arXiv:0904.2213v2 [hep-ph] 23 Jun 2009

Spontaneous R-Parity Breaking in SUSY Models

Pavel Fileviez Pérez and Sogee Spinner Department of Physics, University of Wisconsin, Madison, WI 53706, USA (Dated: June 24, 2009)

We investigate a mechanism for spontaneous R-parity breaking in a class of extensions of the minimal supersymmetric standard model with an extra Abelian gauge symmetry which is a linear combination of B − L and weak hypercharge. Both U(1)X and R-parity are broken by the vacuum expectation value of the right-handed sneutrinos which is proportional to the soft SUSY masses. In these models the mechanism for spontaneous R-parity violation can be realized even with positive soft masses. In this context one has a realistic mechanism for generating neutrino masses as well as a realistic spectrum. We briefly discuss the possible collider signals which could be used to test the theory, the contributions to proton decay and the possibility of a gravitino as a dark matter candidate.

I. INTRODUCTION

There are several ideas in physics beyond the standard model for protecting the Higgs mass but Supersymmetry (SUSY) is perhaps the most appealing. It is well-known that in order to make predictions in the context of the minimal supersymmetric Standard Model (MSSM) one has to understand the origin of SUSY breaking and the R-parity violating terms. For a review on Supersymmetry see Ref. [1].

The so-called R-parity discrete symmetry is defined as R = (−1)^{3(B−L)+2S} = (−1)^{2S} M, where the B, L, and S stand for the baryon number, lepton number and spin, respectively. Here M is the so-called matter parity which is −1 for any matter superfield and +1 for any Higgs or Gauge superfield. See Ref. [2] for the studies of R-parity conservation in SUSY models at the low-scale and Ref. [3] in the context of SO(10) models. For studies of the phenomenological aspects of SUSY models with R-parity violation see Ref. [4].

In order to understand the origin of the R-parity violating operators present in the MSSM one has two possibilities: i) one can look for an extension of the MSSM where B − L is a global symmetry [5], but one has to face the Majoron problem [6]. ii) study this issue in a framework where B−L is a local symmetry. In this case the Majoron is eaten by the new gauge bosons in the theory and a simple consistent framework exists.

Recently, this latter option was studied in the context of left-right symmetric models [7] and in a simple extension of the MSSM where one has an extra B − L Abelian gauge symmetry [8]. In this paper we want to study this approach to spontaneous R-parity breaking in the simplest most general extension of the MSSM where the new Abelian symmetry is a linear combination of the weak hypercharge and B−L. In this way all anomalies are canceled by adding only right-handed neutrinos. We discuss the full spectrum of the theory and the possible signals at the LHC. In this context the mechanism for spontaneous R-parity violation is possible even with positive soft-terms, in contrast with the results in Ref. [7] and Ref. [8] where one needs negative mass soft terms for the “right-handed” sneutrinos.

This paper is organized as follows: In Section II we discuss the mechanism for Spontaneous R-parity Breaking in a simple extension of the MSSM. In Section III we discuss the R-parity violating terms obtained and the full spectrum of the theory, while in Section IV the possible collider signals are pointed out. In Section V we discuss the possibility of gravitino cold dark matter and the proton decay constraints. Finally, we summarize our findings in Section VI.

II. SPONTANEOUS R-PARITY BREAKING

The well-known R-parity violating terms in the MSSM are

W_{RpV} = ϵ_iL̂_iĤ_u + λ_{ijk}L̂_iL̂_jÊ^C_k

+ λ^′_{ijk}Q̂_iL̂_jD̂^C_k + λ^{′′}_{ijk}Û^C_i D̂^C_j D̂^C_k (1)

where λ^{′′}_{ijk} = −λ^{′′}_{ikj} and λ_{ijk} = −λ_{jik} . In the above equation the first three interactions violate lepton number, while the last term violates baryon number.

The main goal of this paper is the investigation of the mechanism for spontaneous R-parity violation in simple local Abelian extensions of the MSSM, which contain B − L. Then, in this context the new hypercharge will be defined as

X = a Y + b (B − L) , (2)

where Y , B and L stand for the weak hypercharge, baryon number and lepton number, respectively. We stick to this simple linear combination since one can easily show that only three right-handed nuetrinos are necessary for anomaly cancelation.

II. A. Anomaly Cancellation

As it is well-known once we extend the SM gauge group one introduces constraints on the particle charges based on anomaly cancelation. For the MSSM particle content with an n_N additional right-handed neutrinos, the (SU(2)_L, U(1)_Y , U(1)_X ) charge assignment is:

Q̂ = (^ U D̂ ) ∼ (2, 1 3 , X_Q), L̂ = (^ N Ê ) ∼ (2, −1, X_L),

Ĥ_u = (^ H^+_u Ĥ 0_u ) ∼ (2, 1, X_H ),

Ĥ_d = (^ H^0_d Ĥ^−_d ) ∼ (2, −1, −X_H ),

Û^C ∼ (1, − 4 3 , X_U ), D̂^C ∼ (1, 2 3 , X_D), Ê^C ∼ (1, 2, X_E), and N̂^C ∼ (1, 0, X_N ).

In this case the following anomaly constraints must be satisfied:

U(1)_X [SU(3)_C ]^2 : 2X_Q + X_U + X_D = 0, (3)

U(1)_X [SU(2)_L]^2 : 3X_Q + X_L = 0, (4)

U(1)_X [U(1)_Y ]^2 : 3 ( 2Y^2_QX_Q + Y^2_U X_U + Y^2_DX_D ) + 2Y^2_L X_L + Y^2_E X_E = 0, (5) U(1)^2_X [U(1)_Y ] : 3 ( 2Y_QX^2_Q + Y_U X^2_U + Y_D X^2_D ) + 2Y_LX^2_L + Y_E X^2_E = 0, (6) U(1)^3_X : 3N_g ( 2X^3_Q + X^3_U + X^3_D ) + n_N X^3_N + N_g ( 2X^3_L + X^3_E ) = 0, (7) U(1)_X : 3N_g (2X_Q + X_U + X_D) + n_N X_N + N_g (2X_L + X_E ) = 0, (8)

where the hypercharge of a field ϕ is given by Y_ϕ. The first five equations are mixed gauge anomalies, while the last one is a gauge-gravity anomaly. These are similar to equations derived before, for example in [9, 10]. In the above conditions N_g is the number of generations and N_g = 3 will be assumed for the rest of this Letter. Higgs charges cancel in the above automatically because of their opposite charges. It is straightforward to show that if the new Abelian symmetry is a linear combination of the weak hypercharge and B−L all anomalies cancel.

Using the equations linear in the X-charges (Eqs. (3) - (5) and (8)) it is possible to express X_Q, X_L, X_U and X_D in terms of X_E and X_N :

X_Q = 1 18 (3X_E + n_N X_N ) , (9)

X_L = − 1 6 (3X_E + n_N X_N ) , (10)

X_U = 1 9 (−6X_E + n_N X_N ) , (11)

X_D = 1 9 (3X_E − 2n_N X_N ) . (12)

Substituting these into Eq. (7) yields: n_N − 1 9 n^3_N = 0. (13)

Therefore, n_N = 3, and this value will be used from now on. A similar substitution into Eq. (6) reveals no new constraints.

Further constraints are contributed from the couplings in the superpotential. Since

W = W_{MSSM} + Y^D_ν L̂^T iσ_2 Ĥ_u N̂^C , (14)

where

W_{MSSM} = Y_u Q̂^T iσ_2 Ĥ_uÛ^C + Y_d Q̂^T iσ_2 Ĥ_dD̂^C + Y_e L̂^T iσ_2 Ĥ_d Ê^C + μ Ĥ^T_u iσ_2 Ĥ_d, (15)

the Higgs X-charge is:

X_H = 1 2 (X_E − X_N ) . (16)

All superpotential interactions are consistent with Eqs. (9) - (12) and (16). At this point it is illuminating to state all the conditions on the charges in terms of a ≡ X_H and b ≡ X_N :

X_Q = 1 3 a + 1 3 b, (17) X_L = −a − b, (18) X_U = − 4 3 a − 1 3 b, (19)

X_D = 2 3 a − 1 3 b, (20)

X_E = 2a + b, (21)

or simply stated: X = a Y + b (B − L). Since both Y and X will be separately conserved, B − L will also be conserved making R-parity an exact symmetry as well. Therefore, the most general charge assignment possible is also consistent with the goal discussed in the introduction.

Some interesting cases are: a = 0 and b = 1, which corresponds to B − L; a = 1 and b = −5/4 which is the GUT normalization for this group and allows it to be embedded in SO(10). Note that b = 0 is just a scaled version of hypercharge and does not constitute a new charge. It is possible to have different charges for the N̂ [9], but here we are interested in the case where B − L is part of the symmetry.

II. B. Symmetry Breaking

The particle content, charge assignment and superpotential (Eq. (14)) where all given in the previous section. Symmetry breaking is achieved through the right-handed sneutrinos, which have a non-trivial X-charge. Once one of these fields acquire a vacuum expectation value (VEV), it spontaneously breaks both the gauge symmetry, U(1)_X , as well as R-parity and forces left-handed sneutrino, through mixing terms, to acquire a VEV. Since B − L is part of the gauge symmetry the Majoron [6] (the Goldstone boson associated with spontaneous breaking of lepton number) becomes the longitudinal component of the Z^′ and does not pose a problem, thus allowing for a general, simple mechanism for spontaneous R-parity breaking.

In addition to the superpotential, the model is also specified by the soft terms: V_{sof t} = M^2_{Ñ C} | | |Ñ^C | | |^2 + M^2_{L̃} | | |L̃ | | |^2 + M^2_{ẼC} | | |Ẽ^C | | |^2

+ m^2_{Hu} |H_U |^2 + m^2_{Hd} |H_D |^2 + ( 1 2 M_XB̃^′B̃^′ + A^D_ν L̃^T iσ_2 H_u Ñ^C + Bμ H^T_U iσ_2 H_D + h.c.) + ... (22)

where the terms not shown here correspond to terms in the soft MSSM potential. Now, we are ready to investigate the predictions of this mechanism for spontaneous R-parity violation.

Here, symmetry breaking is achieved through the VEVS of sneutrinos (⟨ν̃_i⟩ = v^i_L/ √ 2 and ⟨ν̃^C_i ⟩ = v^i_R/ √ 2) and the Higgs doublets ( ⟨ H^0_u ⟩ = v_u/ √ 2 and ⟨ H^0_d ⟩ = v_d/ √ 2). The scalar potential in this theory is given by

V = V_F + V_D + V^S_{sof t}, (23)

where the relevant terms for V^S_{sof t} are given in Eq. (22). Once one generation of sneutrinos, ν̃ and ν̃^C , and the Higgses, acquire a VEV, the potential reads ⟨V_F ⟩ = 1 4 ( Y^D_ν )_2 (

v^2_Rv^2_u + v^2_Rv^2_L + v^2_Lv^2_u )

+ 1 2 μ^2 ( v^2_u + v^2_d ) − 1 √ 2 Y^D_ν μ v_Rv_Lv_d, (24) ⟨V_D ⟩ = 1 32 [ g^2 ( v^2_u − v^2_d − v^2_L

)_2 + g^2_1 ( v^2_u − v^2_d − v^2_L

)_2

+ g^2_X ( bv^2_R − (a + b)v^2_L + av^2_u − av^2_d

)_2]

, (25) ⟨ V^S_{sof t} ⟩ = 1 2 M^2_{L̃}v^2_L + 1 2 M^2_{Ñ c} v^2_R + 1 2 M^2_{Hu} v^2_u + 1 2 M^2_{Hd} v^2_d + 1 2 √ 2 ( A^D_ν + ( A^D_ν )_†) v_Rv_Lv_u − Re (Bμ) v_uv_d, (26)

where g_1, g_2 and g_X are the gauge couplings for SU(2)_L, U(1)_Y and U(1)_X respectively. Minimizing in the limit v_R, v_u, v_d ≫ v_L:

v_R = √ −8M^2_{Ñ c} − ab g^2_X (v^2_u − v^2_d)

g^2_X b^2

, (27)

v_L = B_ν v_R M^2_{L̃} −^1_8 g^2_X (a + b) b v^2_R − D^2_{ew}

, (28) |μ|^2 = − 1 2 m^2_Z − 1 8 a^2g^2_X ( v^2_u + v^2_d ) − M^2_{Hu} tan^2 β − M^2_{Hd} tan^2 β − 1 , (29) b = sin 2β 2 ( 2μ^2 + m^2_{Hu} + m^2_{Hd} ) , (30) where we make use of the following definitions: B_ν ≡ 1 √ 2 ( Y^D_ν μ v_d − A^D_ν v_u ) , (31)

D^2_{ew} ≡ 1 8 ( g^2_1 + g^2 + a (a + b) g^2_X ) ( v^2_u − v^2_d ) , (32)

M^2_{Hu} ≡ m^2_{Hu} + 1 8 a b g^2_X v^2_R, (33)

M^2_{Hd} ≡ m^2_{Hu} − 1 8 a b g^2_X v^2_R. (34)

Now, Eq. (27) indicates two possible scenarios for spontaneous R-parity violation:

• M^2_{Ñ C} < 0. This case has been studied before in Ref. [7] and Ref. [8] in the context of left-right symmetric models and in the minimal gauged U(1)_{B−L} extension of the MSSM.

• M^2_{Ñ C} very small and ab < 0. In this case one should satisfy the condition |ab| g^2_X ( v^2_u − v^2_d ) > 8 M^2_{Ñ C} . (35)

This is possible for a very small M^2_{Ñ C} , as may arise in gauge mediated supersymmetry breaking without Xcharged messengers.

Using the constraint: M_Z′ /g_X ≥ 1 TeV one arrives at the condition 1 2 |ab|^{1/2} v ( tan^2 β − 1 1 + tan^2 β )_{1/2} ≥ 1 TeV. (36)

Then, for large tan β, |b| ≥ 66/|a|. This is the main constraint that we find for this class of models. Notice that we are using the same normalization for both U(1) couplings in the theory and neglecting the mixing kinetic terms.

Therefore it is possible to realize this mechanism for spontaneous R-parity violation even with positive soft mass terms for the right-handed neutrinos. This possibility is quite appealing in our opinion.

III. RPV INTERACTIONS AND THE SPECTRUM

The effective MSSM-like theory will contain R-parity violating bilinear terms. For example, the Y^D_ν L̂^T iσ_2 Ĥ_u N̂^C term in the superpotential, leads to Y^D_ν l H̃_u v_R/ √ 2 (the ϵ_i term in Eq. (1)) and Y^D_ν H̃^0_u ν^C v_L/ √ 2. The kinetic term of the lepton doublet produces mixing between the neutrinos and neutral gauginos: W̃^0_3 ν v_L/ √ 2, B̃ ν v_L/ √ 2 and B̃^′ ν v_L/√2. While the kinetic term for right-handed neutrinos contains the term B̃^′ ν^C v_R/ √ 2. Other R-parity violating interactions between the charged leptons and the charged components of the gauginos and Higgsinos can be found in a similar fashion. It is important to emphasize that all the Rparity violating terms will be defined by two VEVs: v_L and v_R, where v_R ≫ v_L. Notice that in this context one generates only bi-linear R-parity violating terms which violate lepton number.

III. A. Mass Spectrum

III.A.1. Gauge Bosons

The gauge sector consists of the SM gauge bosons and an extra neutral gauge boson, the Z^′ . In the gauge basis ( B, W^0, B^′ ) , the mass matrix reads as

M^2_0 = 1 4 g^2_1 v^2 −^1_4 g_1g_2v^{2 1}_4 a g_1g_X v^2 −^1_4 g_1g_2v^{2 1}_4 g^2v^2 −^1_4 a g_2g_X v^2 1 4 a g_1g_X v^2 −^1_4 a g_2g_X v^{2 1}_4 g^2_X ( b^2v^2_R + a^2v^2 ) . (37) Here v^2 = v^2_u + v^2_d = (246)^2GeV^2. To satisfy the experimental constraint coming from the rho-parameter, ρ ∼ 1, the Z mass should not be significantly modified from its MSSM expression. Therefore, aside from the zero eigenvalue corresponding to the photon, the eigenvalues of the above matrix are:

m^2_Z = 1 4 ( g^2_1 + g^2 ) v^2 ( 1 − ϵ^2 ) + O(ϵ^4) (38)

m^2_Z′ = 1 4 b^2g^2_X v^2_R ( 1 + ϵ^2 ) + O(ϵ^4), (39)

where ϵ^2 =^{g2X a2v2}

g^2_X b^2v^2_R−(g^2_1 +g^2 )v^2 ≪ 1. The most stringent

bounds on the Z^′ mass comes from LEP2 and depend on its couplings to charged leptons. In this case then, it will depend on the value of a and b. See Ref [11] for a recent study of the Z^′ at the LHC and Ref [12] for a review.

The Z-Z^′ mixing is also constrained and must be of order 10^{−3}. Its value can be found by projecting out the zero-mode photon from Eq. (37) and is given by:

tan 2ξ = 2 M^2_{ZZ}′ M^2_Z′ − M^2_Z

(40)

where

M^2_{ZZ}′ = 1 4 a g_X √ g^2_1 + g^2 v^2 (41)

M^2_Z = 1 4 (g^2_1 + g^2) v^2 (42)

M^2_Z′ = 1 4 a^2 g^2_X v^2 + 1 4 b^2g^2_X v^2_R (43)

Keeping up to first order in^{v2}_{v2R} ∼ ϵ^2 yields:

ξ = a √ g^2_1 + g^2 b^2 g_X v^2 v^2_R

, (44)

which can easily satisfy the bound. III.A.2. Neutralinos and Neutrinos

Once R-parity is broken the neutralinos and neutrinos mix. Defining the basis ( ν, ν^c, B̃^′ , B̃, W̃^0_L, H̃^0_d , H̃^0_u ) their mass matrix is given by

M_N =

0^{1√}_2 Y^D_ν v_u −^1_2 (a + b)g_X v_L −^1_2 g_1v_L^1_2 g_2v_L 0^{1√}_2 Y^D_ν v_R 1√ 2 Y^D_ν v_u 0^1_2 b g_X v_R 0 0 0^{1√}_2 Y^D_ν v_L −^1_2 (a + b)g_X v_L^1_2 b g_X v_R M_X 0 0 −^1_2 a g_X v_d^1_2 a g_X v_u −^1_2 g_1v_L 0 0 M_1 0 −^1_2 g_1v_d^1_2 g_1v_u 1 2 g_2v_L 0 0 0 M_2^1_2 g_2v_d −^1_2 g_2v_u 0 0 −^1_2 a g_X v_d −^1_2 g_1v_d^1_2 g_2v_d 0 −μ 1√ 2 Y^D_ν v_R^{1√}_2 Y^D_ν v_L^1_2 a g_X v_u^1_2 g_1v_u −^1_2 g_2v_u −μ 0

. (45)

In order to understand the neutrino masses we focus on the simple case v_L → 0 and Y^D_ν small. Then, in this limit the neutrino mass matrix is given by

M_ν = M^I_ν + M^R_ν , (46)

where M^I_ν is the type I seesaw contribution [13] and M^R_ν is due to R-parity violation. These contributions are given by

M^I_ν = 1 2 Y^D_ν M^{−1}_{νC} ( Y^D_ν )_T v^2_u, (47)

M^R_ν = m M^{−1}_{χ̃0} m^T , (48) where m = diag ( 0, 0, 0, 0, Y^D_ν v_R/ √ 2 ) . Therefore, it is possible to generate the neutrino masses in a consistent way. Notice the possible strong mixing between B̃^′ and the Higgsinos.

III. A. 3. Higgses and Sleptons

Defining the basis √ 2 Im ( ν̃, ν̃^c, H^0_d , H^0_u ) for CP-odd scalars, √ 2 Re ( ν̃, ν̃^c, H^0_d , H^0_u ) for CP-even scalars and for the charged scalars ( ẽ^∗, ẽ^c, H^{−∗}_d , H^+_u ) the mass matrices are given by Eq.(49), Eq.(50) and Eq.(51), respectively. The mass matrix for the CP-odd neutral Higgses reads as

M^2_P = v_R v_L Bν Bν − 1√ 2 Y^D_ν μ v_R −^{1√}_2 A^D_ν v_R B_ν^{vL}_{vR} B_ν −^{1√}_2 Y^D_ν μ v_L −^{1√}_2 A^D_ν v_L −^{1√}_2 Y^D_ν μ v_R −^{1√}_2 Y^D_ν μ v_L^{vu}_{vd} Bμ +^{Y Dν μ vLvR√}_{2vd} Bμ −^{1√}_2 A^D_ν v_R −^{1√}_2 A^D_ν v_L Bμ^{vd}_{vu} Bμ −^{ADν vLvR√}_{2vu} , (49)

while for the CP-even scalars one finds

M^2_S = ( S^2_ν S^2_{νH} ( S^2_{νH} )_T S^2_H ) , (50)

where S^2_ν , S^2_{νH} and S^2_H are given in the appendix. It is wellknown that in the MSSM the tree level upper bound on the lightest CP-even Higgs is M_Z and one can satisfy the experimental bound on the Higgs mass once the radiative corrections are included.

In the case of the charged Higgses the mass matrix is given by M^2_C = ( C^2_e C^2_{eH} ( C^2_{eH} )_T C^2_H ) . (51)

See the appendix for the definition of C^2_e , C^2_{eH} and C^2_H . It is important to show that the spectrum of the theory is realistic and the expected Goldstone bosons exist. Here, we analyze the spectrum in the very illustrative limit of zero mixing between the left- and right-handed sneutrinos, i.e. Y^D_ν , A^D_ν → 0. In this limit, Eq. (27) indicates that v_L → 0 as well and B_ν → 0, by definition. In this limit, the ν̃ component of the CP-even mass matrix decouples as does the same component in CP-odd mass matrix. This complex left-handed sneutrino then has the mass:

m^2_{ν̃} =M^2_{L̃} − 1 8 (a + b) g^2_X ( b v^2_R + a v^2_u − a v^2_d )

− 1 8 ( g^2_1 + g^2 ) ( v^2_u − v^2_d ) . (52)

The remaining three-by-three CP-even mass matrix has potentially large mixing between the right-handed sneutrino and Higgses. An approximate solution can be attained in the limit of large tan β. Here the heavier MSSM Higgs decouples leaving a mixing between the up-type Higgs and the right-handed sneutrino. The resulting trace and determinant are identical to those of the the neutral gauge bosons, Eq. (37), demonstrating that the lightest Higgs in this case, as in the MSSM, is bounded by the Z mass at tree-level. The mass of the mostly right-handed sneutrino in this limit is that of the Z^′, Eq. (39).

Applying the zero sneutrino mixing limit to the CP-odd and charged Higgs sector shows that those matrices decouple into three values: two eigenvalues representing the left- and righthanded slepton masses and the MSSM two-by-two mass matrix for the up- and down-type Higgs. We will focus on the former since the latter only reproduces the results of the MSSM.

Apart from the left-handed sneutrino mentioned above, the CP-odd matrix contains the Goldstone boson eaten by Z^′ (the Majoron). It is completely made up of the imaginary part of the right-handed sneutrino, Im ν̃^c. Finally, the masses of the charged sleptons are:

m^2_{ẽL} =M^2_{L̃} − 1 8 (a + b) g^2_X ( b v^2_R + a v^2_u − a v^2_d )

+ 1 8 ( g^2 − g^2_1 ) ( v^2_u − v^2_d ) + 1 2 Y^2_e v^2_d, (53)

m^2_{ẽR} =M^2_{Ẽc} + 1 8 (2a + b) g^2_X ( b v^2_R + a v^2_u − av^2_d )

+ 1 4 g^2_1 ( v^2_u − v^2_d ) + 1 2 Y^2_e v^2_d. (54)

A closer examination of these approximate masses for the MSSM fields indicates that these values are the MSSM mass values modified appropriately by the X D-term contributions. All of these masses are realistic given M^2_{L̃} > 1 8 (a + b) g^2_X ( b v^2_R + a v^2_u − a v^2_d ) . Of further interest is the prediction of the degeneracy between the Z^′ gauge boson and the physical right-handed sneutrino. Corrections to the approximate masses presented here would be suppressed by neutrino masses, making this discussion relevant even in the nonlimit case.

III. A. 4. Charginos and Charged Leptons

Mixing between the charged leptons and the charginos will occur in the charged fermion sector, ( e^c, W̃^+_L , H̃^+_u ) and

6 ( e, W̃^−_L , H̃^−_d ) . In this basis the mass matrix is given by

M_{C̃} =

−^{1√}_2 Y_ev_d 0^{1√}_2 Y_ev_L 1√ 2 g_2v_L M_2^{1√}_2 g_2v_d −^{1√}_2 Y^D_ν v_R^{1√}_2 g_2v_u μ . (55)

Since the mixing between the MSSM charginos and the charged leptons is proportional to v_L and Y^D_ν small corrections to the charged lepton masses can exist once the charginos are integrated out. However, this contribution is always small once we impose the neutrino constraints.

IV. COLLIDER SIGNALS

As a consequence of R-parity violation, the lightest neutralino will be unstable and will decay via lepton number violating interactions. These type of interactions will also exist for the charginos and the new gauge boson:

Sleptons decays and production at the LHC: It is important to emphasize the lepton number violating decays of sleptons: ν̃ → νν, e^+_i e^−_j , ẽ_i → e_j ν_k, ẽ^c_i → e_jν̄^c_k and ν̃^c → eẽ^c. These decays are proportional to v_L or Y^D_ν v_R and are crucial for the test of the model.

The Z^′ allows for a new production mechanism for sleptons at the LHC: pp → Z, Z^′ → ν̃ν̃^∗ Therefore, channels with four leptons in the final state are pos- sible: eeee, eμμμ, eeμμ, eeeμ, μμμμ and also with several tau’s. Then, one could test the existence of R-parity violation and lepton number violation in this way. See Ref. [14] for the study of this production mechanism at the LHC.

Z^′ decays: The Z^′ decays will be dependent on the values of a and b. Determination of these values would be crucial to understanding the nature of the abelian symmetry. In addition to the typical Z^′ decays, new lepton number violating decays will be possible. These include Z^′ → e^±_j χ̃^∓_j which are suppressed by v_L. Also possible are the very interesting decays Z^′ → ν^C ν^C , where the right-handed neutrinos can decay mainly to an electron and a selectron. These decays are lepton number violating and proportional to v_R.

Neutralino decays: As it is well-known in the case of Rparity violation the lightest neutralino is unstable. These fields will decay as χ̃^0_i → Z^0ν̄ and χ̃^0_i → W^±e^∓. In the case when the neutralino is the up-like Higgsino, these decays are proportional to v_R, while in the rest of the cases are suppressed by v_L. For a recent study of these decays in SUSY models with R-parity violation see for example [15].

L-violating Higgs decays: The Higgses now has lepton number violating decay channels open such as MSSM-like Higgs into a slepton and a W or Z if kinematically allowed. More interesting is its mixing with the right-handed sneutrino. This could change the Higgs decay into two gammas branching ration over its decay to matter branching ratio.

Chargino decays: In this case new decays into charged leptons and a Z or W exist. In this case all these decays are suppressed by v_L or Y^D_ν once we impose the constraints coming from neutrino masses.

It is important to emphasize that in order to test this model at the LHC one should discover the Z^′ , the right-handed neutrinos crucial to cancel anomalies, and understand the lepton number and R-parity violating decays of the sneutrinos.

V. OTHER ASPECTS

As it is well-known in this context the gravitino can be a dark matter candidate^1. Here we discuss the issue of proton decay.

V.II. Proton Stability

Let us discuss the possible constraints coming from proton decay. See Ref. [17] for a review on proton decay. There are several operators which are relevant for proton decay in this context. One has the so-called LLLL dimension five contributions O_{LLLL} = α_{ijkl} Q̂_i Q̂_j Q̂_k L̂_l/Λ_B , (57) and the RRRR contributions

O_{RRRR} = β_{ijkl} Û^C_i D̂^C_j Û^C_k Ê^C_l /Λ_B. (58)

See Ref. [18] for the possibilities to suppress these contributions. Now, in this context one has an extra operator due to the existence of the right-handed neutrinos

O^ν_{RRRR} = γ_{ijkl} Û^C_i D̂^C_j D̂^C_k N̂^C_l /Λ_B. (59)

Here γ_{ijkl} = −γ_{ikjl}. In this case when the “righthanded” sneutrino gets a VEV, baryon number violating interactions present in the MSSM are generated. Then, one finds u^C_i d^C_j d̃^C_k v_{Rl}/Λ_B, u^C_i d̃^C_j d^C_k v_{Rl}/Λ_B , and ũ^C_i d^C_j d^C_k v_{Rl}/Λ_B. Using the new interactions in the superpotential proportional to Y^D_ν and the above operator one

1 It is a common misbelief that once R-parity in broken in supersymmetric theories one does not have a cold dark matter candidate. Fortunately, it is not always the case since if the gravitino is the lightest supersymmetric particle it still can be a good cold dark matter candidate since its decay rate will be suppressed by the Planck scale and the R-parity violating couplings. A naive estimation gives us

τ_{3/2} ∼ 10^{26} s ( ϵ 10^{−7}

)_{−2} ( m_{3/2}

10 GeV )_{−3} , (56)

where m_{3/2} is the gravitino mass. ϵ defines the amount of R-parity violation, and it is proportional to the ratio between the R-parity violating coupling and the soft mass. See Ref. [16] for the study of gravitino dark matter in R-parity violating scenarios.

finds the following constraint coming from proton decay (as example we use p → π^0e^+):

γ_{112i}

(Y^D_ν )^{1j} Y_s Λ_B v^i_Rv^j_R M_{χ̃}o M^2_{s̃C}

≲ 10^{−30} GeV^{−2}. (60)

Then, it is easy to show that if Λ_B ∼ M_{P l} the coupling γ_{112i} can be of order one. See Ref. [19] for the constraints coming from different channels.

VI. SUMMARY AND OUTLOOK

We studied a consistent and general mechanism for spontaneous R-parity violation in a class of simple extensions of the minimal supersymmetric standard model (MSSM) with an extra Abelian gauge symmetry which is a linear combination of B − L and weak hypercharge. In this case we found that this mechanism can be realized even with positive soft masses for “right-handed” sneutrinos, whose VEV breaks both U(1)_X and R-parity. A realistic mechanism for generating neutrino masses exists as well as a realistic spectrum. We briefly discussed the possible collider signals which could be used to test the theory, contributions for proton decay and the gravitino as a dark matter candidate.

Acknowledgments: The work of P.F.P. was supported in part by the U.S. Department of Energy contract No. DE-FG02- 08ER41531 and in part by the Wisconsin Alumni Research Foundation. S.S. is supported in part by the U.S. Department of Energy under grant No. DE-FG02-95ER40896, and by the Wisconsin Alumni Research Foundation.

APPENDIX: MASS MATRICES

Using the basis √ 2 Re ( ν̃, ν̃^c, H^0_d , H^0_u ) for CP-even scalars and for the charged scalars ( ẽ^∗, ẽ^c, H^{−∗}_d , H^+_u ) , the mass matrices for these two sectors are:

M^2_S = ( S^2_ν S^2_{νH} ( S^2_{νH} )_T S^2_H ) , (61) and M^2_C = ( C^2_e C^2_{eH} ( C^2_{eH} )_T C^2_H ) , (62)

where:

S^2_ν ≡

(_1 4 ( g^2_1 + g^2 + (a + b)^2 g^2_X ) v^2_L +^{vR}_{vL} B_ν −^1_4 ( (a + b) b g^2_X − 4Y^{D2}_ν ) v_Lv_R − B_ν −^1_4 ( (a + b) b g^2_X − 4Y^{D2}_ν ) v_Lv_R − B_ν^1_4 b^2g^2_X v^2_R +^{vL}_{vR} B_ν ) , (63)

S^2_{νH} ≡ (_1 4 ( g^2_1 + g^2 + a (a + b) g^2_X ) v_dv_L −^{1√}_2 Y^D_ν μv_R −^1_4 ( g^2_1 + g^2 + a (a + b) g^2_X − 4Y^{D2}_ν ) v_Lv_u +^{1√}_2 A^D_ν v_R −^{1√}_2 Y^D_ν μv_L −^1_4 a b g^2_X v_dv_R^1_4 a b g^2_X v_uv_R + Y^D_ν^2v_uv_R +^{1√}_2 A_ν v_L ) , (64)

S^2_H ≡

1^4 ( g^2_1 + g^2 + a^2g^2_X ) v^2_d +^{vu}_{vd} Bμ +^{Y Dν μvL vR√}_{2vd} −^1_4 ( g^2_1 + g^2 + a^2g^2_X ) v_uv_d − Bμ −^1_4 ( g^2_1 + g^2 + a^2g^2_X ) v_uv_d − Bμ^1_4 ( g^2_1 + g^2 + a^2g^2_X ) v^2_u +^{vd}_{vu} Bμ −^{ADν vLvR√}_{2vu} . (65)

C^2_e ≡ ( C^2_{11} B_e B_e C^2_{22} ) , (66)

C^2_{eH} ≡ (_1

4 g^2 v_dv_L −^1_2 Y^2_e v_dv_L −^{1√}_2 Y^D_ν μv_R^1_4 g^2 v_Lv_u −^1_2 Y^2_ν v_uv_L −^{1√}_2 A^D_ν v_R 1 2 Y_eY^D_ν v_uv_R +^{1√}_2 A_ev_L^1_2 Y_eY^D_ν v_dv_R +^{1√}_2 Y_eμv_L ) , (67)

C^2_H ≡

1^4 g^2 ( v^2_u − v^2_L ) + Bμ^{vu}_{vd} +^1_2 Y^2_e v^2_L +^{Y Dν μvR vL√}_{2vd} Bμ +^1_4 g^2 v_uv_d

Bμ +^1_4 g^2 v_uv_d^1_4 g^2 ( v^2_d + v^2_L ) +^{vd}_{vu} Bμ −^1_2 Y^{D2}_ν v^2_L −^{ADν vLvR√}_{2vu} . (68)

In the above equations C^2_{11} and C^2_{22} are given by

C^2_{11} = 1 4 g^2 ( v^2_u − v^2_d ) + 1 2 Y^2_e v^2_d − 1 2 Y^D_ν^2v^2_u + v_R v_L B_ν , (69) and C^2_{22} = M^2_{Ẽc} + 1 4 g^2_1 ( v^2_u − v^2_d − v^2_L ) + 1 8 (2a + b) g^2_X ( b v^2_R + a v^2_u − a v^2_d − (a + b) v^2_L ) + 1 2 Y^2_e ( v^2_d + v^2_L ) . (70)

We also define for convenience:

B_ν = 1 √ 2 ( Y^D_ν μ v_d − A^D_ν v_u ) , and B_e = 1 √ 2 (Y_e μ v_u − A_ev_d) .

[1] H. E. Haber and G. L. Kane, “The Search For Supersymmetry:

Probing Physics Beyond The Standard Model,” Phys. Rept. 117 (1985) 75; M. F. Sohnius, “Introducing Supersymmetry,” Phys. Rept. 128 (1985) 39.

[2] See for example: S. P. Martin, “Some simple criteria for gauged R-parity,” Phys. Rev. D 46 (1992) 2769; S. P. Martin, “Implications of supersymmetric models with natural R-parity conservation,” Phys. Rev. D 54 (1996) 2340; R. N. Mohapatra, “New contributions to neutrinoless double-beta decay in supersymmetric theories,” Phys. Rev. D 34, 3457 (1986).

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

[4] V. D. Barger, G. F. Giudice and T. Han, “Some New Aspects of Supersymmetry R-Parity Violating Interactions,” Phys. Rev. D 40 (1989) 2987; R. Barbier et al., “R-parity violating supersymmetry,” Phys. Rept. 420 (2005) 1.

[5] A. Masiero and J. W. F. Valle, “A model for spontaneous R parity breaking,” Phys. Lett. B 251 (1990) 273; J. C. Romao, C. A. Santos and J. W. F. Valle, “How to spontaneously break Rparity,” Phys. Lett. B 288 (1992) 311; M. Shiraishi, I. Umemura and K. Yamamoto, “Spontaneous R-parity breaking in a supersymmetric majoron model,” Phys. Lett. B 313 (1993) 89; M. Chaichian and R. Gonzalez Felipe, “Phase transition for the spontaneous R-parity breaking,” Phys. Rev. D 47 (1993) 4723; G. F. Giudice, A. Masiero, M. Pietroni and A. Riotto, “The Supersymmetric singlet majoron,” Nucl. Phys. B 396, 243 (1993) [arXiv:hep-ph/9209296].

[6] G. B. Gelmini and M. Roncadelli, “Left-Handed Neutrino Mass Scale And Spontaneously Broken Lepton Number,” Phys. Lett. B 99 (1981) 411; C. S. Aulakh and R. N. Mohapatra, “Neutrino As The Supersymmetric Partner Of The Majoron,” Phys. Lett. B 119 (1982) 136; J. R. Ellis, G. Gelmini, C. Jarlskog, G. G. Ross and J. W. F. Valle, “Phenomenology Of Supersymmetry With Broken R-Parity,” Phys. Lett. B 150 (1985) 142; G. G. Ross and J. W. F. Valle, “Supersymmetric Models Without R-Parity,” Phys. Lett. B 151 (1985) 375; M. C. Gonzalez- Garcia and J. W. F. Valle, “Supersymmetry with spontaneous R-parity breaking in Z0 decays: The Case of an additional Z,” Nucl. Phys. B 355 (1991) 330; Y. Chikashige, R. N. Mohapatra and R. D. Peccei, “Are There Real Goldstone Bosons Associated With Broken Lepton Number?,” Phys. Lett. B 98 (1981) 265.

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

[8] V. Barger, P. Fileviez Pérez and S. Spinner, “On Spontaneous R- Parity Violation,” arXiv:0812.3661 [hep-ph], to appear in PRL (2009).

[9] A. H. Chamseddine and H. K. Dreiner, “Anomaly - free gauged U(1)-prime in local supersymmetry and baryon number violation,” Nucl. Phys. B 447, 195 (1995) [arXiv:hep-ph/9503454].

[10] D. Emmanuel-Costa, E. T. Franco and R. G. Felipe, “Anomalyfree constraints in neutrino seesaw models,” arXiv:0902.1722 [hep-ph].

[11] F. Petriello and S. Quackenbush, “Measuring Z’ couplings at the LHC,” Phys. Rev. D 77, 115004 (2008).

[12] P. Langacker, “The Physics of Heavy Z’ Gauge Bosons,” arXiv:0801.1345 [hep-ph].

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

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

[15] See for example: F. de Campos, M. A. Diaz, O. J. P. Eboli, M. B. Magro, W. Porod and S. Skadhauge, “LHC signals for neutrino mass model in bilinear R-parity violating mAMSB,” Phys. Rev. D 77 (2008) 115025 [arXiv:0803.4405 [hep-ph]]; A. Bartl, M. Hirsch, S. Liebler, W. Porod and A. Vicente, “LHC phenomenology of the μνSSM,” arXiv:0903.3596 [hepph]; B. C. Allanach, M. A. Bernhardt, H. K. Dreiner, C. H. Kom and P. Richardson, “Mass Spectrum in R-Parity Violating mSUGRA and Benchmark Points,” Phys. Rev. D 75 (2007) 035002 [arXiv:hep-ph/0609263].

[16] See for example: F. Takayama and M. Yamaguchi, “Gravitino dark matter without R-parity,” Phys. Lett. B 485 (2000) 388 [arXiv:hep-ph/0005214]; W. Buchmuller, L. Covi, K. Hamaguchi, A. Ibarra and T. Yanagida, “Gravitino dark matter in R-parity breaking vacua,” JHEP 0703 (2007) 037 [arXiv:hep-ph/0702184]; A. Ibarra, “Gravitino Dark Matter with Broken R-parity,” arXiv:0710.2287 [hep-ph]; A. Ibarra, “Gravitino Dark Matter with Broken R-parity,” arXiv:0710.2287 [hep-ph]; F. D. Steffen, “Gravitino dark matter and cosmological constraints,” JCAP 0609 (2006) 001 [arXiv:hep-ph/0605306]; J. L. Feng, S. f. Su and F. Takayama, “SuperWIMP gravitino dark matter from slepton and sneutrino decays,” Phys. Rev. D 70 (2004) 063514 [arXiv:hep-ph/0404198].

[17] P. Nath and P. Fileviez Pérez, “Proton stability in grand unified theories, in strings, and in branes,” Phys. Rept. 441 (2007) 191;

[18] B. Bajc, P. Fileviez Pérez and G. Senjanović, “Proton decay in minimal supersymmetric SU(5),” Phys. Rev. D 66 (2002) 075005 [arXiv:hep-ph/0204311]; B. Bajc, P. Fileviez Pérez and G. Senjanović, “Minimal supersymmetric SU(5) theory and proton decay: Where do we stand?,” arXiv:hep-ph/0210374;

P. Fileviez Pérez, “Phenomenological aspects of supersymmetric gauge theories,” arXiv:hep-ph/0310199.

[19] P. Fileviez Pérez, “How large could the R-parity violating couplings be?,” J. Phys. G 31 (2005) 1025.