Received: May 9, 2000, Accepted: May 10, 2000

HYPER VERSION

Neutrino masses in the R_p violating MSSM

Sacha Davidson

Theoretical Physics, Oxford University 1 Keble Road, Oxford, OX1 3NP, United Kingdom E-mail: davidson@thphys.ox.ac.uk

Marta Losada

Centro de Investigaciones, Universidad Antonio Nariño Cll. 59 No. 37-71, Santa Fe de Bogotá, Colombia E-mail: martha.losada@cern.ch

Abstract: We compute one loop neutrino masses in the R-parity violating Minimal Supersymmetric Model, including the bilinear R_p/ masses in the mass insertion approximation. To the order we calculate, our results are independent of the Higgs-lepton basis choice. We have a variety of perturbative parameters—gauge, Yukawa and trilinear couplings, and R_p violating masses. Their relative magnitudes determine which diagrams are relevant for neutrino mass calculations. We find new loop diagrams which can be relevant and have frequently been neglected in the past. For the Grossman-Haber neutral loop contribution to the neutrino mass matrix we obtain explicit analytic results.

Keywords: Solar and Atmospheric Neutrinos, Supersymmetric Standard Model, Neutrino Physics.

Contents

1. Introduction 1

2. Perturbation theory with R_p/ masses 5

3. Estimates 7 3.1 δ_μ, δ_B ∼ 0: the canonical loop 8 3.2 δ_μ ∼ 0, δ_B ≠ 0: the GH loop 10 3.3 Contributions when δ_μ ≠ 0, δ_B ≠ 0 12

4. The GH loop in the MSSM mass eigenstate basis 15

5. Discussion 17

1. Introduction

An interesting challenge in particle physics is to construct a consistent model which can accomodate neutrino oscillations in order to explain atmospheric and solar neutrino data [1]. Considering the results of SuperKamiokande and all solar neutrinos experiments, at least two different values of Δm^2 and sin^2 2θ are necessary to account for the data. Neutrino masses cannot be generated in the Standard Model (SM), so it is necessary to consider extensions of the SM [2]. An interesting possibility for generating neutrino masses are models in which lepton number violation occurs. In these models Majorana neutrino masses are generated by interactions which violate lepton number in two units: ΔL = 2.

Among the possible models we consider the Minimal Supersymmetric Standard Model without imposing R-parity. The quantum number R is defined as R_p = (−1)^{L+3B+2S} , where L, B, S are the lepton and baryon number and the spin of the particle, respectively [3]. Imposing R-parity in a supersymmetric model has the advantage of suppressing simultaneously the presence of baryon and lepton number violating interactions, which are strictly constrained from proton decay experiments and other low-energy processes [4]. However, one can impose a less stringent constraint in which all interactions conserve baryon number. Thus only lepton number violating terms are present in the lagrangian. These terms allow left-handed neutrinos to obtain a Majorana mass, at tree level through mixing with the neutralinos, and through loop diagrams that violate lepton number (in two units) [5, 6, 7].

In the SM, the Higgs and leptons have the same gauge quantum numbers. However, they cannot mix because the Higgs is a boson and the leptons are fermions. In a supersymmetric model this distinction is removed, so the down-type Higgs and sleptons can be assembled in a vector L_J = (H_d, L_i) with J : 4 . . . 1. With this notation, the superpotential for the supersymmetric SM with R_p violation can be written as

W = μ^J H_uL_J + λ^{JKℓ}L_J L_K E^c_ℓ + λ^{′Jpq}L_J Q_pD^c_q + h^{pq}_t H_uQ_pU^c_q . (1.1)

The R_p violating and conserving coupling constants have been assembled into vectors and matrices in L_J space: we call the usual μ parameter μ_4, and identify the usual ϵ_i = μ_i,^1_2 h^{jk}_e = λ^{4jk}, and h^{pq}_d = λ^{′4pq}. Lower case roman indices i, j, k and p, q are lepton and quark generation indices. We frequently suppress the capitalised indices, writing ⃗μ = (μ_4, μ_3, μ_2, μ_1).

We also include possible R_p violating couplings among the soft SUSY breaking parameters, which can be written as V_{soft} = m̃^2_u 2 H^†_uH_u + 1 2 L^{J†}[m̃^2_L]_{JK} L^K + B^J H_uL_J +

+ A^{ups}H_uQ_pU^c_s + A^{Jps}L_J Q_pD^c_s + A^{JKl}L_J L_K E^c_l + h.c. (1.2)

Note that we have absorbed the superpotential parameters into the A and B terms; e.g. we write B^4H_uH_d not B^4μ^4H_uH_d.^1 We abusively use capitals for superfields (as in (1.1)) and for their scalar components.

We have put the Higgs H_d into a vector with the sleptons, and combined the R_p -violating with the R_p conserving couplings, because the lepton number violation can be moved around the lagrangian by judiciously choosing which linear combination of hypercharge = −1 doublets to identify as the Higgs/higgsino, with the remaining doublets being sleptons/leptons. However, this freedom to redefine what violates L is deceptive, because phenomenologically we know that the leptons are the mass eigenstate e, μ and τ , so we know what lepton number violation is. Lepton number is defined in the charged lepton mass eigenstate basis — the freedom to choose which direction is the Higgs in the lagrangian just means that there is not a unique interaction eigenstate basis. There are two possible approaches to this fictitious freedom; choose to work in a lagrangian basis that corresponds to the mass eigenstate basis of the leptons, or construct combinations of coupling constants that are independent of the basis choice to parametrise the R_p violation in the lagrangian [6, 8, 9]. These invariant measures of R_p violation in the lagrangian are analogous to Jarlskog invariants which parametrise CP violation.

The standard option is to work in a basis that corresponds approximately to the mass eigenstate basis of the leptons. For instance, if one chooses the Higgs direction

1We do this because B_J is a vector — a one index object — in {L_J } space. From this perspective, giving it two indices can lead to confusion.

in L_J space to be parallel to μ_J , then the additional bilinears in the superpotential μ_i will be zero. In this basis, the sneutrino vevs are constrained to be small by the neutrino masses, so this is approximately the lepton mass eigenstate basis. Lepton number violation among the fermion tree-level masses in this basis is small by construction, so it makes sense to neglect the bilinear R_p violation in setting constraints on the trilinears, as is commonly done (for a review, see e.g. [4]. For a careful analysis including the bilinears, see [10]. Note that in many cases, the most stringent constraints on the additional R−parity violating parameters come from neutrino anomaly data [11].)

The aim of the “basis-independent” approach is to construct combinations of coupling constants that are invariant under rotations in L_I space, in terms of which one can express physical observables. By judiciously combining coupling constants one can find “invariants” which are zero if R_p is conserved, so these invariants parametrise R_p violation in a basis-independent way. For instance, consider the superpotential of equation (1.1) in the one generation limit, I : 4 . . . 3. It appears to have two R_p violating interactions: μ_3H_uL and λ^′LQD^c. It is well known that one of these can be rotated into the other by mixing H_d and L [5]. If

H^′_d = μ_4 √ μ^2_4 + μ^2_3

H_d + μ_3 √ μ^2_4 + μ^2_3 L L^′ = μ_3 √ μ^2_4 + μ^2_3 H_d − μ_4 √ μ^2_4 + μ^2_3

L , (1.3)

then the lagrangian expressed in terms of H^′_d and L^′ contains no H_uL^′ term. One could instead dispose of the λ^′LQD^c term. The coupling constant combination that is invariant under basis redefinitions in (H_d, L) space, zero if R parity is conserved, and non-zero if it is not is μ_4λ^′ − h_dμ_3 = (μ_4, μ_3) ∧ (h_d, λ^′). For a more detailed discussion of the approach followed in this paper see e.g. [8, 9, 12].

Basis-independent coupling constant combinations which parametrise the amount of R_p/ can be constructed in various ways. Their advantage over the coupling constants is that they cannot be set to zero by a basis transformation. So we define the following invariants {δ} which reduce to the coupling constant of the same indices in the basis where the sneutrinos do not have vevs (the → is to what the δ becomes in this basis).

δ^i_μ = ⃗μ · λ^i · ⃗v |⃗μ|m^e_i → μ_i μ_4 δ^{ipq}_λ′ = ⃗λ^′pq · λi · ⃗v m^e_i → λ^{′ipq} δ^i_B = ⃗B · λi · ⃗v | ⃗B|m^e_i → B_i B_4 δ^{ijk}_λ = ⃗v · λ^iλ^kλ^j · ⃗v m^e_i m^e_j → λ^{ijk} (1.4)

We have chosen the Q and D^c bases to make ⃗v ·λ^{′pq} diagonal — that is, to diagonalise the down-type quark mass matrix. We assume that this is also the mass eigenstate basis for the squarks. Similarly, we choose the E^c basis to make ⃗v · λ^iλ^k · ⃗v ∝ δ^{ik}. Combined with our definition of the lepton directions as L̂_i = ⃗v ·λ^i/m^e_i , (m^e_i = |⃗v ·λ^i|) this means we diagonalise the charged lepton mass matrix induced by the Higgs vev. Here we are neglecting R-parity violating bilinears that mix the charginos and charged leptons; these masses will be included as mass insertions in perturbation theory.

The mass matrix of the neutralinos is composed by the 4 neutralino fields of the R-parity conservng MSSM and the 3 neutrino fields. In an interaction eigenstate basis they are χ_{int} = (B̃, W̃_3, h̃_u, h̃_d, ν_τ , ν_μ, ν_e) , (1.5) where as previously discussed, in R_p/ models there is no unique interaction eigenstate choice for the basis in h̃_d and lepton space. In this paper we define the basis where the sneutrinos do not have vacuum expectation values to be the interaction eigenstate basis. We number the elements of χ in reverse order, so χ^7_{int} = B̃, and (χ^4_{int}, χ^3_{int}, χ^2_{int}, χ^1_{int}) = (h̃_d, ν_τ , ν_μ, ν_e). We use this numbering so that (χ^3, χ^2, χ^1) will be the mass eigenstate neutrinos.

In the R_p conserving MSSM, lepton number is conserved, and the first four fermions have majorana masses, while the three neutrinos are massless. The mass matrix can be diagonalised with a matrix: [ Z 0 0 I ] , (1.6)

where Z is a 4 × 4 matrix and I is the 3 × 3 identity matrix.

The purpose of this paper is to address and clarify the issue of different basis in R_p/ neutrino mass calculations. We construct “basis-independent” estimates of each loop diagram contributing to the neutrino mass matrix. These estimates are in an arbitrary lagrangian basis. They lead us to include the bilinear R_p/ masses in the mass insertion approximation. This introduces a new diagram, and new contributions from the usual diagrams. These new terms resolve the basis related puzzles that arise in R_p/ neutrino mass calculations when the bilinears are neglected in the loops. Clearly neutrino masses should not depend on the basis they are computed in; however, if the R_p/ masses are neglected in the loops, then what one is neglecting depends on the basis. We will return to this in the discussion at the end. Having verified the irrelevance of performing basis independent calculations, we present estimates and the calculation of the neutral loop in the basis where the sneutrinos do not have vacuum expectation values, because the results are more compact than the basis independent estimates.

In section 2 we introduce our procedure for obtaining neutrino masses, and in section 3 we estimate the basis-independent contributions from all loops. In section 4 we provide complete analytic expressions for the neutral loop, and compare with the exact result previously obtained in the literature [12]. The latter calculation is done in the MSSM mass eigenstate basis. The neutral graph is of interest as it has been analysed very little in the literature and furthermore it can provide strong constraints on Higgs physics in this model. In section 5 we discuss in more detail the issues related to the basis choice and conclude.

2. Perturbation theory with R_p/ masses

Neutrino masses are observationally known to be small, so we can compute them in perturbation theory. There are two ways to include the R_p/ bilinears in one-loop calculations of neutrino masses. One approach is to diagonalise the tree level mass matrices for neutral and charged scalars and fermions, and calculate the one-loop contributions to the neutrino mass matrix using a tree-level mass eigenstate basis for the propagators in the loop [13]. This is usually done numerically. Note that for δ_μ ≠ 0, δ_B ≠ 0, the charged and neutral Higgses (MSSM neutralinos) mix with the sleptons (leptons). The alternative, which we follow here, is to propagate particles in the MSSM mass eigenstate basis, and include the R_p/ masses as mass insertions [14] in perturbation theory. For “sensible” basis choices that are close to the MSSM, the R_p/ bilinear masses and couplings are small, so including them as mass insertions should be adequate.

The algorithm for computing neutrino masses, with R_p/ bilinears included in the mass insertion approximation, consists of the following steps:

1. choose a basis where the R_p violating parameters are small, e.g. the basis where the sneutrinos have no vevs, or where there are no μ_ih_uℓ_i terms.

2. diagonalise the heavy neutralino 4 × 4 matrix.

3. calculate the tree-level seesaw neutrino mass.

4. calculate loop contributions to the 3 × 3 neutrino mass matrix, including the R_p/ bilinear masses as mass insertions.

5. diagonalise the resulting 3 × 3 neutrino mass matrix.

It is well known that in the R_p/ MSSM only one of the neutrinos acquires a mass at tree-level through the see-saw mechanism due to the mixing of the neutrinos and neutralinos. We will focus on the (finite) loop contributions to neutrinos which are massless at tree level. If the tree-level mass is non-zero, there are gauge loop corrections which must be renormalised. To avoid these, we for simplicity neglect loop corrections to the neutrino who is massive at tree level. We will address loops containing gauge bosons, and issues of renormalisation, in a subsequent publication.

If the tree-level mass is smaller than the loop contribution, it can be set to zero (δ_μ = 0), and one-loop masses can be calculated for three neutrinos.

We only consider one-loop diagrams contributing to the neutrino mass matrix — higher order gauge loops may be larger than one loop diagrams with Yukawas/trilinears at the vertices, but gauge couplings have no flavour indices so pure gauge loops will give a mass aligned with that of some lower order diagram. Two-loop diagrams with Higgs exchange rather than mass insertions on the internal lines should be suppressed by an additional factor of 1/(16π^2). We neglect the loop corrections to the neutralino sector and to neutrino-neutralino mixing. These would contribute to the two loop neutrino mass matrix. To compute the one-loop neutrino mass matrix, we propagate tree level mass eigenstates in the loop with tree level interactions.

In this paper we concentrate on step 4. We draw diagrams and make basisindependent estimates in an arbitrary lagrangian basis, which we assume satisfies step 1. The advantage of this is that the basis-independent coupling constant combination controlling the neutrino mass can be read off these diagrams. However, to get the correct dependence on MSSM masses and mixing angles, we should work in the MSSM mass eigenstate basis. We do this for the neutral loop in section 4, defining the Higgs to be the direction in L_I space that gets a vev. This basis choice in L_J space is close to the charged lepton mass eigenstate basis because the misalignment between ⃗μ and ⃗v must be small, so μ_i in this basis are small. There are also no lepton number violating D-term masses proportional to the sneutrino vev. Since we are perturbing in lepton number violating masses, this reduces the number of interactions we must consider. This is therefore a good basis from which to do perturbation theory in R_p/ parameters. We define our “MSSM mass eigenstate basis” (in an R_p/ theory) by diagonalising the mass matrices with all the R_p/ parameters set to zero, then reintroducing the R_p/ parameters in the L_J basis where the sneutrino have no vevs.

We have many parameters in which we will be perturbing to compute loop neutrino masses: Standard Model Yukawa couplings h and gauge couplings g, of very different sizes, and bilinear and trilinear R_p/ couplings of unknown size. We parametrise the size of the R_p/ couplings in a basis-independent way via the parameters δ introduced earlier. We would like to order them in magnitude, so that we consistently include all contributions greater than a certain size.

It is clear that h ≪ g, and that the Yukawas are known and of different sizes. We do not know the size of the various {δ}; so we consider three possibilities:^2

A Assume bilinear R_p/ is small and can be neglected in the loops. This is the case if h_eδ_λ, h_dδ_λ′ ≫ gδ_B, gδ_μ. One gets the usual loop diagrams of figures 1a and 1b.

2We have suppressed the family indices for simplicity.

B Neglect δ_μ, but include the soft bilinear R_p/ terms (B_i and m^2_{4i}) in perturbation theory. This means h_eδ_λ, h_dδ_λ′ ∼ gδ_B, but gδ_μ ≪ h_eδ_λ, h_dδ_λ′ . This gives the neutral Grossman-Haber loop of figure 1c, and additional contributions to the usual loop of figure 1a.

C Include all bilinear R_p/ terms in perturbation theory. There are additional contributions to diagrams 1a, 1b, and 1c, and a new diagram 1d.

Note that models with only bilinear R_p/ can fall into any of these three categories. A model where the misalignment between the vev and the Yukawa couplings is much greater than between the vev and ⃗μ would fall into case A. Case C corresponds to a model where the misalignment between the vev ⃗v and ⃗μ is similar to the misalignment between the Yukawa couplings and ⃗v.

3. Estimates

The possible diagrams that contribute to the neutrino mass must contain two scalarfermion-fermion couplings at the vertices of the loop, and two ΔL = 1 interactions. The loop can contain coloured and colour-singlet charged or neutral particles, and we can have either two gauge couplings, one gauge and one Yukawa/trilinear coupling, or two Yukawa/trilinear couplings at the vertices.

The charged coloured loop is figure 1b. This has Yukawa or trilinear couplings at the vertices, where a higgsino or neutrino interacts with a quark and a squark. Lepton number violation can be due to the trilinears, or to mass insertions mixing the neutrino with a neutralino on the external legs.

In figure 1c we have the contribution from the neutral loop. At the vertices we must have two gauge couplings. It is not possible to have vertices with combinations of gauge-Yukawa and Yukawa-Yukawa couplings for a neutral loop, because the vertex with the Yukawa coupling would involve an E^c. This diagram has been previously considered in [7], and we will refer to it as the Grossman-Haber (GH) diagram. Lepton number violation, ΔL = 2, occurs due to mass insertions on the internal scalar propagator. In the ⟨ν̃⟩ = 0 basis, we cannot have a neutral loop with one unit of lepton number violation on each of the propagators because if we turn the z̃ into a ν, we would also need ∂_μν̃ → Z_μ. This is not possible, because the Goldstone boson is in the direction of the vevs, so has no ν̃ component.

There are in addition two charged loops, drawn in figures 1a and 1d. Charged loops cannot have two gauge couplings at the incoming and outgoing vertices because ΔL = 2 on a charged line is forbidden by charge conservation. It is not possible to have ΔL = 1 on each line for the same reason as for the neutral gauge loop. One gauge vertex will produce a charged slepton and a wino/chargino; if w̃^+ → ℓ by a ΔL = 1 mass, then ∂^μL̃^+ → W^μ would be required on the bosonic line. The

Goldstone boson has no L̃^+ component in the ⟨ν̃⟩ = 0 basis. For charged loops we can have two Yukawa/trilinear couplings at the vertices, which is the canonical trilinear diagram of figures 1a.

It is important to note that charged loops can have one gauge and one Yukawa coupling at the vertices. We show this contribution in figure 1d. To have one gauge and one Yukawa/trilinear coupling, we need (charged) gaugino-lepton mixing on the fermion line. This means we need δ_μ ≠ 0, so these diagrams only contribute when we make assumption C. We will discuss the supersymmetric partner of diagram 1d, which could arise if W^μ mixes with ∂^μẼ^c, in a subsequent publication.

In the following subsections we make basis-independent estimates of the size of each loop, assuming that the Higgs vacuum expectation value, Higgs masses, slepton masses and chargino/neutralino masses are all of the same order ∼ m_{SUSY}. We will calculate the dependence of the neutral loop on the masses of the propagating particles in section 4. We also present estimates in the basis where the sneutrinos do not have a vev, ⟨ν̃⟩ = 0. A more detailed discussion of the diagrams involving charged loops will be given in a subsequent publication.

3.1 δ_μ, δ_B ∼ 0: the canonical loop

Figures 1a and 1b contain the usual diagrams considered in the literature contributing to one loop neutrino masses when we allow the lepton number violation to occur only at point II and VII. We neglect the R_p/ bilinear masses in this section, so the only available sources of R_p/ are the trilinear couplings at the vertices. Lines 1,2 of table 1 list the basis-independent coupling constant combinations to which these diagrams are proportional and estimate the contribution to the neutrino mass matrix. Note that on both the scalar and the fermion lines the particle must flip between doublet and singlet via an interaction with the Higgs/slepton vev. We represent this as a mass insertion of the vev to assist in writing basis-independent estimates.

To get the estimate in column 4 of table 1, we assume that we have some incident ν_i, in some choice of basis. At vertex II, we have a trilinear coupling λ^{iJk}, where in a generic basis we allow J : 1 . . . 4 and k : 1 . . . 3. A slepton E^c_k propagates to the top of the loop, where a trilinear mass insertion A^{RT k}v_R + λ^{RT k}μ_Rv_u turns the E^c_k into an L_T . We again generically allow T : 4 . . . 1 — this means we have not chosen the singlet charged lepton basis. L_T propagates to the vertex V II. Now following the fermion line down, we propagate an ℓ_J to the bottom of the loop, flip it into an SU(2) singlet via the mass v_M λ^{JMn}, and propagate e^c_n to vertex V II, where we put a trilinear λ^{T jn}.

Thus, the contribution to the neutrino mass matrix is m_{ij} ∝ λ^{iJk}λ^{T jn} 16π^2m^2_{SUSY} λ^{JMn}v_M [ (λA)^{RT k}v_R + v_uμ_Rλ^{RT k} ] , (3.1)

Figure 1: Schematic representation of one-loop diagrams contributing to neutrino masses, in a lagrangian basis. The blobs indicate possible positions for R_p/ interactions, which can be trilinears (at positions II and VII) or mass insertions. The misalignment between ⃗μ and ⃗v allows a mass insertion on the lepton/higgsino lines (at points I, III, or VIII) and at the A-term on the scalar line (position V). The soft R_p/ masses appear as mass insertions at positions VI and IV on the scalar line. Figure a) is the charged loop with trilinear couplings λ (or h_e) at the vertices. Figure b) is the coloured loop with trilinear λ^′ or Yukawa h_b couplings. Figure c) is the neutral loop with two gauge couplings (this diagram is drawn in the MSSM mass eigenstate basis.), and figure d) is the charged loop with one gauge and and a Yukawa coupling. This diagram is relevant if gauginos mix with charged leptons — that is if δ_μ ≠ 0.

where all repeated indices are summed. In basis where sneutrinos do not have a vev, and assuming that (λA)^{RT k} = Aλ^{RT k3} this is approximately

m_{ij} ∼ δ^{ink}_λ δ^{jkn}_λ 16π^2 m^e_nm^e_k m_{SUSY}

, (3.2)

where m^e_n = |⃗v · λ^n| are the charged lepton masses generated by the Higgs vev, for

3This avoids flavour violation among the sleptons. Additional diagrams would appear when one allows flavour violation in the slepton sector [15].

Figure 2: The Grossman-Haber contribution in interaction eigenstate basis. The scalars leaving the neutrino vertices are sneutrinos. The crosses on the scalar line are B_i, B_j, m^2_{4i} or m^2_{4j}.

n : 1 . . . 3. We can compare this expression to the more correct formula given by m_{ij} ∼ { λ^{ink}λ^{jkn}m^e_nm^e_k(A + μ tan β) } f(L_k) 16π^2m^2_Ec_k

, (3.3)

where L_k = m^2_{Lk} /m^2_Ec_k f(x) = ln x 1 − x , (3.4) and μ = |⃗μ|. Similarly, figure 1b with λ^′ couplings produces a neutrino mass matrix m_{ij} ∝ 3λ^{′isp}λ^{′jrt} 16π^2m^2_{SUSY} λ^{′Mst}v_M ((λA)^{′Rrp}v_R + v_uμ_Rλ^{′Rrp}) . (3.5) Recall that we chose the quark basis to diagonalise the mass matrix [⃗v · λ^′]^{pq}. The exact result is m_{ij} ∼ 3λ^{′ips}λ^{′jsp}m^d_pm^d_s (A + μ tan β) f(Q_p) 16π^2m^2_Dc_p

, (3.6)

where Q_p = m^2_Qp /m^2_Dc_p .

3.2 δ_μ ∼ 0, δ_B ≠ 0: the GH loop As mentioned above, there can be a loop contribution of order g^2 to the mass of the neutrinos that are massless at tree level from the diagram of figure 1c. This has been discussed in detail be Grossman and Haber [7] (see also [16, 12]). The soft SUSY breaking terms B_k and m^2_{4k}, and the sneutrino vev, mix the Higgses with the sleptons. If the soft masses are universal and B_k = Bμ_k, diagram 1c will be a loop correction to the mass of the neutrino that is massive at tree level. In figure 3 we show the supersymmetric partner of this diagram which gives a small contribution to the mass of the neutrino which is massive at tree level. However if ⃗B is misaligned with respect to both ⃗v and ⃗μ, the diagram of figure 1c will give a mass also to the neutrinos that are massless at tree level.

The diagram in figure 1c is in the “MSSM

Figure 3: Feynman diagram showing the gauge loop correction to the tree-level neutrino mass in MSSM neutralino mass eigenstate basis. This is the supersymmetric partner of the GH loop. The small “x”s on the internal fermion line correspond to the interaction μ_iν_ih_u. The large X is a neutralino mass. There would be additional diagrams in a basis where ⟨ν̃⟩ ≠ 0.

mass eigenstate basis”,where the sneutrino does not have a vev. The sneutrinos mix with the neutral CP-even Higgses h, H and the CP-odd Higgs A through B_k and m^2_{4k}. In section 4, we calculate this diagram in the mass insertion approximation, and show that we get the same answer as by expanding the exact result of [12]. We also show the contributions to this diagram in an arbitrary basis in figure 2, because this facilitates basis-independent estimates. There is an additional diagram (not drawn) combining those of figure 2, with one unit of lepton number violation from B and one from m̃^2. In an arbitrary interaction eigenstate basis, the sneutrino could have a vev, which induces lepton number violating masses through the D-terms.

This would correspond to figure 2 with diagonal m̃^2 and L violation from the sneutrino vevs.

Figure 2 and the diagrams with one unit of lepton number violation from B and one from m̃^2 contribute to the neutrino mass matrix by m_{ij} ∝ g^2 ( v_uB_i + m^2_{iK} v^K ) ( v_uB_j + v^M m^2_{Mj} ) . (3.7)

We can write v_J [m_L]^2_{Ji} in terms of B_i using the minimisation conditions for the Higgs potential [12]:

v_uB_J + (δ_{JK} m^2_Z cos 2β + [m_L]^2_{JK} )v^K = 0 , (3.8)

where at tree level [m_L]^2_{KJ} = m̃^2_{JK} + μ_J μ_K , and B and m̃^2 are defined in equation (1.2).

In section 4, we calculate diagram 1c, and find that (in the lepton flavour basis where the sneutrino has no vev) it is approximately m_{ij} ∼ g^2δ^i_B δ^j_B 64π^2 m_χ . (3.9)

Note that we neglect the supersymmetric partner of these diagrams, figure 3, because it is a small correction to the tree-level mass. As explained above, the GH diagram gives a mass to a different combination of neutrinos if B_J is not exactly aligned with μ_J , that is B_J ≠ Bμ_J . So in the basis where the sneutrino has no vev, we are only interested in the component of B_i which is orthogonal to μ_i. Writing B^i − B^iμ_i ∑ i μ^2_i μ^i ≡ B^i_⊥ = B^i − B^i_‖ , (3.10) we find m_{ij} ∼ g^2(δ^i_{B⊥} δ^j_{B‖} + δ^i_{B‖} δ^j_{B⊥} + δ^i_{B⊥} δ^j_{B⊥} ) 64π^2 m_χ . (3.11)

The component of B_i parallel to μ_i contributes to the mass of the neutrino that is massive at tree level. We also neglect the diagram ∼ δ^i_μδ^j_μh^4_t . This comes from mixing the neutrino with the up-type higgsino, h̃_u, which has a Majorana mass from a loop like figure 1b with tops and stops instead of bottoms/sbottoms.

There is an additional contribution to the neutrino mass matrix in the case that hδ_B ∼ δ_λ. This comes from the diagram of figure 1a, with an L violating mass insertion at point VI. One unit of lepton number violation comes from a trilinear, and another from B_k or m^2_{4k}. We use the minimisation condition for the Higgs/slepton potential: − tan βB_k = m̃^2_{4k} (in the ⟨ν̃⟩ = 0 basis) [12], to get the neutrino mass estimate in table 1.

3.3 Contributions when δ_μ ≠ 0, δ_B ≠ 0

In this section, we include L violating mass insertions on all possible propagators for diagrams with charged particles in the loops. Consider first the diagram of figure 1a. On the scalar propagator there can be a mass insertion δ_B discussed at the end of the previous section, or δ_μ (the latter appears in the off-diagonal mass term mixing the E^c with L or H). Both external neutrino legs and the internal lepton line can have mass insertions δ_μ. Each of these possibilities is represented by a blob on the diagrams of figure 1. The diagram is shorthand for a series of loops. The possibilities are listed in table 1, along with the corresponding estimates for m_ν .

The diagrams must have two units of same-sign lepton number violation to generate a neutrino mass. Diagrams with ΔL = +1 and ΔL = −1 would contribute to wavefunction renormalisation. In diagram 1a, this implies that we need one unit of lepton number violation from I–III and one from IV –VIII. Schematically we expect terms of order (δ_μ + δ_λ + δ_μ)(δ_μ + δ_B + δ_λ + δ_μ) , (3.12)

where the first parenthese corresponds to the blobs I–III and the second to the blobs IV–VIII. We neglect for convenience in the table the m^2_{4k} insertions because these can be rewritten in terms of B_i using the minimisation conditions [12]. The contributions of order δ^2_λ, δ^2_λ′ , δ_λδ_B have already been discussed, the corresponding estimates are given on the first, second and fifth lines of table 1, respectively. We briefly discuss here how we calculated the results presented in table 1 for the new diagrams which we consider.

We first include the δ_μ perturbations on the external lines at points I and VIII. These will be present for both λ (figure 1a) and λ^′ (figure 1b) and correspond to expressions on lines 4 and 6 of table 1. We neglect the diagram with mass insertions on both legs because this will be proportional to the tree level mass ∼ μ_iμ_j/m_χ. We can estimate the diagram with lepton number violation at points I and VII as follows. In the ⟨ν̃_k⟩ = v_k = 0 basis (k : 1 . . . 3), the incident neutrino ν_i will be in the direction (ν̂_i)^J = v_M λ^{MJi}/m^e_i . The mass insertion on the external leg is μ_i = ⃗v · λ^i · ⃗μ/m^e_i ∝ δ^i_μ, and allows the incident neutrino to turn into a Higgsino h_u. In an arbitrary basis, where v_i ≠ 0 is allowed, the mass insertion will be the μ_iv_4 − v_iμ_4 ∝ ⃗μ · λ^i · ⃗v. Continuing along the incident line, in the basis where the sneutrinos do not have vevs, the h_u can turn into an h_d via μ_4, and at the vertex h_d interacts with E^c and ℓ via a Yukawa coupling. In an arbitrary basis, the neutralino after the mass insertion of μ_i or v_i will be an h_u or a gaugino. These can respectively be turned into the linear combination of ℓ_I corresponding to the h_d by μ_I or v_I . These vectors are misaligned by an amount δ_μ, which we can neglect here because we have one unit of L violation from the mass insertion. We assume |⃗v| ∼ |⃗μ| ∼ m_{SUSY}. In column four of table 1, we therefore write the vertex as μ_I λ^{′Ipq}[μ_I λ^{IJk}] for the squark [charged] loop. The remainder of the diagram is the same as lines 1 and 2 of the table.

Additional terms of order δ_μ(δ_μ + δ_λ) are obtained when we include the misalignment between ⃗μ and ⃗v at point V of diagram 1a, giving the contributions on lines 7-9 of table 1. We can express ⃗μ = ⃗μ · ⃗v v^2 ⃗v + ⃗μ · λ^ℓ · ⃗v m^2_ℓ

⃗v · λ^ℓ , (3.13)

or alternatively the part of (v_RA + μ_Rv_u)λ^{RT k} that is misaligned with respect to v_Rλ^{RT k} can be written as v_u μ_Rλ^{RP ℓ}v_P v_Qλ^{QSℓ}λ^{ST k} m^2_ℓ

. (3.14)

Finally there are corrections proportional to δ_μ from μ_i mass insertions on the internal lines of figure 1a. We assume ⃗v_J λ^{JLi}λ^{LMk}⃗v_M = δ^{ik}m_im_k (because v − μ misalignment is higher order effect) to get the results listed in lines 9–13 of table 1.

If δ_μ ≠ 0, the w̃ mixes with the charged leptons, so there are loop diagrams with a gauge coupling at one end and a Yukawa coupling at the other, e.g. see figure 1d. These gauge × Yukawa diagrams can only appear if the gaugino mixes with the lepton on the internal line, so they are proportional to δ_μ. The other unit of L violation must be due to δ_μ (at points I or VIII) or δ_B (at point IV). These contributions are estimated in lines 14-16 of table 1. There is no contribution with a trilinear λ at the vertex VII because it gives [m^{ij}_ν ] ∼ λ^{ijk}, and λ^{ijk} is anti-symmetric on indices ij whereas the mass matrix is symmetric.

No. diagram position of R_p/ 16π^2m^2_{SUSY} × m^{ij}_ν 16π^2m_{SUSY} [m_v]^{ij} (< ν̃ >= 0 basis) 1 a II V II λ^{iJk} λ^{jT n}λ^{JMn}v_M [(λA)^{RT k} v_R + v_uμ_Rλ^{RT k} ] δ^{ink}_λ δ^{jkn}_λ m^e_nm^e_k 2 b II V II 3λ^{′isp}λ^{′ jrt}λ^{′ Mst}v_M ((λA)^{′ Rrp}v_R + v_uμ_Rλ^{′ Rrp}) 3δ^{iqq}_λ′ δ^{jqq}_λ′ (m^d_q )^2 3 c IV V I g^2(v_uB^i + m^2_{iK} v^K )(v_uB^j + v^M m^2_{Mj} )/(4m^3_{SUSY} ) g^2δ^i_B δ^j_B m_χm_{SUSY} /4 4 b I V II + II V III 3(v_Aλ^{ABi}μ_B )λ^{′ jrt}μ_I λ^{′ Isp}λ^{′ Mst}v_M ((λA)^{′ Rrp}v_R + v_uμ_Rλ^{′ Rrp})/m_{SUSY} 3(δ^i_μδ^{jqq}_λ′ + δ^j_μδ^{iqq}_λ′ )(m^d_q )^2h^d_q 5 a II V I λ^{iJk} λ^{T jn}λ^{JMn}v_M (v_RA + μ_Rv_u)λ^{RNk} B_N B_T /m^2_{SUSY} δ^{ijk}_λ m^e_kδ^k_B (m^e_j h^e_j − m^e_i h^e_i ) 6 a I V II + II V III (v_Aλ^{ABi}μ_B )λ^{T jn}μ_I λ^{IJk}λ^{JMn}v_M [(λA)^{RT k} v_R + v_uμ_Rλ^{RT k} ]/m_{SUSY} (δ^i_μδ^{jkk}_λ + δ^j_μδ^{ikk}_λ )(m^e_k )^2h^e_k 7 a I V (v_Aλ^{ABi}μ_B )λ^{T jn}μ_I λ^{IJk}λ^{JMn}v_M^{δℓμ vQλQSℓλST k}_{mℓmSU SY} δ^i_μδ^j_μ((m^e_j )^2h^e_j + (m^e_i )^2h^e_i ) 8 a II V v_uμλ^{iJk} λ^{JMn}v_M λ^{T jn δℓμvQλQSℓλST k}_{mℓ} δ^{ijk}_λ δ^k_μm^e_k(h^e_i m^e_i − h^e_j m^e_j ) 9 a III V λ^{iJk} μ_J [μ_P λ^{P Mn}v_M ]λ^{T jn δℓμ vQλQSℓλST k}_{mℓ} δ^i_μδ^j_μm^e_j m^e_i h^e_i h^e_j 10 a III V III λ^{iJk} μ_J [μ_P λ^{P Mn}v_M ](v_RA + μ_Rv_u)λ^{RT k} λ^{T Jn}μ_J (v_Aλ^{ABj} μ_B )/m^5_{SUSY} δ^i_μδ^j_μ((m^e_i h^e_i )^2 + (m^e_j h^e_j )^2) 11 a I V I (v_Aλ^{ABi}μ_B )μ_I λ^{IJk}λ^{JMn}v_M (v_RA + μ_Rv_u)λ^{RNk}B_N B_T λ^{T jn}/m^7_{SUSY} δ^i_μδ^j_B (m^e_j h^e_j )^2 + δ^j_μδ^i_B (m^e_i h^e_i )^2 12 a III V II λ^{iJk} μ_J [μ_P λ^{P Mn}v_M ](v_RA + μ_Rv_u)λ^{RT k} λ^{T jn}/m^2_{SUSY} δ^{jin}_λ δ^n_μ m^e_n(m^e_j h^e_j − m^e_i h^e_i ) 13 a III V I λ^{iJk} μ_J [μ_P λ^{P Mn}v_M ](v_RA + μ_Rv_u)λ^{RNk} B_N B_T λ^{T jn}/m^6_{SUSY} g(δ^i_B δ^j_μh^e_j h^e_i m^e_i m^e_j + δ^j_B δ^i_μh^e_i h^e_j m^e_j m^e_i ) 14 d III IV gB_i[μ_P λ^{P Mn}v_M ]B_T λ^{T jn}/m^3_{SUSY} g(δ^i_Bδ^j_μ(m^e_j )^2 + δ^j_B δ^i_μ(m^e_i )^2) 15 d III V III g[μ_P λ^{P Mn}v_M ]λ^{iJn}μ_J (v_Aλ^{ABj} μ_B )/m^2_{SUSY} gδ^i_μδ^j_μ((m^e_i )^2 + (m^e_j )^2) 16 d I III g(v_Aλ^{ABi}μ_B )[μ_P λ^{P Mn}v_M ]λ^{jJn}μ_J /m^2_{SUSY} gδ^i_μδ^j_μ((m^e_i )^2 + (m^e_j )^2)

Table 1: Estimated contributions to [m_ν ]^{ij} from all the diagrams. In the second two columns is the label of the diagram of figure 1, and the position on the diagram of the two ΔL = 1 interactions. Column four is the “basis independent” combination of coupling constants for the diagram (which must be symmetrised on i ↔ j), and column five is the estimated contribution to the neutrino mass matrix (in the “flavour basis” where ⟨ν̃⟩ = 0 and ν̂_i = ⃗v · λ^i/m^e_i ). All indices other than i and j are summed.

4. The GH loop in the MSSM mass eigenstate basis

In this section, we calculate the one loop neutrino mass induced by slepton-higgs mixing (figure 1c). We first do this using mass insertions the MSSM mass eigenstate basis, then compare to our previous exact (and basis independent) result in one generation [12]. The two calculations agree, but differ slightly from the original calculation of [7].

In the ⟨ν̃⟩ = 0 basis the two units of lepton number violation come from B_i and [m_L]^2_{4i} (the crosses on the scalar propagators in figure 1c), which mix the sneutrino with the Higgses. The scalars that leave the vertex where the neutrinos go in are sneutrinos. We can write [m_L]^2_{4i} = − tan βB_i, using equation (3.8) in the basis where ⟨ν̃⟩ = 0. The amplitude for this diagram connecting a neutrino ν_i to ν_j is A_{ij} = B_iB_j g^2 4 ∑ χ_α m_{χα} ( Z_{α2} − Z_{α1}g^′ g )_2 × × { (cos^2 α + 2 tan β cos α sin α + tan^2 β sin^2 α)I(m^2_h, m^2_{ν̃} , m^2_{χα} )+ + (sin^2 α − 2 tan β cos α sin α + tan^2 β cos^2 α)I(m^2_H , m^2_{ν̃} , m^2_{χα} ) − − (cos^2 β + 2 tan β cos β sin β + tan^2 β sin^2 β)I(m^2_A, m^2_{ν̃} , m^2_{χα} ) } . (4.1) Recall {χ_α} for α : 7 . . . 4 are the MSSM neutralinos, and h, H, and A are the usual MSSM fields:

h = cos αH^R_u − sin αH^R_d H = sin αH^R_u + cos αH^R_d A = cos βH^I_u − sin βH^I_d , (4.2) (H^R_u and H^I_u are the real and imaginary parts of the neutral components of the MSSM Higgs fields) and

I_{1gen}(m^2_s, m^2_{ν̃} , m^2_{χα} ) = ∫ d^4k (2π)^4 1 k^2 + m^2_{ν̃} 1 k^2 + m^2_s 1 k^2 + m^2_{ν̃} 1 k^2 + m^2_{χα} = 1 16π^2 1 m^2_{ν̃} − m^2_s { 1 m^2_{χα} − m^2_{ν̃} − m^2_{χα} (m^2_{χα} − m^2_{ν̃} )^2 ln m^2_{χα} m^2_{ν̃} + + m^2_{ν̃} (m^2_{χα} − m^2_{ν̃} )(m^2_{ν̃} − m^2_s) ln m^2_{χα} m^2_{ν̃} − − m^2_s (m^2_{χα} − m^2_s)(m^2_{ν̃} − m^2_s) ln m^2_{χα} m^2_s } . (4.3)

This gives m^{ij}_ν = g^2B^iB^j 4 cos^2 β ∑ χ_α ( Z_{α2} − Z_{α1}g^′ g )_2 m_{χα} { I(m^2_h, m^2_{ν̃} , m^2_{χα} ) cos^2(α − β)+

+ I(m^2_H , m^2_{ν̃} , m^2_{χα} ) sin^2(α − β) − I(m^2_A, m^2_{ν̃} , m^2_{χα} ) } , (4.4) which does not quite match Grossman and Haber’s result, but goes to the same limits when various masses become large. We can check equation (4.4) by expanding the exact result of [12]. The result of [12] is for one lepton generation only; we assume here that the sneutrinos are degenerate, so we can compare to this calculation. From [12] we have:

m_ν = g^2 64π^2 ∑ α:7...4 m_{χα} ( Z_{α2} − Z_{α1}g^′ g )_2 ∑ n (ν̂ · ŝ_n)^2ϵ_nB_0(0, M^2_n, m^2_{χα} ) , (4.5)

where ϵ_n is +1 for s_n a CP-even scalar, and −1 for n a CP-odd. Note that in an R_p/ theory, the sneutrinos split into a CP-even and a CP-odd scalar, that are not mass degenerate. ν̂ is the lepton direction corresponding to the incident neutrino, and ŝ_n is the direction in Higgs-slepton space corresponding to the mass eigenstate s_n. B_0 is a Passarino-Veltman function:

B_0(0, M^2_s , m^2_χ) = −16π^2i lim_{q→0} ∫ d^{2ω}k (2π)^{2ω} 1 [(k + q)^2 − m^2_χ](k^2 − M^2_s ) ⊃ − M^2_s M^2_s − m^2_χ ln ( M^2_s m^2_χ ) = I(M^2_s , m^2_χ) . (4.6)

There are divergent and scale-dependent contributions to B_0 in addition to I(M^2_s , m^2_χ); however these cancel in the sum over scalars s_i in equation (4.5).

To compare this result to equation (4.4), we need to expand the mixing angles (ν̂ ·ŝ_n) and the masses M^2_n in B_i. We define the neutrino direction to be ν̂_i ≡ ⃗v ·λ^i/m_i (this is the defintion of the charged lepton direction we have been using all through the paper).

As R_p/ → 0, we make the following identifications: s_5 = h_5 → h s_4 = h_4 → H s_9 = A_4 → A s_3 = h_3 → ν̃^R_τ s_8 = A_3 → ν̃^I_τ s_2 = h_2 → ν̃^R_μ s_7 = A_2 → ν̃^I_μ s_1 = h_1 → ν̃^R_e s_6 = A_1 → ν̃^I_e ,

where h_n is CP-even, A_n is CP-odd, ν̃^R is the real part of the sneutrino, and the right hand side of the arrow are MSSM fields.

The diagram that generates a Majorana mass for a neutrino must contain two units of lepton number violation. There is a contribution from the mixing angles between the neutrinos and the s_n, n : 9 . . . 1, and from the h_k — A_k mass differences for k : 3 . . . 1. We consider first the contributions from h_5, h_4 and A_4. The mixing angles (ν̂_i · ŝ_n) for s_n = h_5, h_4 or A_4 will be proportional to B_i, so R_p/ corrections to the h_5, h_4 or A_4 masses can be neglected in expanding equation (4.5). They would be a higher order effect. We find, for instance,

ν̂_i · ĥ_5 =

B_i(cos α + sin α tan β) m^2_h − m^2_{ν̃i}

, (4.7) which substituted into (4.5) gives the contribution of the last line of equation (4.3) to the complete result.

The contribution from h_3 and A_3 (scalars that are mostly ν̃_τ ) can be written

g^2 64π^2 ∑ α:7...4 m_{χα} ( Z_{α2} − Z_{α1}g^′ g )_2{

I(M^2_{h3} , m^2_{χα} ) − I(M^2_{A3} , m^2_{χα} ) − (4.8) − [ (ν̂_τ · ĥ_5)^2 + (ν̂_τ · ĥ_4)^2 − (ν̂_τ ·Â_4)^2 ] I(M^2_{ν̃τ} , m^2_{χα} ) } . The first line is the contribution from the ν̃^R − ν̃^I mass difference, and the second line is from the mixing angle: (ν̂_τ · ĥ_3)^2 = 1 − (ν̂_τ · ĥ_5)^2 −(ν̂_τ · ĥ_4)^2. The third term of equation (4.8) gives contribution from the second last term of equation (4.3) to the complete result, and the first two terms of equation (4.8) give the contribution from the first two terms of equation (4.3). This can be seen by writing m^2_{h3} = m^2_{ν̃τ} + Δm^2_{ν̃τ} /2, and

Δm^2_{ν̃τ} = ( − B^2_3 (cos α + sin α tan β)^2 m^2_h − m^2_{ν̃} − B^2_3 (sin α − cos α tan β)^2

m^2_H − m^2_{ν̃} + + B^2_3 (cos β − sin β tan β)^2 m^2_A − m^2_{ν̃} ) . (4.9)

The result in [7] corresponds to this contribution.

We can make a similar expansion for ν̂_μ · h_2 and ν̂_μ · A_2, and for ν̂_e assuming as here that there is no flavour violation amoung the sneutrinos, e.g. (ν̂_τ · Â_2) = 0, etc.

5. Discussion

We now return to our introductory suggestion that neglecting R_p/ masses in the loops creates confusion about basis. Consider the superpotential for a one-generation model. This could have two R_p/ parameters: λ^′ or μ_3. As discussed after equation (1.3), one can define the Higgs such that μ_3 = 0 or such that λ^′ = 0. In the basis where μ_3 = 0, there is the usual loop neutrino mass corresponding to diagram 1b with R_p/ at the vertices II and VII. Now consider the basis where λ^′ = 0. If the mass μ_3 is neglected in the loops, then it appears that there is no loop neutrino mass. This is perplexing, because we know that the tree-level mass is proportional to the misalignment between the Higgs-slepton vev and (μ_4, μ_3). If we are in a model where ⃗μ ‖ ⃗v, the basis rotation cannot have moved the neutrino mass from loop to tree level. Thus, it is unclear where did the contribution to the mass go. If we include the loop 1b with R_p/ at points I and VIII, this confusion is removed.

We conclude that the basis in which neutrino mases are calculated is irrelevant, providing that all the contributions are included. We believe that “basis-related” confusion comes from neglecting the R_p/ masses in computing loop neutrino masses: the magnitude of the contribution being neglected depends on the basis choice.

We therefore sit in the basis where the sneutrino has no vev, and consider the size of different contributions and the structure of the neutrino mass matrix in lepton flavour space. The tree-level mass contribution to the neutrino mass matrix is

[m_ν ]_{ij} ∼ μ_iμ_j m_χ , (5.1)

in all cases.

In case A, where we neglect R_p/ masses in the loops, the loop contributions from the squark/quark and lepton/slepton loops are respectively of order

[m_ν ]^{ij} ∼ 3 λ^{′iqq}λ^{′jqq}(m^d_q )^2 16π^2m_{SUSY} + λ^{ikℓ}λ^{jℓk}m^e_ℓ m^e_k 16π^2m_{SUSY}

. (5.2)

Note that the quark basis can be chosen to simultaneously diagonalise the λ^′ and down-type Yukawa couplings, but that the lepton basis that diagonalises the lepton mass matrix λ^{IJk}v_I does not neccessarily diagonalise λ^{iℓk} on indices ℓk.

In case B, we include the soft masses {B_i} and {m^2_{4i}} in the GH diagram (figure 1c) which contributes

[m_ν ]^{ij} ∼ g^2 64π^2m_{SUSY} ( B^⊥_i B^‖_j + B^‖_i B^⊥_j + B^⊥_i B^⊥_j ) m_χ , (5.3)

where B^⊥_i and B^‖_j are defined in equation (3.10), and we have neglected the term of order B^‖_i B^‖_j because it is aligned with the tree-level mass of equation (5.1).

In case C, we include all the R_p/ masses in perturbation theory. All the terms listed in column 5 of table 1 will contribute. Those from diagram 1d, which involves a gauge coupling, are potentially largest:

[m_ν ]^{ij} ∼ g 16π^2m_{SUSY}

[(m^i_e)^2 + (m^j_e)^2] μ^iμ^j |μ|^2 . (5.4)

Note that this is not aligned with the tree-level mass due to the inclusion of lepton masses. There are additional contributions of order h^4μ_iμ_j/|μ|^2 or h^4B_iμ_j/(|μ|B) from mass insertions on diagrams 1a and 1b. (h is some Yukawa coupling.) These are listed in table 1.

To summarize we have estimated one-loop contributions from R-parity violating parameters to the neutrino mass matrix in the context of the MSSM. We included the R_p/ bilinears in the mass insertion approximation, which introduces new loops and new contributions to the canonical graphs considered in the literature. For the neutral graph arising from slepton-Higgs mixing, our mass insertion results are in agreement with the perturbative expansion of the exact result.

Acknowledgments

We would like to thank Gian Francesco Giudice for useful conversations. S.D. thanks J. Ferrandis, N. Rius, and W. Porod for useful conversations and the Astroparticle and High Energy Group at Valencia University for its warm hospitality while this work was completed.

References

[1] Super-Kamiokande collaboration, Measurement of a small atmospheric ν_μ/ν_e ratio, Phys. Lett. B 433 (1998) 9 [hep-ex/9803006]; Study of the atmospheric neutrino flux in the multi-GeV energy range, Phys. Lett. B 436 (1998) 33 [hep-ex/9805006]; Evidence for oscillation of atmospheric neutrinos, Phys. Rev. Lett. 81 (1998) 1562 [hep-ex/9807003];

IMB collaboration, Neutrino measurements with the IMB detector, Nucl. Phys. 38 (Proc. Suppl.) (1995) 331;

W.W.M. Allison et al., Measurement of the atmospheric neutrino flavour composition in Soudan-2, Phys. Lett. B 391 (1997) 491 [hep-ex/9611007];

Soudan-2 collaboration, The atmospheric neutrino flavor ratio from a 3.9 fiducial kiloton-year exposure of Soudan 2, Phys. Lett. B 449 (1999) 137 [hep-ex/9901024]; Kamiokande collaboration, Atmospheric muon-neutrino/electron-neutrino ratio in the multi-GeV energy range, Phys. Lett. B 335 (1994) 237;

R. Davis et al., Photoproduction of η_0 mesons at 4 GeV, Phys. Rev. Lett. 21 (1968) 1205;

B.T. Cleveland et al., Measurement of the solar electron neutrino flux with the Homestake chlorine detector, Astrophys. J. 496 (1998) 505;

GALLEX collaboration, Gallex solar neutrino observations: results for Gallex 3., Phys. Lett. B 388 (1996) 384;

D.N. Abdurashitov et al., The russian-american gallium experiment (SAGE) CR neutrino source measurement, Phys. Rev. Lett. 77 (1996) 4708;

SAGE collaboration, Measurement of the solar neutrino capture rate by SAGE and implications for neutrino oscillations in vacuum, astro-ph/9907131]; Kamiokande collaboration, Y. Fukuda et al., Solar neutrino data covering solar cycle 22, Phys. Rev. Lett. 77 (1996) 1683;

Super-Kamiokande collaboration, Measurements of the solar neutrino flux from SuperKamiokande’s first 300 days, Phys. Rev. Lett. 81 (1998) 1158 [hep-ex/9805021].

[2] see for example and refs. therein: R. Barbieri, J. Ellis and M.K. Gaillard, Neutrino masses and oscillations in SU(5), Phys. Lett. B 90 (1980) 249;

M. Gell-Mann, P. Ramond and R. Slansky, in Proceedings of the supergravity Stony Brook workshop, P. Van Nieuwenhuizen and D. Freedman eds., New York 1979; T. Yanagida, in Proceedinds of the workshop on unified theories and baryon number in the universe, A. Sawada and A. Sugamoto eds., Tsukuba, Japan 1979; S. Dimopoulos, L.J. Hall and S. Raby, A predictive framework for fermion masses in supersymmetric theories, Phys. Rev. Lett. 68 (1992) 1984;

G.K. Leontaris, S. Lola, C. Scheich and J.D. Vergados, Textures for neutrino mass matrices, Phys. Rev. D 53 (1996) 6381 [hep-ph/9509351];

S. Lola and J. D. Vergados, Textures for neutrino mass matrices in gauge theories, Prog. Part. Nucl. Phys. 40 (1998) 71 [hep-ph/9808269];

G. Altarelli and F. Feruglio, Neutrino masses and mixings: a theoretical perspective,

hep-ph/9905536;

G. Altarelli, F. Feruglio and I. Masina, Large neutrino mixing from small quark and lepton mixings, Phys. Lett. B 472 (2000) 382 [hep-ph/9907532]; J.A. Casas, J.R. Espinosa, A. Ibarra and I. Navarro, Nearly degenerate neutrinos, supersymmetry and radiative corrections, Nucl. Phys. B 569 (2000) 82 [hep-ph/9905381]; Theoretical constraints on the vacuum oscillation solution to the solar neutrino problem, J. High Energy Phys. 09 (1999) 015 [hep-ph/9906281]; M. Carena, J. Ellis, S. Lola and C.E. M. Wagner, Neutrino masses, mixing angles and the unification of couplings in the MSSM, Eur. Phys. J. C 12 (2000) 507 [hep-ph/9906362];

P. Langacker, Implications of solar and atmospheric neutrinos, Nucl. Phys. 77 (Proc. Suppl.) (1999) 241 [hep-ph/9811460];

Z. Berezhiani and A. Rossi, Grand unified textures for neutrino and quark mixings, J. High Energy Phys. 03 (1999) 002 [hep-ph/9811447].

[3] G.R. Farrar and P. Fayet, Phenomenology of the production, decay, and detection of new hadronic states associated with supersymmetry, Phys. Lett. B 76 (1978) 575.

[4] H. Dreiner, An introduction to explicit R-parity violation, hep-ph/9707435;

G. Bhattacharyya, R-parity-violating supersymmetric Yukawa couplings: a minireview, Nucl. Phys. 52A (Proc. Suppl.) (1997) 83 [hep-ph/9608415]; A brief review of R-parity-violating couplings, hep-ph/9709395;

B.C. Allanach, A. Dedes and H.K. Dreiner, Bounds on R-parity violating couplings at the weak scale and at the GUT scale, Phys. Rev. D 60 (1999) 075014 [hep-ph/9906209].

[5] L. Hall and M. Suzuki. Explicit R-parity breaking in supersymmetric models, Nucl.

Phys. B 231 (1984) 419.

[6] H.P. Nilles and N. Polonsky, Supersymmetric neutrino masses, R-symmetries, and the generalized μ problem, Nucl. Phys. B 484 (1997) 33 [hep-ph/9606388]; T. Banks, Y. Grossman, E. Nardi and Y. Nir, Supersymmetry without r parity and without lepton number, Phys. Rev. D 52 (1995) 5319 [hep-ph/9505248]; F.M. Borzumati, Y. Grossman, E. Nardi and Y. Nir, Neutrino masses and mixing in supersymmetric models without R-parity, Phys. Lett. B 384 (1996) 123 [hep-ph/9606251];

E. Nardi, Renormalization group induced neutrino masses in supersymmetry without R-parity, Phys. Rev. D 55 (1997) 5772 [hep-ph/9610540].

[7] Y. Grossman and H.E. Haber, Sneutrino mixing phenomena, Phys. Rev. Lett. 78 (1997) 3438 [hep-ph/9702421]; Neutrino masses and sneutrino mixing in R-parity violating supersymmetry, hep-ph/9906310.

[8] S. Davidson and J. Ellis, Basis independent measures of R-parity violation, Phys. Lett.

B 390 (1997) 210 [hep-ph/9609451]; Flavour-dependent and basis-independent measures of R violation, Phys. Rev. D 56 (1997) 4182 [hep-ph/9702247]; S. Davidson, Basis independent parametrizations of R-parity violation in the soft SUSY breaking sector, Phys. Lett. B 439 (1998) 63 [hep-ph/9808425].

[9] J. Ferrandis, Basis independent study of supersymmetry without R-parity and the tau neutrino mass, Phys. Rev. D 60 (1999) 095012 [hep-ph/9810371].

[10] M. Bisset, O.C.W. Kong, C. Macesanu and L.H. Orr, Supersymmetry without R-parity:

leptonic phenomenology, hep-ph/9811498.

[11] R.M. Godbole, P. Roy and X. Tata, Tau signals of R-parity breaking at LEP200, Nucl.

Phys. B 401 (1993) 67 [hep-ph/9209251];

M. Nowakowski and A. Pilaftsis, W and Z boson interactions in supersymmetric models with explicit R parity violation, Nucl. Phys. B 461 (1996) 19 [hep-ph/9508271]; B. de Carlos and P.L. White, R-parity violation effects through soft supersymmetry breaking terms and the renormalisation group, Phys. Rev. D 54 (1996) 3427 [hep-ph/9602381];

A.Y. Smirnov and F. Vissani, Large R-parity violating couplings and grand unification, Nucl. Phys. B 460 (1996) 37 [hep-ph/9506416];

D.E. Kaplan and A.E. Nelson, Solar and atmospheric neutrino oscillations from bilinear R-parity violation, J. High Energy Phys. 01 (2000) 033 [hep-ph/9901254]; E.J. Chun and J.S. Lee, Implication of Super-Kamiokande data on R-parity violation, Phys. Rev. D 60 (1999) 075006 [hep-ph/9811201];

V. Bednyakov, A. Faessler and S. Kovalenko, Super-kamiokande constraints on Rparity violating supersymmetry, Phys. Lett. B 442 (1998) 203 [hep-ph/9808224]; J.C. Romão, Neutrino masses from broken R-parity, hep-ph/9907466; S.Y. Choi, E.J. Chun, S.K. Kang and J.S. Lee, Neutrino oscillations and R-parity violating collider signals, Phys. Rev. D 60 (1999) 075002 [hep-ph/9903465]; M. Drees, S. Pakvasa, X. Tata and T. ter Veldhuis, A supersymmetric resolution of solar and atmospheric neutrino puzzles, Phys. Rev. D 57 (1998) 5335 [hep-ph/9712392]; S. Rakshit, G. Bhattacharyya and A. Raychadhuri, R-parity violating trilinear couplings and recent neutrino data, Phys. Rev. D 59 (1999) 091701 [hep-ph/9811500]; G. Bhattacharyya, H.V. Klapdor-Kleingrothaus and H. Pas, Neutrino mass and magnetic moment in supersymmetry without R-parity in the light of recent data, Phys. Lett. B 463 (1999) 77 [hep-ph/9907432]; Lepton number violation interactions and their effects on neutrino oscillation experiments, hep-ph/0004048; E.J. Chun, S.K. Kang, C.W. Kim and U.W. Lee, Supersymmetric neutrino masses and mixing with R-parity violation, Nucl. Phys. B 544 (1999) 89 [hep-ph/9807327]; K. Choi, K. Hwang and E.J. Chun, Atmospheric and solar neutrino masses from horizontal U(1) symmetry, Phys. Rev. D 60 (1999) 031301 [hep-ph/9811363];

O.C.W. Kong, Neutrino oscillations and flavor structure of supersymmetry without R-parity, Mod. Phys. Lett. A 14 (1999) 903 [hep-ph/9808304];

A. Abada and M. Losada, Constraints on a general 3-generation neutrino mass matrix from neutrino data: application to the MSSM with R-parity violation,

hep-ph/9908352;

E. Ma, Permutation symmetry for neutrino and charged-lepton mass matrices, Phys. Rev. D 61 (2000) 033012 [hep-ph/9909249];

A.S. Joshipura and S.K. Vempati, Sneutrino vacuum expectation values and neutrino anomalies through trilinear R-parity violation, Phys. Rev. D 60 (1999) 111303 [hep-ph/9903435];

A.S. Joshipura, V. Ravindran and S.K. Vempati, Neutrino mass constraints on R violation and HERA anomaly, Phys. Lett. B 451 (1999) 98 [hep-ph/9706482]; A.S. Joshipura and M. Nowakowski, ‘Just so’ oscillations in supersymmetric standard model, Phys. Rev. D 51 (1995) 2421 [hep-ph/9408224];

A. Datta, B. Mukhopadhyaya and S. Roy, Constraining an R-parity violating supersymmetric theory from the SuperKamiokande data on atmospheric neutrinos, Phys. Rev. D 61 (2000) 055006 [hep-ph/9905549];

F. Takayama and M. Yamaguchi, Pattern of neutrino oscillations in supersymmetry with bilinear R-parity violation, Phys. Lett. B 476 (2000) 116 [hep-ph/9910320]; N. Haba, M. Matsuda and M. Tanimoto, Large neutrino flavor mixings and gauge-mediated supersymmetry breaking scenario, Phys. Lett. B 478 (2000) 351 [hep-ph/9911511];

B. Mukhopadhyaya, S. Roy and F. Vissani, Correlation between neutrino oscillations and collider signals of supersymmetry in and R-parity violating model, Phys. Lett. B 443 (1998) 191 [hep-ph/9808265].

[12] S. Davidson, M. Losada and N. Rius, Neutral Higgs sector of the MSSM without R_p,

hep-ph/9911317.

[13] R. Hempfling, Neutrino masses and mixing angles in SUSY-GUT theories with explicit R-parity breaking, Nucl. Phys. B 478 (1996) 3 [hep-ph/9511288]; E.J. Chun and S.K. Kang, One-loop corrected neutrino masses and mixing in supersymmetric standard model without R-parity, Phys. Rev. D 61 (2000) 075012 [hep-ph/9909429];

M. Hirsch, M.A. Diaz, W. Porod, J.C. Romao and J.W. F. Valle, Neutrino masses and mixings from supersymmetry with bilinear R-parity violation: a theory for solar and atmospheric neutrino oscillations, hep-ph/0004115.

[14] L.J. Hall, V.A. Kostelecky and S. Raby, New flavor violations in supergravity models, Nucl. Phys. B 267 (1986) 415.

[15] K. Cheung and O.C.W. Kong, Zee neutrino mass model in SUSY framework, Phys.

Rev. D 61 (2000) 113012 [hep-ph/9912238];

O.C.W. Kong, Lr scalar mixings and one-loop neutrino masses, hep-ph/0004107.

[16] M. Hirsch, H.V. Klapdor-Kleingrothaus and S.G. Kovalenko, B-L-violating masses in softly broken supersymmetry, Phys. Lett. B 398 (1997) 311 [hep-ph/9701253].

Received: September 18, 2000

Erratum

The mass dimensions in column four of our original table were erratically wrong. We correct them here, and also two typographical errors in column 5 on lines 7 and 13.

No. diagram position of R_p/ 16π^2m^2_{SUSY} × m^{ij}_ν 16π^2m_{SUSY}[m_v ]^{ij} (⟨ν̃⟩ = 0 basis) 1 a II V II λ^{iJk}λ^{jT n} λ^{JMn}v_M [(λA)^{RT k} v_R +v_uμ_Rλ^{RT k}] δ^{ink}_λ δ^{jkn}_λ m^e_nm^e_k 2 b II V II 3λ^{′ isp}λ^{′jrt}λ^{′ Mst}v_M [(λA)^{′ Rrp}v_R +v_uμ_Rλ^{′Rrp}] 3δ^{iqq}_{λ′} δ^{jqq}_{λ′} (m^d_q )^2 3 c IV V I g^2(v_uB^i +m^2_{iK} v^K )(v_uB^j +v^M m^2_{Mj} )/(4m^3_{SUSY}) g^2δ^i_B δ^j_B m_χm_{SUSY}/4 4 b I V II +II V III 3(v_A λ^{ABi}μ_B )λ^{′ jrt}μ_I λ^{′ Isp}λ^{′ Mst}v_M [(λA)^{′ Rrp}v_R +v_uμ_Rλ^{′ Rrp}]/(m^2_{SUSY}m^e_i ) 3(δ^i_μδ^{jqq}_{λ′} +δ^j_μδ^{iqq}_{λ′} )(m^d_q )^2h^d_q 5 a II V I λ^{iJk}λ^{T jn}λ^{JMn}v_M [v_R(Aλ)^{RNk} +μ_Rv_uλ^{RNk} ]B_N B_T /m^4_{SUSY} δ^{ijk}_λ m^e_k δ^k_B (m^e_j h^e_j − m^e_i h^e_i ) 6 a I V II +II V III (v_Aλ^{ABi}μ_B )λ^{T jn} μ_I λ^{IJk}λ^{JMn}v_M [(λA)^{RT k} v_R +v_uμ_Rλ^{RT k} ]/(m^2_{SUSY}m^e_i ) (δ^i_μδ^{jkk}_λ +δ^j_μδ^{ikk}_λ )(m^e_k )^2h^e_k 7 a I V (v_Aλ^{ABi}μ_B )λ^{T jn} μ_I λ^{IJk}λ^{JMn}v_M δ^ℓ_μv_Qλ^{QSℓ}λ^{ST k}/m_ℓm^e_i δ^i_μδ^j_μ((m^e_j h^e_j )^2 +(m^e_i h^e_i )^2) 8 a II V v_uμλ^{iJk} λ^{JMn}v_M λ^{T jn} δ^ℓ_μv_Qλ^{QSℓ}λ^{ST k}/m_ℓ δ^{ijk}_λ δ^k_μm^e_k (h^e_i m^e_i − h^e_j m^e_j ) 9 a III V λ^{iJk}μ_J [μ_P λ^{P Mn}v_M ]λ^{T jn}δ^ℓ_μv_Qλ^{QSℓ}λ^{ST k}/m_ℓ δ^i_μδ^j_μm^e_j m^e_i h^e_i h^e_j 10 a III V III λ^{iJk} μ_J [μ_P λ^{P Mn}v_M ][v_R(Aλ)^{RT k} +μ_Rv_uλ^{RT k} ]λ^{T Jn}μ_J (v_Aλ^{ABj} μ_B )/(m^4_{SUSY}m^e_j ) δ^i_μδ^j_μ((m^e_i h^e_i )^2 +(m^e_j h^e_j )^2) 11 a I V I (v_Aλ^{ABi}μ_B )μ_I λ^{IJk}λ^{JMn}v_M [v_R(Aλ)^{RNk} +μ_Rv_uλ^{RNk} ]B_N B_T λ^{T jn} /(m^6_{SUSY}m^e_i ) δ^i_μδ^j_B (m^e_j h^e_j )^2 +δ^j_μδ^i_B (m^e_i h^e_i )^2 12 a III V II λ^{iJk}μ_J [μ_P λ^{P Mn}v_M ][v_R(Aλ)^{RT k} +μ_Rv_uλ^{RT k} ]λ^{T jn}/m^2_{SUSY} δ^{jin}_λ δ^n_μ m^e_n(m^e_j h^e_j − m^e_i h^e_i ) 13 a III V I λ^{iJk}μ_J [μ_P λ^{P Mn}v_M ][v_R(Aλ)^{RNk} +μ_Rv_uλ^{RNk} ]B_N B_T λ^{T jn} /m^6_{SUSY} (δ^i_B δ^j_μh^e_j h^e_i m^e_i m^e_j + +δ^j_B δ^i_μh^e_i h^e_j m^e_j m^e_i ) 14 d III IV gB_i[μ_P λ^{P Mn}v_M ]B_T λ^{T jn}/m^3_{SUSY} g(δ^i_B δ^j_μ(m^e_j )^2 +δ^j_B δ^i_μ(m^e_i )^2) 15 d III V III g[μ_P λ^{P Mn}v_M ]λ^{iJn}μ_J (v_Aλ^{ABj} μ_B )/(m_{SUSY} m^e_j ) gδ^i_μδ^j_μ((m^e_i )^2 +(m^e_j )^2) 16 d I III g(v_Aλ^{ABi}μ_B )[μ_P λ^{P Mn}v_M ]λ^{jJn}μ_J /(m_{SUSY} m^e_i ) gδ^i_μδ^j_μ((m^e_i )^2 +(m^e_j )^2)

Table 2: Estimated contributions to [m_ν ]^{ij} from all the diagrams. In the second two columns is the label of the diagram of figure 1, and the position on the diagram of the two ΔL = 1 interactions. Column four is the “basis independent” combination of coupling constants for the diagram (which must be symmetrised on i ↔ j), and column five is the estimated contribution to the neutrino mass matrix (in the “flavour basis” where ⟨ν̃⟩ = 0 and ν̂_i = ⃗v · λ^i/m^e_i ). All indices other than i and j are summed.

i