arXiv:1109.1508v2 [hep-ph] 29 Oct 2011

Kinetic and mass mixing with three abelian groups

Julian Heeck^∗ and Werner Rodejohann^† Max–Planck–Institut für Kernphysik, Postfach 103980, D–69029 Heidelberg, Germany

We present the possible mixing effects associated with the low-energy limit of a Standard-Model extension by two abelian gauge groups U(1)1 × U(1)2. We derive general formulae and approximate expressions that connect the gauge eigenstates to the mass eigenstates. Applications using the well-studied groups U(1)B , U(1)B−L, U(1)L_α −L_β (Lα being lepton flavor numbers), and U(1)DM (a symmetry acting only on the dark matter sector) are discussed briefly.

I. INTRODUCTION

Augmenting the Standard Model (SM) gauge group G_{SM} ≡ SU(3)_C × SU(2)_L × U(1)_Y by an additional abelian group U(1)^′ is well motivated by grand unified theories (GUTs) [1], flavor symmetries [2], and dark matter (DM) models [3]. Depending on the symmetry breaking scheme a non-diagonal mass matrix for the neutral gauge bosons is possible, so the physical mass eigenstates are linear combinations of the original gauge eigenstates (henceforth referred to as mass mixing). The precise measurements of the masses and couplings of the SM gauge bosons Z_{SM} and W^± at LEP put stringent constraints on the mixing parameters and consequently on the symmetry breaking sector. An entirely different type of mixing is associated with the kinetic terms of the gauge fields: Since the field strength tensor F^{μν} of an abelian gauge group is a gauge invariant object of mass dimension 2, a renormalizable Lagrangian can contain non-canonical kinetic crossterms ∝ sin χF^{μν}_1 F_{2,μν} if the gauge group includes U(1)_1 × U(1)_2. The kinetic mixing angle χ modifies the coupling of the corresponding gauge bosons and can therefore lead to observable effects [4]. The case of two abelian groups – one of them being the hypercharge gauge group U(1)_Y – is well studied and widely used in model building, but the generalization to more abelian factors is seldom discussed, even though this structure naturally occurs in some string theory and GUT models [5]. Renormalizability of the theory requires the gauge group to be free of anomalies, which drastically limits the allowed additional U(1)^′ groups, unless additional fermions are introduced. This condition is of course even more constraining in gauge extensions with several new abelian factors; even without tapping into the various GUT-inspired symmetries, there are several interesting combinations of well-studied symmetries that lead to valid models, e.g. U(1)_L × U(1)_B [6], U(1)_B × U(1)_{DM}, or U(1)_{B−L} × U(1)_{Lμ−Lτ} .

We will present the generalization of the well-studied gauge group G_{SM} × U(1)^′ to G_{SM} × U(1)^′ × U(1)^{′′}, which introduces three kinetic mixing angles and three mass-mixing parameters. To demonstrate possible applications in model building we show that U(1)_B × U(1)_{DM} generates isospin-dependent nucleon-DM scattering and that U(1)_{B−L} × U(1)_{Lμ−Lτ} can in principle induce non-standard neutrino interactions (NSIs).

The remaining part of this work is organized as follows. In Sec. II we will derive the connection between gauge and mass eigenstates for the neutral vector bosons and give approximate expressions for the mixing matrix and mass shifts. Specific models for dark matter model building and flavor symmetries will be presented in Sec. III. We summarize and conclude our findings in Sec. IV.

∗Electronic address: julian.heeck@mpi-hd.mpg.de †Electronic address: werner.rodejohann@mpi-hd.mpg.de

II. KINETIC AND MASS MIXING

The most general effective Lagrange density after breaking G_{SM} × U(1)_1 × U(1)_2 to SU(3)_C × U(1)_{EM} can be written as L = L_{SM} + L_{X1} + L_{X2} + L_{mix}, with

L_{SM} = − 1 4 B̂_{μν}B̂^{μν} − 1 4 Ŵ^a_{μν}Ŵ^{aμν} + 1 2 M̂^2_ZẐ_μẐ^μ − ê ĉ_W j^μ_Y B̂_μ − ê ŝ_W j^{aμ}_W Ŵ^a_μ , L_{Xi} = − 1 4 X̂_{i μν}X̂^{μν}_i + 1 2 M̂^2_{Xi}X̂_{i μ}X̂^μ_i − ĝ_ij^μ_i X̂_{i μ} , i = 1, 2 ,

L_{mix} = − sin α 2 B̂_{μν}X̂^{μν}_1 − sin β 2 B̂_{μν}X̂^{μν}_2 − sin γ 2 X̂_{1 μν}X̂^{μν}_2

+ m^2_1 Ẑ_μX̂^μ_1 + m^2 Ẑ_μX̂^μ_2 + m^2_3 X̂_{1 μ}X̂^μ_2 .

(1)

The currents are defined as

j^μ_Y = − ∑ ℓ=e,μ,τ [ L_ℓγ^μL_ℓ + 2 ℓ_Rγ^μℓ_R ] + 1 3 ∑ quarks [ Q_Lγ^μQ_L + 4 u_Rγ^μu_R − 2 d_Rγ^μd_R ] , j^{aμ}_W = ∑ ℓ=e,μ,τ L_ℓγ^μ σ^a 2 L_ℓ + ∑ quarks Q_Lγ^μ σ^a 2 Q_L , (2)

with the left-handed SU(2)_L doublets Q_L and L_ℓ and the Pauli matrices σ^a. We also define the electromagnetic current j_{EM} ≡ j^3_W +^1_2 j_Y and the weak neutral current j_{NC} ≡ 2j^3_W − 2ŝ^2_W j_{EM}; the currents j_1 and j_2 are left unspecified for now. We furthermore define the fields Â ≡ ĉ_W B̂ + ŝ_W Ŵ_3 and Ẑ ≡ ĉ_W Ŵ_3 − ŝ_W B̂, corresponding to the photon and the Z_{SM} boson in the absence of L_{mix}. Here and in the following we will often omit the Lorentz indices on currents and gauge fields, expressions such as jA are to be read as j^μA_μ.

Due to our parameterization of the kinetic mixing angles, the hypercharge field strength tensor B̂_{μν} and the field strength tensors X̂^{μν}_i of U(1)_1 × U(1)_2 share the symmetric mixing matrix

L ⊃ − 1 4 ( B̂μν , X̂^{μν}_1 , X̂^{μν}_2 ) 1 sin α sin β · 1 sin γ · · 1 B̂_{μν} X̂_{1 μν} X̂_{2 μν} . (3)

In complete analogy to Ref. [4] we can transform the gauge fields (B̂, X̂_1, X̂_2) into a basis (B, X_1, X_2) with canonical (diagonal) kinetic terms B̂ X̂_1 X̂_2 = 1 −t_α (t_αs_γ − s_β/c_α)/D 0 1/c_α (t_αs_β − s_γ /c_α)/D 0 0 c_α/D B X_1 X_2 , (4)

where D ≡ √ 1 − s^2_α − s^2_β − s^2_γ + 2s_αs_β s_γ , s_x ≡ sin x, c_x ≡ cos x, and t_x ≡ tan x. The transformation (4) diagonalizes the kinetic terms and yields the massless photon A and the mass matrix for the massive neutral fields in the basis (Z, X_1, X_2)

M^2 =

M̂ 2_Z m2_1/c_α + M̂ 2_Zŝ_W t_α M 2_{13} · M̂^2_{X1} /c^2_α + ŝ_W t_α(2m^2_1 + M̂^2_Zŝ_W s_α)/c_α M^2_{23} · · M^2_{33} , (5)

with the three extra long expressions

M^2_{13} · c_αD ≡ (M̂^2_Zŝ_W (s_β − s_αs_γ ) + m^2_1(s_αs_β − s_γ ) + m^2c^2_α) , M^2_{23} · c^2_αD ≡ M̂^2_{X1} (s_αs_β − s_γ ) + M̂^2_Zŝ^2_W s_α(s_β − s_αs_γ ) + m^2_1ŝ_W (s_β − 2s_αs_γ + s_β s^2_α) + m^2ŝ_W s_αc^2_α + m^2_3c^2_α , M^2_{33} · c^2_αD^2 ≡ M̂^2_{X2} c^4_α + M̂^2_{X1} (s_γ − s_αs_β)^2 + M̂^2_Zŝ^2_W (s_β − s_αs_γ )^2 − 2m^2_1ŝ_W (s_αs_β − s_γ )(s_αs_γ − s_β ) + 2m^2c^2_αŝ_W (s_β − s_αs_γ ) + 2m^2_3c^2_α(s_αs_β − s_γ ) .

(6)

M^2 is a real symmetric matrix and can therefore be diagonalized by an orthogonal matrix U: U^T M^2U = diag(M^2_1 , M^2_2 , M^2_3 ), with M^2_i being the physical fields. This diagonalization introduces in general three more mixing angles ξ_i that are connected to the entries in M^2. The gauge eigenstates Â, Ẑ, X̂_1, and X̂_2 couple to the currents êj_{EM}, ĝ_Z j_{NC},^1 ĝ_1j_1, and ĝ_2j_2, respectively, and are connected to the physical mass eigenstates A, Z_1, Z_2, and Z_3 via Â Ẑ X̂_1 X̂_2 = 1 0 −ĉ_W t_α ĉ_W (s_αs_γ − s_β )/c_αD 0 1 ŝ_W t_α ŝ_W (s_β − s_αs_γ )/c_αD 0 0 1/c_α (s_αs_β − s_γ )/c_αD 0 0 0 c_α/D

1 0 0 0 0 0 U 0

A Z_1 Z_2 Z_3 , (7)

or, inverted: A Z_1 Z_2 Z_3 = 1 0 0 0 0 0 U^T 0

1 0 ĉ_W s_α ĉ_W s_β 0 1 −ŝ_W s_α −ŝ_W s_β 0 0 c_α (s_γ − s_αs_β )/c_α 0 0 0 D/c_α

Â Ẑ X̂_1 X̂_2 . (8)

Due to our parameterization, we can identify ê = e = √ 4πα_{EM} with the usual electric charge. The physical Weinberg angle is defined via

s^2_W c^2_W = πα_{EM}(M_1) √ 2G_F M^2_1

, (9)

which leads to the identity s_W c_W M_1 = ŝ_W ĉ_W M̂_Z [4].

The general case is complicated to discuss and hardly illuminating, which is why we will work with several approximations from here on out. In the limit m^2_i ≪ M̂^2_Z , M̂^2_{Xj} , α, β, γ ≪ 1 the mass matrix (5) simplifies to

M^2 ≃

M̂ 2_Z M̂ 2_Zŝ_W α + m2_1 M̂ 2_Zŝ_W β + m2 · M̂^2_{X1} −M̂^2_{X1} γ + m^2_3 · · M̂^2_{X2} . (10)

Diagonalization leads to the resulting connection between gauge and mass eigenstates

Â Ẑ X̂_1 X̂_2 ≃

1 0 −ĉ_W α −ĉ_W β

0 1^{ŝW αM̂ 2X1 +m21}

M̂ 2_{X1} −M̂ 2_Z ŝ_W βM̂^2_{X2} +m^2 M̂ 2_{X2} −M̂ 2_Z 0 −^{ŝW αM̂ 2Z +m21} M̂ 2_{X1} −M̂ 2_Z 1 − γM̂^2_{X2} −m^2_3 M̂ 2_{X2} −M̂ 2_{X1} 0 −^{ŝW βM̂ 2Z +m2} M̂ 2_{X2} −M̂ 2_Z γM̂^2_{X1} −m^2_3 M̂ 2_{X2} −M̂ 2_{X1} 1

A Z_1 Z_2 Z_3 , (11)

and one can calculate the mass shift of the Z boson

M^2_1 /M̂^2_Z ≃ 1 + ( ŝ_W α + m^2_1/M̂^2_Z

)_2

1 − M̂^2_{X1} /M̂^2_Z + ( ŝ_W β + m^2/M̂^2_Z

)_2

1 − M^2_{X2} /M̂^2_Z

. (12)

With this formula we can express M̂^2_Z in terms of measurable masses:

M̂ 2_Z

M^2_1 = s^2_W c^2_W ŝ^2_W ĉ^2_W ≃ 1 − ( s_W α + m^2_1/M^2_1

)_2

1 − M^2_2 /M^2_1 − ( s_W β + m^2/M^2_1

)_2

1 − M^2_3 /M^2_1

. (13)

1 Here we defined the coupling strength of the Ẑ boson ĝ_Z ≡ ê/2ĉ_W ŝ_W .

The direction of the shift depends on the hierarchy of M̂^2_Z and M̂^2_{Xi} ; a cancellation is possible for M̂^2_{X1} < M̂^2_Z < M̂^2_{X2} , which would reduce stringent constraints from the ρ parameter (hiding one Z^′ with another). A different way of relaxing the limits on a Z^′ model by adding additional heavy bosons with specific charges was recently discussed in Ref. [7]. For completeness we show the effects of heavy Z^′ bosons in terms of the oblique parameters S and T , which can be read off the modified Z_1 couplings to j^3_W and j_{EM} in the limit ĝ_{1,2} ≡ 0 [4]:

α_{EM}T ≃ s^2_W α^2 − m^4_1/M^4_1 1 − M^2_2 /M^2_1 + s^2_W β^2 − m^4_2/M^4_1 1 − M^2_3 /M^2_1 , α_{EM}S ≃ 4s_W c^2_W α s_W α + m^2_1/M^2_1 1 − M^2_2 /M^2_1

+ 4s_W c^2_W β s_W β + m^2/M^2_1 1 − M^2_3 /M^2_1 . (14)

III. APPLICATIONS

We will now show some applications of the framework laid out above. It is not our intention to examine the models in complete detail, but only to consider a few interesting effects. In most cases it suffices to work with the approximation in Eq. (11), which is used to read off the couplings of the mass eigenstates to the different currents/particles. Once a proper model is defined by additional scalars and fermions, one can perform more sophisticated analyses which make use of numerical diagonalization of the neutral boson mass matrix in Eq. (5). In particular, in specific models the loop-induced kinetic mixing angles can be calculated.

A. Crossing the streams

Model building with mixing between U(1)_1 and U(1)_2 often makes use of the induced coupling of currents, i.e. L_{mix} ∼ ε j_1j_2, which connects the two gauge sectors even if no particle is charged under both groups. We will now derive a necessary condition for such a non-diagonal term at tree level. Taking all of the mixing parameters in Eq. (1) to be zero except for m_3 and γ, we obtain the coupling of the mass eigenstates Z_2 and Z_3 to the currents L ⊃ − ( ĝ_1j_1 , ĝ_2j_2 ) ( 1 −t_γ 0 1/c_γ ) ( c_ξ −s_ξ s_ξ c_ξ ) ( Z_2 Z_3 ) ≡ − ( ĝ_1j_1 , ĝ_2j_2 ) V_γ U_ξ ( Z_2 Z_3 ) , (15)

where U_ξ diagonalizes the mass matrix. Integrating out the heavy mass eigenstates yields an effective four-fermion interaction of the form

L_{eff} = − 1 2 ( ĝ_1j_1 , ĝ_2j_2 ) V_γ U_ξ ( 1/M^2_2 0 0 1/M^2_3 ) U^T_ξ V^T_γ ( ĝ_1j_1 ĝ_2j_2 )

= − 1 2 ( ĝ_1j_1 , ĝ_2j_2

) (M̂^2_{X1} m^2_3

m^2_3 M̂^2_{X2} )−1 ( ĝ_1j_1 ĝ_2j_2 ) . (16)

It is obvious that the coupling matrix is diagonal if m_3 = 0, independent of γ. An analogous calculation can be performed for the coupling of j_i to j_{NC} via m_i and α, β, respectively, although it is a bit more tedious because of the additional Weinberg rotation. Nevertheless, the result is the same: an off-diagonal effective coupling j_i j_{NC} only arises for m_i ≠ 0, i.e. L_{eff} ∝ m^2_{1,2} j_{1,2} j_{NC}. Since the Weinberg rotation induces a coupling of j_i to the electromagnetic current (first row in Eq. (11)), interesting couplings can arise even for m_{1,2} = 0.

Up until now we discussed only one non-zero m_i and kinetic mixing angle at a time, corresponding to the well-known case of Z–Z^′ mixing. A more general analysis including all our mixing parameters from Eq. (1) yields the effective four-fermion interactions

L_{eff} = − 1 2 ĝ_Z j_{NC} ĝ_1j_1 − eĉ_W s_αj_{EM} ĝ_2j_2 − eĉ_W s_βj_{EM} T M̂ 2_Z m2_1 m2 · M̂^2_{X1} m^2_3 · · M̂^2_{X2}

−1 ĝ_Z j_{NC} ĝ_1j_1 − eĉ_W s_αj_{EM} ĝ_2j_2 − eĉ_W s_β j_{EM} . (17)

Because the 3 × 3 coupling matrix takes the explicit form

M̂ 2_Z m2_1 m2 · M̂^2_{X1} m^2_3 · · M̂^2_{X2}

−1 = 1 Δ^6

M̂ 2_{X1}M̂ 2_{X2} − m4_3 −m2_1M̂ 2_{X2} + m2m2_3 −M̂ 2_{X1} m2 + m2_1m2_3 · M̂^2_ZM̂^2_{X2} − m^4_2 −M̂^2_Z m^2_3 + m^2_1m^2 · · M̂^2_ZM̂^2_{X1} − m^4_1 , (18)

with Δ^6 ≡ M̂^2_ZM̂^2_{X1}M̂^2_{X2} −M̂^2_Z m^4_3 −M̂^2_{X2} m^4_2 −M̂^2_{X2} m^4_1 +2m^2_1m^2m^2_3, we end up with new off-diagonal couplings like m^2m^2_3 j_1 j_{NC}, even if there is no direct coupling m^2_1 j_1 j_{NC}.

B. U (1)B × U (1)DM

It was recently shown that the seemingly incompatible results of the dark matter (DM) direct detection experiments DAMA/CoGeNT and XENON can be alleviated with the introduction of isospin-dependent couplings of nucleons to dark matter [8]. One of the models used in Ref. [9] to explain this coupling is based on gauged baryon number U(1)_1 ≡ U(1)_B .^2 With dark matter charged under this gauge group, the resulting cross section turns out to be too small to explain the observed events, unless the coupling of Z^′ to dark matter is significantly stronger than to quarks (i.e. DM carries a large baryon number). However, in a model with another gauge group U(1)_2 ≡ U(1)_{DM} – acting only on the DM sector [3] – the dark matter coupling constant g_{DM} can be naturally large compared to g_B , which allows for a sizable cross section as long as the mass mixing between the groups is not too small.^3 We only introduce one DM Dirac fermion χ, so the U(1)_2 current takes the form j^μ_2 = j^μ_{DM} = χγ^μχ. For clarity we take all mixing parameters in Eq. (1) to be zero – except for m_3 and β – and assume Z_{2,3} to be light (M^2_{2,3} ≪ M^2_1 ) to generate a large cross section. Eq. (11) then gives the approximate couplings L ⊃ − ( e 2c_W s_W j_{NC} + βs_W g_{DM}j_{DM} ) Z_1 − ( g_Bj_B − g_{DM} m^2_3 M^2_3 − M^2_2 j_{DM} ) Z_2 − ( g_{DM}j_{DM} − βc_W ej_{EM} + g_B m^2_3 M^2_3 − M^2_2 j_B ) Z_3 .

(19)

These terms couple dark matter to nucleons via m_3, and because of β, proton and neutron couple differently, i.e. the interaction is isospin-dependent. Integrating out all the gauge bosons gives the effective vector-vector interactions in the usual parameterization L_{eff} ⊃ f_p χγ_μχ pγ^μp + f_n χγ_μχ nγ^μn , (20) with the ratio of the neutron and proton couplings f_n/f_p = 1 1 + r , r ≃ ec_W β g_B M^2_2 m^2_3

. (21)

We can easily find parameters to generate f_n/f_p ≃ −0.7 (r ≃ −2.4). The overall DM-neutron cross section can be calculated to be [13]

σ_n = 1 64π ( m_χm_n m_χ + m_n

)_2 f^2_n ≃ m^2_n 64π ( g_B g_{DM} m^2_3 M^2_2 M^2_3

)_2 ≃ 2 α_{DM}β^2 ( 1 GeV M_3

)_4

10^{−31} cm^2 , (22)

where we defined α_{DM} ≡ g^2_{DM}/4π and assumed m_χ ≫ m_n. To obtain the last equation we replaced g_B m^2_3 with the demanded value for r from Eq. (21). For β ∼ 10^{−3} it is possible to generate the required DAMA/CoGeNT cross section σ_n ∼ 10^{−38}–10^{−37} cm^2 [8] without being in

2 It was pointed out in Ref. [10] that a gauge boson coupled to the baryon number B can be light. The drawback of such a symmetry is the unavoidable introduction of new chiral fermions to cancel occurring triangle anomalies. An anomaly-free symmetry (SM + right-handed neutrinos) with similarly weak constraints is U(1)_{B−3Lτ} [11].

3 A similar model was proposed very recently in the same context, see Ref. [12].

conflict with other constraints [10, 14]. We note that the dark matter fine-structure constant α_{DM} is not restricted to be small.

Due to the required non-zero m^2_3 we will have a non-trivial scalar sector that also serves as a mediator between the SM and the dark sector. We assume these scalars to be heavy enough to not alter our foregoing discussion.

Aside from the group U(1)_B × U(1)_{DM} discussed above, further interesting models using this framework in the dark matter sector could be build using leptophilic groups like U(1)_{Lμ−Lτ} × U(1)_{DM}, with the possibility to resolve the PAMELA positron excess via the small leptophilic admixture [15].

C. U (1)B−L × U (1)L_μ−L_τ A family non-universal model can be build using U(1)_1 ≡ U(1)_{B−L} and U(1)_2 ≡ U(1)_{Lμ−Lτ} without introducing anomalies. Each group is anomaly-free if the Standard Model is extended with 3 right-handed neutrinos N_{i,R} carrying appropriate lepton numbers, so the only potential triangle anomalies involve both gauge groups: U(1)_{Lμ−Lτ} − U(1)_{B−L} − U(1)_{Lμ−Lτ} : ∑ μ,τ Y_{B−L} = 2 [ Y_{B−L}(μ_L) + Y_{B−L}(ν_μ) + Y_{B−L}(μ^c_R) + Y_{B−L}(N^c_{2,R}) ] = 0 , U(1)_{Lμ−Lτ} − U(1)_{B−L} − U(1)_{B−L} : ∑ μ,τ Y_{Lμ−Lτ} Y^2_{B−L} = ∑ μ Y^2_{B−L} − ∑ τ Y^2_{B−L} = 0 , U(1)_{Lμ−Lτ} − U(1)_{B−L} − U(1)_Y : ∑ μ,τ Y_{Lμ−Lτ} Y_{B−L} Y = ∑ μ Y_{B−L} Y − ∑ τ Y_{B−L} Y = 0 ,

(23)

where the last two relations follow from the universality of U(1)_Y and U(1)_{B−L}. The anomalies from SU(2) − U(1)_1 − U(1)_2 and SU(3) − U(1)_1 − U(1)_2 vanish trivially in any model due to the tracelessness of the non-abelian generators. The same conclusion can, of course, be reached for any of the anomaly-free L_α − L_β symmetries. However, L_μ − L_τ is favored over L_e − L_μ and L_e − L_τ because of a more reasonable flavor structure of the neutrino mass matrix [16].

The gauge boson Z_2 = Z_{B−L} is highly constrained by collider experiments (M_{B−L}/g_{B−L} ≳ 6–7 TeV at 95% C.L. [17]),^4 but Z_3 = Z_{Lμ−Lτ} can have a mass around the electroweak scale and there is actually a preferred region around M_{Lμ−Lτ} /g_{Lμ−Lτ} ≃ 200 GeV that ameliorates the tension between the theoretical and experimental values for the anomalous magnetic moment of the muon [18] (see [19] for earlier works).

In U(1)_{B−L} × U(1)_{Lμ−Lτ} models with non-vanishing mass mixing the parameter m_3 induces an effective coupling of the currents j_{Lμ−Lτ} and j_{B−L} (see Sec. III A), which leads for example to non-standard neutrino interactions, usually parameterized by the non-renormalizable effective Lagrangian

L^{NSI}_{eff} = −2 √ 2G_F ε^{f P}_{αβ} [¯ fγ^μP f ] [ν̄_αγ_μP_Lν_β ] . (24)

The model at hand induces ε^{f P}_{μμ} = −ε^{f P}_{τ τ} , easily read off from Eq. (16): ε^{eV}_{μμ} ≃ − 1 2 √ 2G_F g_1g_2 m^2_3 M^2_2 M^2_3

≃ −2 × 10^{−6} 1 g_1g_2 ( m_3 10 GeV

)_2 ( 6 TeV

M_2/g_1

)_2 ( 200 GeV M_3/g_2

)_2 , ε^{uV}_{μμ} = ε^{dV}_{μμ} = −ε^{eV}_{μμ} /3 , (25)

4 The limits from LEP 2 and Tevatron have been derived under the assumption of just one additional gauge boson, but still hold approximately when additional bosons are included [7].

which are in general too small to be observable in current experiments [20]. Larger NSIs can be generated at the price of introducing mass mixing of Z_{Lμ−Lτ} with Z_{SM} via m_2 (using the more general Eq. (17)). Even though this kind of mixing is highly constrained by collider experiments, the arising NSIs are testable in future facilities for M_2 < M_1 [18]. Substituting U(1)_{B−L} in Eq. (25) with less constrained symmetries like U(1)_B or U(1)_{B−3Lτ} (including fermions to cancel arising anomalies) allows for lighter gauge bosons and therefore also larger NSIs; a recent discussion of additional constraints on Z^′ bosons with non-universal couplings to charged leptons can be found in Ref. [21]. Since our framework does not involve mixing with the SM gauge bosons – at least at tree level – the bounds on the mixing parameters are less stringent.

IV. CONCLUSION

The extension of the Standard Model by an additional abelian factor U(1)^′ is a well motivated and frequently discussed area in model building. It is not far fetched to extend this even further to G_{SM}×[U(1)^′]^n, provided the full gauge group stays free of anomalies. We discussed the most general low-energy Lagrangian for the case n = 2, including kinetic mixing among the abelian groups. We showed how the mixing among several gauge groups – such as U(1)_{B−L}, U(1)_{Lμ−Lτ} , and U(1)_{DM} – can lead to interesting effects like non-standard neutrino interactions and isospin-dependent dark matter scattering. This opens up new and interesting possibilities in model building.

Acknowledgments

This work was supported by the ERC under the Starting Grant MANITOP and by the DFG in the Transregio 27. JH acknowledges support by the IMPRS-PTFS.

[1] For a review and a list of early references see P. Langacker, Rev. Mod. Phys. 81, 1199 (2009) [arXiv:0801.1345 [hep-ph]].

[2] Early treatments of abelian and non-abelian gauged flavor groups include R. N. Mohapatra, Phys.

Rev. D 9, 3461 (1974); S. M. Barr and A. Zee, Phys. Rev. D 17, 1854 (1978); C. L. Ong, Phys. Rev. D 19, 2738 (1979); F. Wilczek and A. Zee, Phys. Rev. Lett. 42, 421 (1979); J. Chakrabarti, Phys. Rev. D 20, 2411 (1979); T. Maehara and T. Yanagida, Prog. Theor. Phys. 61, 1434 (1979); A. Davidson, M. Koca and K. C. Wali, Phys. Rev. Lett. 43, 92 (1979); J. Chakrabarti, M. Popovic and R. N. Mohapatra, Phys. Rev. D 21, 3212 (1980).

[3] B. de Carlos and J. R. Espinosa, Phys. Lett. B 407, 12 (1997) [arXiv:hep-ph/9705315]; V. Barger, C. Kao, P. Langacker and H. S. Lee, Phys. Lett. B 600, 104 (2004) [arXiv:hep-ph/0408120]; D. Feldman, B. Kors and P. Nath, Phys. Rev. D 75, 023503 (2007) [arXiv:hep-ph/0610133]; D. Feldman, Z. Liu and P. Nath, Phys. Rev. D 75, 115001 (2007) [arXiv:hep-ph/0702123]; K. Cheung and T. C. Yuan, JHEP 0703, 120 (2007) [arXiv:hep-ph/0701107]; G. Belanger, A. Pukhov and G. Servant, JCAP 0801, 009 (2008) [arXiv:0706.0526 [hep-ph]]; M. Pospelov, A. Ritz and M. B. Voloshin, Phys. Lett. B 662, 53 (2008) [arXiv:0711.4866 [hep-ph]]; N. Arkani-Hamed, D. P. Finkbeiner, T. R. Slatyer and N. Weiner, Phys. Rev. D 79, 015014 (2009) [arXiv:0810.0713 [hep-ph]]; M. Pospelov and A. Ritz, Phys. Lett. B 671, 391 (2009) [arXiv:0810.1502 [hep-ph]]; Z. Liu, Nucl. Phys. Proc. Suppl. 200-202, 133 (2010) [arXiv:0910.0061 [hep-ph]]; Y. Mambrini, JCAP 1009, 022 (2010) [arXiv:1006.3318 [hepph]]; Z. Kang, T. Li, T. Liu, C. Tong and J. M. Yang, JCAP 1101, 028 (2011) [arXiv:1008.5243 [hep-ph]]; Y. Mambrini, JCAP 1107, 009 (2011) [arXiv:1104.4799 [hep-ph]].

[4] B. Holdom, Phys. Lett. B 166, 196 (1986); B. Holdom, Phys. Lett. B 259, 329 (1991); F. del Aguila, M. Masip and M. Perez-Victoria, Nucl. Phys. B 456, 531 (1995) [arXiv:hep-ph/9507455]; K. S. Babu, C. F. Kolda and J. March-Russell, Phys. Rev. D 57, 6788 (1998) [arXiv:hep-ph/9710441]; J. Jaeckel and A. Ringwald, Ann. Rev. Nucl. Part. Sci. 60, 405 (2010) [arXiv:1002.0329 [hep-ph]].

[5] F. del Aguila, G. D. Coughlan and M. Quiros, Nucl. Phys. B 307, 633 (1988) [Erratum-ibid. B 312, 751 (1989)]; M. x. Luo and Y. Xiao, Phys. Lett. B 555, 279 (2003) [arXiv:hep-ph/0212152]; S. A. Abel, M. D. Goodsell, J. Jaeckel, V. V. Khoze and A. Ringwald, JHEP 0807, 124 (2008) [arXiv:0803.1449 [hep-ph]]; M. Goodsell, J. Jaeckel, J. Redondo and A. Ringwald, JHEP 0911, 027 (2009) [arXiv:0909.0515 [hep-ph]].

[6] P. Fileviez Perez and M. B. Wise, Phys. Rev. D 82, 011901 (2010) [Erratum-ibid. D 82, 079901 (2010)] [arXiv:1002.1754 [hep-ph]]; T. R. Dulaney, P. Fileviez Perez and M. B. Wise, Phys. Rev. D 83, 023520

(2011) [arXiv:1005.0617 [hep-ph]]; P. Fileviez Perez and M. B. Wise, Phys. Rev. D 84, 055015 (2011) arXiv:1105.3190 [hep-ph]; P. Fileviez Perez and M. B. Wise, JHEP 1108, 068 (2011) [arXiv:1106.0343 [hep-ph]].

[7] F. del Aguila, J. de Blas, P. Langacker and M. Perez-Victoria, Phys. Rev. D 84, 015015 (2011) [arXiv:1104.5512 [hep-ph]].

[8] A. Kurylov and M. Kamionkowski, Phys. Rev. D 69, 063503 (2004) [arXiv:hep-ph/0307185]; F. Giuliani, Phys. Rev. Lett. 95, 101301 (2005) [arXiv:hep-ph/0504157]; S. Chang, J. Liu, A. Pierce, N. Weiner and I. Yavin, JCAP 1008, 018 (2010) [arXiv:1004.0697 [hep-ph]]; J. L. Feng, J. Kumar, D. Marfatia and D. Sanford, Phys. Lett. B 703, 124 (2011) [arXiv:1102.4331 [hep-ph]]; M. T. Frandsen, F. Kahlhoefer, J. March-Russell, C. McCabe, M. McCullough and K. Schmidt-Hoberg, Phys. Rev. D 84, 041301 (2011) [arXiv:1105.3734 [hep-ph]]; E. Del Nobile, C. Kouvaris and F. Sannino, Phys. Rev. D 84, 027301 (2011) [arXiv:1105.5431 [hep-ph]]; T. Schwetz and J. Zupan, JCAP 1108, 008 (2011) [arXiv:1106.6241 [hep-ph]]; M. Farina, D. Pappadopulo, A. Strumia and T. Volansky, arXiv:1107.0715 [hep-ph]; X. Gao, Z. Kang and T. Li, arXiv:1107.3529 [hep-ph].

[9] M. T. Frandsen, F. Kahlhoefer, S. Sarkar and K. Schmidt-Hoberg, JHEP 1109, 128 (2011) [arXiv:1107.2118 [hep-ph]].

[10] C. D. Carone and H. Murayama, Phys. Rev. Lett. 74, 3122 (1995) [arXiv:hep-ph/9411256];

C. D. Carone and H. Murayama, Phys. Rev. D 52, 484 (1995) [arXiv:hep-ph/9501220]; A. Aranda and C. D. Carone, Phys. Lett. B 443, 352 (1998) [arXiv:hep-ph/9809522].

[11] E. Ma, Phys. Lett. B 433, 74 (1998) [arXiv:hep-ph/9709474]; E. Ma and U. Sarkar, Phys. Lett.

B 439, 95 (1998) [arXiv:hep-ph/9807307]; E. Ma and D. P. Roy, Phys. Rev. D 58, 095005 (1998) [arXiv:hep-ph/9806210]; L. N. Chang, O. Lebedev, W. Loinaz and T. Takeuchi, Phys. Rev. D 63, 074013 (2001) [arXiv:hep-ph/0010118].

[12] J. M. Cline and A. R. Frey, Phys. Rev. D 84, 075003 (2011) [arXiv:1108.1391 [hep-ph]]. [13] G. Jungman, M. Kamionkowski and K. Griest, Phys. Rept. 267, 195 (1996) [arXiv:hep-ph/9506380]. [14] A. Hook, E. Izaguirre and J. G. Wacker, arXiv:1006.0973 [hep-ph]; M. Williams, C. P. Burgess, A. Maharana and F. Quevedo, JHEP 1108, 106 (2011) [arXiv:1103.4556 [hep-ph]].

[15] S. Baek and P. Ko, JCAP 0910, 011 (2009) [arXiv:0811.1646 [hep-ph]]. [16] J. Heeck and W. Rodejohann, J. Phys. G 38, 085005 (2011) [arXiv:1007.2655 [hep-ph]]. [17] [The LEP Collaborations: ALEPH Collaboration, DELPHI Collaboration, L3 Collaboration, OPAL Collaboration, the LEP Electroweak Working Group, the SLD Electroweak, Heavy Flavour Groups], arXiv:hep-ex/0312023; M. S. Carena, A. Daleo, B. A. Dobrescu and T. M. P. Tait, Phys. Rev. D 70, 093009 (2004) [arXiv:hep-ph/0408098].

[18] J. Heeck and W. Rodejohann, Phys. Rev. D 84, 075007 (2011) [arXiv:1107.5238 [hep-ph]]. [19] X. G. He, G. C. Joshi, H. Lew and R. R. Volkas, Phys. Rev. D 44, 2118 (1991); R. Foot, X. G. He, H. Lew and R. R. Volkas, Phys. Rev. D 50, 4571 (1994) [arXiv:hep-ph/9401250]; S. Baek, N. G. Deshpande, X. G. He and P. Ko, Phys. Rev. D 64, 055006 (2001) [arXiv:hep-ph/0104141]; E. Ma, D. P. Roy and S. Roy, Phys. Lett. B 525, 101 (2002) [arXiv:hep-ph/0110146]; E. Ma and D. P. Roy, Phys. Rev. D 65, 075021 (2002).

[20] C. Biggio, M. Blennow and E. Fernandez-Martinez, JHEP 0908, 090 (2009) [arXiv:0907.0097 [hepph]].

[21] C. W. Chiang, Y. F. Lin and J. Tandean, arXiv:1108.3969 [hep-ph].