arXiv:hep-ph/0304004 v2 25 Jun 2003

VPI–IPPAP–03–01

Quark-Lepton Unification and Lepton Flavor Non-Conservation from a TeV-scale Seesaw Neutrino Mass Texture

Will Loinaz^∗ Department of Physics, Amherst College, Amherst MA 01002

Naotoshi Okamura^†, Saifuddin Rayyan^‡, Tatsu Takeuchi^§ Institute for Particle Physics and Astrophysics, Physics Department, Virginia Tech, Blacksburg, VA 24061

L. C. R. Wijewardhana^¶ Department of Physics, University of Cincinnati, Cincinnati OH 45221-0011 (Dated: March 31, 2003)

Abstract

In a recent paper, we pointed out that mixing of the light neutrinos with heavy gauge singlet states could reconcile the Z-pole data from e^+e^− colliders and the ν_μ (ν̄_μ) scattering data from the NuTeV experiment at Fermilab. We further noted that the mixing angle required to fit the data is much larger than what would be expected from the conventional seesaw mechanism. In this paper, we show how such mixings can be arranged by a judicious choice of the neutrino mass texture. We also argue that by invoking the unification of the Dirac mass matrix for the up-type quarks and the neutrinos, the mass of the heavy states can naturally be expected to lie in the few TeV range. The model is strongly constrained by the lepton flavor changing process μ → eγ which requires lepton universality to be violated in the charged channel.

∗ Electronic address: loinaz@alumni.princeton.edu † Electronic address: nokamura@vt.edu ‡ Electronic address: srayyan@vt.edu § Electronic address: takeuchi@vt.edu ¶ Electronic address: rohana@physics.uc.edu

I. INTRODUCTION

In a previous paper [1], we argued that the Z-pole data from e^+e^− colliders [2] and the ν_μ (ν̄_μ) scattering data from the NuTeV experiment at Fermilab [3] could be brought into agreement if the Higgs boson is heavy, and if the Zν_ℓν_ℓ couplings are suppressed by a factor of (1 − ε_ℓ) while the W ℓν_ℓ couplings are suppressed by a corresponding factor of (1 − ε_ℓ/2), where ℓ = e, μ, τ . Assuming lepton flavor universality of the suppression parameters ε_e = ε_μ = ε_τ ≡ ε, the value of ε required to fit the data is

ε = 0.0030 ± 0.0010 . (1)

Such a suppression could result if the neutrinos mix with heavy gauge singlet states. However, the mixing angle required in the case of mixing with a single heavy state,

θ = 0.055 ± 0.010 , (2)

is much larger than would be expected from a conventional seesaw model [4]. Explicitly, the seesaw model relates the mass eigenvalues and the mixing angle by m_{light} m_{heavy}

≈ θ^2 . (3)

Reasonable values of the masses,

m_{light} ∼ 0.1 eV , m_{heavy} ∼ 100 GeV , (4)

result in a mixing angle θ ∼ 10^{−6} , (5) which is too small by orders of magnitude.

This difficulty is absent in models which introduce more than one sterile neutrino per active flavor [5]. However, even in models with the same number of sterile neutrinos as active neutrinos, Chang, Ng, and Ng [6] have shown that the seesaw constraint can be circumvented by allowing mixing among generations: there are sufficient degrees of freedom in the neutrino mixing matrix that the masses of the light and heavy neutrino states can be tuned independently of their mixing angles.

In the following, we will present explicit examples of mass matrices (textures) that demonstrate this feature. We show that the light neutrinos can be made massless while maintaining large mixing angles with the heavy states, the masses of which can also be adjusted at will. We also derive the relation between the suppression parameter ε, mixing angles, and the mass parameters in the textures.

A natural question to ask is: what are the masses of the heavy states in these models? Since the mixing angles are dimensionless, they fix only certain ratios between the mass parameters in the texture. The masses of the heavy states are therefore, in principle, unconstrained. Quark–lepton unification, as appears, for example, in the Pati–Salam model [7], can fix the order of the Dirac masses in the texture to be ∼ 100 GeV. In combination with the experimental limits on the suppression parameter, Eq. (1), this allows the heavy state masses to be of order a few TeV. Such states may be directly observable at the Large Hadron Collider (LHC), currently under construction at CERN.

The effect of the heavy states on the flavor–changing process μ → eγ [6, 8, 9, 10] places a strong constraint on the model. The upper bound on the branching fraction B(μ → eγ) = Γ(μ → eγ) Γ(μ → eνν̄) , (6)

from the MEGA collaboration [11] requires that the product ε_eε_μ be strongly suppressed. Since either ε_e or ε_μ must remain sizable to account for the discrepancy between the Z-pole and NuTeV data, the violation of lepton flavor universality among the ε_ℓ’s is required.

Finally, we compare our results to those of a recent analysis of our proposal by Glashow [12].

II. ONE GENERATION CASE

First, let us trace the problem with the seesaw mechanism to its origin. We assume the same number of SU(2)_L active neutrinos (ν) and sterile neutrinos (χ). We further adopt the ‘seesaw’ Ansatz in which the Majorana masses of the active neutrinos are all set to zero. For a single generation, the seesaw mass matrix can only be

[ ν χ ] 0 m m M ν χ . (7)

Note that there are only two free parameters: m and M. This mass matrix can be diagonalized with the orthogonal transformation O:

O^T 0 m m M O = −m t 0 0 m/t , (8)

in which O = c s −s c , (9) and s = sin θ , c = cos θ , t = tan θ , tan 2θ = 2m M . (10) Alternately, to make both mass eigenvalues positive we can diagonalize using the unitary matrix U: U = ic s −is c (11)

which yields U^T 0 m m M U = m t 0 0 m/t . (12) The product of the two mass eigenvalues is always equal to m^2 regardless the value of M. Thus the nomenclature ‘seesaw model’: enhancing one of the mass eigenvalues suppresses the other. In particular, when m ≪ M the two mass eigenvalues are

m_{light} ≡ m t = M 2 √ 1 + 4m^2 M^2 − 1 ≈ m^2 M , m_{heavy} ≡ m t = M 2 √ 1 + 4m^2 M^2 + 1 ≈ M . (13) The mass eigenstates and the original generation eigenstates are related through ν χ = U n N = ic n + s N −is n + c N , (14)

where the light and heavy states are denoted n and N, respectively. The suppression factor (1 − ε) is just the squared magnitude of the coefficient of the light state n in the active neutrino ν, 1 − ε = cos^2 θ ≈ 1 − θ^2 ≈ 1 − m^2 M^2

. (15)

Observe that θ^2 ≈ m^2 M^2 ≈ m_{light} m_{heavy}

, (16) which is the problem anticipated in the introduction. This stems from the fact that the original mass matrix had just two free parameters, so the two mass eigenvalues m_{light} ∼ m^2/M, m_{heavy} ∼ M, and the mixing angle θ ∼ m/M are necessarily related.

III. TWO GENERATION CASE

With the introduction of additional generations, the mass matrix has more free parameters and the mixing angle and the mass eigenvalues are in general independent. Consider first the two generation case. The most general seesaw mass matrix is 0_{2×2} m_{2×2} m^T_{2×2} M_{2×2} , (17) where m_{2×2} is the Dirac mass matrix which couples the active and sterile neutrinos, and M_{2×2} is the symmetric Majorana mass matrix for the steriles. As a particular instance, take the following generation universal form:

[ ν_1 ν_2 χ_1 χ_2 ] 0 0 m −m 0 0 m −m m m M 0 −m −m 0 −M ν_1 ν_2 χ_1 χ_2

. (18)

This mass matrix is manifestly rank two, so two of the mass eigenvalues will be zero regardless the values of m and M. This matrix can be diagonalized as

O^T 0 0 m −m 0 0 m −m m m M 0 −m −m 0 −M O = 0 0 0 0 0 0 0 0 0 0 m/sc 0 0 0 0 −m/sc , (19)

in which

O = c^2 −s^2 sc sc −s^2 c^2 sc sc −sc −sc c^2 −s^2 −sc −sc −s^2 c^2 , (20) and s = sin θ , c = cos θ , t = tan θ , tan 2θ = 2m M . (21) The non-zero mass eigenvalues are

m_{heavy} = ± m sc = ± √ M^2 + 4m^2 . (22)

Note that the orthogonal matrix which diagonalizes our mass matrix is not unique since we are free to rotate the zero mass eigenstates into each other. However, the above form is the one that reduces to the unit matrix in the limit m/M → 0 and facilitates the extraction of the suppression factor.

The mass eigenstates and the generation eigenstates are related through

ν_1 ν_2 χ_1 χ_2 = O n_1 n_2 N_1 N_2 = c^2 n_1 − s^2 n_2 + sc N_1 + sc N_2 −s^2 n_1 + c^2 n_2 + sc N_1 + sc N_2 −sc n_1 − sc n_2 + c^2 N_1 − s^2 N_2 −sc n_1 − sc n_2 − s^2 N_1 + c^2 N_2

. (23)

The suppression factors for the Zν_1ν_1 and Zν_2ν_2 vertices can be read off from this expression:

1 − ε = cos^4 θ ≈ 1 − 2θ^2 ≈ 1 −

2m^2 M^2

. (24)

Thus, in contrast with the one generation case, the mass of the heavy states, √ M^2 + 4m^2, and the suppression factor, ε ≈ 2m^2/M^2, can be adjusted independently since the two free parameters in this model, m and M, are not constrained in any way by the light neutrino masses.

Of course, the light mass eigenstates are exactly massless in this model so it is unrealistic as it stands. However, this can be remedied by adding a small perturbation to the mass matrix. For instance, consider the following perturbation:

0 0 (1 + δ)m (−1 + δ)m 0 0 (1 + δ)m (−1 + δ)m (1 + δ)m (1 + δ)m (1 + δ)M 0 (−1 + δ)m (−1 + δ)m 0 (−1 + δ)M

, (25)

where δ ≪ 1. This increases the rank of the matrix by one and renders one of the massless states massive. Partial diagonalization can be obtained as

O^{′T}O^T

0 0 (1 + δ)m (−1 + δ)m 0 0 (1 + δ)m (−1 + δ)m (1 + δ)m (1 + δ)m (1 + δ)M 0 (−1 + δ)m (−1 + δ)m 0 (−1 + δ)M

O O^′ =

0 0 0 0 0 0 M 0 , (26)

where O is the matrix given in Eq. (20), and O^′ is the matrix which mixes the first two columns maximally,

O^′ = 1√ 2 1√ 2 0 0 −^{1√}_2^{1√}_2 0 0 0 0 1 0 0 0 0 1

. (27)

The matrix M has the form

M = M −4δμ −4 √ 2δμr −4 √ 2δμr −4 √ 2δμr √ 1 + 4r^2 + δ(1 + 2μ) 2δμ −4 √ 2δμr 2δμ − √ 1 + 4r^2 + δ(1 + 2μ)

, (28)

where r ≡ m M , μ ≡ r^2 1 + 4r^2

. (29) Complete diagonalization of M requires further mixings by angles of order δ. In the limit δ ≪ 1, they can be neglected.

As another example, consider the perturbation 0 0 m −m 0 δM (1 − δ)m (−1 − δ)m m (1 − δ)m M 0 −m (−1 − δ)m 0 −M , (30)

where we have allowed for a small (δ ≪ 1) but non-zero Majorana mass for one of the active neutrinos. This matrix can be partially diagonalized as

O^{′′T}O^T 0 0 m −m 0 δM (1 − δ)m −(1 + δ)m m (1 − δ)m M 0 −m −(1 + δ)m 0 −M O O^{′′}

= M −4δr^4 0 2δr^3 2δr^3 0 δ (1 + 2r^2 − 4r^4) 2δr^3 2δr^3 2δr^3 2δr^3 √ 1 + 4r^2 − δμ −δμ 2δr^3 2δr^3 −δμ − √ 1 + 4r^2 − δμ

+ O(δr^5) , (31)

where O is the matrix given in Eq. (20), O^{′′} is the matrix which mixes the first two columns with angle θ^′,

O^{′′} = cos θ^′ sin θ^′ 0 0 − sin θ^′ cos θ^′ 0 0

0 0 1 0 0 0 0 1

, tan 2θ^′ ≡ 2c^2s^2(c^2 − s^2) ≈

2m^2 M^2

, (32)

and the parameters r and μ are as defined in Eq. (29). Again, complete diagonalization requires further mixings by angles of order δ which can be neglected.

As these examples illustrate, minute perturbations to the mass matrix, Eq. (18), can generate a variety of masses and mixings for the light neutrinos. Note that the extra mixings by O^′ or O^{′′} in these models have no effect on the suppression parameter, Eq. (24), which remains common for ν_1 and ν_2. This is to be expected as long as the perturbations are small and the mass matrix retains an approximate generation universal form. However, that is not to say that the suppression is flavor universal since the flavor eigenstates can be some mixture of ν_1 and ν_2 due to the mixing among the charged leptons. In general, ν_e ν_μ = U ν_1 ν_2 = cos ϕ − sin ϕ sin ϕ cos ϕ ν_1 ν_2 = (c^2 cos ϕ + s^2 sin ϕ)n_1 − (c^2 sin ϕ + s^2 cos ϕ)n_2 + · · · (c^2 sin ϕ − s^2 cos ϕ)n_1 + (c^2 cos ϕ − s^2 sin ϕ)n_2 + · · · . (33)

This mixing breaks the universality of the suppression factors. For the Zν_eν_e and W eν_e vertices, the suppression factor is

1 − ε_e = (c^2 cos ϕ + s^2 sin ϕ)^2 + (s^2 cos ϕ + c^2 sin ϕ)^2 = c^4 + 2s^2c^2 sin 2ϕ + s^4 ≈ 1 − 2θ^2(1 − sin 2ϕ) ≈ 1 − ε(1 − sin 2ϕ) , (34) while that for the Zν_μν_μ and W μν_μ vertices is

1 − ε_μ = (c^2 sin ϕ − s^2 cos ϕ)^2 + (c^2 cos ϕ − s^2 sin ϕ)^2 = c^4 − 2s^2c^2 sin 2ϕ + s^4 ≈ 1 − 2θ^2(1 + sin 2ϕ) ≈ 1 − ε(1 + sin 2ϕ) . (35)

Note that the sum ε_e + ε_μ is independent of the mixing angle ϕ. We will see later that this breaking of flavor universality is important in satisfying the constraint from μ → eγ.

IV. THREE GENERATION CASE

Extension of our model to the three generation case is straightforward. The most general seesaw mass matrix for the three generation case is 0_{3×3} m_{3×3} m^T_{3×3} M_{3×3} , (36) where m_{3×3} is the Dirac mass matrix, and M_{3×3} is the symmetric Majorana mass matrix. Consider the following Ansatz:

[ ν_1 ν_2 ν_3 χ_1 χ_2 χ_3 ]

0 0 0 αm βm γm 0 0 0 αm βm γm 0 0 0 αm βm γm αm αm αm αM 0 0 βm βm βm 0 βM 0 γm γm γm 0 0 γM ν_1 ν_2 ν_3 χ_1 χ_2 χ_3

, (37)

where α + β + γ = 0. This matrix is manifestly at most rank three so that at least three of the mass eigenvalues are zero. This matrix can be block diagonalized as

O^T

0 0 0 αm βm γm 0 0 0 αm βm γm 0 0 0 αm βm γm αm αm αm αM 0 0 βm βm βm 0 βM 0 γm γm γm 0 0 γM

O = 0 0 0 M , (38) where

O =

1 −^2_3 s^2 −^2_3 s^2 −^2_3 s^{2 2}_3 sc^2_3 sc^2_3 sc −^2_3 s^2 1 −^2_3 s^2 −^2_3 s^{2 2}_3 sc^2_3 sc^2_3 sc −^2_3 s^2 −^2_3 s^2 1 −^2_3 s^{2 2}_3 sc^2_3 sc^2_3 sc −^2_3 sc −^2_3 sc −^2_3 sc 1 −^2_3 s^2 −^2_3 s^2 −^2_3 s^2 −^2_3 sc −^2_3 sc −^2_3 sc −^2_3 s^2 1 −^2_3 s^2 −^2_3 s^2 −^2_3 sc −^2_3 sc −^2_3 sc −^2_3 s^2 −^2_3 s^2 1 −^2_3 s^2

, (39)

M = α(M + 2mt) −γmt −βmt −γmt β(M + 2mt) −αmt −βmt −αmt γ(M + 2mt) , (40)

and s = sin θ , c = cos θ , t = tan θ , tan 2θ = 3m M . (41) Note the difference in the definition of tan 2θ from the two and one generation cases, Eqs. (10) and (21). Again, we have the freedom to rotate the three zero mass eigenstates into each other so the above form for O is not unique. However, as before, this is the choice which reduces to the unit matrix in the limit m/M → 0 and facilitates the extraction of the suppression parameter. Complete diagonalization requires an additional multiplication by a matrix of the form O^′ = I 0 0 A , (42) so that O^{′T} 0 0 0 M O^′ = 0 0 0 A^TMA = 0 0 0 D , (43) where D = M_1 0 0 0 M_2 0 0 0 M_3

. (44)

The exact expression for A and the eigenvalues M_i (i = 1, 2, 3) will depend on the values of (α, β, γ). However, note that

V ≡ O O^′ = O_{11} O_{12} O_{21} O_{22} I 0 0 A = O_{11} O_{12}A O_{21} O_{22}A , (45) so we see that O_{11}, the upper left 3 × 3 block of V = OO^′, is not affected by what the actual form of A is. Therefore, we can read off the common suppression factor for the Zν_1ν_1, Zν_2ν_2, and Zν_3ν_3 vertices from our expression for O and we find

1 − ε = ( 1 − 2 3 sin^2 θ

)_2 ≈ 1 − 4 3 θ^2 ≈ 1 −

3m^2 M^2

. (46)

Again, this can be adjusted independently of the heavy mass eigenvalues. Masses for the light eigenstates can be generated via minute perturbations to our mass matrix as in the two generation case, but we omit the details. Mixing among the charged leptons will cause ν_1, ν_2, and ν_3 to mix: ν_e ν_μ ν_τ = U ν_1 ν_2 ν_3

, (47)

where U is the unitary mixing matrix. This mixing breaks the flavor universality of the suppression parameters. We find that the suppression parameter for flavor f = e, μ, τ is given by

ε_f = ε |U_{f 1} + U_{f 2} + U_{f 3}|^2 = ε [ 1 + 2ℜ ( U^∗_{f 1}U_{f 2} + U^∗_{f 2}U_{f 3} + U^∗_{f 3}U_{f 1} )] . (48)

Note that as in the two generation case, the sum of the suppression parameters is independent of the mixing, ε_e + ε_μ + ε_τ = 3ε =

9m^2 M^2

. (49) The mixing of the heavy states with the light states is given by O_{12}A, so we need the explicit form of A. Let us work out a few examples:

1. (α, β, γ) = (0, 1, −1).

M = 0 mt −mt mt (M + 2mt) 0 −mt 0 −(M + 2mt) , (50)

A = c^2_ϕ − s^2_ϕ √ 2s_ϕc_ϕ i √ 2s_ϕc_ϕ − √ 2s_ϕc_ϕ c^2_ϕ −is^2_ϕ − √ 2s_ϕc_ϕ −s^2_ϕ ic^2_ϕ

, (51) where c_ϕ = cos ϕ , s_ϕ = sin ϕ , tan 2ϕ ≡ 2 √ 2 t^2 3 + t^2

, (52) and A^TMA = √ M^2 + 6m^2

0 0 0 0 1 0 0 0 1

, (53)

O_{12}A = 2 3 sc (cos 2ϕ − √ 2 sin 2ϕ) (cos 2ϕ +^{1√}_2 sin 2ϕ) i(cos 2ϕ +^{1√}_2 sin 2ϕ) (cos 2ϕ − √ 2 sin 2ϕ) (cos 2ϕ +^{1√}_2 sin 2ϕ) i(cos 2ϕ +^{1√}_2 sin 2ϕ) (cos 2ϕ − √ 2 sin 2ϕ) (cos 2ϕ +^{1√}_2 sin 2ϕ) i(cos 2ϕ +^{1√}_2 sin 2ϕ)

= m √ M^2 + 6m^2 cos 2θ 1 i cos 2θ 1 i cos 2θ 1 i

. (54)

This model includes a massless sterile neutrino while the massive states are degenerate.

2. (α, β, γ) = (1, 1, −2).

M = (M + 2mt) 2mt −mt 2mt (M + 2mt) −mt −mt −mt −2(M + 2mt) , (55)

A = 1√ 2 1√ 2 c_φ^{i√}_2 s_φ −^{1√}_2^{1√}_2 c_φ^{i√}_2 s_φ 0 −s_φ ic_φ , (56)

A^TMA =

M 0 0 0 M_− 0 0 0 M_+

, (57)

where

c_φ = cos φ , s_φ = sin φ , tan 2φ ≡ 4 √ 2 t^2 9 + 7 t^2 , M_± ≡ 3 √ M^2 + 8m^2 ± M 2 , (58) and

O_{12}A = 2 3 sc 0 ( √ 2c_φ − s_φ) i( √ 2s_φ + c_φ) 0 ( √ 2c_φ − s_φ) i( √ 2s_φ + c_φ) 0 ( √ 2c_φ − s_φ) i( √ 2s_φ + c_φ)

= √ 6m √ M^2_+ − M^2_− 0 √ M/M_− i √ M/M_+ 0 √ M/M_− i √ M/M_+ 0 √ M/M_− i √ M/M_+ . (59)

Note that the three mass eigenvalues are different in this case and that the heavy state with mass M decouples from the light states.

3. (α, β, γ) = (1, ω, ω^2), ω^3 = 1.

M = (M + 2mt) −ω^2mt −ωmt −ω^2mt ω(M + 2mt) −mt −ωmt −mt ω^2(M + 2mt)

= 1 0 0 0 ω^2 0 0 0 ω

(M + 2mt) −mt −mt −mt (M + 2mt) −mt −mt −mt (M + 2mt)

1 0 0 0 ω^2 0 0 0 ω

, (60)

A = 1 0 0 0 ω 0 0 0 ω^2

1√ 3 1√ 6 1√ 2 1√ 3 1√ 6 −^{1√}_2 1√ 3 −^{2√}_6 0

, (61)

A^TMA =

M 0 0 0 √ M^2 + 9m^2 0 0 0 √ M^2 + 9m^2

, (62)

O_{12}A = √ 3 2 mω^2 √ M^2 + 9m^2 0 −1 i 0 −1 i 0 −1 i . (63)

In this case, the heavy state of mass M decouples from the light states while the other two states have degenerate mass.

As these examples illustrate, there is a wide range of possibilities for the masses and mixings of the heavy states.

V. THE DIRAC MASSES AND QUARK–LEPTON UNIFICATION

We next consider the consequences of setting the Majorana masses to zero in our model. Our mass matrix will be 0 0 0 αm βm γm 0 0 0 αm βm γm 0 0 0 αm βm γm αm αm αm 0 0 0 βm βm βm 0 0 0 γm γm γm 0 0 0

(64)

which is manifestly rank 2. The non–zero eigenvalues are ± m √ |α|^2 + |β|^2 + |γ|^2 . (65) Therefore, this mass matrix leads to one massive, and two massless Dirac fermions.

If we assume that the up-type quarks have the same Dirac mass texture as the neutrinos, which would be the case in the Pati-Salam [7] model, we obtain one massive quark which can be identified with the t, and two massless quarks which can be identified with the u and the c. Recall that a similar mechanism is at work in the ‘democratic’ [13, 14] quark mass texture,

[ q̄_1 q̄_2 q̄_3 ] m m m m m m m m m q_1 q_2 q_3

, (66)

which is manifestly rank 1, and has eigenvalues 0, 0, and 3m, which are identified as the u, c and t quark masses. Thus, our model provides an alternative to the ‘democratic’ model to explain why the t quark mass is so large compared to the other quarks.

For this idea to work, it must be the case that m ∼ 100 GeV , (67) to predict the correct t mass. Since ε ∼ 0.003 [1] requires m M ∼ 0.03 , (68) we can predict M ∼ 3 TeV . (69) This places the heavy states within range of observation at the LHC.

VI. CONSTRAINT FROM μ → eγ

The flavor changing process μ → eγ places a strong constraint on our model. The current limit on the decay branching fraction is from the MEGA collaboration [11] B(μ → eγ) = Γ(μ → eγ) Γ(μ → eνν̄) < 1.2 × 10^{−11} , (90% confidence level) . (70)

The theoretical value of this branching fraction is given by [9] B(μ → eγ) = 3α 32π | | | | | | 3∑ i,j=1 U^∗_{ei}U_{μj} T_{ij} | | | | | | 2 , T_{ij} = 6∑ k=1 V^∗_{ik}V_{jk}F (m^2_k/m^2_W ) , (71)

where U is the mass diagonalization matrix for the charged leptons, Eq. (47), and V = OO^′ is the corresponding matrix for the neutrinos, Eq. (45). m_k is the mass of the k–th neutrino mass eigenstate, and the function F (x) is given by

F (x) = 2(x + 2)I^{(3)}(x) − 2(2x − 1)I^{(2)}(x) + 2xI^{(1)}(x) + 1 , (72)

in which I^{(n)}(x) =

∫_1 0 dz z^n z + (1 − z)x . (73) F (x) is plotted in Figure 1. Using the unitarity of V we can express T_{ij} as a sum over the heavy states only, T_{ij} = ∑ k=heavy V^∗_{ik}V_{jk} [ F (m^2_k/m^2_W ) − F (0) ] , (74)

where the masses of the light states are all set to zero. If we assume m_{heavy} ∼ O(TeV), it is evident from Figure 1 that

F (m^2_{heavy}/m^2_W ) ≈ F (∞) = 4 3 . (75)

Then, T_{ij} ≈ −2 ∑ k=heavy

V^∗_{ik}V_{jk} . (76)

For the sake of simplicity, let us first consider the two generation case we considered in section III. From Eq. (20), we find

T_{ij} = −4s^2c^2 1 1 1 1 ≈ −2ε 1 1 1 1 . (77)

Then, taking U to be the mixing matrix in Eq. (33), we obtain B(μ → eγ) = 3α 32π |2ε cos 2ϕ|^2 = 3α 8π ε^2 cos^2 2ϕ = 3α 8π ε_eε_μ . (78)

Assuming ε = 0.003, we find 3α 8π ε^2 ≈ 2 × 10^{−8} , (79) which is more than three orders of magnitude above the MEGA limit, Eq. (70). Note that had we assumed the heavy states to be as light as the Z, then this prefactor would have been suppressed by an order of magnitude as can be gleaned from Figure 2. But even then, it would have been two orders of magnitude above the experimental limit. Thus, in order to suppress this process we need

cos 2ϕ ≈ 0 → ϕ ≈ 45^∘ . (80)

This mixing breaks the flavor universality of the suppression parameters maximally.

For the three generation model, the overall normalization of T_{ij} depends on the number of heavy states that contribute to the sum. For the three cases considered earlier, we find

T_{ij} = −2ηε 1 1 1 1 1 1 1 1 1

, (81)

with η = 2/3 , (α, β, γ) = (0, 1, −1) , 1 , (α, β, γ) = (1, 1, −2), (1, ω, ω^2) . (82)

Note that in the (α, β, γ) = (0, 1, −1) case, there are only two massive states that contribute to η. Thus, 3∑ i,j=1 U^∗_{ei}U_{μj} T_{ij} = −2ηε [ U_{e1} + U_{e2} + U_{e3}]^∗ [ U_{μ1} + U_{μ2} + U_{μ3}] , (83) and B(μ → eγ) = 3α 8π η^2ε^2 |U_{e1} + U_{e2} + U_{e3}|^2 |U_{μ1} + U_{μ2} + U_{μ3}|^2 = 3α 8π η^2ε_eε_μ . (84)

The only difference from the two generation case is the factor η^2. From this expression it is evident that to suppress B(μ → eγ) the mixing matrix must be chosen to suppress either ε_e or ε_μ. That is, we must identify one of the flavor eigenstates, ν_e or ν_μ, as a linear combination of ν_1, ν_2, and ν_3 which almost completely decouples from the heavy states.

This result implies that in order to satisfy the experimental limit on μ → eγ, the mixing angles in U must be generically large. These mixing angles should not be confused with the mixing angles in the MNS matrix [15] which are the angles measured in neutrino oscillation experiments [16, 17, 18]. The MNS matrix in our notation is given by

V_{MNS} = UV_{upper−left} , (85)

where V_{upper−left} is the upper left 3 × 3 block of V. (Note that V_{MNS} is not unitary since V_{upper−left} is but a portion of an unitary matrix V.) Therefore, in order to make a connection to the experimental data one must take into account the mixings among the light neutrinos in V also. In the current model, as long as the light neutrinos are exactly massless and degenerate, the MNS matrix is ill defined. The perturbations which break the degeneracy and allow non-zero masses must be chosen judiciously to obtain the correct V which would lead to the correct MNS matrix.

VII. CONCLUSIONS AND DISCUSSION

In this paper, we have shown explicit examples which demonstrate how large mixings between light active neutrinos and heavy sterile states can be realized within the seesaw framework, i.e. with the same number of active and sterile neutrinos, by a judicious choice of the mass texture. This required the presence of more than one generation so that there exist sufficient degrees of freedom in the mass texture to permit independent tuning of the mixing angles and mass eigenvalues [6]. Indeed, even though the mass textures we considered, Eqs. (18) and (37), were constrained to a generation universal form, there were still enough degrees of freedom left to accomplish this objective.

Due to the independence of the mass eigenvalues and the mixing angles in these models, the only experimental constraint on the masses of the heavy states is that they must be heavier than the Z [1]. However, if we invoke quark–lepton universality and require the up–type quarks to share the same Dirac mass texture as the neutrinos, then we find that:

1. it provides a non–democratic explanation as to why the u and c quarks are almost massless compared to the t quark,

2. the Dirac mass scale must be about 100 GeV to produce the correct t mass, and

3. the heavy sterile states must have mass of a few TeV to produce the correct suppression parameter ε.

This last observation stands in stark contrast to Grand Unified Theory (GUT) scenarios in which the masses of the sterile states are at the GUT scale, far exceeding experimental reach. If the heavy states are indeed in the few TeV range, they could be observed at the LHC. Of course, this estimation is from one particular model, and we cannot discount the possibility that the mass is actually much lower and could be observed at the Tevatron Run II at Fermilab.

Enforcing generation universality among the light neutrinos necessarily reduces the rank of our mass matrix leading to zero mass eigenvalues for the light states. To obtain non-zero masses, one must raise the rank by breaking generation universality with small perturbations. The same is true of the quark sector also since neither the u nor the c is massless. It is interesting to ask whether the same universality breaking perturbation could generate the correct mass ratios and mixings for both the neutrino and up–quark sectors.

Our model comfortably accomodates the introduction of down quark-charged lepton mass unification in addition to the up quark-neutrino unification utilized above. The constraints from μ → eγ mandate large mixing angles among the charged leptons in our model. In models with down quark-charged lepton unification (e.g., the Pati-Salam model) this implies large mixing angles in the down quark mass matrix. For the CKM matrix to have the small mixings that are observed, the large down quark mixings must be cancelled by large up quark mixings. The presence of large mixings in the neutrino Dirac mass matrix then follows from up quark-neutrino unification and is consistent with the texture of Eq. (64). Models of quark-lepton unification which generate the large mixing angles of the MNS matrix using large angles in the charged lepton mass matrix have been explored extensively [19]. Such models generically relate the MNS and CKM matrices. In the present context, however, explicit prediction of the CKM and MNS matrices would require a detailed delineation of the small perturbations of the mass matrices, which is beyond the scope of this paper.

Due to the typically large mixings between the light and heavy states in our model, the process μ → eγ provides a strong constraint. We have found that the product ε_eε_μ must be strongly suppressed. Since either ε_e or ε_μ must remain sizable to account for the discrepancy between the Z-pole and NuTeV data, lepton flavor universality among the

suppression parameters ε_ℓ, (ℓ = e, μ, τ ), must be violated. Lepton universality is constrained

experimentally at the 1% level by W decays [20], | | | | | g_μ g_e | | | | | = 1.000 ± 0.011 | | | | | g_τ g_μ | | | | | = 1.026 ± 0.014 | | | | g_τ g_e | | | | = 1.026 ± 0.014,

and at the 0.2% level by τ decays [20], | | | | g_μ g_e | | | | = 1.0006 ± 0.0021 | | | | | g_τ g_μ | | | | | = 0.9995 ± 0.0023 | | | | | g_τ g_e | | | | | = 1.0001 ± 0.0023.

Whether lepton universality and μ → eγ constraints can be satisfied simultaneously within

our model while maintaining the fit to the Z-pole and NuTeV data will be addressed in a

subsequent paper [21].

The model analyzed in this paper should be contrasted with the recent analysis of neutrino

masses and mixings by Glashow [12]. In his work, he assumes, as we do, that neutrino

masses arise from a seesaw mass texture involving three active and three sterile neutrino

states. He postulates a particular neutrino mass texture with the property that the mixings

between light and heavy states are non-universal, leading to non-universal suppressions. In

particular, the suppression of the neutrino weak gauge boson couplings occurs in a single

light–mass eigenstate. The large mixing angles in the MNS matrix [15, 16, 17, 18] spread

the suppression among the three flavors and enhance the μ → eγ rate, providing a limit

on the size of the suppression parameter ε. In fact, Glashow’s model is similar to ours,

although he uses a different basis for the mass matrix. His analysis starts from a basis

where the inter-generational mixing is minimal. In our analysis, we have taken the opposite

approach. We start from a basis in which the inter-generational mixing is maximal and the

suppression of light neutrino couplings to the weak gauge bosons are universal. To suppress

the μ → eγ rate, we must require large mixings among the charged lepton flavors leading to the violation of flavor universality of the suppression parameters. In both approaches, the violation of flavor universality is essential for obtaining agreement with current experimental data. It is amusing to note that lepton flavor universality violation is required for lepton flavor conservation.

Given the strong constraint on our model from the flavor changing process μ → eγ, one is lead to question what constraints will be provided by other flavor changing processes such as μ–e conversion in nuclei. This is a particularly interesting process since the MECO (Muon to Electron COnversion) experiment at Brookhaven [22] proposes to improve upon the current limits on μ–e conversion [23] by more than three orders of magnitude. The MEG (Mu-E-Gamma) experiment at PSI [24] also proposes to improve upon the MEGA limit on μ → eγ by about two orders of magnitude. We will investigate the implications of the potential MECO and MEG limits in a future publication.

Finally, we propose that if heavy neutral particles such as those discussed in this paper are found to exist they be called “neutrissimos” instead of “heavy sterile neutrinos” or “heavy neutral leptons”, the terms commonly used in the literature. Those names are balky, and the first one is misleading, since the particles are neither completely “sterile” nor are they “-ino” compared to the neutrons.

Acknowledgments

We would like to thank Sandor Benczik, Lay Nam Chang, Naoyuki Haba, Yasuhiro Okada, and Alexey Pronin for helpful discussions. We would also like to thank Massimiliano Di Ventra for coining the term ‘neutrissimo’. This research was supported in part by the U.S. Department of Energy, grants DE–FG05–92ER40709, Task A (T.T. and N.O.), and DE- FG02-84ER40153 (L.C.R.W.).

[1] T. Takeuchi, hep-ph/0209109; W. Loinaz, N. Okamura, T. Takeuchi and L. C. Wijewardhana, Phys. Rev. D 67, 073012 (2003), hep-ph/0210193; T. Takeuchi, W. Loinaz, N. Okamura and L. C. Wijewardhana, hep-ph/0304203.

[2] The LEP Collaborations, the LEP Electroweak Working Group, and the SLD Heavy Flavor and Electroweak Groups, hep-ex/0212036.

[3] [NuTeV Collaboration] G. P. Zeller et al., Phys. Rev. Lett. 88, 091802 (2002) [hep-ex/0110059];

Phys. Rev. D 65, 111103 (2002) [hep-ex/0203004]; K. S. McFarland et al., hep-ex/0205080; G. P. Zeller et al., hep-ex/0207052; M. Tzanov et al., hep-ex/0306035.

[4] T. Yanagida, in Proceedings of the Workshop on Unified Theory and Baryon Number in the Universe, ed. O. Sawada and A. Sugamoto (KEK, report 79-18, 1979), p.95; M. Gell-Mann, P. Ramond and S. Slansky, in Supergravity, ed. P. van Nieuwenhuizen and D. Z. Freedman (North-Holland, Amsterdam, 1979), p315; R. Mohapatra and S. Senjanović, Phys. Rev. Lett. 44, 912 (1980).

[5] M. Gronau, C. N. Leung and J. L. Rosner, Phys. Rev. D 29, 2539 (1984); J. Bernabeu, A. Santamaria, J. Vidal, A. Mendez and J. W. Valle, Phys. Lett. B 187, 303 (1987).

[6] L. N. Chang, D. Ng and J. N. Ng, Phys. Rev. D 50, 4589 (1994) [hep-ph/9402259]. [7] J. C. Pati and A. Salam, Phys. Rev. D 8, 1240 (1973).

[8] G. Feinberg, Phys. Rev. 110, 1482 (1958); B. Pontecorvo, Zh. Eksp. Teor. Fiz. 43 (1962) 1521;

J. D. Bjorken, K. D. Lane and S. Weinberg, Phys. Rev. D 16, 1474 (1977); S. M. Bilenky, S. T. Petcov and B. Pontecorvo, Phys. Lett. B 67, 309 (1977); S. T. Petcov, Sov. J. Nucl. Phys. 25, 340 (1977) [Yad. Fiz. 25, 641 (1977 ERRAT,25,698.1977 ERRAT,25,1336.1977)]; V. D. Barger and D. V. Nanopoulos, Nuovo Cim. A 44, 303 (1978).

[9] T. P. Cheng and L. F. Li, Phys. Rev. Lett. 45, 1908 (1980).

[10] S. Lavignac, I. Masina and C. A. Savoy, Phys. Lett. B 520, 269 (2001) [hep-ph/0106245];

O. C. Kong, hep-ph/0108184; J. A. Casas and A. Ibarra, Nucl. Phys. Proc. Suppl. 95 (2001) 268; K. S. Babu and J. C. Pati, hep-ph/0207289; B. He, T. P. Cheng and L. F. Li, Phys. Lett. B 553, 277 (2003) [hep-ph/0209175].

[11] M. L. Brooks et al. [MEGA Collaboration], Phys. Rev. Lett. 83, 1521 (1999) [hep-ex/9905013]. [12] S. L. Glashow, hep-ph/0301250; S. L. Glashow, hep-ph/0306100.

[13] H. Harari, H. Haut and J. Weyers, Phys. Lett. B 78, 459 (1978); T. Goldman, in Gauge Theories, Massive Neutrinos, and Proton Decay, edited by B. N. Kursunoglu and A. Perlmutter (Plenum Press, New York, 1981) p.111–120; T. Goldman and G. J. Stephenson, Phys. Rev. D 24, 236 (1981); Y. Koide, Phys. Rev. Lett. 47 (1981) 1241; Phys. Rev. D 28, 252 (1983); Phys. Rev. D 39, 1391 (1989); Z. Phys. C 45, 39 (1989); C. Jarlskog, in the Proceedings of the International Symposium on Production and Decays of Heavy Hadrons, Heidelberg, Germany, May 20-23, 1986, edited by K. R. Shubert and R. Waldi (DESY, Hamburg, 1986) p.331;

P. Kaus and S. Meshkov, Mod. Phys. Lett. A 3, 1251 (1988) [Erratum-ibid. A 4, 603 (1989)]; Phys. Rev. D 42, 1863 (1990); L. Lavoura, Phys. Lett. B 228, 245 (1989); M. Tanimoto, Phys. Rev. D 41, 1586 (1990); G. C. Branco, J. I. Silva-Marcos and M. N. Rebelo, Phys. Lett. B 237, 446 (1990); H. Fritzsch and J. Plankl, Phys. Lett. B 237, 451 (1990); Y. Nambu, in the Proceedings of the International Workshop on Electroweak Symmetry breaking, Hiroshina, Japan, November 12-15, 1991, edited by W. A. Bardeen, J. Kodaira, and T. Muta (World Scientific, Singapore, 1992) p.1–12.

[14] The use of the democratic mass texture in the lepton sector has been studied in:

A. Pilaftsis, Z. Phys. C 55, 275 (1992), hep-ph/9901206; Y. Koide, Mod. Phys. Lett. A 11, 2849 (1996) [hep-ph/9603376]; M. Fukugita, M. Tanimoto and T. Yanagida, Phys. Rev. D 57, 4429 (1998) [hep-ph/9709388]; M. Tanimoto, T. Watari and T. Yanagida, Phys. Lett. B 461, 345 (1999) [hep-ph/9904338]; G. C. Branco, M. N. Rebelo and J. I. Silva-Marcos, Phys. Rev. D 62, 073004 (2000), hep-ph/9906368; K. Fukuura, T. Miura, E. Takasugi and M. Yoshimura, Phys. Rev. D 61, 073002 (2000) [hep-ph/9909415]; M. Tanimoto, Phys. Lett. B 483, 417 (2000) [hep-ph/0001306]; N. Haba, Y. Matsui, N. Okamura and T. Suzuki, Phys. Lett. B 489, 184 (2000) [hep-ph/0005064]; T. Miura, T. Shindou, E. Takasugi and M. Yoshimura, Phys. Rev. D 63, 053006 (2001) [hep-ph/0005267]; Z. z. Xing, Phys. Rev. D 63, 057301 (2001) [hep-ph/0011217].

[15] Z. Maki, M. Nakagawa and S. Sakata, Prog. Theor. Phys. 28, 870 (1962). [16] [Super-Kamiokande Collaboration] Y. Fukuda et al. , Phys. Rev. Lett. 81, 1562 (1998) [hep-ex/9807003]; S. Fukuda et al. , Phys. Rev. Lett. 85, 3999 (2000) [hep-ex/0009001]; T. Toshito, hep-ex/0105023; A. Habig, hep-ex/0106025; S. Fukuda et al., Phys. Lett. B 539, 179 (2002) [hep-ex/0205075].

[17] [SNO collaboration] Q. R. Ahmad et al., Phys. Rev. Lett. 89, 011301 (2002) [nucl-ex/0204008];

Phys. Rev. Lett. 89, 011302 (2002) [nucl-ex/0204009].

[18] [K2K Collaboration] T. Ishii, hep-ex/0206033; A. K. Ichikawa, hep-ex/0206037. [19] K. S. Babu and S. M. Barr, Phys. Lett. B 381, 202 (1996), hep-ph/9511446; S. M. Barr, Phys. Rev. D 55, 1659 (1997), hep-ph/9607419; S. M. Barr, Phys. Rev. D 55, 6775 (1997), hep-ph/9607359; J. Sato and T. Yanagida, Phys. Lett. B 430, 127 (1998), hep-ph/9710516; C. H. Albright and S. M. Barr, Phys. Rev. D 58, 013002 (1998), hep-ph/9712488; C. H. Albright, K. S. Babu and S. M. Barr, Phys. Rev. Lett. 81, 1167 (1998), hep-ph/9802314; K. Hagiwara and N. Okamura, Nucl. Phys. B 548, 60 (1999), hep-ph/9811495.

[20] A. Pich, hep-ph/0206011.

[21] W. Loinaz, N. Okamura, S. Rayyan, T. Takeuchi, and L. C. R. Wijewardhana, in preparation. [22] J. L. Popp [MECO Collaboration], Nucl. Instrum. Meth. A 472, 354 (2000) [hep-ex/0101017].

See also the MECO Collaboration website at http://meco.ps.uci.edu/. [23] K. Hagiwara et al. [Particle Data Group], Phys. Rev. D 66, 010001 (2002), page 351. [24] S. Ritt [MUEGAMMA Collaboration], Nucl. Instrum. Meth. A 494 (2002) 520. See also the MEG Collaboration website at http://meg.web.psi.ch/.

FIG. 1: The behavior of the function F (x).

FIG. 2: The x-dependence of [F (x) − F (0)]^2.