arXiv:0705.2007v2 [hep-ph] 10 Jan 2013

SUSY: NEW PERSPECTIVES AND VARIANTS

C. MUÑOZ Departamento de Física Teórica C-XI and Instituto de Física Teórica C-XVI, Universidad Autónoma de Madrid, Cantoblanco, 28049 Madrid, Spain.

Although supersymmetry (SUSY) is thirty five years old, it is still one of the most attractive theories for physics beyond the standard model. Assuming that SUSY will be discovered at the LHC, the key question is: What SUSY model do we expect to be the correct one ? After reviewing briefly the advantages and problems of SUSY, several interesting models that have been proposed in the literature will be discussed. In particular, models such as the MSSM, BRpV, NMSSM, and possible extensions. We will also introduce the μνSSM whose interest resides in the fact that it generates a solution to the (famous) μ problem of SUSY models that is connected to the (nowadays very popular) neutrino physics.

1 Introduction

We know from the past that symmetries are crucial in physics. The laws of modern physics are invariant under certain symmetries: Invariance under Lorentz transformations is the origin of special relativity, and invariance under local gauge transformations is the key point of the Standard Model (SM), SU(3)_c × SU(2)_L × U(1)_Y . Supersymmetry (SUSY) was proposed 1^,2 in the early 1970’s as an invariance of the theory under the interchange of fermions and bosons. However, knowns fermions like quarks, electron and neutrino, and bosons like gluons, W^± and photon are not married up in this fashion. Instead, every known particle should have a (super) partner3. Thus the spectrum of elementary particles is doubled. There are squarks and sleptons as superpartners of quarks and leptons, and gluinos, Winos, Zino and photino as superpartners of gluons, W^±, Z and photon. Obviously, we have not detected SUSY particles with the same masses as their SM partners (e.g. there is no selectron with mass ∼ 0.5 MeV), and actually accelerator physics imposes important lower bounds on their masses. This also implies that SUSY cannot be an exact symmetry of Nature and should be broken.

The SM particles together with their massive SUSY partners constitute the so-called Minimal Supersymmetric Standard Model 4 (MSSM). Since the Higgs has a fermionic superpartner, the Higgsino, two Higgs doublets with opposite hypercharges, H_1 and H_2, must be present in order to avoid anomalies. In addition, because of the structure of SUSY, these two Higgs doublet superfields are necessary to give masses to all quarks and leptons. Clearly the MSSM has potentially a very rich phenomenology. Let us also remark that the joining of the three gauge coupling constants at a single unification scale agrees with the LEP experimental results. Whether this is a hint or just a coincidence, will be clarified by the LHC.

In any case, despite the absence of experimental verification, relevant theoretical arguments can be given in favour of SUSY. First of all, SUSY solves the so-called gauge hierarchy problem. If we believe that the SM should be embedded within a Grand Unified Theory (GUT) with a typical scale M_{GUT} ∼ 10^{15} GeV or within a more fundamental theory including gravity with a characteristic scale M_{P lanck} ∼ 10^{19} GeV, then we are faced with the hierarchy problem. There is no symmetry protecting the masses of the scalar particles against quadratic divergences in perturbation theory. Therefore they will be proportional to the huge cut-off scale ∼ M_{GUT} or M_P . The Higgs particle is included in the SM because of its good properties: it can have a vacuum expectation value (VEV) without breaking Lorentz invariance, inducing the spontaneous breaking of the electroweak (EW) symmetry at the same time that generates the gauge boson masses, and the fermion masses through Yukawa couplings. But, of course, all these properties are due to the fact that the Higgs is a scalar particle. As mentioned above, this leads to a huge mass for it and, as a consequence of the minimization, for the W and Z gauge bosons. This problem of naturalness, to stabilize M_W ≪ M_{GUT} , M_P against quantum corrections, is solved in SUSY since now the masses of the scalars and the masses of their partners, the fermions, are related. As a consequence, only a logarithmic divergence in the Higgs scalar mass is left. In diagrammatic language, the dangerous diagrams of SM particles are cancelled with new ones which are present due to the existence of the additional partners and couplings.

Nevertheless, let us recall that SUSY was not invented to solve this hierarchy problem. As mentioned above, it was created as a new kind of symmetry which relates bosons and fermions. Notice that the latter also involves that the Higgs is no longer a mysterious particle as it stands in the SM: the only fundamental scalar particle which exists. Now, the Supersymmetric Standard Model (SSM) is naturally plenty of fundamental scalars (squarks, sleptons and Higgses) related through SUSY with their fermionic partners (quarks, leptons and Higgsinos).

Let us also mention that SUSY allows us to understand better how the EW symmetry, SU(2)_L × U(1)_Y , is broken. Whereas in the case of the SM the quadratic and quartic terms of the Higgs potential, V = m^2H^∗H + λ(H^∗H)^2, with m^2 < 0, have to be postulated ”ad hoc”, in the context of the SSM they appear in a natural way. The quartic terms arise from the usual D-term contributions and λ is given by the EW coupling constants, and the quadratic terms arise once SUSY is broken and masses are generated for all scalar particles. Fortunately, these mass terms are ‘soft’ in the sense that they do not induce quadratic divergences, and therefore do not spoil the SUSY solution to the gauge hierarchy problem. In addition, the large top mass produces radiatively a negative mass square for the Higgs H_2 inducing the breaking SU(2)_L × U(1)_Y → U(1)_{em}.

Besides, we should not forget that the local version of SUSY leads to a partial unification of the SM with gravity, the so-called Supergravity (SUGRA). In this theory the graviton has a SUSY partner, the gravitino, and actually the breaking of SUGRA in order to generate a mass for the gravitino is an interesting mechanism to generate also the (soft) masses of the superpartners of the SM 5. Last but not least, SUSY seems to be a crucial ingredient of string theory.

Another (more model dependent) advantage of SUSY is related to the issue of the existence of dark matter in the Universe. If the superpotential of the theory conserves a discrete symmetry called R-parity (+1 for particles and -1 for superpartners), SUSY particles are produced or destroyed only in pairs and, as a consequence, the lightest supersymmetric particle (LSP) is absolutely stable. This implies that the LSP is a possible candidate for dark matter. Concerning this point, it is remarkable that in most of the parameter space of the MSSM the LSP is the lightest neutralino, a physical superposition of the Bino, and neutral Wino and Higgsinos. The neutralino is obviously an electrically neutral (also with no strong interactions) particle, and this is welcome since otherwise the LSP would bind to nuclei and would be excluded as a candidate for dark matter from unsuccessful searches for exotic heavy isotopes 6. Therefore, in the MSSM, typically the lightest neutralino is a very good dark matter candidate7. Actually, the neutralino is a Weakly Interacting Massive Particle (WIMP), and therefore it is able to produce in some regions of the SUSY parameter space a value of the relic density of the correct order of magnitude, Ω_{DM} h^2 ∼ 0.1. Let us finally remark that the fact that the LSP is stable, and typically neutral, implies implies that a major signature in accelerator experiments for R-parity conserving models is represented by events with missing energy.

On the other hand, there is no a fundamental reason to impose R-parity conservation in SUSY models. Actually, 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 ) , and λ^{′′ijk}d̂^c_i d̂^c_jû^c_k, respectively, with i, j = 1, 2, 3 generation indices and a, b = 1, 2 SU(2) indices, which break explicitly R-parity, are in principle allowed by gauge invariance. As is well known, to avoid too fast proton decay mediated by the exchange of squarks of masses of order 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}λ̇^{′′}_{112} <∼ 2 × 10^{−27}. However the latter values for the couplings are not very natural, and for constructing viable SUSY models one usually forbids at least one of the operators LQd^c or u^cd^cd^c. The other type of operators above are not so stringently supressed, and therefore still a lot of freedom remains 8.

There is a large number of works in the literature 9 exploring the possibility of R-parity breaking in SUSY models, and its consequences for the detection of SUSY at the LHC 10. A popular model is the so-called Bilinear R-parity Violation (BRpV) model 11, where bilinear terms of the above type, L̂Ĥ_2, are added to the MSSM. In this way it is in principle possible to generate neutrino masses withouth including in the model right-handed neutrinos, unlike the MSSM. Analyses of mass matrices12 in the BRpV, as well as studies of signals at accelerators 13 has been extensively carried out in the literature. Other interesting models are those producing the spontaneous breaking of R-parity through the VEVs of singlet fields 14.

Of course, the phenomenology of models where R-parity is broken is going to be very different from that of models where R-parity is conserved. Needless to mention, the LSP is no longer stable, and therefore not all SUSY chains must yield missing energy events at colliders. Obviosly, in this context the neutralino is no longer a candidate for dark matter. Nevertheless, other candidates can be found in the literature, such as the gravitino 15, the well-known axion, and many other (exotic) particles 7.

Up to now we have mentioned several advantages of SUSY, but it is fair to say that problems are also present in this theory. For example, it is not clear yet the mechanism of SUSY breaking generating the soft masses for scalar particles of order the EW scale. As mentioned above, dangerous baryon and lepton number violation operators may be present, and they must be supressed by some mechanism. Dangerous charge and colour breaking minima may also be present in the parameter space of SUSY models 16. There is the possibility of having too large contributions to Flavour Changing Neutral Currents (FCNC), as well as to the Neutron Electric Dipole Moment (EDM). There might be a fine-tuning problem in SUSY models. Finally, there is also the so-called μ problem 17, arising from the presence of a mass term for the Higgs fields in the superpotential μĤ_1Ĥ_2.

Concerning the latter, the Next-to-Minimal Supersymmetric Standard Model 18 (NMSSM), provides an elegant solution via the introduction of a singlet superfield Ŝ. In the simplest form of the superpotential, which is scale invariant and contains the ŜĤ_1Ĥ_2 coupling, an effective μ term is generated when the scalar component of Ŝ acquires a VEV of order the SUSY breaking scale. The NMSSM has been extensively analysed in the literature18^,19^,20, as well as its possible extensions generating neutrino masses. In Sects. 2 and 3 we will review the MSSM, and the NMSSM, respectively, and their extensions.

Let us finally mention that a model, the so-called μνSSM, has been proposed 21^,22 to solve the μ problem of the MSSM without having to introduce an extra singlet superfield as in the NMSSM. Interestingly, the solution is connected to the neutrino physics. In particular, terms of the type ν^cH_1H_2 in the superpotential generate the μ term spontaneously through righthanded sneutrino VEVs. In addition, terms of the type (ν^c)^3 forbid a global U(1) symmetry in the superpotential, avoiding therefore the existence of a Goldstone boson. Besides, the latter contribute to generate effective Majorana masses for neutrinos at the EW scale. On the other hand, these two type of terms break lepton number and R-parity explicitly implying that the phenomenology of this model is very different from the one of the MSSM/NMSSM. For example, the usual neutralinos are now mixed with the neutrinos. Since we have a generalized see-saw mechanism at the EW scale, for a Dirac mass of the heaviest neutrino of order the mass of the electron, 0.1 MeV, an eigenvalue reproducing the correct scale of the heaviest neutrino mass, 0.01 eV, is obtained. Playing with the hierarchies in the Dirac masses one can obtain the other neutrino masses. In Sect. 4 we will review the μνSSM.

We have mentioned in this Introduction several interesting SUSY models, but let us remark that others have been proposed during the years, and therefore our list is by no means complete. In any case, pretty soon, at the end of this year 2007, the LHC will start operations, thus the crucial question is by now: What SUSY model do we expect to be discovered? The reader can find in the rest of the paper several of the above models discussed in some detail, and pick up her/his preferred one.

2 MSSM and extensions

The MSSM is the most popular SUSY extension of the SM. It was the first SUSY model studied in detail in the literature, and it is the simplest extension: no extra fields are included apart from the SUSY partners of the SM fields. Let us discuss briefly the structure of the MSSM.

Working for the moment with massless neutrinos, in addition to the Yukawa couplings for quarks and charged leptons, the MSSM superpotential contains the so-called μ-term involving the Higgs doublet superfields, Ĥ_1 and Ĥ_2, 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 ) − ϵ_{ab} μĤ^a_1 Ĥ^b_2 , (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 = 1, 2, 3 are generation indices, a, b are SU(2) indices, and ϵ_{12} = 1. It is worth noticing that this superpotential conserves R-parity. The presence of the μ-term in (1) is essential to avoid the appearance of an unacceptable Goldstone boson associated to a global U(1) symmetry H_{1,2} → e^{iα}H_{1,2}, when this is broken by the VEVs of the Higgses giving masses to all quarks and leptons. In addition, the minimum of the Higgs potential without including this term occurs for a vanishing VEV for H_1, and therefore d-type quarks and e-type leptons remain massless. Unfortunately, the μ-term introduces a naturalness problem, the so-called μ problem 17. Note that, to this respect, the μ-term is purely supersymmetric, and therefore the natural scale of μ would be M_{GUT} or M_{P lanck}. Thus, any complete explanation of the EW scale must justify the origin of μ, i.e. why its value is of order M_W and not M_{GUT} or M_P .

This problem has been considered by several authors and different possible solutions have been proposed, producing an effective μ-term 23^,24^,25. On the other hand, there are also very interesting solutions in the literature that necessarily introduce new structure beyond the MSSM at low energies. Several of these solutions, and the associated SUSY models, will be discussed in the next sections.

Concerning the spectrum of the MSSM, as is well known, after the EW breaking the model is left with three neutral Higgses and two charged ones. Although at tree level the mass of the lightest Higgs, m_h, is bounded by M_Z , loop corrections allow a larger bound, m_h <∼ 135 GeV, still fulfilling the experimental constraint m_h >∼ 114 GeV. In the MSSM there are also four neutralinos, the physical superpositions of the Bino, and neutral Wino and Higgsinos. As discussed in the Introduction, the lightest one is a good candidate for dark matter.

2.1 Neutrino masses

Neutrino experiments have confirmed during the last years that neutrinos are massive 26. As a consequence, all theoretical models must be modified in order to reproduce this result. In particular, it is natural in the context of the MSSM to supplement the ordinary neutrino superfields, ν̂_i, contained in the SU(2)_L-doublet, L̂_i, with gauge-singlet neutrino superfields, ν̂^c_i . Thus, in addition to the usual Yukawa couplings for quarks and charged leptons, and the μ-term, the superpotential (1) may contain new terms such as Yukawa couplings for neutrinos, and possible Majorana mass terms:

δW = ϵ_{ab}Y^{ij}_ν Ĥ^b_2 L̂^a_i ν̂^c_j + m^{ij}_M ν̂^c_i ν̂^c_j . (2) Clearly, one has that the couplings Y_ν determine the Dirac masses for the neutrinos, m_D = Y_ν v_2, whereas m_M are the Majorana masses. If m_D << m_M , both type of contributions induce very light neutrino masses of order m_ν ∼ m^2_D m_M . (3)

This is the SUSY extension 27 of the well-known see-saw mechanism studied in the context of the SM 28. Notice also that there will be a heavy neutrino with mass of order m_M . Result (3) was considered very interesting in the context of the early attempts to connect the standard model with GUTs where M_{GUT} ∼ 10^{15} GeV. Indeed, since v_2 ∼ 10^2 GeV, with a neutrino Yukawa coupling of order one, and m_M ∼ 10^{15} GeV, one is able to obtain neutrino masses as small as 10^{−2} eV. Of course, this can be consider an improvement with respect to the use of a purely Dirac mass for the neutrino, which would imply the necessity of explaining a Yukawa coupling of order 10^{−13}, i.e. thirteen orders of magnitude smaller than the one that we need with a GUT-scale see-saw. Recall that one chooses to forbid couplings with such small values, when discussing R-parity violating couplings producing proton decay, because they seem not very natural.

Nevertheless, let us remark that a see-saw at the EW scale is also a very interesting possibility. Since we know that the Yukawa coupling of the electron has to be of order 10^{−6}, why the one of the neutrino should be six orders of magnitude larger? With a EW-scale see-saw, i.e. m_M ∼ 1 TeV, a neutrino Yukawa coupling of order of the one of the electron generating m_D ∼ 10^{−4} GeV, is sufficient to produce a neutrino mass of order 10^{−2} eV (see eq. (3)). This possibility is also interesting because one does not need to introduce in the game any ad-hoc high-energy scale. It is worth mentioning here that in some string constructions, where SUSY standard-like models can be obtained without the necessity of a GUT, and Yukawa couplings can be explicitly computed, those for neutrinos cannot be as small as 10^{−13}, and therefore the presence of a see-saw at the EW scale is helpful 29.

On the other hand, it is worth remarking that neutrino masses can also be obtained without using the singlet superfields ν̂^c_i . Adding to the superpotential (1) the bilinear terms

δW = ϵ_{ab} μ^iĤ^b_2L̂^a_i , (4)

neutrino masses are induced through the mixing with the neutralinos (actually only one mass at tree level and the other two at one loop). The above terms break R-parity explicitly, as discussed in the Introduction, and together with the superpotential (1) they constitute the BRpV. Although this is an interesting mechanism for generating neutrino masses, notice that the μ problem is augmented with the three new bilinear terms.

3 NMSSM and extensions

The NMSSM provides an elegant solution to the μ problem of the MSSM via the introduction of a singlet superfield Ŝ under the SM gauge group. The simplest form of the superpotential, which is scale invariant, is given by: 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 ) − ϵ_{ab} λŜĤ^a_1 Ĥ^b_2 +^1_3 kŜŜŜ . (5)

In this model, the usual μ term is absent from the superpotential, and only dimensionless trilinear couplings are present in W . For this to happen it is usually invoked a Z_3 symmetry. On the other hand, let us recall that this is actually what happens in the low-energy limit of string constructions, where all fields are massless, and, as as consequence, only trilinear couplings are present in the superpotential. Since string theory seems to be relevant for the unification of all interactions, including gravity, this argument 24 in favour of the absence of a bare μ term in this kind of superpotentials is robust.

When the scalar component of the superfield Ŝ, denoted by S, acquires a VEV of order the SUSY breaking scale, an effective interaction μĤ_1Ĥ_2 is generated through the fourth term in (5), with μ ≡ λ⟨S⟩. This effective coupling is naturally of order the EW scale if the SUSY breaking scale is not too large compared with M_W . In fact, the NMSSM is the simplest SUSY extension of the SM in which the EW scale exclusively originates from the SUSY breaking scale. The last term in (5) is allowed by all symmetries, and avoids, as the μ-term in the MSSM, the presence of a Goldstone boson, in this case associated to the global U(1) symmetry H_1H_2 → e^{iα}H_1H_2, S → e^{−iα}S. In addition to the MSSM fields, the NMSSM contains an extra CP-even and CP-odd neutral Higgs bosons, as well as one additional neutralino. These new fields mix with the corresponding MSSM ones, giving rise to a richer and more complex phenomenology. For example, a light neutralino may be present. The mass of the lightest neutral Higgs state can be raised arbitrarily by increasing the value of the new Higgs self-coupling parameter λ. Imposing that the coupling remains perturbative up to the Planck scale, then the upper bound is larger than in the MSSM, m_h <∼ 150 GeV. Moreover, a very light Higgs boson is not experimentally excluded. In particular, such a particle has a significant singlet composition, thus scaping detection and being in agreement with accelerator data. The latter may modify the results concerning the possible detection of neutralino dark matter with respect to those of the MSSM 20^,30.

Let us remark that the superpotential (5) has a Z_3 symmetry. Therefore, one expects to have a cosmological domain wall problem 31^,32 in this model. Nevertheless, there is a solution to this problem 33: non-renormalizable operators 31 in the superpotential can break explicitly 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. An alternative solution 34^,35^,36^,37 uses an extra U(1). Gauge invariance of W under the new U(1) forbids not only the μ-term, but also the term ŜŜŜ, and thus the model is free from the domain wall problem. Notice that the Goldstone boson is eaten by the extra Z. The extra U(1) can also be very useful to forbid R-parity violating terms producing proton decay 38^,39. Unless some quark and lepton Yukawa couplings are forbidden at tree level 37, cancellation of anomalies with the new U(1) requires the introduction of new fermions charged under the SM group^a. See ref. 40 for a brief review of other variants of this type of models.

3.1 Neutrino masses

Other extensions of the NMSSM, which in addition can help us to understand the origin of neutrino masses, can be considered. As in the case of the MSSM, one could add in principle the terms in eq. (2) generating a GUT scale see-saw. But another interesting extension of the

aWe thank J.R. Espinosa for useful comments about this point.

superpotential (5) generating dynamically an EW see-saw can be 42:

δW = ϵ_{ab}Y^{ij}_ν Ĥ^b_2 L̂^a_i ν̂^c_j + k^{ij}Ŝν̂^c_i ν̂^c_j . (6)

Here Majorana masses for neutrinos are generated through the VEV of the singlet S. A similar superpotential was proposed in ref.29 including three families of Higgses, which may be naturally obtained in the context of string constructions.

Inspired by the BRpV, another possibility consists of extending the superpotential (5) with the bilinear terms in (4) 41. Notice, however, that this strategy reintroduces the μ problem in a model which was supposed to solve it with the singlet, through the three new bilinear terms.

4 μνSSM

As discussed in the context of the MSSM and NMSSM, experiments may induce us to introduce gauge-singlet neutrino superfields, ν̂^c_i . Now, given the fact that sneutrinos are allowed to get VEVs, we may wonder why not to use terms of the type ν̂^cĤ_1Ĥ_2 to produce an effective μ term. This would allow us to solve the μ problem of the MSSM, without having to introduce an extra singlet superfield as in case of the NMSSM. Thus the aim of what follows is to analyse the “μ from ν” Supersymmetric Standard Model (μνSSM) arising from this proposal 21^,22: natural particle content without μ problem.

In addition to the MSSM Yukawa couplings for quarks and charged leptons, the μνSSM superpotential contains Yukawa couplings for neutrinos, and two additional type of terms involving the Higgs doublet superfields, Ĥ_1 and Ĥ_2, and the three neutrino superfields, ν̂^c_i , 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 . (7) In this model, the usual MSSM bilinear μ-term is absent from the superpotential, and only dimensionless trilinear couplings are present in W . As argued in the previous section, this is a natural situation in string constructions. When the scalar components of the superfields ν̂^c_i , denoted by ν̃^c_i , acquire VEVs of order the EW scale, an effective interaction μĤ_1Ĥ_2 is generated through the fifth term in (7), with μ ≡ λ^i⟨ν̃^c_i ⟩. The last type of terms in (7) is allowed by all symmetries, and avoids the presence of a Goldstone boson associated to a global U(1) symmetry, similarly to the case of the NMSSM. In addition, it contributes to generate effective Majorana masses for neutrinos at the EW scale. These two type of terms replace the two NMSSM terms ŜĤ_1Ĥ_2 and ŜŜŜ.

It is worth noticing that these terms break explicitly lepton number, and therefore, after spontaneous symmetry breaking, a massless Goldstone boson (Majoron) does not appear. On the other hand, R-parity is also explicitly broken and this means that the phenomenology of the μνSSM is going to be very different from the one of the MSSM. It is also interesting to realise that the Yukawa couplings producing Dirac masses for neutrinos, the fourth term in (7), generate through the VEVs of ν̃^c_i , three effective bilinear terms Ĥ_2L̂_i. As mentioned above these characterize the BRpV. Let us finally mention that the terms ν^cH_1H_2 and ν^cν^cν^c have also been analysed as sources of the observed baryon asymmetry in the Universe 43, and of neutrino masses and bilarge mixing 44, respectively.

Notice that the superpotential (7) has a Z_3 symmetry, just like the NMSSM. Therefore, one expects to have also a cosmological domain wall problem in this model. Nevertheless, the usual solutions to this problem discussed for the NMSSM above, will also work in this case.

Working in the framework of SUGRA, we will discuss now in more detail the phenomenology of the μνSSM. Let us write first the soft terms appearing in the Lagrangian, L_{soft}, after SUSY breaking, which in our conventions is given by

−L_{soft} = (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 +ϵ_{ab} [ (A_uY_u)^{ij} H^b_2 Q̃^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_i ẽ^c_j + (A_ν Y_ν )^{ij} H^b_2 L̃^a_i ν̃^c_j + H.c. ] + [ −ϵ_{ab}(A_λλ)^i ν̃^c_i H^a_1 H^b_2 +^1_3 (A_κκ)^{ijk}ν̃^c_i ν̃^c_j ν̃^c_k + H.c. ] −^1_2 ( M_3 λ̃_3 λ̃_3 + M_2 λ̃_2 λ̃_2 + M_1 λ̃_1 λ̃_1 + H.c. ) . (8) In addition to terms from L_{soft}, the tree-level scalar potential receives the usual D and F term contributions. 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 . (9)

In what follows it will be enough for our purposes to neglect mixing between generations in (7) and (8), 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. We then obtain for the tree-level neutral scalar potential:

⟨V_{neutral}⟩ = g^2_1 + g^2 8 ( |ν|^2 + |v_1|^2 − |v_2|^2

)_2 + |λ|^2 ( |ν^c|^2|v_1|^2 + |ν^c|^2|v_2|^2 + |v_1|^2|v_2|^2 ) + |κ|^2|ν^c|^4 + |Y_ν |^2 ( |ν^c|^2|v_2|^2 + |ν^c|^2|ν|^2 + |ν|^2|v_2|^2 ) + m^2_{H1} |v_1|^2 + m^2_{H2} |v_2|^2 + m^2_{ν̃}c |ν^c|^2 + m^2_{ν̃} |ν|^2 + ( −λκ^∗v_1v_2ν^{c∗2} − λY^∗_ν |ν^c|^2v_1ν^∗ − λY^∗_ν |v_2|^2v_1ν^∗ + kY^∗_ν v^∗_2ν^∗ν^{c2}

− λA_λν^cv_1v_2 + Y_ν A_ν ν^cνv_2 + 1 3 κA_κν^{c3} + H.c. ) . (10)

In the following, we assume for simplicity that all parameters in the potential are real. One can derive the four minimization conditions with respect to the VEVs v_1, v_2, ν^c, ν, with the result 1 4 (g^2_1 + g^2 )(ν^2 + v^2_1 − v^2 )v_1 + λ^2v_1 ( ν^{c2} + v^2 ) + m^2_{H1} v_1 − λν^cv_2 (κν^c + A_λ) −λY_ν ν ( ν^{c2} + v^2 ) = 0 , − 1 4 (g^2_1 + g^2 )(ν^2 + v^2_1 − v^2 )v_2 + λ^2v_2 ( ν^{c2} + v^2_1 ) + m^2_{H2} v_2 − λν^cv_1 (κν^c + A_λ)

+Y^2_ν v_2 ( ν^{c2} + ν^2 ) + Y_νν ( −2λv_1v_2 + κν^{c2} + A_ν ν^c ) = 0 ,

λ^2 ( v^2_1 + v^2 ) ν^c + 2κ^2ν^{c3} + m^2_{ν̃}c ν^c − 2λκv_1v_2ν^c − λA_λv_1v_2 + κA_κν^{c2}

+Y^2_ν ν^c ( v^2 + ν^2 ) + Y_ν ν (−2λν^cv_1 + 2κv_2ν^c + A_ν v_2) = 0 , 1 4 (g^2_1 + g^2 )(ν^2 + v^2_1 − v^2)ν + m^2_{ν̃} ν

+Y^2_ν ν ( v^2 + ν^{c2} ) + Y_ν ( −λν^{c2}v_1 − λv^2 v_1 + κv_2ν^{c2} + A_ν ν^cv_2 ) = 0 . (11)

As discussed in the context of R-parity breaking models with extra singlets 47, the VEV of the left-handed sneutrino, ν, is in general small. Here we can use the same argument. Notice that in the last equation in (11) 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, ν has to be very small. Using this rough argument we can also get an estimate of the value, ν <∼ m_D. This also implies that, neglecting terms proportional to Y_ν , we can approximate the other three equations as the ones defining the minimization conditions for the NMSSM, with the substitution ν^c ↔ s. Thus one can carry out the analysis of the model similarly to the NMSSM case, where many solutions in the parameter space λ, κ, μ(≡ λs), tan β, A_λ, A_κ, can be found (see e.g. ref. 20 and references therein).

Once we know that solutions are available in this model, we have to discuss in some detail the important issue of mass matrices. Concerning this point, the breaking of R-parity makes the μνSSM very different from MSSM and NMSSM. In particular, neutral gauginos and Higgsinos are now mixed with the neutrinos. Not only the fermionic component of ν̂^c mixes with the neutral Higgsinos (similarly to the fermionic component of Ŝ in the NMSSM), but also the fermionic component of ν̂ enters in the game, giving rise to a sixth state. Of course, now we have to be sure that one eigenvalue of this matrix is very small, reproducing the experimental results about neutrino masses. The neutral fermion mass matrix is

M_n = ( M m m^T 0 ) , (12)

where

M = M1 0 −MZ sin θW cos β MZ sin θW sin β 0 0 M2 MZ cos θW cos β −MZ cos θW sin β 0 −MZ sin θW cos β MZ cos θW cos β 0 −λν^c −λv2 MZ sin θW sin β −MZ cos θW sin β −λν^c 0 −λv1 + Yν ν 0 0 −λv2 −λv1 + Yν ν 2κν^c , (13)

is very similar to the neutralino mass matrix of the NMSSM (substituting ν^c ↔ s and neglecting the contributions Y_ν ν), and

m^T = ( − g_1ν √ 2 g_2ν √ 2 0 Y_ν ν^c Y_ν v_2 ) . (14)

Matrix (12) is a matrix of the see-saw type that will give rise to a very light eigenvalue if the entries of the matrix M are much larger than the entries of the matrix m. This is generically the case since the entries of M are of order the EW scale, but for the entries of m, ν is small and Y_ν v_2 is the Dirac mass for the neutrinos m_D as discussed above (Y_ν ν^c has the same order of magnitude of m_D). We have checked numerically that correct neutrino masses can easily be obtained. For example, using typical EW-scale values in (13), and a Dirac mass of order 10^{−4} GeV in (14), one obtains that the lightest eigenvalue of (12) is of order 10^{−2} eV. Including the three generations in the analysis we can obtain different neutrino mass hierarchies playing with the hierarchies in the Dirac masses. It is worth noticing here that because of the matrix (13), the presence of the last type of terms in (7) is not essential to generate Majorana masses for the neutrinos. Let us finally mention that the neutrino sector in the context of the superpotential (7) has also been considered for one family of right-handed neutrinos in refs. 45^,41. In ref. 46, bilinear terms have been added.

On the other hand, the charginos mix with the charged leptons. One can check that there will always be a light eigenvalue corresponding to the electron mass Y_ev_1. The extension of the analysis to three generations is again straightforward.

Of course, other mass matrices are also modified. This is the case for example of the Higgs boson mass matrices. The presence of the VEVs ν, ν^c, leads to mixing of the neutral Higgses with the sneutrinos. Likewise the charged Higgses will be mixed with the charged sleptons. On the other hand, when compared to the MSSM case, the structure of squark mass terms is essentially unaffected, provided that one uses μ = λν^c, and neglects the contribution of the fourth term in (7).

5 Conclusions

We are all very lucky to live in a historic moment for particle physics and science in general, the moment when the LHC is switched on. This huge machine, under construction for more than eight years, will finally start operations at the end of this year. The LHC will be able to answer not only a crucial question such as the origin of the mass, but also to clarify whether or not a new symmetry in Nature with spectacular experimental implications exists. Of course, if the Higgs is finally found, this will be a great success for everybody, but let us be more ambitious and hope that also one of the SUSY models described here will be confirmed.

Acknowledgments

We gratefully acknowledge D.E. López-Fogliani for very useful comments. This work was supported in part by the Spanish DGI of the MEC under Proyectos Nacionales FPA2006-05423 and FPA2006-01105; by the Comunidad de Madrid under Proyecto HEPHACOS, Ayudas de I+D S-0505/ESP-0346; and also by the European Union under the RTN programs MRTN-CT- 2004-503369 and HPRN-CT-2006-035863, and under the ENTApP Network of the ILIAS project RII3-CT-2004-506222.

References

1. Yu.A. Gol’fand and E.P. Likhtman, JETP Lett. 13 (1971) 323; D.V. Volkov and V.P.

Akulov, JETP Lett. 16 (1972) 438; J. Wess and B. Zumino, Nucl. Phys. B70 (1974) 39. 2. For an historical account, see the book ‘The supersymmetric world: The beginning of the theory’, Eds. G.L. Kane and M. Shifman, World Scientific (2000) 271 p.

3. P. Fayet, Phys. Lett. B64 (1976) 159; B69 (1977) 489; B70 (1977) 461. 4. For reviews, see H.P. Nilles, Phys. Rep. 110 (1984) 1; H.E. Haber and G.L. Kane, Phys.

Rep. 117 (1985) 75; H.E. Haber, TASI lectures [arXiv:hep-ph/9306207]; S.P. Martin, in the book ‘Perspectives on supersymmetry’, Ed. G.L. Kane [arXiv:hep-ph/9709356].

5. For a review, see D.G. Cerdeño and C. Muñoz, J. High Energy Phys. PRHEP-corfu98/011 (1999) 1.

6. See e.g.: A. Kudo and M. Yamaguchi, hep-ph/0103272, and references therein. 7. For a recent review, see: C. Muñoz, Int. J. Mod. Phys. A19 (2004) 3093 [arXiv:hep-ph/0309346].

8. For an update of the bounds on R-parity violating couplings, see H.K. Dreiner, M. Kramer and B. O’Leary, arXiv:hep-ph/0612278, and references therein.

9. For a recent review, see: Barbier et al., Phys. Rept. 420 (2005) 1 [arXiv:hep-ph/0406039]. 10. See e.g.: B.C. Allanach, A. Dedes and H.K. Dreiner, Phys. Rev. D69 (2004) 115002, Erratum-ibid. D72 (2005) 079902 [arXiv:hep-ph/0309196], and references therein.

11. L.J. Hall and M. Suzuki, Nucl. Phys. B231 (1984) 419; I.H. Lee, Phys. Lett. B138 (1984) 121; Nucl. Phys. B246 (1984) 120; S. Dawson, Nucl. Phys. B261 (1985) 297.

12. F. de Campos, M.A. Garcia-Jareño, A.S. Joshipura, J. Rosiek and J.W.F. Valle, Nucl.

Phys. B451 (1995) 3 [arXiv:hep-ph/9502237]; R. Hempfling, arXiv:hep-ph/9609528; S. Davidson, M. Losada and N. Rius, Nucl. Phys. B587 (2000) 118 [arXiv:hep-ph/9911317]; M. Hirsch, M.A. Diaz, W. Porod, J.C. Romao and J.W.F. Valle, Phys. Rev. D62 (2000) 113008, Erratum-ibid. D65 (2002) 119901 [arXiv:hep-ph/0004115]; M. Hirsch and J.W.F. Valle, New J. Phys. 7 (2004) 76 [arXiv:hep-ph/0405015].

13. J.C. Romao, F. de Campos, M.A. Garcia-Jareño, M.B. Magro and J.W.F. Valle, Nucl.

Phys. B482 (1996) 3 [arXiv:hep-ph/9604244]; M.C. Gonzalez-Garcia, J.C. Romao and J.W.F. Valle, Nucl. Phys. B391 (1993) 100; W. Porod, M. Hirsch, J.C. Romao and

J.W.F. Valle, Phys. Rev. D63 (2001) 115004 [arXiv:hep-ph/0011248]; M. Hirsch and W. Porod, Phys. Rev. D68 (2003) 115007 [arXiv:hep-ph/0307364].

14. C.S. Aulakh and R.N. Mohapatra, Phys. Lett. B119 (1982) 136; J. Ellis, G. Gelmini, C. Jarlskog, G.G. Ross and J.W.F. Valle, Phys. Lett. B150 (1985) 142; G.G. Ross and J.W.F. Valle, Phys. Lett. B151 (1985) 375.

15. For analyses of gravitino dark matter without R-parity, see: F. Takayama and M. Yamaguchi, Phys. Lett. B485 (2000) 388 [arXiv:hep-ph/0005214]; M. Hirsch, W. Porod and D. Restrepo, J. High Energy Phys. 03 (2005) 062 [arXiv:hep-ph/0503059]; W. Buchmuller, L. Covi, K. Hamaguchi, A. Ibarra and T. Yanagida, J. High Energy Phys. 03 (2007) 037 [arXiv:hep-ph/0702184].

16. For a review, see C. Muñoz, arXiv:hep-ph/9709329 17. J.E. Kim and H.P. Nilles, Phys. Lett. B138 (1984) 150.

18. P. Fayet, Nucl. Phys. B90 (1975) 104; H. P. Nilles, M. Srednicki and D. Wyler, Phys.

Lett. B120 (1983) 346; J. M. Frere, D. R. T. Jones and S. Raby, Nucl. Phys. B222 (1983) 11; J. P. Derendinger and C. A. Savoy, Nucl. Phys. B237 (1984) 307.

19. J. R. Ellis, J. F. Gunion, H. E. Haber, L. Roszkowski and F. Zwirner, Phys. Rev. D39 (1989) 844; M. Drees, Int. J. Mod. Phys. A4 (1989) 3635; U. Ellwanger, M. Rausch de Traubenberg and C. A. Savoy, Phys. Lett. B315 (1993) 331 [arXiv:hep-ph/9307322]; P.N. Pandita, Phys. Lett. B318 (1993) 338, Z. Phys. C59 (1993) 575; S. F. King and P. L. White, Phys. Rev. D52 (1995) 4183 [arXiv:hep-ph/9505326]; U. Ellwanger and C. Hugonie, Eur. Phys. J. C13 (2000) 681 [arXiv:hep-ph/9812427].

20. D.G. Cerdeño, C. Hugonie, D. E. López-Fogliani, C. Muñoz and A. M. Teixeira, J.

High Energy Phys. 12 (2004) 048 [arXiv:hep-ph/0408102]; D.G. Cerdeño, E. Gabrielli, D. E. López-Fogliani, C. Muñoz and A. M. Teixeira, to appear in J. Cosm. Astrop. Phys. [arXiv:hep-ph/0701271].

21. C. Muñoz, unpublished notes (1994).

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

23. G.F. Giudice and A. Masiero, Phys. Lett. B206 (1988) 480; J.E. Kim and H.P. Nilles, Phys. Lett. B263 (1991) 79; E.J. Chun, J.E. Kim and H.P. Nilles, Nucl. Phys. B370 (1992) 105.

24. J.A. Casas and C. Muñoz, Phys. Lett. B306 (1993) 288 [arXiv:hep-ph/9302227]. 25. G. Lopes-Cardoso, D. Lüst and T. Mohaupt, Nucl. Phys. B432 (1994) 68 [arXiv:

hep-th/9405002]; I. Antoniadis, E. Gava, K.S. Narain, T.R. Taylor Nucl. Phys. B432 (1994) 187 [arXiv: hep-th/9405024]; K. Choi, J.S. Lee and C. Muñoz, Phys. Rev. Lett. 80 (1998) 3686 [arXiv:hep-ph/9709250]; K. Choi and H.D. Kim, Phys. Rev. D61 (2000) 015010 [arXiv: hep-ph/9906363].

26. Super-Kamiokande collaboration, Y. Fukuda et al., Phys. Rev. Lett. 81 (1998) 1562 [arXiv:hep-ex/9807003]; SNO collaboration, Q.R. Ahmad et al., Phys. Rev. Lett. 89 (2002) 011301 [arXiv:nucl-ex/0204008]; KamLAND collaboration, K. Eguchi et al., Phys. Rev. Lett. 90 (2003) 021802 [arXiv:hep-ex/0212021].

27. J. Hisano, T. Moroi, K. Tobe, M. Yamaguchi and T. Yanagida, Phys. Lett. B357 (1995) 579; J. Hisano, T. Moroi, K. Tobe and M. Yamaguchi, Phys. Rev. D53 (1996) 2442; Y. Grossman and H.E. Haber, Phys. Rev. Lett. 78 (1997) 3438.

28. P. Minkowski, Phys. Lett. B67 (1977) 421; T. Yanagida, in Proceedings of the Workshop on the barion number of the Universe and Unified Theories, Tsukuba, Japan, 13-14 Feb. 1979, p. 95, Ed. O. Sawada and A. Sugamoto; M. Gell-Mann, P. Ramond and R. Slansky, in Supergravity, North Holland, Amsterdam, 1979; S. Glashow, NATO Adv. Study Inst. Ser. B Phys. 59 (1979) 687; R.N. Mohapatra and G. Sejanovic, Phys. Rev. Lett. 44 (1980) 912.

29. S.A. Abel and C. Muñoz, J. High Energy Phys. 02 (2003) 010 [arXiv:hep-ph/0212258]. 30. G. Belanger, F. Boudjema, C. Hugonie, A. Pukhov and A. Semenov J. Cosm. Astrop.

Phys. 09 (2005) 001 [arXiv:hep-ph/0505142] 31. J. R. Ellis, K. Enqvist, D. V. Nanopoulos, K. A. Olive, M. Quiros and F. Zwirner, Phys. Lett. B176 (1986) 403; B. Ray and G. Senjanovic, Phys. Rev. D49 (1994) 2729 [hep-ph/9301240].

32. S. A. Abel, S. Sarkar and P. L. White, Nucl. Phys. B454 (1995) 663 [hep-ph/9506359]. 33. S. A. Abel, Nucl. Phys. B480 (1996) 55 [hep-ph/9609323]; C. Panagiotakopoulos and K. Tamvakis, Phys. Lett. B446 (1999) 224 [hep-ph/9809475].

34. D. Suematsu and Y. Yamagishi, Int. J. Mod. Phys. A10 (1995) 4521 [arXiv:hep-ph/9411239].

35. H.-C. Cheng, B.A. Dobrescu and K.T. Matchev, Phys. Lett. B439 (1998) 301 [arXiv:hep-ph/9807246], Nucl. Phys. B543 (1999) 47 [arXiv:hep-ph/9811316]; D.A. Demir, Phys. Rev. D59 (1999) 015002 [arXiv:hep-ph/9809358].

36. M. Cvetic and P. Langacker, Phys. Rev. D54 (1996) 3570 [arXiv:hep-ph/9511378]; P.

Langacker and J. Wang, Phys. Rev. D58 (1998) 115010 [arXiv:hep-ph/9804428]. 37. 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];

38. M. Aoki and N. Oshimo, Phys. Rev. Lett. 84 (2000) 5269 [arXiv:hep-ph/9907481], Phys.

Rev. D62 (2000) 055013 [arXiv:hep-ph/0003286].

39. J. Erler, Nucl. Phys. B586 (2000) 73 [arXiv:hep-ph/0006051].

40. V. Barger, P. Langacker and H.-S. Lee, AIP Conf. Proc. 805 (2006) 306 [arXiv:hep-ph/0509112].

41. A. Abada and G. Moreau, J. High Energy Phys. 08 (2006) 044 [arXiv:hep-ph/0604216]. 42. R. Kitano and K.Y. Oda, Phys. Rev. D61 (2000) 113001 [arXiv:hep-ph/9911327]. 43. Y. Farzan and J.W.F. Valle, Phys. Rev. Lett. 96 (2006) 011601 [arXiv:hep-ph/0509280]. 44. B. Mukhopadhyaya and R. Srikanth, Phys. Rev. D74 (2006) 075001 [arXiv:hep-ph/0605109].

45. M. Chemtob and P.N. Pandita, Phys. Rev. D73 (2006) 055012 [arXiv:hep-ph/0601159]. 46. A. Abada, G. Bhattacharyya and G. Moreau, Phys. Lett. B642 (2006) 503 [arXiv:hep-ph/0606179].

47. A. Masiero and J.W.F. Valle, Phys. Lett. B251 (1990) 273.