arXiv:hep-ph/0107133 12 Jul 2001

KANAZAWA-01-07 July 2001

Suppressing the ¯ and neutrino masses by a superconformal force

Jisuke Kubo and Daijiro Suematsu

Institute for Theoretical Physics, Kanazawa University, Kanazawa 920-1192, Japan

Abstract

The idea of Nelson and Strassler to obtain a power law suppression of parameters by a superconformal force is applied to understand the smallness of the μ parameter and neutrino masses in R-parity violating supersymmetric standard models. We find that the low-energy sector should contain at least another pair of Higgs doublets, and that a suppression of <∼ O(10^{−13} ) for the μ parameter and neutrino masses can be achieved generically. The superpotential of the low-energy sector happens to possess an anomalyfree discrete R-symmetry, either R_3 or R_6, which naturally suppresses certain lepton-flavor violating processes, the neutrinoless double beta decays and also the electron electric dipole moment. We expect that the escape energy of the superconformal sector is <∼ O(10) TeV so that this sector will be observable at LHC. Our models can accommodate to a large mixing among neutrinos and give the same upper bound of the lightest Higgs mass as the minimal supersymmetric standard model.

PACS number:12.60.Jv, 11.30.Fs, 14.60.Pq

1 Introduction

The minimal supersymmetric standard model (MSSM) contains two Higgs chiral supermultiplets, H_u and H_d, and with respect to the standard model (SM) gauge group SU(3)_C ×SU(2)_L×U(1)_Y the down-type Higgs doublet H_d has the same quantum numbers as the left-handed lepton doublets L_i (i = 1, 2, 3). Therefore, the SU(3)_C ×SU(2)_L×U(1)_Y gauge interactions cannot distinguish H_d from L_i. What distinguish them from each other are lepton number and R-parity [1], which, however, forbid Majorana neutrino masses. An elegant way to generate small neutrino masses is the see-saw mechanism [2], and if we apply this mechanism without breaking R-parity we have to introduce right-handed neutrinos into the MSSM. It has been known for long time that once we give up the lepton number as well as R-parity conservations, there exist possibilities to generate neutrino masses through mixing with neutralinos without introducing the right-handed neutrinos [1], [3]–[9].

In this paper we are concerned with these R-parity violating (RPV) models^1. In the RPV models, there exists no difference among H_d and L_i. That is, the μ term, H_uH_d, and the bilinear RPV terms, H_uL_i, should be treated on the same footing, which implies that the μ problem [11]^2 is closely related to the smallness of the neutrino masses [17]. So, unless the μ problem is solved, the natural neutrino mass in the RPV models will be of the order of a fundamental scale, which is a disaster for the models. Our basic idea to obtain a small μ and hence small neutrino masses is to use a superconformal strong force to drive μ down to the electroweak scale from a superhigh energy scale. A similar idea has been applied in the Yukawa sector and in the supersymmetry breaking sector by Nelson and Strassler [18]^3 to generate a hierarchical order of the Yukawa couplings at low energies from their anarchical order at a fundamental scale, and at the same time to obtain almost degenerate soft-supersymmetry-breaking (SSB) scalar masses at low energies [21, 22] .

1See [10] for recent developments.

2See also [13]–[16] for various possible solutions for the μ-problem.

3The basic mechanism will be explained in the text, and for more details see [18]. See also [19, 20].

For our idea to work, we have to couple the Higgs fields to a superconformal sector. However, if the MSSM Higgs multiples couple to the strong sector, not only μ, but also all the Yukawa couplings are suppressed, which we would like to avoid in this paper. So, we will enlarge the Higgs sector. We introduce another pair of Higgs doublets, H̃_u and H̃_d, which are supposed to couple to the superconformal sector and are responsible to drive μ down to the electroweak scale. We will find that a suppression of <∼ O(10^{−13} ) can be achieved in this way, and we expect that the escape energy of the superconformal sector is rather a lower scale ∼ O(TeV), because otherwise the superconformal suppression would be insufficient to understand the smallness of the μ and neutrino masses. Since the charged matters in the superconformal sector have nontrivial quantum numbers under SU(2)_L × U(1)_Y , they could be experimentally tested at LHC, for instance.

We will explicitly construct realistic low-energy models by imposing anomaly-free discrete R-symmetries [23] in the superpotential, while allowing most general, renormalizable supersymmetry breaking terms. It will turn out that our models can accommodate to a large mixing among neutrinos, and that the upper bound of the lightest Higgs mass of the MSSM remains unchanged.

2 Superconformal Sector

We assume that the superconformal gauge force that suppresses μ is based on the gauge group SU(N_C ) with a global symmetry U(N_{T S})_L × U(N_{T S})_R × U(N_U )_L × U(N_U )_R. The matter content is given in Table 1. Note that the representations of the matter chiral supermultiplets in this sector should be real with respect to the SM gauge symmetry SU(3)_C × SU(2)_L × U(1)_Y . Otherwise the strong force could break dynamically these symmetry, at least at the escaping energy scale Λ_C , at which the strong sector is supposed to decouple from the low-energy sector. (We will estimate Λ_C later on.) This implies that the representation of the new Higgs supermultiplets H̃_u and H̃_d that couple to the superconformal sector should also be real with respect to these symmetries. With this remark we now consider the coupling of H̃_u and H̃_d to this sector through the renormalizable

SU(3)_C × SU(2)_L × U(1)_Y SU(N_C ) U(N_{T S})_L × U(N_{T S})_R U(N_U )_L × U(N_U )_R T (1, 2, −1/2) N_C (N_{T S}, 1) 1 T (1, 2, 1/2) N_C (1, N_{T S}) 1 S (1, 1, 0) N_C (1, N_{T S}) 1 S (1, 1, 0) N_C (N_{T S}, 1) 1 U (1, 1, 0) N_C 1 (N_U , 1) U (1, 1, 0) N_C 1 (1, N_U )

Table 1. Field contents in the superconformal sector.

superpotential

W_{SC} = y_UH̃_uT S + y_DH̃_dT S , (1)

where we have suppressed all the indices, and the new Higgs doublets H̃_u and H̃_d are singlets under SU(N_C ), where the U(1)_Y charge of H̃_{u(d)} is +(−)1/2.

Let us shortly explain the mechanism proposed by Nelson and Strassler [18] using our model. According to Seiberg’s conjecture [24], a nontrivial infrared fixed point exits in our model^4, if (3/2)N_C < 3N_{T S} + N_U < 3N_C is satisfied [24]. The anomalous dimension γ_I of a chiral supermultiplet ϕ_I at the fixed point is related to its charge R_I of an anomaly-free R-symmetry through γ_I = (3/2)R_I − 1 [24, 25]. (We assume below that T , S and U have, respectively, the same anomalous dimensions as T , S and U.) The point is that the anomalous dimensions can become large negative numbers, because the contribution of gauginos with a positive R charge to the anomaly has to be cancelled by that of chiral charged matter supermultiplets with negative R charge. This can also be seen from the Novikov-Shifman-Vainstein-Zakharov β-function [26] β(g) = − g^3 16π^2

3N_C − 3N_{T S} − N_U + 2Γ 1 − N_C g^2/8π^2

, Γ = N_{T S}(2γ_T + γ_S) + N_U γ_U . (2)

4 We assume that the supersymmetric SM sector (SSM) couples only weakly to the strong sector and so the conjecture is approximately satisfied.

So, at the fixed point we obtain

Γ = − 1 2 (3N_C − (3N_{T S} + N_U )) , ( 3 2 N_C < 3N_{T S} + N_U < 3N_C ) . (3)

If we may assume that all the chiral supermultiplets have the same anomalous dimension γ for simplicity, we find that γ = − 3N_C − (3N_{T S} + N_U )

2(3N_{T S} + N_U ) (4) at the fixed point, implying that the anomalous dimensions can become negative numbers of O(1). Further, at the superconformal fixed point, the dimension of the superpotential W_{SC} has to be 3 which means that its anomalous dimension should vanish. Therefore, we arrive at

γ∗ = γ~_{Hu} = γ~_{Hd} = −2γ =

3N_C − (3N_{T S} + N_U ) 3N_{T S} + N_U

< 1 , (5)

which is a positive number of O(1), and for instance, 1/14 ≤ γ^∗ ≤ 7/8 for SU(5).

The crucial point is now that the large positive anomalous dimension γ^∗ carried by the SSM supermultiplets has a large influence on the SSM parameters if their evolution has the form Λ dμ dΛ = μ γ~_{Hu,d} + · · · , (6) where · · · stand for other contributions from the SSM, which are assumed to be small at high energies. If the energy goes down from a unification scale Λ_0 (which may be the Planck scale, string scale or GUT scale) to the escaping scale Λ_C at which the strong sector decouples due to some dynamics, the parameter μ enjoys the strong suppression of the form

μ(Λ_C ) ≃ μ(Λ_0) [Λ_C /Λ_0]^γ � . (7)

This is the mechanism of suppression [18], and we assume that all the massive supersymmetric parameters in the superpotential of the SSM sector enjoy this suppression.

Note, however, that the anomalous dimension at the superconformal fixed point cannot exceed 1, if only one chiral multiplet couples to the parameter. That is, μ(Λ_C ) μ(Λ_0) > Λ_C Λ_0

, (8) so that if we would identify μ(Λ_0) with Λ_0, we would obtain a useless result μ(Λ_C ) > Λ_C. A consequence of this observation is that above the unification scale Λ_0 the parameter μ should have already enjoyed some suppression mechanism which yields a suppression of μ(Λ_0) Λ_0 ≃ μ(Λ_C) Λ_C [ μ(Λ_C ) μ(Λ_0)

]_1/γ�_{−1}

. (9) The value of γ^∗ is typically <∼ 0.8. Assuming that 1/γ^∗ − 1 ≃ 0.2, Λ_C/μ(Λ_C ) ≃ 50 and μ(Λ_C )/μ(Λ_0) ≃ 10^{−10}, we obtain a necessary suppression of μ(Λ_0)/Λ_0 ≃ 10^{−4}.

Before we come to construct the SSM sector, let us compute the anomalous dimensions γ^∗ in our model in a semi-nonperturbative way. That is, we use the nonperturbative result for the β-function of the gauge coupling (2), but for the anomalous dimensions we use the one-loop expression γ~_{Hu} = 1 16π^2

N_{T S} y^2_U , γ_T = 1 16π^2

( y^2_U −

N^2_C − 1 N_C g^2) , (10)

γ_S = 1 16π^2

( 2y^2_U −

N^2_C − 1 N_C g^2) , γ_U = − 1 16π^2

N^2_C − 1 N_C g^2 , (11) and similarly for γ~_{Hd} etc.. From β(g) = 0 and γ~_{Hu} + γ_T + γ_S = γ~_{Hd} + γ_T + γ_S = 0, we obtain γ^∗ = γ_{Hu} = γ_{Hd} = N_{T S} 3(N_C − N_{T S}) − N_U N_{T S} + 3N^2_{T S} + 3N_U + N_{T S}N_U

. (12) The maximal value γ^∗_{max} for a given gauge group can be computed from Eq. (12). We find for instance γ^∗_{max}(SU(3)) = 1 3 , γ^∗_{max}(SU(5)) = 7 12 , γ^∗_{max}(SU(7)) = 5 7 , γ^∗_{max}(SU(9)) = 26 33 . (13) Note that the numbers above are not exact results, because we have used only one-loop anomalous dimensions in Eqs. (10) and (11). (In some cases, one-loop anomalous dimensions yield exact results.) So these numbers may receive nonperturbative corrections.

As we have seen in this section, the superconformal force can suppress μ according to the power law (7). However, the suppression μ(Λ_C )/μ(Λ_0) is not strong enough so that only a suppression of >∼ 0(10^{−13}) can be gained from the superconformal force if we assume that Λ_C/Λ_0 >∼ 10^{−16} and γ^∗ <∼ 0.8, where we have used (9). We therefore cannot identify μ(Λ_0) with the fundamental scale Λ_0 so that we have to assume that a suppression of at least <∼ 10^{−3} should already exist in the fundamental theory. A representative example is: Λ_C ≃ 1.8 TeV , μ(Λ_C ) ≃ 10^2 GeV , μ(Λ_0) ≃ 10^{13} GeV , Λ_0 ≃ 10^{17} GeV , (14)

where we have assumed that γ^∗ = 0.8. This should be contrasted to the models of Nelson and Strassler [18], where Λ_C is supposed to be between 10^{10} and 10^{16} GeV. Our models predict rather lower scale ∼ O(TeV), because otherwise the superconformal suppression would be insufficient to understand the smallness of μ and neutrino masses. Since the charged matter multiplets in the superconformal sector have nontrivial quantum numbers under SU(2)_L × U(1)_Y , they could be produced and seen as new type of hadrons at LHC.

3 The low-energy sector

We assume that the low-energy physics can be described by a supersymmetric extension of the SM and that all the supersymmetric mass parameters enjoy the superconformal suppression. As explained in the introduction, we have to enlarge the matter content of the MSSM for this idea to work, and we have already introduced, in addition to the MSSM Higgs doublets H_u and H_d, a new set of Higgs doublets H̃_u and H̃_d which couple to the superconformal sector. The SM gauge interactions cannot distinguish H̃_u from H_u and H̃_d from H_d, and so we would like to find a symmetry which makes it possible to distinguish them from each other and allows in the superpotential the quadratic terms like H_dH̃_u, H_uH̃_d, but forbids H_dH_u (which has to be absent, because it cannot enjoy the superconformal suppression). First we consider an ordinary global U(1) or discrete

Z_N symmetry^5, and we assume that the superconformal strong force does not break nonperturbatively the symmetry. This implies that the representations of the charged matter multiplets in the strong sector should be real with respect to the symmetry, that is, the U(1) (or Z_N ) charge of H̃_u has to be the opposite sign of that of H̃_d. Consequently, H̃_uH̃_d and hence H_uH_d cannot be forbidden by an ordinary global U(1) or discrete Z_N symmetry if H_dH̃_u and H_uH̃_d are allowed.

Another possibility is R-symmetry, discrete or continuos. We understand under the reality of a R-symmetry in the strong sector that the charged matter multiplets, T, S and U can form a mass term with T , S and U , respectively. So, their R-charge has to be one, implying that the charge of H̃_u and H̃_d has to be zero such that the Yukawa coupling (1) is allowed by the symmetry. We look for an anomaly-free R-symmetry along the line of [23, 28], because such a symmetry may descend from a gauge symmetry in a compactified string theory. We denote the R charge of a chiral supermultiplet ϕ by R(ϕ), and impose the following conditions:

1. The reality of (H̃_u , H̃_d), which means R(H̃_u) = R(H̃_d) = 0.

2. The presence of H_dH̃_u and H_uH̃_d.

3. The absence of H_uH_d.

4. The presence of the Yukawa terms E^c_i L_j H_d, D^c_i Q_jH_d and U^c_i Q_jH_u. Here E_i, U_i and D_i are the right-handed lepton, up-type quark and down-type quark singlets, and L_i and Q_i are the left-handed lepton, quark doublets (i = 1, 2, 3), respectively. An immediate consequence of the reality condition 1 is that R_2 (R-parity) is ruled out, because this condition implies that R(H_d) = R(H_u) = 2 = 0 (mod 2) due to the condition 2, which however contradicts with the condition 3. So we will not consider R_2 in the following discussion. The conditions 1 and 2 yield that R(H_d) = −R(H̃_u) + 2 = 2 (mod N) , R(H_u) = −R(H̃_d) + 2 = 2 (mod N) , (15)

5By an “ordinary” symmetry we mean a symmetry which is not of R-symmetry type.

which give

R(H_u) + R(H_d) = 4 (mod N) , (16)

where we have take into account the possibility that the R-symmetry may be a discrete symmetry R_N . The last condition 4 requires

R(H_u) + R(Q_i) + R(U^c_j ) = R(H_d) + R(Q_i) + R(D^c_j ) = R(H_d) + R(L_i) + R(E^c_j ) = 2 (mod N). (17)

One can easily see that Eq. (17) requires that the trilinear terms

D^c_i Q_jH̃_d and U^c_i Q_jH̃_u (18)

should be absent.

There exist mixed non-abelian gauge anomalies, R[U(1)_Y ]^2, R[SU(2)_L]^2, R[SU(3)_C ]^2 and R[SU(N_C )]^2, the cubic R^3 and mixed gravitational anomalies. The cubic and mixed gravitational anomalies depend on the structure of the massive states in the high-energy theory (so they do not decouple in a certain sense at low-energies [23]), while the mixed gauge anomalies should be cancelled by the massless fermions [23, 27]. Since we are not interested in the high-energy sector in the present paper, we would like to take into account only the mixed gauge anomalies. Moreover, the R[U(1)_Y ]^2 anomaly does not give useful information, because the U(1)_Y charge is not quantized. With these remarks in mind, we consider R[SU(2)_L]^2 and R[SU(3)_C ]^2 only. The anomaly coefficients are given by [23, 27, 28]

A_2 = 3 2 3 ( R(Q) − 1 ) + 1 2 3∑ i=1 ( R(L_i) − 1 ) + 1 2 [ ( R(H_u) − 1 ) + ( R(H_d) − 1 )

+ ( R(H̃_u) − 1 ) + ( R(H̃_d) − 1 ) ] + 2 , (19) A_3 = 3 2 [ 2 ( R(Q) − 1 ) + ( R(U) − 1 ) + ( R(D) − 1 ) ] + 3 , (20)

where we have considered the possibility that the R charge of the leptons may depend on the generation, while we have assumed that for quarks it is independent of the generation.

Using now Eqs. (15) – (17), the anomaly coefficients (19) and (20) can be rewritten as

2A_2 = [ − 8 + 3∑ i=1 ( R(L_i) + 9R(Q) ) ] (mod N) , (21)

2A_3 = 6 [ 1 − 1 2 ( R(H_u) + R(H_d) ) ] = −6 (mod N) . (22) Eq. (22) implies that a continuos R-symmetry cannot be anomaly free. So we look for anomaly-free discrete R-symmetries R_N . For R_N , the right-hand side of Eqs. (21) and (22) may be Nk to ensure anomaly-freedom, where k is an arbitrary integer. Therefore, Eq. (22) implies that we can have only R_3 or R_6 (R_2 has already been ruled out). Another immediate consequence is that if R(L_i) is independent of the generation, 2A_2 = Nk cannot be satisfied for N = 3 and 6, because 8 cannot be cancelled by a multiple of three. In the following discussion we will assume that L_1 has a R charge that is different from those of L_2 and L_3 (although there are other possibilities, e.g. that the R charge of the quarks is generation dependent). The R[SU(N_C )]^2 anomaly results only from the SU(N_C ) gauginos (the condition 1 is a consequence of R(T ) = R(T ) = · · · = R(U) = 1 ): 2A_{NC} = 2T ( SU(N_C) ) = 2N_C , (23) which implies that, because of R_3 or R_6, only a multiple of 3 for N_C is possible.

We have checked that there exist various solutions, and we would like to give here only two representative solutions in Table 2. The models also possess the Baryon triality symmetry B_3 [23] which is free not only from the mixed non-abelian gauge anomalies, but also from the cubic as well as the mixed gravitational anomalies^6. The superpotential corresponding to the R_3 and R_6 models takes the form W = W_μ + W_Y + W^′_Y , (24) where

W_μ = μ̃H_uH̃_d + μ_0H_dH̃_u + ∑ i=2,3 μ_iL_iH̃_u , (25)

6 The Baryon triality is defined as B_3 = 2Y �B (mod 3) [23], where Y and B are the weak hypercharge and Baryon number, respectively. The Baryon triality assignment in the superconformal sector is not unique. A possibility is that B_3(T ) = 2, B_3(T ) = 1 and all the other superfields have zero charge.

R H_u H_d H̃_u H̃_d L_1 L_{2,3} E^c_1 E^c_{2,3} Q U^c D^c R_3 2 2 0 0 1 2 2 1 0 0 0 R_6 2 2 0 0 4 2 2 4 0 0 0 B_3 1 2 1 2 2 2 2 2 0 2 1

Table 2. The R charge assignment of two representative models. The last row is the Baryon triality [23].

W_Y = ∑ i,j=2,3 y^e_{ij} L_iH_dE^c_j + y^e_{11} L_1H_dE^c_1 + 3∑ i,j=1 [ y^d_{ij} Q_iH_dD^c_j + y^u_{ij} Q_iH_uU^c_j ] ,

W^′_Y = ∑ i=2,3 [ λ_{i11}L_1L_iE^c_1 + λ_{23i}L_2L_3E^c_i + 3∑ j,k=1 ( λ^′_{ijk}L_iQ_jD^c_k + ỹ^e_{1i}L_1H̃_dE^c_i ) ] . (26)

The coupling constant λ_{ijk} is antisymmetric with respect to the first two indices (λ_{ijk} = −λ_{jik}). The last term ỹ^e_{1i} L_1H̃_dE^c_i in W^′_Y could cause a FCNC problem, but it is not, because ỹ^e_{1i} will be extremely suppressed by the superconformal force. Note that the baryon number violating term D^cD^cU^c is absent in the superpotential. This term is protected by B_3 and also by the discrete R-symmetry.

To make our model viable we have to take into account supersymmetry breaking. We assume that it appears as soft-supersymmetry-breaking (SSB) lagrangian L_{soft}. What about symmetry of L_{soft}? If we impose the same global symmetry R_3 or R_6 on L_{soft}, the gaugino mass terms for instance are not allowed. This would be phenomenologically a disaster. In the case of the MSSM, the SSB terms satisfy R_2 symmetry (R-parity), and moreover this symmetry is free of all anomalies. But the superpotential of the MSSM with or without RPV terms has a lager R-symmetry than R_2 which is free from mixed nonabelian gauge anomalies. One can convince oneself for instance that an anomaly-free R_4 or R_5 is realized in the superpotential. These discrete symmetries R_4 and R_5 are assumed be completely broken by the SSB terms in the case of the MSSM, while the completely anomaly-free R_2 is unbroken by the SSB terms. In the present case we therefore assume that the completely anomaly-free B_3 is unbroken, while the superpotential symmetry, R_3 or R_6, is broken by the SSB terms. We thus include all renormalizable SSB terms in L_{soft} that are consistent with B_3. Then the SSB Lagragian is given by − L_{soft} = 2∑ i,j=1 (m̃^2_u)_{ij} H^∗_{ui}H_{uj} + 5∑ α,β=1 (m̃^2_d)_{αβ}H^∗_{dα}H_{dβ}

+ 3∑ i,j=1 [ (m̃^2_Q)_{ij}Q^∗_i Q_j + (m̃^2_U )_{ij} U^{∗c}_i U^c_j + (m̃^2_D)_{ij} D^{∗c}_i D^c_j ]

+ − 2∑ i=1 5∑ α=1 B_{iα}H_{ui}H_{dα} + 3∑ i=1 5∑ α,β=1 h^e_{αβi}H_{dα}H_{dβ}E^c_i

+ 3∑ i,j=1 (_5 ∑ α=1 h^d_{ijα}Q_iH_{dα}D^c_j + 2∑ k=1 h^u_{ijk}Q_iH_{uk}U^c_j ) + h.c. , (27) where the gaugino masses are abbreviated and the same notation has been used for the scalar component of a supermultiplet as the corresponding superfield. We have denoted the Higgs doublets H_u and H̃_u by H_{ui} with i = 1, 2, and the down-type ones H_d, H̃_d and L_i (i = 1, 2, 3) by H_{dα} with α = 1, . . . , 5, respectively.

The superpotential (26) has various phenomenological consequences. First of all there is no Baryon decay as emphasized. (λ^{′′}_{ijk} in the notation of [10] vanish identically.) Further various Yukawa couplings vanish:

y_{1i} = λ_{231} = λ_{1ij} = 0 for i, j = 2, 3 , λ^′_{1ij} = 0 for i, j = 1, 2, 3. (28)

Therefore, the bounds coming from a certain set of the lepton-flavor violating processes such as μ → e γ, μ → e e e, μ-e conversion in nuclei [29]-[31], the electron EDM[32] and the neutrinoless double β decay [33, 34, 35] are automatically satisfied. But the leptonflavor violating τ decays as well as various RPV rare leptonic decays of light mesons[29] such as K_L → μμ̄, K_L → eē are allowed, while a certain mode such as K_L → eμ̄ + ēμ is forbidden, giving constraints on the RPV Yukawa couplings^7[29, 10]

λ_{232}λ^′_{312,321}^<_∼ 3.8 × 10^{−7} , λ_{121}λ^′_{212,221} , λ_{131}λ^′_{312,321}^<_∼ 2.5 × 10^{−8} . (29)

These might be considered as prediction of the present model and make it possible to

7 It is assumed here and above that the mass of all the scalar quarks and leptons is 100 GeV.

discriminate the model from other RPV models. There are other phenomenological consequences, which we would like to leave for future work.

4 Neutrino mass and the lightest Higgs mass

4.1 Neutrino mass and mixing

First we would like to derive the neutralino-neutrino mass matrix M for the superpotential (24) along with the SSB lagrangian (27). To this end, we define the neutralino vector as

Ψ^T = (−iλ_1, −iλ_2, ψ_u, ψ_ũ ψ_d, ψ~_d, ψ_i) , i = 1, 2, 3 , (30)

where λ_{1,2} are the gauginos for U(1)_Y and SU(2)_L, and ψ’s are the neutral fermionic components of the Higgs and left-handed lepton supermultiplets in an obvious notation. The vacuum expectation values (VEVs) of the neutral bosonic components of the Higgs and left-handed lepton supermultiplets are denoted by v_I with I = u, ũ, . . ., and our normalization of v’s can be read off from v = 2M_W g = 246 GeV , v^2 = ∑ I=u,ũ,... v^2_I , (31)

where g is the SU(2)_L gauge coupling constant, and M_W is the W gauge boson mass. We also use the notation v_0 = v_d, ρ_I = v_I /v, M_{sw} = M_Z sin θ_W = M_W tan θ_W and M_{cw} = M_Z cos θ_W = M_W , where θ is the Weinberg angle. Then neutralino-neutrino mass term can be written as −(1/2)Ψ^T M Ψ, where

M = M_0 M^T M 0 , (32)

M_0 =

M_1 0 M_{sw}ρ_u M_{sw}ρ_ũ −M_{sw}ρ_0 −M_{sw}ρ~_d 0 M_2 −M_{cw}ρ_u −M_{cw}ρ_ũ M_{cw}ρ_0 M_{cw}ρ~_d M_{sw}ρ_u −M_{cw}ρ_u 0 0 0 μ̃ M_{sw}ρ_ũ −M_{cw}ρ~_d 0 0 μ_0 0 −M_{sw}ρ_0 M_{cw}ρ_0 0 μ_0 0 0 −M_{sw}ρ~_d M_{cw}ρ~_d μ̃ 0 0 0

,

M = ( −M_{sw}ρ_i M_{cw}ρ_i 0 μ_i 0 0 ) . (33)

Here M_0 is a neutralino mass matrix and a neutralino-neutrino mixing matrix is represented by M. Through this neutralino-neutrino mixing neutrinos can be massive as discussed in the usual RPV models [3]–[9].

The smallness of the neutrino masses can be achieved in two ways. One possibility is given by a precise alignment of ⃗ρ and ⃗μ, in which case the energy scale of R parity violation does not have to be very small, and therefore ρ_{1,2,3} can take O(1) values. As a result, the neutralinos and neutrinos can have a large mixing. The other possibility does not require the precise alignment between ⃗ρ and ⃗μ, but the scale R-parity violation has to be small compared to the weak scale. In this case all of the elements of MM^{−1}_0 is smaller than one, and consequently the neutrino mass matrix can be obtained from the seesaw formula m_ν = MM^{−1}_0 M^T .

Let us examine each case in more detail. In our models discussed in the previous sections ( see the superpotential (25)), we have μ_1 = 0. The smallest non-zero eigenvalue m_ν3 of the mass matrix M in the first case can be approximately written as [8] m_ν3 ≃ M^2_Z(c^2_wM_1 + s^2_wM_2) ⃗μ^2M_1M_2

[ ⃗μ^2 ⃗ρ^2 − (⃗μ · ⃗ρ)^2 ] , (34)

where

⃗μ = (μ_0, μ_1, μ_2, μ_3) , ⃗ρ = (ρ_0, ρ_1, ρ_2, ρ_3) . (35)

Note that ⃗μ and ⃗ρ do not contain μ̃ and ρ_ũ, ρ~_d, respectively. Using the angle ξ made by ⃗μ and ⃗ρ and the GUT inspired relation M_1/M_2 = (5/3) tan^2 θ_W , the neutrino mass (34) can be written as m_ν3 ≃ 8 5 M^2_W M_2 sin^2 ξ 1 + tan^2 β

, (36)

where we have defined |⃗ρ| = cos β which would coincide with v_d/(v^2_u + v^2_d)^{1/2} of the Rparity conserving case if only H_u and H_d would acquire a non-vanishing VEV. To obtain a neutrino mass such as <∼ 2.8 eV satisfying the combined mass bound coming from the tritium β-decay [36] and various observations of the neutrino oscillation [37], we need sin ξ <∼ 3 × 10^{−4} for M_2 = 1 TeV and tan β = 10. It may be interesting to see how the eigenstate ψ_ν3 of the smallest non-vanishing mass m_ν3 is composed. Here we consider only the case in which ψ_1 and ψ_2 are decoupled (that is, μ_1 = μ_2 = 0). Since ⃗ρ has to be almost parallel to ⃗μ, we make an approximation that ⃗ρ ∝ ⃗μ, and find that the mass eigenstate is given by ψ_ν3 ≃ 1 √ μ^2_0 + μ^2_3

(μ_0ψ_3 − μ_3ψ_d) . (37)

So the mixing between ψ_3 and ψ_d will be large in general, but no mixing with the other neutralinos. There are two zero mass eigenvalues at tree level, but in higher orders in perturbation theory [7, 8] this degeneracy is removed and the mixing among the neutrinos Although the couplings in the superpotential (26) are restricted by a discrete R-symmetry (see Eq. (28)), three neutrinos mix at one-loop order, allowing a variety of mixing among neutrinos depending on the size of the R-parity violating parameters. However, we cannot say more about its nature at present.

In the second case the neutrino mass matrix can be obtained from the seesaw formula

m_ν = MM^{−1}_0 M^T =

M^2_Z(c^2_wM_1 + s^2_wM_2) M_1M_2μ^2_0

Γ^2_e Γ_eΓ_μ Γ_eΓ_τ Γ_eΓ_μ Γ^2_μ Γ_μΓ_τ Γ_eΓ_τ Γ_μΓ_τ Γ^2_τ

, (38)

where Γ_α = −ρ_αμ_0 + ρ_0μ_α. The non-zero eigenvalue of this matrix is given by M^2_Z (c^2_wM_1 + s^2_wM_2)|⃗Γ|^2 M_1M_2μ^2_0 which is equivalent to Eq. (34) up to the higher order terms of μ_α and ρ_α. A possible diagonalization matrix of (38) is^8

V_ν = cos γ sin γ 0 − sin γ cos γ 0 0 0 1 cos δ 0 sin δ 0 1 0 − sin δ 0 cos δ cos α sin α 0 − sin α cos α 0 0 0 1

, (39)

where tan γ = −Γ_μ/Γ_e, tan δ = √ Γ^2_e + Γ^2_μ/Γ_τ , and α is an arbitrary angle. This arbitrariness results from the fact that the mass matrix (38) has two degenerate eigenvalues. Now to find the mixing matrix in the lepton sector V^{MNS}, we remind ourselves that our R-charge assignment (see Table 2) constrains the mass matrix of the charged leptons to have the form^9

m_ℓ = m_{ee} 0 0 0 m_{μμ} m_{μτ} 0 m_{τμ} m_{ττ} . (40)

This matrix can allow a maximum mixing in the e and μ sector, which is favored for the realization of a bi-maximal mixing in the lepton sector [38]. (The bi-maximal mixing is considered to be a favored form to explain the solar and atmospheric neutrino observation.) Since the mixing matrix V^{MNS} is given by V^{MNS} = V^†_ℓ V_ν (V_ℓ is the diagonalization matrix of the matrix m_ℓ), the bi-maximal mixing form

V^{MNS} ≃ 1√ 2 1√ 2 0 −^1_2^1_2 −^{1√}_2 −^1_2^1_2^{1√}_2

(41)

may be obtained if, for instance, sin δ ∼ 0 and cos(α + γ) ∼ sin(α + γ) ∼ 1/ √ 2. Note that the higher order corrections resolve the mass degeneracy and hence fix the size of the angle α, and so we will need more detailed study for a definite conclusion. We however expect to obtain results that are similar to those in [8], in which, as far as the neutrino-neutralino sector is concerned, similar models have been studied.

8We assume that all the elements of m_ν are real, and V^T_ν m_ν V_ν = diagonal. 9If we take other R-charge assignment for the lepton sector, this feature cannot be realized.

4.2 The lightest Higgs

Since there exist two pairs of Higgs doublets in our models, there exist four CP -even neutral, three CP -odd neutral and three pairs of charged Higgs bosons that are mixed with the neutral and charged scalar leptons, respectively. Here we are interested in the neutral sector, because we would like to find out the upper bound of the mass of the lightest Higgs boson. We denote the neutral scalar components of H_u and H̃_u by h_{ui} with i = 1, 2, and those of the down-type ones H_d, H̃_d and L_i (i = 1, 2, 3) by h_{dα} with α = 1, . . . , 5, respectively. Then the most general renormalizable scalar potential including the SSB terms can be written as V_N = (m^2_u)_{ij}h^∗_{ui}h_{uj} + (m^2_d)_{αβ}h^∗_{dα}h_{dβ} − (B_{iα}h_{ui}h_{dα} + h.c.) + 1 8 (g^2 + g^{′2})( h^∗_{ui}h_{ui} − h^∗_{dα}h_{dα} )^2 . (42)

Since physics is independent of the choice of a basis of the fields, we go to a basis, in which only h_{u1} and h_{d1} have a non-vanishing VEV. Accordingly we define

h_{u1} = 1 √ 2 (v_u + φ_1 + iη_1) , h_{d1} = 1 √ 2 (v_d + φ_2 + iη_2) ,

h_{u2} = 1 √ 2 (φ_3 + iη_3) , h_{di} = 1 √ 2 (φ_{i+2} + iη_{i+2}) , i = 2, . . . , 5 , (43)

where φ’s and η’s are real scalar and pseudo-scalar components of the Higgs fields, respectively. In this basis, the mass matrices M^2_E and M^2_O for the CP -even and CP -odd scalars, respectively, take the form

M^2_{E,O} = M^{SM}_{E,O} B_{E,O} B^T_{E,O} m_{E,O} , (44)

where

M^{SM}_E =

(v_d/v_u)B_{11} +^1_4 (g^2 + g^{′2})v^2_u −B_{11} −^1_4 (g^2 + g^{′2})v_uv_d −B_{11} −^1_4 (g^2 + g^{′2})v_uv_d (v_u/v_d)B_{11} +^1_4 (g^2 + g^{′2})v^2_d , (45)

M^{SM}_O =

(v_d/v_u)B_{11} B_{11} B_{11} (v_u/v_d)B_{11} , (46)

B_{E(O)} =

(v_d/v_u)B_{12} −(+)B_{1j} −(+)B_{12} (v_u/v_d)B_{1j} , j = 2, . . . , 5 , (47)

(m_E)_{33} = (m_O)_{33} = (m^2_u)_{22} + 1 8 (g^2 + g^{′2})(v^2_u − v^2_d) , (48) (m_{E(O)})_{3j+2} = (m_{E(O)})_{j+23} = −(+)B_{2j} , j = 2, . . . , 5 , (m_E)_{i+2j+2} = (m_O)_{i+2j+2} = (m^2_d)_{ij} + 1 8 (g^2 + g^{′2})(v^2_d − v^2_u)δ_{ij} , i, j = 2, . . . , 5 .(49)

To derive the above formulas we have used minimum conditions of the scalar potential and also assumed that all the parameters appearing in the scalar potential (42) are real 10. Note that the upper 2 × 2 matrices M^2_E and M^2_O have exactly the same form as those of the MSSM. We see from Eqs. (44) –(49), as in the case of the MSSM, that Tr M^2_E = M^2_Z + Tr M^2_O is satisfied, which yields the sum rule at the tree level

m^2_h + 3∑ i=1 m^2_{Hi} + 3∑ i=1 m^2_{ν̃}+_i = M^2_Z + 3∑ i=1 m^2_{Ai} + 3∑ i=1 m_{ν̃}�_i , (50)

where m_h, m_Handm_{ν̃}+ stand for the masses of the CP -even scalars, and m_A, m_{ν̃}� for the CP -odd scalars.

Now we come to discuss the lightest Higgs mass m_h. To this end, we concentrate on the size of the diagonal elements of M^2_E and M^2_O, because their smallest eigenvalues cannot be larger than the smallest diagonal elements. The scalar mass-squared (m^2_u) and (m^2_d) in the scalar potential (42) consist of both the SSB scalar mass-squared and the contribution from the superpotential (25). Here we remind ourselves that all the parameters belonging to the mass as well as interaction terms that involve at least one of H̃_u or H̃_d are very much suppressed at the escape energy. In particular, the SSB scalar mass-squared for H̃_u or H̃_d (which we denote by (m̃^2_u)_{22} and (m̃^2_d)_{22}) vanishes at the superconformal fixed point [21, 22, 18], if the weakly coupled low-energy sector is switched off. It has been however found in [19] that the low-energy sector has a non-trivial influence on their evolution such that they rather approach, translated into the present case, as

(m̃^2_u)_{22} ≃ (m̃^2_d)_{22} → (γ^∗)^{−1}

3g^2 8π^2

|M_2|^2 , (51)

10The mass parameters above are not those defined in the original scalar potential (42). They correspond to those in the new basis in which only h_{u1} and h_{d1} acquire a non-vanishing VEV.

where γ∗ is the anomalous dimension of H̃_u (or H̃_d) at the fixed point (see Eq. (5)), M_2 is the SU(2)_L gaugino mass, and we have neglected the U(1)_Y contribution. Below the escape energy Λ_C, their evolution is dictated by the low-energy sector, and all the couplings that contribute to the evolution, except for the gauge couplings of this sector, are suppressed because of the superconformal force. ¿From this consideration we obtain approximately (m̃^2_u)_{22} and (m̃^2_d)_{22} at M_Z

(m̃^2_u)_{22} ≃ (m̃^2_d)_{22} ≃

3g^2 8π^2

|M_2|^2 [ (γ^∗)^{−1} + ln

Λ_C M_Z ] , (52)

where the quantity in the parenthesis is a positive number of >∼ O(1). Consequently, the total contributions to the diagonal elements in question can be written as

(m^2_u)_{22} = (⃗μ)^2 + (m̃^2_u)_{22} + 1 2 M^2_Z cos 2β , (m^2_d)_{22} = μ̃^2 + (m̃^2_d)_{22} + 1 2 M^2_Z cos 2β ,

where tan β = v_u/v_d is defined in the basis in which all the VEVs except for H_{u1} and H_{d1} vanish (see Eq. (43), and ⃗μ is given in Eq. (35).). It is then obvious that we can make (m^2_u)_{22} and (m^2_d)_{22} arbitrarily large by making the gaugino mass M_2 large. Therefore, the smallest eigenvalue of M^2_E sits in M^{SM}_E , implying that we have the same upper bound of the lightest Higgs as in the case of the MSSM

m^2_h ≤ M^2_Z cos^2 2β , (53)

because the matrix M^{SM}_E ( given in Eq. (45) ) has exactly the same form as in the MSSM. The tree-level bound (53) should be of course corrected in higher orders in perturbation theory [39, 40]. We expect that the correction will be very similar to the case of the MSSM, especially if the other masses are large.

5 Conclusion

In supersymmetric standard models with R-parity and lepton number violations, the left-handed lepton and down-type Higgs supermultiplets should be treated on the same footing, unless there exist further quantum numbers that distinguish them from each other. Therefore, the μ problem in these models is closely related to the question of why the neutrinos are so light. In this paper we have proposed to solve the μ problem in this class of models by coupling the models to a superconformal gauge force. We found that for this idea to work we have to extend the MSSM so as to contain at least another pair of Higgs doublets, which mediate the superconformal suppression to the MSSM sector. We have shown that a suppression of <∼ O(10^{−13} ) for the μ parameter and neutrino masses can be achieved generically.

We have constrained the form of the superpotential of the low energy sector by imposing an anomaly-free discrete R-symmetry, while we have allowed most general, renormalizable supersymmetry breaking terms. We have found that the discrete R-symmetry automatically suppress the lepton-flavor violating processes such as μ → e γ, μ → e e e, μ-e conversion in nuclei, the electron EDM and also the neutrinoless double β decay. The resulting models can accommodate to a large mixing among neutrinos, and it has turned out that the upper bound of the lightest Higgs mass of the MSSM remains unchanged in these extended models. Finally we expect that the escape energy of the superconformal sector is <∼ O(10) TeV so that this sector could be experimentally observed in near feature.

Acknowledgments

This work is supported partially by the Ministry of Education, Science and Culture and by the Japan Society for the Promotion of Science (No. 11640267 and 12047213). We would like to thank H. Terao for useful discussions.

References

[1] G. Farrar and P. Fayet, Phys. Lett. B76, 575 (1978).

[2] T. Yanagida, in Proc, of the Workshop on the unified Theory and Baryon Number in the universe, ed. O. Sawada and A. Sugamoto, (KEK report 79-18, 1979); M. Gell-Mann, P. Ramond and R. Slansky, in Supergravity, ed P. van Nieuwenhuizen and d.Z. Freedman, (North Holland, Amsterdam, 1979).

[3] G. G. Ross and J. W. F. Valle, Phys. Lett. B151, 375 (1985); J. Ellis, G. Gelmini, C. Jarlskog, G. G. Ross and J. W. F. Valle, Phys. Lett. B150, 142 (1985); C. S. Aulakh and R. N. Mohapatra, Phys. Lett. B121, 14 (1983).

[4] A. Santamaria and J. W. F. Valle, Phys. Lett. B195 (1987) 423; Phys. Rev. D39, 1780 (1989); Phys. Rev. Lett. 60, 397 (1988).

[5] F. de Compos, M. A. Garcá-Jareño, A. S. Joshipura, J. Rosiek and J. W. F. Valle, Nucl. Phys. B451, 3 (1995); T. Banks, Y. Grossman, E. Nardi and Y. Nir, Phys. Rev. D52, 5319 (1995); A. S. Joshipura and M. Nowakowshi, Phys. Rev. D51, 2421 (1995).

[6] M. A. Díaz, J. C. Romão and J. W. F. Valle, Nucl. Phys. B524, 23 (1998);

J. W. F. Valle, hep-ph/9808292 and references therein.

[7] R. Hempfling, Nucl. Phys. B478, 3 (1996); E. Nardi, Phys. Rev. D55, 5772 (1997);

A. S. Joshipura and S. K. Vempati, hep-ph/9903435; d. E. Kaplan and A. E. Nelson, hep-ph/9901254.

[8] J. C. Romão, M. A. Díaz, M. Hirsch, W. Porod and J. W. F. Valle, Phys. Rev. D61, 071703 (2000); M. Hirsch, M. A.Díaz, W. Porod, J. C. Romão and J. W. F. Valle, hep-ph/0004115; Y. Grossman anfd H. Haber, Phys. Rev. D59 093008, 1999; Phys. Rev. D63 075011, 2001.

[9] D. Suematsu, Phys. Lett. B506, 131 (2001); hep-ph/0104187.

[10] R. Barier, et. al., Report of the group on the R-prity violation, hep-ph/9810232. [11] J.E. Kim and H.-P. Nilles, Phys. Lett. B138, 150 (1984).

[12] H. P. Nilles, M. Srednicki and d. Wyler, Phys. Lett. B129, 364 (1983); L. E. Ibáñez and J. Mas, Nucl. Phys. B286, 107 (1987); J. Ellis, J. F. Gunion, H. E. Haber, L. Roszkowski and F. Zwirner, Phys. Rev. D39, 844 (1989); J.-P. Derendinger and C. A. Savoy, Nucl. Phys. B237, 364 (1984).

[13] J. E. Kim and H. P. Nilles, Phys. Lett. B263, 79 (1991); E. J. Chun, J. E. Kim and H. P. Nilles, Nucl. Phys. B370, 105 (1992).

[14] G. F. Giudice and A. Masiero, Phys. Lett. B206, 480 (1988); J. A. Casas and C. Muñoz, Phys. Lett B306, 228 (1993).

[15] D. Suematsu and Y. Yamagishi, Int. J. Mod. Phys. A10, 4521 (1995); M. Cvetič and P. Langacker, Phys. Rev. D54, 3570 (1996); D. Suematsu and G. Zoupanos, JHEP 0106, 038 (2001).

[16] For a review of recent works, see for example, N. Polonsky, hep-ph/9911329, and references therein.

[17] N. Arkani-Hamed, L. Hall, H. Murayama, D. Smith and N. Weiner, hep-ph/0006312. [18] A.E. Nelson and M.J. Strassler, JHEP 0009, 030 (2000); hep-ph/0104051. [19] T. Kobayashi and H. Terao, KANZAWA-01-02, hep-ph/0103028. [20] H. Nakano, T. Kobayashi and H. Terao, KANZAWA-01-05, hep-ph/0107030. [21] A. Karch, T. Kobayashi, J. Kubo, and G. Zoupanos, Phys. Lett. B441, 235 (1998). [22] M. Luty and R. Rattazzi, JHEP 11, 001 (1999).

[23] L.E. Ibáñez and G.G. Ross, Phys. Lett. B260, 291 (1991); L.E. Ibáñez and G.G.

Ross, Nucl. Phys. B368, 3 (1992); L.E. Ibáñez, Nucl. Phys. B398, 301 (1993).

[24] N. Seiberg, Nucl. Phys. B435, 129 (1995).

[25] M. Flato and C. Fronsdal, Lett. Math. Phys. 8, 159 (1984); V.K. Dorbrev and V.B.

Petkova, Phys. Lett. B162, 127 (1985).

[26] V. Novikov, M. Shifman, A. Vainstein and V. Zakharov, Nucl. Phys. B229, 381 (1983); Phys. Lett. B166, 329 (1986); M. Shifman, Int. J. Mod. Phys. A11, 5761 (1996) and references therein.

[27] T. Banks and M. Dine, Phys. Rev. D45, 1424 (1992). [28] K. Kurosawa, N. Maru and T. Yanagida, hep-ph/0105136. [29] D. Choudhury and P. Roy, Phys. Lett. B378, 153 (1996).

[30] M. Chaichian and K. Huitu, Phys. Lett. B384, 157 (1996); J. E. Kim, P. Ko, D.- G. Lee, Phys. Rev. D56, 100 (1997); K. Huitu, J. Maalampi, M. Raidal and A. Santamaria, Phys. Lett. B430, 355 (1998).

[31] A. Gouveêa, S. Lola and K. Tobe, Phys. Rev. D63, 035004 (2001), and references therein.

[32] M. Frank and H. Hamidian, J. Phys. G24, 2203 (1998).

[33] M. Doi, T. Kotani and E. Takasugi, Prog. Theor. Phys. Suppl. 83, 1 (1985). [34] M. Hirsch, H. V. Klapdor-Kleingrothaus and S. G. Kovalenko, Phys. Rev. Lett. 75, 17 (1995); Phys. Rev. D53, 1329 (1996); K. S. Babu and R. N. Mohapatra, Phys. Rev. Lett. 75, 2276 (1995); H. Päs, M. Hirsch, H. V. Klapdor-Kleingrothaus, Phys. Lett. B495, 450 (1999).

[35] R. N. Mohapatra, Phys. Rev. D34, 3457 (1986); J. D. Verdados, Phys. Lett. B184, 55 (1987).

[36] J. Bonn et al., Nucl. Phys. Proc. B Suppl. 91, 273 (2001).

[37] For the recent evidence of neutrino oscillation, see, The SNO Collaboration, UPR- 0240E, nucl-ex/0106015, and references therein.

[38] N. Haba, J. Sato, M. Tanimoto and K. Yoshioka, hep-ph/0101334.

[39] Y. Okada, M. Yamaguchi and T. Yanagida, Prog. Theor. Phys. 85, 1 (1991);

H.E. Haber and R. Hempfling, Phys. Rev. Lett. 66, 1815 (1991); J. Ellis, G. Ridolfi and F. Zwirner, Phys. Lett. B257, 83 (1991); R. Barbieri an M. Frigeni, Phys. Lett. B258, 395 (1991); M. Carena, H.E. Haber, S. Heinemeyer, W. Hollik, C.E.M. Wagner and G. Weiglein, Nucl. Phys. B580 29, (2000).

[40] M. Carea et. al., FERMILAB-Conf-00/279-T, hep-ph/0010338, and references therein.