arXiv:hep-ph/0612017 v1 2 Dec 2006

FERMILAB-PUB-06-439-T, NUHEP-TH/06-07, UCI-TR-2006-19

hep-ph/0612017

Gauge Trimming of Neutrino Masses

Mu-Chun Chen,^{1, 2} André de Gouvêa,^{3, 1} and Bogdan A. Dobrescu^1 1Theoretical Physics Department, Fermilab, Batavia, IL 60510, USA 2Department of Physics & Astronomy, University of California, Irvine, CA 92697, USA 3Northwestern University, Department of Physics & Astronomy, Evanston, IL 60208, USA

(Dated: December 1, 2006 )

We show that under a new U(1) gauge symmetry, which is non-anomalous in the presence of one “right-handed neutrino” per generation and consistent with the standard model Yukawa couplings, the most general fermion charges are determined in terms of four rational parameters. This generalization of the B − L symmetry with generation-dependent lepton charges leads to neutrino masses induced by operators of high dimensionality. Neutrino masses are thus naturally small without invoking physics at energies above the TeV scale, whether neutrinos are Majorana or Dirac fermions. This “Leptocratic” Model predicts the existence of light quasi-sterile neutrinos with consequences for cosmology, and implies that collider experiments may reveal the origin of neutrino masses.

PACS numbers: 12.60.Cn,14.60.Pq

I. INTRODUCTION

It is known, beyond any reasonable doubt, that at least two of the three known neutrinos have nonzero masses [1, 2]. While nonzero, the neutrino masses are at least one million times smaller than the electron mass. With the standard model field content, neutrino masses arise only from nonrenormalizable operators, of the type ℓ^c_Lℓ_LHH, where ℓ_L is a lepton doublet and H is the Higgs doublet [3]. These dimension-5 operators are suppressed by a mass scale Λ that must be of order 10^{14} GeV if the dimensionless coefficients of the operators are of order unity.

Another way of rendering the neutrinos massive is to postulate the existence of gauge-singlet chiral fermions, n^k_R, where k is a flavor index. These interact with lepton doublets through Yukawa interactions involving the Higgs doublet, so that electroweak symmetry breaking leads to Dirac masses for the neutrinos. The n^k_R fermions, usually referred to as ‘right-handed neutrinos’, have Majorana mass terms allowed by the electroweak symmetry. If the Majorana masses are larger than the Dirac ones, then integrating out the right-handed neutrinos generates the dimension-5 operators mentioned above, with the scale Λ given by a Majorana mass and the dimensionless coefficients given by products of Yukawa couplings. This renormalizable model yields small neutrino masses even for large Yukawa couplings [4, 5], provided the Majorana masses are orders of magnitude above the electroweak scale.

In this paper we explore an alternative explanation for the smallness of neutrino masses, which does not require physics at energy scales much above 1 TeV. We extend the standard model by including right-handed neutrinos and a non-anomalous U(1) gauge symmetry, referred to as U(1)_ν . The lepton and Higgs charges can be chosen such that all neutrino Yukawa couplings and righthanded Majorana mass terms are not gauge invariant under U(1)_ν . Thus, neutrino masses (both active and sterile) may be generated only when the new gauge symmetry is spontaneously broken. It turns out that in many cases the neutrino masses arise only through operators of mass dimension six or higher, so that they are naturally small even when the ultraviolet cutoff of the U(1)_ν -extended standard model is as low as the TeV scale.

The anomaly cancellation conditions strongly restrict the choices of U(1)_ν charges for leptons. As a result, this mechanism is predictive, and it leads to distinct phenomenological consequences. If the lepton charges are generation-dependent, then the U(1)_ν symmetry serves as a natural flavor symmetry, and may help explain the pattern of lepton mixing. The right-handed neutrinos are likely to behave as sterile neutrinos. These light, weakly coupled, electroweak-singlet fermions are similar to the ones present in the case of a very low-energy Type-I seesaw [6], playing a role in neutrino oscillations, searches for neutrino masses, or astrophysics [7]. Light sterile neutrinos have also been identified as a dark matter candidate [8]. The interesting feature in our case is that the sterile neutrinos are only partially “sterile”, because they interact with ordinary matter via exchange of the Z^′ gauge boson associated with the U(1)_ν symmetry. In particular, even when the Majorana masses vanish and the right-handed neutrinos pair up with the left-handed ones to form Dirac neutrinos, the new light fermionic degrees of freedom have a variety of observable effects.

Our models lead to interesting correlations between neutrino physics and collider searches at the TeV scale. For example, if a Z^′ boson is discovered and its couplings are determined at the LHC and ILC, then the structure of the operators responsible for neutrino masses may be revealed. Moreover, if the ultraviolet cutoff for the U(1)_ν - extended standard model is close to the TeV scale, other new physics effects are likely to be within the reach of upcoming collider experiments.

The solutions for U(1)_ν charges presented here are generalizations with generation-dependent lepton charges of the nonexotic U(1) gauge symmetry discussed in Ref. [9, 10]. In the particular case where only the right-handed neutrinos carry U(1) charges, the symmetry breaking scale may be very low, leading also to light sterile neutrinos [11, 12]. If new exotic fermions charged under the standard model gauge group are included, then there are more general U(1) charge assignment with implications for neutrinos (see, e.g., [13, 14, 15]). It is straightforward to extend our models to include supersymmetry (for example, the case without charged righthanded neutrinos is analyzed in [16]). In contrast to our non-anomalous U(1)_ν broken at the TeV scale, in models where the U(1) anomalies are cancelled by the Green-Schwarz mechanism the constraints on fermion charges are greatly simplified at the cost of pushing the U(1) breaking scale close to the fundamental string scale [17, 18].

In Sec. II we present general features of the U(1)_ν extension on the standard model, concentrating on its consequences for neutrino masses. In Sec. III we solve the anomaly cancellation conditions in the case of one “righthanded neutrino” per generation, and describe some concrete examples that lead to interesting neutrino phenomenology. Consequences of relaxing various assumptions are discussed in Sec. IV. Cosmological constraints and possible collider probes of these models are discussed in Secs. V and VI, respectively. Our concluding remarks are presented in Sec. VII. A few technical issues regarding the approximate diagonalization of a 6 × 6 neutrino mass matrix have been relegated to an Appendix.

II. U(1) EXTENSION OF THE STANDARD MODEL GAUGE GROUP

We extend the standard model gauge group by a new U(1) symmetry, labeled U(1)_ν . We assume that the quark charges under the U(1)_ν gauge symmetry are generation independent, so that we do not have to worry about large contributions to flavor-changing neutral currents from tree-level exchange of the U(1)_ν gauge boson [19]. The left-handed SU(2)_L-doublet quarks, q^i_L, where i = 1, 2, 3 labels the generations, and right-handed SU(2)_L-singlet quarks, u^i_R, d^i_R, have U(1)_ν charges z_q, z_u and z_d, respectively.

In the case of the leptons, we allow generationdependent U(1)_ν charges. We discuss the implications of the non-observation of flavor-changing neutral currents involving electrons, muons or taus in Sec. II C. The lefthanded SU(2)_L-doublet leptons, ℓ^i_L, and right-handed SU(2)_L-singlet leptons, e^i_R, have U(1)_ν charges z_{ℓi} and z_{ei} , respectively. We also extend the standard model particle content to include some fermions n^k_R, k = 1, . . . , N that have charges z_{nk} under U(1)_ν and are singlets under the standard model gauge group. Note that the total number of these right-handed neutrinos, N, may be any positive integer, as it is not necessarily related to the number of quark and lepton generations.

Besides the standard model Higgs doublet H, of hypercharge +1 and charge z_H under U(1)_ν , we introduce a scalar field, ϕ, which is charged under U(1)_ν and is a singlet under SU(3)_c ×SU(2)_L ×U(1)_Y . We assume for simplicity that the vacuum expectation value (VEV) of ϕ is the only source of U(1)_ν breaking when z_H = 0. A larger U(1)_ν breaking sector may lead to different phenomenological consequences, as briefly discussed in Sec. IV.

A. Anomaly cancellation and masses for electrically-charged fermions

The U(1)_ν fermion charges are constrained by the requirement of anomaly cancellation. The [SU(3)_c]^2U(1)_ν and [SU(2)_L]^2U(1)_ν anomalies cancel only if

z_d = 2z_q − z_u ,

z_{ℓ3} = −(9z_q + z_{ℓ2} + z_{ℓ1} ) . (II.1)

Using these equations, the [U(1)_Y ]^2U(1)_ν and U(1)_Y [U(1)_ν ]^2 anomaly cancellation conditions take the following form, respectively: 3∑ i=1 z_{ei} = −3 (2z_q + z_u) , (II.2) 3∑ i=1 ( z^2_{ℓi} − z^2_{ei} ) = 3 (z_q − z_u) (5z_q + z_u) . (II.3)

Finally, the U(1)_ν gauge-gravitational anomaly and the [U(1)_ν ]^3 anomaly cancel only if N∑ k=1 z_{nk} = −3 (4z_q − z_u) , (II.4) N∑ k=1 z^3_{nk} = 3∑ i=1 ( 2z^3_{ℓi} − z^3_{ei} ) − 54z_q (z_q − z_u)^2 .(II.5)

Another set of constraints on the U(1)_ν charges comes from the requirement that there are terms in the Lagrangian which generate the observed quark and lepton masses. The large top-quark mass implies that its Yukawa coupling to the Higgs doublet is gauge invariant, so that

z_H = z_u − z_q . (II.6)

This, combined with the anomaly constraints and the quark charge universality discussed above, implies that all standard model Yukawa couplings involving quarks are allowed by all gauge symmetries.

We further require that the “diagonal” Yukawa interactions involving the tau and the muon,

λ^{ii}_e ℓ^i_Le^i_RH , i = 2, 3, (II.7)

are gauge invariant. The entries of the 3 × 3 matrix λ_e are dimensionless Yukawa couplings. Using Eqs. (II.6) and (II.1), we find that these two conditions are satisfied if z_{e2} = z_{ℓ2} − z_u + z_q ,

z_{e3} = − (8z_q + z_u + z_{ℓ1} + z_{ℓ2} ) . (II.8)

Consequently, the [U(1)_Y ]^2U(1)_ν anomaly cancellation condition given in Eq. (II.2) implies

z_{e1} = z_{ℓ1} − z_u + z_q , (II.9)

so that the diagonal electron Yukawa interaction is automatically gauge invariant. It is interesting that the conditions z_{ℓi} − z_{ei} = z_q − z_u for i = 1, 2, 3 reduce the quadratic equation Eq. (II.3) to a linear one, which is automatically satisfied once the [SU(2)_L]^2U(1)_ν and [U(1)_Y ]^2U(1)_ν anomaly cancellation conditions given in Eq. (II.1) and (II.2) are satisfied. Note that off-diagonal, renormalizable charged-lepton Yukawa couplings may be forbidden by U(1)_ν invariance. Similar to the quark sector, the hierarchy of masses for the electrically-charged leptons is generically dictated by the entries of λ_e, which do not depend on the existence of U(1)_ν . On the other hand, lepton mixing can be quite sensitive to the choices of the z_{ℓi} and z_{ei} charges, as discussed in more detail below.

Altogether, the nine U(1)_ν charges of the standard model fermions may be expressed in terms of only four of them, chosen in Eqs. (II.1), (II.8) and (II.9) to be z_q, z_u, z_{ℓ1} and z_{ℓ2} . Furthermore, the U(1)_ν charges of the N right-handed neutrinos are not independent: one of them may be eliminated using the U(1)_ν anomaly cancellation condition [see Eq. (II.4)], and the remaining N −1 charges must satisfy the cubic equation (II.5).

All U(1) charges must be commensurate, i.e., their ratios are rational numbers^∗. This is necessary so that low-energy theories containing U(1) gauge groups can be embedded in theories which are well-behaved in the ultraviolet. By changing the normalization of the gauge coupling, the commensurate charges may always be taken to be rational numbers or even integers. For the rest of the paper we will treat all U(1)_ν charges as rational numbers. It follows that the cubic equation (II.5) has solutions only for very special choices of the z_q, z_u, z_{ℓ1} , z_{ℓ2} and z_{ni} charges.

∗ If the charges are not commensurate, then the U(1) group does not have the topology of a circle, but rather that of an infinite line.

It has been shown in Ref. [20] that by including a sufficiently large number of right-handed neutrinos, the anomaly conditions may always be solved. However, if too many right-handed neutrinos were included, then U(1)_ν would become strongly coupled at a low energy scale, and the model would be phenomenologically ruled out. In this paper we tackle the inverse problem: fixing the number of right-handed neutrinos, we seek rational solutions to the anomaly cancellation conditions, and then study the phenomenological consequences of the few cases where we find solutions.

B. Neutrino mass terms

For random choices of the U(1)_ν charges, the usual neutrino mass terms, of the type ℓ^{ci}_Lℓ^j_LHH or ℓ^i_Ln^k_RH̃ (H̃ ≡ iσ_2H^∗), are likely to be forbidden by U(1)_ν invariance. However, higher-dimensional operators involving the scalar ϕ may generate neutrino masses while being U(1)_ν invariant. The leading operators that yield neutrino masses are ∑ i,j c^{ij}_ℓ Λ ( g_ϕ Λ ϕ )_{qij} ℓ^{ci}_Lℓ^j_LHH + ∑ i,k λ^{ik}_ν (g_ϕ Λ ϕ )_{pik} ℓ^i_Ln^k_RH̃ + ∑ k,k^′ c^{kk′}_n Λ (g_ϕ Λ ϕ )_{rkk′} n^{ck}_Rn^{k′}_R + H.c. , (II.10)

where λ_ν , c_ℓ, c_n are dimensionless couplings, i, j = 1, 2, 3, k, k^′ = 1, . . . , N, and Λ > ⟨ϕ⟩ is the energy scale above which the theory is no longer valid. The dimensionless parameter g_ϕ accounts for the fact that each ϕ field participating in a higher-dimensional operator is presumably associated in an underlying renormalizable theory with a heavy fermion exchange, of typical mass Λ and typical Yukawa coupling g_ϕ. The expressions above are allowed only for integer values of p_{ik}, q_{ij} , and r_{kk}′ . If any of these integers is negative, then ϕ needs to be replaced by ϕ^† in the corresponding operator, and the absolute value of the exponent is to be used.

The exponents p, q and r can be expressed as a function of the U(1)_ν fermion charges as p_{ik} = z_u − z_q + z_{ℓi} − z_{nk} , q_{ij} = 2(z_q − z_u) − z_{ℓi} − z_{ℓj} , r_{kk}′ = −z_{nk} − z_{nk′} , (II.11) where we have normalized the gauge coupling such that the ϕ charge is +1. The charges that determine the exponents above are not all independent, and there are correlations among the different exponents.

Replacing the ϕ and H fields by their VEVs, we find the following mass terms for the three active and N sterile neutrinos: v ∑ i,k λ^{ik}_ν ϵ^{|pik |}ℓ^i_Ln^k_R + v^2 Λ ∑ i,j c^{ij}_ℓ ϵ^{|qij |}ν^{ci}_Lν^j_L +Λ ∑ k,k^′ c^{kk′}_n ϵ^{|rkk′ |}n^{ck}_Rn^{k′}_R + H.c. , (II.12) where v ≃ 174 GeV is the magnitude of the Higgs VEV, and ϵ ≡ g_ϕ ⟨ϕ⟩ Λ , (II.13)

is a small parameter (ϵ ≪ 1) that plays an important role in what follows. We assume for simplicity that ⟨ϕ⟩ > v. Lower values for ⟨ϕ⟩ are possible, but the limits are highly model dependent.

Schematically, the (3 + N) × (3 + N) neutrino mass matrix M_ν is given by

M_ν ∼ v^2 Λ ϵ^{|q|} vϵ^{|p|}

v(ϵ^{|p|})^⊤ Λϵ^{|r|} . (II.14)

Mostly-active neutrino masses arise through a combination of the ν^c_Lν_L mass terms (sometimes referred to as the Type-II seesaw contribution) and the (Type-I) seesaw contribution, proportional to ϵ^{2|p|−|r|} if the Dirac masses are much smaller than the right-handed Majorana masses.

It is curious that a pure Type-I seesaw (i.e., vanishing ϵ^{|q|} term) is not attainable, provided that all gauge invariant operators are present. To see this, note that if there is a Type-I seesaw contribution to the active neutrino mass, then there are integer values for p_{ik} and r_{kk}′ , implying that the same is true for^† q_{ij} = −p_{ik} − p_{jk}′ + r_{kk}′ . (II.15) In this case, assuming that the neutrino effective Dirac masses are much smaller than the effective right-handed neutrino Majorana masses, the effective 3 × 3 active neutrino mass matrix m_ν is proportional to, schematically, m_{ij} = v^2 Λ ( c^{ij}_ℓ ϵ^{|qij |} + ∑ k,k^′ λ^{ik}_ν (c_nϵ^{|r|})^{−1}_{kk}′ (λ^⊤_ν )^{k′ j}

× ϵ^{|pik |+|pjk′ |} ) , (II.16)

where c_nϵ^{|r|} is a short-hand notation for a matrix whose (k, k^′) entry is c^{kk′}_n ϵ^{|rkk′ |}.

† The converse is not necessarily true: it is possible to choose charges so that q_{ij} is an integer for some i, j pair, while there are no integer p_{ik}, r_{kk}′ for all values of k, k^′ and i. In this case, only the Type-II contribution is present.

As opposed to usual seesaw models where the smallness of the neutrino mass is due to Λ ≫ v, in our theory the neutrinos are naturally light even when Λ ≲ 10 TeV, provided ϵ is small enough, or its exponents are large enough. In particular, if there are no integer values of q_{ij} and r_{kk}′ , then the neutrinos are purely Dirac fermions, and their masses are naturally small if p_{ik} are large integers. Note also that for large values of r_{kk}′ there are light – sometimes very light – mostly-sterile neutrinos. One should keep in mind, though, that if the exponents are too large, then the operators shown in Eq. (II.10) would have a high mass dimension, and embedding them in a renormalizable model would require an extended set of heavy vectorlike fermions [21].

The choice of U(1)_ν charges also allows one to probe natural explanations for the neutrino mass hierarchy, and the pattern of the leptonic mixing matrix. The reason for this is that the U(1)_ν charges for the leptons can be family dependent, in which case U(1)_ν operates as a family symmetry. In this particular approach to flavor, it is natural to obtain a hierarchy among the elements of the neutrino (and charged lepton) mass matrices (e.g. M_{11} ≫ M_{12}, etc). On the other hand, this approach does not explain the relationship between different entries in the mass matrices that have, naively, the same order of magnitude. This is because all the dimensionless coefficients λ_ν , c_ℓ, and c_n are undetermined free parameters in our framework.

C. Charged leptons and flavor-changing neutral currents

While we have imposed constraints on the chargedlepton U(1)_ν charges to guarantee that renormalizable diagonal charged-lepton Yukawa interactions are allowed by gauge invariance, the presence of off-diagonal Yukawa interactions will depend on specific choices for z_{ℓi} and z_{ei} . If these are not allowed by gauge invariance at the renormalizable level, there remains the possibility that, similar to the neutrino mass operators discussed in the previous subsection, higher-dimensional operators will generate them: ∑ ij λ^{ij}_e ( g_ϕ Λ ϕ )_{sij} ℓ^i_Le^j_RH + H.c. . (II.17)

After the constraints discussed earlier are taken into account, the exponents s_{ij} are given by

s_{ij} = z_{ℓi} − z_{ℓj} . (II.18)

As with the neutrinos, it is understood that only terms corresponding to integer values of s_{ij} are present. Note that s_{ij} ≡ 0 for i = j, so Eq. (II.17) includes Eq. (II.7).

Off-diagonal charged lepton Yukawa interactions will lead to tree-level, charged-lepton flavor violating couplings of the Z^′ gauge boson if the charged-lepton U(1)_ν charges are flavor dependent (z_{ℓi} ≠ z_{ℓj} or z_{ei} ≠ z_{ej} for some i ≠ j). These, in turn, will mediate chargedlepton flavor violating processes such as μ^+ → e^+e^−e^+, μ → e conversion in nuclei, τ → ℓℓ^′ℓ^{′′}, and τ → ℓ+hadron(s). The rates of such processes will be, naively, Γ ∝ (ϵ^{|sij |}/⟨ϕ⟩^2)^2. Current limits on charged-lepton flavor violation require ϵ^{|sij |} ≪ 1 or ⟨ϕ⟩ ≫ v. Note that if U(1)_ν charges are such that there are no integer s_{ij} with i ≠ j, then Z^′ exchange will not mediate charged-lepton flavor violating processes at tree level, regardless of the relative values of the the charged-lepton U(1)_ν charges. The reason for this is the fact that both the Z^′ coupling and the Yukawa coupling charged-lepton eigenbases are the same (i.e., both matrices are diagonal) in this case.

Similar to what happens with the charged leptons, off-diagonal neutral lepton interactions will also lead to flavor-changing processes in the neutrino sector. Unlike processes involving charged leptons, however, neutrino flavor-changing neutral currents are not very severely constrained [22]. This means that these are not likely to be cause for concern as long as ⟨ϕ⟩ is only slightly larger than the electroweak scale, regardless of the relative strength of the off-diagonal neutrino–Z^′ coupling. On the other hand, phenomenologically interesting choices for the lepton U(1)_ν charges often predict large neutrino flavor-changing processes, which will be significantly better constrained in the next round of neutrino oscillation experiments [23].

III. LEPTOCRATIC MODEL

In order to construct a viable theory for physics beyond the standard model using the framework presented in Sec. II, one has to identify a set of commensurate charges for the right-handed neutrinos which cancel the [U(1)_ν ]^3 anomaly, as shown in Eq. (II.5). This is a highly nontrivial problem: cubic equations do not have integer solutions except for very special cases. In this section we show that in the case of N = 3 right-handed neutrinos the cubic equation can be solved for arbitrary lepton charges consistent with the restrictions imposed in Sec. II A.

We have mentioned at the end of Sec. II A that altogether there are two quark charges, two lepton-doublet charges and N − 1 right-handed neutrino charges that remain independent once all standard model mass terms are allowed, and all anomaly cancellation conditions other than the [U(1)_ν ]^3 are imposed. The cubic equation Eq. (II.5) in these six rational variables (for N = 3) appears daunting at first sight. However, we found a simple parametrization of the charges that greatly simplifies its solution. The lepton-doublet charges may be written in terms of z_q and two rational numbers, a and a^′: z_{ℓ1} ≡ −3z_q − 2a , z_{ℓ2} ≡ −3z_q + a + a^′ ,

z_{ℓ3} = −3z_q + a − a^′ , (III.1)

so that the second sum rule of Eq. (II.1) is automatically satisfied. The charges of the right-handed quarks are conveniently parametrized as z_u ≡ 4z_q − c 2 , z_d = −2z_q + c 2 , (III.2)

where c is a rational number. The Higgs doublet has U(1)_ν charge

z_H = 3z_q − c 2 . (III.3)

The U(1)_ν charges of the SU(2)_L-singlet standard model leptons are then fixed by requiring renormalizable mass terms for the charged leptons [see Eqs. (II.8) and (II.9)]:

z_{e1} ≡ −6z_q + c 2 − 2a , z_{e2} ≡ −6z_q + c 2 + a + a^′ ,

z_{e3} = −6z_q + c 2 + a − a^′ . (III.4)

Finally, the right-handed neutrinos have charges z_{n1} ≡ − c 2 − 2b , z_{n2} ≡ − c 2 + b + b^′ ,

z_{n3} = − c 2 + b − b^′ , (III.5)

which automatically satisfy the sum rule given in Eq. (II.4) for any rational numbers b and b^′. With this parametrization, all the terms involving z_q from the cubic equation drop out, such that the [U(1)_ν ]^3 anomaly cancellation condition (II.5) takes a rather simple form: c 2 ( 3a^2 + a^{′2} − 3b^2 − b^{′2} ) = −a ( a^2 − a^{′2} ) + b ( b^2 − b^{′2} ) . (III.6) Remarkably, only terms linear in c or independent of c are present, so that for any rational numbers a, a^′, b and b^′ there is a rational solution for c.

Given that only the lepton charges in this model are allowed to be generation dependent, we will refer to the charge assignment described by Eqs. (III.1)-(III.6) as the “Leptocratic Model”.

The exponents that determine the orders of magnitude of the various Dirac neutrino masses are given by

p = −2(a − b) − (2a + b + b^′) − (2a + b − b^′)

a + a^′ + 2b a + a^′ − b − b^′ a + a^′ − b + b^′ a − a^′ + 2b a − a^′ − b − b^′ a − a^′ − b + b^′ . (III.7)

The orders of magnitude of the left-handed Majorana neutrino masses are determined by the following exponents:

q = c + 4a c + a − a^′ c + a + a^′

c + a − a^′ c − 2 (a + a^′) c − 2a c + a + a^′ c − 2a c − 2 (a − a^′) . (III.8)

For right-handed Majorana neutrino masses, the exponents are given by

r = c + 4b c + b − b^′ c + b + b^′ c + b − b^′ c − 2 (b + b^′) c − 2b c + b + b^′ c − 2b c − 2 (b − b^′) . (III.9)

The exponents in the charged lepton mass matrix are

s = 0 −3a − a^′ −3a + a^′ 3a + a^′ 0 2a^′ 3a − a^′ −2a^′ 0 . (III.10)

If the factor multiplying c in Eq. (III.6) vanishes, then one can show that some of the p_{ij} exponents vanish. Given that we want to avoid dimension-4 Dirac neutrino mass terms, we assume

3a^2 + a^{′2} ≠ 3b^2 + b^{′2} , (III.11)

which implies c = −2 a ( a^2 − a^{′2} ) − b ( b^2 − b^{′2} ) 3a^2 + a^{′2} − 3b^2 − b^{′2}

. (III.12)

The orders of magnitude of various neutrino mass terms are set by the exponents p_{ij} , q_{ij} and r_{ij} , where it is understood that nonzero entries exist only if the corresponding exponent is an integer. The parameter space that includes these exponents has four arbitrary rational parameters a, a^′, b, b^′. For most choices of these parameters, the neutrino phenomenology is not consistent with the observations. However, there are cases where all phenomenological constraints are satisfied. We do not attempt here to search for all such cases, but rather give some interesting examples.

A. “Orwellian” Leptocratic Model

Let us first consider the case where the U(1)_ν charges of the standard model fermions are generationindependent, and the charges of the second and third right-handed neutrinos are equal but different from the charge of the first right-handed neutrino:

a = a^′ = b^′ = 0 . (III.13) field U(1)ν charge qL zq uR 4zq + b 3 dR −2zq − b 3 ℓL −3zq eR −6zq − b 3 n^1_R − 5b 3 n^2_R, n^3_R 4b 3 H 3zq + b 3 ϕ +1

TABLE I: U(1)ν charges of the quarks, leptons and scalars, for the Leptocratic Model with a = a^′ = b^′ = 0.

In this case, there are no charged-lepton flavor violating processes mediated by Z^′ exchange at the tree level. The U(1)_ν charges are shown in Table I. We will refer to this particular type of Leptocratic Model as Orwellian [24], given that one of the right-handed neutrinos has a U(1)_ν charge different from the other two. Note that we do not consider the case b = 0 because that would allow Dirac masses from dimension-4 operators. Under these circumstances, Eq. (III.12) implies c = − 2 3 b . (III.14)

Depending on the values of b, there are three viable cases with different phenomenology. First, if b is an integer but not a multiple of 3, then all Dirac mass terms are allowed,

M_D = v ϵ^{|b|} λ^{11}_ν ϵ^{|b|} λ^{12}_ν λ^{13}_ν

λ^{21}_ν ϵ^{|b|} λ^{22}_ν λ^{23}_ν λ^{31}_ν ϵ^{|b|} λ^{32}_ν λ^{33}_ν

, (III.15)

while all Majorana masses are forbidden by gauge invariance. Assuming that all Yukawa-like couplings λ^{ij}_ν are of the same order of magnitude, the above Dirac mass matrix provides a good fit to all existing neutrino data (except for those from LSND). This is an interesting case because it shows that the neutrinos may be Dirac fermions with naturally small masses. For example, if all λ^{ij}_ν are in the range of 10^{−5} −10^{−4} (i.e., somewhat larger than the electron Yukawa coupling), and ϵ ∼ 10^{−4}, then for b = ±2 one can easily obtain a neutrino mass spectrum with normal hierarchy: m_{ν3} ∼ 0.05 eV, m_{ν2} ∼ 0.01 eV (to accommodate the atmospheric and solar masssquared differences), and m_{ν1} ∼ 10^{−9} eV.^∗ The extra factor of ϵ^{|b|} in the first column of the mass matrix M_D implies that one of the neutrinos is many orders of magnitude lighter than the other two. Lepton mixing, on the other hand, is anarchical, in good agreement with the current oscillation data [25]. This particular approach to flavor generically leads to a normal neutrino mass hierarchy if the neutrinos are Dirac fermions. The reason for this – as discussed in Sec. II – is that while the order of magnitude of the ratios of the different entries in the mass matrices are predicted, there are still “order one” coefficients that lead to order one differences among matrix elements that correspond to the same suppression factor. This means that while we can choose charges so that two neutrino masses are of the same order of magnitude, there is no ingredient within the formalism pursued here that guarantees that these two masses are quasi-degenerate (which is required if the inverted neutrino mass hierarchy is realized). A very similar situation is encountered in “fat-brane” models [26].

The second viable case is that where b is a multiple of 3. As a result, c is an integer so that all Majorana and Dirac mass terms are allowed. The left-handed Majorana masses are given by

M_L = v^2 Λ ϵ^{2|b|/3} c_ℓ , (III.16)

the Dirac masses are given by Eq. (III.15), and the righthanded Majorana masses are given by

M_R = Λ ϵ^{|b|/3} c^{11}_n ϵ^{3|b|} c^{12}_n c^{13}_n c^{12}_n c^{22}_n ϵ^{7|b|/3} c^{23}_n ϵ^{7|b|/3}

c^{13}_n c^{23}_n ϵ^{7|b|/3} c^{33}_n ϵ^{7|b|/3} .

(III.17)

Assuming that all coefficients of the higher-dimensional operators in Eq. (II.10), c^{ij}_ℓ , c^{ij}_n , λ^{ij}_ν , are of the same order of magnitude, then for Λ ∼ O(1 TeV) and ϵ ≪ 1 we find that the left-handed Majorana masses are larger than the Dirac ones, two of the eigenvalues of M_R are substantially larger, and the third one is very small. Therefore the three active neutrinos are Majorana fermions with masses of approximately the same order of magnitude. The solar and atmospheric oscillation data are well accommodated for a significant range of coefficients c^{ij}_ℓ , as established for “anarchical” left-handed Majorana masses [25]. Besides the three active neutrinos there are two heavy sterile neutrinos which have small mixing with the active ones, and a light sterile neutrino whose mixing with the active neutrinos may be phenomenologically relevant. We relegate the detailed derivation of their mixing to the Appendix, and summarize the results below.

∗ Another possibility is to choose λ^{ij}_ν ∼ 1, ϵ ∼ 0.1 and |b| = 13. In this case, the lightest neutrino mass is 10^{−13} times the mass of the two heaviest states.

The lightest sterile neutrino has a mass given by an “inverted” seesaw mechanism:

m_{ν4} = O ( (λ^{ij}_ν )^2 c^{ij}_ℓ ) Λ ϵ^{4|b|/3} , (III.18)

while the masses of the two heavier sterile neutrinos are

m_{ν5,6} = O(c^{ij}_n )Λϵ^{|b|/3} . (III.19)

If one assumes all coefficients from Eq. (II.10) to be of the order of 10^{−5} and ϵ ∼ 10^{−4}, for b = ±3 the neutrino spectrum may naturally be given by m_{ν3} ∼ 0.05 eV and m_{ν2} ∼ m_{ν1} ∼ 0.01 eV. The two heavy sterile neutrinos have masses of order 1 keV, and the remaining sterile neutrino has a mass of order 10^{−9} eV. The mixing between the active neutrinos and lightest sterile neutrino is Θ_{active−light} ∼ ϵ Λ v ∼ 10^{−3} , (III.20)

and the mixing between the active neutrinos and the two heavy sterile neutrinos is

Θ_{active−heavy} ∼ ϵ^2 v Λ ∼ 10^{−9} . (III.21)

While very weakly coupled, these sterile neutrinos can lead to interesting phenomenology. The lightest of the sterile neutrinos, for example, can lead to observable consequences in precision measurements of low energy solar neutrino oscillations [27]. Other neutrino oscillation experiments might be sensitive to these quasi-sterile neutrinos if a less constrained parameter space for λ_ν , c_n, c_ℓ, ϵ and Λ is considered.

Another possibility is to have all neutrino Yukawa couplings, λ_ν , c_ℓ and c_n, of order O(1), while having ϵ ∼ 0.1 for b = ±18. The neutrino mass spectrum is then given by, m_{ν3} ∼ 0.05 eV, m_{ν1,2} ∼ 0.01 eV, while the two heavy sterile ones have masses around 1 MeV and the lightest sterile neutrino weighs about 10^{−12} eV. The mixing between the active and heavy sterile neutrinos is

Θ_{active−heavy} ∼ ϵ^{12} v Λ ∼ 10^{−13} , (III.22)

while the active-light sterile mixing is

Θ_{active−light} ∼ ϵ^6 Λ v ∼ 10^{−5} . (III.23)

The third and last viable case is that where b is an odd multiple of 3/2. The left-handed Majorana masses are then all allowed as in the previous case, being given by Eq. (III.16). The Dirac mass terms associated with λ^{ij}_ν are strictly forbidden by gauge invariance for j = 2 and j = 3, and equal to λ^{i1}_ν vϵ^{2|b|} for j = 1 and any i = 1, 2, 3. The right-handed Majorana masses are given by

M_R = Λ ϵ^{8|b|/3} c^{11}_n ϵ^{2|b|/3} 0 0 0 c^{22}_n c^{23}_n

0 c^{23}_n c^{33}_n

. (III.24)

If all c^{ij}_ℓ , c^{ij}_n and λ^{ij}_ν are of the same order of magnitude, then for Λ ∼ O(1 TeV) and ϵ ≪ 1 the left-handed Majorana masses dominate, so again the anarchical solution works well. In this case the right-handed neutrinos are ultra-light fermions that couple to the standard model only via the Z^′ boson. For example, if all coefficients are of the order of 10^{−5} and ϵ ∼ 10^{−2}, we find that for b = ±9/2 the three active neutrinos have masses in the 0.01 − 0.1 eV range, two sterile neutrinos have masses of about 10^{−17} eV, and the remaining sterile neutrino is even lighter, with a mass of 10^{−23} eV. There is no mixing between the active neutrinos and the heavy sterile ones, while the mixing between the active and the lightest sterile neutrinos is of order 10^{−11}. Another viable case is to have all coefficients of order 1 and ϵ ∼ 0.1. Active neutrino masses ∼ 0.01 − 0.1 eV can also be accommodated with b = ±33/2. In this case, the heavy and light sterile neutrinos have masses ∼ 10^{−32} and ∼ 10^{−43} eV, respectively, while the mixing between the active and lightest sterile neutrinos is of order 10^{−21}.

B. 2 + 1 Leptocratic Model

One can further relax the assumption of having generation independent U(1)_ν charges for the lepton doublets by allowing a non-zero value for the parameter a. A viable mixing pattern for the neutrinos can arise if the U(1)_ν charges for the second and third generations are identical for the lepton doublets and for the right-handed neutrinos, i.e. a^′ = b^′ = 0, while a and b are non-zero. The Dirac neutrino mass matrix then becomes,

M_D = v λ^{11}_ν ϵ^{|−2(a−b)|} λ^{12}_ν ϵ^{|−2a−b|} λ^{13}_ν ϵ^{|−2a−b|} λ^{21}_ν ϵ^{|a+2b|} λ^{22}_ν ϵ^{|a−b|} λ^{23}_ν ϵ^{|a−b|} λ^{31}_ν ϵ^{|a+2b|} λ^{32}_ν ϵ^{|a−b|} λ^{33}_ν ϵ^{|a−b|} . (III.25) In the Orwellian Leptocratic case with universal charges for the lepton doublets, the coefficients λ^{ij}_ν play a determining role when it comes to “explaining” the large mixing angles and the neutrino mass-squared splittings required by the atmospheric and the solar neutrino data. In the present case with non-universal charges for lepton doublets, however, the structure that is needed for the bilarge mixing pattern and the mass splittings is already built-in due to the hierarchy among the exponents of ϵ in the entries of the mass matrices. The right-handed Majorana mass matrix in this case is given by,

M_R = Λ c^{11}_n ϵ^{|c+4b|} c^{12}_n ϵ^{|c+b|} c^{13}_n ϵ^{|c+b|} c^{21}_n ϵ^{|c+b|} c^{22}_n ϵ^{|c−2b|} c^{23}_n ϵ^{|c−2b|} c^{31}_n ϵ^{|c+b|} c^{32}_n ϵ^{|c−2b|} c^{33}_n ϵ^{|c−2b|} , (III.26)

and the left-handed Majorana mass matrix is,

M_L = v^2 Λ c^{11}_ℓ ϵ^{|c|} c^{12}_ℓ ϵ^{|c+a|} c^{13}_ℓ ϵ^{|c+a|} c^{21}_ℓ ϵ^{|c+a|} c^{22}_ℓ ϵ^{|c−2a|} c^{23}_ℓ ϵ^{|c−2a|} c^{31}_ℓ ϵ^{|c+a|} c^{32}_ℓ ϵ^{|c−2a|} c^{33}_ℓ ϵ^{|c−2a|} , (III.27) where the parameter c is now given in terms of a and b as, c = − 2 3 ( a^2 + ab + b^2 a + b ) . (III.28)

If a and b are chosen such that the parameter c is non-integer, then the Dirac mass matrix is allowed while both the left-handed and right-handed Majorana mass matrices are forbidden by gauge invariance. With α = a − b, the neutrino Dirac mass matrix can be rewritten as,

M_D = v λ^{11}_ν ϵ^{|2α|} λ^{12}_ν ϵ^{|2α+3b|} λ^{13}_ν ϵ^{|2α+3b|} λ^{21}_ν ϵ^{|2α−3a|} λ^{22}_ν ϵ^{|α|} λ^{23}_ν ϵ^{|α|} λ^{31}_ν ϵ^{|2α−3a|} λ^{32}_ν ϵ^{|α|} λ^{33}_ν ϵ^{|α|} . (III.29) The ratio Δm^2_{sol}/Δm^2_{atm} ∼ 10^{−2} indicates that the ratio of the (1, 3) to the (2, 3) elements of the neutrino Dirac mass matrix M_D is of order ∼ 0.1. Because only exponents that are integers are allowed in the mass matrix, the parameter ϵ = g_ϕ ⟨ϕ⟩ /Λ cannot be smaller than O(0.1), given that the smallest possible value for the difference between the exponents |2α + 3b| and |α| is 1. One viable example is to have a = 25/3, b = −11/3 and ϵ ∼ 0.1 with all Yukawa couplings λ^{ij}_ν of order one, leading to the following Dirac mass matrix,

M_D = v ϵ^{12}

O(ϵ^{12}) O(ϵ) O(ϵ) O(ϵ^{13}) O(1) O(1) O(ϵ^{13}) O(1) O(1)

, (III.30)

which naturally gives rise to a normal mass hierarchy as well as bi-large mixing among neutrinos of the Dirac type. The smallness of the neutrino masses is a consequence of the large exponent |α| if Λ, ⟨ϕ⟩ ∼ O(1 TeV). As mentioned in Sec. II, such high dimensional operators pose a challenge for constructing elegant underlying theories.

In this case, because z_{l1} ≠ z_{l2} = z_{l3} , we must check whether Z^′ exchange mediates very fast charged-lepton flavor violating processes. The (1,2) and (1,3) elements in the charged lepton mass matrix are proportional to ϵ^{|s12|} and ϵ^{|s13|} (see Eq. (II.17)), assuming the s_{ij} are integers. While nonzero, s_{12} and s_{13} turn out to be huge: |s_{12}| = |s_{13}| = 3a = 25, so that charged lepton flavor violating phenomena are highly suppressed (by a factor 10^{−25}). Because z_{l2} = z_{l3} , off-diagonal (2,3) elements will not lead to tree-level flavor changing effects.

IV. OTHER MODELS

The Leptocratic Model described in Sec. III is based on several assumptions that could in principle be relaxed. For example, if the scalar sector is enlarged to include two or more SU(2)_L-singlet scalars carrying different U(1)_ν charges, then several elements of the neutrino mass matrix may get larger contributions from gauge invariant operators involving the new ϕ fields. The same happens in the presence of two or more SU(2)_L-doublet scalars with carefully chosen U(1)_ν charges.

Another assumption of the Leptocratic Model is that the electrically-charged leptons have renormalizable mass terms. If instead the flavor-diagonal mass terms of the electron, the muon and possibly the tau are generated by higher-dimensional operators as in Eq. (II.17), then Eqs. (II.8) and (II.9), which determine the U(1)_ν charges of the SU(2)_L-singlet leptons, are modified as follows:

z_{ei} = z_{ℓi} − z_u + z_q − s_{ii} . (IV.1)

The integers s_{ii}, i = 1, 2, 3, are constrained by the [U(1)_Y ]^2U(1)_ν anomaly cancellation to satisfy

s_{33} = −s_{11} − s_{22} , (IV.2)

so that two new discrete parameters are introduced to the theory. The advantage of this approach is that the hierarchy of lepton masses may be explained without a hierarchy among dimensionless parameters. The disadvantage is that the ratio of neutrino and electron masses suggests that the neutrino masses are generated by very high-dimension operators, which may be difficult to realize in an underlying theory that is well-behaved in the ultra-violet.

In the remainder of this section we explore some cases where the number of right-handed neutrinos is different from three, without relaxing any other assumption of the Leptocratic Model. We have shown in Sec. III that the cubic equation describing [U(1)_ν ]^3 anomaly cancellation has a general solution with commensurate charges when there are N = 3 right-handed neutrinos. We have not found general solutions of this type for N = 2 or N ≥ 4. To understand the problem, consider the case N = 2. Using the parametrization of charges given in Eqs. (III.1)-(III.5), we can analyze the anomaly cancellation conditions in this case by imposing that one of the right-handed neutrino charges vanishes in the N = 3 case. For example, z_{n1} = 0 implies c = −4b, so that the cubic equation in the N = 2 case takes the form

5b^3 + b ( 3b^{′2} − 6a^2 − 2a^{′2} ) = −a ( a^2 − a^{′2} ) . (IV.3)

Different from the cubic equation for the N = 3 case [see Eq. (III.6)], this equation is not linear in any of its four variables, so that a general solution with commensurate charges is hard to find. However, such solutions can be easily identified in certain special cases.

For example, the N = 2 case with all standard model fermions having generation independent charges implies a = a^′ = 0, and we find that the cubic equation Eq. (IV.3) is satisfied for b = 0 and arbitrary b^′. It follows that the two right-handed neutrinos form a vectorlike fermion (z_{n2} = −z_{n3} ≡ z), and the U(1)_ν charges of the standard model fermions are proportional to their hypercharges [9]. Schematically, the 5 × 5 neutrino mass matrix has the following form:

M_ν = v^2 Λ (c_ℓ)_{3×3} vϵ^{|z|} (λ_ν )_{3×1} vϵ^{|z|} (λ_ν )_{3×1}

c^{11}_n Λϵ^{|2z|} c^{12}_n Λ

c^{22}_n Λϵ^{|2z|} .

(IV.4) This is a symmetric matrix, and we have shown only the upper off-diagonal elements. It is also understood that the terms that include powers of ϵ vanish if the exponent is non-integer. Given that all left-handed Majorana mass terms arise from gauge invariant dimension-5 operators, the smallness of the neutrino masses suggests Λ ≫ v. Thus, the two right-handed neutrinos pair up to form a mostly pseudo-Dirac fermion of large mass, of order Λ. Their mixing with the active states is very small if z is an integer, and it vanishes otherwise. The light neutrino sector is identical to the one in models with a standard high-energy seesaw mechanism.

For N = 1, all anomaly cancellation conditions can be solved analytically, such that all U(1)_ν charges can be expressed in terms of three independent charges, chosen here to be z_q, z_{ℓ1} , z_{ℓ2} . There is one solution where the right-handed neutrino and quark charges are given by

z_n = 3 2 (3z_q + z_{ℓ1} ) ,

z_u = 1 2 (11z_q + z_{ℓ1} ) ,

z_d = − 1 2 (7z_q + z_{ℓ1} ) . (IV.5)

The electrically charged SU(2)_L-singlet leptons then have the following U(1)_ν charges:

z_{e1} = − 1 2 (9z_q − z_{ℓ1} ) ,

z_{e2} = − 1 2 (9z_q + z_{ℓ1} ) + z_{ℓ2} ,

z_{e3} = − 3 2 (9z_q + z_{ℓ1} ) − z_{ℓ2} . (IV.6)

The remaining lepton-doublet charge, z_{ℓ3} , is given by the second equation in (II.1). Two other solutions exist, in which z_{ℓ1} is replaced in all Eqs. (IV.5) by either z_{ℓ2} or z_{ℓ3} , leading to different expressions for z_{ei} which can be computed from Eqs. (II.8) and (II.9). All three solutions yield similar phenomenology. We will discuss in what follows only the solution shown in Eqs. (IV.5) and (IV.6).

An important feature of this N = 1 model is that one of the Dirac mass terms is renormalizable. This can be seen by replacing z_u and z_n in the first Eq. (II.11), which determines the dimensionalities of the operators that induce Dirac masses: it turns out that one of the p_{i1} exponents vanishes. For the solution considered here, p_{11} = 0. As a result, one of the Dirac masses is equal to the electroweak scale times a Yukawa coupling, and a seesaw mechanism needs to be invoked for explaining the smallness of the neutrino masses compared to the other lepton and quark masses. Furthermore, one of the q_{ij} exponents vanishes (q_{23} = 0 for the solution considered here), so that one of the left-handed Majorana masses is v^2/Λ times a dimensionless coefficient, which suggests Λ ≫ v. All other exponents shown in Eq. (II.11) can be expressed in terms of only two parameters, defined by

r ≡ −3 (3z_q + z_{ℓ1} ) ,

δ ≡ z_{ℓ2} − z_{ℓ1} . (IV.7)

After spontaneous gauge symmetry breaking, the symmetric 4×4 neutrino mass matrix, M_ν , is given by

c^{11}_ℓ v^2 Λ ϵ^{|r|} c^{12}_ℓ v^2 Λ ϵ^{|r−δ|} c^{13}_ℓ v^2 Λ ϵ^{|δ|} λ^{11}_ν v c^{22}_ℓ v^2 Λ ϵ^{|r−2δ|} c^{23}_ℓ v^2 Λ λ^{21}_ν v ϵ^{|δ|} c^{33}_ℓ v^2 Λ ϵ^{|r−2δ|} λ^{31}_ν v ϵ^{|r−δ|} c_nΛϵ^{|r|}

,

(IV.8) where again it is understood that elements proportional to ϵ raised to a non-integer power vanish. Small enough neutrino masses may be obtained from a seesaw mechanism provided the (4, 4) element is large, so we take r = 0 (r = ±1 may also work if ϵ is large enough). This being the case, the right-handed neutrino is very heavy (as in the high-energy seesaw) and has tiny mixing with the active neutrinos. For δ = 0 all U(1)_ν charges are proportional to the corresponding hypercharges, and the neutrino masses are not trimmed by the new gauge symmetry, so we concentrate on the less trivial case where δ ≠ 0.

In order to accommodate the large neutrino mixing, one can take advantage of the form of the the M_ν matrix in the ϵ = 0 limit [see Eq. (IV.8)]. That has a L_μ −L_τ lepton flavor symmetry which yields three massive neutrino states, two of which are degenerate fifty-fifty admixtures of ν_μ and ν_τ . If |δ| is a small integer or half integer (like 1/2 or 1) and ϵ is large (i.e. ϵ ∼ 0.1), one can hope that such L_μ −L_τ breaking effects are sufficient to explain the other lepton mixing features. Unfortunately, reasonable choices for ϵ and δ yield a too small solar mixing angle. We find, however, that this solution can be rescued by the fact that the mixing among electrically-charged leptons can contribute significantly to solar neutrino mixing.

The charged-lepton mass matrix is given by

M_e = v λ^{11}_e λ^{12}_e ϵ^{|δ|} λ^{13}_e ϵ^{|−r+δ|}

λ^{21}_e ϵ^{|δ|} λ^{22}_e λ^{23}_e ϵ^{|r−2δ|} λ^{31}_e ϵ^{|−r+δ|} λ^{32}_e ϵ^{|r−2δ|} λ^{33}_e .

(IV.9)

It is easy to find values for the coefficients in the M_e and M_ν matrices that lead to experimentally allowed values for neutrino mixing angles. This is facilitated by the fact that some of the the dimensionless couplings λ_e must be very small in order to reproduce the electron mass, so that large mixing angles can arise after diagonalizing Eq. (IV.9).

Overall, the N = 1 model is indistinguishable from any scenario where neutrino masses are associated with physics at a very high energy scale. Furthermore, given that the U(1)_ν breaking scale is expected to be very high, the Z^′ boson is expected to be out of the reach of collider experiments. A large ⟨ϕ⟩ also implies that the rates for charged-lepton flavor violating phenomena are also out of the reach of next-generation experiments, in spite of the fact that they are mediated at tree level by Z^′ exchange.

V. COSMOLOGICAL CONSTRAINTS

In all scenarios discussed in Sec. III, there are new light fermionic degrees of freedom. Their presence has nontrivial consequences for cosmology. Since right-handed neutrinos are charged under U(1)_ν , we expect them to reach thermal equilibrium in early times, and only to fall out of thermal equilibrium at around the same time that active neutrinos fall out of thermal equilibrium, assuming that the U(1)_ν symmetry breaking scale is close to the electroweak scale. This being the case, the existence of very light (m ≪ 1 eV) quasi-sterile neutrinos is constrained by Big Bang Nucleosynthesis (BBN) and other cosmological data, including precision measurements of the cosmic microwave background and the distribution of mass and energy at very large scales [28]. The existence of light sterile neutrinos (1 eV ≲ m ≲ 1 GeV) is also constrained both by BBN and constraints on the amount of matter (hot, warm, or cold) in the Universe. We emphasize that even in the case of Dirac neutrinos, the equivalent number of neutrinos N_ν is larger than three for a low enough U(1)_ν breaking scale.

Recent analyses of cosmological data (mostly the cosmic microwave background and large scale structure) point to a number of relativistic degrees of freedom equivalent to somewhere between 3 and 6 neutrinos (3 ≲ N_ν ≲ 6) [29, 30]. A recent analysis of BBN, on the other hand, constrains 2 ≲ N_ν ≲ 5 [31], while other estimates are much more stringent, 1.7 ≲ N_ν ≲ 3 [32]. The key difference between [31] and [32] comes from the assumption regarding the observational value of the primordial 4He abundance, including its uncertainty. More specifically, [31] assumes that the most realistic estimate of the 4He abundance is the one presented in [33], which quotes an uncertainty roughly three times larger than the more widely used result [34]. We conservatively interpret the current data to indicate that one or perhaps two extra equivalent neutrinos are marginally allowed, while three are likely ruled out.

Assuming that sterile neutrinos are kept in thermal equilibrium by Z^′ exchange, we can readily estimate that they ought to decouple at T = T_d, given roughly by

T^2_d M_{Pl} ∼ T^5_d 4π⟨ϕ⟩^4 , (V.10)

if the Z^′ mass is much larger than T_d. Hence, sterile neutrinos contribute to the expansion rate at the time of BBN like (10.75/g_∗(T_d))^{4/3} equivalent neutrinos. For T_d values above the QCD phase-transition (around 180 MeV), g_∗ ≳ 60, so that each sterile state contributes like 0.1 neutrinos (or less) and is easily allowed by the data. T_d ≳ 180 MeV translates into ⟨ϕ⟩ ≳ 5 TeV.

For smaller U(1)_ν breaking scales there are several ways out. Modest modifications to the concordance cosmological model allow for more relativistic degrees of freedom at the time of BBN, including allowing for a large lepton asymmetry among the active leptons. The authors of [35], for example, find that up to four massless neutrinos can be added to the primordial universe as long as the electron neutrino chemical potential is ξ_e ∼ 0.2.

Heavier sterile neutrinos (m ≳ 1 eV) must also satisfy constraints on the amount of matter (hot or cold) in the universe. If the sterile neutrinos decouple while relativistic (m_{νs} ≲ 100 MeV for ⟨ϕ⟩ ≳ 5 TeV), their contribution to the critical density is estimated to be

Ω_{νs} ∼ 0.2 ( m_{νs} 100 eV ) . (V.11)

Hence, mostly right-handed states with masses above 100 eV would overclose the universe. A 100 eV sterile neutrino would behave as hot dark matter, whose contribution to the energy budget of the universe is currently constrained to be much less than the estimate above. On the other hand, we estimate that much heavier sterile states (m ≳ 100 MeV) will decouple while nonrelativistic, and serve as good dark matter candidates if their masses are above tens of GeV, and otherwise overclose the universe.

In summary, very light quasi-sterile neutrinos (m ≲ 10 eV) are in agreement with early universe data if ⟨ϕ⟩ ≳ 5 TeV, even if we do not appeal to non-standard cosmology. Smaller ⟨ϕ⟩ are easily allowed if one adds new ingredients to the early universe, like a large lepton asymmetry. Heavier mostly sterile states (10 eV ≲ m ≲ 10 GeV) either populate the universe with too much hot dark matter or too much matter (Ω_{νs} ≫ 1). These constraints can be circumvented in a variety of ways, including adding new sterile neutrino interactions that will keep the heavy states in thermal equilibrium until lower temperatures, or postulating a low reheating temperature (T_{reheat} ≲ 100 MeV, easily allowed by current data [36], should suffice).

VI. COLLIDER PROBES OF NEUTRINO MASS GENERATION

If the U(1)_ν gauge symmetry which controls the higher-dimensional operators responsible for generating field U(1)ν charge qL, uR, dR 1 3 ℓ^1_L, e^1_R −1 − 2az_ϕ

ℓ^2_L, ℓ^3_L, e^2_R, e^3_R −1 + az_ϕ n^1_R −1 − 2bz_ϕ n^2_R, n^3_R −1 + bz_ϕ H 0 ϕ z_ϕ = − 3(a + b) a^2 + ab + b^2

TABLE II: The two-parameter family of U(1)ν charges in the 2+1 Leptocratic Model (a^′ = b^′ = 0) with the additional constraint of zH = 0. The Orwellian Leptocratic Model with zH = 0 is recovered for a = 0.

neutrino masses is spontaneously broken at or below the TeV scale, then the associated Z^′ gauge boson is likely to produce observable effects at high-energy colliders. Here we discuss the case where the gauge coupling is not much smaller than unity, so that the Z^′ boson may be produced copiously at the LHC [38]. Furthermore, we assume that the Z^′ mass is below 1 TeV so that it can show up as a resonance at the ILC.

For nonzero values of the U(1)_ν charge of the Higgs doublet, there is tree-level mixing between the Z and Z^′ bosons, which is tightly constrained by the LEPI data (see Fig. 1 of Ref. [13]). We will thus consider only the z_H = 0 case. In Secs. III and IV we have studied several U(1)_ν charge assignments. The most general one consistent with neutrino mass generation at the TeVscale is that of the 2+1 Leptocratic Model (note that the Orwellian Leptocratic Model is a particular case with a = 0). Imposing the additional condition of z_H = 0 we find c = 6z_q , (VI.12)

so that all U(1)_ν charges are given in terms of only two rational parameters, a and b. It is convenient to normalize the gauge coupling such that the quarks have U(1)_ν charge +1/3. The other U(1)_ν charges are listed in Table II. In the event of a Z^′ discovery in dilepton channels at the LHC or the Tevatron, it would be straightforward to measure the ratio of branching fractions into e^+e^− and μ^+μ^−. Unlike the majority of models studied in the literature, the 2+1 Leptocratic Model with a ≠ 0 predicts a value for this ratio different than unity:

B (Z^′ → e^+e^−) B (Z^′ → μ^+μ^−) = ( 1 + 2az_ϕ 1 − az_ϕ )_2 , (VI.13) where the charge of the scalar field ϕ is given by

z_ϕ = −

3(a + b) a^2 + ab + b^2

. (VI.14)

Measuring this ratio would allow the extraction of the az_ϕ combination of parameters. If furthermore a resonance of the same invariant mass is discovered in the tt channel at the LHC or the Tevatron, then it will be straightforward to test the 2+1 Leptocratic Model which predicts

B (Z^′ → e^+e^−) B ( Z^′ → tt ) = 3 (1 + 2az_ϕ)^2 . (VI.15)

Let us assume now that a resonance will be discovered in dilepton channels, and that the ratio of branching fractions into e^+e^− and μ^+μ^− turns out to be equal to one within experimental errors. The Orwellian Leptocratic Model (a = 0) will be favored over the more general 2+1 Leptocratic Model. The question is how to establish that the resonance is indeed associated with our U(1)_ν and not some other extension of the standard model. Let us assume that the ATLAS and CMS experiments at the LHC will be able to determine precisely several properties of the Z^′ boson by measuring total rates, angular distributions, and other observables in the e^+e^−, μ^+μ^−, tt and perhaps a couple of other channels, such that all the results are consistent with the Orwellian Leptocratic Model. Will that be enough evidence that the neutrino masses are generated at the TeV scale rather than some very high seesaw scale? The answer is no, because in the Orwellian Leptocratic Model all standard model fermions have charges given by their B − L number if z_H = 0. It turns out that extending the electroweak gauge group to SU(2)_L × U(1)_Y × U(1)_{B−L} is a natural possibility for TeV scale physics which does not lead to an explanation for the smallness of the neutrino masses. The only way to distinguish experimentally between the Z^′ from the Orwellian Leptocratic Model and the Z_{B−L} boson associated with the U(1)_{B−L} gauge symmetry is by measuring the branching fraction for invisible decays.

In the Orwellian Leptocratic Model we find

B (Z^′ → invisible ) = 6 7 , (VI.16)

where we ignored the top mass, and assumed that the decay into the CP-even component of the ϕ scalar is kinematically forbidden. This large invisible branching fraction is a consequence of the large charges of the righthanded neutrinos: z_{n1} = 5 and z_{n2} = z_{n3} = −4 in the normalization where the quarks have charge 1/3 and the leptons have charge −1. The branching fraction for invisible decays of the Z_{B−L} boson is significantly smaller, given by 6/16.

A measurement of the invisible decay of a Z^′ boson at the LHC would be extremely hard. For triggering purposes, the Z^′ would have to be produced in association with some other particles, which would render the signal rates small. At the same time, the backgrounds are likely to be large. The best hope for measuring the invisible decay of a Z^′ boson is provided by the ILC, where the total production cross section is well known [37], and the backgrounds will be under control.

The scalar sector responsible for U(1)_ν breaking may also be accessible at colliders. Assuming that a single ϕ scalar is charged under U(1)_ν , its CP-even degree of freedom may be produced in association with the Z^′ boson. Based on the structure of the operators responsible for neutrino masses, its main decay mode would be into neutrinos. A more interesting channel, albeit with a phasespace suppressed branching fraction, is into a charged lepton, a longitudinal W boson and a sterile neutrino. We point out, though, that besides the operators responsible for neutrino masses, other higher-dimensional operators may lead to large branching fractions of the ϕ scalar into quarks and charged leptons, and possibly into standard model Higgs bosons. For example, the gaugeinvariant dimension-six operator 1 Λ^2 ϕ^†ϕ (t_L, b_L)H̃t_R (VI.17)

may lead to a dominant ϕ decay into top quarks. Hence, the phenomenology of the U(1)_ν -breaking sector is more model-dependent than that of the Z^′ boson. An interesting possibility is to check whether there are more ϕ scalars coupled to the Z^′, which would further test the operators responsible for neutrino masses.

VII. SUMMARY AND CONCLUSIONS

The most popular explanation for tiny neutrino masses is to postulate that lepton number is a symmetry of the standard model that is broken at an energy scale Λ, close to the grand unification scale. Besides suppressing the neutrino masses by v/Λ, the high energy versions of the seesaw mechanism provide all necessary ingredients to explain the matter-antimatter asymmetry of the universe [39]. On the more sobering side, a very high energy origin for neutrino masses cannot be verified experimentally; one can at most envision accumulating indirect evidence for the physics behind neutrinos masses [40].

Here, we have pursued a different approach. We investigated the generation of neutrino masses in a nonanomalous U(1)_ν -extended standard model. Its particle content includes N right-handed neutrinos, which are neutral under SU(3)_c × SU(2)_L × U(1)_Y , but have nontrivial charges under the U(1)_ν symmetry. Right-handed neutrinos allow for non-trivial, non-anomalous extensions of the gauge sector, while the U(1)_ν provides a natural mechanism for generating small neutrino masses that does not necessarily rely on physics at energy scales significantly above the electroweak scale. Generically, U(1)_ν gauge invariance forbids the usual neutrino mass terms, and these are generated only through operators of high mass dimension which include scalar fields associated to the U(1)_ν breaking scale ⟨ϕ⟩. Hence, neutrinos are light because their masses are suppressed by several powers of ⟨ϕ⟩/Λ. This suppression factor is small even for an ultraviolet cutoff Λ close to the TeV scale and ⟨ϕ⟩ of order the electroweak scale.

The new anomaly cancellation conditions are highly non-trivial, especially because all fermion charges are expected to be commensurate. Nevertheless, assuming that all quark Yukawa couplings and all diagonal chargedlepton Yukawa couplings to the standard model Higgs doublet H are gauge invariant, we have found the most general solution to the anomaly cancellation conditions when N = 1 or 3. Only in the N = 3 case were we able to find scenarios consistent with light neutrino masses and Λ at the TeV scale, unless the Lagrangian contains very small dimensionless coefficients (smaller than the standard model electron Yukawa coupling). For N = 3, the charges of all quarks and leptons (including righthanded neutrinos) are determined in terms of four rational parameters, assumig one of the fermion charges is fixed by an appropriate normalization of the gauge coupling. This four-parameter charge assignment, referred to as the Leptocratic Model, is shown in Eqs. (III.1)- (III.5) and (III.12).

Even when only one scalar field other than H has a U(1)_ν -breaking VEV, we have found regions in the Leptocratic Model parameter space that fit the neutrino oscillation data. These are discussed in detail in Sec. III. Depending on the choice of parameters, the neutrinos can be either Dirac or Majorana fermions. In scenarios with Majorana neutrinos, we predict the existence of “quasisterile” neutrinos that mix slightly with the active neutrinos and couple to the new Z^′ gauge boson. These quasisterile neutrinos may have interesting phenomenological consequences for cosmology and oscillation physics. In the case of Dirac neutrinos, we also predict potentially observable consequences of the new degrees of freedom.

Since the U(1)_ν symmetry is spontaneously broken around the weak scale, the Z^′ gauge boson and the particles from the U(1)_ν breaking sector will manifest themselves in a variety of interesting ways. Z^′ exchange can mediate neutral-fermion flavor violating processes such as ν_eX → ν_τ X, which may be observable in next-generation neutrino oscillation experiments. The new heavy states can be discovered in current and upcoming collider experiments. If this turns out to be the case, the Tevatron, LHC and ILC may provide our first direct glimpse of the physics unveiled by neutrino oscillation experiments.

Acknowledgments

The work of AdG is sponsored in part by the US Department of Energy Contract DE-FG02-91ER40684. Fermilab is supported by the US Department of Energy Contract DE-AC02-76CHO3000.

APPENDIX: ACTIVE-STERILE MIXING IN ORWELLIAN LEPTOCRATIC MODEL

In the Orwellian Leptocratic Model discussed in Sec. III A, if b is an integer multiple of 3/2 there exist light sterile neutrinos which mix with the active ones. In this appendix, we derive the mixing among these states.

If b is a multiple of 3 (this corresponds to the second Orwellian case), all elements in the Dirac and Majorana mass matrices are allowed. The right-handed Majorana mass matrix gives a light eigenstate with mass ϵ^{8|b|/3}Λ and two heavy eigenstates with mass ϵ^{|b|/3}Λ. The mixing matrix that diagonalizes the right-handed neutrino mass matrix is “bi-large.” Hence, in the basis where the right-handed neutrino mass matrix is diagonal, the Dirac neutrino mass matrix is anarchical, and all its entries are of order vϵ^{|b|}. In this basis, the 6 × 6 mass matrix, M_ν , has the following form:

v^2 Λ ϵ^{2|b|/3}(c_ℓ)_{3×3} vϵ^{|b|} (λ^′_ν )_{3×3}

vϵ^{|b|} (λ^′_ν )^⊤_{3×3} Λϵ^{|b|/3} diag ( c^{′11}_n ϵ^{7|b|/3}, c^{′22}_n , c^{′33}_n ) . (A.1) Here, λ^′_ν is a 3 × 3 matrix whose entries are linear combinations of λ^{ij}_ν and c^{ij}_n , c^′_n are linear combinations of c^{ij}_n , and diag denotes a diagonal matrix.

Two of the three masses of the mostly right-handed neutrino states are much larger than the Dirac masses, and can be described by a 5 × 5 effective mass matrix where we keep the active neutrinos and only the “second” and the “third” sterile neutrinos (i.e., we discard the 4th row and 4th column of the above M_ν matrix). Two of the mostly active neutrinos receive a Type-I seesaw contribution to their masses

m^{seesaw} ν ∼ λ^2_ν c_n v^2 Λ ϵ^{5|b|/3} . (A.2)

Here and in the remainder of this Appendix, λ_ν , c_n and c_ℓ stand for typical elements of the respective 3×3 matrices. These contributions, however, are negligible, as they are much smaller than the left-handed Majorana masses. As a result, the mostly active neutrino masses come predominantly from the left-handed Majorana mass matrix, which gives three equal-magnitude masses for the active neutrinos, m_{ν1,2,3} ∼ c_ℓϵ^{2|b|/3} v^2 Λ . (A.3)

The observed large lepton mixing comes from the anarchical structure of the left-handed Majorana mass matrix.

The two heavy sterile neutrino masses are not affected by the seesaw,

m_{ν5,6} ∼ c_nΛϵ^{|b|/3} (A.4)

and the mixing between the two heavy sterile neutrinos and the active ones is,

Θ_{active−heavy} ∼ λ_ν c_n ϵ^{2|b|/3} v Λ . (A.5)

The active-light sterile neutrino mass matrix is given by a 4 × 4 effective mass matrix where we keep the active neutrinos and only the “first” sterile neutrino [i.e., we discard the 5th and 6th rows and columns of the M_ν matrix given in Eq. (A.1)]. Given that c_nΛϵ^{8|b|/3} ≪ c_ℓ v^2 Λ ϵ^{2|b|/3}, λ_ν vϵ^{|b|/3} , (A.6) further diagonalizing this matrix, we obtain the lightest sterile neutrino mass from an “inverted seesaw” contribution, m_{ν4} ∼ λ^2_ν c_ℓ Λϵ^{4|b|/3} , (A.7)

while the mixing between the active and the lightest sterile neutrinos is given by,

Θ_{active−light} ∼ λ_ν c_ℓ ϵ^{|b|/3} Λ v . (A.8)

If b is an odd multiple of 3/2, which corresponds to the third Orwellian case, the full 6 × 6 seesaw matrix is of the following block-diagonal form

v^2 Λ ϵ^{2|b|/3}(c_ℓ)_{3×3} vϵ^{2|b|}(λ_ν )_{3×1} 0_{3×2}

c^{11}_n Λϵ^{10|b|/3} 0_{1×2}

Λϵ^{8|b|/3}diag ( c^{′22}_n , c^{′33}_n ) ,

(A.9) as some of the matrix elements are forbidden by gauge invariance (because the matrix is symmetric, we have omitted the lower off-diagonal elements). The diagonalization of the right-handed neutrino mass matrix reveals the following eigenvalues: two heavier ones with masses of order ∼ ϵ^{8|b|/3}Λ, and the lightest one with mass ∼ ϵ^{10|b|/3}Λ. As these masses are much lighter than the Dirac masses, there is no usual seesaw contribution to the active neutrino masses. Furthermore, due to the block-diagonal form of the full 6 × 6 mass matrix, the heavier two sterile neutrinos do not mix with the active ones. The three active neutrinos acquire comparable masses from the lefthanded Majorana mass matrix,

m_{ν1,2,3} ∼ c_ℓ v^2 Λ ϵ^{2|b|/3} , (A.10)

since the left-handed Majorana masses are much larger compared to the Dirac masses. The lightest sterile neutrino acquires its mass through the following inverted seesaw contribution,

m_{ν4} ∼ λ^2_ν c_ℓ ϵ^{10|b|/3}Λ . (A.11)

The mixing between the active neutrinos and the lightest sterile one is,

Θ_{active−light} ∼ λ_ν c_ℓ ϵ^{4|b|/3} Λ v . (A.12)

The active-sterile mixing in this case is significantly smaller compared to the previous case.

[1] For a pedagogical discussion, see A. de Gouvêa, “2004 TASI lectures on neutrino physics,” hep-ph/0411274.

[2] For an up-to-date overview, see A. Strumia and F. Vissani, “Neutrino masses and mixings and . . . ,” hep-ph/0606054.

[3] S. Weinberg, “Baryon And Lepton Nonconserving Processes,” Phys. Rev. Lett. 43, 1566 (1979).

[4] P. Minkowski, “Mu → E Gamma At A Rate Of One Out Of 1-Billion Muon Decays?,” Phys. Lett. B 67, 421 (1977); M. Gell-Mann, P. Ramond and R. Slansky, “Complex Spinors And Unified Theories,” in Supergravity, eds. D. Freedman and P. Van Niuwenhuizen (North Holland, Amsterdam, 1979), p. 315; T. Yanagida, “Horizontal gauge symmetry and masses of neutrinos,” in Proceedings of the Workshop on Unified Theories and Baryon Number in the Universe, eds. O. Sawada and A. Sugamoto (KEK, Tsukuba, Japan, 1979); S.L. Glashow in 1979 Cargèse Lectures in Physics – Quarks and Leptons, eds. M. Lévy et al. (Plenum, New York, 1980), p. 707. See also R.N. Mohapatra and G. Senjanović, “Neutrino mass and spontaneous parity nonconservation,” Phys. Rev. Lett. 44, 912 (1980); J. Schechter and J.W.F. Valle, “Neutrino Masses In SU(2) X U(1) Theories,” Phys. Rev. D 22, 2227 (1980).

[5] See also R.N. Mohapatra et al., “Theory of neutrinos: A white paper,” hep-ph/0510213; A. de Gouvêa, “Neutrinos Have Mass - So What?,” Mod. Phys. Lett. A 19, 2799 (2004); M.-C. Chen and K.T. Mahanthappa, “Fermion masses and mixing and CP-violation in SO(10) models with family symmetries,” Int. J. Mod. Phys. A 18, 5819 (2003).

[6] A. de Gouvêa, “See-saw energy scale and the LSND anomaly,” Phys. Rev. D 72, 033005 (2005).

[7] A. de Gouvêa, J. Jenkins and N. Vasudevan, “Neutrino phenomenology of very low-energy seesaws,” hep-ph/0608147.

[8] T. Asaka, S. Blanchet and M. Shaposhnikov, “The nuMSM, dark matter and neutrino masses,” Phys. Lett. B 631, 151 (2005); T. Asaka, A. Kusenko and M. Shaposhnikov, “Opening a new window for warm dark matter,” Phys. Lett. B 638, 401 (2006); A. Kusenko, “Sterile dark matter and reionization,” astro-ph/0609375.

[9] T. Appelquist, B.A. Dobrescu and A.R. Hopper, “Nonexotic neutral gauge bosons,” Phys. Rev. D 68, 035012 (2003).

[10] A. Ferroglia, A. Lorca and J. J. van der Bij, “The Z’ reconsidered,” hep-ph/0611174.

[11] H. Davoudiasl, R. Kitano, G.D. Kribs and H. Murayama, “Models of neutrino mass with a low cutoff scale,” Phys. Rev. D 71, 113004 (2005).

[12] J. Sayre, S. Wiesenfeldt and S. Willenbrock, “Sterile neutrinos and global symmetries,” Phys. Rev. D 72, 015001 (2005).

[13] M. Carena, A. Daleo, B. A. Dobrescu and T. M. P. Tait, “Z’ gauge bosons at the Tevatron,” Phys. Rev. D 70, 093009 (2004).

[14] M. S. Berger and K. Siyeon, “Anomaly-free flavor symmetry and neutrino anarchy,” Phys. Rev. D 63, 057302 (2001); J.H. Kang, P. Langacker and T.J. Li, “Neutrino masses in supersymmetric SU(3)C × SU(2)L × U(1)Y × U(1)^′ models,” Phys. Rev. D 71, 015012 (2005);

[15] S. M. Barr, B. Bednarz and C. Benesh, “Anomaly Constraints And New U(1) Gauge Bosons,” Phys. Rev. D 34, 235 (1986); E. Ma, “New gauge symmetry of quarks and leptons,” Mod. Phys. Lett. A 17, 535 (2002); S. M. Barr and I. Dorsner, “A peculiar extra U(1),” Phys. Rev. D 72, 015011 (2005).

[16] D.A. Demir, G.L. Kane and T.T. Wang, “The minimal U(1)^′ extension of the MSSM,” Phys. Rev. D 72, 015012 (2005), and references therein.

[17] L.E. Ibanez and G.G. Ross, “Fermion masses and mixing angles from gauge symmetries,” Phys. Lett. B 332, 100 (1994); V. Jain and R. Shrock, “Models of fermion mass matrices based on a flavor dependent and generation dependent U(1) gauge symmetry,” Phys. Lett. B 352, 83 (1995); P. Binetruy and P. Ramond, “Yukawa textures and anomalies,” Phys. Lett. B 350, 49 (1995); E. Dudas, S. Pokorski and C. A. Savoy, “Yukawa matrices from a spontaneously broken Abelian symmetry,” Phys. Lett. B 356, 45 (1995).

[18] H.K. Dreiner, C. Luhn, H. Murayama and M. Thormeier, “Baryon triality and neutrino masses from an anomalous flavor U(1),” hep-ph/0610026, and references therein.

[19] P. Langacker and M. Plumacher, “Flavor changing effects in theories with a heavy Z’ boson with family nonuniversal couplings,” Phys. Rev. D 62, 013006 (2000); R. S. Chivukula and E. H. Simmons, “Electroweak limits on non-universal Z’ bosons,” Phys. Rev. D 66, 015006 (2002).

[20] P. Batra, B. A. Dobrescu and D. Spivak, “Anomaly-free sets of fermions,” J. Math. Phys. 47, 082301 (2006).

[21] C. D. Froggatt and H. B. Nielsen, “Hierarchy Of Quark Masses, Cabibbo Angles And CP Violation,” Nucl. Phys. B 147, 277 (1979).

[22] S. Davidson, C. Peña-Garay, N. Rius and A. Santamaria, “Present and future bounds on non-standard neutrino interactions,” JHEP 0303, 011 (2003); A. Friedland, C. Lunardini and C. Peña-Garay, “Solar neutrinos as probes of neutrino - matter interactions,” Phys. Lett. B 594, 347 (2004); M.M. Guzzo, P.C. de Holanda and O. L. G. Peres, “Effects of non-standard neutrino interactions on MSW-LMA solution,” Phys. Lett. B 591, 1 (2004); A. Friedland, C. Lunardini and M. Maltoni, “Atmospheric neutrinos as probes of neutrino matter interactions,” Phys. Rev. D 70, 111301 (2004).

[23] See, for example, A. Friedland and C. Lunardini, “Two modes of searching for new neutrino interactions at MI- NOS,” Phys. Rev. D 74, 033012 (2006); N. Kitazawa, H. Sugiyama and O. Yasuda, “Will MINOS see new physics?,” hep-ph/0606013; P. Huber, T. Schwetz and J.W.F. Valle, “Confusing non-standard neutrino interactions with oscillations at a neutrino factory,” Phys. Rev. D 66, 013006 (2002); P. Huber and J.W.F. Valle, “Nonstandard interactions: Atmospheric versus neutrino factory experiments,” Phys. Lett. B 523, 151 (2001); A.M. Gago, M.M. Guzzo, H. Nunokawa, W.J.C. Teves and R. Zukanovich Funchal, “Probing flavor changing neutrino interactions using neutrino beams from a muon storage ring,” Phys. Rev. D 64, 073003 (2001).

[24] One could say that some charges are “more equal than others”, see George Orwell, Animal Farm (1945).

[25] L.J. Hall, H. Murayama and N. Weiner, “Neutrino mass anarchy,” Phys. Rev. Lett. 84, 2572 (2000); N. Haba and H. Murayama, “Anarchy and hierarchy,” Phys. Rev. D 63, 053010 (2001); A. de Gouvêa and H. Murayama, “Statistical test of anarchy,” Phys. Lett. B 573, 94 (2003).

[26] G. Barenboim, G.C. Branco, A. de Gouvêa and M.N. Rebelo, “Neutrino masses and lepton flavor violation in thick brane scenarios,” Phys. Rev. D 64, 073005 (2001).

[27] P.C. de Holanda and A.Yu. Smirnov, “Homestake result, sterile neutrinos and low energy solar neutrino experiments,” Phys. Rev. D 69, 113002 (2004) [28] V. Barger, P. Langacker and H. S. Lee, “Primordial nucleosynthesis constraints on Z’ properties,” Phys. Rev. D 67, 075009 (2003).

[29] M. Cirelli and A. Strumia, “Cosmology of neutrinos and extra light particles after WMAP3,” astro-ph/0607086.

[30] S. Hannestad and G.G. Raffelt, “Neutrino masses and cosmic radiation density: Combined analysis,” astro-ph/0607101.

[31] S. Hannestad, “New constraint on the cosmological background of relativistic particles,” JCAP 0601, 001 (2006). See also R.H. Cyburt, B.D. Fields, K.A. Olive and E. Skillman, “New BBN limits on physics beyond the standard model from He-4,” Astropart. Phys. 23, 313 (2005).

[32] V. Barger, J.P. Kneller, H.S. Lee, D. Marfatia and G. Steigman, “Effective number of neutrinos and baryon asymmetry from BBN and WMAP,” Phys. Lett. B 566, 8 (2003); P. Crotty, J. Lesgourgues and S. Pastor, “Measuring the cosmological background of relativistic particles with WMAP,” Phys. Rev. D 67, 123005 (2003).

[33] K.A. Olive and E.D. Skillman, “A Realistic Determination of the Error on the Primordial Helium Abundance: Steps Toward Non-Parametric Nebular Helium Abundances,” Astrophys. J. 617, 29 (2004).

[34] For a recent critical discussion see, for example, G. Steigman, “Primordial nucleosynthesis: Successes and challenges,” Int. J. Mod. Phys. E 15, 1 (2006).

[35] V. Barger, J.P. Kneller, P. Langacker, D. Marfatia and G. Steigman, “Hiding relativistic degrees of freedom in the early universe,” Phys. Lett. B 569, 123 (2003).

[36] For a recent estimate, see, S. Hannestad, “What is the lowest possible reheating temperature?,” Phys. Rev. D 70, 043506 (2004).

[37] A. Freitas, “Weakly coupled neutral gauge bosons at future linear colliders,” Phys. Rev. D 70, 015008 (2004).

[38] For a review, see T. G. Rizzo, “Z’ phenomenology and the LHC,” hep-ph/0610104.

[39] M. Fukugita and T. Yanagida, “Baryogenesis Without Grand Unification,” Phys. Lett. B 174, 45 (1986).

[40] For a recent discussion, see M.R. Buckley and H. Murayama, “How can we test seesaw experimentally?,” hep-ph/0606088.