hep-ph/0207334 IFIC/02-33 ZU-TH 11/02 LC-TH-2003-029

Probing neutrino properties with charged scalar lepton decays

M. Hirsch^1, W. Porod^2, J. C. Romão^3 and J. W. F. Valle^1

1 Astroparticle and High Energy Physics Group, IFIC - Instituto de Física Corpuscular, Edificio Institutos de Investigación, Apartado de Correos 22085, E-46071 Valencia - España 2 Institut für Theoretische Physik, Universität Zürich, CH-8057 Zürich, Switzerland 3 Departamento de Física, Instituto Superior Técnico Av. Rovisco Pais 1, 1049-001 Lisboa, Portugal

Abstract

Supersymmetry with bilinear R-parity violation provides a predictive framework for neutrino masses and mixings in agreement with current neutrino oscillation data. The model leads to striking signals at future colliders through the R-parity violating decays of the lightest supersymmetric particle. Here we study charged scalar lepton decays and demonstrate that if the scalar tau is the LSP (i) it will decay within the detector, despite the smallness of the neutrino masses, (ii) the relative ratio of branching ratios Br(τ̃_1 → e ∑ ν_i)/Br(τ̃_1 → μ ∑ ν_i) is predicted from the measured solar neutrino angle, and (iii) scalar muon and scalar electron decays will allow to test the consistency of the model. Thus, bilinear R-parity breaking SUSY will be testable at future colliders also in the case where the LSP is not the neutralino.

1 Introduction

Neutrino physics is one of the most rapidly developing areas of particle physics [1]. The solar neutrino data, including the recent measurement of the neutral current rate for solar neutrinos by the SNO collaboration [2] provide strong evidence for neutrino flavour conversion. If interpreted in terms of neutrino oscillations, the data indicate a large mixing angle between ν_e and ν_μ − ν_τ , with a strong preference towards the large mixing angle MSW solution (LMA). At 3σ one has [3]

0.25 ≤ tan^2 θ_⊙ ≤ 0.83 (1)

for 1 d.o.f., the best-fit-parameters being

tan^2 θ_⊙ = 0.44 Δm^2_⊙ = 6.6 × 10^{−5} eV^2 (2)

This nicely confirms earlier hints found in ref. [4]. The LMA solution will be testable independently by KamLAND [5], and first results are expected before the end of the year. In addition, current atmospheric neutrino data are most easily explained by ν_μ ↔ ν_τ oscillations [6], with the 3σ ranges (1 d.o.f.)

0.3 ≤ sin^2 θ_{Atm} ≤ 0.7 , 1.2 × 10^{−3} eV^2 ≤ Δm^2_⊙ ≤ 4.8 × 10^{−3} eV^2 . (3)

These data leave little doubt that neutrinos are massive particles after all.

Unsurprisingly the discoveries in neutrino oscillation physics have triggered an avalanche of theoretical and phenomenological papers on models of neutrino masses and mixings [7], the majority of which are based on one variation or the other of the see-saw mechanism [8, 9, 10]. Here we consider a phenomenologically viable alternative, namely, supersymmetry with bilinear R-parity breaking terms [11, 12], which in contrast to the seesaw mechanism generates neutrino masses at the electro-weak scale. Low-scale schemes for neutrino masses have the advantage of being potentially testable in nearfuture accelerator experiments. In this paper we study the implications of neutrino physics for charged scalar lepton decays.

Supersymmetric models with explicit bilinear breaking of R-parity (BRpV) [11, 12] provide a simple and calculable framework for neutrino masses and mixing angles in agreement with the experimental data [13]. BRpV is a hybrid scheme in which one neutrino mass is generated at tree-level, through the mixing with the neutralinos [14], in an effective “low-scale” variant of the seesaw, while the remaining two masses are generated at 1-loop order. A complete 1-loop calculation of the neutrino-neutralino mass matrix [13] is therefore necessary, before one can confront the model with experimental data from atmospheric and solar neutrino experiments. Especially note that the “solar” angle has no meaning in BRpV at tree-level.

BRpV might be considered either as a minimal three-parameter extension of the MSSM, valid up to some very high energy scale (like the GUT scale) [15] or as the effective description of a more fundamental theory in which the breaking of R-parity is spontaneous [14, 16]. While spontaneous breaking of R-parity may be considered theoretically more attractive since, for example, it provides a motivation for the absence of trilinear R-parity breaking parameters in the superpotential, for the sake of simplicity in our numerical calculation we will stick to explicit BRpV only.

One should, however, note that the results obtained here are valid also in those classes of models where R–parity is broken spontaneously including the presence of an additional Goldstone boson, namely the Majoron J. This can be seen as follows: The Majoron consists mainly of the imaginary parts of the SU(2) ⊗ U(1) singlet scalars, such as the right-handed sneutrinos [16]. The only terms which couple the Majoron directly to sleptons is given by h^νL̂Ĥ_2ν̂^c_R in the superpotential and the corresponding term in the soft SUSY breaking Lagrangian. These terms can in principle induce decays like τ̃ → μ̃ J. However, such a decay requires that one of the charged particles involved contains a large left-handed component whereas the other one contains a large Higgs component. As we will see below, in the cases we will study the sleptons are mainly right-sleptons. In addition, in mSUGRA scenarios the mass differences between the lightest three sleptons is rather small leading to a further suppression of Majoron-emitting charged slepton decays.

If R-parity is broken the lightest supersymmetric particle (LSP) will decay. As was shown in [17] (see also [18]), if the LSP is the lightest neutralino, the measured low-energy neutrino properties translate into predictions for the ratios of various branching ratios of the neutralino decay, thus providing a definite test of the model as the origin of neutrino masses and mixings.

However, cosmological and astrophysical constraints on its nature no longer apply if the LSP decays. Thus, within R-parity violating SUSY a priori any superparticle could be the LSP. In this paper we study the case where a charged scalar lepton, most probably the scalar tau, is the LSP^1. We calculate the production and decays of τ̃, as well as the decays of ẽ and μ̃, and demonstrate that also for the case of charged sleptons as LSPs neutrino physics leads to definite predictions of various decay properties.

This paper is organized as follows. In Sec. 2 we will define the model, discuss the charged scalar mass matrix and give some formulas for the two-body decays of charged sleptons, which are the most important decay channels. In Sec. 3 we will then discuss production and decays of these particles, with special emphasis on possible measurements of R-parity violating parameters. Finally, in Sect. 4 we summarize our conclusions.

2 The model

Since BRpV SUSY has been discussed in the literature several times [11, 12, 13, 21] we will repeat only the main features of the model here. We will follow the notation of [13].

The simplest bilinear R_p/ model (we call it the R_p/ MSSM) is characterized by three additional terms in the superpotential W = W_{MSSM} + W_{R/P} (4) where W_{MSSM} is the ordinary superpotential of the MSSM and W_{R/P} = ϵ_i ^L_i ^H_u. (5) These bilinear terms, together with the corresponding terms in the soft SUSY breaking part of the Lagrangian, L_{soft} = L^{MSSM}_{soft} + B_iϵ_iL̃_iH_u (6) define the minimal model, which we will adopt throughout this paper. The appearance of the lepton number violating terms in Eq. (6) leads in general to non-zero vacuum expectation values for the scalar neutrinos ⟨ν̃_i⟩, called v_i in the rest of this paper, in addition to the VEVs v_U and v_D of the MSSM Higgs fields H^0_u and H^0_d . Together with the bilinear parameters ϵ_i the v_i induce mixing between various particles which in the MSSM are distinguished

1The case of light stop decays was considered in ref. [19, 20]

(only) by lepton number (or R–parity). Mixing between the neutrinos and the neutralinos of the MSSM, as mentioned previously, generates a non-zero mass for one specific linear superposition of the three neutrino flavour states of the model at tree-level. For a complete discussion of 1-loop corrections, providing mass for the remaining two neutrino states, see [13].

For the decays of the charged sleptons it is necessary to calculate the mixings between neutrinos and neutralinos, charginos and charged leptons, as well as the charged scalar mixing. Since the various mass matrices can be found in [13], we will discuss only the charged scalar mass matrix in the next section.

2.1 The charged scalar mass matrix

With R-parity broken by the bilinear terms in Eq. (5) the left-handed and right-handed charged sleptons mix with the charged Higgs of the MSSM, resulting in an (8 × 8) mass matrix for charged scalars. As in the MSSM this matrix contains the Goldstone boson, providing the mass of the W-boson after electro-weak symmetry breaking. One can rotate away the Goldstone mode from this mass matrix, using the following rotation matrix

R̂ =

v_D w_3 − v_U w_3 v_1 w_3 v_2 w_3 v_3 w_3 0 0 0 v_U w_0 v_D w_0 0 0 0 0 0 0

−^{v1vD}_{w0w1}^{v1vU}_{w0w1}^{w0}_{w1} 0 0 0 0 0 −^{v2vD}_{w1w2}^{v2vU}_{w1w2} −^{v2v1}_{w1w2}^{w1}_{w2} 0 0 0 0 −^{v3vD}_{w2w3}^{v3vU}_{w2w3} −^{v3v1}_{w2w3} −^{v2v3}_{w2w3}^{w2}_{w3} 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 1

(7)

where,

w_0 = √ v^2_D + v^2_U (8)

w_1 = √ v^2_1 + v^2_D + v^2_U (9)

w_2 = √ v^2_1 + v^2 + v^2_D + v^2_U (10)

w_3 = √ v^2_1 + v^2 + v^2_3 + v^2_D + v^2_U (11)

This matrix has the property that

R̂M^2_{S±}R̂^T = 0 ⃗0^T ⃗0 M^2_{S±7}

(12)

where M^2_S±_7 is a (7×7) matrix and the zeroes in the first row and first column correspond to the (massless) Goldstone state in ξ = 0 gauge.

We divide the remaining M^2_S±_7 into two parts,

M^2_S±_7 = (M^2_S±_7 )^{(0)} + (M^2_S±_7 )^{(1)} (13)

where (M^2_S±_7 )^{(0)} [(M^2_S±_7 )^{(1)}] contains only R-parity conserving [R-parity violating] terms. Note that in the following we assume for simplicity that there is no inter-generational mixing among the charged sleptons. This is motivated by existing constraints from flavour changing neutral currents [22] and is consistent with the minimal SUGRA scenario of the MSSM, which we will use in the numerical part of this paper. With this assumption also the branching ratio μ → eγ is small [23] in the bilinear model in agreement with experimental data. The R-parity conserving part of M^2_S±_7 is given by

(M^2_S±_7 )^{(0)} = m^2_H± · · · · · · 0 m̂^2_{L1} · · · · · 0 0 m̂^2_{L2} · · · · 0 0 0 m̂^2_{L3} · · · 0 m̂^2_{LR1} 0 0 m̂^2_{R1} · · 0 0 m̂^2_{LR2} 0 0 m̂^2_{R2} · 0 0 0 m̂^2_{LR3} 0 0 m̂^2_{R3}

(14)

where the dots indicate that the matrix is symmetric and

m^2_H± = m^2_A + g^2v^2_{RP} 4 (15)

m̂^2_{Li} = m^2_{Li} − (g^2 − g^{′2}) v^2_{RP} 8 c_{2β} + 1 2 (h^E_i )^2v^2_D (16)

m̂^2_{Ri} = m^2_{Ri} − g^{′2} v^2_{RP} 4 c_{2β} + 1 2 (h^E_i )^2v^2_D (17) m̂^2_{LRi} = + 1 √ 2 (h^E_i )(A_iv_D − μv_U ) (18)

with v^2_{RP} = v^2_U + v^2_D. m^2_A is the MSSM pseudoscalar Higgs mass parameter m^2_A = (μB)/(s_βc_β), h^E_i and A_i are the Yukawa couplings and soft breaking trilinear parameters of the charged lepton of generation i, μ is the Higgsino mixing parameter characterizing the superpotential, and c_{2β} = cos(2β), where β is defined in the usual way as tan β = v_U /v_D. The R-parity violating part of M^2_S±_7 can be written as

(M^2_S±_7 )^{(1)} =

Δm^2_H± ( ⃗X_{HL})^T ( ⃗X_{HR})^T ⃗X_{HL} M^{2(1)}_{LL} (M^{2(1)}_{LR} )T ⃗X_{HR} M^{2(1)}_{LR} M^{2(1)}_{RR} . (19) The Higgs mass correction and the Higgs-Slepton mixing terms in eq. (19) are

Δm^2_H± = ∑ { ( v_i v_D )^2m̄^2_{ν̃i} c^4_β s^2_β − ϵ_iμ v_i v_D c_{2β} s^2_β + g^2 4 v^2_i c_{2β} + 1 2 (h^E_i v_i)^2s^2_β } (20)

(X_{HL})_i = v_i v_D m̄^2_{ν̃i} c^2_β s_β − μϵ_i 1 s_β + 1 2 (g^2 − (h^E_i )^2)v_Dv_is_β (21)

(X_{HR})_i = − 1 √ 2 h^E_i v_i(A_is_β + μc_β) − 1 √ 2 h^E_i ϵ_iv_D 1 c_β (22)

M^{2(1)}_{LL} can be written as,

M^{2(1)}_{LL} =

Δm^2_{L1} (X_{LL})_{12} (X_{LL})_{13} (X_{LL})_{12} Δm^2_{L2} (X_{LL})_{23} (X_{LL})_{13} (X_{LL})_{23} Δm^2_{L3}

(23)

with the diagonal terms given by

Δm^2_{Li} = ( v_i v_D )^2m̄^2_{ν̃i} c^2_β + ϵ^2_i + 1 2 (g^2 + (h^E_i )^2)v^2_i c^2_β + 1 8 (g^{′2} − g^2) ∑ v^2_i (24)

whereas the off-diagonals are

(X_{LL})_{12} = ϵ_1ϵ_2 + ( v_1 v_D )( v_2 v_D )m^2_{L2} c^2_β (25)

+ v_1v_2 [ 1 4 (g^2 + (h^E_2 )^2) − 1 8 (g^2 − g^{′2})c_{2β} + 1 4 (h^E_2 )^2c_{2β} ] (X_{LL})_{13} = ϵ_1ϵ_3 + ( v_1 v_D )( v_3 v_D )m^2_{L3} c^2_β (26)

+ v_1v_3 [ 1 4 (g^2 + (h^E_3 )^2) − 1 8 (g^2 − g^{′2})c_{2β} + 1 4 (h^E_3 )^2c_{2β} ] (X_{LL})_{23} = ϵ_2ϵ_3 + ( v_2 v_D )( v_3 v_D )m^2_{L3} c^2_β (27)

+ v_2v_3 [ 1 4 (g^2 + (h^E_3 )^2) − 1 8 (g^2 − g^{′2})c_{2β} + 1 4 (h^E_3 )^2c_{2β} ]

Similarly for M^{2(1)}_{RR} ,

Δm^2_{Ri} = 1 2 (h^E_i )^2v^2_i − 1 4 g^{′2} ∑ v^2_i (28) and (X_{RR})_{ij} = 1 2 (h^E_i )(h^E_j )v_iv_j (29)

Finally, the matrix M^{2(1)}_{LR} has the following peculiar structure,

M^{2(1)}_{LR} =

(X_{LR})_{11} 0 0 (X_{LR})_{12} (X_{LR})_{22} 0 (X_{LR})_{13} (X_{LR})_{23} (X_{LR})_{33}

(30)

where (X_{LR})_{ii} = − 1 2 √ 2 (h^E_i )( v_i v_D )^2c_β v_D [ μs_β − A_ic_β ] (31)

(X_{LR})_{ij} = − 1 √ 2 (h^E_i )( v_i v_D )( v_j v_D )c_βv_D [ μs_β − A_ic_β ] (32)

In the above equations we have used the following abbreviation

m̄^2_{ν̃i} = m^2_{Li} + 1 8 (g^2 + g^{′2})(v^2_D − v^2_U ). (33)

With the definitions outlined above, once can easily derive approximate expressions for the mixing between the charged Higgs and the charged sleptons induced by the R-parity breaking parameters. These are given by sin θ_{HLi} ≃ X_{HL,i} (m^2_H± − m^2_{Li} )

, (34) sin θ_{HRi} ≃ X_{HR,i} (m^2_H± − m^2_{Ri} )

. (35)

Note that one expects sin θ_{HRi} ∼ h^E_i sin θ_{HLi} , i.e. the mixing between righthanded sleptons and the Higgs should be typically much smaller than the left-handed Higgs-slepton mixing.

Finally, the R-parity conserving mixing between left-handed and righthanded sleptons is approximately given by

sin 2θ~_{li} ≃ 2m̂^2_{LRi} m̂^2_{Li} − m̂^2_{Ri}

. (36)

2.2 Formulas for two-body decays

Charged scalar leptons lighter than all other supersymmetric particles will decay through R-parity violating couplings. Possible final states are either l_j ν_k or qq̄^′. For right-handed charged sleptons (l̃_{Ri}) the former by far dominates over the hadronic decay mode, since the mixing between l̃_{Ri} and the charged Higgs is small, as explained above.

In the limit (m_{fj} , m_{νk} ) ≪ m~_{fi} one has the simple formula for the two-body decays f̃_i → f_j + ν_k, Γ~_{fifj νk} = m~_{fi} 16π [ (O^{cns}_{Lfj νkf̃i} )^2 + (O^{cns}_{Rfj νkf̃i} )^2 ] (37)

Exact expressions for these couplings can be found, for example, in ref. [13]. Even though in the results presented in this paper we have always calculated the couplings appearing in eq. (37) exactly using our numerical code, it is instructive to consider an approximate diagonalization procedure for the various mass matrices. This method is based on the fact that neutrino masses are much smaller than all other particle masses in the theory and therefore one expects that the bilinear R-parity breaking parameters are (somewhat) smaller than the corresponding MSSM parameters. For the charged scalar mass matrix all necessary definitions have been given above, for details for the corresponding procedure for neutralino and chargino mass matrices we refer to [13, 21, 24].

For the case where i ≠ j for l̃_{Ri} → l_j ∑ ν_k one finds ∑ k [ (O^{cns}_{Llj νkl̃i} )^2 + (O^{cns}_{Rlj νkl̃i} )^2 ] = (−h^E_{li} c~_{li} ϵ_j μ − (gs~_{li} y_1 + h^E_{li} c~_{li} y_2)Λ_j)^2 (38)

+ (h^E_{lj} )^2(s_β sin θ_{HRi} − c^2_β s~_{li}ṽ_i)^2

≃ (c~_{li} h^E_{li} ϵ_j μ )^2 (39)

Here c~_{li} ≡ cos(θ~_{li} ) and s~_{li} ≡ sin(θ~_{li} ) where θ~_{li} is the left-right mixing angle for l̃_i, sin θ_{HRi} characterizes the charged Higgs-(right-handed)-Slepton mixing and ⃗Λ is given by Λ_i = ϵ_iv_D + μv_i. (40)

The quantities y_1 and y_2 are defined as

y_1 = g √ 2DetM_χ±

(41)

y_2 = − g^2v_U 2μDetM_χ± (42)

with DetM_χ± being the determinant of the MSSM chargino mass matrix.

While eq. (38) above keeps all R-parity breaking paramters in the expansion up to second order, eq. (39) should be valid in the parameter region in which the 1-loop neutrino masses are smaller than the tree-level contribution.

For the case i = j the corresponding formulas are rather cumbersome and therefore of limited utility, except for the case l̃ = ẽ. Here, since h_e ≪ 1 one can simplify the couplings to, ∑ k [ (O^{cns}_{Leνkẽ})^2 + (O^{cns}_{Reνkẽ})^2 ] ≃ 2g^{′2}x^2_1|⃗Λ|^2 (43)

The parameter ⃗Λ has been defined above and x_1 is given by

x_1 = g^′M_2μ 2DetM_χ0

(44)

with DetM_χ0 being the determinant of the MSSM neutralino mass matrix and M_2 the soft SUSY breaking SU(2) mass parameter.

From eq. (39) one expects that various ratios of branching ratios should contain rather precise information on ratios of the bilinear R-parity breaking parameters, for example, Br(τ̃_1 → e ∑ ν_i)/Br(τ̃_1 → μ ∑ ν_i) ≃ (ϵ_1/ϵ_2)^2. We will discuss this important point in more detail in the next section.

3 Slepton production and decays

In this section we will discuss charged slepton production and decay modes. In order to reduce the number of parameters, the numerical calculations were performed in the mSUGRA version of the MSSM. Unless noted otherwise, we have scanned the parameters in the following ranges: M_2 from [0,1.2] TeV, |μ| from [0,2.5] TeV, m_0 in the range [0,0.5] TeV, A_0/m_0 and B_0/m_0 [-3,3] and tan β [2.5,10]. All randomly generated points were subsequently tested for consistency with the minimization (tadpole) conditions of the Higgs potential as well as for phenomenological constraints from supersymmetric particle searches. In addition, we selected points in which at least one of the charged sleptons was lighter than the lightest neutralino, and thus the LSP. This latter cut prefers strongly m_0 << M_2.

R-parity violating parameters were chosen in such a way [13] that the neutrino masses and mixing angles are approximately consistent with the experimental data. A good “fit” to the data would require: a) Λ_μ ≃ Λ_τ , in order to account for a nearly maximal ν_μ → ν_τ angle in atmospheric oscillations, eq. 3; b) Λ_e < Λ_τ , to fulfil the constraints from ν_e-oscillation searches at reactors [25]; c) |⃗Λ| ≃ [0.05, 2] GeV^2, for the atmospheric neutrino mass scale, eq. 3; d) ϵ_1 ≃ ϵ_2, to have a large angle in solar oscillations, eq. 2; and e) |⃗ϵ|^2/|⃗Λ| ≃ [0.1, 10], for the solar mass scale, eq. 2.

In order to investigate the dependence of our results on the assumptions about the R-parity violating parameters, we construct three different sets of points. Set1 was calculated to give an approximate “fit” to the neutrino data, as described above. Set2 is similar to Set1, except that ϵ_1/ϵ_2 has been varied in a wider range ([0.1,10]), so as to cover both large and small solar angles^2. The last set, called Set3 in the following, is again similar to Set1, except that ϵ_2/ϵ_3, which is hardly constrained by neutrino data, is varied in the interval ϵ_2/ϵ_3 ≃ 0.1 − 2.

In supersymmetric models in which the scalar leptons have a common soft SUSY breaking mass parameter at some high scale (m_0 in mSUGRA) the renormalization group evolution leads to some splitting between the scalar taus and the ẽ and μ̃ states at the weak scale. While the lightest mass eigenstate in the charged slepton sector is usually mainly the τ̃_R, the eigen-

2Although at the moment the small angle solar solution is ruled out by a careful analysis of the solar data [3], it does not cost us much additional effort to keep this option in mind.

σ(e^+e^− → l̃l̃) [fb]

m~_{l1} [GeV] ẽ_R μ̃_R τ̃_R

Figure 1: e^+e^− → l̃l̃ production cross section as a function of m~_l at a Linear Collider with 0.8 TeV c.m.s energy. From top to bottom: ẽ (dark, on colour printers blue), μ̃ (light shaded, green) and τ̃ (dark shaded, red).

values for ẽ_R and μ̃_R are not much heavier, such that also ẽ_R and μ̃_R decay mainly via R-parity violating two-body decays. In our numerical calculation we therefore not only consider the decays of τ̃_R, but also those of ẽ_R and μ̃_R. These decays can provide information on the R-parity violating parameters not accesible in τ̃_R decays and allow for additional cross checks of the consistency of the model. This is true especially for the case of lepton flavor violating slepton decays since from eq. 39 one expects them to be directly correlated with the BRpV parameters ϵ_i.

For the calculation of the cross section we have adapted the formulas given in [26] to the bilinear model taking into account correctly all mixing effects in the numerical calculation. In Fig. 1 we show the cross section σ(e^+e^− → l̃l̃) in [fb] for √ s = 0.8 TeV as a function of the charged scalar mass, for ẽ, μ̃ and τ̃, respectively. Assuming an integrated luminosity of 1000 fb^{−1} per year can be achieved at a future linear collider [27, 28] this implies that around 10^4 scalar muons and scalar taus can be directly produced per year. For scalar electrons one expects between 10^4 and 10^5 produced pairs

L(l̃) [cm]

m~_l [GeV]

Figure 2: Charged slepton decay length as a function of m~_l at a linear collider with 0.8 TeV c.m.s. energy. From top to bottom: ẽ (dark, on color printers blue), μ̃ (light shaded, green) and τ̃ (dark shaded, red).

per year. Since the three R-parity violating two-body decay channels of the right-handed sleptons nearly add up to 100 %, one can expect that individual branching ratios will be measured to an accuracy of 1 % if they occur with similar strength.

At the LHC the direct production of right–sleptons is small. As a result, they will be produced mainly in cascade decays. The relative ẽ_R, μ̃_R and τ̃_R yields will depend on the details of the cascade decays involved. Let us consider for simplicity the case where the cascade decays of the coloured particles end up in the lightest neutralino as in the MSSM. Beside the kinematics, the resulting number of ẽ_R, μ̃_R and τ̃_R arising from these decays depends on the nature of the lightest neutralino. When this is mainly bino-like, one expects that it decays dominantly into an equal number of ẽ_R, μ̃_R and τ̃_R’s. As a result the number of right-sleptons roughly equal to the number of neutralinos. Also in case of a wino–like neutralino the amount of ẽ_R, μ̃_R and τ̃_R will be equal. However, in this case the main lightest neutralino decay mode will be to a W –boson and a charged lepton, leaving fewer sleptons to be studied. However, as discussed in [17, 18], in this case the neutralino decay modes can be used to probe the large atmospheric neutrino angle. For the case where the lightest neutralino is higgsino–like it will decay into a W –boson and a charged lepton, or into a Z–boson and a neutrino, similar to the wino case. However for large tan β the decay into τ̃_R will again be important, even for higgsino–like neutralinos.

In Fig. 2 we show the charged scalar leptons decay length (ẽ, μ̃ and τ̃, from top to bottom) as a function of the scalar lepton masses for Set3. Very similar results hold for the other sets which are therefore not shown. All decay lengths are small compared to typical detector sizes, despite the smallness of the neutrino masses. The three generations of sleptons decay with quite different decay lengths and thus it should be possible to separate the different generations experimentally at a future linear collider. Note that the ratio of the decay lengths L(τ̃)/L(μ̃) is approximately given by (h_μ/h_τ )^2.

As mentioned in the previous section, one expects that ratios of branching ratios of various charged slepton decays contain rather precise information on ratios of the bilinear parameters ϵ_i. That this is indeed the case is shown in Fig. 3 for the data of Set2 and in Fig. 4 and Fig. 5 for the data of Set3.

As can be seen from these figures, the ratio of charged slepton branching ratios are correlated with the ratios of the corresponding BRpV parameters ϵ_i, following very closely the expectation from Eq. 39, nearly insensitive to

Br(τ̃_1 → e ∑ ν_i)/Br(τ̃_1 → μ ∑ ν_i)

(ϵ_1/ϵ_2)^2

Br(μ̃_1 → e ∑ ν_i)/Br(μ̃_1 → τ ∑ ν_i)

(ϵ_1/ϵ_3)^2 Figure 3: Ratios of branching ratios for scalar tau decays (top panel) versus (ϵ_1/ϵ_2)^2, and scalar muon decays (bottom panel) versus (ϵ_1/ϵ_3)^2 for Set2.

Br(ẽ_1 → μ ∑ ν_i)/Br(ẽ_1 → τ ∑ ν_i)

(ϵ_2/ϵ_3)^2 Figure 4: Ratios of branching ratios for scalar electron decays versus (ϵ_2/ϵ_3)^2 for Set3.

Br(τ̃_1 → e ∑ ν_i)/Br(τ̃_1 → μ ∑ ν_i)

(ϵ_1/ϵ_2)^2

Br(μ̃_1 → e ∑ ν_i)/Br(μ̃_1 → τ ∑ ν_i)

(ϵ_1/ϵ_3)^2 Figure 5: Ratios of branching ratios for scalar tau (top panel) decays versus (ϵ_1/ϵ_2)^2 and scalar muon decays (bottom panel) versus (ϵ_1/ϵ_3)^2 for Set3.

variation of the other parameters. Recall, that all the points were generated through a rather generous scan over the mSUGRA parameters. Ratios of ϵ_i’s should therefore be very precisely measurable. Moreover, since only two of the three ratios of ϵ_i’s are independent it is possible to derive the following

prediction:

Br(τ̃_1 → e ∑ ν_i)/Br(τ̃_1 → μ ∑ ν_i) : Br(μ̃_1 → e ∑ ν_i)/Br(μ̃_1 → τ ∑ ν_i) ≃ ≃ Br(ẽ_1 → μ ∑ ν_i)/Br(ẽ_1 → τ ∑ ν_i) which provides an important cross check of the validity of our bilinear Rparity model. Any significant departure from this equality would be a clear sign that the bilinear model is incomplete.

As mentioned in the introduction current solar neutrino data prefer a large angle solution (LMA). In the BRpV model the solar angle is mainly determined by the ratio ϵ_1/ϵ_2 [13]. A measured solar angle therefore leads to a prediction for Br(τ̃_1 → e ∑ ν_i)/Br(τ̃_1 → μ ∑ ν_i), as shown in Fig. 6 for the data of Set2. With the current limits on tan^2 θ_⊙, which are 0.25 < tan^2 θ_⊙ < 0.83 for the preferred LMA-MSW solution to the solar neutrino problem [3] at 3 σ C.L., one can currently predict that this ratio in the BRpV model must be in the range [0.09, 1.8]. Additional input on ϵ_2/ϵ_3, for example ϵ_2/ϵ_3 ≃ 1 to within 10 % would sharpen the predicted value to [0.15, 1.1]. Obviously, also a more precise measurement of the solar angle will lead to a tighter prediction in the future. In this context it is worth noting that KamLAND [5] should be able to fix the solar angle to within ∼ 30 %, if LMA is indeed the correct solution to the solar neutrino problem.

Up to now we have discussed only ratios of R-parity violating parameters, but charged scalar lepton decays allow, in principle, also to gain information on absolute values of these parameters, as relevant, e. g. to fix the scale of neutrino masses determined through the analysis of current solar and atmospheric data [3]. However, such a measurement would require at least some information on MSSM parameters which is at the moment unavailable.

In Fig. 7 we show the total widths in [eV] for scalar tau decays (top panel) and scalar muon decays (bottom panel) for the data of Set1 displayed versus (|ϵ|/μ)^2m~_l. Once μ and m~_l have been measured with some accuracy, one can determine the absolute value of |ϵ| from this measurement, provided ϵ_2/ϵ_3 is known (for example, from the ratio Br(ẽ_1 → μ ∑ ν_i)/Br(ẽ_1 → τ ∑ ν_i)).

In a similar way, the decay width of the scalar electron contains information on |⃗Λ|, as is demonstrated in Fig. 8. A priori knowledge on ϵ_2/ϵ_3 leads

Br(τ̃_1 → e ∑ ν_i)/Br(τ̃_1 → μ ∑ ν_i) tan^2 θ_⊙

Br(τ̃_1 → e ∑ ν_i)/Br(τ̃_1 → μ ∑ ν_i) tan^2 θ_⊙

Figure 6: Ratios of branching ratios for scalar tau decays versus tan^2 θ_⊙ for Set2. The top panel shown all data points, the bottom one refers only to data points with ϵ_2/ϵ_3 restricted to the range [0.9,1.1].

Γ(τ̃_1) [eV]

(|ϵ|/μ)^2m_{τ̃1} [GeV]

Γ(μ̃_1) [eV]

(|ϵ|/μ)^2m_{μ̃1} [GeV]

Figure 7: Total widths in [eV] for scalar tau decays (top) and scalar muon decays (bottom) for the data of Set1 versus (|ϵ|/μ)^2m~_l. Once μ and m~_l are measured, the widths provide information on the absolute value of |ϵ| ≡ |⃗ϵ|. Note that Set1 fixes ϵ_2/ϵ_3 ≃ 1. In general, this ratio must be known with some accuracy, before a value for |ϵ| can be derived from the widths.

to a tighter correlation, as can be seen from the comparison of the results for Set2 and Set3.

To deduce the value of |⃗Λ| from this measurement one needs the parameter combination x_1, as defined in Eq. (44). It contains the MSSM parameters M_1, M_2, μ and tan β, which could be determined, for example, if at least some of the neutralino and chargino eigenstates are accesible at the LHC or a possible linear collider.

4 Conclusions

Supersymmetric models with bilinear R-parity breaking provide a simple, testable framework for neutrino masses and mixings in agreement with current solar, atmospheric and reactor neutrino oscillation data. The model is testable at future colliders if the neutralino is the LSP, as was shown previously, as well as in the alternative case where one of the charged scalar leptons is the LSP, as we have demonstrated here.

The measured neutrino mixing angles fix certain ratios of the bilinear R-parity breaking parameters and, therefore, lead to well-defined predictions for the ratio of branching ratios of certain slepton decay modes, which should be easily measurable at a future collider such as a high energy linear collider. Our main result is shown in Fig. 6, where we display Br(τ̃_1 → e ∑ ν_i)/Br(τ̃_1 → μ ∑ ν_i) versus the solar neutrino angle, tan^2 θ_⊙.

We have also shown how charged scalar lepton decays allow the determination of other parameters of our model, thus providing a definite test that bilinear R-parity breaking SUSY is the origin of neutrino masses.

Acknowledgments

This work was supported by Spanish grants PB98-0693 and by the European Commission RTN network HPRN-CT-2000-00148. M. H. is supported by a Spanish MCyT Ramon y Cajal contract. W. P. is supported by the ’Erwin Schrödinger fellowship No. J2095’ of the ‘Fonds zur Förderung der wissenschaftlichen Forschung’ of Austria FWF and partly by the Swiss ‘Nationalfonds’.

Γ(ẽ_1) [meV] c · m_{ẽ1} [GeV]

Γ(ẽ_1) [meV] c · m_{ẽ1} [GeV]

Figure 8: Charged scalar electron total decay widths in [meV], the top panel refers to Set2 while the bottom one is for Set3. The plots are versus c · m_{c̃1} , where c =^1_{8π} (g^′)^2x_1|Λ|^2.

References

[1] See, for example, talks at XX. Int. Conf. on Neutrino Physics & Astrophysics (Neutrino 2002), http://neutrino2002.ph.tum.de/

[2] Q. R. Ahmad et al. [SNO Collaboration], arXiv:nucl-ex/0204008.

[3] See, for example, M. Maltoni, T. Schwetz, M. A. Tortola and J. W. Valle, arXiv:hep-ph/0207227, and references therein.

[4] M. C. Gonzalez-Garcia, P. C. de Holanda, C. Pena-Garay and J. W. Valle, Nucl. Phys. B 573 (2000) 3 [arXiv:hep-ph/9906469]

[5] Talk by J. Shirai in Ref. [1]; S. A. Dazeley (for the KamLAND Collaboration), hep-ex/0205041; see also http: //www.awa.tohoku.ac.jp /html/KamLAND/index.html

[6] Y. Fukuda et al. [Super-Kamiokande Collaboration], Phys. Rev. Lett.

81, 1562 (1998); For an update see the talk by M. Shiozawa in [1]

[7] There has been an uncitable avalanche of papers in the last few years. For recent references see talks at the XX. Int. Conf. on Neutrino Physics & Astrophysics (Neutrino 2002). For example, http://neutrino2002.ph.tum.de/pages/transparencies/king/ and http://neutrino2002.ph.tum.de/pages/transparencies/valle/

[8] M Gell-Mann, P Ramond, R. Slansky, in Supergravity, ed.

P. van Niewenhuizen and D. Freedman (North Holland, 1979); T. Yanagida, in KEK lectures, ed. O. Sawada and A. Sugamoto (KEK, 1979)

[9] R. N. Mohapatra and G. Senjanovic, Phys. Rev. D 23 (1981) 16

[10] J. Schechter and J. W. Valle, Phys. Rev. D 25 (1982) 774.

[11] M.A. Díaz, J.C. Romão and J. W. F. Valle, Nucl. Phys. B524, 23 (1998) [hep-ph/9706315]. For a review see, e.g. J. W. F. Valle, “Super-gravity unification with bilinear R-parity violation,” Proceedings of 6th International Symposium on Particles, Strings and Cosmology (PASCOS 98), Boston, MA, 22-27 Mar 1998 [hep-ph/9808292] ed. P. Nath

[12] F. de Campos, M. A. Garcia-Jareno, A. S. Joshipura, J. Rosiek and J. W. Valle, Nucl. Phys. B 451 (1995) 3 [arXiv:hep-ph/9502237]. A. G. Akeroyd, M. A. Diaz, J. Ferrandis, M. A. Garcia-Jareno and J. W. Valle, Nucl. Phys. B 529, 3 (1998) [arXiv:hep-ph/9707395]. T. Banks, Y. Grossman, E. Nardi and Y. Nir, Phys. Rev. D 52, 5319 (1995) [arXiv:hep-ph/9505248]. A. S. Joshipura and M. Nowakowski, Phys. Rev. D 51 (1995) 2421 [arXiv:hep-ph/9408224]. H. P. Nilles and N. Polonsky, Nucl. Phys. B 484 (1997) 33 [arXiv:hep-ph/9606388]. B. de Carlos and P. L. White, Phys. Rev. D 55 (1997) 4222 [arXiv:hepph/9609443]. S. Roy and B. Mukhopadhyaya, Phys. Rev. D 55 (1997) 7020 [arXiv:hep-ph/9612447].

[13] M. Hirsch, M. A. Diaz, W. Porod, J. C. Romao and J. W. Valle, Phys. Rev. D 62, 113008 (2000) [Erratum-ibid. D 65, 119901 (2002)] [arXiv:hep-ph/0004115]. J. C. Romao, M. A. Diaz, M. Hirsch, W. Porod and J. W. Valle, Phys. Rev. D 61 (2000) 071703 [arXiv:hep-ph/9907499].

[14] C. S. Aulakh and R. N. Mohapatra, Phys. Lett. B121, 14 (1983);

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); A. Santamaria and J. W. Valle, Phys. Lett. B 195, 423 (1987). Phys. Rev. Lett. 60, 397 (1988). Phys. Rev. D 39, 1780 (1989).

[15] L. Hall, M. Suzuki, Nucl. Phys. B231 (1984) 419; S. Dimopoulos, L.J. Hall, Phys. Lett. 207B (1988) 210; E. Ma, D. Ng, Phys. Rev. D41 (1990) 1005; V. Barger, G. F. Giudice, T. Han, Phys. Rev. D40 (1989) 2987; T. Banks, Y. Grossman, E. Nardi, Y. Nir, Phys. Rev. D52 (1995) 5319; F. M. Borzumati, Y. Grossman, E. Nardi and Y. Nir, Phys. Lett. B384 (1996) 12; M. Nowakowski, A. Pilaftsis, Nucl. Phys. B461 (1996) 19; G. Bhattacharyya, D. Choudhury, K. Sridhar, Phys. Lett. B349 (1995) 118; B. de Carlos, P. L. White, Phys. Rev. D54 (1996) 3427; A. S. Joshipura and S. K. Vempati, Phys. Rev. D60 (1999) 11130; F. de Campos et al, Nucl. Phys. B451 (1995) 3

[16] A Masiero, J. W. F. Valle, Phys. Lett. B251 (1990) 273; J. C. Romão, C. A. Santos, and J. W. F. Valle, Phys. Lett. B288 (1992) 311 J.C. Romao, A. Ioannisian and J.W. F. Valle, Phys. Rev. D55, 427 (1997), hep-ph/9607401.

[17] W. Porod, M. Hirsch, J. Romão and J.W.F. Valle, Phys. Rev. D63 (2001) 115004

[18] B. Mukhopadhyaya, S. Roy and F. Vissani, Phys. Lett. B443, 191 (1998) [hep-ph/9808265]; E.J. Chun and J.S. Lee, Phys. Rev. D60 (1999) 075006 [hep-ph/9811201]; S.Y. Choi et al., Phys. Rev. D60 (1999) 075002 [hep-ph/9903465].

[19] D. Restrepo, W. Porod and J. W. Valle, Phys. Rev. D 64 (2001) 055011 [arXiv:hep-ph/0104040]. M. A. Diaz, D. A. Restrepo and J. W. Valle, Nucl. Phys. B 583 (2000) 182 [arXiv:hep-ph/9908286].

[20] B. Allanach et al., arXiv:hep-ph/9906224.

[21] M. Hirsch and J.W.F. Valle, Nucl. Phys. B557 (1999) 60

[22] F. Gabbiani, E. Gabrielli, A. Masiero and L. Silvestrini, Nucl. Phys. B 477, 321 (1996) [arXiv:hep-ph/9604387].

[23] D. F. Carvalho, M. E. Gomez and J. C. Rom̃ao, Phys.Rev. D65 (2002) 093013

[24] M. Nowakowski and A. Pilaftsis, Nucl.Phys. B461 (1996) 19

[25] M. Apollonio et al. [CHOOZ Collaboration], Phys. Lett. B 466, 415 (1999) [arXiv:hep-ex/9907037].

[26] C. Blochinger, H. Fraas, G. Moortgat-Pick and W. Porod, Eur. Phys.

J. C 24 (2002) 297 [arXiv:hep-ph/0201282].

[27] E. Accomando et al., ECFA/DESY LC Working Group, Phys. Rep. 299, 1 (1998).

[28] J. A. Aguilar-Saavedra et al. [ECFA/DESY LC Physics Working Group Collaboration], arXiv:hep-ph/0106315.