arXiv:1111.2836v2 [hep-ph] 26 Mar 2012

Preprint typeset in JHEP style. - HYPER VERSION

FTUAM-11-58, IFT-UAM/CSIC-11-74, November 2011

The μνSSM with an extra U(1)

Javier Fidalgo

Departamento de Física Teórica UAM and Instituto de Física Teórica UAM/CSIC, Universidad Autónoma de Madrid (UAM), Cantoblanco, 28049 Madrid, Spain E-mail: javier.fidalgo@uam.es

Carlos Muñoz

Departamento de Física Teórica UAM and Instituto de Física Teórica UAM/CSIC, Universidad Autónoma de Madrid (UAM), Cantoblanco, 28049 Madrid, Spain E-mail: carlos.munnoz@uam.es

Abstract: The μνSSM solves the μ problem of the MSSM and generates correct neutrino masses by simply using right-handed neutrinos. This mechanism implies that only dimensionless trilinear terms, breaking R-parity, are present in the superpotential. We present an extension of the μνSSM with an extra U(1) gauge symmetry. We use the extra U(1) charges of the matter fields to forbid the presence in the superpotential of renormalizable and non-renormalizable baryon number violating operators, the trilinear operator producing a domain wall problem, and bilinear operators such as the μ term and the Majorana masses. We apply the anomaly cancellation conditions associated to the extra U(1), to constrain the values of the U(1) charges. We find that six assignments of the U(1) charges to the matter fields are viable, once extra matter is introduced. In particular, three generations of vector-like color triplets and SU(2)_L doublets, as well as six Standard Model singlets are necessary. Electroweak symmetry breaking is viable in the model, with wide regions of the parameter space fulfilling the experimental constraints on the existence of a new gauge boson Z^′. Neutrinos and the extra gaugino mix with the MSSM neutralinos, producing a generalized see-saw matrix that can reproduce the experimental results on neutrino masses. Finally, we have estimated the tree-level upper bound on the lightest Higgs mass, finding that it can be as large as about 120 GeV.

Keywords: Supersymmetric Effective Theories, Beyond Standard Model, Supersymmetry Phenomenology.

Contents

1. Introduction 1

2. The search of models 3

3. Electroweak breaking and experimental constraints 9

4. Conclusions 15

1. Introduction

The μ from ν Supersymmetric Standard Model (μνSSM) [1, 2, 3] is defined by the following superpotential: W = ϵ_{ab} ( Y^{ij}_u Ĥ^b_2 Q̂^a_i û^c_j + Y^{ij}_d Ĥ^a_1 Q̂^b_i d̂^c_j + Y^{ij}_e Ĥ^a_1 L̂^b_i ê^c_j + Y^{ij}_ν Ĥ^b_2 L̂^a_i ν̂^c_j )

− ϵ_{ab}λ^i ν̂^c_i Ĥ^a_1 Ĥ^b_2 + 1 3 κ^{ijk}ν̂^c_i ν̂^c_j ν̂^c_k , (1.1)

where we take Ĥ^T_1 = (Ĥ^0_1 , Ĥ^−_1 ), Ĥ^T_2 = (Ĥ^+_2 , Ĥ^0_2 ), Q̂^T_i = (û_i, d̂_i), L̂^T_i = (ν̂_i, ê_i), i, j, k = 1, 2, 3 and a, b = 1, 2 are generation and SU(2) indices, respectively, and ϵ_{12} = 1. This superpotential contains in addition to the usual Yukawas for quarks and charged leptons, Yukawas for neutrinos Y_νĤ_2 L̂ ν̂^c, terms of the type λν̂^cĤ_1Ĥ_2 producing an effective μ term through right-handed sneutrino vacuum expectation values (VEVs) of the order of the electroweak (EW) scale, μ ≡ λ⟨ν̃^c⟩, and terms of the type κν̂^cν̂^cν̂^c avoiding the existence of a Goldstone boson and producing an EW-scale see-saw through the generation of effective Majorana masses κ⟨ν̃^c⟩.

Thus the μνSSM solves the μ-problem [4] of the Minimal Supersymmetric Standard Model (MSSM) [5] and generates light neutrino masses by simply using right-handed neutrino superfields. Note that the above terms in the superpotential produce the explicit breaking of R-parity in this model. The size of the breaking can be easily understood realizing that in the limit where Y_ν are vanishing, the ν̂^c are ordinary singlet superfields like the Ŝ of the Next-to-Minimal Supersymmetric Standard Model (NMSSM) [6], without any connection with neutrinos, and R-parity is therefore conserved. Once Y_ν are switched on, the ν̂^c become right-handed neutrinos, and, as a consequence, R-parity is broken. Thus the breaking is small because the EW-scale see-saw implies small values for Y_ν ∼ 10^{−6}.

Since the μνSSM is a very well motivated and attractive model, several phenomenological studies have been carried out. In [7, 8], the parameter space, the spectrum and the vacua of the μνSSM were analyzed in detail. The neutrino sector was studied in [7, 8, 9, 10], obtaining that current neutrino data (the measured mass differences and mixing angles) can be easily reproduced. Analyses of possible signals at colliders were also carried out. Since the Lightest Supersymmetric Particle (LSP) is no longer stable due to the breaking of R-parity, not all supersymmetric chains must yield missing energy events. In [9, 11, 12] the decays of the lightest neutralino were discussed, as well as the correlations of the decay branching ratios with the neutrino mixing angles. Let us remark that the breaking of R-parity generates a peculiar structure for the mass matrices, and this has to be taken into account in the computations mentioned above. In particular, the presence of right and left-handed sneutrino VEVs leads to mixing of neutralinos with left- and right-handed neutrinos, and as a consequence a generalized matrix of the see-saw type. Besides, there is also the mixing of the neutral Higgses with the sneutrinos producing 8×8 neutral scalar mass matrices, and this extended Higgs sector could be very helpful for testing the μνSSM at colliders [11, 13]. In [14], special emphasis was put in the decays of the Higgses and viable benchmark points for LHC searches were provided.

Concerning cosmological issues, dark matter and baryon asymmetry have been analyzed in the model. The gravitino, present in the local supersymmetric version of the model, could be a good dark matter candidate as discussed in [15, 16], where its possible detection through the observation of a monochromatic gamma-ray line in the Fermi satellite was also studied. In [17], the generation of the baryon asymmetry of the Universe was analyzed in detail in the context of the μνSSM, with the interesting result that EW baryogenesis can be realized.

Once R-parity is not a symmetry of the model, lepton and baryon number violating terms in the superpotential like ϵ_{ab} ( λ^{′′′}_{ijk}L̂^a_i L̂^b_jê^c_k + λ^′_{ijk}L̂^a_i Q̂^b_jd̂^c_k + μ_iL̂^a_i Ĥ^b_2 ) , λ^{′′}_{ijk}d̂^c_i d̂^c_jû^c_k , (1.2)

are in principle allowed by gauge invariance. As it is well known, to avoid too fast proton decay mediated by the exchange of squarks of masses of the order of the EW scale, the presence together of terms of the type L̂Q̂d̂^c and d̂^cd̂^cû^c must be forbidden, unless we impose very stringent bounds such as e.g. λ^{′∗}_{112}λ^{′′}_{112} <∼ 2 × 10^{−27}. Clearly, these values for the couplings are not very natural, and for constructing viable supersymmetric models one usually forbids at least one of the operators LQd^c or d^cd^cu^c. The other type of operators above are not so stringently suppressed, and therefore still a lot of freedom remains [18].

There are several ways to avoid this problem. One is to assume that there are other discrete symmetries, like e.g. baryon triality which only forbids the baryon violating operators [19]. Another one comes from string constructions, where the matter superfields can be located in different sectors or have different extra U(1) charges, in such a way that some operators violating R-parity can be forbidden [20], but others can be allowed.

Another problem is related to the absence of a μ term as well as Majorana masses for neutrinos in the superpotential (1.1), since both type of bilinear terms are in principle allowed by gauge invariance. As for the proton decay problem above, we have several solutions. The fact that only dimensionless trilinear terms are present in the superpotential of the μνSSM, can be explained invoking a Z_3 symmetry, as it is usually done in the NMSSM. The second solution comes again from string constructions, where the low-energy limit is determined by the massless string modes. Since the massive modes are of the order of the string scale, only trilinear couplings are present in the low-energy superpotential.

Finally, since the superpotential of the μνSSM contains only trilinear couplings, it has a Z_3 symmetry, just like the NMSSM, as mentioned above. Therefore, one expects to have also a cosmological domain wall problem [21, 22] in this model. Nevertheless, the usual solution [23] can also work in this case: non-renormalizable operators [21] in the superpotential can explicitly break the dangerous Z_3 symmetry, lifting the degeneracy of the three original vacua, and this can be done without introducing hierarchy problems. In addition, these operators can be chosen small enough as not to alter the low-energy phenomenology.

The aim of this work is to solve the above three problems adopting a different strategy. In particular, we will add an extra U(1) gauge symmetry to the gauge group of the Standard Model. In this way, and since all the fields of the μνSSM can be charged under the extra U(1), all the dangerous operators could be forbidden without relying in string theory arguments, discrete symmetries or non-renormalizable operators. Previous works using an extra U(1) to solve these problems in other models, can be found in [24, 25].

The outline of the paper is as follows. In Section 2, first we will use the extra U(1) charges of the matter fields to allow the presence of the phenomenologically interesting operators, forbidding the dangerous ones. Then, we will impose the anomaly cancellation conditions associated to the extra U(1) to constrain the values of the U(1) charges. We will see that several assignments of the U(1) charges to the matter fields are viable, but in all cases the introduction of extra matter is required. Once we have found consistent assignments (models), in Section 3 we will study their phenomenology concerning the EW symmetry breaking. We will also check that the experimental constraints on the existence of an extra gauge boson are fulfilled, as well as that correct neutrino masses can be obtained. The tree-level upper bound on the lightest Higg boson mass will also be discussed. Finally, the conclusions are left for Section 4.

2. The search of models

As mentioned in the Introduction, we will work with the gauge group of the Standard Model adding an extra U(1),

SU(3)_C × SU(2)_L × U(1)_Y × U(1)_{extra} . (2.1)

The matter content of the μνSSM with three families of quarks and leptons and one family of Higgses has then the following representations under this gauge group: Q(3, 2, 1 6 , Q_Q) , u^c(¯3, 1, − 2 3 , Q_u) , d^c(¯3, 1, 1 3 , Q_d) , L(1, 2, − 1 2 , Q_L) , e^c(1, 1, 1, Q_e) , ν^c(1, 1, 0, Q_νc ) ,

H_1(1, 2, − 1 2 , Q_{H1} ) , H_2(1, 2, 1 2 , Q_{H2} ) , (2.2)

where for simplicity we have taken the extra charges as family independent.

Now we ask the Yukawa terms, Q̂Ĥ_1d̂^c, Q̂Ĥ_2û^c, L̂Ĥ_1ê^c, L̂Ĥ_2ν̂^c (that give tree-level masses to all fermions), and the effective μ term, ν̂^cĤ_1Ĥ_2, to be allowed in the superpotential. Since they have to be invariant under U(1)_{extra}, we can obtain five equations for the extra U(1) charges. Using these equations we can express five charges in terms of the other three:

Q_u = Q_{H1} + Q_d − Q_{H2} , (2.3) Q_Q = −Q_{H1} − Q_d , (2.4) Q_e = −2Q_{H1} , (2.5) Q_L = Q_{H1} , (2.6) Q_νc = −Q_{H1} − Q_{H2} . (2.7)

It is worth noticing here that equations (2.4), (2.5) and (2.6), imply that the lepton number violating terms, L̂L̂ê^c and L̂Q̂d̂^c, are automatically allowed. Thus to avoid fast proton decay, the baryon number violating term, d̂^cd̂^cû^c, should be forbidden. Using (2.3) one obtains the following condition:

Q_{H1} ≠ Q_{H2} − 3Q_d . (2.8)

Besides, to forbid the bilinear μ-term, μĤ_1Ĥ_2, one has to impose,

Q_{H1} ≠ −Q_{H2} . (2.9)

Given (2.6), this implies that the lepton number violating operator L̂Ĥ_2 is automatically forbidden. In addition, from (2.7) one obtains that Q_νc ≠ 0, and, as a consequence, the term that generates the cosmological domain wall problem, ν̂^cν̂^cν̂^c, is also automatically forbidden. It is worth noticing here that a Goldstone boson does not appear from the absence of this term in the superpotential, since the U(1) symmetry is gauged. As a consequence, the Goldstone boson is eaten by the Z^′ in the process of EW symmetry breaking. We will see in the next section that the analysis of the generalized see-saw matrix mixing neutrinos with neutralinos, in the case of three generations, is different from the usual one in the μνSSM because of the absence of this effective Majorana mass term.

Let us now impose the six anomaly cancellation conditions associated to the extra U(1) gauge symmetry.

The cancellation of the anomaly [SU(2)_L]^2 − U(1)_{extra} implies that the condition ∑ Q_{extra} = 0 must be fulfilled, where the sum extends over all left-handed fermions and antifermions, and Q_{extra} generically denotes the U(1)_{extra} charges of the particles (in this case only doublet fermions). Using in addition (2.4) and (2.6), one obtains for Q_d the solution Q_d =^{nH −6}_9 Q_{H1} +^{nH}_9 Q_{H2} , where we have assumed in principle that the number of Higgs doublets n_H is free. Note however that if n_H = 3 one would obtain Q_{H1} = Q_{H2} − 3Q_d, which does not fulfill (2.8) and therefore the baryon number violating operator d^cd^cu^c would be allowed. Thus we will not consider this possibility and impose n_H ≠ 3.

The [SU(3)_C ]^2 − U(1)_{extra} anomaly cancellation condition, ∑ Q_{extra} = 0 (only for color triplet fermions), gives rise to: 3(2Q_Q + Q_u + Q_d) = 0. But once (2.3) and (2.4) are taken into account, one obtains Q_{H1} = −Q_{H2} , which does not fulfill (2.9), thus the bilinear operators would be allowed in the superpotential, spoiling the solution of the μνSSM to the μ problem. Then, we conclude that we have to introduce exotic matter with color charge in the spectrum to cancel this anomaly. On the other hand, in order not to alter the anomaly cancellation conditions associated to the Standard Model gauge group, we assume that we have n_q generations of exotics which are vector-like pairs of chiral superfields with opposite U(1)_Y hypercharges: q̂(3, 1, Y_q , Q_q), q̂^c(¯3, 1, −Y_q, Q_qc ). In addition, to avoid conflicts with experiments, the exotic quarks must be sufficiently heavy to not have been detected. Thus to give them masses, we add a trilinear term in the superpotential

λ^{ijk}_q ν̂^c_i q̂_jq̂^c_k . (2.10)

Requiring that this term is allowed by the U(1)_{extra}, i.e. Q_νc = −Q_q − Q_qc , and using (2.7), we obtain that relation

Q_q + Q_qc = Q_{H1} + Q_{H2} , (2.11)

must be fulfilled. Taking into account this relation together with the equation of cancellation of the [SU(3)_C ]^2 − U(1)_{extra} anomaly, we finally obtain that the number of families of the exotic triplets must be n_q = 3.

Let us now consider the [Gravity]^2 − U(1)_{extra} anomaly cancellation condition, that is, ∑ Q_{extra} = 0, to obtain: 3(6Q_Q + 3Q_u + 3Q_d + 2Q_L + Q_e + Q_νc ) + 2n_H (Q_{H1} + Q_{H2} ) + 3(3Q_q + 3Q_qc ) = 0. Using (2.3-2.7) and (2.11), one finally gets (2n_H − 3)(Q_{H1} + Q_{H2} ) = 0 which has no solution for Q_{H1} ≠ −Q_{H2} or an integer number of Higgs families. Then we conclude that we have to add more exotic matter to the spectrum in order to cancel the gravitational anomaly. Since we would like to extend the model with the minimal content of matter, the simplest solution is to add extra singlets under the Standard Model gauge group, in order not to alter the usual anomaly cancellation. In particular, we will add in principle n_s generations of singlets ŝ(1, 1, 0, Q_s). Thus the anomaly cancellation condition implies that Q_s must have the value Q_s =^{3−2nH}_{ns} (Q_{H1} + Q_{H2} ).

Now, with the [U(1)_Y ]^2 − U(1)_{extra} anomaly cancellation condition, ∑ Y^2Q_{extra} = 0, where Y generically denotes the hypercharges of the particles, and using (2.3-2.6), (2.11) and the value for Q_d obtained above, one can find the following equation: (9Y^2_q + n_H − 4)(Q_{H1} + Q_{H2} ) = 0. Since we want to forbid the bilinear terms in the superpotential, we must impose 9Y^2_q + n_H − 4 = 0. For n_H = 1, 2 one obtains that Y_q must be an irrational number. The case n_H = 3 is excluded by the requirement of proton stability, as discussed above. For n_H > 4 we obtain a complex value for Y_q. Finally, with n_H = 4 the [U(1)_{extra}]^2 −U(1)_Y anomaly cancellation condition, ∑ Q^2_{extra}Y = 0, implies Q_{H1} = −Q_{H2} , and the bilinear terms would be allowed in the superpotential.

We conclude with this analysis that it is not possible to cancel all the anomalies with only three new degrees of freedom (Q_q, Q_qc , Q_s). We have checked that neither is possible with four. In particular, we have considered the following possibilities: Two types of vectorlike triplets, q̂_1(3, 1, Y_{q1} , Q_{q1} ), q̂^c_1(¯3, 1, −Y_{q1} , Q_qc_1 ), q̂_2(3, 1, Y_{q2} , Q_{q2} ) and q̂^c_2(¯3, 1, −Y_{q2} , Q_qc_2 ); one type of vector-like triplets, q̂(3, 1, Y_q , Q_q) and q̂^c(¯3, 1, −Y_q, Q_qc ), and two singlets with opposite hypercharge for not altering the Standard Model anomaly cancellation, ŝ_1(1, 1, Y_s, Q_{s1} ) and ŝ_2(1, 1, −Y_s, Q_{s2} ); one type of vector-like triplets, q̂(3, 1, Y_q , Q_q) and q̂^c(¯3, 1, −Y_q, Q_qc ), one SU(2)_L doublet with zero hypercharge, l̂(1, 2, 0, Q_l ), and one Standard Model singlet ŝ(1, 1, 0, Q_s); one type of vector-like triplets, q̂(3, 1, Y_q , Q_q) and q̂^c(¯3, 1, −Y_q, Q_qc ), and one type of vector-like doublets, l̂(1, 2, Y_l, Q_l) and l̂^c(1, 2, −Y_l, Q_lc ). In all these cases it is not possible to cancel all the anomalies solving all the problems discussed above, and having effective mass terms for the exotic matter.

Let us then find the simplest model that cancels all anomalies. This model adds the following exotic matter to the spectrum (with five extra charges): three generations of vector-like triplets q̂(3, 1, Y_q , Q_q) , q̂^c(¯3, 1, −Y_q, Q_qc ) , (2.12)

and n_s generations of singlets ŝ(1, 1, 0, Q_s) , (2.13)

as obtained above, and in addition n_l generations of doublets

l̂(1, 2, Y_l, Q_l) , l̂^c(1, 2, −Y_l, Q_{lc} ) . (2.14)

The doublets must also be sufficiently massive as the extra triplets to have evaded the experimental detection. Then, we allow the following effective mass term in the superpotential:

λ^{ijk}_l ν̂^c_i l̂_jl̂^c_k . (2.15)

As a consequence, the following condition is obtained:

Q_l + Q_lc = Q_{H1} + Q_{H2} . (2.16)

In addition, the [SU(2)_L]^2 − U(1)_{extra} anomaly cancellation gives rise to:

Q_d = n_H + n_l − 6 9 Q_{H1} + n_H + n_l 9 Q_{H2} . (2.17)

Note that the requirement (2.8) implies that n_H + n_l ≠ 3.

From the [Gravity]^2 − U(1)_{extra} anomaly cancellation we obtain the value of the extra charge of the singlet: Q_s =

3 − 2n_H − 2n_l n_s (Q_{H1} + Q_{H2} ) . (2.18)

After replacing all the variables in the [U(1)_Y ]^2 − U(1)_{extra} anomaly cancellation condition we are left with the equation

18 Y^2_q + 4 n_l Y^2_l = 8 − n_l − 2 n_H . (2.19)

The left side of the equation is a sum of positive quantities so we obtain an upper bound on the number of generations n_l + 2n_H ≤ 8. We can study this equation searching for reasonable rational values of the hypercharges. The results are given in Table 1.

| | | | | | n_H 1 1 1 1 2 2 3 2 3 n_l 3 3 4 4 2 2 1 2 1 Y_q ±^2_5 0 ±^1_3 ±^1_9 ±^1_5 ±^1_3 ±^2_9 0 0 Y_l ±^1_{10} ±^1_2 0 ±^1_3 ±^2_5 0 ±^1_6 ±^1_2 ±^1_2

| | | | | | Table 1: Number of generations of Higgses and extra doublets, and hypercharges that solve the [U(1)_Y ]^2 − U(1)_{extra} anomaly equation.

The equation associated to [U(1)_{extra}]^2 − U(1)_Y is quadratic in the extra charges:

3(6Y_QQ^2_Q + 3Y_uQ^2_u + 3Y_dQ^2_d + 2Y_LQ^2_L + Y_eQ^2_e + Y_ν Q^2_νc ) + n_H (2Y_{H1} Q^2_{H1} + 2Y_{H2} Q^2_{H2} ) +n_q(3Y_qQ^2_q − 3Y_qQ^2_qc ) + n_l(2Y_lQ^2_l − 2Y_lQ^2_lc ) + n_sY_sQ^2_s = 0 . (2.20)

After substituting all the extra charges known, we obtain the value of Q_q in terms of Q_{H1} , Q_{H2} , and Q_l. Using (2.11) we also obtain Q_qc in terms of Q_{H1} , Q_{H2} , and Q_l.

Finally, the equation associated to [U(1)_{extra}]^3 is cubic in the extra charges, ∑ Q^3_{extra} = 0. We study this equation for each set of (n_H , n_l, Y_q, Y_l) of Table 1. We obtain Q_l in terms of Q_{H1} and Q_{H2} . Using (2.16), we also obtain Q_lc in terms of Q_{H1} and Q_{H2} . The only cases that give rise to rational values for Q_l and Q_lc have the following number of generations:

n_H = 1 , n_l = 3 , n_s = 6 , (2.21)

with Y_q = ± 2 5 , Y_l = 1 10 , (2.22)

and two distinct solutions for Q_l as shown in the right side of Table 2, or

Y_q = 0 , Y_l = 1 2 , (2.23)

and two distinct solutions for Q_q, as shown also in the right side of Table 2.

It is worth noticing here that, although at the end we are left with the six different solutions (models) discussed above, we will see in the next section that all of them give rise to the same phenomenology at low energies. This is because the six models only differ in the extra charges and hypercharges of the exotic matter, and this matter does not play any role in the EW breaking.

We have then obtained all the extra charges in terms of two of them, Q_{H1} and Q_{H2} . For rational values of Q_{H1} and Q_{H2} we obtain rational values for the rest of extra charges. For definiteness, we add two additional conditions for the complete determination of the extra charges. First, we impose that the bases of the hypercharge Y and the extra charge Q are orthogonal, i.e. T r[Y Q] = 0. This implies Q_{H2} = 6 Q_{H1} . Second, following [26] we impose the normalization condition for the extra charges T r[Y^2] = T r[Q^2]. This condition is in fact non physical since the relevant quantity is the product of the extra gauge coupling constant g^′_1 by the normalization factor. From this condition we obtain the value of Q_{H1} and, consequently, the values of all the extra charges. We show these values in Tables 2 and 3, where the normalization factor is given by N =

√_3

2426 .

| | | | | | | | |

Q_q Q_qc Q_l Q_lc 257 30 N^{373}_{30} N^{19}_{15} N^{296}_{15} N Model 1: Y_q =^2_5 , Y_l =^1_{10} , Q_l =^1_{45} (−5Q_{H1} + 4Q_{H2} ) 173 30 N^{457}_{30} N^{271}_{15} N^{44}_{15} N Model 2: Y_q =^2_5 , Y_l =^1_{10} , Q_l =^1_{45} (31Q_{H1} + 40Q_{H2} ) 373 30 N^{257}_{30} N^{19}_{15} N^{296}_{15} N Model 3: Y_q = −^2_5 , Y_l =^1_{10} , Q_l =^1_{45} (−5Q_{H1} + 4Q_{H2} ) 457 30 N^{173}_{30} N^{271}_{15} N^{44}_{15} N Model 4: Y_q = −^2_5 , Y_l =^1_{10} , Q_l =^1_{45} (31Q_{H1} + 40Q_{H2} ) 7 2 N^{35}_2 N^{19}_3 N^{44}_3 N Model 5: Y_q = 0, Y_l =^1_2 , Q_q =^1_6 (Q_{H1} + Q_{H2} ) 35 2 N^7_2 N^{19}_3 N^{44}_3 N Model 6: Y_q = 0, Y_l =^1_2 , Q_q =^5_6 (Q_{H1} + Q_{H2} )

| | | | | | | | |

Table 2: Values of the U(1)_{extra} charges of the extra triplets and doublets added to the Standard Model spectrum of the μνSSM, for the six solutions of the [U(1)_{extra}]^3 anomaly cancellation condition. | | | Q_{H1} = 3 N Q_{H2} = 18 N Q_Q = −^{31}_3 N Q_u = −^{23}_3 N Q_d =^{22}_3 N Q_L = 3 N Q_e = −6 N Q_νc = −21 N Q_s = −^{35}_2 N | | | Table 3: Values of the U(1)_{extra} charges for the Standard Model content of the μνSSM and for the extra singlets.

Summarizing, we have found six interesting models with the following exotic matter: three generations of vector-like color triplets with respect to the Standard Model gauge group (2.12), three generations of SU(2)_L doublets (2.14), and six^1 Standard Model singlets (2.13). The superpotential is given by:

W = ϵ_{ab}(Y^{ij}_u Ĥ^b_2Q̂^a_i û^c_j + Y^{ij}_d Ĥ^a_1 Q̂^b_id̂^c_j + Y^{ij}_e Ĥ^a_1 L̂^b_iê^c_j + Y^{ij}_ν Ĥ^b_2L̂^a_i ν̂^c_j ) − ϵ_{ab}λ^iν̂^c_i Ĥ^a_1 Ĥ^b_2 + ϵ_{ab}(λ^{′ijk}Q̂^a_i L̂^b_jd̂^c_k + λ^{′′′ijk}L̂^a_i L̂^b_jê^c_k) + λ^{ijk}_q ν̂^c_i q̂_jq̂^c_k + ϵ_{ab}λ^{ijk}_l ν̂^c_i l̂^a_j (l̂^b_k)^c . (2.24)

The extra singlets do not have couplings in the superpotential. The extra triplets and doublets have effective mass terms in the superpotential avoiding conflicts with the experimental searches of exotic matter. The singlets, as they do not couple in the superpotential, and only interact through their extra U(1) charge, do not need to be massive for escaping detection since the value of the lower bound on the mass of an extra Z is quite large.

Let us now make a comment on the hypercharges of the extra matter. In these models, the hypercharges of the exotic matter lead to non-standard fractional electric charges. This issue has been discussed for example in [27], and references therein. In the case of extra triplets, they could form color-neutral fractionally charged states since the triplets can bind. The lightest of these states will be stable due to electric charge conservation. As pointed out in [28], the estimation of its relic abundance contradicts limits on the existence of fractional charge in matter which is less than 10^{−20} per nucleon [29]. Thus, avoiding such fractionally charged states is necessary. A possible mechanism to carry it out is

1If preferred, one could imagine that those six generations are in fact 3 + 3 generations that could be distinguished by some high-energy extra U(1) gauge group, perhaps coming from the compactification of a string model [20].

inflation. Inflation would dilute these particles. The reheating temperature T_{RH} should be low enough not to produce them again. This reheating temperature must be smaller than 10^{−3} times the mass of the particle [30], so in our case T_{RH} < 1 GeV. This, in principle is possible since the only constraint on this temperature is to be larger than 1 MeV not to spoil the successful nucleosynthesis predictions.

Finally, let us recall that the models where R-parity is conserved still need some finetuning to agree with the experimental bounds on the proton lifetime. This is because R-parity does not forbid non-renormalizable dimension five operators that break baryon or lepton number, and could produce too fast proton decay if the couplings are of order one [31]. We have checked that although in the model analyzed here, there are 43 nonrenormalizable dimension five baryon number violating operators allowed by the gauge symmetry of the Standard Model, such as for example Q̂Q̂Q̂L̂, û^cû^cd̂^cê^c or Q̂Q̂Q̂Ĥ_1, all of them turn out to be forbidden by the extra U(1).

3. Electroweak breaking and experimental constraints

The gauge symmetry discussed in the previous section SU(3)_C ×SU(2)_L×U(1)_Y ×U(1)_{extra} has to be spontaneously broken to SU(3)_C ×U(1)_{e.m.}. To discuss this breaking we have first to calculate the neutral scalar potential, which is the sum of three contributions: F-terms, D-terms and soft terms. Working in the framework of gravity-mediated supersymmetry breaking, and taking into account the superpotential (2.24), the latter are given by:

L_{soft} = 1 2 (M_3λ̃_3λ̃_3 + M_2λ̃_2λ̃_2 + M_1λ̃_1λ̃_1 + M^′_1λ̃^′_1λ̃^′_1 + h.c.)

− ϵ_{ab}[(A_uY_u)^{ij} H^b_2Q̃^a_i ũ^c_j + (A_dY_d)^{ij} H^a_1 Q̃^b_i d̃^c_j + (A_eY_e)^{ij}H^a_1 L̃^b_iẽ^c_j + (A_ν Y_ν )^{ij} H^b_2L̃^a_i ν̃^c_j + (A_λ′ λ^′)^{ijk}Q̃^a_i L̃^b_jd̃^c_k + (A_λ′′′ λ^{′′′})^{ijk}L̃^a_i L̃^b_jẽ^c_k − (A_λλ)^iν̃^c_i H^a_1 H^b_2 + (A_{λl} λ_l)^{ijk}ν̃^c_i l̃^a_j l̃^{kc}_b + h.c.] − [(A_{λq} λ_q)^{ijk}ν̃^c_i q̃_jq̃^c_k + h.c] − [(M^2_{Q̃})^{ij}Q̃^{a∗}_i Q̃^a_j + (M^2_ũc )^{ij}ũ^{c∗}_i ũ^c_j + (M^2_{d̃c} )^{ij}d̃^{c∗}_i d̃^c_j

+ (M^2_{L̃})^{ij}L̃^{a∗}_i L̃^a_j + (M^2_ẽc )^{ij}ẽ^{c∗}_i ẽ^c_j + M^2_{H1} H^{a∗}_1 H^a_1 + M^2_{H2} H^{a∗}_2 H^a_2 + (M^2_{ν̃}c )^{ij}ν̃^{c∗}_i ν̃^c_j + (M^2_{s̃} )^{ij}s̃^∗_i s̃_j + (M^2_{q̃} )^{ij}q̃^∗_i q̃_j + (M^2_{q̃}c )^{ij}q̃^{c∗}_i q̃^c_j + (M^2_{l̃} )^{ij}l̃^∗_i l̃_j + (M^2_{l̃c} )^{ij}l̃^{ac∗}_i l̃^{ac}_j ] . (3.1)

Once the EW symmetry is spontaneously broken, the neutral scalars develop in general the following VEVs:

⟨H^0_1 ⟩ = v_1, ⟨H^0_2 ⟩ = v_2, ⟨ν̃_i⟩ = ν_i ⟨ν̃^c_i ⟩ = ν^c_i . (3.2)

We have checked that the neutral components of the exotic matter do not take VEVs in a wide region of the parameter space, where we will concentrate. In what follows, it will be enough for our purposes to neglect mixing between generations in (2.24) and (3.1), and to assume that only one generation of sneutrinos gets VEVs, ν, ν^c. The extension of the analysis to all generations is straightforward, and the conclusions are similar. The expression of the neutral scalar potential is then given by:

< V^0 > = 1 8 (g^2_1 + g^2 )(|v_1|^2 + |ν|^2 − |v_2|^2)^2 + 1 2 g^{′2}_1 (Q_{H1} |v_1|^2 + Q_{H2} |v_2|^2 + Q_L|ν|^2 + Q_νc |ν^c|^2)^2 + |Y_ν |^2(|v_2|^2|ν^c|^2 + |v_2|^2|ν|^2 + |ν|^2|ν^c|^2) + |λ|^2(|v_1|^2|v_2|^2 + |ν^c|^2|v_2|^2 + |ν^c|^2|v_1|^2) + (−λY^∗_ν v_1ν^∗|v_2|^2 − λY^∗_ν v_1ν^∗|ν^c|^2 + h.c.) + M^2_{L̃}|ν|^2 + M^2_{ν̃}c |ν^c|^2 + M^2_{H1} |v_1|^2 + M^2_{H2} |v_2|^2 + (A_ν Y_ν v_2νν^c − A_λλν^cv_1v_2 + h.c.) . (3.3)

We also assume, for simplicity, that there is not CP violation in the scalar sector and we take all the parameters and VEVs real in (3.3). The four minimization conditions with respect to the VEVs v_1, v_2, ν^c, ν, are: 1 4 (g^2_1 + g^2 )(v^2_1 + ν^2 − v^2 )v_1 + g^{′2}_1 (Q_{H1} v^2_1 + Q_{H2} v^2 + Q_Lν^2 + Q_νc ν^{c2})Q_{H1} v_1 + λ^2v_1(v^2 + ν^{c2}) + M^2_{H1} v_1 − λY_ν ν|v_2|^2 − λY_ν ν|ν^c|^2 − A_λλν^cv_2 = 0 ,

− 1 4 (g^2_1 + g^2 )(v^2_1 + ν^2 − v^2 )v_2 + g^{′2}_1 (Q_{H1} v^2_1 + Q_{H2} v^2 + Q_Lν^2 + Q_νc ν^{c2})Q_{H2} v_2 + Y^2_ν v_2(ν^2 + ν^{c2}) + λ^2v_2(v^2_1 + ν^{c2}) + M^2_{H2} v_2 − 2λY_ν v_1νv_2 + A_ν Y_ν νν^c − A_λλν^cv_1 = 0 ,

g^{′2}_1 (Q_{H1} v^2_1 + Q_{H2} v^2 + Q_Lν^2 + Q_νc ν^{c2})Q_νc ν^c + Y^2_ν ν^c(v^2 + ν^2) − A_λλv_1v_2 + λ^2ν^c(v^2_1 + v^2) + M^2_{ν̃}c ν^c − 2λY_ν v_1νν^c + A_ν Y_ν v_2ν = 0 ,

1 4 (g^2_1 + g^2 )(v^2_1 + ν^2 − v^2 )ν + g^{′2}_1 (Q_{H1} v^2_1 + Q_{H2} v^2 + Q_Lν^2 + Q_νc ν^{c2})Q_Lν + Y^2_ν ν(v^2 + ν^{c2}) + M^2_{L̃}ν − λY_ν v_1v^2 − λY_ν v_1ν^{c2} + A_ν Y_ν v_2ν^c = 0 . (3.4)

Notice that in the last equation in (3.4) ν → 0 as Y_ν → 0, and since the coupling Y_ν determines the Dirac mass for the neutrinos, m_D ≡ Y_ν v_2, then Y_ν ∼ 10^{−6}, and therefore ν has to be very small. The smallness of the left-handed sneutrino VEVs for a correct description of the neutrino sector in the μνSSM, compatible with current data, has been proved in [9, 11, 8].

We can now approximate the minimization equations neglecting the values of ν and Y_ν , and we are left with only three equations. Solving the minimization conditions for the soft masses in terms of the extra charges, coupling constants, VEVs, and the parameters λ and A_λλ, one obtains:

M^2_{H1} = − 1 4 (g^2_1 + g^2 )(v^2_1 − v^2 ) − g^{′2}_1 (Q_{H1} v^2_1 + Q_{H2} v^2 + Q_νc ν^{c2})Q_{H1}

− λ^2(v^2 + ν^{c2}) + A_λλν^c v2 v1 , M^2_{H2} = 1 4 (g^2_1 + g^2 )(v^2_1 − v^2 ) − g^{′2}_1 (Q_{H1} v^2_1 + Q_{H2} v^2 + Q_νc ν^{c2})Q_{H2}

− λ^2(v^2_1 + ν^{c2}) + A_λλν^c v1 v2 , M^2_{ν̃}c = −g^{′2}_1 (Q_{H1} v^2_1 + Q_{H2} v^2 + Q_νc ν^{c2})Q_νc − λ^2(v^2_1 + v^2 ) + A_λλ v_1v_2 ν^c . (3.5)

Note that these equations are equivalent (substituting ν^c by the VEV of a singlet scalar) to the minimization conditions for the U(1)SSM models [32, 26], where correct EW breaking is known to take place.

On the other hand, the VEVs have to satisfy several phenomenological constraints. First, the mass of the W boson, M_W =^1_2 g^2 (v^2_1 + v^2 + ν^2), is well determined, leading to (v^2_1 + v^2) ≃ (174 GeV)^2 when ν is neglected. Second, the Z boson of the Standard Model and the Z^′ boson associated to the U(1)_{extra} are mixed with a mass-squared matrix given by: ( M^2_Z M^2_{ZZ}′ M^2_{ZZ}′ M^2_Z′ ) , (3.6)

where the entries are functions of the VEVs, gauge coupling constants and extra charges,

M^2_Z = 1 2 (g^2_1 + g^2 )(v^2_1 + v^2 ) ,

M^2_Z′ = 2g^{′2}_1 (Q^2_{H1} v^2_1 + Q^2_{H2} v^2 + Q^2_νc ν^{c2}) ,

M^2_{ZZ}′ = g^′_1 √ g^2_1 + g^2 (−Q_{H1} v^2_1 + Q_{H2} v^2 ) . (3.7)

Diagonalizing this matrix one obtains the mass eigenstates. The experimental constraints imply the following bound [33] for the mixing parameter R = (M^2_{ZZ}′ )^2 M^2_Z M^2_{Z′}

≤ 10^{−3} . (3.8)

In addition, the mass of the heaviest eigenstate should be larger than about 1 TeV [34]. If we also ask the heaviest eigenstate to be lighter than 2000 GeV in order not to have a very large fine-tuning (and for the Z^′ to be discovered at present accelerator experiments), then

(1000)^2 ≤ 1 4 (g^2_1 + g^2 )(v^2_1 + v^2 ) + g^{′2}_1 (Q^2_{H1} v^2_1 + Q^2_{H2} v^2 + Q^2_νc ν^{c2}) +[ 1 16 (g^2_1 + g^2 )^2(v^2_1 + v^2 )^2 + g^{′4}_1 (Q^2_{H1} v^2_1 + Q^2_{H2} v^2 + Q^2_νc ν^{c2})^2 − 1 2 (g^2_1 + g^2 )g^{′2}_1 (v^2_1 + v^2 )(Q^2_{H1} v^2_1 + Q^2_{H2} v^2 + Q^2_νc ν^{c2})

+g^{′2}_1 (g^2_1 + g^2 )(−Q_{H1} v^2_1 + Q_{H2} v^2)^2]^{1/2} ≤ (2000)^2 . (3.9)

Figure 1: Allowed region by the experimental constraints on the Z^′ in the plane M^2_{H1} − M^2_{H2} , for λ = 0.1

From the above equations it is obvious that the six models found in the previous section give rise to the same phenomenology at low energies, since they only differ in the extra charges and hypercharges of the exotic matter, and this matter does not play any role in the EW breaking.

In order to study the solutions of the equations, we assume the following reasonable values for the parameters: A_λλ = 0.1 TeV and λ = 0.1, 0.3. For the sake of definiteness we also take g^′_1 = g_1, 1 < tan β =^{v2}_{v1} < 35, and we work in the parameter space (ν^c, tan β). Once imposed the experimental constraints on the existence of a new gauge boson Z^′, we have checked that the effect of the bound on the Z − Z^′ mixing is more important than the bounds on the mass of the heaviest eigenstate, although it is still possible to find wide allowed regions. The former experimental constraint implies a lower bound on the VEV of the right-handed sneutrino ν^c, depending on the value of tan β. In particular, for λ = 0.3 and tan β = 1, ν^c must be larger than 2 TeV. For increasing values of tan β, the lower bound on ν^c increases since it is more difficult to suppress the Z − Z^′mixing. For example, for tan β = 3 (7), one obtains that ν^c must be larger than about 4 (4.6) TeV. For tan β larger than 7, the lower bound on ν^c practically does not vary. Similar results are obtained for λ = 0.1, although in this case a tachyonic region appears and we always need values of ν^c larger than 2.5 TeV.

One can translate the constraints on the Z^′ to the plane (M^2_{H1} , M^2_{H2} ), finding the allowed region in the parameter space of the soft masses. We show these regions in Figs. 1 and 2 for λ = 0.1 and 0.3, respectively.

Once we have shown that the model is in principle phenomenologically viable, let us now focus our attention on the neutralino sector. In the μνSSM with an extra U(1) gauge symmetry, the MSSM neutralinos mix with the extra gaugino. The fact that R-parity is

Figure 2: Allowed region by the experimental constraints on the Z^′ in the plane M^2_{H1} − M^2_{H2} , for λ = 0.3

broken in this model, also produces the mixing of the neutralinos with the left- and righthanded neutrinos. Of course, now we have to be sure that one eigenvalue of this matrix is very small, reproducing the experimental results about neutrino masses. In the weak interaction basis defined by ψ^{0t} = (Z̃^′, B̃^0 = −iλ̃^′, W̃^0_3 = −iλ̃_3, H̃^0_1 , H̃^0_2 , ν^c, ν), the neutral fermion mass terms in the Lagrangian are L^{mass}_{neutral} = −^1_2 (ψ^0)^tM_nψ^0 + h.c., with M_n a 7 × 7 (11 × 11 if we include all generations of neutrinos) matrix,

M_n = ( M m m^t 0 ) , (3.10)

where

M =

M^′_1 0 0 √ 2g^′_1Q_{H1} v_1 √ 2g^′_1Q_{H2} v_2 √ 2g^′_1Q_νc ν^c 0 M_1 0 −^{1√}_2 g_1v_1^{1√}_2 g_1v_2 0

0 0 M_2^{1√}_2 g_2v_1 −^{1√}_2 g_2v_2 0 √ 2g^′_1Q_{H1} v_1 −^{1√}_2 g_1v_1^{1√}_2 g_2v_1 0 −λν^c −λv_2 √ 2g^′_1Q_{H2} v_2^{1√}_2 g_1v_2 −^{1√}_2 g_2v_2 −λν^c 0 −λv_1 + Y_ν ν √ 2g^′_1Q_νc ν^c 0 0 −λv_2 −λv_1 + Y_ν ν 0

,

(3.11)

is very similar to the neutralino mass matrix of the U(1)SSM (substituting ν^c by the VEV of a singlet scalar and neglecting the contributions Y_ν ν), and

m^t = ( √ 2g^′_1Q_ν ν − 1 √ 2 g_1ν 1 √ 2 g_2ν 0 Y_ν ν^c Y_ν v_2 ) . (3.12)

Using typical values of the soft gaugino masses, and with values for the rest of parameters in the region allowed by the constraints on the Z^′, we have checked numerically that correct neutrino masses can easily be obtained, i.e. once we diagonalize the neutralino mass matrix, one eigenvalue is sufficiently small, of the order of 10^{−2} eV.

However, for the general case of three generations of left- and right-handed neutrinos, unlike what occurs for the μνSSM [8], the analysis is not so straightforward. As discussed in Section 2, the presence of the extra U(1) group forbids the usual Majorana mass term, κν̂^cν̂^cν̂^c, of the original μνSSM (1.1). Thus, taking into account the generalization of (3.11) for three generations [7], right-handed neutrinos can only acquire large masses through the mixings with the extra gaugino and the Higgsinos due to the terms proportional to g^′_1ν^c_i and λ^i, respectively. Without loss of generality, one can define a basis ν^c_i such that the VEVs of the right-handed sneutrinos are in the ν^c_1 direction (ν^c_{2,3} = 0), while λ^3 = 0. Then, only two right-handed neutrinos, ν^c_1 and ν^c_2 can have EW-scale masses, denoted as M_νc_1 and M_νc_2 . The third one combines with the left-handed neutrinos to form a nearly massles Dirac particle. As a consequence, the EW-scale see-saw only works for two linear combinations of left-handed neutrinos, that we will denote as ν_1 and ν_2, with a mass given by^2 m_{νi} ∼^{(Y iiν v2)2}_{Mνci} for i = 1, 2, with Y_ν ∼ 10^{−6}. In general, the four light neutrino states (ν_1, ν_2, ν_3, ν^c_3) are mixed with the following mass matrix,

m_{ν1} 0 0 m^1_D 0 m_{ν2} 0 m^2_D 0 0 0 m^3_D m^1_D m^2_D m^3_D 0

, (3.13)

where the state ν_3 is orthogonal to ν_{1,2} states and m^k_D ≃ Y^{k3}_ν v_2, with k = 1, 2, 3, are the Dirac masses in this basis. At tree-level, there are four light Majorana states. To account for neutrino data, for example the cosmological bound from WMAP on the sum of all light neutrino masses, of the order of the eV, a fine-tuning on the other three entries of the Yukawa matrix is necessary, Y^{k3}_ν ≤ 10^{−11}. We have checked this result numerically. For a more detailed discussion of this mechanism see [35], where a similar situation occurs in the context of U(1)_{B−L} supersymmetric models with broken R-parity, although in that case the EW-scale see-saw works only for one neutrino.

Therefore, the μνSSM with an extra U(1), in the general case of three generations of neutrinos, predicts the existence of two heavy right-handed neutrinos, of the order of the TeV, and four light (three active and one sterile) neutrinos. Given the oscillation anomalies in LSND, MiniBooNE and MINOS [36, 37, 38], the extra light sterile neutrino might be welcome [39].

Finally, we have also performed an estimation of the tree-level upper bound on the lightest Higgs mass in this model. Let us recall that, neglecting the small neutrino Yukawa coupling effects, the expression of the upper bound on the lightest Higgs mass in the μνSSM is equivalent to that of the NMSSM, once we define λ^2 = λ^2_1 + λ^2 + λ^2_3, and this is given

2Note that there are other contributions to neutrino masses due to the mixing of left-handed neutrinos with Higgsinos and neutral gauginos [8].

by the following tree-level expression [7]:

m^2_h ≤ M^2_Z (cos^2 2β +

2λ^2 cos^2 θ_W g^2 sin^2 2β) . (3.14)

This bound receives a positive contribution from the extra U(1) sector [40], in such a way that the tree-level formula for the upper bound on the lightest Higgs mass in the μνSSM with an extra U(1) is given by:

m^2_h ≤ M^2_Z (cos^2 2β +

2λ^2 cos^2 θ_W g^2 sin^2 2β) + 2g^′_1v^2(Q_{H2} cos^2 β + Q_{H1} sin^2 β)^2 . (3.15)

It is worth recalling here that the LEP lower bound on the Higgs mass is 114 GeV. In the case of the MSSM, the tree-level upper bound on the lightest Higgs mass is M_Z , i.e. smaller than 114 GeV. As is well known, the MSSM is not still ruled out by LEP because the radiative corrections can raise this upper bound, although this can require some finetuning. In the case of the NMSSM, once perturbativity is imposed, the tree-level upper bound on the lightest Higgs mass can be as high as 110 GeV, improving the Higgs-mass problem of the MSSM. In [7], this issue has been analyzed in the context of the μνSSM, and the upper bound turns out to be similar to the one of the NMSSM.

In the μνSSM with an extra U(1), the upper bound depends on the value of the extra gauge coupling g^′_1, as shown in (3.15). Whereas for g^′_1 ≃ g_1 this bound is only raised to 113 GeV, for g^′_1 ≃ 2g_1 it is raised to about 120 GeV. Thus, the addition of an extra U(1) gauge group to the μνSSM has also the nice feature of increasing the tree-level bound on the Higgs mass leading to a larger window for the discovery of the Higgs at collider experiments.

4. Conclusions

The μνSSM solves the μ problem of the MSSM and generates correct neutrino masses by simply using right-handed neutrinos. This mechanism implies that only dimensionless trilinear terms, breaking R-parity, are present in the superpotential. The non-presence in the superpotential of proton decay operators breaking R-parity, a trilinear term generating a domain wall problem, and bilinear terms such as the μ term and the Majorana masses, is solved in the μνSSM using string theory arguments, discrete symmetries or nonrenormalizable operators. In this work we have used a different strategy, namely an extra U(1) gauge symmetry is added to the gauge group of the Standard Model. Since all fields of the μνSSM can be charged under the extra U(1), all the dangerous operators mentioned above could in principle be forbidden. We have checked that this is precisely the case. For example, dimension four and five baryon number violating operators are forbidden in the superpotential, ensuring the stability of the proton.

On the other hand, the anomaly cancellation conditions associated to the extra U(1), allow us to constrain the values of the U(1) charges. We have checked that six assignments of the U(1) charges to the matter fields are viable, once extra matter is introduced. In particular, three generations of vector-like color triplets and SU(2)_L doublets, as well as six Standard Model singlets are needed.

We have studied the phenomenology of the model focusing our attention on the electroweak symmetry breaking. We have found that it is viable, with wide regions of the parameter space fulfilling the experimental constraints on the existence of a new gauge boson Z^′. We have also studied the neutralino sector of the model, since the neutrinos and the extra gaugino mix with the MSSM neutralinos. We have checked numerically that the experimental results on neutrino masses can be reproduced. Nevertheless, the analysis of the generalized see-saw matrix in the case of three generations is different from the usual one in the μνSSM. This is because of the absence of the trilinear term generating the domain wall problem, but also an effective Majorana mass term. Due to the absence of the latter, the EW-scale see-saw works only for two neutrinos and therefore one needs some entries of the Yukawa matrix small. Finally, we have estimated the tree-level upper bound on the lightest Higgs mass, finding that it can be as large as about 120 GeV.

Acknowledgments This work was supported in part by the MICINN under grants FPA2009-08958 and FPA2009- 09017, by the Comunidad de Madrid under grant HEPHACOS S2009/ESP-1473, and by the European Union under the Marie Curie-ITN program PITN-GA-2009-237920. The authors also acknowledge the support of the Consolider-Ingenio 2010 Programme under grant MultiDark CSD2009-00064.

References

[1] D. E. López-Fogliani and C. Muñoz, Phys. Rev. Lett. 97 (2006) 041801 [arXiv:hep-ph/0508297].

[2] C. Muñoz, unpublished notes (1994).

[3] For brief reviews, see: C. Muñoz, AIP Conf. Proc. 1200 (2010) 413 [arXiv:0909.5140 [hep-ph]];

D. E. López-Fogliani, arXiv:1004.0884 [hep-ph].

[4] J. E. Kim and H. P. Nilles, Phys. Lett. B138 (1984) 150.

[5] For a review, see: S.P. Martin, in the book ‘Perspectives on supersymmetry II’, Ed. G.L. Kane, World Scientific (2010) 1 [arXiv:hep-ph/9709356].

[6] For a review, see: U. Ellwanger, C. Hugonie and A.M. Teixeira, Phys. Rept. 496 (2010) 1 [arXiv:0910.1785 [hep-ph]].

[7] N. Escudero, D. E. Lopez-Fogliani, C. Muñoz and R. R. de Austri, JHEP 12 (2008) 099 [arXiv:0810.1507 [hep-ph]].

[8] J. Fidalgo, D. E. Lopez-Fogliani, C. Muñoz and R. Ruiz de Austri, JHEP 08 (2009) 105 [arXiv:0904.3112 [hep-ph]].

[9] P. Ghosh and S. Roy, JHEP 04 (2009) 069 [arXiv:0812.0084 [hep-ph]].

[10] P. Ghosh, P. Dey, B. Mukhopadhyaya and S. Roy, JHEP 05 (2010) 087 [arXiv:1002.2705 [hep-ph]].

[11] A. Bartl, M. Hirsch, A. Vicente, S. Liebler and W. Porod, JHEP 05 (2009) 120 [arXiv:0903.3596 [hep-ph]].

[12] S. Liebler and W. Porod, arXiv:1106.2921 [hep-ph]. [13] P. Bandyopadhyay, P. Ghosh and S. Roy, arXiv:1012.5762 [hep-ph].

[14] J. Fidalgo, D. E. Lopez-Fogliani, C. Muñoz and R. R. de Austri, JHEP 10 (2011) 020 [arXiv:1107.4614 [hep-ph]].

[15] K. Y. Choi, D. E. Lopez-Fogliani, C. Muñoz and R. R. de Austri, JCAP 03 (2010) 028 [arXiv:0906.3681[hep-ph]].

[16] G. A. Gomez-Vargas, M. Fornasa, F. Zandanel, A. J. Cuesta, C. Munoz, F. Prada and G. Yepes, arXiv:1110.3305 [astro-ph.HE].

[17] D. J. H. Chung and A. J. Long, Phys. Rev. D81 (2010) 123531 [arXiv:1004.0942 [hep-ph]]. [18] For an update of the bounds on R-parity violating couplings, see: H.K. Dreiner, M. Kramer and B. O’Leary, Phys. Rev. D75 (2007) 114016 [arXiv:hep-ph/0612278], and references therein.

[19] For a review, see: H.K. Dreiner, in the book ’Perspectives on supersymmetry’, World Scientific, p. 462 [arXiv:hep-ph/9707435].

[20] J.A. Casas, E.K. Katehou and C. Muñoz, Oxford preprint, Nov. 1987, Ref: 1/88; Nucl. Phys.

B317 (1989) 171; J.A. Casas and C. Muñoz, Phys. Lett. B212 (1988) 343. [21] J. R. Ellis, K. Enqvist, D. V. Nanopoulos, K. A. Olive, M. Quiros and F. Zwirner, Phys.

Lett. B176 (1986) 403 ; B. Rai and G. Senjanovic, Phys. Rev. D49 (1994) 2729 [arXiv:hepph/9301240].

[22] S. A. Abel, S. Sarkar and P. L. White, Nucl. Phys. B454 (1995) 663 [arXiv:hep-ph/9506359]. [23] S. A. Abel, Nucl. Phys. B480 (1996) 55 [arXiv:hep-ph/9609323]; C. Panagiotakopoulos and K. Tamvakis, Phys. Lett. B446 (1999) 224 [arXiv:hep-ph/9809475].

[24] For a review, see: P. Langacker, Rev. Mod. Phys. 81 (2008) 1199 [arXiv:hep-ph/9506359]. [25] For recent works, see: R. F. Lebed and V. E. Mayes, Phys. Rev. D84 (2011) 075016 [arXiv:1106.4347 [hep-ph]]; J. A. Maxin, V. E. Mayes and D. V. Nanopoulos, Phys. Rev. D84 (2011) 106009 [arXiv:1108.0887 [hep-ph]]; P. Fileviez Perez, M. Gonzalez-Alonso and S. Spinner, Phys. Rev. D84 (2011) 095014 [arXiv:1109.1823 [hep-ph]].

[26] M. Aoki and N. Oshimo, Phys. Rev. D62 (2000) 055013 [arXiv:hep-ph/0003286]. [27] C. Muñoz, JHEP 12 (2001) 015 [arXiv:hep-ph/0110381].

[28] G.G. Athanasiu, J.J. Atick, M. Dine and W. Fischler, Phys. Lett. B237 (1990) 363. [29] For a review, see: M. L. Perl, P. C. Kim, V. Halyo, E. R. Lee, I. T. Lee, D. Loomba and K. S. Lackner, Int. J. Mod. Phys. A16 (2001) 2137 [arXiv:hep-ex/0102033].

[30] D. J. H. Chung, E. W. Kolb and A. Riotto, Phys. Rev. D60 (1999) 063504 [arXiv:hepph/9809453].

[31] S. Weinberg, Phys. Rev. D26 (1982) 287.

[32] See e.g.: M. Cvetic, D.A. Demir, J.R. Espinosa, L.L. Everett and P. Langacker, Phys. Rev.

D56 (1997) 2861 [Erratum-ibid. D58 (1998) 119905] [arXiv:hep-ph/9703317]; E. Keith, E. Ma, Phys. Rev. D56 (1997) 7155 [arXiv:hep-ph/9704441]; P. Langacker and J. Wang, Phys. Rev. D58 (1998) 115010 [arXiv:hep-ph/9804428].

[33] G. C. Cho, Mod. Phys. Lett. A15 (2000) 311 [arXiv:hep-ph/0002128].

[34] T. Aaltonen et al. [CDF Collaboration], Phys. Rev. Lett. 102 (2009) 1805 [arXiv:0811.0053 [hep-ex]]; S. Chatrchyan et al. [CMS Collaboration], JHEP 05 (2011) 093 [arXiv:1103.0981 [hep-ex]]; G. Aad et al. [ATLAS Collaboration], Phys. Lett. B 700 (2011) 163 [arXiv:1103.6218 [hep-ex]].

[35] V. Barger, P. Fileviez Perez and S. Spinner, Phys. Lett. B696 (2011) 509 [arXiv:1010.4023 [hepph]]; D. K. Ghosh, G. Senjanovic and Y. Zhang, Phys. Lett. B698 (2011) 420 [arXiv:1010.3968 [hep-ph]].

[36] C. Athanassopoulos et al. [LSND Collaboration], Phys. Rev. C54 (1996) 2685 [arXiv:nuclex/9605001]; C. Athanassopoulos et al. [LSND Collaboration], Phys. Rev. Lett. 77 (1996) 3082 [arXiv:nucl-ex/9605003]; C. Athanassopoulos et al. [LSND Collaboration], Phys. Rev. C58 (1998) 2489 [arXiv:nucl-ex/9706006]; C. Athanassopoulos et al. [LSND Collaboration], Phys. Rev. Lett. 81 (1998) 1774 [arXiv:nucl-ex/9709006].

[37] A. A. Aguilar-Arevalo et al. [MiniBooNE Collaboration], Phys. Rev. Lett. 105 (2010) 181801 [arXiv:1007.1150 [hep-ex]].

[38] P. Adamson et al. [MINOS Collaboration], Phys. Rev. Lett. 107 (2011) 021801 [arXiv:1104.0344 [hep-ex]].

[39] See E. Akhmedov and T. Schwetz, JHEP 10 (2010) 115 [arXiv:1007.4171 [hep-ph]] and references therein.

[40] D. E. Morrissey and J. D. Wells, Phys. Rev. D74 (2006) 015008 [arXiv:hep-ph/0512019].