arXiv:hep-ph/0508056 v1 4 Aug 2005

CUMQ/HEP 136 , HIP-2005-32/TH, hep-ph/ddmmyyy

Spontaneous CP and R parity breaking in supersymmetry

M. Frank,^{1, ∗} K. Huitu,^{2, 3, †} and T. Rüppell^{2, 3, ‡} 1Department of Physics, Concordia University, 7141 Sherbrooke St. West, Montreal, Quebec, Canada H4B 1R6 2 High Energy Physics Division, Department of Physical Sciences, P.O. Box 64, FIN-00014 University of Helsinki, Finland 3Helsinki Institute of Physics, P.O. Box 64, FIN-00014 University of Helsinki, Finland (Received August 4, 2005)

We show that a model where both CP and R-parity are spontaneously broken exists. We study the electroweak symmetry breaking sector of the model and find minima consistent with experimentally viable Higgs boson masses. We also demonstrate that one can obtain neutrino masses and mixing angles within measured values.

PACS numbers: 12.60.Jv, 11.30.Er, 14.60.Pq, 11.30.Qc

Breaking CP in the Higgs sector, either spontaneously or explicitly, is a theoretically attractive alternative to the CP violating phase present in the Standard Model (SM) [1, 2]. New sources for CP violation from beyond the Standard Model scenarios are needed to generate enough CP violation to explain the matter-antimatter asymmetry in the universe. While in supersymmetric models a large number of new phases emerge, in a general minimal supersymmetric standard model (MSSM) these phases are strongly constrained by electric dipole moments [3].

A defect of the Standard Model, which persists in the MSSM, is that the neutrino masses vanish. Yet the neutrino experiments have provided strong evidence for small nonvanishing neutrino mass [4]. One popular way to explain the neutrino masses is a small violation of Rparity [5], R_p = (−1)^{3B−L+2s}, where B=baryon number, L=lepton number, and s=spin of the particle. Another is the seesaw mechanism [6] which can generate small masses for neutrinos by allowing Majorana masses through the presence of heavy right-handed neutrinos.

Supersymmetric models share the problem of origin of CP violation with the Standard Model. In addition, there is no fundamental reason for the existence of Rparity in the MSSM, where it is put in by hand in order to protect the proton from decaying. However, if only lepton number (or baryon number) is violated, the proton does not decay.

Both neutrino masses and CP violation could be explained if CP and R were symmetries of the Lagrangian, but spontaneously broken by the vacuum. In this letter we provide a model where both of these violations are intertwined and both are spontaneous. We show that while it is non-trivial to satisfy conditions for both symmetry breakdowns at the same time, there are regions in the parameter space where we can realize suitable Higgs masses, as well as measured neutrino mass differences and mixing angles.

A model where both favored neutrino mass generation mechanisms - namely seesaw and R-parity violation - with spontaneous R-parity violation was realized in [7], where the spontaneous R_p violation was introduced via a term proportional to N LH_2. This represents the familiar bilinear R_p violating term mixing lepton and Higgs superfields, LH_2, when the right-handed sneutrino field, Ñ , develops a VEV. This term also breaks the lepton number spontaneously (but not R-parity), and thus introduces a superfluous massless Goldstone boson into the scalar spectrum. The problem can be solved by adding a singlet S to the theory, through a term N^2S, which explicitly breaks lepton number, as S cannot be assigned lepton number −2.

Attempts to violate CP spontaneously, by complex VEVs of the neutral scalars exist [1], but fulfilling the experimental constraints has proven difficult. More than one Higgs doublet is needed, see e.g. [8]. Spontaneous breaking of CP is not possible at tree level in the MSSM with two Higgs doublets, while it is allowed in a model with three doublets [9]. Instead of adding doublets, one can study extended models, like the NMSSM model [10], where the so called μ-problem has been avoided by adding a singlet and requiring Z_3 symmetry. At tree-level one cannot get spontaneous CP violation in this model either and consequently radiative corrections were evoked [11]. In that case a very light Higgs boson emerges [12], as also happens in the MSSM, if spontaneous CP violation is induced via radiative correction [13]. Another possibility studied is to discard the Z_3 symmetry completely. On one hand, this way one loses the solution to the μ problem, on the other hand, it is possible to achieve SCPV [14] and also solve the problem of domain walls, which are created during the EW phase transition as the Z_3 symmetry is broken spontaneously.

An interesting model for spontaneous CP violation was presented in [15], where the Z_3 symmetry is replaced by R-symmetries on the whole superpotential, including non-renormalizable terms [16]. The method generates a tadpole term for the singlet field S in the soft SUSY breaking part of the Lagrangian. This tadpole term allows for spontaneous CP violation to occur at tree-level [15, 17]. The tadpole is assumed to originate from nonrenormalizable interactions, which do not spoil quantum stability. We adopt this approach here.

The superpotential of our model is

W = h^{ij}_U Q_iH_2U_j − h^{ij}_DH_1Q_iD_j − h^{ij}_E H_1L_iE_j

+ h^{ij}_N L_iH_2N_j + λ_H H_1H_2S + λ_S 3! S^3 + λ_{Ni} 2 N^2_i S,

where H_1 and H_2 denote the Higgs doublet superfields, L_i and Q_i the left-handed lepton and quark doublet superfields, respectively, and E_i and U_i, D_i the lepton and quark singlet superfields. Right-handed neutrino superfields are denoted by N_i and S is the gauge singlet superfield. The terms in the Lagrangian are the only renormalizable ones that respect CP and R-parity, in addition to the gauge symmetry. As all the parameters in the Lagrangian are real, this solves the strong CP problem [8]. The only possible global symmetries are the baryon number and Z_3.

The soft SUSY breaking terms in this model are the mass terms for scalars and gauginos, and the part mirroring the superpotential with an additional S-tadpole, V_{soft} = [ A^{ij}_U Q̃_iH_2Ũ_j − A^{ij}_DH_1Q̃_iD̃_j − A^{ij}_E H_1L̃_iẼ_j

+ A^{ij}_N L̃_iH_2Ñ_j + A_H H_1H_2S + A_S 3! S^3 + A_{Ni} 2 Ñ^2_i S − ξ^3S + h.c. ] + M^{2 ij}_ϕ ϕ^∗_i ϕ_j + M_a(λ^2_a + λ^{∗2}_a ).

Here ϕ runs over the scalar fields, i, j over the possible family indices and a over the three gauge groups. In calculations, we take the mass matrices to be flavor diagonal, and assume that only the third generation Yukawa couplings (except those for neutrinos) differ from zero. We then impose the same texture on the corresponding A-terms, and treat the neutrino Yukawa couplings as free parameters. The full tree-level scalar potential is V_s = V_{soft} + V_F + V_D, where V_F and V_D are the usual F and D terms.

The minimization of the scalar potential with respect to the fields ϕ_i and the corresponding phases θ_i yield constraints later used in finding the scalar mass matrix, ∂V_s ∂ϕ_i | | | ϕ=⟨ϕ⟩ = 0, ∂V_s ∂θ_i | | | ϕ=⟨ϕ⟩ = 0. (1)

Without spontaneous CP violation, the VEVs are real and the minimization equations with respect to the phases are always satisfied.

The minimization equations for the charged scalars can be trivially solved by setting all charged scalar VEVs to zero. As long as the tree-level masses of these fields remain positive and the corresponding soft A-terms remain small enough, this is also the global minimum of the potential with respect to these fields [7]. We use the seventeen equations (the phase of the H_1 field can always be rotated away) given by the moduli and phases of the neutral scalar fields to solve for the soft masses of the corresponding fields and subset of A-parameters (A_N , A_S , A_{Ni} , A^{i,3}_N ). Thus the complex VEVs remain free parameters and we denote

⟨H_1⟩ = ( v_1 0 ) , ⟨H_2⟩ = ( 0 v_2e^{iδ2} ) , ⟨S⟩ = σ_Se^{iθS} , ⟨L̃_i⟩ = ( σ_{Li} e^{iθL}i 0 ) , ⟨Ñ_i⟩ = σ_{Ri} e^{iθRi} . (2) Note that since R_p is violated, the W mass is m^2_W = 1 2 g^2v^2 where v^2 ≡ v^2_1 + v^2 + σ^2_{Li} ≈ (174 GeV)^2.

Writing the fields as ϕ ≡ ϕ_r + iϕ_i, with nine neutral scalar fields (two Higgs, one singlet and six sneutrinos) we get an 18×18 dimensional mass matrix for the scalars. The radiative corrections to the scalar masses are implemented via the one-loop effective scalar potential, V_{1−loop} = −3 32π^2 [ m^4_{t̃1} log ( m^2_{t̃1} Λ^2 − 3 2 )

+ m^4_{t̃2} log ( m^2_{t̃2} Λ^2 − 3 2 ) − 2m^4_t log ( m^2_t Λ^2 − 3 2 )] , where Λ is the renormalisation scale. A similar term for the bottom (s)quark masses contributes significantly, if tan β is large. Here m^2_t = y_tv^2 and m^2_{t̃i} are the eigenvalues of the stop mass matrix,

M^2_{t̃Lt̃L} = M^2_{Q33} + m^2_t − ( g^2_1 12 − g^2 4 )(v^2_1 − v^2 + σ^2_{Li} ),

M^2_{t̃Lt̃R} = A_tv_2e^{−iδ2} + y_t(v_1λ_H σ_S e^{iθS} + h^{ij}_N σ_{Li} σ_{Rj} e^{i(θLi −θRj )}), M^2_{t̃Rt̃R} = M^2_{U33} + m^2_t + g^2_1 3 (v^2_1 − v^2 + σ^2_{Li} ). (3)

The loop corrections lead to additional terms in both the minimisation conditions and the scalar mass matrix. In numerical calculations, we omit the D-term contributions and set for simplification, M_{Q33} = M_{U33} = M_{SUSY} , with M_{SUSY} ∼ Λ ∼ 1 TeV.

The following experimental input is used

v^2 = 174 Gev, m_W = 80.42 GeV, m^{P ole}_t = 180 GeV, α_s = 0.102, m_τ = 1.777 GeV, sin^2 θ_w = 0.23124 (4)

The rest of our free parameters are randomly sampled, with sampling ranges as follows (the couplings λ_i are constrained by perturbativity): 0.1 < λ_{H,Ni} < 0.4, 0.2 < λ_S < 0.7, |h_N | < 10^{−7}, 0.4 TeV < ξ < 1 TeV, −π < θ_ϕ < π, |⟨S⟩| < 1 TeV, |⟨ν̃_L⟩| < 100 keV, |⟨Ñ_i⟩| < 1 TeV, 2 < tan β < 60, (5)

FIG. 1: Lightest physical scalar mass as a function of tan β. The main component of the lightest scalar is H^0_{1,2} (blue rectangle), S (light blue diamond), ν̃L (green triangle), or Ñ (red triangle).

and the A-parameters not eliminated by Eq.(1) vary between 0 < A^{ij}_N < (1 TeV)h^{ij}_N .

In the limit λ_{Ni} → 0 we recover lepton number conservation. CP and R-parity are still spontaneously violated, and thus in this limit the model contains an experimentally disallowed Goldstone boson.

There are a total of 55 relevant parameters ⟨σ_ϕ⟩, θ_ϕ, λ_S , λ_H , λ_{Ni} , h^{ij}_N , M^2_ϕ, A_S , A_H , A_{Ni} , A^{ij}_N and ξ. 17 of these can be eliminated by using the minimization conditions, leaving 38 free parameters. Sampling over such a large space makes it extremely difficult to find viable minima of the scalar potential, even without applying any other cuts or considerations. For the full model we choose to set σ_{R1,2} = θ_{R1,2} = 0 to further reduce the sampling space. This choice identically solves the vacuum conditions ∂_{θR1} V = 0 and ∂_{θR2} V = 0.

In this model, the couplings of the lightest scalar are reduced compared to the SM, due to the (sometimes dominant) singlet components. Thus the corresponding experimental limits are smaller as well than the experimental lower bound for the SM Higgs boson, m_H^>∼ 114 GeV, see e.g. discussion in [18]. In Fig. 1 we plot the mass of the lightest Higgs boson as a function of tan β, and show that experimentally acceptable Higgs bosons masses can be found for a large part of the parameter space.

In a field basis of ν_{Li} , N_i, S̃, H̃^0_1 , H̃^0_2 , λ_0, λ_3 the neutral fermions form the following 11×11 mass matrix:

M_χ0 =

0_{3×3} h^{3×3}_N ⟨H^0_2 ⟩ 0_{3×1} 0_{3×1} h^{i,j}_N ⟨Ñ^∗_j ⟩ −^{g1√}_2 ⟨ν̃^∗_{Li} ⟩^{g2√}_2 ⟨ν̃^∗_{Li} ⟩ h^{3×3}_N ⟨H^0_2 ⟩ 1_{3×3}λ_{Ni} ⟨S⟩ λ_{Ni} ⟨Ñ^∗_i ⟩ 0 h^{j,i}_N ⟨ν̃_{Lj} ⟩ 0 0 0_{1×3} λ_{Ni} ⟨Ñ^∗_i ⟩ λ_S ⟨S⟩ λ_H ⟨H^0_2 ⟩ λ_H ⟨H^0_1 ⟩ 0 0 0_{1×3} 0 λ_H ⟨H^0_2 ⟩ 0 λ_H ⟨S⟩ −^{g1√}_2 ⟨H^0_1 ⟩^{g2√}_2 ⟨H^0_1 ⟩ h^{i,j}_N ⟨Ñ^∗_j ⟩ h^{j,i}_N ⟨ν̃_{Lj} ⟩ λ_H ⟨H^0_1 ⟩ λ_H ⟨S⟩ 0^{g1√}_2 ⟨H^{0∗}_2 ⟩ −^{g2√}_2 ⟨H^{0∗}_2 ⟩ −^{g1√}_2 ⟨ν̃^∗_{Li} ⟩ 0 0 −^{g1√}_2 ⟨H^0_1 ⟩^{g1√}_2 ⟨H^{0∗}_2 ⟩ M_1 0

g_2√

2 ⟨ν̃^∗_{Li} ⟩ 0 0^{g2√}_2 ⟨H^0_1 ⟩ −^{g2√}_2 ⟨H^{0∗}_2 ⟩ 0 M_2

(6)

It is easy to see the structure of the usual seesaw mechanism, which produces small neutrino masses m_ν ,

M_χ0 = ( 0 m_D m^T_D M_R ) , m_ν = −m_D M^{−1}_R m^T_D, (7)

where m_D ≪ M_R. Similarly to [7], there are actually several sources for neutrino masses: the usual seesaw and the mixing of neutrinos with h̃^0_2 and gauginos.

Inspecting the requirement that m_D ≪ M_R yields some qualitative understanding of the model. In particular, the left-handed sneutrino VEVs must be small and h_N ⟨Ñ^∗⟩ should be of the same order. Thus, although ⟨Ñ^∗⟩ is not bound by any other prior consideration, having h_N ≈ 10^{−7} results in an upper limit of a few TeV for the right-handed sneutrino VEVs.

We diagonalise M_χ0 numerically and use M_1 ∼ M_2 ∼ 1 TeV. Great care must be taken, as the elements of M_χ0 may vary over ten orders of magnitude, and the eigenvalues themselves over as much as twenty orders of magnitude. The diagonalising matrix N , with N M_χ0 N^{−1} = diag(m_χ0_i , m_{νj} ), has the following general form N = ( ζ N_χ V^T_ν ζ̄^T ) . (8)

Here ζ, ζ̄ ≪ 1 denote 8 × 3 matrices that can be determined perturbatively, see e.g. [19]. Our interest lies in the matrix V_ν , the neutrino mixing matrix. Using the canonical notation for the neutrino mixing matrix [19], we can extract the mixing angles as follows

sin θ_{13} = | |V^{13}_ν | | = | |N^{11 1} | | , tan θ_{12} = | | | V^{12}_ν V^{11}_ν | | | = | | | N^{10 1} N^{9 1} | | | , tan θ_{23} = | | | | V^{23}_ν V^{33}_ν | | | | = | | | | N^{11 2} N^{11 3} | | | | (9)

FIG. 2: Correlations of neutrino angles and mass differences. Experimentally allowed regions at 3σ level are colored. Points satisfying neutrino mass constraints are marked as triangles. Upper plot: Δm^2_{atm} vs Δm^2_⊙, lower plot: sin^2 2θ23 vs sin^2 θ13 , requiring at the same time that the experimental limit for sin^2 θ12 is satisfied. One point satisfies all constraints (red).

Once we have sufficient viable minima, i.e. points in parameter space that produce a minimum of the potential, we apply experimental constraints. We calculate how much each minimum deviates from the current experimental results and select a number of closest events for further analysis. The experimental input we use is the following [20]:

sin^2 2θ_{23} ≥ 0.89, sin^2 θ_{13} ≤ 0.047, sin^2 θ_{12} ≃ 0.23 − 0.37, Δm^2_{atm} ≃ 1.4 × 10^{−3}eV^2 − 3.3 × 10^{−3}eV^2, Δm^2_⊙ ≃ 7.3 × 10^{−5}eV^2 − 9.1 × 10^{−5}eV^2. (10)

The first stage of finding points for the full model which are minima of the scalar potential has a signal-to-noise ratio of one over fifty thousand, which shows the odds of having an event fall within the constraints. Of these points only roughly one in a thousand will satisfy all the above constraints. In Fig. 2 we demonstrate that it is possible to obtain models where the mass differences and experimentally found mixing angles are satisfied.

Summarizing, we have shown that a model that violates both CP invariance and R-parity exists, and we constructed it explicitly. We have shown that experimentally viable neutrino and Higgs boson masses can be obtained. We have reason to expect that in our model EDM bounds and experimental results on kaon (especially ϵ_K ) and B physics can be satisfied [21].

This work is supported by the Academy of Finland (Project numbers 104368 and 54023) and by NSERC of Canada (0105354).

∗ Electronic address: mfrank@vax2.concordia.ca
† Electronic address: Katri.Huitu@helsinki.fi
‡ Electronic address: timo.ruppell@helsinki.fi

[1] T.D. Lee, Phys. Rev. D8, 1226 (1973). [2] S. Weinberg, Phys. Rev. Lett. 37, 657 (1976). [3] S. Abel, S. Khalil, O. Lebedev, Nucl. Phys. B606, 151 (2001).

[4] Review of Particle Physics, S. Eidelman et al, Phys. Lett.

B592, 1 (2004).

[5] L. Hall and Suzuki, Nucl. Phys. B231, 419 (1984). [6] P. Minkowski, Phys. Lett. B67, 421 (1977); M. Gell- Mann, P. Ramond, R. Slansky, Supergravity (P. van Nieuwenhuizen et al. eds.), North Holland, Amsterdam, 1980, p. 315; T. Yanagida, in Proceedings of the Workshop on the Unified Theory and the Baryon Number in the Universe (O. Sawada and A. Sugamoto, eds.), KEK, Tsukuba, Japan, 1979, p. 95.

[7] R. Kitano, K. Oda, Phys. Rev. D61, 113001 (2000). [8] G.C. Branco, L. Lavoura, J.P. Silva, CP violation, Oxford University Press, International Series of Monographs on Physics (103),1999.

[9] G.C. Branco, Phys. Rev. D22, 2901 (1980). [10] H.P. Nilles, M. Srednicki, D. Wyler, Phys. Lett. B120, 346 (1983); J.M. Frere, D.R.T. Jones, S. Raby, Nucl. Phys. B222, 11 (1983); J.P. Derendinger, C.A. Savoy, Nucl. Phys. B237, 307 (1984).

[11] S.W. Ham, Y.S. Jeong, S.K. Oh, hep-ph/0308264. [12] H. Georgi, A. Pais, Phys. Rev. D10, 1246 (1974). [13] N. Maekawa, Phys. Lett. B282, 392 (1992); A. Pomarol, Phys. Lett. B287, 331 (1992).

[14] G.C. Branco, F. Kruger, J.C. Romao, A.M. Teixeira, JHEP 0107, 027 (2001).

[15] C. Hugonie, J.C. Romão and A.M. Teixeira, JHEP 0306, 020 (2003).

[16] C. Panagiotakopoulos and K. Tamvakis, Phys. Lett.

B446, 224 (1999).

[17] M. Masip and A. Rašin, Phys. Rev. D58, 035007 (1998). [18] U. Ellwanger, C. Hugonie, hep-ph/0006222; A.T. Davies, C.D. Froggatt and A. Usai, Phys. Lett. B517, 375 (2001).

[19] M.A. Díaz, M. Hirsch, W. Porod, J.C. Romao and J.W.

Valle, Phys. Rev. D68, 013009 (2003). [20] R.N. Mohapatra, hep-ph/0411131 [21] M. Frank, K. Huitu, T. Rüppell, work in progress.