Received: December 10, 1999, Accepted: February 17, 2000

HYPER VERSION

Impact of radiative corrections on sterile neutrino scenarios

A. Ibarra and I. Navarro

Instituto de Estructura de la Materia (CSIC) Serrano 123, 28006 Madrid, Spain E-mail: alejandro@makoki.iem.csic.es, ignacio@makoki.iem.csic.es

Abstract: In sterile neutrino scenarios, radiative corrections induce mass splittings proportional to the top Yukawa coupling, in contrast to the three active neutrino case where the induced splittings are proportional to the tau Yukawa coupling. In view of this, we have analyzed the stability of the four-neutrino schemes favored by oscillation experiments, consisting in two pairs of nearly degenerate neutrinos separated by the LSND gap. Requiring compatibility with the measurements of the abundances of primordial elements produced in Big Bang Nucleosynthesis, we find that when the heaviest pair corresponds to the solar neutrinos (mainly an admixture of ν_e–ν_s) the natural mass splitting is 3–5 orders of magnitude larger than the observed one, discrediting the scenario from a theoretical point of view. On the contrary, the scheme where the heaviest pair corresponds to the atmospheric neutrinos (mainly an admixture of ν_μ–ν_τ ) is safe from radiative corrections due to the small sterile component of these mass eigenstates.

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

Contents

1. Introduction 1

2. The effect of radiative corrections 5 2.1 Scheme A 5 2.1.1 Real case 5 2.1.2 Complex case 7 2.2 Scheme B 8

3. Conclusions 10

1. Introduction

Strong indications of neutrino oscillations have been gathered in the atmospheric and solar neutrino experiments [1, 2, 3]. These data point to two distinct mass squared differences: they range from 5 × 10^{−4}–10^{−2} eV^2 for the atmospheric oscillation to 5 × 10^{−11}–2×10^{−4} eV^2 for the solar one. There is further indication of neutrino oscillation in the, so far unconfirmed, LSND data [4], which would require a very distinct mass difference: 0.3–1 eV^2. In order to accommodate all mass squared differences, at least four light species of neutrinos are needed, one of which must be sterile, i.e., singlet under the Standard Model (SM) gauge group [5, 6].

Among all neutrino spectra involving one

Figure 1: Schemes for the neutrino spectrum.

sterile neutrino there are two somewhat preferred by the combined analysis of solar, atmospheric and LSND experiments [7]. These schemes are characterized by two pairs of nearly degenerate neutrinos, accounting for the solar and atmospheric oscillations, separated by a gap of O(1 eV), responsible of the LSND anomaly (see figure 1). In one of these (scheme A), the two heaviest neutrinos correspond basically to the solar neutrinos, and in the other (scheme B), these are mainly the atmospheric neutrinos. The atmospheric signal is interpreted as a ν_μ–ν_τ oscillation while the solar deficit is explained as a ν_e–ν_s oscillation. In this paper, we will restrict ourselves to these scenarios. It is important to point out that when the solar neutrino problem is interpreted as ν_e–ν_s oscillations, only the small angle MSW solution (SAMSW) is allowed [8], yielding the fits 3 × 10^{−6} eV^2 < Δm^2_{sol} < 10^{−5} eV^2 and 2 × 10^{−3} < sin^2 2θ_{sol} < 2 × 10^{−2}.

Here we will consider a scenario with a 4 × 4 mass matrix for the three active neutrinos plus the sterile one. We define the effective mass term for the four species of neutrinos in the flavor basis as L = − 1 2 ν^T M_ν ν + h.c. , (1.1)

where ν^T = (ν_e, ν_μ, ν_τ , ν_s) and M_ν is the neutrino mass matrix. This is diagonalized in the usual way

M_ν = V^∗DV^† , (1.2)

where V is a unitary 4 × 4 matrix relating flavor eigenstates to mass eigenstates ν_e ν_μ ν_τ ν_s = V ν_1 ν_2 ν_3 ν_4

(1.3)

and D = diag(m_1e^{iϕ1} , m_2e^{iϕ2} , m_3e^{iϕ3} , m_4), with all m_i ≥ 0. It will be useful in the analysis of the complex case to absorb the Majorana phases in the Maki-Nakagawa- Sakata (MNS) matrix U [9], defined as U = V · diag(e^{−iϕ1/2}, e^{−iϕ2/2}, e^{−iϕ3/2}, 1) (1.4) so that U^T M_ν U = diag(m_1, m_2, m_3, m_4).

We will consider just the SM fields plus one singlet fermion, to be regarded as the sterile neutrino (the extension to the Minimal Supersymmetric Standard Model (MSSM) is straightforward). The Majorana mass matrix for the three active neutrinos and the sterile one is formed by three kinds of terms. The active-active entries of the mass matrix come from a dimension five operator [10] δL = − 1 4 κ_{ij}(H · L_i)(H · L_j ) + h.c. , (1.5)

where H is the SM Higgs, L_i (i = e, μ, τ) are the lepton doublets and κ_{ij} is a 3 × 3 symmetric matricial coupling. There is also a purely Majorana mass term for the sterile neutrino δL = − 1 2 ν_sm_sν_s + h.c. , (1.6)

and Yukawa couplings, responsible for the active-sterile mixing

δL = y_iν_sH · L_i + h.c. . (1.7)

After electroweak symmetry breaking, a 4 × 4 mass matrix for the four species of neutrinos arises M_ν = ( κv^2/2 −y^T_ν v/ √ 2 −y_ν v/ √ 2 m_s ) , (1.8)

where y_ν = (y_e, y_μ, y_τ ) are the neutrino Yukawa couplings, and v = 246 GeV. Note that all the entries of M_ν must be at most of O(1 eV) to obtain a significant mixing between the sterile and the active neutrinos.^1 The parameters appearing in the Lagrangian that form the neutrino mass matrix have a different renormalization group behavior, as can be checked directly from their renormalization group equations (RGEs) [12, 13]

16π^2 dκ dt = [ −3g^2 + 2λ + 2S ] κ − 1 2 [ κ(Y^†_eY_e + y^†_ν y_ν ) + (Y^†_eY_e + y^†_ν y_ν )^T κ ] (1.9) dy_ν dt = − 1 16π^2 y_ν [( 9 4 g^2 + 3 4 g^2_1 − S ) I_3 − 3 2 ( y^†_ν y_ν − Y^†_eY_e )] , (1.10) dm_s dt = 1 8π^2 m_sy_ν y^†_ν , (1.11)

where

S = Tr ( 3Y^†_U Y_U + 3Y^†_DY_D + y^†_ν y_ν + Y^†_eY_e ) , (1.12)

and t = log μ. In the formulas above, g_2 and λ are the SU(2) gauge coupling and the quartic Higgs coupling respectively, and Y_{U,D,e} are the Yukawa matrices for up quarks, down quarks and charged leptons. Previous papers [13]–[22] have considered the modification of the mixing angles and mass splittings due to the last term in eq. (1.9) in scenarios with three active neutrinos. The first term in eq. (1.9), which depends on h_t, produces a flavor independent modification of the active neutrino mass matrix. However, in eq. (1.10) the dependence on h_t is different, while eq. (1.11) lacks a h_t dependent term, thus important modifications of the mass texture are expected now. This will have important consequences on the theoretical plausibility of some kinds of neutrino spectra. The aim of this paper is to impose naturalness constraints on sterile neutrino scenarios from radiative corrections. This approach has already been employed for the three active neutrinos scenario [13]–[22], but now the effects are expected to be larger, as a consequence of the different nature of the sterile neutrino. Furthermore, similar strong renormalization effects are expected in more general models containing sterile neutrinos.

Recalling that the Yukawa coupling between the active and the sterile neutrinos must be small, in order to have masses of O(1 eV), in a first approximation we can neglect all couplings but h_t in eqs. (1.9), (1.10) and (1.11). In this approximation,

1This condition has usually been claimed to be rather unnatural. However, see [11] for a framework derived from string theories in which this requirement can be fulfilled naturally.

the RGE for the neutrino mass matrix is dM_ν dt ≃ 1 16π^2 [ M_ν ( 3h^2_t I_3 0 0 0 ) + ( 3h^2_t I_3 0 0 0 ) M_ν ] . (1.13)

It is worth noticing that the RGE for the mass matrix has formally the same structure as the one considered in previous works for the three neutrino case (see eq. (14) in [22]) with P = −^1_{16π2}^{( 3h2t I3 0}_{0 0}^) and κ_U = 0. Therefore, we can apply the general results derived there to obtain the RGEs for the mass eigenvalues dm_i dt ≃ 3h^2_t 8π^2

(1 − |U_{si}|^2) m_i , (1.14)

and the MNS matrix dU dt ≃ UT , (1.15)

with T a 4 × 4 matrix defined as T_{ii} ≡ 0, T_{ij} ≡ 3h^2_t 16π^2 [ m_i + m_j m_i − m_j Re(U^∗_{si}U_{sj}) + i m_i − m_j m_i + m_j

Im(U^∗_{si}U_{sj}) ] , i ≠ j , (1.16)

with i = 1, 2, 3, 4. Starting with degenerate neutrino masses at a high energy scale Λ, the degeneracy will be lifted at M_Z by terms proportional to the top Yukawa coupling, in a way that depends on the last row of the MNS matrix. Strictly speaking, when m_i = m_j , there would be a divergence in eq. (1.15), but there is also an ambiguity in the definition of the MNS matrix. It can be shown [22] that, once the ambiguity is removed by the running, the mixing matrix satisfies Re(U^∗_{si}U_{sj}) = 0, making eq. (1.15) finite.

For the MSSM case, the relevant RGEs for this analysis can be found in [16, 23], although there is a complete analogy with the SM case: neglecting all couplings but the top Yukawa coupling, eq. (1.14) is still valid with the replacement h_t → h_t/ sin β.

In view of the form of the RGEs for the masses and mixing angles, any information about the U_{si} elements of the MNS matrix would be certainly valuable. Fortunately, the remarkable agreement between the predictions of Big Bang Nucleosynthesis (BBN) and the observed abundance of primordial light elements sets stringent bounds on U_{si}. The upper bound N^{BBN}_ν < 4 for the effective number of neutrinos implies that, for scheme A [24]

|U_{s3}|^2 + |U_{s4}|^2 ≳ 0.99 , (1.17)

while for scheme B

|U_{s3}|^2 + |U_{s4}|^2 ≲ 10^{−4} . (1.18)

These constraints will have important consequences in the analysis to follow.

2. The effect of radiative corrections

As explained in the introduction, radiative corrections play an important role when two mass eigenstates are almost degenerate, i.e., Δm^2_{ij} ≪ m^2_{i,j}. If this is the case, the renormalization group evolution can produce mass differences larger than the observed ones, requiring a fine tuning of the neutrino parameters at high energy to achieve a correct splitting. This fact was exploited in [17, 18] to impose severe constraints on the vacuum oscillation solution to the solar neutrino problem. In this paper we are going to perform a similar analysis for the experimentally favored neutrino patterns presented in the introduction.

We will assume that at some high energy scale Λ new physics generates a neutrino mass texture M_ν (Λ) in which the heaviest pair of neutrinos have masses nearly degenerated and the other two are ∼ 0 (we neglect the effects of the RGEs on the masses of the two lightest eigenstates because a hierarchical spectrum will not be essentially modified by the running). After integration from Λ to M_Z , the radiatively corrected mass eigenvalues can be obtained from eq. (1.14), giving m_1(M_Z ) ∼ 0 , m_2(M_Z ) ∼ 0 , m_3(M_Z ) ≃ m_3(Λ)I_tI_{s3} , m_4(M_Z ) ≃ m_4(Λ)I_tI_{s4} , (2.1)

where

I_t ≡ exp ( − ∫_{tΛ} t_Z 3h^2_t (t^′) 8π^2 dt^′ ) , I_{si} ≡ exp (∫_{tΛ} t_Z 3h^2_t (t^′) 8π^2 |U_{si}|^2(t^′)dt^′ ) . (2.2)

The typical size of I_t is ∼ 0.93 (∼ 0.67) for Λ = 10^3 GeV (10^{12} GeV) in the SM, and ∼ 0.52 for Λ = 10^{12} GeV in the MSSM with tan β = 2.

In the following subsections, we will analyze two different patterns, labeled as schemes A and B. In scheme A, the heaviest neutrinos participate in solar oscillations, and thus the mass splitting between them is small. In addition, these mass eigenstates have a large sterile component. Therefore, it is in this scheme where larger renormalization effects are expected and will be studied in detail, both the real and the complex case. On the other hand, in scheme B the heaviest pair of neutrinos has a small sterile component and the required splitting between them is larger, so in this case radiative corrections are not expected to have dramatic consequences.

2.1 Scheme A 2.1.1 Real case Throughout the analysis of the real case we will work for convenience with the V matrix, setting all the CP violating phases in V to 0 and allowing the Majorana phases to be either 0 or π, yielding positive or negative mass eigenvalues, respectively. In this case the renormalization effects are sensitive to the relative sign of the mass eigenvalues. In consequence, we will consider the two possibilities separately: m_3 ∼ m_4 and m_3 ∼ −m_4.

The case m_3 ≃ m_4. The solar splitting produced in scheme A by the renormalization group evolution can be obtained from eqs. (2.1), giving

Δm^2_{sol} ≃ m^2_0 I^2_t I^2_{s4}(1 − I^2_{s3}I^{−2}_{s4} ) , (2.3)

where m^2_0I^2_t I^2_{s4} = m^2_4(M_Z ) ≃ Δm^2_{LSND} ∼ 1 eV to account for the LSND anomaly.

The degeneracy of the mass eigenstates at Λ has also an important impact on the radiative corrections of the mixing matrix. The renormalization group equation of the MNS matrix, given by eq. (1.15), is dominated in this case by

T_{43} =

3h^2_t 16π^2 m_4 + m_3 m_4 − m_3

V_{s4}V_{s3} . (2.4)

Thus, the renormalization group evolution will quickly drive V_{s3} → 0 in the infrared [22]. Therefore, the BBN constraint (1.17) implies that V^2_{s4}(M_Z ) ≳ 0.99. This value is close to the fixed point V_{s4}(M_Z ) = 1 and will not change appreciably with the scale, hence, it can be considered constant. In this approximation, and neglecting terms of the order of 1 − V^2_{s4}, eq. (2.3) reads

Δm^2_{sol} ≃ Δm^2_{LSND}(1 − I^{2 V 2s4}_t ) ∼ Δm^2_{LSND}(1 − I^2_t ) . (2.5)

For example, taking Δm^2_{LSND} ≃ 0.3 eV^2 the induced splitting is Δm^2_{sol} ≃ 0.04 eV^2 (0.17 eV^2) for Λ ≃ 10^3 GeV (10^{12} GeV) in the SM, and Δm^2_{sol} ≃ 0.22 eV^2 for Λ ≃ 10^{12} GeV in the MSSM with tan β = 2, which are too large compared to any explanation of the solar neutrino deficit by several orders of magnitude.

The only way out of this shortcoming would be an extreme fine tuning between the initial values of the mass splittings and the effect of the RGEs. To obtain the correct value for Δm^2_{sol} at M_Z , the mass splitting at the scale Λ is forced to lie in the narrow range

|m^2_4(Λ) − m^2_3(Λ)| ∼ |(I^{−2}_t − 1)Δm^2_{LSND} ± Δm^2_{sol}| , (2.6)

where we have neglected again terms of the order of 1 − V^2_{s4}. In the most favorable choice of scenario and parameters for the fine-tuning problem, namely the SM with Λ = 10^3 GeV and Δm^2_{LSND} = 0.3 eV^2, we get from (2.6) |m^2_4(Λ) − m^2_3(Λ)| ∼ (2.309 ± 0.001) × 10^{−2} eV^2, i.e. the initial splitting has to be adjusted in less than one part in 10^3. Raising the values of Δm^2_{LSND} or Λ, or going to the supersymmetric case, requires a higher degree of fine tuning. This subtle conspiracy between initial masses and radiative corrections makes this scenario implausible from the point of view of naturalness.

The case m_3 ≃ −m_4. In this case, the neutrino mass eigenvalues at M_Z are given by eq. (2.1), with m_3(Λ) = −m_4(Λ) = m_0, while the solar mass splitting induced by the radiative corrections is given by eq. (2.3). Now we do not expect abrupt changes in the relevant elements of the mixing matrix for the solar splitting (there is no ambiguity in the diagonalization of the mass matrix). To be more precise, the RGEs for these matrix elements read dV_{s3} dt ≃ − 3h^2_t 16π^2

V_{s3}(1 − V^2_{s3} − V^2_{s4}) , (2.7)

(for V_{s4} the RGE is similar with the interchange 3 ↔ 4). The BBN bound (1.17) implies that these elements can be considered constant in first approximation, hence I_{si} ≃ I^{−V 2si}_t . It is apparent from (2.3) that the splitting will be unacceptably large unless V_{s3} ≃ V_{s4}.

For definiteness, we will use the simple texture for the mixing matrix given in [25], although our results will not change essentially if we allow for more complicated textures. This texture almost decouples the ν_e, ν_s–ν_1, ν_2 and the ν_μ, ν_τ –ν_3, ν_4 sectors (as suggested by BBN bounds) and slightly rotates the ν_1–ν_3 plane by a small angle √ 2θ_{LSND} to generate a small mixing between the ν_e, ν_s–ν_1, ν_2 and ν_μ, ν_τ –ν_3, ν_4 sectors, in order to accommodate the LSND signal. We could also have small rotations in the ν_1–ν_4, ν_2–ν_3 and ν_2–ν_4 planes, but, as stressed before, the main results will remain unchanged. The mixing matrix at M_Z is

V (M_Z ) ≃ cos θ_{sol} sin √ 2θ_{LSND} 0 cos θ_{sol} cos √ 2θ_{LSND} sin θ_{sol} cos θ_{atm} cos √ 2θ_{LSND} sin θ_{atm} − cos θ_{atm} sin √ 2θ_{LSND} 0 − sin θ_{atm} cos √ 2θ_{LSND} cos θ_{atm} sin θ_{atm} sin √ 2θ_{LSND} 0 sin θ_{sol} sin √ 2θ_{LSND} 0 sin θ_{sol} cos √ 2θ_{LSND} cos θ_{sol} . (2.8) Using this mixing matrix and eq. (2.3), it is easy to see that the renormalization group evolution produces a solar mass splitting given by

Δm^2_{sol} ≃ Δm^2_{LSND} [ 1 − I^{−2(cos2 θsol−sin2 θsol cos2} √ 2θ_{LSND}) t ] (2.9)

It is obvious that in order to obtain a sufficiently small splitting we must require cos^2 θ_{sol} ≃ sin^2 θ_{sol} cos^2 √ 2θ_{LSND} (typically, to obtain a mass splitting of the solar order the condition | cos^2 θ_{sol} − sin^2 θ_{sol} cos^2 √ 2θ_{LSND}| < 10^{−4} must be fulfilled). Due to the smallness of θ_{LSND} we infer that the mixing between ν_e and ν_s must be nearly maximal, and adjusted with high accuracy. This discredits the small angle MSW solution to the solar neutrino problem (the only acceptable one) from the point of view of naturalness. The only way out would be, as before, an extremely artificial fine tuning between the initial masses and the renormalization group effects.

2.1.2 Complex case In the introduction it was explained that when m_4(Λ) = m_3(Λ) the running quickly drives the mixing matrix to a form in which Re(U^∗_{s3}U_{s4}) = 0. In this section we will assume that we end up with a phenomenologically viable mixing matrix and then we will investigate the effect of the running on the mass splitting.

When Re(U^∗_{s3}U_{s4}) = 0, the RGEs for |U_{s3}|^2 and |U_{s4}|^2 can be written as d dt |U_{s3}|^2 ≃ − 3h^2_t 8π^2 ( 1 − |U_{s3}|^2 − |U_{s4}|^2 ) |U_{s3}|^2 +

3h^2_t 8π^2 m_4 − m_3 m_4 + m_3

|U_{s3}|^2|U_{s4}|^2 , (2.10)

(for |U_{s4}|^2 the RGE is the same with the interchange 3 ↔ 4). After imposing the BBN constraint (1.17) we can approximate the above equation by d dt |U_{s3}|^2 ≃ − d dt |U_{s4}|^2 ≃

3h^2_t 8π^2 m_4 − m_3 m_4 + m_3

|U_{s3}|^2|U_{s4}|^2 . (2.11)

As said before, in the four-neutrino scenarios considered here only the small angle MSW solution is allowed [8], then |U_{s3}|^2 is small and by the BBN constraint (1.17), |U_{s4}|^2 is close to one. Hence, eq. (2.11) implies that both |U_{s3}|^2 and |U_{s4}|^2 are approximately constant with the scale, yielding I_{s3} ≃ I^{−|Us3|2}_t and I_{s4} ≃ I^{−|Us4|2}_t . Under those well founded hypotheses, the solar splitting induced by the running is

Δm^2_{sol} ≃ Δm^2_{LSND} ( 1 − I^{2(|Us4|2−|Us3|2)} t ) ∼ Δm^2_{LSND}(1 − I^2_t ) , (2.12)

where we have neglected terms of the order of |U_{s3}|^2 and 1−|U_{s4}|^2. The numerical results are identical to those after eq. (2.5), again too large by 3-5 orders of magnitude. We conclude that it is impossible to reconcile a phenomenologically acceptable MNS matrix and an experimentally allowed mass splitting without a fine tuning between initial conditions and renormalization group effects. This permits us to completely discredit the scheme A for the four neutrino spectrum from a theoretical point of view.

2.2 Scheme B Things work quite differently in this case. For the SM, the induced splitting between the heaviest pair, to be identified with the atmospheric oscillation, is given by

Δm^2_{atm} ≃ m^2_0 I^2_t I^2_{s4}(1 − I^2_{s3}I^{−2}_{s4} ) , (2.13)

with m^2_0I^2_t I^2_{s4} = m^2_4(M_Z ) ≃ Δm^2_{LSND}. The BBN constraint (1.18) requires both |U_{s3}|^2 and |U_{s4}|^2 to be smaller than 10^{−4}. This condition is approximately maintained along the running, as can be checked from d dt ( |U_{s3}|^2 + |U_{s4}|^2 ) ≃ − 3h^2_t 8π^2 ( 1 − |U_{s3}|^2 − |U_{s4}|^2 ) ( |U_{s3}|^2 + |U_{s4}|^2 ) . (2.14)

This allows the following expansion of eq. (2.13)

Δm^2_{atm} ≃ 2Δm^2_{LSND} ( |U_{s4}|^2 − |U_{s3}|^2 ) log I_t . (2.15)

Then, the atmospheric splitting induced by the RGEs is ≲ 2 × 10^{−4}Δm^2_{LSND}, too low to account for the atmospheric signal. Inversely, a mass difference of the order of the atmospheric oscillation generated at a high scale Λ will not be upset by the radiative corrections.

Figure 2: Atmospheric splitting for Λ = 10^{12} GeV and Λ = 10^{16} GeV. The dashed line corresponds to the lower bound for Δm^2_{atm}.

For the MSSM case, due to the smallness of |U_{s3}|^2 and |U_{s4}|^2, the effects induced by the top Yukawa coupling will also be small. However, the effects of the tau Yukawa coupling can be dominant in the large tan β regime [15, 16], so it is worth considering them in more detail. After including this coupling, the renormalization group equations for the mass eigenvalues are dm_i dt ≃ [ 3h^2_t 8π^2 sin^2 β

(1 − |U_{si}|^2) + h^2_τ 8π^2 cos^2 β |U_{τ i}|^2 ] m_i , (2.16)

where i = 1, 2, 3, 4 and h_τ is the tau Yukawa coupling. The induced splitting, in the leading-log approximation, is given by

Δm^2_{atm} ≃ 2Δm^2_{LSND} [ k_t(|U_{s4}|^2 − |U_{s3}|^2) + k_τ (|U_{τ 3}|^2 − |U_{τ 4}|^2) ] log ( Λ M_Z ) , (2.17)

where k_t =

3h^2_t 8π^2 sin^2 β

, k_τ = h^2_τ 8π^2 cos^2 β

. (2.18)

(The leading-log approximation is well justified because |U_{s3}|^2, |U_{s4}|^2 and h_τ are small.) In figure 2 it is plotted the maximum splitting reachable by the RG evolution for Λ = 10^{12} GeV and Λ = 10^{16} GeV. We have assumed the most favorable case, i.e., Δm^2_{LSND} = 1 eV^2, (|U_{s4}|^2 − |U_{s3}|^2) ∼ 10^{−4} and sin^2 θ_{atm} ≃ 0.82, so that (|U_{τ 3}|^2 − |U_{τ 4}|^2) ∼ 0.42. From figure 2 it is apparent that in order to generate the atmospheric splitting radiatively, a moderately large tan β is needed, or a sizeable value of the cut-off.

3. Conclusions

We have shown that radiative corrections in models with sterile neutrinos are potentially dangerous in many scenarios. Due to the different interactions of the sterile neutrino, the renormalization group behavior of the mass matrix for the active and sterile neutrinos presents a strong non-universality. This leads to induced splittings proportional to the top Yukawa coupling, in contrast with the three neutrino scenario, where these splittings were found to be proportional to the tau Yukawa coupling. This strong scale dependence of the mass matrix texture has allowed us to make some statements concerning the viability of some neutrino spectra. More precisely, we have analyzed the two schemes favored by the oscillation data, both consisting in two pairs of nearly degenerate neutrinos separated by the LSND gap. Requiring compatibility with the measurements of the abundances of primordial elements produced in Big Bang Nucleosynthesis, we have found that when the heaviest pair corresponds to the solar neutrinos (mainly an admixture of ν_e − ν_s) the splitting is not stable under radiative corrections, and the induced one is 3-5 orders of magnitude larger than the observed splitting, making the scenario completely implausible from a theoretical point of view, the only way out being an extreme fine tuning in the high energy parameters. Incidentally, this scenario can be tested in the near future with neutrinoless double-β decay experiments [26].

On the other hand, when the heaviest pair corresponds to the atmospheric neutrinos (mainly ν_μ −ν_τ ), the scenario is safe from radiative corrections due to the small mixing of these mass eigenstates with the sterile neutrino. For the SM, the induced mass differences are lower than the atmospheric splitting (although close to the lower bound for this oscillation) while for the MSSM, there are regions of the parameter space where, beginning with degenerate neutrinos, the atmospheric splitting can be generated radiatively for a moderately large tan β or a sizeable cut-off.

Acknowledgments

We would like to thank J.A. Casas and J.R. Espinosa for invaluable discussions and encouragement. The work of A.I. has been supported in part by a Comunidad de Madrid grant.

References

[1] Super-Kamiokande collaboration, Measurement of a small atmospheric nu/mu/nu/e ratio, Phys. Lett. B 433 (1998) 9 [hep-ex/9803006]; Evidence for oscillation of atmospheric neutrinos, Phys. Rev. Lett. 81 (1998) 1562 [hep-ex/9807003]; Kamiokande collaboration, Measurement of the flux and zenith angle distribution of upward through-going muons in kamiokande II + III, Phys. Rev. Lett. 81 (1998) 2016 [hep-ex/9806038].

[2] SOUDAN2 collaboration, Measurement of the atmospheric neutrino flavor composition in SOUDAN-2, Phys. Lett. B 391 (1997) 491 [hep-ex/9611007]; SOUDAN2 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]; MACRO Collaboration, Measurement of the atmospheric neutrino induced upgoing muon flux using macro, Phys. Lett. B 434 (1998) 451 [hep-ex/9807005]; The MACRO collaboration, M. Spurio, Low energy atmospheric nu/mu in macro,

hep-ex/9808001.

[3] Homestake collaboration, Measurement of the solar electron neutrino flux with the homestake chlorine detector, Astrophys. J. 496 (1998) 505;

Kamiokande collaboration, Y. Fukuda et al., Solar neutrino data covering solar cycle 22, Phys. Rev. Lett. 77 (1996) 1683;

GALLEX collaboration, Gallex solar neutrino observations: results for gallex III., 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;

Super-Kamiokande collaboration, Constraints on neutrino oscillation parameters from the measurement of day-night solar neutrino fluxes at Super-Kamiokande, Phys. Rev. Lett. 82 (1999) 1810 [hep-ex/9812009];

Super-Kamiokande collaboration, Measurement of the solar neutrino energy spectrum using neutrino electron scattering, Phys. Rev. Lett. 82 (1999) 2430 [hep-ex/9812011].

[4] LSND collaboration, Evidence for ν̄_μ → ν̄_e oscillation from the LSND experiment at the Los Alamos meson physics facility, Phys. Rev. Lett. 77 (1996) 3082 [nucl-ex/9605003]; Evidence for ν_μ → ν_e oscillations from pion decay in flight neutrinos, Phys. Rev. D 58 (1998) 2489 [nucl-ex/9706006];

Evidence for ν_μ → ν_e neutrino oscillations from LSND, Phys. Rev. Lett. 81 (1998) 1774 [nucl-ex/9709006].

[5] Particle Data Group, Review of particle physics, Eur. Phys. J. C 3 (1998) 1.

[6] J.T. Peltoniemi and J.W. F. Valle, Reconciling dark matter, solar and atmospheric neutrinos, Nucl. Phys. B 406 (1993) 409 [hep-ph/9302316];

D.O. Caldwell and R.N. Mohapatra, Neutrino mass explanations of solar and atmospheric neutrino deficits and hot dark matter, Phys. Rev. D 48 (1993) 3259.

[7] S.M. Bilenky, C. Giunti and W. Grimus, Neutrino mass spectrum from the results of neutrino oscillation experiments, Eur. Phys. J. C 1 (1998) 247 [hep-ph/9607372]; Long baseline neutrino oscillation experiments and CP violation in the lepton sector, Phys. Rev. D 58 (1998) 033001 [hep-ph/9712537]; S.M. Bilenkii and C. Giunti, Sterile neutrinos?, hep-ph/9905246; S.M. Bilenkii, C. Giunti, W. Grimus and T. Schwetz, Four-neutrino mass spectra and the Super-Kamiokande atmospheric up-down asymmetry, Phys. Rev. D 60 (1999) 073007 [hep-ph/9903454].

[8] J.N. Bahcall, P.I. Krastev and A.Y. Smirnov, Where do we stand with solar neutrino oscillations?, Phys. Rev. D 58 (1998) 096016 [hep-ph/9807216]; M.C. Gonzalez-Garcia, P.C. de Holanda, C. Pena-Garay and J.W. F. Valle, Status of the msw solutions of the solar neutrino problem, hep-ph/9906469.

[9] Z. Maki, M. Nakagawa and S. Sakata, Remarks on the unified model of elementary particles, Prog. Theor. Phys. 28 (1962) 870.

[10] S. Weinberg, Baryon and lepton nonconserving processes, Phys. Rev. Lett. 43 (1979) 1566.

[11] P. Langacker, A mechanism for ordinary sterile neutrino mixing, Phys. Rev. D 58 (1998) 093017 [hep-ph/9805281].

[12] P.H. Chankowski and Z. Pluciennik, Renormalization group equations for seesaw neutrino masses, Phys. Lett. B 316 (1993) 312 [hep-ph/9306333];

K.S. Babu, C.N. Leung and J. Pantaleone, Renormalization of the neutrino mass operator, Phys. Lett. B 319 (1993) 191 [hep-ph/9309223];

B. Grzadkowski and M. Lindner, Nonlinear evolution of Yukawa couplings, Phys. Lett. B 193 (1987) 71;

Y.F. Pirogov and O.V. Zenin, Two-loop renormalization group restrictions on the standard model and the fourth chiral family, Eur. Phys. J. C 10 (1999) 629 [hep-ph/9808396].

[13] J.A. Casas, J.R. Espinosa, A. Ibarra and I. Navarro, Naturalness of nearly degenerate neutrinos, Nucl. Phys. B 556 (1999) 3 [hep-ph/9904395].

[14] J. Ellis, G.K. Leontaris, S. Lola and D.V. Nanopoulos, Neutrino textures in the light of SuperKamiokande data and a realistic string model, Eur. Phys. J. C 9 (1999) 389.

[15] J. Ellis and S. Lola, Phys. Lett. B 458 (1999) 310.

[16] J.A. Casas, J.R. Espinosa, A. Ibarra and I. Navarro, Nearly degenerate neutrinos, supersymmetry and radiative corrections, hep-ph/9905381.

[17] J.A. Casas, J.R. Espinosa, A. Ibarra and I. Navarro, Theoretical constraints on the vacuum oscillation solution to the solar neutrino problem, J. High Energy Phys. 09 (1999) 015 [hep-ph/9906281].

[18] R. Barbieri, G.G. Ross and A. Strumia, Vacuum oscillations of quasi degenerate solar neutrinos, J. High Energy Phys. 10 (1999) 020 [hep-ph/9906470].

[19] N. Haba, Y. Matsui, N. Okamura and M. Sugiura, Energy-scale dependence of the lepton-flavor-mixing matrix, Eur. Phys. J. C 10 (1999) 677 [hep-ph/9904292]; N. Haba and N. Okamura, Stability of the lepton-flavor mixing matrix against quantum corrections, hep-ph/9906481.

[20] E. Ma, Stability of neutrino mass degeneracy, J. Phys. G 25 (1999) L97 [hep-ph/9907400].

[21] P.H. Chankowski, W. Krolikowski and S. Pokorski, Fixed points in the evolution of neutrino mixings, hep-ph/9910231.

[22] J.A. Casas, J.R. Espinosa, A. Ibarra and I. Navarro, General RG equations for physical neutrino parameters and their phenomenological implications, hep-ph/9910420.

[23] F. Vissani and A.Y. Smirnov, Neutrino masses and b − τ unification in the supersymmetric standard model, Phys. Lett. B 341 (1994) 173 [hep-ph/9405399]; A. Brignole, H. Murayama and R. Rattazzi, Upper bound on hot dark matter density from SO(10) Yukawa unification, Phys. Lett. B 335 (1994) 345 [hep-ph/9406397].

[24] N. Okada and O. Yasuda, A sterile neutrino scenario constrained by experiments and cosmology, Int. J. Mod. Phys. A 12 (1997) 3669 [hep-ph/9606411]; S.M. Bilenkii, C. Giunti, W. Grimus and T. Schwetz, Four-neutrino mixing and big-bang nucleosynthesis, Astropart. Phys. 11 (1999) 413 [hep-ph/9804421]; Fourneutrino mixing, oscillations and BBN, hep-ph/9807569;

C. Giunti, S.M. Bilenkii, W. Grimus and T. Schwetz, Four-neutrino mixing, oscillations and big-bang nucleosynthesis, hep-ph/9809466.

[25] C. Giunti, Four-neutrino MS^2 mixing, Phys. Lett. B 467 (1999) 83 [hep-ph/9906456].

[26] S.M. Bilenkii, C. Giunti, W. Grimus, B. Kayser and S.T. Petcov, Constraints from neutrino oscillation experiments on the effective majorana mass in neutrinoless double beta decay, Phys. Lett. B 465 (1999) 193 [hep-ph/9907234].