arXiv:0906.4095v2 [hep-ph] 17 Aug 2009

THE RIGHT SIDE OF TEV SCALE SPONTANEOUS R-PARITY VIOLATION

Lisa L. Everett, Pavel Fileviez Pérez, and Sogee Spinner Department of Physics, University of Wisconsin, Madison, WI 53706, USA (Dated: August 19, 2009)

We study a simple extension of the minimal supersymmetric Standard Model in which the Abelian sector of the theory consists of B − L and right-handed isospin. In the minimal model this Abelian gauge structure is broken to the standard model hypercharge gauge group by non-vanishing vacuum expectation values of the right-handed sneutrinos, resulting in spontaneous R-parity violation. This theory can emerge as a low energy effective theory of a left-right symmetric theory realized at a high scale. We determine the mass spectrum of the theory, and discuss the generation of neutrino masses and R-parity violating interactions. The possibility of distinguishing between R-parity violating models with a gauged U(1)_{B−L} broken at the TeV scale at the Large Hadron Collider is discussed.

I. INTRODUCTION

In models of physics beyond the Standard Model (SM) with low energy supersymmetry (SUSY), such as the minimal supersymmetric standard model (MSSM) and its extensions, a conserved parity symmetry is usually added to prevent rapid proton decay from dimension four operators. The most common symmetry of this type is R-parity, which is defined as R = (−1)^{3(B−L)+2S} = (−1)^{2S} M, in which M is called matter parity and B, L and S stand for baryon number, lepton number, and spin, respectively. The inclusion of a conserved R-parity not only ensures the stability of the proton, but also allows for a stable lightest superpartner (LSP) that is a good candidate for the dark matter of the universe. Hence, understanding the origin of R-parity, and whether it is an exact symmetry or is broken spontaneously at some scale, is of key importance for theories with low energy supersymmetry (see e.g. [1, 2] for general reviews of supersymmetry and [3, 4, 5, 6, 7, 8, 9] for discussions of R-parity violation in supersymmetric models).

To understand if R-parity is conserved or broken at energies relevant for tests of supersymmetry at the Large Hadron Collider (LHC), one can see from the definition of R-parity that it is useful to investigate scenarios in which B − L is an exact symmetry of the theory at some scale (note that if B − L is conserved, matter parity is also conserved). Such scenarios are also well-motivated from the theoretical point of view in that B − L emerges naturally in the context of many grand unified theories. However, for minimal models in which B − L is a local symmetry, if the matter content of the theory includes only the MSSM states (including right-handed neutrinos) such that no additional fields are introduced by hand, the inevitable consequence is that R-parity is spontaneously broken.

Scenarios with a spontaneously broken gauged B − L symmetry have the attractive feature that the Rparity breaking in the low energy theory is obtained in a controlled manner. In such scenarios, rapid proton decay can be avoided because baryon number can remain as a symmetry that is conserved at the perturbative level. Though the LSP neutralino dark matter framework is not applicable once R-parity is broken, it is well known that the gravitino can be a viable dark matter candidate. These models not only have the distinctive collider signatures associated with R-parity violation, but also if the gauged B − L symmetry is broken at the TeV scale, the gauge structure of this sector can be probed in detail at the LHC.

To this end, two of the authors have studied extensions of the MSSM in which B − L is part of the local gauge symmetry, but is broken at TeV energies by non-vanishing sneutrino vacuum expectation values. These models have included both left-right symmetric models [10] and simple U(1)_{B−L} extensions of the MSSM [11, 12]. Of these scenarios, the left-right symmetric model of [10] is particularly minimal and economical in that it contains the simplest possible Higgs sector needed for the breaking of the left-right symmetry. However, for this scenario to be viable, the soft-breaking terms must not respect the discrete leftright parity symmetry, and hence it is not possible to simultaneously understand the origin of parity violation and R-parity violation in this context. It is also difficult to satisfy all of the constraints arising from flavor violation due to additional light Higgses in the theory. In contrast, the simple U(1)_{B−L} extensions of the MSSM studied in [11, 12] are anomaly-free U(1)^′ theories with distinctive collider phenomenology due to R-parity breaking and the TeV scale Z^′ gauge boson associated with the gauged B − L symmetry. For phenomenological and cosmological aspects of the R-parity violating interactions see [15].

In this work, we investigate spontaneous R-parity violation within a model which naturally includes the best features of each of these scenarios. The model is a simple extension of the MSSM in which the Abelian sector of the theory consists of U(1)_{B−L} and U(1)_IR_3 , the third component of right-handed weak isospin (the SU(2)_R of left-right models). This theory is thus a simple U(1)_{B−L} extension of the MSSM, but it can also be obtained from a left-right symmetric theory that is realized at some high scale when the SU(2)_R is broken to U(1)_IR_3 by an SU(2) triplet Higgs with zero B − L charge. We determine the full spectrum of the theory, and discuss the generation of neutrino masses and the properties of the Higgs sector. We also discuss ways to distinguish between this class of models via their Z^′ phenomenology at the LHC.

This work is organized as follows. In Section II, we present our model and discuss spontaneous Rparity violation. In Section III, we compute the full mass spectrum (including neutrino masses), and outline the details of the R-parity violating interactions. We discuss the methods for distinguishing between these different models for spontaneous R-parity violation in Section IV. Finally, we summarize our main results and conclude in Section V.

II. SPONTANEOUS R-PARITY VIOLATION IN A SIMPLE EXTENSION OF THE MSSM

We consider an anomaly-free extension of the MSSM in which the electroweak gauge sector consists of SU(2)_L ⨂ U(1)_IR_3 ⨂ U(1)_{B−L}, in which U(1)_IR_3 is defined to be the third component of right-handed isospin (SU(2)_R). More precisely, the quark and lepton superfields have the electroweak gauge charges: Q̂^T = ( Û, D̂ ) ∼ (2, 0, 1/3), Û^C ∼ (1, −1/2, −1/3), D̂^C ∼ (1, 1/2, −1/3), L̂^T = ( N̂, Ê ) ∼ (2, 0, −1), Ê^C ∼ (1, 1/2, 1), N̂^C ∼ (1, −1/2, 1). (1)

The MSSM Higgses transform as Ĥ_u ∼ (2, 1/2, 0), Ĥ_d ∼ (2, −1/2, 0). (2)

This minimal set of superfields as described above is the full matter content within our model. Therefore, in order to break U(1)_IR_3 ⨂ U(1)_{B−L} → U(1)_Y , the sneutrinos must acquire non-zero vacuum expectation values, resulting in spontaneous R-parity violation (for previous discussions of sneutrino vacuum expectation values, see e.g. [4, 6]). Hence, within the minimal model (in terms of particle content) with this Abelian gauge structure, R-parity should be broken spontaneously.

Before exploring the details of the gauge symmetry breaking and resulting R-parity violation in this model, we pause to comment on the connection of this scenario to left-right symmetric models (for previous discussions, see [8]). The gauge structure described above can be obtained as a low energy limit of a left-right symmetric theory based on the gauge group SU(3)_C ⨂ SU(2)_L ⨂ SU(2)_R ⨂ U(1)_{B−L}. The SU(2)_R symmetry is broken at a high scale by a triplet Σ^C ∼ (1, 1, 3, 0) (generically present in this class of models as part of a pair of triplets, together with Σ ∼ (1, 3, 1, 0)) to the Abelian subgroup U(1)_IR_3 [8]. The origin of the parity violating interactions present in the MSSM (or in the SM) can then be understood once the left-right symmetry is spontaneously broken at the high scale.

Indeed, spontaneous R-parity violation has been previously explored within a minimal fully left-right symmetric model in which the Higgs sector is composed only of Higgs bi-doublets, Φ_i ∼ (2, 2, 0) [10]. As discussed in [10], the scenario can be consistent only if soft supersymmetry breaking terms do not respect the discrete left-right symmetry (i.e., if parity is broken in the soft breaking sector). To avoid strong mixing between the leptons and the charginos/neutralinos, the left-right symmetry should be broken at the TeV scale. However, in this case the several light Higgses present in the minimal version of the theory can result in unacceptably large flavor violation. In contrast, within the SU(2)_L ⨂ U(1)_IR_3 ⨂ U(1)_{B−L} scenario described in this paper, the scales of R-parity violation and left-right symmetry breaking (i.e., parity violation) are logically separated, and issues of flavor violation can be safely avoided.

Given the particle content in Eqs. (1)–(2), the superpotential is given by

W_R = W_{MSSM} + Y_ν L̂Ĥ_uN̂^C , (3)

in which the MSSM superpotential takes the form

W_{MSSM} = Y_u Q̂Ĥ_uÛ^C + Y_d Q̂Ĥ_dD̂^C + Y_e L̂Ĥ_dÊ^C + μ Ĥ_uĤ_d. (4)

In the above, we have suppressed flavor, gauge, and Lorentz indices. We do not adhere to any specific model

of SUSY breaking, and hence the soft breaking terms are:

V_{soft} = M^2_{Ñ C} |Ñ^C |^2 + M^2_{L̃} |L̃|^2 + M^2_{ẼC} |Ẽ^C |^2 + m^2_{Hu} |H_u|^2 + m^2_{Hd} |H_d|^2 + ( A_ν L̃H_u Ñ^C + Bμ H_u H_d + 1 2 M_{BL}B̃^′B̃^′ + 1 2 M_R W̃^0_RW̃^0_R + h.c. ) + V^{MSSM} soft . (5) In Eq. (5), M_{BL} and M_R denote the gaugino masses for the U(1)_{B−L} and U(1)_IR_3 gauginos, and V^{MSSM}_{soft}

represents terms that are not relevant for our discussion of spontaneous R-parity violation in this model (i.e.,

the remaining gaugino masses, soft mass-squared parameters, and trilinear couplings of the MSSM).

We now discuss gauge symmetry breaking and its connection to R-parity violation in this model. It is

straightforward to compute the different contributions to the potential once one generation of left-handed

and right-handed sneutrinos (ν̃ and ν̃^C ), and the Higgses (H_{u,d}), acquire vacuum expectation values (VEVs) ⟨ν̃⟩ = v_L/ √ 2, ⟨ν̃^C ⟩ = v_R/ √ 2, and ⟨H^0_{u,d}⟩ = v_{u,d}/ √ 2, respectively. These contributions read as ⟨V_F ⟩ = 1 4 (Y_ν )^2 ( v^2_Rv^2_u + v^2_Rv^2_L + v^2_Lv^2_u ) + 1 2 μ^2 ( v^2_u + v^2_d ) − 1 √ 2 Y_ν μ v_dv_Lv_R, (6) ⟨V_D⟩ = 1 32 [ g^2 ( v^2_u − v^2_d − v^2_L

)_2

+ g^2_R ( v^2_d + v^2_R − v^2_u

)_2

+ g^2_{BL} ( v^2_R − v^2_L

)_2] , (7) ⟨V_{soft}⟩ = 1 2 ( M^2_{L̃}v^2_L + M^2_{Ñ c} v^2_R + m^2_{Hu} v^2_u + m^2_{Hd} v^2_d ) + 1 2 √ 2 (A_ν + A^†_ν ) v_Rv_Lv_u − Re (Bμ) v_uv_d, (8) in which g_R, g_2 and g_{BL} are the gauge couplings for U(1)_IR_3 , SU(2)_L and U(1)_{B−L}, respectively. Mini-

mizing the potential in the limit v_R, v_u, v_d ≫ v_L yields:

v_R = √ −8M^2_{Ñ C} + g^2_R ( v^2_u − v^2_d ) g^2_R + g^2_{BL}

, (9)

v_L = v_RB_ν M^2_{L̃} −^1_8 g^2_{BL}v^2_R −^1_8 g^2 ( v^2_u − v^2_d

), (10)

μ^2 = − 1 8 ( g^2 + g^2_R ) ( v^2_u + v^2_d ) + M^2_{Hu} tan^2 β − M^2_{Hd} 1 − tan^2 β

, and Bμ = 2μ^2 + m^2_{Hd} + m^2_{Hu} , (11) in which

M^2_{Hu} = m^2_{Hu} − 1 8 g^2_Rv^2_R, M^2_{Hd} = m^2_{Hd} + 1 8 g^2_Rv^2_R, and B_ν = 1 √ 2 (Y_ν μv_d − A_ν v_u) . (12)

From Eqs. (9)–(10), we see that while v_L ≠ 0 if v_R ≠ 0, v_L is generically suppressed compared to v_R. We also see from Eq. (9) that the desired symmetry breaking pattern requires negative soft breaking terms for the right-handed sneutrinos, M^2_{Ñ C} < 0. Such negative soft mass-squares can in principle be achieved via a radiative mechanism in the context of a high energy theory or in some gauge mediation mechanism. However, it is also worth noting that this requirement can be circumvented in the presence of a Fayet-Iliopoulos (FI) terms for the Abelian symmetries, as shown in Appendix B. For our purposes for this paper, we will restrict ourselves to the case without such FI terms and simply assume the presence of the required soft breaking terms at low energies. The remaining minimization condition, Eq. (11), is similar to the MSSM case except that Eq. (11) now has extra contributions from the I_{3R} D-terms. As indicated by Eq. (12), these contributions are consistent with having a negative mass squared for the up-type Higgs.

III. BILINEAR RPV INTERACTIONS AND MASS SPECTRUM

Once the sneutrinos acquire VEVs, R-parity is spontaneously broken and the low energy theory is similar to the bilinear R-parity violating MSSM. The traditional bilinear R-parity violating term is given by Y_ν v_RL H̃_u, with coefficient suppressed by neutrino mass parameters. The kinetic term of the right-handed neutrino leads to a new R-parity violating mixing with the gaugino g_Rv_Rν^CB̃^′, which is not suppressed by neutrino masses, but does not directly lead to dangerous low energy observables. Further bilinears can be derived in a similar fashion and will be proportional to v_L and therefore suppressed by neutrino mass parameters. Effective trilinear terms appear once the neutralinos are integrated out and will be doubly suppressed and proportional to the ratio of neutrino mass parameters to neutralino masses. It is important to emphasize once more that the baryon violating λ^{′′} will not be generated and therefore neither will dimension four proton decay operators.

When considering the gauge sector, we will work in the limit that v_L → 0 for simplicity. Defining v^2 ≡ v^2_u + v^2_d as usual, the neutral gauge boson mass matrix in the (B^′, W^0_R, W^0_L) basis is given by

M^2_Z = 1 4 g^2_{BL}v^2_R −^1_4 g_{BL}g_Rv^2_R 0 −^1_4 g_{BL}g_Rv^2_R^1_4 g^2_R ( v^2_R + v^2 ) −^1_4 g_2g_Rv^2 0 −^1_4 g_2g_Rv^{2 1}_4 g^2 v^2

, (13)

in which Tr M^2_Z = M^2_Z′ + M^2_Z = (g^2_{BL} + g^2_R)v^2_R/4 + (g^2_R + g^2 )v^2/4. The neutral gauge boson masses are given by M^2_{Z,Z}′ = 1 8 [( g^2 + g^2_R ) v^2 + ( g^2_{BL} + g^2_R ) v^2_R ∓ √(( g^2 + g^2_R ) v^2 − ( g^2_{BL} + g^2_R ) v^2_R

)_2 + 4g^4_Rv^2v^2_R ] (14)

and, of course, the massless photon. Expanding in ϵ^2 ≡ v^2/v^2_R results in:

M^2_Z ≈ 1 4 ( g^2_Rg^2_{BL} g^2_R + g^2_{BL}

+ g^2 ) v^2 ( 1 − g^4_R ϵ^2 ( g^2_R + g^2_{BL}

)_2 ) , (15)

M^2_Z′ ≈ 1 4 ( g^2_R + g^2_{BL} ) v^2_R ( 1 + g^4_R ϵ^2 ( g^2_R + g^2_{BL}

)_2 ) , (16)

where one can define g^2_1 ≡ g^2_Rg^2_{BL}/(g^2_R + g^2_{BL}) as the analogue of the standard model hypercharge gauge

coupling. The ρ parameter constrains ϵ^2 <∼ 10^{−3}.

We proceed in the basis

A = − cos θ_W sin θ_RB^′ + cos θ_W cos θ_RW^0_R + sin θ_W W^0_L, (17)

Z_L = sin θ_W sin θ_RB^′ − sin θ_W cos θ_RW^0_R + cos θ_W W^0_L, (18)

Z_R = cos θ_RB^′ + sin θ_RW^0_R, (19)

where, θ_W is the weak mixing angle and θ_R is the equivalent mixing angle of the right-handed sector with

tan θ_R = −g_R/g_{BL}. In this basis, the massless photon (A) is a mass eigenstate and is projected out. The

remaining 2 × 2 submatrix mixes Z_L and Z_R. This mixing angle ξ can be parameterized as

tan 2ξ = 2 M^2_{ZLZR} M^2_{ZR} − M^2_{ZL}

, (20)

where M^2_{ZLZR} = 1 4 g^2_R √ g^2_{BL} + g^2_R v^2 √ g^2_1 + g^2 , M^2_{ZL} = 1 4 (g^2_1 + g^2 ) v^2, (21)

and M^2_{ZR} = 1 4 ( g^2_R + g^2_{BL} ) v^2_R. (22)

Keeping terms to order ϵ^2 yields: ξ ≈ g^2_R √ g^2_1 + g^2 ( g^2_{BL} + g^2_R

) 3_2 ϵ^2, (23)

with mass eigenstates

Z = Z_L cos ξ + Z_R sin ξ, (24)

Z^′ = Z_R cos ξ − Z_L sin ξ. (25)

Experimentally, the Z − Z^′ mixing angle ξ must be smaller than ∼ 10^{−3}, which places a similar constraint on ϵ as the ρ parameter. To zeroth order in ξ, the couplings of the Z^′ gauge boson to the fermions are

g_Z′¯_{ff} = √ g^2_R + g^2_{BL} [ cos θ^2_R Y (f) − I_{3R}(f) ] , (26)

where Y (f) and I_{3R}(f) denote the hypercharge and the third component of the right-handed isospin.

Once R-parity is spontaneously broken, mixing between the neutralinos and the neutrinos is induced in the low energy theory. It is well known, and has been extensively been discussed in the literature, that this mixing contributes to neutrino masses (for previous discussions, see e.g [3, 4, 13, 14]). In the ( ν, ν^c, B̃^′ , W̃^0_R, W̃^0_L, H̃^0_d , H̃^0_u ) basis, the mass matrix is given by

M_N =

0^{1√}_2 Y_ν v_u −^1_2 g_{BL}v_L 0^1_2 g_2v_L 0^{1√}_2 Y_ν v_R 1√ 2 Y_ν v_u 0^1_2 g_{BL}v_R^1_2 g_Rv_R 0 0^{1√}_2 Y_ν v_L −^1_2 g_{BL}v_L^1_2 g_{BL}v_R M_{BL} 0 0 0 0 0^1_2 g_Rv_R 0 M_R 0^1_2 g_Rv_d −^1_2 g_Rv_u 1 2 g_2v_L 0 0 0 M_2^1_2 g_2v_d −^1_2 g_2v_u 0 0 0^1_2 g_Rv_d^1_2 g_2v_d 0 −μ 1√ 2 Y_ν v_R^{1√}_2 Y_ν v_L 0 −^1_2 g_Rv_u −^1_2 g_2v_u −μ 0

. (27)

Integrating out the neutralinos generates masses for both the right-handed neutrinos and the light neutrinos. The right-handed neutrinos can then also be integrated out, resulting in further contributions to the light neutrino masses. The light neutrino masses are therefore generated through a double-seesaw mechanism, which includes both R-parity violating and Type I seesaw contributions. For phenomenologically acceptable neutrino masses, the neutrino Yukawa coupling Y_ν must be of the order of ∼ 10^{−6}, even for the third generation. It is important to note that within left-right models, it is a challenge to obtain such a small neutrino Yukawa coupling and simultaneously generate appropriate charged lepton masses, although it is not impossible. Such models require two bi-doublets, both of which contains an up-type and down-type Higgs doublet and each with a different lepton Yukawa coupling. The Dirac masses of the charged leptons and the neutrinos are then different linear combinations of the product of the lepton Yukawa couplings and the appropriate VEVs of these bi-doublet fields and it is possible for one of these linear combinations to be quite small, while keeping the other large enough for the charged lepton masses. In the context of this work, in which we focus primarily on the effective TeV-scale theory involving the gauged B − L and I^R_3 rather than its parent left-right theory, we will not address this issue further.

Therefore, in the limit that Y_ν is neglected for simplicity, the right-handed neutrino masses are given by M_νC ≈ g^2_Rv^2_R/M_R + g^2_{BL}v^2_R/M_{BL}. Hence for neutralino masses below a TeV, the right-handed neutrino masses are on the order of 100 GeV. Recall that in the case of the Type I seesaw [19], the light neutrino masses are given by M_ν = M^D_ν M^{−1}_{νC} (M^D_ν )^T . In this case, M^D_ν has two different contributions: the first is governed by Y_ν , and the second results from integrating out the neutralinos. Aside from the light neutrinos, there will be five electroweak mass neutralinos. Notice from the mass matrix above that substantial mixing exists between the right-handed neutrinos and the new Abelian gauginos and is of order TeV.

In the scalar sector of the theory, the sleptons and the Higgs scalars also mix as a result of R-parity violation. Defining the √ 2 Im ( ν̃, ν̃^c, H^0_d , H^0_u ) basis for the CP-odd neutral scalars, the √ 2 Re ( ν̃, ν̃^c, H^0_d , H^0_u ) basis for the CP-even neutral scalars, and the ( ẽ^∗, ẽ^c, H^{−∗}_d , H^+_u ) basis for the charged scalars, the scalar mass-squared matrices are given by Eq. (28), Eq. (29) and Eq. (30), respectively. The mass matrix of the CP-odd neutral Higgses is given by

M^2_P = v_R v_L Bν Bν − 1√ 2 Y_ν μ v_R −^{1√}_2 A_ν v_R B_ν^{vL}_{vR} B_ν −^{1√}_2 Y_ν μ v_L −^{1√}_2 A_ν v_L −^{1√}_2 Y_ν μ v_R −^{1√}_2 Y_ν μ v_L^{vu}_{vd} Bμ +^{Yν μ vLvR√}_{2 vd} Bμ −^{1√}_2 A_ν v_R −^{1√}_2 A_ν v_L Bμ^{vd}_{vu} Bμ − A_ν^{vLvR√}_{2vu} . (28)

From Eq. (28), it is straightforward to show that the expected two Goldstone bosons are obtained. For the CP-even neutral scalars, the mass matrix is:

M^2_S =

S^2_ν S^2_{νH} ( S^2_{νH} )_T S^2_H , (29)

in which S^2_ν , S^2_{νH} and S^2_H are given in the Appendix. The mass matrix for the charged Higgses is given by

M^2_C = C^{2e} C^{2eH} ( C^2_{eH} )_T C^2_H , (30)

in which the definitions of C^2_e , C^2_{eH} and C^2_H are also given in the Appendix.

It is most illuminating to the study the scalar sector in the limit of zero neutrino masses (v_L, Y_ν , A_ν → 0), since the Higgs mass-squared matrices greatly simplify. In particular, the left-handed sneutrino decouples from the CP-even and CP-odd Higgses with a mass that is given by

m^2_{ν̃} = M^2_{L̃} − 1 8 g^2_{BL}v^2_R − 1 8 g^2 ( v^2_u − v^2_d ) . (31)

Imposing the experimental lower bound on the sneutrino masses results in a constraint on the relation between M^2_{L̃} and the B−L contribution. The remaining 3×3 CP-odd mass matrix has two zero eigenvalues; the corresponding states are the Goldstone bosons that are eaten by the Z and Z^′. The nonzero eigenvalue corresponds to the CP-odd MSSM Higgs, A^0, which has the same expression for its mass as in the MSSM.

The remaining 3 × 3 CP-even mass matrix can be further studied in the limit of large tan β and decoupling of the heavy CP-even MSSM Higgs. This leaves a 2 × 2 mass matrix with potentially large mixing between the right-handed sneutrino and the MSSM Higgs:

M^2_S →

1^4 ( g^2_{BL} + g^2_R ) v^2_R −^1_4 g^2_Rv_uv_R −^1_4 g^2_Rv_uv_R^1_4 ( g^2 + g^2_R ) v^2_u . (32)

This matrix has the same trace and determinant as Eq. (13), indicating that at zeroth order, the masses in this limit are given by

m^2_{Reν̃C} = M^2_Z′ ∼ 1 4 ( g^2_R + g^2_{BL} ) v^2_R, (33) m^2_h = M^2_Z ∼ 1 4 ( g^2_1 + g^2 ) v^2. (34)

In the limit of vanishing neutrino masses, the charged Higgs mass matrix of Eq. (30) decouples into a block diagonal form, in which the upper 2 × 2 block resembles the MSSM slepton mass matrix and the lower 2 × 2 block is identical to the MSSM charged Higgs mass matrix. Assuming small mixing in the slepton sector, the slepton masses are given by

m^2_{ẽL} = M^2_{L̃} − 1 8 g^2_{BL}v^2_R + 1 8 g^2 ( v^2_u − v^2_d ) , (35) m^2_{ẽR} = M^2_{ẼC} + 1 8 g^2_{BL}v^2_R − 1 8 g^2_R ( v^2_R + v^2_d − v^2_u ) . (36)

The leading order corrections to the scalar masses typically scale as Y^2_ν v^2_R. Such contributions are quite negligible as expected, since they are suppressed by the neutrino mass parameters.

As in any theory with R-parity violation, mixing between the charged leptons and the charginos of the MSSM will occur in the charged fermion sector, ( e^c, W̃^+_L , H̃^+_u ) and ( e, W̃^−_L , H̃^−_d ) . In this basis, the mass matrix is given by

M_{C̃} =

−^{1√}_2 Y_ev_d 0^{1√}_2 Y_ev_L 1√ 2 g_2v_L M_2^{1√}_2 g_2v_d −^{1√}_2 Y_ν v_R^{1√}_2 g_2v_u μ

. (37)

Since the mixing between the charginos and the charged leptons of the MSSM is proportional to v_L and Y_ν , small corrections to the charged lepton masses can be generated once the charginos are integrated out. However, this contribution is always small once the neutrino constraints are imposed.

The squark mass matrices in this theory differ from those obtained in the MSSM due to new D term contributions, as follows:

M^2_ũ =

M^2_{Q̃} + m^2_u +^1_{24} g^2_{BL} v^2_R −^1_8 g^2 ( v^2_u − v^2_d ) A_u v_u − y_u μ v_d A_u v_u − y_u μ v_d M^2_{ũC} + m^2_u −^1_{24} g^2_{BL} v^2_R +^1_8 g^2_R ( v^2_R + v^2_d − v^2_u ) , (38)

M^2_{d̃} =

M^2_{Q̃} + m^2_d +^1_{24} g^2_{BL} v^2_R +^1_8 g^2 ( v^2_u − v^2_d ) A_d v_d − y_d μ v_u A_d v_d − y_d μ v_u M^2_{d̃C} + m^2_d −^1_{24} g^2_{BL} v^2_R −^1_8 g^2_R ( v^2_R + v^2_d − v^2_u ) , (39)

in which m_u and m_d are the up-type and down-type quark masses, respectively. Let us assume for simplicity that the LR mixings in the squark sector is small and thus can be neglected. The diagonal (LL and RR) terms must then be positive definite to avoid tachyonic squarks, as well as satisfy the experimental bounds. Therefore M^2_{d̃C} > −m^2_d +^1_{24} g^2_{BL} v^2_R +^1_8 g^2_R ( v^2_R + v^2_d − v^2_u ) and M^2_{ũC} > −m^2_u +^1_{24} g^2_{BL} v^2_R − 1 8 g^2_R ( v^2_R + v^2_d − v^2_u ) , in order to have a realistic spectrum.

IV. DISTINGUISHING BETWEEN DIFFERENT SRPV SCENARIOS

The collider phenomenology of this model at the LHC has distinctive features that are associated with the gauged B − L at TeV energies and R-parity violating signatures. The possibility of testing this class of models of spontaneous R-parity violation via the multilepton channels with different leptons, eeee, eμμμ, eeμμ and others, from the sneutrinos decays ν̃ → e^+_i e^−_j has been discussed in [12]. Within this class of models, the sneutrinos can be pair produced through the Z^′ gauge boson that present in these models; see [16] for a detailed study of this production mechanism at the LHC.

The models of spontaneous R-parity violation proposed here and in [11, 12] that involve a gauged B −L symmetry have many similar phenomenological features. Recall that these other scenarios are a minimal extension of the MSSM with U(1)_{B−L} [11], and an extended version in which U(1)_{B−L} is augmented by an admixture of U(1)_Y [12]. Given the challenges of predicting the detailed decay patterns of the neutralinos, χ̃0 → W e, Zν and the other superpartner decays, we believe that the easiest way to distinguish between these models (at least as a first step) is through the properties of their Z^′ gauge bosons. In Table I, we have displayed the couplings of the Z^′ gauge boson to fermions in each scenario. Note that these three scenarios are simple, anomaly-free models with minimal particle content in which spontaneous R-parity breaking can be achieved and the properties of the U(1)^′ gauge boson are prescribed. Hence, if a Z^′ gauge boson with some component of U(1)_{B−L} is discovered at the LHC, the comparison of its properties from the pure B − L case can in principle reveal if any of these scenarios for spontaneous R-parity violation might be relevant (or other possibilities that we have not yet studied). Of course, we are considering the

Models Z^′f̄f Couplings U(1)_Y ⨂ U(1)_{B−L} g_{BL}(B − L)/2 U(1)_Y ⨂ U(1)_X g_X (a Y + b (B − L)) /2 U(1)_I R_3 ⨂ U(1)_{B−L} √ g^2_R + g^2_{BL} [ cos θ^2_R Y (f) − I_{3R}(f) ]

TABLE I: The Z^′ couplings to the fermions in the SRpV models involving a gauged U(1)_{B−L} broken at the TeV scale studied here and in [11, 12]. In the above, X = aY + b(B − L).

Slepton Masses U(1)_Y ⨂ U(1)_{B−L} m^2_{ẽL} M^2_{L̃} −^1_8 g^2_{BL}v^2_R +^1_8 (g^2 − g^2_1 )(v^2_u − v^2_d) m^2_{ẽR} M^2_{ẼC} +^1_8 g^2_{BL}v^2_R +^1_4 g^2_1 (v^2_u − v^2_d) m^2_{ν̃L} M^2_{L̃} −^1_8 g^2_{BL}v^2_R −^1_8 (g^2_1 + g^2 )(v^2_u − v^2_d) m^2_{ν̃C} M^2_{ZB−L}

TABLE II: The minimal B − L model.

ideal case where SUSY with R-parity violating interactions is discovered at the LHC. For further studies of how to characterize the couplings of a Z^′ at the LHC using leptonic channels as well as additional channels involving top and bottom quarks, we refer the reader to [17, 18].

We now discuss the main differences between the mass spectrum of the sleptons in each SRpV model. In Tables II, III and IV, we show the mass spectrum in the limit v_L → 0 for simplicity. Within a given SUSY breaking scenario that predicts M^2_{L̃} and M^2_{ẼC} , the main features of the spectrum in each case can be determined once values for v_R, g_{BL}, g_X , and tan β are assumed. Hence, if SUSY is discovered at the LHC, measurements of the detailed properties of the slepton sector can indicate whether the MSSM or any of these extended models is suggested by the data.

Slepton Masses U(1)_Y ⨂ U(1)_X m^2_{ẽL} M^2_{L̃} +^1_{32} g^2_X (−^5_4 v^2_R + v^2_u − v^2_d) +^1_8 (g^2 − g^2_1 )(v^2_u − v^2_d) m^2_{ẽR} M^2_{ẼC} +^3_{32} g^2_X (−^5_4 v^2_R + v^2_u − v^2_d) +^1_4 g^2_1 (v^2_u − v^2_d) m^2_{ν̃L} M^2_{L̃} +^1_{32} g^2_X (−^5_4 v^2_R + v^2_u − v^2_d) −^1_8 (g^2_1 + g^2 )(v^2_u − v^2_d) m^2_{ν̃C} M^2_{ZX}

TABLE III: The U(1)_Y ⨂ U(1)_X model, in which X = aY + b(B − L) with a = 1 and b = −5/4.

Slepton Masses U(1)_I 3_R ⨂ U(1)_{B−L} m^2_{ẽL} M^2_{L̃} −^1_8 g^2_{BL}v^2_R +^1_8 g^2 (v^2_u − v^2_d) m^2_{ẽR} M^2_{ẼC} +^1_8 g^2_{BL}v^2_R −^1_8 g^2_R(v^2_R + v^2_d − v^2_u) m^2_{ν̃L} M^2_{L̃} −^1_8 g^2_{BL}v^2_R −^1_8 g^2 (v^2_u − v^2_d) m^2_{ν̃C} M^2_{ZLR}

TABLE IV: The LR-inspired model described here, in which the SM hypercharge is g_1 = g_Rg_{BL}/ √ g^2_{BL} + g^2_R.

V. SUMMARY AND DISCUSSION

In this paper, we have discussed spontaneous R-parity violation in the context of a simple extension of the minimal supersymmetric Standard Model where the Abelian sector of the theory is composed of B − L and right-handed isospin. This model can be obtained as a low energy limit of left-right symmetric scenarios in which the scale of left-right symmetry breaking is much higher than the scale of R-parity breaking. We have analyzed the gauge symmetry breaking and low energy mass spectrum of the theory, including the generation of neutrino masses in this scenario. The nature of the resulting R-parity violating interactions and their phenomenological implications are also presented. We also described how to distinguish between this and other simple scenarios which include a gauged U(1)_{B−L} as part of the Abelian gauge sector of the theory at the LHC via their Z^′ phenomenology.

Within models with a gauged U(1)_{B−L}, if a minimal particle content is assumed then R-parity will be spontaneously broken. Indeed, in this class of models, R-parity is only an exact symmetry if the Higgs sector is extended to include additional SM singlets which have even B − L quantum numbers. Only experiments will tell us if R-parity is an exact symmetry at low energies, but in our view, the possibility of spontaneous R-parity violation as investigated in this paper is quite appealing and provides phenomenological signatures that should be considered in searches for supersymmetry at TeV energies.

The simple and economical model studied in this work not only has direct connections with grand unification, but as with other scenarios with a gauged B − L symmetry that is broken at TeV energies, it provides a simple and calculable scenario in which to study R-parity violation at the LHC. Such models of spontaneous R-parity violation avoid the standard concerns of supersymmetric theories associated with rapid proton decay, and can provide in the gravitino a viable dark matter candidate. Furthermore, this class of models also yield simple, anomaly free U(1)^′ gauge extensions of the MSSM with distinctive couplings of the Z^′ to the fermions in the theory. The Z^′ phenomenology of such simple U(1)^′ scenarios is certainly worthy of further study. Given these attractive features, such well-motivated alternatives to Rparity conserving models such as the MSSM (and many of its extensions) warrant further attention in this

era of unprecedented exploration of TeV scale physics at the LHC.

Acknowledgments

P. F. P. is supported in part by the U.S. Department of Energy contract No. DE-FG02-08ER41531 and

the Wisconsin Alumni Research Foundation. L. E. and S. S. are supported in part by the U.S. Department

of Energy under grant No. DE-FG02-95ER40896, and the Wisconsin Alumni Research Foundation.

APPENDIX A: GENERAL SCALAR POTENTIAL AND MASS MATRICES

Here we discuss the properties of the scalar potential, taking into account the possibility of vacuum

expectation values for all three generations of the sneutrinos. Neglecting CP violating effects and defining

< H^0_u >= v_u/ √ 2, < H^0_d >= v_d/ √ 2, < ν̃^i >= v^i_L/ √ 2, and < (ν̃^C )^i >= v^i_R/ √ 2, the scalar potential is V = 1 4 ( v^i_L Y^{ij}_ν v^j_R )_2 + μ^2 2 (v^2_u + v^2_d) − μ √ 2 v^i_L Y^{ij}_ν v^j_R v_d − 1 4 v^2_u ( Y^{ij}_ν v^j_R Y^{ik}_ν v^k_R + v^i_L Y^{ij}_ν v^k_LY^{kj}_ν )

+ g^2 32 (v^i_Lv^i_L − v^2_u + v^2_d)^2 + g^2_R 32 (v^i_Rv^i_R − v^i_Lv^i_L)^2 + 1 2 v^i_R(M^2_{Ñ C} )_{ij} v^j_R + 1 2 v^i_L(M^2_{L̃})_{ij} v^j_L + 1 2 m^2_{Hu} v^2_u + 1 2 m_H2_d v^2_d + 1 2 ( 1 √ 2 v^i_L A^{ij}_ν v^j_Rv_u − Bμv_uv_d + h.c. ) . (A1)

In the case in which only one generation of sneutrinos acquire vacuum expectation values and in the limit

that the Yukawa coupling and the trilinear term are flavor diagonal, the results of Section II are reproduced.

In the √ 2 Re ( ν̃, ν̃^c, H^0_d , H^0_u ) basis for the CP-even scalars and the ( ẽ^∗, ẽ^c, H^{−∗}_d , H^+_u ) basis for the

charged scalars, the mass matrices for these two sectors are given by Eq. (29) and Eq. (30), in which

S^2_ν ≡

1^4 ( g^2 + g^2_{BL} ) v^2_L +^{vR}_{vL} B_ν −^1_4 g^2_{BL}v_Lv_R + (Y_ν )^2 v_Lv_R − B_ν

−^1_4 g^2_{BL}v_Lv_R + (Y_ν )^2 v_Lv_R − B_ν^1_4 ( g^2_{BL} + g^2_R ) v^2_R +^{vL}_{vR} B_ν , (A2)

S^2_{νH} ≡ 1 4 g^2 v_dv_L −^{1√}_2 Y_ν μ v_R −^1_4 g^2 v_Lv_u + (Y_ν )^2 v_Lv_u +^{1√}_2 A_ν v_R 1 4 g^2_Rv_dv_R −^{1√}_2 Y_ν μ v_L −^1_4 g^2_Rv_uv_R + (Y_ν )^2 v_uv_R +^{1√}_2 A_ν v_L , (A3)

S^2_H ≡ 1 4 ( g^2 + g^2_R ) v^2_d +^{vu}_{vd} Bμ +^{Yν μ vLvR√}_{2 vd} −^1_4 ( g^2 + g^2_R ) v_uv_d − Bμ −^1_4 ( g^2 + g^2_R ) v_uv_d − Bμ^1_4 ( g^2 + g^2_R ) v^2_u +^{vd}_{vu} Bμ −^{Aν vLvR√}_{2 vu} . (A4)

C^2_e ≡

C^{211} B^e B_e C^2_{22} , (A5)

C^2_{eH} ≡ 1 2 1^2 g^2 v^dv^L − Y^{2e} v^dv^L − Y^ν μ v^{R 12} g^2 v^Lv^u − Y^{2ν} v^uv^L − √ 2A_ν v_R Y_eY_νv_uv_R + √ 2A_ev_L Y_eY_ν v_dv_R + √ 2Y_eμ v_L , (A6)

C^2_H ≡ 1 4 g^2 ( v^2_u − v^2_L ) + Bμ^{vu}_{vd} +^1_2 Y^2_e v^2_L +^{Yν μ vRvL√}_{2 vd} Bμ +^1_4 g^2 v_uv_d

Bμ +^1_4 g^2 v_uv_d^1_4 g^2 ( v^2_d + v^2_L ) +^{vd}_{vu} Bμ −^1_2 (Y_ν)^2 v^2_L −^{Aν vLvR√}_{2 vu} ,

(A7)

with

C^2_{11} = 1 4 g^2 ( v^2_u − v^2_d ) + 1 2 Y^2_e v^2_d − 1 2 Y_ν^2v^2_u + v_R v_L B_ν , (A8)

C^2_{22} = M^2_{Ẽc} − 1 8 g^2_R ( v^2_R + v^2_d − v^2_u ) + 1 8 g^2_{BL} ( v^2_R − v^2_L ) + 1 2 Y^2_e ( v^2_d + v^2_L ) , (A9)

where B_ν ≡^{1√}_2 (Y_ν μv_d − A_ν v_u), and B_e ≡^{1√}_2 (Y_eμ v_u − A_ev_d).

APPENDIX B: FAYET-ILIOPOULOS TERMS

We now describe the case in which the potential includes Fayet-Iliopoulos D terms: V_{F I} = ξ_RD_R +

ξ_{BL}D_{BL}. In this case the minimization conditions take the form

v_R = √ −8M^2_{Ñ C} − 4 (g_Rξ_R − g_{BL}ξ_{BL}) + g^2_R ( v^2_u − v^2_d ) g^2_R + g^2_{BL}

, (B1)

v_L = v_RB_ν M^2_{L̃} +^1_2 g_{BL}ξ_{BL} −^1_8 g^2_{BL}v^2_R −^1_8 g^2 ( v^2_u − v^2_d

), (B2)

μ^2 = − 1 8 ( g^2 + g^2_R ) ( v^2_u + v^2_d ) + M^2_{Hu} tan^2 β − M^2_{Hd}

1 − tan^2 β

, (B3)

Bμ = 2μ^2 + m^2_{Hd} + m^2_{Hu} , (B4)

in which

M^2_{Hu} = m^2_{Hu} − 1 2 g_Rξ_R − 1 8 g^2_Rv^2_R, M^2_{Hd} = m^2_{Hd} + 1 2 g_Rξ_R + 1 8 g^2_Rv^2_R, B_ν = 1 √ 2 (Y_ν μv_d − A_ν v_u) . (B5)

If the B − L FI-term, ξ_{BL}, is large and positive, note that we can have a consistent mechanism for sponta-

neous R-parity violation even with positive soft mass-squared terms for the sneutrinos. In this case,

C^2_{22} = M^2_{Ẽc} − 1 2 (g_Rξ_R + g_{BL}ξ_{BL}) − 1 8 g^2_R ( v^2_R + v^2_d − v^2_u ) + 1 8 g^2_{BL} ( v^2_R − v^2_L ) + Y^2_e 2 (v^2_d + v^2_L), (B6) and the squark masses (assuming negligible mixing) read as

m^2_{ũL} = M^2_{Q̃} − 1 6 g_{BL}ξ_{BL} + 1 24 g^2_{BL} v^2_R + 1 8 g^2 ( v^2_u − v^2_d ) (B7) m^2_{d̃L} = M^2_{Q̃} − 1 6 g_{BL}ξ_{BL} + 1 24 g^2_{BL} v^2_R − 1 8 g^2 ( v^2_u − v^2_d ) (B8) m^2_{ũR} = M^2_{Ũ C} + 1 6 g_{BL}ξ_{BL} + 1 2 g_Rξ_{BL} − 1 24 g^2_{BL}v^2_R + 1 8 g^2_R ( v^2_R + v^2_d − v^2_u ) (B9) m^2_{d̃R} = M^2_{D̃C} + 1 6 g_{BL}ξ_{BL} − 1 2 g_Rξ_{BL} − 1 24 g^2_{BL}v^2_R − 1 8 g^2_R ( v^2_R + v^2_d − v^2_u ) . (B10)

Again, once the bounds on the superpartner masses are imposed interesting correlations can be obtained. Further details of the phenomenology of this model will be investigated in a future publication.

[1] H. E. Haber and G. L. Kane, “The Search For Supersymmetry: Probing Physics Beyond The Standard Model,” Phys. Rept. 117 (1985) 75; M. F. Sohnius, “Introducing Supersymmetry,” Phys. Rept. 128 (1985) 39.

[2] S. P. Martin, “A Supersymmetry Primer,” arXiv:hep-ph/9709356; D. J. H. Chung, L. L. Everett, G. L. Kane, S. F. King, J. D. Lykken and L. T. Wang, “The soft supersymmetry-breaking Lagrangian: Theory and applications,” Phys. Rept. 407, 1 (2005) [arXiv:hep-ph/0312378].

[3] L. J. Hall and M. Suzuki, “Explicit R-Parity Breaking In Supersymmetric Models,” Nucl. Phys. B 231, 419 (1984).

[4] G. G. Ross and J. W. F. Valle, “Supersymmetric Models Without R-Parity,” Phys. Lett. B 151, 375 (1985);

J. R. Ellis, G. Gelmini, C. Jarlskog, G. G. Ross and J. W. F. Valle, “Phenomenology Of Supersymmetry With Broken R-Parity,” Phys. Lett. B 150, 142 (1985); S. Dawson, “R-Parity Breaking In Supersymmetric Theories,” Nucl. Phys. B 261, 297 (1985).

[5] R. N. Mohapatra, “New contributions to neutrinoless double-beta decay in supersymmetric theories,” Phys. Rev.

D 34, 3457 (1986).

[6] C. S. Aulakh and R. N. Mohapatra, “Neutrino As The Supersymmetric Partner Of The Majoron,” Phys. Lett. B 119, 136 (1982).

[7] S. P. Martin, “Some simple criteria for gauged R-parity,” Phys. Rev. D 46 (1992) 2769; S. P. Martin, “Implications of supersymmetric models with natural R-parity conservation,” Phys. Rev. D 54 (1996) 2340;

[8] C. S. Aulakh, K. Benakli and G. Senjanovic, “Reconciling supersymmetry and left-right symmetry,” Phys.

Rev. Lett. 79, 2188 (1997) [arXiv:hep-ph/9703434]; C. S. Aulakh, A. Melfo, A. Rasin and G. Senjanovic, “Supersymmetry and large scale left-right symmetry,” Phys. Rev. D 58, 115007 (1998) [arXiv:hep-ph/9712551].

[9] C. S. Aulakh, B. Bajc, A. Melfo, A. Rasin and G. Senjanovic, “SO(10) theory of R-parity and neutrino mass,” Nucl. Phys. B 597 (2001) 89.

[10] P. Fileviez Pérez and S. Spinner, “Spontaneous R-Parity Breaking and Left-Right Symmetry,” Phys. Lett. B 673 (2009) 251 [arXiv:0811.3424 [hep-ph]].

[11] V. Barger, P. Fileviez Pérez and S. Spinner, “Minimal gauged U(1)_{B−L} model with spontaneous R-parity violation,” Phys. Rev. Lett. 102 (2009) 181802 [arXiv:0812.3661 [hep-ph]].

[12] P. Fileviez Pérez and S. Spinner, “Spontaneous R-Parity Breaking in SUSY Models,” arXiv:0904.2213 [hep-ph]. [13] See for example F. Borzumati, Y. Grossman, E. Nardi and Y. Nir, Phys. Lett. B 384, 123 (1996); E. Ma, Phys.

Rev. Lett. 81, 1171 (1998); E. J. Chun, S. K. Kang, C. W. Kim and U. W. Lee, Nucl. Phys. B 544, 89 (1999). [14] C. S. Aulakh, A. Melfo, A. Rasin and G. Senjanovic, “See-saw and supersymmetry or exact R-parity,” Phys.

Lett. B 459, 557 (1999) [arXiv:hep-ph/9902409].

[15] For phenomenological aspects see for example: V. D. Barger, G. F. Giudice and T. Han, “Some New Aspects of Supersymmetry R-Parity Violating Interactions,” Phys. Rev. D 40 (1989) 2987; R. Barbier et al., “R-parity violating supersymmetry,” Phys. Rept. 420 (2005) 1; F. de Campos, M. A. Diaz, O. J. P. Eboli, M. B. Magro, W. Porod and S. Skadhauge, “LHC signals for neutrino mass model in bilinear R-parity violating mAMSB,” Phys. Rev. D 77 (2008) 115025 [arXiv:0803.4405 [hep-ph]]; A. Bartl, M. Hirsch, S. Liebler, W. Porod and A. Vicente, “LHC phenomenology of the μνSSM,” arXiv:0903.3596 [hep-ph]; B. C. Allanach, M. A. Bernhardt, H. K. Dreiner, C. H. Kom and P. Richardson, “Mass Spectrum in R-Parity Violating mSUGRA and Benchmark Points,” Phys. Rev. D 75 (2007) 035002 [arXiv:hep-ph/0609263]. For cosmological aspects see: W. Buchmuller, L. Covi, K. Hamaguchi, A. Ibarra and T. Yanagida, “Gravitino dark matter in R-parity breaking vacua,” JHEP 0703 (2007) 037 [arXiv:hep-ph/0702184]; W. Buchmuller, A. Ibarra, T. Shindou, F. Takayama and D. Tran, “Probing Gravitino Dark Matter,” arXiv:0906.1187 [hep-ph].

[16] M. Baumgart, T. Hartman, C. Kilic and L. T. Wang, “Discovery and measurement of sleptons, binos, and winos with a Z’,” JHEP 0711 (2007) 084 [arXiv:hep-ph/0608172]; H. S. Lee, “Dileptons and four leptons at Z’ resonance in the early stage of the LHC,” Phys. Lett. B 674 (2009) 87 [arXiv:0812.1854 [hep-ph]].

[17] F. Petriello and S. Quackenbush, “Measuring Z’ couplings at the LHC,” Phys. Rev. D 77, 115004 (2008). [18] S. Godfrey and T. A. W. Martin, “Identification of Extra Neutral Gauge Bosons at the LHC Using b- and t- Quarks,” Phys. Rev. Lett. 101 (2008) 151803 [arXiv:0807.1080 [hep-ph]].

[19] P. Minkowski, “Mu → E Gamma At A Rate Of One Out Of 1-Billion Muon Decays?,” Phys. Lett. B 67 (1977) 421; T. Yanagida, in Proceedings of the Workshop on the Unified Theory and the Baryon Number in the Universe, eds. O. Sawada et al., p. 95, KEK Report 79-18, Tsukuba (1979); M. Gell-Mann, P. Ramond and R. Slansky, in Supergravity, eds. P. van Nieuwenhuizen et al., (North-Holland, 1979), p. 315; S.L. Glashow, in Quarks and Leptons, Cargèse, eds. M. Lévy et al., (Plenum, 1980), p. 707; R. N. Mohapatra and G. Senjanović, “Neutrino Mass And Spontaneous Parity Nonconservation,” Phys. Rev. Lett. 44 (1980) 912.