arXiv:0907.2754v2 [hep-ph] 25 Aug 2009

Effects of quark family nonuniversality in SU(3)_c ⊗ SU(4)_L ⊗ U(1)_X models

Jorge L. Nisperuza^1 and Luis A. Sánchez^1 1Escuela de Física, Universidad Nacional de Colombia, A.A. 3840, Medellín, Colombia

Abstract

Flavor changing neutral currents arise in the SU(3)_c ⊗SU(4)_L ⊗U(1)_X extension of the standard model because anomaly cancellation among the fermion families requires one generation of quarks to transform differently from the other two under the gauge group. In the weak basis the distinction between quark families is meaningless. However, in the mass eigenstates basis, the Cabibbo- Kobayashi-Maskawa mixing matrix motivates us to classify left-handed quarks in families. In this sense there are, in principle, three different assignments of quark weak eigenstates into mass eigenstates. In this work, by using measurements at the Z-pole, atomic parity violation data and experimental input from neutral meson mixing, we examine two different models without exotic electric charges based on the 3-4-1 symmetry, and address the effects of quark family nonuniversality on the bounds on the mixing angle between two of the neutral currents present in the models and on the mass scales M_{Z2} and M_{Z3} of the new neutral gauge bosons predicted by the theory. The heaviest family of quarks must transform differently in order to keep lower bounds on M_{Z2} and M_{Z3} as low as possible without violating experimental constraints.

PACS numbers: 12.10.Dm, 12.60.Cn, 12.15.Mm

I. INTRODUCTION

Two of the most mysterious aspects in modern particle physics are the masses and mixings of the elementary fermions and the number of fermion generations in nature: the flavour problem. The standard model (SM), in which each family is anomalyfree by itself, does not fix the number of generations except by the indirect bound coming from the asymptotic freedom of QCD according to which this number must be less than 9. On the other hand it is known, on the theoretical side, that the flavor democracy approach [1] and some mechanisms of dynamical electroweak symmetry breaking [2] favor the existence of a fourth family, and, on the experimental side, that precision electroweak data do not totally exclude it [3]. Moreover, two and even three additional generations could also be allowed [4]. However, in the SM, the LEP data on invisible Z boson decay show that there are three SM families with light neutrinos [5].

Two alternative scenarios, which provide some insight for the solution of this puzzle by relating the number of generations to the cancellation of chiral anomalies, have been proposed in the literature. In one of them anomalies constrain the number of generations provided their cancellation takes place either in a nonsupersymmetric SU(3)_c ⊗ SU(2)_L ⊗ U(1)_Y theory that lives in a six-dimensional spacetime [6], or in a sixdimensional (1, 1) supersymmetric gauge theory [7]. In the other one the SM is extended either to the gauge group SU(3)_c ⊗ SU(3)_L ⊗ U(1)_Y (the 3-3-1 model) [8, 9] or to the gauge symmetry SU(3)_c ⊗ SU(4)_L ⊗U(1)_Y (the 3-4-1 model) [10, 11, 12], with anomalies cancelling among the families (three-family models) and not family by family as in the SM. In the 3-3-1 extension this happens only if we have an equal number of left-handed triplets and antitriplets, taking into account the color degree of freedom. Correspondingly, an equal number of 4-plets and 4^∗-plets is required in the 3-4-1 extension. As a consequence, the number of fermion families N_f must be divisible by the number of colors N_c of SU(3)_c, being N_f = N_c = 3 the simplest solution.

One additional motivation to study the second scenario comes from the fact that it has been recently recognized as the simplest SM extension required for the implementation of the little Higgs mechanism [13]. Even though we will not be concerned here with this alternative proposal to solve the so-called hierarchy problem, we notice that in the simplest little Higgs scenario the SM gauge group is enlarged to SU(3)_L ⊗ U(1)_X . This model, however, lacks a quartic Higgs coupling which can be generated in a SU(4)_L ⊗ U(1)_X extension [13]. The complete anomaly-free fermion sector for these two little Higgs models has been studied in detail in Ref. [14], with direct generalization to SU(N)_L ⊗U(1)_X with N > 4 but, at present, there is not motivation to go beyond N = 4. Conspicuously, in the little Higgs scenario both the 3-3-1 extension and the 3-4-1 one are three-family models in which all the exotic fermion fields have only ordinary electric charges.

In this paper we will be involved with the 3-4-1 extension of the SM. In this regard, a recent systematic analysis has shown that, by restricting the fermion field representations to particles without exotic electric charges (that is, electric charges different from ±2/3 and ±1/3 for exotic quarks and different from 0 and ±1 for exotic leptons) and by paying due attention to anomaly cancellation, a few different models are obtained; while by relaxing the condition of nonexistence of exotic electric charges, an infinite number of models can be generated [12]. The restriction to ordinary electric charges in the fermion, gauge boson and scalar sectors, allows only for two different possibilities for the simultaneous values of the parameters b and c in the most general expression for the electric charge generator in

SU(4)_L ⊗ U(1)_X

Q = aT_{3L} + b √ 3 T_{8L} + c √ 6 T_{15L} + XI_4, (1)

where T_{iL} = λ_{iL}/2 (λ_{iL} are the Gell-Mann matrices for SU(4)_L normalized as Tr(λ_iλ_j ) = 2δ_{ij} ), I_4 = Dg(1, 1, 1, 1) is the diagonal 4 × 4 unit matrix, and a = 1 gives the usual isospin of the electroweak interaction. These possibilities are: b = c = 1 and b = 1, c = −2, which become a convenient classification scheme for these type of models. Four of the identified models without exotic electric charges are three-family models. Two of them are models for which b = c = 1 and have been analyzed in Refs. [15] and [16]. The other two models belong to the class for which b = 1, c = −2 and have been studied in Refs. [17] and [18].

3-4-1 models containing exotic electric charges have been also considered in the literature [10, 11]. In this case a particular embedding of the SM gauge group into SU(3)_c ⊗ SU(4)_L ⊗ U(1)_X depends on the physical motivation of the model to be constructed. The model in Ref. [10], for example, has been proposed with the goal of including right-handed neutrinos in the fermion spectrum from the start.

Models based on the SU(3)_c ⊗ SU(4)_L ⊗ U(1)_X gauge symmetry predict the existence of three massive neutral currents which mix with each other. They are, the usual neutral current of the SM associated to the Z gauge boson, and two new associated to the gauge bosons Z^′ and Z^{′′}. Unlike models containing exotic electric charges, for models with only ordinary electric charges the mixing can be constrained to occur between Z and Z^′ only [15, 16, 17]. This fact produces an enormous simplification in the study of the low energy deviations of the Z couplings to the SM families [13]. On the other hand, after the breakdown of the 3-4-1 symmetry down to SU(3)_c ⊗ U(1)_Q, the left-handed couplings of quarks to the SM Z boson remain flavor conserving (at low energies the model coincides with the SM); but, since anomaly cancellation among generations forces one family of quarks to transform differently from the other two, the left-handed couplings of quarks both to Z^′ and Z^{′′} are, in general, not flavor diagonal. Consequently, flavor changing neutral currents (FCNC) arise.

With a family of quarks transforming differently under SU(4)_L ⊗ U(1)_X , we have three possible assignments of weak eigenstates into mass eigenstates. As we will see, the phenomenological implications of the model will depend on the choice of the quark family being different.

In this work we will constrain ourselves to the case where the mixing occurs between Z and Z^′ only, with Z^{′′} ≡ Z_3 being a mass eigenstate [13]. Then, for two different 3-4-1 models, one of them representative of the b = c = 1 class and the other one representative of the b = 1, c = −2 class, we do a χ^2 fit to Z-pole observables and atomic parity violation (APV) data in order to constraint the mixing angle θ between Z and Z^′ and the mass scale M_{Z2} of the corresponding physical new neutral gauge boson. The main purpose will be to examine how much these bounds depend on the three different assignments of quark gauge eigenstates into mass eigenstates. Next, for the same two different 3-4-1 models and for the three possible assignments, we will impose constraints on the parameters M_{Z2} and M_{Z3} coming from neutral meson mixing in the analysis of the FCNC effects present in the models. The outcome of the analysis will be then used to establish which quark family must transform differently in order to keep the lower bounds on M_{Z2} and M_{Z3} as low as possible.

This paper is organized as follows. In the next section we review the 3-4-1 models to be studied with the emphasis done on the aspects relevant to the analysis proposed in the previous paragraph. In Sec. III we use electroweak measurements at the Z-pole, APV data and experimental input from neutral meson mixing in order to obtain family-dependent bounds on the parameters of the models. Finally, in the last section, we summarize and present our conclusions.

II. 3-4-1 MODELS

As stated, we will consider models without exotic electric charges based on the 3-4-1 symmetry, each one characterized by the values of the parameters b and c in the electric charge operator in Eq. (1), namely: b = c = 1 or b = 1, c = −2. There exists two anomalyfree models of each type [12]. We will select one representative model of the b = c = 1 class and one representative model of the b = 1, c = −2 class.

In what follows we assume the symmetry breaking pattern

SU(3)_c ⊗ SU(4)_L⊗ U(1)_X V^′−→ SU(3) c ⊗ SU(3)_L ⊗ U(1)_Z V−→ SU(3)_c ⊗ SU(2)_L ⊗ U(1)_Y v+v^′−→ SU(3) c ⊗ U(1)_Q, (2)

where SU(3)_c ⊗ SU(3)_L ⊗ U(1)_Z refers to the three-family 3-3-1 structure introduced in Ref. [9], and V , V^′, v, v^′ are the vacuum expectation values of four Higgs 4-plets which will be specified for each model below. We impose the hierarchy V ∼ V^′ >> v ∼ v^′ ≃ 174 GeV.

The gauge couplings g_4 and g_X , associated with the groups SU(4)_L and U(1)_X , respectively, are defined through the covariant derivative for 4-plets as: iD^μ = i∂^μ − g_4λ_{Lα}A^μ_α/2 − g_X XB^μ. A. Model A: b = c = 1

This is Model B in Ref. [12]. It has the anomaly-free fermion content displayed in Table I where i = 1, 2 and α = 1, 2, 3 are family indexes and the numbers in parentheses refer to the [SU(3)_C , SU(4)_L, U(1)_X ] quantum numbers, respectively. U_i and U^′_i are exotic quarks of electric charge 2/3, while D_3 and D^′_3 are exotic quarks of electric charge −1/3. E^−_α and E^{′−}_α are exotic electrons. Notice that universality for the known leptons in the three families is present at the tree level in the weak basis. So, FCNC do not occur in the lepton sector, up to possible mixing with the exotic fields.

From Table I we can identify three different realizations in the mass basis as shown in Table II.

The symmetry breaking and masses for all the fermion fields (except for ν^0_{eα}) are produced by the set of Higgs scalars [16]

⟨ϕ^T_1 ⟩ = ⟨(ϕ^0_1, ϕ^+_1 , ϕ^{′+}_1 , ϕ^{′′+}_1 )⟩ = (v, 0, 0, 0) ∼ [1, 4^∗, 3/4], ⟨ϕ^T_2 ⟩ = ⟨(ϕ^−_2 , ϕ^0_2, ϕ^{′0}_2 , ϕ^{′′0}_2 )⟩ = (0, v^′, 0, 0) ∼ [1, 4^∗, −1/4], ⟨ϕ^T_3 ⟩ = ⟨(ϕ^−_3 , ϕ^0_3, ϕ^{′0}_3 , ϕ^{′′0}_3 )⟩ = (0, 0, V, 0) ∼ [1, 4^∗, −1/4], ⟨ϕ^T_4 ⟩ = ⟨(ϕ^−_4 , ϕ^0_4, ϕ^{′0}_4 , ϕ^{′′0}_4 )⟩ = (0, 0, 0, V^′) ∼ [1, 4^∗, −1/4]. (3)

When the 3-4-1 symmetry is broken to the SM, we get the gauge matching conditions

g_4 = g, and 1 g^{′2} = 1 g^2_X + 1 2g^2

, (4)

TABLE I: Anomaly-free fermion content of Model A.

Q_{iL} = d_i u_i U_i U^′_i L d^c_{iL} u^c_{iL} U^c_{iL} U^{′c}_{iL}

[3, 4^∗,^5_{12} ] [3^∗, 1,^1_3 ] [3^∗, 1, −^2_3 ] [3^∗, 1, −^2_3 ] [3^∗, 1, −^2_3 ]

Q_{3L} = u_3 d_3 D_3 D^′_3 L u^c_{3L} d^c_{3L} D^c_{3L} D^{′c}_{3L}

[3, 4, −^1_{12} ] [3^∗, 1, −^2_3 ] [3^∗, 1,^1_3 ] [3^∗, 1,^1_3 ] [3^∗, 1,^1_3 ]

L_{αL} = ν^0_{eα} e^−_α E^−_α E^{′−}_α L e^+_{αL} E^+_{αL} E^{′+}_{αL}

[1, 4, −^3_4 ] [1, 1, 1] [1, 1, 1] [1, 1, 1]

TABLE II: Three different assignments of symmetry eigenstates into mass eigenstates for Model A. Assignment A1 Assignment A2 Assignment A3

Q_{iL} = d, s u, c U_1, U_2 U^′_1, U^′_2 L Q_{iL} = d, b u, t U_1, U_3 U^′_1, U^′_3 L Q_{iL} = s, b c, t U_2, U_3 U^′_2, U^′_3 L Q_{3L} = t b D_3 D^′_3 L Q_{3L} = c s D_2 D^′_2 L Q_{3L} = u d D_1 D^′_1 L where g and g^′ are the gauge coupling constants of the SU(2)_L and U(1)_Y groups of the SM, respectively.

Mixing between ordinary and exotic fermions and violation of unitarity of the Cabibbo- Kobayashi-Maskawa (CKM) mixing matrix can be avoided by introducing an anomaly-free discrete Z_2 symmetry with assignments of Z_2 charge q_Z given by q_Z (Q_{αL}, u^c_{αL}, d^c_{αL}, L_{αL}, e^c_{αL}, ϕ_1, ϕ_2) = 0, q_Z (U^c_{iL}, U^{′c}_{iL}, D^c_{3L}, D^{′c}_{3L}, E^c_{αL}, E^{′c}_{αL}, ϕ_3, ϕ_4) = 1, (5) After the symmetry breaking, the Yukawa couplings allowed by the gauge invariance and the Z_2 symmetry produce for up- and down-type quarks, in the basis (u_1, u_2, u_3, U_1, U_2, U^′_1, U^′_2) and (d_1, d_2, d_3, D_3, D^′_3), respectively, block diagonal mass matrices of the form M_{uU} = ( M^u_{3×3} 0 0 M^U_{4×4} ) , (6) and M_{dD} = ( M^d_{3×3} 0 0 M^D_{2×2} ) , (7)

and similarly for the charged leptons.

For our purposes, we will be mainly interested in the neutral gauge boson sector which consists of four physical fields: the massless photon A_μ and the massive gauge bosons Z_μ, Z^′_μ and Z^{′′}_μ. In terms of the electroweak basis, they are given by A^μ = S_W A^μ_3 + C_W Y^μ , Z^μ = C_W A^μ_3 − S_W Y^μ , Z^{′μ} = √ 2 3 (1 − T^2_W /2)^{1/2} ( A^μ_8 +

A^μ_{15} √ 2 ) − T_W √ 2 B^μ, Z^{′′μ} = A^μ_8 / √ 3 − √ 2/3A^μ_{15}, (8) where Y^μ = T_W √ 3 ( A^μ_8 +

A^μ_{15} √ 2 ) + (1 − T^2_W /2)^{1/2}B^μ (9)

is the field to be identified as the Y hypercharge associated with the SM abelian gauge boson. T_W = S_W /C_W , where S_W is the sine of the electroweak mixing angle defined as S_W = √ 2g_X / √ 3g^2_X + 2g^2_4 , and C_W = √ 1 − S^2_W .

Since we are interested in the low energy phenomenology of the model, we can choose V ≃ V^′. Moreover we will consider the particular case v ≃ v^′, for which the current Z^{′′μ} ≡ Z^μ_3 decouples from the other two and acquires a squared mass M^2_{Z3} = (g^2_4 /2)V^2 [13]. The remaining mixing between Z_μ and Z^′_μ is parametrized by the mixing angle θ as Z^μ_1 = Z^μ cos θ + Z^{′μ} sin θ , Z^μ_2 = −Z^μ sin θ + Z^{′μ} cos θ, (10) where Z^μ_1 and Z^μ_2 are the mass eigenstates and

tan(2θ) = 2 √ 2δv^2S^3_W 2δ^2[v^2(S^4_W + C^4_W ) + V^2C^4_W ] − v^2S^2_W

, (11)

with δ = g_X /(2g_4).

The Lagrangian for neutral currents can be written as −L^{NC} = eA^μJ_μ(EM) + (g_4/C_W )Z^μJ_μ(Z) + (g_X / √ 2)Z^{′μ} J_μ(Z^′) + (g_4/2)Z^{′′μ}J_μ(Z^{′′}), with

J_μ(EM) = 2 3 [ū_3γ_μu_3 + 2∑ i=1 (ū_iγ_μu_i + Ū_iγ_μU_i

+Ū^′_iγ_μU^′_i )] − 1 3 (d̄_3γ_μd_3 + D̄_3γ_μD_3 + D̄^′_3γ_μD^′_3 + 2∑ i=1 d̄_iγ_μd_i)

− 3∑ α=1 (ē^−_α γ_μe^−_α + Ē^−_α γ_μE^−_α + Ē^{′−}_α γ_μE^{′−}_α ) = ∑ f q_ff̄γ_μf, (12)

TABLE III: The Z^μ_1 −→ f̄f couplings for Model A.

f g^{(A)}(f)_{1V} g^{(A)}(f)_{1A} u_3 (^1_2 −^{4S2W}_3 )(cos θ + Υ sin θ)^1_2 (cos θ + Υ sin θ) d_3 (−^1_2 +^{2S2W}_3 ) cos θ +^1_2 Υ(C^2_W +^{S2W}_3 ) sin θ −^1_2 (cos θ − ΥC_{2W} sin θ) D_3^{2S2W}_3 cos θ −^1_2 Υ(1 −^{7S2W}_3 ) sin θ −^1_2 ΥC^2_W sin θ D^′_3^{2S2W}_3 cos θ −^1_2 Υ(1 −^{7S2W}_3 ) sin θ −^1_2 ΥC^2_W sin θ d_{1,2} (−^1_2 +^{2S2W}_3 )(cos θ + Υ sin θ) −^1_2 (cos θ + Υ sin θ) u_{1,2} (^1_2 −^{4S2W}_3 ) cos θ −^1_2 Υ(C^2_W +^{5S2W}_3 ) sin θ^1_2 (cos θ − ΥC_{2W} sin θ) U_{1,2} −^{4S2W}_3 cos θ +^1_2 Υ(1 −^{11}_3 S^2_W ) sin θ^1_2 ΥC^2_W sin θ U^′_{1,2} −^{4S2W}_3 cos θ +^1_2 Υ(1 −^{11}_3 S^2_W ) sin θ^1_2 ΥC^2_W sin θ ν_{1,2,3}^1_2 (cos θ + Υ sin θ)^1_2 (cos θ + Υ sin θ) e^−_{1,2,3} (−^1_2 + 2S^2_W ) cos θ + Υ(^1_2 + S^2_W ) sin θ −^1_2 (cos θ − ΥC_{2W} sin θ) E^−_{1,2,3} 2S^2_W cos θ +^1_2 Υ(−1 + 5S^2_W ) sin θ −^1_2 ΥC^2_W sin θ E^{′−}_{1,2,3} 2S^2_W cos θ +^1_2 Υ(−1 + 5S^2_W ) sin θ −^1_2 ΥC^2_W sin θ

J_μ(Z) = J_{μ,L}(Z) − S^2_W J_μ(EM), (13)

J_μ(Z^′) = J_{μ,L}(Z^′) − T_W J_μ(EM), (14)

J_μ(Z^{′′}) = −D̄_{3L}γ_μD_{3L} + D̄^′_{3L}γ_μD^′_{3L} + 2∑ i=1 (Ū_{iL}γ_μU_{iL} − Ū^′_{iL}γ_μU^′_{iL}) − 3∑ α=1 (Ē^−_{αL}γ_μE^−_{αL} − Ē^{′−}_{αL}γ_μE^{′−}_{αL}), (15)

where e = gS_W = g_4S_W = g_X C_W √ 1 − T^2_W /2 > 0 is the electric charge, q_f is the electric charge of the fermion f in units of e and J_μ(EM) is the electromagnetic current. It is important to remark that in this model the Z^{′′}_μ current couples only to exotic fields as can be seen from Eq. (15).

The left-handed currents in J_μ(Z) and J_μ(Z^′) are J_{μ,L}(Z) = 1 2 [ū_{3L}γ_μu_{3L} − d̄_{3L}γ_μd_{3L} − 2∑ i=1 (d̄_{iL}γ_μd_{iL} − ū_{iL}γ_μu_{iL}) + 3∑ α=1 (ν̄_{eαL}γ_μν_{eαL} − ē^−_{αL}γ_μe^−_{αL})] = ∑ f T_{4f} f̄_Lγ_μf_L, (16)

TABLE IV: The Z^μ_2 −→ f̄f couplings for Model A.

f g^{(A)}(f)_{2V} g^{(A)}(f)_{2A} u_3 −(^1_2 −^{4S2W}_3 )(sin θ − Υ cos θ)^1_2 (− sin θ + Υ cos θ) d_3 (^1_2 −^{2S2W}_3 ) sin θ +^1_2 Υ(C^2_W +^{S2W}_3 ) cos θ^1_2 (sin θ + ΥC_{2W} cos θ) D_3 −^{2S2W}_3 sin θ −^1_2 Υ(1 −^{7S2W}_3 ) cos θ −^1_2 ΥC^2_W cos θ D^′_3 −^{2S2W}_3 sin θ −^1_2 Υ(1 −^{7S2W}_3 ) cos θ −^1_2 ΥC^2_W cos θ d_{1,2} (^1_2 −^{2S2W}_3 )(sin θ − Υ cos θ) −^1_2 (− sin θ + Υ cos θ) u_{1,2} −(^1_2 −^{4S2W}_3 ) sin θ −^1_2 Υ(C^2_W +^{5S2W}_3 ) cos θ −^1_2 (sin θ + ΥC_{2W} cos θ) U_{1,2}^{4S2W}_3 sin θ +^1_2 Υ(1 −^{11}_3 S^2_W ) cos θ^1_2 ΥC^2_W cos θ U^′_{1,2}^{4S2W}_3 sin θ +^1_2 Υ(1 −^{11}_3 S^2_W ) cos θ^1_2 ΥC^2_W cos θ ν_{1,2,3}^1_2 (− sin θ + Υ cos θ)^1_2 (− sin θ + Υ cos θ) e^−_{1,2,3} (^1_2 − 2S^2_W ) sin θ + Υ(^1_2 + S^2_W ) cos θ^1_2 (sin θ + ΥC_{2W} cos θ) E^−_{1,2,3} −2S^2_W sin θ +^1_2 Υ(−1 + 5S^2_W ) cos θ −^1_2 ΥC^2_W cos θ E^{′−}_{1,2,3} −2S^2_W sin θ +^1_2 Υ(−1 + 5S^2_W ) cos θ −^1_2 ΥC^2_W cos θ

J_{μ,L}(Z^′) = (2T_W )^{−1}{(1 + T^2_W )ū_{3L}γ_μu_{3L} +(1 − T^2_W )d̄_{3L}γ_μd_{3L} −D̄_{3L}γ_μD_{3L} − D̄^′_{3L}γ_μD^′_{3L} − 2∑ i=1 [(1 + T^2_W )d̄_{iL}γ_μd_{iL}

+(1 − T^2_W )ū_{iL}γ_μu_{iL} −Ū_{iL}γ_μU_{iL} − Ū^′_{iL}γ_μU^′_{iL}] + 3∑ α=1 [(1 + T^2_W )ν̄_{αL}γ_μν_{αL}

+(1 − T^2_W )ē^−_{αL}γ_μe^−_{αL} −Ē^−_{αL}γ_μE^−_{αL} − Ē^{′−}_{αL}γ_μE^{′−}_{αL}]} = ∑ f T^′_{4f}f̄_Lγ_μf_L, (17)

where T_{4f} = Dg(1/2, −1/2, 0, 0) is the third component of the weak isospin and T^′_{4f} = (1/2T_W )Dg(1 + T^2_W , 1 − T^2_W , −1, −1)= T_W λ_3/2 + (1/T_W )(λ_8/ √ 3 + λ_{15}/ √ 6) is a convenient 4 × 4 diagonal matrix, both of them acting on the representation 4 of SU(4)_L. The current J_μ(Z) is clearly recognized as the generalization of the neutral current of the SM. Thus, we identify Z_μ as the neutral gauge boson of the SM.

From Eq. (17) we can see that the left-handed couplings of Z^′ to one family of quarks are different from the couplings to the other two. This induces FCNC at the tree level transmitted by the Z^′ boson.

The couplings between the mass eigenstates Z^μ_1 , Z^μ_2 and the fermion fields are obtained

TABLE V: Anomaly-free fermion content of Model B.

Q_{iL} = u_i d_i D_i U_i L u^c_{iL} d^c_{iL} D^c_{iL} U^c_{iL}

[3, 4,^1_6 ] [3^∗, 1, −^2_3 ] [3^∗, 1,^1_3 ] [3^∗, 1,^1_3 ] [3^∗, 1, −^2_3 ]

Q_{3L} = d_3 u_3 U_3 D_3 L d^c_{3L} u^c_{3L} U^c_{3L} D^{′c}_{3L}

[3, 4^∗,^1_6 ] [3^∗, 1, −^2_3 ] [3^∗, 1,^1_3 ] [3^∗, 1,^1_3 ] [3^∗, 1,^1_3 ]

L_{αL} = e^−_α ν^0_{eα} N^0_α E^−_α L e^+_{αL} E^+_{αL}

[1, 4^∗, −^1_2 ] [1, 1, 1] [1, 1, 1]

for this model from the Hamiltonian

H^{NC} = g_4 2C_W 2∑ i=1 Z^μ_i ∑ f {f̄γ_μ[g^{(A)}(f)_{iV} − g^{(A)}(f)_{iA}γ_5]f}, (18)

The expressions for g^{(A)}_{iV} , g^{(A)}_{iA} (i = 1, 2) are listed in Tables III and IV, where Υ = 1/ √ 2 − 3S^2_W and C_{2W} = C^2_W − S^2_W .

B. Model B: b = 1, c = −2

This is Model E in Ref. [12]. For this model the anomaly-free fermion structure is given in Table V, which shows that also in this case universality for the ordinary leptons in the three families is present in the weak basis. From this Table we can recognize the three different realizations in the mass basis shown in Table VI.

The symmetry breaking and masses for all the fermion fields (except for the neutral leptons) are achieved with the set of Higgs scalars [17]

⟨ϕ^T_1 ⟩ = ⟨(ϕ^−_1 , ϕ^0_1, ϕ^{′0}_1 , ϕ^{′−}_1 )⟩ = (0, v, 0, 0) ∼ [1, 4^∗, −1/2], ⟨ϕ^T_2 ⟩ = ⟨(ϕ^−_2 , ϕ^0_2, ϕ^{′0}_2 , ϕ^{′−}_2 )⟩ = (0, 0, V, 0) ∼ [1, 4^∗, −1/2], ⟨ϕ^T_3 ⟩ = ⟨(ϕ^0_3, ϕ^−_3 , ϕ^{′−}_3 , ϕ^{′0}_3 )⟩ = (v^′, 0, 0, 0) ∼ [1, 4, −1/2], ⟨ϕ^T_4 ⟩ = ⟨(ϕ^0_4, ϕ^−_4 , ϕ^{′−}_4 , ϕ^{′0}_4 )⟩ = (0, 0, 0, V^′) ∼ [1, 4, −1/2]. (19)

The gauge matching conditions now read

g_4 = g, and 1 g^{′2} = 1 g^2_X + 1 g^2

. (20)

TABLE VI: Three different assignments of symmetry eigenstates into mass eigenstates for Model B. Assignment B1 Assignment B2 Assignment B3

Q_{iL} = u, c d, s D_1, D_2 U_1, U_2 L Q_{iL} = u, t d, b D_1, D_3 U_1, U_3 L Q_{iL} = c, t s, b D_2, D_3 U_2, U_3 L Q_{3L} = b t U_3 D_3 L Q_{3L} = s c U_2 D_2 L Q_{3L} = d u U_1 D_1 L For this model the discrete Z_2 symmetry assigns charges q_Z according to q_Z (Q_{αL}, u^c_{αL}, d^c_{αL}, L_{αL}, e^c_{αL}, ϕ_1, ϕ_3) = 0, q_Z (U^c_{αL}, D^c_{αL}, E^c_{αL}, ϕ_2, ϕ_4) = 1, (21)

and the resulting block diagonal form of the mass matrices for up- and down-type quarks, in the basis (u_1, u_2, u_3, U_1, U_2, U_3) and (d_1, d_2, d_3, D_1, D_2, D_3) respectively, are M_{uU} = ( M^u_{3×3} 0 0 M^U_{3×3} ) , (22) and M_{dD} = ( M^d_{3×3} 0 0 M^D_{3×3} ) , (23)

and similarly for the charged leptons.

The photon field A_μ and the massive neutral gauge bosons are

A^μ = S_W A^μ_3 +C_W [ T_W √ 3 ( A^μ_8 − 2

A^μ_{15} √ 2 ) + (1 − T^2_W )^{1/2}B^μ ] , Z^μ = C_W A^μ_3 −S_W [ T_W √ 3 ( A^μ_8 − 2

A^μ_{15} √ 2 ) + (1 − T^2_W )^{1/2}B^μ ] , Z^{′μ} = 1 √ 3 (1 − T^2_W )^{1/2} ( A^μ_8 − 2

A^μ_{15} √ 2 ) − T_W B^μ, Z^{′′μ} = 2A^μ_8 / √ 6 + A^μ_{15}/ √ 3, (24)

from which we identify the Y hypercharge associated with the SM U(1)_Y gauge boson as

Y^μ = T_W √ 3 ( A^μ_8 − 2

A^μ_{15} √ 2 ) + (1 − T^2_W )^{1/2}B^μ. (25)

Also in this model, for V ≃ V^′ and v ≃ v^′, the field Z^{′′μ} ≡ Z^μ_3 decouples and acquires a mass M^2_{Z3} = (g^2_4/2)(V^2 +v^2). The mixing angle between Z_μ and Z^′_μ is given by

tan(2θ) = v^2S^2_W √ C_{2W} v^2(1 + S^2_W )^2 + V^2C^4_W − 2v^2

. (26)

where the sine of the electroweak mixing angle is defined as S_W = g_X / √ 2g^2_X + g^2_4 .

The neutral currents are J_μ(EM) = 2 3 [ 2∑ i=1 (ū_iγ_μu_i + Ū_iγ_μU_i) + ū_3γ_μu_3

+Ū_3γ_μU_3] − 1 3 [ 2∑ i=1 (d̄_iγ_μd_i + D̄_iγ_μD_i) +d̄_3γ_μd_3 + D̄_3γ_μD_3] − 3∑ α=1 ē^−_α γ_μe^−_α − 3∑ α=1 Ē^−_α γ_μE^−_α = ∑ f q_f f̄γ_μf, (27)

J_μ(Z) = J_{μ,L}(Z) − S^2_W J_μ(EM), (28) J_μ(Z^′) = J_{μ,L}(Z^′) − T_W J_μ(EM), (29)

J_μ(Z^{′′}) = 2∑ i=1 (ū_{iL}γ_μu_{iL} + d̄_{iL}γ_μd_{iL} − D̄_{iL}γ_μD_{iL} −Ū_{iL}γ_μU_{iL}) − d̄_{3L}γ_μd_{3L} − ū_{3L}γ_μu_{3L} +Ū_{3L}γ_μU_{3L} + D̄_{3L}γ_μD_{3L} + 3∑ α=1 (−ē^−_{αL}γ_μe^−_{αL} − ν̄_{eαL}γ_μν_{eαL} +N̄^0_{αL}γ_μN^0_{αL} + Ē^−_{αL}γ_μE^−_{αL}), (30) Note that J_μ(Z^{′′}) is a pure left-handed current and that, notwithstanding the extra neutral gauge boson Z^{′′}_μ does not mix neither with Z_μ nor with Z^′_μ (for the particular case V ≃ V^′ and v ≃ v^′), it still couples nondiagonally to ordinary fermions. Thus, at low energy, we have tree-level FCNC transmitted by Z^{′′}_μ .

The left-handed currents in (28) and (29) are J_{μ,L}(Z) = 1 2 [ 2∑ i=1 (ū_{iL}γ_μu_{iL} − d̄_{iL}γ_μd_{iL}) −(d̄_{3L}γ_μd_{3L} − ū_{3L}γ_μu_{3L}) − 3∑ α=1 (ē^−_{αL}γ_μe^−_{αL} − ν̄_{eαL}γ_μν_{eαL})] = ∑ f T_{4f} f̄_Lγ_μf_L, (31)

TABLE VII: The Z^μ_1 −→ f̄f couplings for Model B.

f g^{(B)}(f)_{1V} g^{(B)}(f)_{1A} u_{1,2,3} cos θ(^1_2 −^{4S2W}_3 ) −^{5 sin θ}_{6(C2W )1/2} S^2_W^1_2 cos θ +^{sin θ}_{2(C2W )1/2} S^2_W d_{1,2,3} (−^1_2 +^{2S2W}_3 ) cos θ +^{sin θ}_{6(C2W )1/2} S^2_W −^1_2 cos θ −^{sin θ}_{2(C2W )1/2} S^2_W D_{1,2,3}^{2S2W}_3 cos θ +^{sin θ}_{2(C2W )1/2} (^{7S2W}_3 − 1) −^{sin θ}_{2(C2W )1/2} C^2_W U_{1,2,3} −^{4S2W}_3 cos θ −^{sin θ}_{2(C2W )1/2} (^{11S2W}_3 − 1)^{sin θ}_{2(C2W )1/2} C^2_W e^−_{1,2,3} cos θ(−^1_2 + 2S^2_W ) +^{5 sin θ}_{2(C2W )1/2} S^2_W −^{cos θ}_2 −^{sin θ}_{2(C2W )1/2} S^2_W ν_{1,2,3}^1_2 cos θ +^{sin θ}_{2(C2W )1/2} S^2_W^1_2 cos θ +^{sin θ}_{2(C2W )1/2} S^2_W N^0_{1,2,3}^{sin θ}_{2(C2W )1/2} C^2_W^{sin θ}_{2(C2W )1/2} C^2_W E^−_{1,2,3} 2S^2_W cos θ +^{sin θ}_{(C2W )1/2} (2 −^5_2 C^2_W ) −^{sin θ}_{2(C2W )1/2} C^2_W

TABLE VIII: The Z^μ_2 −→ f̄f couplings for Model B.

f g^{(B)}(f)_{2V} g^{(B)}(f)_{2A} u_{1,2,3} − sin θ(^1_2 −^{4S2W}_3 ) −^{5 cos θ}_{6(C2W )1/2} S^2_W −^1_2 sin θ +^{cos θ}_{2(C2W )1/2} S^2_W d_{1,2,3} (^1_2 −^{2S2W}_3 ) sin θ +^{cos θ}_{6(C2W )1/2} S^2_W^1_2 sin θ −^{cos θ}_{2(C2W )1/2} S^2_W D_{1,2,3} −^{2S2W}_3 sin θ +^{cos θ}_{2(C2W )1/2} (^{7S2W}_3 − 1) −^{cos θ}_{2(C2W )1/2} C^2_W U_{1,2,3}^{4S2W}_3 sin θ −^{cos θ}_{2(C2W )1/2} (^{11S2W}_3 − 1)^{cos θ}_{2(C2W )1/2} C^2_W e^−_{1,2,3} sin θ(^1_2 − 2S^2_W ) +^{5 cos θ}_{2(C2W )1/2} S^2_W^{sin θ}_2 −^{cos θ}_{2(C2W )1/2} S^2_W ν_{1,2,3} −^1_2 sin θ +^{cos θ}_{2(C2W )1/2} S^2_W −^1_2 sin θ +^{cos θ}_{2(C2W )1/2} S^2_W N^0_{1,2,3}^{cos θ}_{2(C2W )1/2} C^2_W^{cos θ}_{2(C2W )1/2} C^2_W E^−_{1,2,3} −2S^2_W sin θ +^{cos θ}_{(C2W )1/2} (2 −^5_2 C^2_W ) −^{cos θ}_{2(C2W )1/2} C^2_W

J_{μ,L}(Z^′) = (2T_W )^{−1}{ 2∑ i=1 [T^2_W (ū_{iL}γ_μu_{iL} − d̄_{iL}γ_μd_{iL}) −D̄_{iL}γ_μD_{iL} + Ū_{iL}γ_μU_{iL}] −T^2_W (d̄_{3L}γ_μd_{3L} − ū_{3L}γ_μu_{3L}) +Ū_{3L}γ_μU_{3L} − D̄_{3L}γ_μD_{3L} + 3∑ α=1 [−T^2_W (ē^−_{αL}γ_μe^−_{αL} − ν̄_{αL}γ_μν_{αL}) +N̄^0_{αL}γ_μN^0_{αL} − Ē^−_{αL}γ_μE^−_{αL}]} = ∑ f T^′_{4f} f̄_Lγ_μf_L, (32)

where again T_{4f} = Dg(1/2, −1/2, 0, 0) is the third component of the weak isospin, while T^′_{4f} = (1/2T_W )Dg(T^2_W , −T^2_W , −1, 1)= T_W λ_3/2+(1/T_W )(λ_8/(2 √ 3)−λ_{15}/ √ 6) is a convenient 4×4 diagonal matrix, both of them acting on the representation 4 of SU(4)_L. Since J_μ(Z) is the generalization of the neutral current present in the SM, we can identify Z_μ as the neutral gauge boson of the SM. Notice from Eq. (32) that the left-handed couplings of fermions to Z^′ are flavor-diagonal so, there are not tree-level FCNC transmitted by the Z^′ gauge boson in this model.

The couplings g^{(B)}_{iV} , g^{(B)}_{iA} (i = 1, 2) of the fermion fields to the mass eigenstates Z^μ_1 and Z^μ_2 for Model B are listed in Tables VII and VIII from which we see that, unlike Model A, these couplings are family universal. This is a direct consequence of the fact that, according Table V, the three families of quarks have the same hypercharge X.

III. CONSTRAINTS ON THE PARAMETERS

A. Constraints on the parameter space (θ − M_{Z2} ) from Z-pole observables and APV data

We start constrainig the parameter space (θ − M_{Z2} ) for Models A and B by using electroweak observables measured at the Z-pole from the CERN e^+e^− collider (LEP), SLAC Linear Collider, and atomic parity violation data which are given in Table IX.

The partial decay width for Z^μ_1 → ff̄ is given, in the on-shell scheme, by [5, 19]

Γ(Z^μ_1 → ff̄) =

N_C G_F M^3_{Z1} 6π √ 2 ρ_f { 3β − β^3 2 [g(f)_{1V} ]^2

+ β^3[g(f)_{1A}]^2 } (1 + δ_f )R_{EW} R_{QCD}, (33)

where f is an ordinary SM fermion, Z^μ_1 is the physical gauge boson observed at LEP, N_C = 1 for leptons while for quarks N_C = 3(1 + α_s/π + 1.405α^2_s/π^2 − 12.77α^3_s/π^3), where the 3 is due to color and the factor in parentheses represents the universal part of the QCD corrections for massless quarks. R_{EW} are electroweak corrections which include the leading order QED corrections given by R_{QED} = 1 + 3αq^2_f /(4π). R_{QCD} are further QCD corrections, and β = √ 1 − 4m^2_f /M^2_{Z1} is a kinematic factor which can be taken equal to 1 for all the SM fermions except for the bottom quark. The factor δ_f contains the one loop vertex contribution which is negligible for all fermion fields except for the bottom quark for which the contribution coming from the top quark at the one loop vertex radiative correction is parametrized as δ_b ≈ 10^{−2}[−m^2_t /(2M^2_{Z1} ) + 1/5]. The parameter ρ_f is written as

ρ_f = 1 + ρ_t + ρ_V , (34)

where ρ_t ≈ 3G_F m^2_t /(8π^2 √ 2), (35)

with m_t being the top quark pole mass. ρ_V is the tree-level contribution due to the (Z_μ −Z^′_μ) mixing which can be parametrized as

ρ_V ≈ (M^2_{Z2} /M^2_{Z1} − 1) sin^2 θ. (36)

Universal electroweak corrections are included in ρ_t and in the couplings g^{(k)}(f)_{1V} and g^{(k)}(f)_{1A} (k = A, B) of the physical Z^μ_1 field with ordinary fermions which are written in terms of the effective Weinberg angle S̄^2_W = (1 + ρ_t/T^2_W )S^2_W .

TABLE IX: Experimental data and SM values for some observables used for the χ^2 fit.

Experimental results SM Γ_Z [GeV] 2.4952 ± 0.0023 2.4968 ± 0.0010 Γ(had) [GeV] 1.7444 ± 0.0020 1.7434 ± 0.0010 Γ(l^+l^−) [MeV] 83.984 ± 0.086 83.988 ± 0.016 R_e 20.804 ± 0.050 20.758 ± 0.011 R_μ 20.785 ± 0.033 20.758 ± 0.011 R_τ 20.764 ± 0.045 20.803 ± 0.011 R_b 0.21629 ± 0.00066 0.21584 ± 0.00006 R_c 0.1721 ± 0.0030 0.17228 ± 0.00004 A^{(0,e)}_{F B} 0.0145 ± 0.0025 0.01627 ± 0.00023 A^{(0,μ)}_{F B} 0.0169 ± 0.0013 A^{(0,τ )}_{F B} 0.0188 ± 0.0017 A^{(0,b)}_{F B} 0.0992 ± 0.0016 0.1033 ± 0.0007 A^{(0,c)}_{F B} 0.0707 ± 0.0035 0.0738 ± 0.0006 A^{(0,s)}_{F B} 0.0976 ± 0.0114 0.1034 ± 0.0007 A_e 0.15138 ± 0.00216 0.1473 ± 0.0011 A_μ 0.142 ± 0.015 A_τ 0.136 ± 0.015 A_b 0.923 ± 0.020 0.9348 ± 0.0001 A_c 0.670 ± 0.027 0.6679 ± 0.0005 A_s 0.895 ± 0.091 0.9357 ± 0.0001 Q^{Cs}_W −72.62 ± 0.46 −73.16 ± 0.03 M_{Z1} [GeV] 91.1876 ± 0.0021 91.1874 ± 0.0021 m_t[GeV] 170.9 ± 1.8 ± 0.6 171.1 ± 1.9

The ratios of partial widths are defined as R_l ≡ Γ_Z (had) Γ(l^+l^−) for l = e, μ, τ, (37) and R_η ≡ Γ_η Γ_Z (had) for η = b, c. (38)

We shall use the experimental values: α_s(M_{Z1} ) = 0.1198, α(M_{Z1} )^{−1} = 127.918, and sin^2 θ_W = 0.2231. For the bottom quark mass we use the running mass ^m_b(M_{Z1} ) at the Z_1 scale in the ^MS scheme [20]

^m_b(M_{Z1} ) = m_b [ 1 + α_s(M_{Z1} ) π ( ln m^2_b M^2_{Z1} − 4 3 )] , (39)

where m_b ≈ 4.25 GeV is the pole mass.

The forward-backward asymmetries at the Z-pole are given by

A^{(0,f)}_{F B} = 3 4 A_eA_f , where A_f =

2g(f)_{1V} g(f)_{1A} g(f)^2_{1V} + g(f)^2_{1A} . (40)

The effective weak charge in atomic parity violation, Q_W , can be expressed as

Q_W = −2 [(2Z + N)c_{1u} + (Z + 2N)c_{1d}] , (41)

where Z is the number of protons and N the number of neutrons in the atomic nucleus, and c_{1q} = 2g(e)_{1A}g(q)_{1V} (q = u, d). Notice that the values of the coefficients c_{1q} depend, for each model, on the assignment of quark gauge eigenstates into mass eigenstates.

The theoretical value for Q_W for the Cesium atom is given by [21] Q_W (^{133}_{55} Cs) = −73.17± 0.03 + ΔQ_W , where the contribution of new physics is included in ΔQ_W and can be written as [22, 23]

ΔQ_W = [( 1 + 4

S^4_W 1 − 2S^2_W ) Z − N ] ρ_V + ΔQ^′_W , (42)

where

ΔQ^′_W = 16[(2Z + N)(g(e)_{1A}g(u)_{2V} + g(e)_{2A}g(u)_{1V} ) + (Z + 2N)(g(e)_{1A}g(d)_{2V} + g(e)_{2A}g(d)_{1V} )] sin θ − 16[(2Z + N)g(e)_{2A}g(u)_{2V}

+(Z + 2N)g(e)_{2A}g(d)_{2V} ]

M^2_{Z1} M^2_{Z2}

. (43)

The term ΔQ^′_W is model dependent. In particular, it is a function of the couplings g(q)_{2V} and g(q)_{2A} (q = u, d) of the first family of quarks to the new neutral gauge boson Z_2. So, the new physics in ΔQ^′_W depends on which family of quarks transform differently under the gauge group. For each assignment in Table II, we get the following values for ΔQ^′_W in Model A

Assignments A1, A2:

ΔQ^′_W = (10.63Z + 6.99N) sin θ +(4.94Z + 4.18N)^{M 2Z1}_{M 2Z2} , (44)

Assignment A3:

ΔQ^′_W = (−5.51Z − 9.15N) sin θ +(−2.66Z − 3.42N)^{M 2Z1}_{M 2Z2} , (45)

while in Model B, for which there is not family dependence in the fermion couplings to Z_1 and Z_2, we obtain

ΔQ^′_W = (3.66Z + 2.51N) sin θ + (−1.18Z − 0.39N)

M^2_{Z1} M^2_{Z2}

. (46)

The discrepancy between the SM and the experimental data for ΔQ_W is given by [21]

ΔQ_W = Q^{exp}_W − Q^{SM}_W = 0.45 ± 0.48, (47)

FIG. 1: Contour plot displaying the allowed regions for θ vs M_{Z2} at 95% C.L. for Model A and for the three assignments in Table 2. The crosses locate the best fit values.

which is 1.1 σ away from the SM predictions.

Using the couplings g^{(k)}(f)_{iV} and g^{(k)}(f)_{iV} (k = A, B, i = 1, 2) for each model, introducing the expressions for Z-pole observables in Eqs. (33), (37), (38) and (40), and with ΔQ_W in terms of new physics in Eq. (42), and using experimental data from LEP, SLAC Linear Collider and atomic parity violation (see Table IX), we do a χ^2 fit and find the best allowed region in the (θ − M_{Z2} ) plane at 95% confidence level (C.L.).

In Fig. 1 we display this region for each assignment in Model A. From this figure we get the family-dependent constraints

Assignment A1:

−0.00004 ≤ θ ≤ 0.00094, 2.03 TeV ≤ M_{Z2} , (48)

Assignment A2:

−0.00008 ≤ θ ≤ 0.00087, 2.03 TeV ≤ M_{Z2} , (49)

Assignment A3:

−0.00019 ≤ θ ≤ 0.00062, 2.31 TeV ≤ M_{Z2} , (50)

For Model B the allowed region is shown in Fig. 2, which produces the family-independent constraints [24] − 0.00039 ≤ θ ≤ 0.00139, 0.89 TeV ≤ M_{Z2} . (51)

FIG. 2: Contour plot displaying the allowed region for θ vs M_{Z2} at 95% C.L. for Model B. The cross locates the best fit values.

For Model A the allowed region in the (θ − M_{Z2} ) plane depends on which generation of quarks transforms differently under SU(4)_L ⊗ U(1)_X . So, for this model the phenomenology depends crucially on the family assignments in Table II. For example, Eqs. (48) and (49) show that the second family or the third one must be different in order to keep the bound on M_{Z2} as low as possible.

Unlike Model A, for Model B the allowed region in the (θ − M_{Z2} ) plane does not depend on the quark family assignments in Table VI. This is a consequence of the family-universal character of the couplings in Tables VII and VIII, which in turn comes from the fact that in this model the three quark families have the same hypercharge X.

It must be stressed that for both models the constraints on M_{Z2} are compatible with the bound obtained in pp̄ collisions at the Fermilab Tevatron [25].

B. Bounds from FCNC processes

The discrete Z_2 symmetries introduced in Models A and B not only produce a simple mass splitting between ordinary and exotic fermions, but also avoid unitarity violation of the CKM matrix arising from their mixing. Since each flavor couples to more than one Higgs 4-plet, FCNC coming from the scalar sector are also present. Because this last contribution depends on a large number of arbitrary parameters, is not very useful in order to constrain the model and we will ignore it. Because the right-handed quarks transform as SU(4)_L singlets, they are generation universal and, consequently, they couple diagonally to the neutral gauge bosons. However, there is an additional source of FCNC due to the fact that anomaly cancellation among the families forces us to have one family of left-handed quarks in the weak basis transforming differently from the other two.

Regarding the left-handed interaction of quarks, Eqs. (16) and (31) show that the couplings to the Z boson remain flavor conserving for both models. Then, neglecting the scalar contribution and because of the Z_2 symmetry, the only source of FCNC is in the left-handed interactions of ordinary quarks with the new neutral gauge boson Z^′ in Model A and with Z^{′′} in Model B. For their study we will follow the analysis presented in Refs. [26, 27] where bounds coming from neutral meson mixing are obtained in the context of the so-called “minimal 3-3-1 model”, which is a model with extra quarks having exotic electric charges.

1. Model A

With b = c = 1 and from the charge operator in Eq. (1), the Y hypercharge of the SM is given by Y/2 = T_{8L}/ √ 3 + T_{15L}/ √ 6 + X. In terms of Y , the couplings of Z^′ to left-handed quarks in Eqs. (14) and (17), can be written in a more convenient fashion for 4-plets as

L(Z^′) = g 2C_W 1 √ 6 √ 2 − 3S^2_W

Z^′_μJ^μ(Z^′), (52)

with

J^μ(Z^′) = ∑ f f̄γ^μ[ √ 6S^2_W Y − 4C^2_W T_L]P_Lf. (53)

where P_L is the left-handed projector and T_L = √ 2T_{8L} + T_{15L}.

The value of the operator T_L is not the same for 4-plets than for 4^∗-plets. Then, the flavor changing interaction can be written, for ordinary up- and down-type quarks q^′ in the weak basis, as J^μ(Z^′)_{FCNC} = −4C^2_W ∑ q^′ q̄′γ^μ[T_L(4) − T_L(4^∗)]P_Lq^′. (54)

Using (52) and (54) we have

L(Z^′)_{FCNC} = − gC^2_W √ 2 − 3S^2_W

(sin θZ^μ_1 + cos θZ^μ_2 ) × ∑ q^′ q̄′γ_μP_Lq^′, (55)

where, by using Eq. (10), we have included the mass eigenstates Z_1 and Z_2.

In order to consider constraints coming from experimental data in the K^0 − K̄^0, B^0_d − B̄^0_d , B^0_s − B̄^0_s and D^0 − D̄^0 systems, we first notice that the submatrices M^u_{3×3} and M^d_{3×3} in Eqs. (6) and (7) are diagonalized by biunitary transformations U_{L,R} and V_{L,R}, respectively, with V_{CKM} = U^†_LV_L being the CKM mixing matrix. Then, in terms of mass eigenstates, Eq. (55) produces the following effective Hamiltonian for the tree-level neutral meson mixing interactions

H^{(α,β)}_{eff} = 2 √ 2G_F C^4_W cos^2 θ 2 − 3S^2_W (V^∗_{Ljα}V_{Ljβ})^2 × ( M^2_{Z1}

M^2_{Z2}

+ tan^2 θ ) [ᾱγ_μP_Lβ]^2, (56)

where (α, β) must be replaced by (d, s), (d, b), (s, b) and (u, c) for the K^0 − K̄^0, B^0_d − B̄^0_d , B^0_s − B̄^0_s and D^0 − D̄^0 systems, respectively, and V_L must be replaced by U_L for the neutral D^0 − D̄^0 system. The family index j = 1, 2, 3 refers to the family of quarks to be singled out as transforming differently.

The effective Hamiltonian gives the following contribution to the mass difference Δm_K Δm_K m_K = 4 √ 2G_F C^4_W cos^2 θ 3(2 − 3S^2_W )

Re[(V^∗_{Ljd}V_{Ljs})^2] × η_K ( M^2_{Z1}

M^2_{Z2}

+ tan^2 θ ) B_K f^2_K , (57)

while for the B^0_d − B̄^0_d , B^0_s − B̄^0_s and D^0 − D̄^0 systems, we have Δm_B m_B = 4 √ 2G_F C^4_W cos^2 θ 3(2 − 3S^2_W ) |V^∗_{Ljα}V_{Ljβ}|^2 × η_B ( M^2_{Z1}

M^2_{Z2}

+ tan^2 θ ) B_Bf^2_B , (58)

Δm_D m_D = 4 √ 2G_F C^4_W cos^2 θ 3(2 − 3S^2_W ) |U^∗_{Lju}U_{Ljc}|^2 × η_D ( M^2_{Z1}

M^2_{Z2}

+ tan^2 θ ) B_Df^2_D, (59)

where B stands for B_d or B_s. B_m and f_m (m = K, B_d, B_s, D) are the bag parameter and decay constant of the corresponding neutral meson, respectively. The η’s are QCD corrections which, at leading order, can be taken as equal to the ones of the SM [28], that is: η_K ≃ η_D ≃ 0.57, η_{Bd} = η_{Bs} ≃ 0.55 [29].

Several sources, different from the tree-level Z_2 exchange, may contribute to the mass differences and it is not possible to disentangle the Z_2 contribution from other effects. because of this, several authors consider reasonable to assume that the Z_2 exchange contribution must not be larger than the experimental values [26]. In this work we will assume that this is the case. We must notice, however, that more conservative but rather arbitrary criteria have been used by other authors [28].

Since the complex numbers V_{Lij} and U_{Lij} cannot be estimated from the present experimental data, and in order to compare with the bounds obtained in the previous section, we assume the Fritzsch ansatz for the quark mixing matrix [30], which implies (for i ≤ j) V_{Lij} = √ m_i/m_j , and similarly for U_L [31] (CP violating phases in the mixing matrices will not be considered here). To obtain bounds on M_{Z2} from Eqs. (57), (58) and (59), we

TABLE X: Values of the experimental and theoretical quantities used as input parameters for FCNC processes.

Value Reference Δm_K [GeV] 3.483(6) × 10^{−15} [5] m_K0 [MeV] 497.65(2) [5] f_K √ B_K [MeV] 143(7) [32] Δm_{Bd} [ps^{−1}] 0.508(4) [5] m_{Bd} [GeV] 5.2794(5) [5] f_{Bd} √ B_{Bd} [MeV] 214(38) [32] Δm_{Bs} [ps^{−1}] 17.77(12) [33] m_{Bs} [GeV] 5.370(2) [5] f_{Bs} √ B_{Bs} [MeV] 262(35) [32] Δm_D [ps^{−1}] 11.7(6.8) × 10^{−3} [34] m_D0 [GeV] 1.8645(4) [5] f_D √ B_D [MeV] 241(24) [35] m_u(M_Z ) [MeV] 2.33^{+0.42}_{−0.45} m_c(M_Z ) [MeV] 677^{+56}_{−61} m_t(M_Z ) [GeV] 181 ± 13 m_d(M_Z ) [MeV] 4.69^{+0.60}_{−0.66} m_s(M_Z ) [MeV] 93.4^{+11.8}_{−13.0} m_b(M_Z ) [GeV] 3.00 ± 0.11 [36]

use updated experimental and theoretical values for the input parameters as shown in Table X, where the quark masses are given at Z-pole. For Model A and for the three different assignments in Table II, the results are Assignment A1:

K^0 − K̄^0 : M_{Z2} > 3.66 TeV, B^0_d − B̄^0_d : M_{Z2} > 11.34 TeV, B^0_s − B̄^0_s : M_{Z2} > 10.56 TeV, D^0 − D̄^0 : M_{Z2} > 0.18 TeV. (60)

Assignment A2:

K^0 − K̄^0 : M_{Z2} > 118.63 TeV, B^0_d − B̄^0_d : M_{Z2} > 11.34 TeV, B^0_s − B̄^0_s : M_{Z2} > 10.75 TeV, D^0 − D̄^0 : M_{Z2} > 47.84 TeV. (61)

Assignment A3:

K^0 − K̄^0 : M_{Z2} > 118.63 TeV, B^0_d − B̄^0_d : M_{Z2} > 11.34 TeV, B^0_s − B̄^0_s : M_{Z2} > 0.53 TeV, D^0 − D̄^0 : M_{Z2} > 47.84 TeV. (62)

This shows that the bounds on M_{Z2} coming from FCNC are also family dependent. For the assignment A1, the strongest constraint comes from the B^0_d − B̄^0_d system which reduces the parameter space θ − M_{Z2} by raising the lower bound on M_{Z2} to a value larger than 11.34 TeV, as compared with the bound in Eq. (48). For the assignments A2 and A3, instead, the strongest constraint comes from the K^0 − K̄^0 system which raises this bound to a very large value greater than 118.63 TeV, as compared with the bounds in Eqs. (49) and (50). Since the assignment A1 singles out the third family to be different, this must be the case if we want to keep the lower bound on the Z_2 mass as low as possible.

2. Model B

As already stated, FCNC in Model B are present only in the Lagrangian for the neutral current Z^{μ′′} ≡ Z^μ_3 which can be written, for 4-plets, as

L(Z_3) = − g √ 3 Z^μ_3 J_μ(Z_3), (63)

with

J^μ(Z_3) = ∑ f f̄γ^μT_LP_Lf, (64) where again T_L = √ 2T_{8L} + T_{15L}. Then, for ordinary up- and down-type quarks q^′, the flavor changing interaction is given by J^μ(Z_3)_{FCNC} = ∑ q^′ q̄′γ^μ[T_L(4) − T_L(4^∗)]P_Lq^′, (65)

so that L(Z_3)_{FCNC} = − g √ 2 Z^μ_3 ∑ q^′ q̄′γ_μP_Lq^′. (66) In terms of mass eigenstates, this Lagrangian produces the following effective Hamiltonian for the tree-level neutral meson mixing interactions

H^{(α,β)}_{eff} = √ 2G_F C^2_W (V^∗_{Ljα}V_{Ljβ})^2

M^2_{Z1} M^2_{Z3}

[ᾱγ_μP_Lβ]^2, (67)

with the same meaning for (α, β) as before.

The contribution from H^{(α,β)}_{eff} to the mass differences in the K^0 − K̄^0, B^0_d − B̄^0_d , B^0_s − B̄^0_s and D^0 − D̄^0 systems are given, respectively, by Δm_K m_K = 2 √ 2G_F C^2_W 3 Re[(V^∗_{Ljd}V_{Ljs})^2] × η_K M^2_{Z1} M^2_{Z3}

B_K f^2_K , (68)

Δm_B m_B = 2 √ 2G_F C^2_W 3 |V^∗_{Ljα}V_{Ljβ}|^2 × η_B M^2_{Z1} M^2_{Z3}

B_Bf^2_B , (69)

Δm_D m_D = 2 √ 2G_F C^2_W 3 |U^∗_{Lju}U_{Ljc}|^2 × η_D M^2_{Z1} M^2_{Z3}

B_Df^2_D, (70)

where again B stands for B_d or B_s.

Assuming the same contribution to the mass differences from the Z_3 exchange as from the Z_2 exchange in Model A, and the Fritzsch ansatz for the quark mass matrices, the input parameters in Table X give the following lower bounds on the Z_3 mass for the three assignments in Table VI

Assignment B1:

K^0 − K̄^0 : M_{Z3} > 2.39 TeV, B^0_d − B̄^0_d : M_{Z3} > 6.61 TeV, B^0_s − B̄^0_s : M_{Z3} > 6.16 TeV, D^0 − D̄^0 : M_{Z3} > 0.16 TeV. (71)

Assignment B2:

K^0 − K̄^0 : M_{Z3} > 76.67 TeV, B^0_d − B̄^0_d : M_{Z3} > 6.61 TeV, B^0_s − B̄^0_s : M_{Z3} > 6.16 TeV, D^0 − D̄^0 : M_{Z3} > 44.04 TeV. (72)

Assignment B3:

K^0 − K̄^0 : M_{Z3} > 76.67 TeV, B^0_d − B̄^0_d : M_{Z3} > 6.61 TeV, B^0_s − B̄^0_s : M_{Z3} > 0.31 TeV, D^0 − D̄^0 : M_{Z3} > 44.04 TeV. (73)

Evidently, these results show a lower bound on M_{Z3} depending on which family of quarks in Table V is assigned to the 4^∗-plet. For the assignment B1, according to which the heaviest family of quarks transforms differently, the strongest constraint is imposed by the B^0_d − B̄^0_d system which gives the lower bound M_{Z3} > 6.61 TeV. For the assignments B2 and B3, which pick up the second and first family of quarks, respectively, the strongest constraint, M_{Z3} > 76.67 TeV, is provided by the K^0 − K̄^0 system. This shows that in Model B, like in Model A, the third family of quarks must transform differently in order to get, in the present case, the smallest lower bound on the Z_3 mass. Since M^2_{Z3} = (g^2_4 /2)(V^2 +v^2), we also have a lower bound on the scale of breaking of the 3-4-1 symmetry.

Interestingly, the bound from the B^0_d − B̄^0_d system, both in Models A and B, is not family dependent.

IV. SUMMARY AND CONCLUSIONS

We have studied the impact of family dependence derived from quark family nonuniversality on the parameter space θ − M_{Z2} of anomaly-free extensions of the SM based on the gauge group SU(3)_c ⊗ SU(4)_L ⊗ U(1)_X , which do not contain exotic electric charges. This last constraint picks up two classes of models characterized, respectively, by the values b = c = 1 and b = 1, c = −2 for the parameters in the electric charge generator in Eq. (1) [12]. Quark family nonuniversality is present in these models because anomaly cancellation among the families requires us to have one family of quarks to transform differently from the other two under the gauge group.

Models based on the 3-4-1 symmetry predict the existence of two new neutral currents Z^′ and Z^{′′} which mix up with the ordinary SM neutral current associated to the Z boson. For models without exotic electric charges, the mixing can be constrained to occur between Z and Z^′ only, so that Z^{′′} ≡ Z_3 is a mass eigenstate [15, 16, 17]. Quark family nonuniversality generates two related effects: it leads to family-dependent left-handed couplings of quarks to the new neutral gauge bosons Z^′ and Z^{′′} which are, in general, flavor nondiagonal thus leading to FCNC at low energy, and produces weak couplings of quarks to the neutral currents Z_1 and Z_2 (the mass eigenstates associated to the Z − Z^′ mixing) which depend on the family of quarks singled out as the one transforming differently.

Family dependence has been studied in this paper by identifying the three possible assignments of quark families in the weak basis into quark families in the mass basis. For the analysis we have selected two representative 3-4-1 models: Model A in the main text belongs to the class for which b = c = 1 [12, 15, 16], and Model B belongs to the class for which b = 1, c = −2 [12, 17, 18]. In Model A the Z_3 current couples only to exotic fermions, while the left-handed couplings of Z^′ to the SM quarks are flavor nondiagonal. In Model B, instead, ordinary quarks couple diagonally to Z^′, but nondiagonally to Z_3.

For Model A the three different assignments give three different allowed regions in the parameter space θ − M_{Z2} (obtained from a fit to Z-pole observables and to APV data), thus producing different predictions for the lower bound on the Z_2 mass and for the range of values of the (Z − Z^′) mixing angle θ. These bounds have been further constrained by using experimental data from neutral meson mixing in the analysis of FCNC effects associated to quark family nonuniversality. For their study we have assumed the Fritzsch ansatz for the quark mixing matrix. The resulting new bounds show family dependence through the entries of the quarks mass matrices V_L and U_L to be replaced into the formulas for the mass differences in the K^0 − K̄^0, B^0_d − B̄^0_d , B^0_s − B̄^0_s and D^0 − D̄^0 systems (see Eqs. (57), (58) and (59)). Combining both type of constraints leads to the conclusion that the heaviest family of quarks must transform differently in order to have a lower bound on M_{Z2} as small as possible. For Model A the smallest lower bound comes from the B^0_d − B̄^0_d system and turns out to be M_{Z2} > 11.34 TeV, which raises in 1 order of magnitude the lower bound M_{Z2} ≥ 2.03 TeV obtained from the allowed region in the parameter space θ − M_{Z2} . It must be, in any case, recognized that the bounds from neutral meson mixing are always obscured by the lack of knowledge of the mixing matrix entries and by the rather arbitrary assumed contribution of the Z_2 exchange to the mass differences.

Model B has the particular feature that, notwithstanding two families of quarks transform differently under the SU(4)_L subgroup, the three families have the same hypercharge X with respect to the U(1)_X subgroup. As a consequence, the couplings of the fermion fields to the neutral currents Z_1 and Z_2 are family universal. Thus, the allowed region in the parameter space θ − M_{Z2} is the same for the three different assignments of quark symmetry eigenstates into quark mass eigenstates, and gives the family-independent bounds: M_{Z2} ≥ 0.89 TeV and −0.00039 ≤ θ ≤ 0.00139. Since FCNC are present for this model in the left-handed couplings of ordinary quarks to the Z_3 gauge boson, the contribution of the Z_3 exchange to the mass differences in neutral meson mixing produces the family-dependent constraints on the Z_3 mass given in Eqs. (71), (72) and (73). These results allows us to conclude that, like in Model A, the third family of quarks must transform differently in order to get, in this case, the smallest lower bound on M_{Z3} which comes from the B^0_d − B̄^0_d system and turns out to be M_{Z3} > 6.61 TeV. Since M^2_{Z3} = (g^2_4 /2)(V^2 +v^2), this is also a lower bound on the scale of breaking of the 3-4-1 symmetry. As mentioned above, it must be stressed that the bound on M_{Z3} depends on inputs which are not dictated by the present experimental data, namely, the assumed ansatz for the quark mass matrices entries and the assumed contribution of the Z_3 exchange to the mass differences in the neutral meson mixing systems.

The convenience of distinguishing the heaviest family of quarks could give some indication as to why the top quark is unbalancingly heavy.

A comparison of the predictions from the two classes of 3-4-1 models without exotic electric charges shows that models for which b = 1, c = −2 are preferred in the sense that they give lower bounds on the mass of the new neutral gauge bosons Z_2 and Z_3 smaller than the ones predicted by models in the b = c = 1 class. In fact, first, the family-independent lower bound M_2 ≥ 0.89 TeV in Model B is not affected by the constraints coming from FCNC data and is just below the TeV scale and, second, providing the third family of quarks transforms differently, the lower bound on the Z_3 mass is M_{Z3} > 6.61 TeV, a value at the reach of the CERN LHC capability. This means that the b = 1, c = −2 class of models have a better chance to be tested at the LHC facility or further at the ILC.

Even though we have constrained ourselves to the particular case V^′ ≃ V, v^′ ≃ v, for which the mixing is present between the neutral gauge bosons Z and Z^′ only, the analysis presented shows clearly the main purpose of this work, that is, the dependence of the predictions of 3-4-1 models on the possible quark family assignments associated to quark family nonuniversality. The extension to the general case of mixing between the three neutral currents present in the models would complicate the mathematical and numerical analysis, but the general conclusions regarding family-dependence of the phenomenology of 3-4-1 models would be the same.

Finally we note that, in order to make evident the effects of quark family nonuniversality, we have quoted only the lower bounds on M_{Z2} in Eqs. (48)-(51). As it is clear from Figs. 1 and 2, the χ^2 fit also produces finite upper bounds on M_{Z2} which depend on the allowed value of the mixing angle θ, except in the limit |θ| → 0 where M_{Z2} can be arbitrarily large. This is a characteristic feature both of 3-3-1 and 3-4-1 models without exotic electric charges associated to the fact that, if we consider the basic field content only, then the renormalization group equation analysis shows that, for all these models, the scale of gauge coupling unification M_G can be as high as the Planck scale. This result can be modified in the 3-3-1 extension, for example, by considering SU(6) as a covering group, and by introducing new physics at a scale M_V ≈ 2.0 TeV < M_G ≈ 3.0 × 10^7 GeV (where M_V is the scale of the 3-3-1 symmetry breaking) in the form of an enlargement of the scalar sector with an appropriate large number of Higgs fields that do not develop vacuum expectation values (for details see Ref. [37]. See also Ref. [38] for an alternative approach). This, clearly, prevents us to directly from getting an upper bound on the scale of the 3-4-1 symmetry breaking from the fit. Also, the constraints coming from FCNC processes allows us to put only lower bounds on the mass of the new neutral gauge bosons. Then, if we look only to these constraints, the 3-4-1 theory we have studied is not more predictive than generic grand unified theories where FCNC may also be suppressed by large masses. Notice, however, that bounds on other parameters can be obtained by examining additional phenomenological consequences of the model. For example, by taking into account that the 3-4-1 extension predicts new heavy particles and, provided these new particles feel the electroweak interaction, they should give corrections to electroweak precision measurements through their effects on the W and Z vacuum polarization amplitudes, which are usually expressed in terms of the oblique S, T and U parameters. It can be shown that in the general case V^′ ≠ V, v^′ ≠ v, the symmetry breaking pattern in Eq. (2) induces mass splitting between the new heavy gauge bosons different from Z^′ and Z^{′′}, and mass splitting between the extra heavy Higgs fields arising from the diagonalization of the scalar sector [16], so these new particles may give no negligible contributions to the oblique parameters. A detailed study of these contributions, which we postpone to a future work, will enable us to put upper and lower bounds on their masses.

ACKNOWLEDGMENTS

We acknowledge financial support from DIME at Universidad Nacional de Colombia-Sede Medellín.

[1] H. Harari, H. Haut and J. Weyers, Phys. Lett. B 78, 459 (1978); H. Fritzsch, Phys. Lett. B 184, 391 (1987); H. Fritzsch and J. Plankl, Phys. Lett. B 237, 451 (1990); A.K. Ciftci, R. Ciftci and S. Sultansoy, Phys. Rev. D 72, 053006 (2005); S. Sultansoy, AIP Conf. Proc. 899, 49 (2007).

[2] B. Holdom, Phys. Rev. Lett. 57, 2496 (1986); Phys. Lett. 143B, 227 (1984); 246, 169 (1990);

C.T. Hill, M.A. Luty and E.A. Paschos, Phys. Rev. D 43, 3011 (1991); T. Elliott and S.F. King, Phys. Lett. B 283, 371 (1992); C.T. Hill, D.C. Kennedy, T. Onogi and H.-L. Yu, Phys. Rev. D 47, 2940 (1993).

[3] B. Holdom, Phys. Rev. D 54, R721 (1996); M. Maltoni, V.A. Novikov, L.B. Okun, A.N.

Rozanov, and M.I. Vysotsky, Phys. Lett. B 476, 107 (2000); P.Q. Hung and M. Sher, Phys. Rev. D 77, 037302 (2008); J.A. Herrera, R.H. Benavides and W.A. Ponce, Phys. Rev. D 78, 073008 (2008).

[4] H.-J. He, N. Polonsky and S. Su, Phys. Rev. D 64, 053004 (2001); V.A. Novikov, L.B. Okun, A.N. Rozanov and M.I. Vysotsky, Phys. Lett. B 529, 111 (2002).

[5] C. Amsler et al. (Particle Data Group), Phys. Lett. B 667, 1 (2008).

[6] B.A. Dobrescu and E. Poppitz, Phys. Rev. Lett. 87, 031801 (2001); N. Borghini, I. Gouverneur and M.H.G. Tytgat, Phys. Rev. D 65, 025017 (2001).

[7] T. Watari and T. Yanagida, Phys. Lett. B 532, 252 (2002).

[8] M. Singer, J.W.F. Valle and J. Schechter, Phys. Rev. D 22, 738 (1980); F. Pisano and V.

Pleitez, Phys. Rev. D 46, 410 (1992); P.H. Frampton, Phys. Rev. Lett. 69, 2889 (1992); V. Pleitez and M.D. Tonasse, Phys. Rev. D 48, 2353 (1993); 48 5274 (1993); D. Ng, Phys. Rev. D 49, 4805 (1994); L. Epele, H. Fanchiotti, C. García Canal and D. Gómez Dumm, Phys. Lett. B 343, 291 (1995); M. Özer, Phys. Rev. D 54, 4561 (1996); H.N. Long, Phys. Rev. D 53, 437 (1996); 54, 4691 (1996); V. Pleitez, Phys. Rev. D 53, 514 (1996).

[9] W.A. Ponce, J.B. Flórez, and L.A. Sánchez, Int. J. Mod. Phys. A 17, 643 (2002). [10] R. Foot, H.N. Long and T.A. Tran, Phys. Rev. D 50, R34 (1994); F. Pisano and V. Pleitez, Phys. Rev. D 51, 3865 (1995).

[11] M.B. Voloshin, Sov. J. Nucl. Phys. 48, 512 (1988); V. Pleitez, arXiv: hep-ph/9302287; I.

Cotaescu, Int. J. Mod. Phys. A 12, 1483 (1997); Fayyazuddin and Riazuddin, Phys. Rev. D 30, 1041 (1984); J. High Energy Phys. 12 (2004) 013 ; A. Palcu, Mod. Phys. Lett. A 24, 1247 (2009); arXiv: 0902.1301v1 [hep-ph].

[12] W.A. Ponce and L.A. Sánchez, Mod. Phys. Lett. A 22, 435 (2007).

[13] D.E. Kaplan and M. Schmaltz, J. High Energy Phys. 10 (2003) 039; M. Schmaltz, Nucl. Phys.

B, Proc. Suppl. 117, 40 (2003).

[14] O.C.W. Kong, arXiv: hep-ph/0307250, hep-ph/0308148; J. Korean. Phys. Soc. 45, s404 (2004); Phys. Rev. D 70, 075021 (2004).

[15] W.A. Ponce, D.A. Gutiérrez and L.A. Sánchez, Phys. Rev. D 69, 055007 (2004); Fayyazuddin and Riazuddin, Eur. Phys. J. C 56, 389 (2008).

[16] L.A. Sánchez, L.A. Wills-Toro and J.I. Zuluaga, Phys. Rev. D 77, 035008 (2008). [17] L.A. Sánchez, F.A. Pérez and W.A. Ponce, Eur. Phys. J. C 35, 259 (2004). [18] S. Sen and A. Dixit, arXiv: hep-ph/0609277.

[19] J. Bernabeu, A. Pich and A. Santamaria, Nucl. Phys. B 363, 326 (1991). [20] F.M. Borzumati and C. Greub, Phys. Rev. D 58, 074004 (1998).

[21] J. Guéna, M. Lintz and M.-A. Bouchiat, Mod. Phys. Lett. A 20, 375 (2005); J.S.M. Ginges and V.V. Flambaum, Phys. Rep. 397, 63 (2004); J.L. Rosner, Phys. Rev. D 65, 073026 (2002); A. Derevianko, Phys. Rev. Lett. 85, 1618 (2000).

[22] L. Durkin and P. Langacker, Phys. Lett. B 166, 436 (1986).

[23] G. Altarelli, R. Casalbuoni, S. De Curtis, N. Di Bartolomeo, F. Feruglio and R. Gatto, Phys.

Lett. B 261, 146 (1991).

[24] Here we must point out that on account of an erroneous calculation of the term ΔQ^′_W , the bound 0.67 TeV ≤ M_{Z2} ≤ 6.1 TeV obtained in Ref. [17] is incorrect. The correct calculation gives a fit which produces the lower bound M_{Z2} ≥ 0.89 TeV, with a finite upper bound depending on the allowed value of the mixing angle except for θ = 0, as shown in Fig. 2.

[25] F. Abe et al., Phys. Rev. Lett. 79, 2192 (1997).

[26] J.T. Liu, Phys. Rev. D 50, 542 (1994); J.T. Liu and D. Ng, Phys. Rev. D 50, 548 (1994); D.

Gómez Dumm, F. Pisano and V. Pleitez, Mod. Phys. Lett. A 9, 1609 (1994). [27] J.-A. Rodriguez and M. Sher, Phys. Rev. D 70, 117702 (2004); C. Promberger, S. Schatt and F. Schwab, Phys. Rev. D 75, 115007 (2007).

[28] M. Blanke, A.J. Buras, A. Poschenrieder, C. Tarantino, S. Uhlig and A. Weiler, J. High Energy Phys. 12 (2006) 003; M. Blanke, A.J. Buras, A. Poschenrieder, S. Recksiegel, C. Tarantino, S. Uhlig and A. Weiler, J. High Energy Phys. 01 (2007) 066.

[29] F.J. Gilman and M.B. Wise, Phys. Rev. D 27, 1128 (1983); A.J. Buras, M. Jamin and P.H.

Weisz, Nucl. Phys. B 347, 491 (1990); J. Urban, F. Krauss, U. Jentschura and G. Soff, Nucl. Phys. B 523, 40 (1998).

[30] H. Fritzsch, Phys. Lett. B 73, 317 (1978); Nucl. Phys. B 155, 189 (1979). [31] T.P. Cheng and M. Sher, Phys. Rev. D 35, 3484 (1987). [32] S. Hashimoto, Int. J. Mod. Phys. A 20, 5133 (2005).

[33] A. Abulencia et al. (CDF Collaboration), Phys. Rev. Lett. 97, 242003 (2006); V.M. Abazov et al. (D0 Collaboration), Phys. Rev. Lett. 97, 021802 (2006).

[34] M. Ciuchini, E. Franco, D. Guadagnoli, V. Lubicz, M. Pierini, V. Porretti and L. Silvestrini,

Phys. Lett. B 655, 162 (2007).

[35] M. Artuso et al. (CLEO Collaboration), Phys. Rev. Lett. 95, 251801 (2005); H.W. Lin, S.

Ohta, A. Soni and N. Yamada, Phys. Rev. D 74, 114506 (2006). [36] H. Fusaoka and Y. Koide, Phys. Rev. D 57, 3986 (1998).

[37] D.A. Gutiérrez, W.A. Ponce and L.A. Sánchez, Eur. Phys. J. C 46, 497 (2006); J.C. Salazar, W.A. Ponce and D.A. Gutiérrez, Phys. Rev. D 75, 075016 (2007).

[38] R.A. Díaz, D. Gallego and R. Martínez, Int. J. Mod. Phys. A 22, 1849 (2007).