Φ B_Φ ) ] (26)

16π^2 d dt B_χc = B_χc [ 2λ^∗_aλ_a + 2λ̄^∗_aλ̄_a + 2μ^{α∗}_χc μ^α_χc − 3 2 g^2_1 − 3g^2_R ]

+ M_χc [ 4λ^∗_aA_{λa} + 4λ̄^∗_aA¯_{λa} + 4μ^{α∗}_χc A^α_χc + 3M_1g^2_1 + 6M_Rg^2_R ] + μ^α_χc [ 4μ^{α∗}_χ B_χ + 4μ^{α∗}_χc B_χc + (Y^{αμν} )^∗B^{μν}_S + 16 Tr ( μ^{α†}_Φ B_Φ ) ] (27)

16π^2 d dt B_{Φab} = B_{Φac} [ Tr ( 3h^†_ch_b + h^{′†}_c h^′_b ) + λ^∗_c λ_b + λ̄^∗_cλ̄_b + 4 ( μ^{α†}_Φ μ^α_Φ ) cb ] + M_{Φac} [ Tr ( 6h^†_cA_{Qb} + 2h^{′†}_c A_{Lb} ) + 2λ^∗_c A_{λb} + 2λ̄^∗_c A¯_{λb} + 8 ( μ^{β†}_Φ A^β_Φ ) cb ] + μ^α_{Φab} [ 4μ^{α∗}_χ B_χ + 4μ^{α∗}_χc B_χc + (Y^{αμν} )^∗B^{μν}_S + 16 Tr ( μ^{α†}_Φ B_Φ ) ] + [ Tr ( 3h_ah^†_c + h^′_ah^{′†}_c ) + λ_aλ^∗_c + λ̄_aλ̄^∗_c + 4 ( μ^α_Φμ^{α†}_Φ ) ac ] B_{Φcb} + [ Tr ( 6A_{Qa}h^†_c + 2A_{La}h^{′†}_c ) + 2A_{λa}λ^∗_c + 2A¯_{λa}λ̄^∗_c + 8 ( A^α_Φμ^{α†}_Φ ) ac ] M_{Φcb} − B_{Φab} ( 3g^2_L + 3g^2_R ) + M_{Φab} ( 6M_Lg^2_L + 6M_Rg^2_R ) (28)

16π^2 d dt B^{αβ}_S = B^{αρ}_S [ 2μ^{ρ∗}_χ μ^β_χ + 2μ^{ρ∗}_χc μ^β_χc + 1 2 (Y^{ρμν} )^∗Y^{βμν} + 8 Tr ( μ^{ρ†}_Φ μ^β_Φ ) ] + M^{αρ}_S [ 4μ^{ρ∗}_χ A^β_χ + 4μ^{ρ∗}_χc A^β_χc + (Y^{ρμν} )^∗A^{βμν}_S + 16 Tr ( μ^{ρ†}_Φ A^β_Φ ) ] + Y^{αβρ} [ 4μ^{ρ∗}_χ B_χ + 4μ^{ρ∗}_χc B_χc + (Y^{ρμν} )^∗B^{μν}_S + 16 Tr ( μ^{ρ†}_Φ B_Φ ) ] + [ 2μ^α_χμ^{ρ∗}_χ + 2μ^α_χc μ^{ρ∗}_χc + 1 2 Y^{αμν} (Y^{ρμν} )^∗ + 8 Tr ( μ^α_Φμ^{ρ†}_Φ ) ] B^{ρβ}_S + [ 4A^α_χμ^{ρ∗}_χ + 4A^α_χc μ^{ρ∗}_χc + A^{αμν}_S (Y^{ρμν} )^∗ + 16 Tr ( A^α_Φμ^{ρ†}_Φ ) ] M^{ρβ}_S (29)

2.3.8 Soft Breaking Masses

For convience, we define the quantity:

S_2 ≡ 4 [ Tr ( m^2_Q − m^2_Qc − m^2_L + m^2_Lc ) + m^2_χ − m^2_χc + m^2_{χ̄}c − m^2_{χ̄} ] (30)

Which is used in the soft breaking mass equations below.

16π^2 d dt m^2_Q = 2m^2_Qh_ah^†_a + h_a ( 2h^†_am^2_Q + 4m^2_Qc h^†_a + 4m^2_{Φab}h^†_b ) + 4A_{Qa}A^†_{Qa} − 1 3 M_1M^†_1 g^2_1 − 6M_LM^†_Lg^2_L − 32 3 M_3M^†_3 g^2_3 + 1 8 g^2_1 S_2 (31)

16π^2 d dt m^2_Qc = 2m^2_Qc h^†_ah_a + h^†_a ( 2h_am^2_Qc + 4m^2_Qh_a + 4h_bm^2_{Φba} ) + 4A^†_{Qa}A_{Qa} − 1 3 M_1M^†_1 g^2_1 − 6M_RM^†_Rg^2_R − 32 3 M_3M^†_3 g^2_3 − 1 8 g^2_1 S_2 (32)

16π^2 d dt m^2_L = 2m^2_Lh^′_ah^{′†}_a + h^′_a ( 2h^{′†}_a m^2_L + 4m^2_Lc h^{′†}_a + 4m^2_{Φab}h^{′†}_b ) + 4A_{La}A^†_{La} − 3M_1M^†_1 g^2_1 − 6M_LM^†_Lg^2_L − 3 8 g^2_1 S_2 (33)

16π^2 d dt m^2_Lc = 2m^2_Lc h^{′†}_a h^′_a + h^{′†}_a ( 2h^′_am^2_Lc + 4m^2_Lh^′_a + 4h^′_bm^2_{Φba} ) + 4A^†_{La}A_{La} − 3M_1M^†_1 g^2_1 − 6M_RM^†_Rg^2_R + 3 8 g^2_1 S_2 (34)

16π^2 d dt m^2_χ = λ_a [ 4m^2_χλ^∗_a + 4m^2_χc λ^∗_a + 4m^2_{Φab}λ^∗_b ] + μ^α_χ [ 2m^2_χμ^{α∗}_χ + 2m^2_{χ̄}μ^{α∗}_χ + 2 ( m^2_S )_{αβ} μ^{β∗}_χ ]

+ 4A^∗_{λa}A_{λa} + 2A^{α∗}_χ A^α_χ − 3M_1M^†_1 g^2_1 − 6M_LM^†_Lg^2_L + 3 8 g^2_1S_2 (35)

16π^2 d dt m^2_{χ̄} = λ̄_a [ 4m^2_{χ̄}λ̄^∗_a + 4m^2_{χ̄}cλ̄^∗_a + 4m^2_{Φab}λ̄^∗_b ] + μ^α_χ [ 2m^2_{χ̄}μ^{α∗}_χ + 2m^2_χμ^{α∗}_χ + 2 ( m^2_S )_{αβ} μ^{β∗}_χ ]

+ 4A^∗¯_{λa}A¯_{λa} + 2A^{α∗}_χ A^α_χ − 3M_1M^†_1 g^2_1 − 6M_LM^†_Lg^2_L − 3 8 g^2_1 S_2 (36)

16π^2 d dt m^2_χc = λ^∗_a [ 4m^2_χc λ_a + 4m^2_χλ_a + 4m^2_{Φba}λ_b ] + μ^{α∗}_χc [ 2m^2_χc μ^α_χc + 2m^2_{χ̄}c μ^α_χc + 2μ^β_χc ( m^2_S )_{βα} ]

+ 4A^∗_{λa}A_{λa} + 2A^{α∗}_χc A^α_χc − 3M_1M^†_1 g^2_1 − 6M_RM^†_Rg^2_R − 3 8 g^2_1 S_2 (37)

16π^2 d dt m^2_{χ̄}c = λ̄^∗_a [ 4m^2_{χ̄}cλ̄_a + 4m^2_{χ̄}λ̄_a + 4m^2_{Φba}λ̄_b ] + μ^{α∗}_χc [ 2m^2_{χ̄}c μ^α_χc + 2m^2_χc μ^α_χc + 2μ^β_χc ( m^2_S )_{βα} ]

+ 4A^∗¯_{λa}A¯_{λa} + 2A^{α∗}_χc A^α_χc − 3M_1M^†_1 g^2_1 − 6M_RM^†_Rg^2_R + 3 8 g^2_1 S_2 (38)

16π^2 d dt ( m^2_S )_{αβ} = ( m^2_S )_{αρ} [ 2μ^{ρ∗}_χc μ^β_χc + 2μ^{ρ∗}_χ μ^β_χ + 1 2 (Y^{ρμν} )^∗Y^{βμν} + 8 Tr ( μ^{ρρ}_Φ μ^β_Φ ) ]

+ [ 2μ^{α∗}_χc μ^ρ_χc + 2μ^{α∗}_χ μ^ρ_χ + 1 2 (Y^{αμν} )^∗Y^{ρμν} + 8 Tr ( μ^{α†}_Φ μ^ρ_Φ ) ] ( m^2_S )_{ρβ} + 4μ^{α∗}_χ μ^β_χ ( m^2_{χ̄} + m^2_χ ) + 4μ^{α∗}_χc μ^β_χc ( m^2_{χ̄}c + m^2_χc ) + 2(Y^{αρμ})^∗Y^{βρν} ( m^2_S )_{νμ} + 32 Tr ( μ^β_Φm^2_Φμ^{α†}_Φ ) + 4A^{α∗}_χ A^β_χ + 4A^{α∗}_χc A^β_χc + (A^{αμν}_S )^∗A^{βμν}_S + 16 Tr ( A^{α†}_Φ A^β_Φ ) (39)

16π^2 d dt m^2_{Φab} = m^2_{Φac} [ Tr ( 3h^†_ch_b + h^{′†}_c h^′_b ) + λ^∗_c λ_b + λ̄^∗_cλ̄_b + 4 ( μ^{α†}_Φ μ^α_Φ ) cb ] + [ Tr ( 3h^†_ah_c + h^{′†}_a h^′_c ) + λ^∗_aλ_c + λ̄^∗_aλ̄_c + 4 ( μ^{α†}_Φ μ^α_Φ ) ac ] m^2_{Φcb} + Tr [ 6h^†_ah_bm^2_Qc + 6h^†_am^2_Qh_b + 2h^{′†}_a h^′_bm^2_Lc + 2h^{′†}_a m^2_Lh^′_b + 6A^†_{Qa}A_{Qb} + 2A^†_{La}A_{Lb} ] + [ 8μ^{α†}_Φ ( m^2_Φ )_∗ μ^α_Φ + 8μ^{α†}_Φ μ^β_Φ ( m^2_S )_{βα} + 8A^{α†}_Φ A^α_Φ − 6M_LM^†_Lg^2_L − 6M_RM^†_Rg^2_R ] ab + 2λ^∗_aλ_b ( m^2_χc + m^2_χ ) + 2λ̄^∗_aλ̄_b ( m^2_{χ̄}c + m^2_{χ̄} ) + 2A^∗_{λa}A_{λb} + 2A^∗¯_{λa}A¯_{λb} (40)

3 Concerning Triplets

3.1 Particle Content & Quantum Numbers

Table 2 shows the various particles of the triplet version of the SUSYLR model and their representations – except for the U(1)_{B−L} group where the B − L number is given (The B − L number used in the RGEs follows the GUT normalization scheme; the values in the table do not. To get the GUT-normalized value, multiply the number in the table by √ 3/8).

SU(3)^c × SU(2)_L × SU(2)_R × U(1)_{B−L} Q 3 2 1 +^1_3 Q^c 3 1 2 −^1_3 L 1 2 1 −1 L^c 1 1 2 +1 Φ_a 1 2 2 0 Δ 1 3 1 +2 Δ^c 1 1 3 −2 Δ̄ 1 3 1 −2 Δ̄^c 1 1 3 +2 S^α 1 1 1 0

Table 2: This table shows the representations for the non-abelian gauge groups and the B − L number for U(1). The B − L number as presented needs to be normalized; when using the GUT normalization (as this paper does), this means multiplying it by √ 3/8

The Q and the L are the standard quarks and leptons of the MSSM while the Q^c and L^c contain the corresponding right-handed conjugate fields. In order to keep this model general, we allow for an arbitrary number of singlet fields and bidoublet fields. These values are n_S and n_Φ, respectively. Thus, for S^α, we have α = 1, 2, . . . , n_S ; for Φ_a, we have a = 1, 2, . . . , n_Φ. (for further comments on n_Φ see section 2.1).

For the following work the particles have been chosen to have the form shown below, where the Q and the Q^c fields serve as templates to construct the other SU(2) doublets (note that the color and generations have been supressed here). The charge is determined by the equation Q = I_{3L} + I_{3R} +^{B−L}_2 and the standard I_3 ordering is used (row one has the highest I_3 value, row two the next highest, etc). Q = ( u d ) Q^c = ( d^c −u^c )

Δ = δ^+√

2 δ^{++} δ^0 −^{δ+√}_2

Δ^c = −^{δc−√}_2 −δ^{c0} −δ^{c−− δc−√}_2

Δ̄ = δ̄− √ 2 δ̄0 δ̄−− −^{δ̄−}_{√2} Δ̄c = −^{δ̄c+√}_2 −δ̄^{c++} −δ̄^{c0 δ̄c+√}_2 Φ_a = ( ϕ^0_{d a} ϕ^+_{ua} ϕ^−_{d a} ϕ^0_{u a} )

These fields transform under SU(2) as Q → U_LQ Q^c → U_RQ^c L → U_LL L^c → U_RL^c Δ → U_LΔU^†_L Δ^c → U_RΔ^cU^†_R Δ̄ → U_LΔ̄U^†_L Δ̄c → U_RΔ̄cU^†_R Φ_a → U_LΦ_aU^†_R S^α → S^α and under Parity as Q → −iτ_2Q^{c ∗} Q^c → iτ_2Q^∗ L → −iτ_2L^{c ∗} L^c → iτ_2L^∗ Δ → τ_2Δ^{c ∗}τ_2 Δ^c → τ_2Δ^∗τ_2 Δ̄ → τ_2Δ̄c ∗τ_2 Δ̄c → τ_2Δ̄∗τ_2 Φ_a → Φ^†_a S^α → S^{α ∗}

3.2 Superpotential and Soft Breaking Lagrangian

With the transformations and representations given above, the most general superpotential and soft breaking terms are

W = ih_aQ^T τ_2Φ_aQ^c + ih^′_aL^T τ_2Φ_aL^c + ifL^T τ_2ΔL + if_cL^{cT} τ_2Δ^cL^c + M_Δ Tr ( ΔΔ̄ ) + M_Δc Tr ( Δ^cΔ̄^c ) + M_{Φab} Tr ( Φ^T_a τ_2Φ_bτ_2 ) + μ^α_ΔS^α Tr ( ΔΔ̄ ) + μ^α_Δc S^α Tr ( Δ^cΔ̄^c ) + μ^α_{Φab}S^α Tr ( Φ^T_a τ_2Φ_bτ_2 ) + 1 6 Y^{αβγ}S^αS^βS^γ + 1 2 M^{αβ}_S S^αS^β + L^αS^α (41)

−L_{SB} = 1 2 ( M_3g̃g̃ + M_LW̃_LW̃_L + M_RW̃_RW̃_R + M_1B̃B̃ + h.c. )

+ [ iA_{Qa}Q̃^T τ_2Φ_aQ̃^c + iA_{La}L̃^T τ_2Φ_aL̃^c + iA_fL̃^T τ_2ΔL̃

+ iA_f cL̃^{cT} τ_2Δ^cL̃^c + A^α_ΔS^α Tr ( ΔΔ̄ ) + A^α_Δc S^α Tr ( Δ^cΔ̄^c ) + A^α_{Φab}S^α Tr ( Φ^T_a τ_2Φ_bτ_2 ) + 1 6 A^{αβγ}_S S^αS^βS^γ + h.c. ]

+ [ B_Δ Tr ( ΔΔ̄ ) + B_Δc Tr ( Δ^cΔ̄^c ) + B_{Φab} Tr ( Φ^T_a τ_2Φ_bτ_2 ) + 1 2 B^{αβ}_S S^αS^β + h.c. ]

+ [ m^2_QQ̃^T Q̃^∗ + m^2_QcQ̃^{c†}Q̃^c + m^2_LL̃^T L̃^∗ + m^2_LcL̃^{c†}L̃^c

+ m^2_Δ Tr ( Δ^†Δ ) + m^2¯_Δ Tr ( Δ̄^†Δ̄ ) + m^2_Δc Tr ( Δ^{c †}Δ^c ) + m^2¯_Δc Tr ( Δ̄^{c †}Δ̄^c ) + m^2_{Φab} Tr ( Φ^†_aΦ_b ) + ( m^2_S )_{αβ} (S^α)^∗S^β ] (42)

where the generational and color indices have been supressed and the transposes and τ_2’s belong to SU(2). Thus the first term in W is actually

i (h_a)^j_k ( u_{jA} d_{jA} ) τ_2Φ_a ( d^{c k}_A −u^{c k}_A )

with the lowercase latin indicies specifying the generation and the uppercase latin indices specifying color.

By demanding parity invariance from this theory, we also find the following relations among the parameters [18, 19, 21]: soft breaking mass terms for an SU(2)_L doublet are equal to those of the corresponding SU(2)_R doublet and

h_a = h^†_a h^′_a = h^{′†}_a f = f^∗_c μ^α_Δ = μ^{α∗}_Δc μ_{Φab} = μ^∗_{Φab} M_Δ = M^∗_Δc M_{Φab} = M^∗_{Φab} M^{αβ}_S = M^{αβ∗}_S L^α = L^{α∗} M_1 = M^∗_1 M_L = M^∗_R M_3 = M^∗_3 g_L = g_R B_Δ = B^∗_Δc B_{Φab} = B^∗_{Φab} B^{αβ}_S = B^{αβ∗}_S

Where g_L and g_R are the SU(2)_L and SU(2)_R coupling constants, respectively.

3.3 RGEs

The renormalization group equations to one-loop order for all the parameters of the above theory are presented below and are categorized by the type of coupling

3.3.1 Gauge Couplings 16π^2 d dt g_1 = 24g^3_1 16π^2 d dt g_L = (4 + n_Φ) g^3_L

16π^2 d dt g_R = (4 + n_Φ) g^3_R 16π^2 d dt g_3 = −3g^3

(43)

3.3.2 Yukawa Couplings

16π^2 d dt h_a = h_a [ 2h^†_b h_b − 1 6 g^2_1 − 3g^2_R − 3g^3_L − 16 3 g^2_3 ]

+ h_b [ Tr ( 3h^†_bh_a + h^{′†}_b h^′_a ) + 2h^†_bh_a + 4 ( μ^{α †}_Φ μ^α_Φ ) ba ] (44)

16π^2 d dt h^′_a = h^′_a [ 6f^†_c f_c + 2h^{′†}_b h^′_b − 3 2 g^2_1 − 3g^2_R − 3g^2_L ] + 6ff^†h^′_a + h^′_b [ 2h^{′†}_b h^′_a + Tr ( 3h^†_bh_a + h^{′†}_b h^′_a ) + 4 ( μ^{α †}_Φ μ^α_Φ ) ba ] (45)

16π^2 d dt f = f [ 6f^†f + 2h^{′ ∗}_a h^{′ T}_a + 2 Tr ( f^†f ) + μ^{α ∗}_Δ μ^α_Δ − 9 2 g^2_1 − 7g^2_L ]

+ [ 6ff^† + 2h^′_ah^{′†}_a ] f (46)

16π^2 d dt f_c = f_c [ 6f^†_c f_c + 2h^{′†}_a h^′_a + 2 Tr ( f^†_c f_c ) + μ^{α ∗}_Δc μ^α_Δc − 9 2 g^2_1 − 7g^2_R ]

+ [ 6f_cf^†_c + 2h^{′ T}_a h^{′ ∗}_a ] f_c (47)

16π^2 d dt μ^α_Δ = μ^α_Δ [ 2 Tr ( f^†f ) + 2μ^{β ∗}_Δ μ^β_Δ − 6g^2_1 − 8g^2_L ]

+ μ^β_Δ [ 3μ^{β ∗}_Δ μ^α_Δ + 3μ^{β ∗}_Δc μ^α_Δc + 8 Tr ( μ^{β †}_Φ μ^α_Φ ) + 1 2 ( Y^{βμν} )_∗ Y^{αμν} ] (48)

16π^2 d dt μ^α_Δc = μ^α_Δc [ 2 Tr ( f^†_c f_c ) + 2μ^{β ∗}_Δc μ^β_Δc − 6g^2_1 − 8g^2_R ]

+ μ^β_Δc [ 3μ^{β ∗}_Δ μ^α_Δ + 3μ^{β ∗}_Δc μ^α_Δc + 8 Tr ( μ^{β †}_Φ μ^α_Φ ) + 1 2 ( Y^{βμν} )_∗ Y^{αμν} ] (49)

16π^2 d dt μ^α_{Φab} = μ^α_{Φac} [ Tr ( 3h^†_ch_b + h^{′ †}_c h^′_b ) + 4 ( μ^{β †}_Φ μ^β_Φ ) cb ] + [ Tr ( 3h_ah^†_c + h^′_ah^{′ †}_c ) + 4 ( μ^β_Φμ^{β †}_Φ ) ac ] μ^α_{Φcb} + μ^β_{Φab} [ 3μ^{β ∗}_Δ μ^α_Δ + 3μ^{β ∗}_Δc μ^α_Δc + 8 Tr ( μ^{β †}_Φ μ^α_Φ ) + 1 2 ( Y^{βμν} )_∗ Y^{αμν} ]

+ μ^α_{Φab} [ −3g^2_L − 3g^2_R ] (50)

16π^2 d dt Y^{αβγ} = Y^{αβρ} [ 3μ^{ρ ∗}_Δ μ^γ_Δ + 3μ^{ρ ∗}_Δc μ^γ_Δc + 8 Tr ( μ^{ρ †}_Φ μ^γ_Φ ) + 1 2 (Y^{ρμν} )^∗Y^{γμν} ]

+ Y^{γβρ} [ 3μ^{ρ ∗}_Δ μ^α_Δ + 3μ^{ρ ∗}_Δc μ^α_Δc + 8 Tr ( μ^{ρ †}_Φ μ^α_Φ ) + 1 2 (Y^{ρμν} )^∗Y^{αμν} ]

+ Y^{αγρ} [ 3μ^{ρ ∗}_Δ μ^β_Δ + 3μ^{ρ ∗}_Δc μ^β_Δc + 8 Tr ( μ^{ρ †}_Φ μ^β_Φ ) + 1 2 (Y^{ρμν} )^∗Y^{βμν} ] (51)

3.3.3 Mass Terms 16π^2 d dt M_Δ = M_Δ [ 2 Tr ( f^†f ) + 2μ^{α ∗}_Δ μ^α_Δ − 6g^2_1 − 8g^2_L ] (52)

16π^2 d dt M_Δc = M_Δc [ 2 Tr ( f^†_c f_c ) + 2μ^{α ∗}_Δc μ^α_Δc − 6g^2_1 − 8g^2_R ] (53)

16π^2 d dt M_{Φab} = M_{Φac} [ Tr ( 3h^†_ch_b + h^{′ †}_c h^′_b ) + 4 ( μ^{β †}_Φ μ^β_Φ ) cb ] + M_{Φab} ( −6g^2_L − 6g^2_R ) + [ Tr ( 3h_ah^†_c + h^′_ah^{′ †}_c ) + 4 ( μ^β_Φμ^{β †}_Φ ) ac ] M_{Φcb} (54)

16π^2 d dt M^{αβ}_S = M^{αρ}_S [ 3μ^{ρ ∗}_Δ μ^β_Δ + 3μ^{ρ ∗}_Δc μ^β_Δc + 8 Tr ( μ^{ρ †}_Φ μ^β_Φ ) + 1 2 (Y^{ρμν} )^∗Y^{βμν} ]

+ M^{βρ}_S [ 3μ^{ρ ∗}_Δ μ^α_Δ + 3μ^{ρ ∗}_Δc μ^α_Δc + 8 Tr ( μ^{ρ †}_Φ μ^α_Φ ) + 1 2 (Y^{ρμν} )^∗Y^{αμν} ] (55)

3.3.4 Linear Term 16π^2 d dt L^α = L^ρ [ 3μ^{ρ ∗}_Δ μ^α_Δ + 3μ^{ρ ∗}_Δc μ^α_Δc + 8 Tr ( μ^{ρ †}_Φ μ^α_Φ ) + 1 2 (Y^{ρμν} )^∗Y^{αμν} ] (56)

3.3.5 Gaugino Masses 16π^2 d dt M_1 = 48M_1g^2_1 16π^2 d dt g_L = (8 + 2n_Φ) M_Lg^2_L

16π^2 d dt g_R = (8 + 2n_Φ) M_Rg^2_R 16π^2 d dt g_3 = −6M_3g^2_3

(57)

3.3.6 Soft Breaking Trilinear A’s

16π^2 d dt A_{Qa} = A_{Qa} [ 2h^†_b h_b − 1 6 g^2_1 − 3g^2_L − 3g^2_R − 16 3 g^2_3 ] + 2h_bh^†_bA_{Qa} + h_a [ 4h^†_bA_{Qb} + 1 3 g^2_1 M_1 + 6g^2_LM_L + 6g^2_RM_R + 32 3 g^2_3M_3 ] + 4A_{Qb}h^†_bh_a + [ Tr ( 3h_ah^†_b + h^′_ah^{′†}_b ) + 4 ( μ^α_Φμ^{α †}_Φ ) ab ] A_{Qb} + [ Tr ( 6A_{Qa}h^†_b + 2A_{La}h^{′†}_b ) + 8 ( A^α_Φμ^{α †}_Φ ) ab ] h_b (58)

16π^2 d dt A_{La} = A_{La} [ 6f^†_c f_c + 2h^{′†}_b h^′_b − 3 2 g^2_1 − 3g^2_L − 3g^2_R ]

+ h^′_a [ 12f^†_c A_{fc} + 4h^{′†}_b A_{Lb} + 3g^2_1 M_1 + 6g^2_LM_L + 6g^2_RM_R ] + [ 6ff^† + 2h^′_bh^{′†}_b ] A_{La} + [ 12A_f f^† + 4A_{Lb}h^{′†}_b ] h^′_a + A_{Lb} [ Tr ( 3h^†_bh_a + h^{′†}_b h^′_a ) + 4 ( μ^{α †}_Φ μ^α_Φ ) ba ] + h^′_b [ Tr ( 6h^†_bA_{Qa} + 2h^{′†}_b A_{La} ) + 8 ( μ^{α †}_Φ A^α_Φ ) ba ] (59)

16π^2 d dt A_f = A_f [ 6f^†f + 2h^{′ ∗}_a h^{′ T}_a + 2 Tr ( f^†f ) + μ^{α ∗}_Δ μ^α_Δ − 9 2 g^2_1 − 7g^2_L ]

+ f [ 12f^∗A_f + 4h^{′ ∗}_a A^T_{La} + 4 Tr ( f^†A_f ) + 2μ^{α ∗}_Δ A^α_Δ + 9g^2_1 M_1 + 14g^2_LM_L ] + [ 6ff^† + 2h^′_ah^{′†}_a ] A_f + [ 12A_f f^† + 4A_{La}h^{′†}_a ] f (60)

16π^2 d dt A_f c = A_f c [ 6f^†_c f_c + 2h^{′†}_a h^′_a + 2 Tr ( f^†_c f_c ) + μ^{α ∗}_Δc μ^α_Δc − 9 2 g^2_1 − 7g^2_R ]

+ f_c [ 12f^†_c A_f c + 4h^{′†}_a A_{La} + 4 Tr ( f^†_c A_f c ) + 2μ^{α ∗}_Δc A^α_Δc + 9g^2_1 M_1 + 14g^2_RM_R ] + [ 6f_cf^†_c + 2h^{′ T}_a h^{′ ∗}_a ] A_f c + [ 12A_f c f^†_c + 4A^T_{La}h^{′ ∗}_a ] f_c (61)

16π^2 d dt A^α_Δ = A^α_Δ [ 2 Tr ( f^†f ) + 2μ^{β ∗}_Δ μ^β_Δ − 6g^2_1 − 8g^2_L ] + μ^α_Δ [ 4 Tr ( f^†A_f ) + 4μ^{β ∗}_Δ A^β_Δ + 12g^2_1 M_1 + 16g^2_LM_L ] + A^β_Δ [ 3μ^{β ∗}_Δ μ^α_Δ + 3μ^{β ∗}_Δc μ^α_Δc + 8 Tr ( μ^{β †}_Φ μ^α_Φ ) + 1 2 ( Y^{βμν} )_∗ Y^{αμν} ]

+ μ^β_Δ [ 6μ^{β ∗}_Δ A^α_Δ + 6μ^{β ∗}_Δc A^α_Δc + 16 Tr ( μ^{β †}_Φ A^α_Φ ) + ( Y^{βμν} )_∗ A^{αμν}_S ] (62)

16π^2 d dt A^α_Δc = A^α_Δc [ 2 Tr ( f^†_c f_c ) + 2μ^{β ∗}_Δc μ^β_Δc − 6g^2_1 − 8g^2_R ] +μ^α_Δc [ 4 Tr ( f^†_c A_f c ) + 4μ^{β ∗}_Δc A^β_Δc + 12g^2_1 M_1 + 16g^2_RM_R ] +A^β_Δc [ 3μ^{β ∗}_Δ μ^α_Δ + 3μ^{β ∗}_Δc μ^α_Δc + 8 Tr ( μ^{β †}_Φ μ^α_Φ ) + 1 2 ( Y^{βμν} )_∗ Y^{αμν} ]

+μ^β_Δc [ 6μ^{β ∗}_Δ A^α_Δ + 6μ^{β ∗}_Δc A^α_Δc + 16 Tr ( μ^{β †}_Φ A^α_Φ ) + ( Y^{βμν} )_∗ A^{αμν}_S ] (63)

16π^2 d dt A^α_{Φab} = A^α_{Φac} [ Tr ( 3h^†_ch_b + h^{′ †}_c h^′_b ) + 4 ( μ^{β †}_Φ μ^β_Φ ) cb ] + μ^α_{Φac} [ Tr ( 6h^†_cA_{Qb} + 2h^{′ †}_c A_{Lb} ) + 8 ( μ^{β †}_Φ A^β_Φ ) cb ] + [ Tr ( 3h_ah^†_c + h^′_ah^{′ †}_c ) + 4 ( μ^β_Φμ^{β †}_Φ ) ac ] A^α_{Φcb} + [ Tr ( 6A_{Qa}h^†_c + 2A_{La}h^{′ †}_c ) + 8 ( A^β_Φμ^{β †}_Φ ) ac ] μ^α_{Φcb} + A^α_{Φab} [ −3g^2_L − 3g^2_R ] + μ^α_{Φab} [ 6g^2_LM_L + 6g^2_RM_R ] + A^β_{Φab} [ 3μ^{β ∗}_Δ μ^α_Δ + 3μ^{β ∗}_Δc μ^α_Δc + 8 Tr ( μ^{β †}_Φ μ^α_Φ ) + 1 2 ( Y^{βμν} )_∗ Y^{αμν} ]

+ μ^β_{Φab} [ 6μ^{β ∗}_Δ A^α_Δ + 6μ^{β ∗}_Δc A^α_Δc + 16 Tr ( μ^{β †}_Φ A^α_Φ ) + ( Y^{βμν} )_∗ A^{αμν}_S ] (64)

16π^2 d dt A^{αβγ}_S = A^{αβρ}_S [ 3μ^{ρ ∗}_Δ μ^γ_Δ + 3μ^{ρ ∗}_Δc μ^γ_Δc + 8 Tr ( μ^{ρ †}_Φ μ^γ_Φ ) + 1 2 (Y^{ρμν} )^∗Y^{γμν} ]

+ Y^{αβρ} [ 6μ^{ρ ∗}_Δ A^γ_Δ + 6μ^{ρ ∗}_Δc A^γ_Δc + 16 Tr ( μ^{ρ †}_Φ A^γ_Φ ) + (Y^{ρμν} )^∗A^{γμν}_S ]

+ A^{γβρ}_S [ 3μ^{ρ ∗}_Δ μ^α_Δ + 3μ^{ρ ∗}_Δc μ^α_Δc + 8 Tr ( μ^{ρ †}_Φ μ^α_Φ ) + 1 2 (Y^{ρμν} )^∗Y^{αμν} ]

+ Y^{γβρ} [ 6μ^{ρ ∗}_Δ A^α_Δ + 6μ^{ρ ∗}_Δc A^α_Δc + 16 Tr ( μ^{ρ †}_Φ A^α_Φ ) + (Y^{ρμν} )^∗A^{αμν}_S ]

+ A^{αγρ}_S [ 3μ^{ρ ∗}_Δ μ^β_Δ + 3μ^{ρ ∗}_Δc μ^β_Δc + 8 Tr ( μ^{ρ †}_Φ μ^β_Φ ) + 1 2 (Y^{ρμν} )^∗Y^{βμν} ]

+ Y^{αγρ} [ 6μ^{ρ ∗}_Δ A^β_Δ + 6μ^{ρ ∗}_Δc A^β_Δc + 16 Tr ( μ^{ρ †}_Φ A^β_Φ ) + (Y^{ρμν} )^∗A^{βμν}_S ] (65)

3.3.7 Soft Breaking Bilinear B’s

16π^2 d dt B_Δ = B_Δ [ 2 Tr ( f^†f ) + 2μ^{α ∗}_Δ μ^α_Δ − 6g^2_1 − 8g^2_L ] + M_Δ [ 4 Tr ( f^†A_f ) + 4μ^{α ∗}_Δ A^α_Δ + 12g^2_1 M_1 + 16g^2_L M_L ] + μ^α_Δ [ 6μ^{α ∗}_Δ B_Δ + 6μ^{α ∗}_Δc B_Δc + 16 Tr ( μ^{α †}_Φ B_Φ ) + (Y^{αμν} )^∗B^{μν}_S ] (66)

16π^2 d dt B_Δc = B_Δc [ 2 Tr ( f^†_c f_c ) + 2μ^{α ∗}_Δc μ^α_Δc − 6g^2_1 − 8g^2_R ] + M_Δc [ 4 Tr ( f^†_c A_f c ) + 4μ^{α ∗}_Δc A^α_Δc + 12g^2_1 M_1 + 16g^2_RM_R ] + μ^α_Δc [ 6μ^{α ∗}_Δ B_Δ + 6μ^{α ∗}_Δc B_Δc + 16 Tr ( μ^{α †}_Φ B_Φ ) + (Y^{αμν} )^∗B^{μν}_S ] (67)

16π^2 d dt B_{Φab} = B_{Φac} [ Tr ( 3h^†_c h_b + h^{′†}_c h^′_b ) + 4 ( μ^{α †}_Φ μ^α_Φ ) cb ] + M_{Φac} [ Tr ( 6h^†_cA_{Qb} + 2h^{′†}_c A_{Lb} ) + 8 ( μ^{α †}_Φ A^α_Φ ) cb ] + [ Tr ( 3h_ah^†_c + h^′_ah^{′†}_c ) + 4 ( μ^α_Φμ^{α †}_Φ ) ac ] B_{Φcb} + [ Tr ( 6A_{Qa}h^†_c + 2A_{La}h^{′†}_c ) + 8 ( A^α_Φμ^{α †}_Φ ) ac ] M_{Φcb} + μ^ρ_{Φab} [ 6μ^{ρ ∗}_Δ B_Δ + 6μ^{ρ ∗}_Δc B_Δc + 16 Tr ( μ^{ρ †}_Φ B_Φ ) + (Y^{ρμν} )^∗B^{μν}_S ] + B_{Φab} [ −3g^2_L − 3g^2_R ] + M_{Φab} [ 6g^2_LM_L + 6g^2_RM_R ] (68)

16π^2 d dt B^{αβ}_S = B^{αρ}_S [ 3μ^{ρ ∗}_Δ μ^β_Δ + 3μ^{ρ ∗}_Δc μ^β_Δc + 8 Tr ( μ^{ρ †}_Φ μ^β_Φ ) + 1 2 (Y^{ρμν} )^∗Y^{βμν} ]

+ M^{αρ}_S [ 6μ^{ρ ∗}_Δ A^β_Δ + 6μ^{ρ ∗}_Δc A^β_Δc + 16 Tr ( μ^{ρ †}_Φ A^β_Φ ) + (Y^{ρμν} )^∗A^{βμν}_S ]

+ B^{βρ}_S [ 3μ^{ρ ∗}_Δ μ^α_Δ + 3μ^{ρ ∗}_Δc μ^α_Δc + 8 Tr ( μ^{ρ †}_Φ μ^α_Φ ) + 1 2 (Y^{ρμν} )^∗Y^{αμν} ]

+ M^{βρ}_S [ 6μ^{ρ ∗}_Δ A^α_Δ + 6μ^{ρ ∗}_Δc A^α_Δc + 16 Tr ( μ^{ρ †}_Φ A^α_Φ ) + (Y^{ρμν} )^∗A^{αμν}_S ]

+ Y^{αβρ} [ 6μ^{ρ ∗}_Δ B_Δ + 6μ^{ρ ∗}_Δc B_Δc + 16 Tr ( μ^{ρ †}_Φ B_Φ ) + (Y^{ρμν} )^∗B^{μν}_S ] (69)

3.3.8 Soft Breaking Masses

Since each of the RGEs for the soft breaking masses have the following term in common, it is convenient to define

S_3 ≡ 4 Tr ( m^2_Q − m^2_Qc − m^2_L + m^2_Lc ) + 12 ( m^2_Δ − m^2¯_Δ − m^2_Δc + m^2¯_Δc )

16π^2 d dt m^2_Q = 2m^2_Qh_ah^†_a + h_a [ 2h^†_am^2_Q + 4h^†_bm^2_{Φab} + 4m^2_Qc h^†_a ]

+ 4A_{Qa}A^†_{Qa} − 1 3 M_1M^†_1 g^2_1 − 6M_LM^†_Lg^2_L − 32 3 M_3M^†_3 g^2_3 + 1 8 g^2_1 S_3 (70)

16π^2 d dt m^2_Qc = 2m^2_Qc h^†_ah_a + h^†_a [ 2h_am^2_Qc + 4h_bm^2_{Φba} + 4m^2_Qh_a ]

+ 4A^†_{Qa}A_{Qa} − 1 3 M_1M^†_1 g^2_1 − 6M_RM^†_Rg^2_R − 32 3 M_3M^†_3 g^2_3 − 1 8 g^2_1 S_3 (71)

16π^2 d dt m^2_L = 6m^2_Lff^† + f [ 6f^†m^2_L + 12 ( m^2_L )_T f^† + 12f^†m^2_Δ ]

+ 2m^2_Lh^′_ah^{′ †}_a + h^′_a [ 2h^{′ †}_a m^2_L + 4m^2_Lc h^{′ †}_a + 4h^{′ †}_b m^2_{Φab} ]

+ 12A_f A^†_f + 4A_{La}A^†_{La} − 3M_1M^†_1 g^2_1 − 6M_LM^†_Lg^2_L − 3 8 g^2_1 S_3 (72)

16π^2 d dt m^2_Lc = 6m^2_Lc f^†_c f_c + f^†_c [ 6f_cm^2_Lc + 12 ( m^2_Lc )_T f_c + 12f_cm^2_Δc ]

+ 2m^2_Lc h^{′ †}_a h^′_a + h^{′ †}_a [ 2h^′_am^2_Lc + 4m^2_Lh^′_a + 4h^′_bm^2_{Φba} ] + 12A^†_f c A_f c + 4A^†_{La}A_{La} − 3M_1M^†_1 g^2_1 − 6M_RM^†_Rg^2_R + 3 8 g^2_1 S_3 (73)

16π^2 d dt m^2_Δ = Tr [ 4f^†fm^2_Δ + 8f^†m^2_Lf ] + μ^{α ∗}_Δ [ 2μ^α_Δm^2_Δ + 2μ^α_Δm^2¯_Δ + 2μ^β_Δ ( m^2_S )_{βα} ]

+ 4 Tr ( A^†_f A_f ) + 2A^{α ∗}_Δ A^α_Δ − 12M_1M^†_1 g^2_1 − 16M_LM^†_Lg^2_L + 3 4 g^2_1S_3 (74)

16π^2 d dt m^2¯_Δ = μ^{α ∗}_Δ [ 2μ^α_Δm^2¯_Δ + 2μ^α_Δm^2_Δ + 2μ^β_Δ ( m^2_S )_{βα} ]

+ 2A^{α ∗}_Δ A^α_Δ − 12M_1M^†_1 g^2_1 − 16M_LM^†_Lg^2_L − 3 4 g^2_1 S_3 (75)

16π^2 d dt m^2_Δc = Tr [ 4f_cf^†_c m^2_Δc + 8f_cm^2_Lc f^†_c ] + μ^{α ∗}_Δc [ 2μ^α_Δc m^2_Δc + 2μ^α_Δc m^2_{Δ̄}c + 2μ^β_Δc ( m^2_S )_{βα} ]

+ 4 Tr ( A_f c A^†_f c ) + 2A^{α ∗}_Δc A^α_Δc − 12M_1M^†_1 g^2_1 − 16M_RM^†_Rg^2_R − 3 4 g^2_1 S_3 (76)

16π^2 d dt m^2¯_Δc = μ^{α ∗}_Δc [ 2μ^α_Δc m^2¯_Δc + 2μ^β_Δc ( m^2_S )_{βα} + 2μ^α_Δc m^2_Δc ]

+ 2A^{α ∗}_Δc A^α_Δc − 12M_1M^†_1 g^2_1 − 16M_RM^†_Rg^2_R + 3 4 g^2_1S_3 (77)

16π^2 d dt m^2_{Φab} = m^2_{Φac} [ Tr ( 3h^†_ch_b + h^{′†}_c h^′_b ) + 4 ( μ^{β †}_Φ μ^β_Φ ) cb ] + [ Tr ( 3h^†_ah_c + h^{′†}_a h^′_c ) + 4 ( μ^{β †}_Φ μ^β_Φ ) ac ] m^2_{Φcb} + Tr [ 6h^†_ah_bm^2_Qc + 6h^†_am^2_Qh_b + 2h^{′ †}_a h^′_bm^2_Lc + 2h^{′ †}_a m^2_Lh^′_b + 6A^†_{Qa}A_{Qb} + 2A^†_{La}A_{Lb} ] + 8 [ μ^α_Φm^2_Φμ^{α †}_Φ ] ba + 8 [ μ^{α †}_Φ μ^β_Φ ] ab ( m^2_S )_{βα} + 8 [ A^{β †}_Φ A^β_Φ ] ab −δ_{ab} [ 6g^2_LM_LM^†_L + 6g^2_RM_RM^†_R ] (78)

16π^2 d dt ( m^2_S )_{αβ} = ( m^2_S )_{αρ} [ 3μ^{ρ ∗}_Δ μ^β_Δ + 3μ^{ρ ∗}_Δc μ^β_Δc + 8 Tr ( μ^{ρ †}_Φ μ^β_Φ ) + 1 2 (Y^{ρμν} )^∗Y^{βμν} ]

+ [ 3μ^{α ∗}_Δ μ^ρ_Δ + 3μ^{α ∗}_Δc μ^ρ_Δc + 8 Tr ( μ^{α †}_Φ μ^ρ_Φ ) + 1 2 (Y^{αμν} )^∗Y^{ρμν} ] ( m^2_S )_{ρβ} + 6μ^{α ∗}_Δ μ^β_Δm^2¯_Δ + 6μ^{α ∗}_Δ μ^β_Δm^2_Δ + 6μ^{α ∗}_Δc μ^β_Δc m^2¯_Δc + 6μ^{α ∗}_Δc μ^β_Δc m^2_Δc + 32 Tr ( μ^{α †}_Φ μ^β_Φm^2_Φ ) + 2(Y^{αρμ})^∗Y^{βρν} ( m^2_S )_{νμ} + 6A^{α ∗}_Δ A^β_Δ + 6A^{α ∗}_Δc A^β_Δc + 16 Tr ( A^{α †}_Φ A^β_Φ ) + (A^{αμν}_S )^∗A^{βμν}_S (79)

4 Conclusion

In this paper we have calculated the RGEs to one loop order for two different types of SUSYLR models–one which breaks SU(2)_R via doublets and the other using triplets. These equations should prove to be useful tools for relating the details of SUSYLR models to observable phenomena, thereby constraining the parameter space and perhaps verifying if SUSYLR models are viable extensions of the standard model.

Acknowledgments

We would like to thank Rabindra Mohapatra for his helpful discussions. We would also like to thank Kaladi Babu for contributing materials providing insight into diagram contributions to the RGEs. This work was supported in part by the National Science Foundation grant PHY-0354401 and the Center for Particle and String Theory.

References

[1] P. Minkowski, Phys. Lett. B 67, 421 (1977); S. L. Glashow, Cargese Lectures in Physics, 1979; M. Gell-Mann P. Ramondand R. Slansky, in Supergravity ed. D. Freedman et al. (North Holland, 1979); T. Yanagida, KEK Lectures (1979); R. N. Mohapatra and G. Senjanović, Phys. Rev. Lett. 44, 912 (1980).

[2] J. C. Pati and A. Salam, Phys. Rev. D 11, 275 (1974).

[3] R.N. Mohapatra and J. C. Pati, Phys. Rev. D 11, 2558 (1975).

[4] G. Senjanović and R.N. Mohapatra, Phys. Rev. D 12, 1502 (1975).

[5] G. Senjanović, Nucl. Phys. B 153, 334 (1979).

[6] R.N. Mohapatra and G. Senjanović, Phys. Rev D 23, 165 (1981).

[7] C. S. Lim and T. Inami, Prog. Theor. Phys. 67, 1569 (1982).

[8] Abdel Pérez–Lorenzana, William A. Ponce and Arnulfo Zepeda, Phys. Rev. D 59, 116004 (1999).

[9] K. Kiers, M. Assis and A. A. Petrov, hep-ph/0503115. [10] K. Huitu, P.N. Pandita and K. Puolamäki, hep-ph/9708492. [11] C.S. Aulakh, A. Melfo, A. Rasin, G. Senjanović, Phys. Rev. D 58, 115007 (1998). [12] R. N. Mohapatra, Phys. Atom. Nucl. 61, 963-974 (1998). [13] Martti Raidal, hep-ph/9809370.

[14] Charanjit S. Aulakh, Pramana 55, 137-149 (2000). [15] R. Micha and M. G. Schmidt, Eur. Phys. J. C 14, 547-552 (2000). [16] J. Lorenzo Diaz-Cruz, hep-ph/0409216.

[17] For a review of SUSY and the MSSM see S. Martin, hep-ph/9709356. [18] R. Kuchimanchi, Phys. Rev. Lett. 76, 3486 (1996) [19] R. N. Mohapatra, A. Rasin, Phys. Rev. Lett. 76, 3490 (1996) [20] Uma Mahanta, Phys. Rev. D 54, 3377-3381 (1996).

[21] R. N. Mohapatra, A. Rasin, G. Senjanović, Phys. Rev. Lett. 79, 4744 (1997) [22] K. S. Babu, B. Dutta and R. N. Mohapatra, Phys. Rev. D 61, 091701 (2000). [23] Cherif Hamzaoui and Maxim Pospelov, Phys. Rev. D 65, 056002 (2002). [24] R. N. Mohapatra, Phys. Rev. D 34, 4352 (1986). [25] A. Font, L. Ibanez and F. Quevedo, Phys. Lett. B 228, 79 (1989). [26] S. Martin, Phys. Rev. D 46, 2769 (1992).

[27] Ravi Kuchimanchi and R.N. Mohapatra, Phys. Rev. D 48, 4352-4360 (1993). [28] Charanjit S. Aulakh, hep-ph/9803461. [29] K. Puolamaki, Phys. Rev. D 62, 055010 (2000). [30] N.K. Falck, Z. Phys. C 30, 247 (1986) [31] Z. Rothstein, Nucl. Phys. B 358, 181 (1991) [32] S. P. Martin and M. T. Vaughn, Phys. Rev. D 50, 2282 (1994). [33] K. S. Babu, B. Dutta and R. N. Mohapatra, Phys. Rev. D 67, 076006 (2003). [34] K. S. Babu, B. Dutta and R. N. Mohapatra, Phys. Rev. D 65, 016005 (2002). [35] K. S. Babu, B. Dutta and R. N. Mohapatra, Phys. Rev. D 60, 095004 (1999).