arXiv:1212.6361v1 [hep-th] 27 Dec 2012

A new CPT-even and Lorentz-Violating nonminimal coupling in the Dirac equation

R. Casana^a, M. M. Ferreira Jr^a, E. O. Silva^a, E. Passos^b, F. E. P. dos Santos^a aDepartamento de Física, Universidade Federal do Maranhão, Campus Universitário do Bacanga, São Luiz - MA, 65085-580 - Brazil and bDepartamento de Física, Universidade Federal de Campina Grande, Caixa Postal 10071, 58109-970 Campina Grande, PB, Brazil

In this work, we propose a CPT-even and Lorentz-violating dimension-five nonminimal coupling between fermionic and gauge fields, involving the CTP-even and Lorentz-violating gauge tensor of the SME. This nonminimal coupling modifies the Dirac equation, whose nonrelativistic regime is governed by a Hamiltonian which induces new effects, such as an electric-Zeeman-like spectrum splitting and an anomalous-like contribution to the electron magnetic moment, between others. Some of these new effects allows to constrain the magnitude of this nonminimal coupling in 1 part in 10^{16} .

PACS numbers: 11.30.Cp, 12.20.-m, 12.60.-i

I. INTRODUCTION

The Standard Model Extension (SME) [1, 2] has been the usual framework for investigating signals of Lorentz violation in physical systems. The SME is the natural framework for studying properties of physical systems with Lorentz-violation since it includes Lorentz-violating terms in all sectors of the minimal standard model. The Lorentz-violating (LV) terms are generated as vacuum expectation values of tensors defined in a high energy scale. The SME is a theoretical framework which has inspired a great deal of investigations in recent years. Such works encompass several distinct aspects involving: fermion systems and radiative corrections [3, 4], CPT- probing experiments [5], the electromagnetic CPTand Lorentz-odd term [6–8], the nineteen electromagnetic CPT-even and Lorentz-odd coefficients [9–11]. Recently, some studies involving higher dimensional operators have also been reported with great interest [12–14]. These many contributions have elucidated the effects induced by Lorentz violation and served to set up stringent upper bounds on the LV coefficients.

Some time ago, a Lorentz-violating and CPT-odd nonminimal coupling between fermions and the gauge field was proposed [15] at the form

D_μ = ∂_μ + ieA_μ + i g 2 ϵ_{μλαβ} (k_{AF} )^λF^{αβ} , (1) in the context of the Dirac equation, (iγ^μD_μ − m)Ψ = 0. Here, the fermion spinor is Ψ, while (k_{AF} )^μ = (v_0, v) is the Carroll-Field-Jackiw four-vector, and g is the constant that measures the nonminimal coupling magnitude. The analysis of the nonrelativistic limit revealed that this coupling provides a magnetic moment (gv) for uncharged particles [15], yielding an Aharonov-Casher phase for its wavefunction. It was also shown that this particular nonminimal coupling induces topological phases in more general contexts [16]. Its effects on the Hydrogen spectrum were studied in Ref. [17], while its influence in the dynamics of the Aharonov-Bohm-Casher problem was analyzed in Ref. [18]. Recently, this coupling was considered in the context of fermion-fermion ultrarelativistic scattering, with the evaluation of corrections to the corresponding cross section and establishment of an upper bound as tight as 1 part in 10^{12} [19]. Another recent work in this context was developed involving aspects related to the Hall effect and Landau levels [20]. Lastly, generalized versions of nonminimal couplings have been proposed to examine the induction of several types of topological and geometrical phases [21].

In the present work, we propose a new CPTeven, dimension-five, nonminimal coupling linking the fermionic and gauge fields in the context of the Dirac equation. By considering the nonrelativistic limit of the modified Dirac’s equation, we explicitly evaluate the new contributions to the nonrelativistic Hamiltonian. These new terms imply a direct correction on the anomalous magnetic moment, a kind of electrical Zeeman-like effect on the atomic spectrum, and a Rashba-like coupling term. These effects are then used to impose upper bounds on the magnitude of the nonminimally coupled LV coefficients at the level of 1 part in 10^{16}.

II. A CPT-EVEN LORENTZ-VIOLATING NONMINIMAL COUPLING

We consider a nonminimal coupling involving fundamental Dirac fermions and the electromagnetic field in the context of the Dirac equation,

(iγ^μD_μ − m_e)Ψ^{(e)} = 0, (2)

where Ψ^{(e)} is the electron spinor wave function, and the covariant derivative with nonminimal coupling is

D_μ = ∂_μ + ieA_μ + λ^{(e)} 2 (K_F )_{μναβ} γ^ν F^{αβ} , (3)

with (K_F )_{μναβ} being the tensor ruling the Lorentz violation in the CPT-even electrodynamics of the SME, while λ^{(e)} is the electron nonminimal coupling constant. This tensor possess 19 components, whose properties and effects have been examined since 2002 [9]. The background tensor (K_F )_{ανρφ} has the same symmetries of the Riemann tensor, (K_F )_{ανρφ} = − (K_F )_{ναρφ} , (K_F )_{ανρφ} = − (K_F )_{ανφρ} , (K_F )_{ανρφ} = (K_F )_{ρφαν} ,and a double null trace, (K_F )^{αβ}_{αβ} = 0, implying 19 components. This tensor (K_F )_{ανρφ} can be written in terms of four 3 × 3 matrices κ_{DE} , κ_{DB} , κ_{HE} , κ_{HB} , defined in Refs. [9] as:

(κ_{DE} )_{jk} = −2 (K_F )_{0j0k} , (4)

(κ_{HB} )_{jk} = 1 2 ϵ_{jpq} ϵ_{klm} (K_F )_{pqlm} , (5) (κ_{DB} )_{jk} = − (κ_{HE} )_{kj} = ϵ_{kpq} (K_F )_{0jpq} . (6)

The symmetric matrices κ_{DE} , κ_{HB} contain the parityeven components and possess together eleven independent components, while κ_{DB} , κ_{HE} possess no symmetry, having together eight components, representing the parity-odd sector of the tensor (K_F ).

The Dirac equation (2) can be explicitly written as [ iγ^μ∂_μ − eγ^μA_μ + λ^{(e)} 2 (K_F )_{μναβ} σ^{μν} F^{αβ} − m_e ] Ψ^{(e)} = 0, (7) and σ^{μν} = i 2 (γ^μγ^ν − γ^ν γ^μ) = i 2 [γ^μ, γ^ν ]. (8)

Thus, the relevant electron Lagrangian is

L_{(e)} = Ψ̄^{(e)}(i/∂ − e/A − m_e + λ^{(e)} 2 (K_F )_{μναβ} σ^{μν} F^{αβ} )Ψ^{(e)}. (9) Using the parametrization (4)-(6), we obtain:

(K_F )_{μναβ} σ^{μν} F^{αβ} = 2σ^{0i} [ (κ_{DE} )_{ij} E^j + (κ_{DB} )_{ij} B^j ]

+ ϵ_{kij} σ^{ij} [ (κ_{HE} )_{kq} E^q + (κ_{HB} )_{kq} B^q ] , (10)

where we have used F_{0j} = E^j , F_{mn} = ϵ_{mnp}B^p, and σ^{0i}, σ^{ij} are the components of the operator (8),

σ^{0i} = i ( 0 σ^i σ^i 0 ) , σ^{ij} = − ( ϵ_{ijk} σ^k 0 0 ϵ_{ijk} σ^k ) . (11)

Note that these components are also expressed as σ^{0j} = iα^j , σ^{ij} = −ϵ_{ijk} Σ^k. These results are explicitly evaluated in the following representation of the γ-matrices:

γ^0 = ( 1 0 0 −1 ) , γ^i = ( 0 σ^i −σ^i 0 ) , γ_5 = ( 0 1 1 0 ) , (12)

α^i = ( 0 σ^i σ^i 0 ) , Σ^k = ( σ^k 0 0 σ^k ) . with σ = (σ_x, σ_y, σ_z) being the Pauli matrices. With this notation, Eq. (10) is written as (K_F )_{μναβ} σ^{μν} F^{αβ} = 2iα^j ( E^j + B^j ) − 2Σ^j ( Ẽ^j + B̃^j ) . (13) where we have introduced the following definitions:

E^k = (κ_{DE} )_{kj} E^j , B^k = (κ_{DB} )_{kj} B^j , (14)

Ẽ^k = (κ_{HE} )_{kq} E^q, B̃^k = (κ_{HB} )_{kp} B^p, (15)

and the relation (6) was used. In the momentum coordinates, i∂_μ → p_μ, the corresponding Dirac equation is

i∂_tΨ^{(e)} = [ α · (p − eA) + eA_0 + m_eγ^0 −λ^{(e)}iγ^j ( E^j + B^j ) + λ^{(e)}γ^0Σ^k ( Ẽ^k + B̃^k )] Ψ^{(e)}. (16)

III. NONRELATIVISTIC LIMIT

In order to investigate the role played by this nonminimal coupling, we should evaluate the nonrelativistic limit of the Dirac equation. Writing the spinor Ψ in terms of small (χ) and large (ϕ) two-spinors, Ψ = ( ϕ χ ) , (17)

the Dirac equation (16) leads to two two-component equations, [E − eA_0 − m_e + LV 1] ϕ − [σ · (p − eA) − LV 2] χ = 0, (18) [σ · (p − eA) + LV 2] ϕ − [E − eA_0 + m_e − LV 1] χ = 0. (19)

with LV 1 = −λ^{(e)}σ^k ( Ẽ^k + B̃^k ) , (20) LV 2 = iλ^{(e)}σ^j ( E^j + B^j ) . (21)

In this point we notice that the canonical momentum remains defined as π = (p − eA), (22) once the term LV 2 appears with the same sign in Eqs. (18, 19). The small component is given by χ ≃ 1 [2m_e]

[σ · π + LV 2] ϕ, (23)

which replaced in Eq. (18) leads to

[E − eA_0 − m_e + LV 1] ϕ = (24) = 1 [2m_e] [(σ · π) − LV 2] [(σ · π) + LV 2] ϕ.

At first order in the Lorentz violating parameters, the following Hamiltonian is achieved:

H^{(e)} = 1 2m_e [ (p − eA)^2 − e (σ · B) ] + eA_0 + λ^{(e)} σ· ( Ẽ + B̃ )

− λ^{(e)} m_e (E + B ) · (σ × p) + eλ^{(e)} m_e (E + B ) ·(σ × A)

(25) + λ^{(e)} 2m_e [ ∂_iE^i + ∂_iB^i + iσ · (∇ × E) + iσ · (∇ × B ) ] . In the case we deal with uniform fields, the Hamiltonian becomes

H^{(e)} = 1 2m_e [ (p − eA)^2 − e (σ · B) ] + eA_0 + λ^{(e)} σ· ( Ẽ + B̃ )

− λ^{(e)} m_e (E + B ) · (σ × p) + eλ^{(e)} m_e (E + B ) ·(σ × A). (26)

This Hamiltonian induces new effects. Note that the term E ·(σ ×p) is a generalization of the Rashba coupling term, E · (σ × p), while λ^{(e)} ( σ·B̃ ) implies a straightforward tree-level contribution to the anomalous magnetic moment of the electron. As another example, the term ( σ·Ẽ ) leads to a kind of electric Zeeman effect, in the total absence of magnetic field.

IV. NONRELATIVISTIC PHYSICAL EFFECTS

In this section, we analyze some physical effects induced by the correction terms enclosed in Eq. (26). In this sense, we particularize this Hamiltonian for some specific configurations of electric and magnetic fields.

We begin discussing the correction induced on the atomic spectrum of Hydrogen. In order to carry out the contribution associated with the term σ · Ẽ involving the spin operator, it is necessary to work with the wave functions Ψ^{(e)}_{nljmj ms} = ψ_{nljmj} (r, θ, ϕ)χ_{sms} , suitable to treat the situations where there occurs addition of angular momenta (J = L+ S), with n, l, j, m_j being the associated quantum numbers. In this case, the correction energy is given by: Δ_E = λ^{(e)}⟨nljm_j m_s| σ· Ẽ |nljm_j m_s⟩. (27) Now, we adopt a polarized spin configuration, σ = σ_zẑ, such that

σ· Ẽ = (κ_{HE} )_{3j} σ_zE_j , (28)

with E_j being one of the components of the electric field, and (κ_{HE} )_{3j} a non null element of the matrix (κ_{HE} ) . Thus,

Δ_E = λ^{(e)} (κ_{HE} )_{3j} E_j ⟨nljm_j m_s|σ_z |nljm_j m_s⟩. (29)

To complete this calculation, it is necessary to write the |jm_j ⟩ kets in terms of the spin eigenstates |mm_s⟩, which is done by means of the general expression: |jm_j ⟩ = ∑ m,m_s ⟨mm_s|jm_j ⟩|mm_s⟩, (30) where ⟨mm_s|jm_j ⟩ are the Clebsch–Gordan coefficients. Evaluating such coefficients for the case j = l+1/2, m_j = m + 1/2, one has |jm_j ⟩ = α_1|m ↑⟩ + α_2|m + 1 ↓⟩; one the other hand, for j = l − 1/2, m_j = m + 1/2, one obtains |jm_j ⟩ = α_2|m ↑⟩ − α_1|m + 1 ↓⟩, with α_1 = √ (l + m + 1)/(2l + 1), α_2 = √ (l − m)/(2l + 1). Taking now into account the orthonormalization relation ⟨m^′m^′_s|mm_s⟩ = δ_m′_mδ_m′_{sms} , it is possible to show that Eq. (29) leads to:

Δ_E = λ^{(e)} (κ_{HE} )_{3j} E_j ⟨jm_j |σ_z|jm_j ⟩, (31)

Δ_E = ±λ^{(e)} (κ_{HE} )_{3j} E_j m_j 2l + 1

, (32)

where the positive and negative signs correspond to j = l + 1/2 and j = l − 1/2, respectively. It was also used ⟨nljm_j m_s|σ_z |nljm_j m_s⟩ = m_j ℏ/(2l + 1), ⟨nljm_j m_s|σ_x|nljm_j m_s⟩ = ⟨nljm_j m_s|σ_y |nljm_j m_s⟩ = 0. The dependence on m_j leads to a spectrum splitting in (2j + 1) lines, representing an electric Zeeman-like effect (due to the presence of an electric field, that can be external or the atomic one). Regarding the possibility of measuring spectrum shifts as small as 10^{−10}eV, and working with a typical atomic electric field for the Hydrogen fundamental level (a_0 ≃ 0.529Å), whose magnitude is E ≃ 5.1 × 10^{11}N/C ≃ 1.2 × 10^6 (eV )^2 , the Zeeman-like splitting of Eq. (32) will be undetectable if | |λ_{(e)} (κ_{HE} )_{3j} | | E_j < 10_{−10} (eV ) . (33)

It leads to the following upper bound: | |λ^{(e)} (κHE )_{3j} | | < 8 × 10^{−17} (eV )^{−1} . (34)

Now, an observation is worthwhile. In the derivation of the result (32) one has used the Hamiltonian (26), particularized for uniform fields. The nucleus Coulombian field, however, is not constant, opening the possibility of achieving new spectrum shifts stemming from the varying electric field terms of Eq.(25), namely, ∇ · E, σ · (∇ × E) . Knowning the definition (14), and the Coulombian field, E^j = er^j /r^3, we obtain ∇ · E = e/r^3 [ (κ_{DE} )_{ii} − 3 (κ_{DE} )_{ij} (cos θ_i)(cos θ_j ) ] , (35) ∇ × E = −3e/r^3 [ ϵ_{ijk} (κ_{DE} )_{kp} (cos θ_j )(cos θ_p) ] , (36)

where cos θ_i = r^i/r. We thus note that the expectation value of ∇ · E only will receive contributions from the trace and diagonal elements of the symmetric matrix (κ_{DE} ) , while the expectation value of ∇ × E is affected only by the nondiagonal terms. In other words, the spectrum corrections given by ∫ Ψ^∗_{nlm}(∇·E)Ψ_{nlm} d^3r and ∫ Ψ^∗_{nlm}(∇×E)Ψ_{nlm} d^3r, are in general nonnull, with their values being proportional to (1/r^3) = ⟨ nlm|1/r^3|nlm ⟩ = [a^3_0n^3l(l + 1/2)(l + 1)]^{−1}. Thus, the energy shifts go as e | | |λ^{(e)} (κDE )_{ij} | | | /(ma^3_0) ∼ 9 × 10^3 | | |λ^{(e)} (κDE )_{ij} | | | (eV )^2,

with e = √ 1/137, leading to the following upper bound, | | |λ^{(e)} (κDE )_{ij} | | | < 1.1 × 10^{−14} (eV )^{−1} , less restrictive than the one of Eq. (34), however.

Additional Hydrogen spectrum corrections could arise when one considers a nonminimal coupling for protons similar to the one here devised for electrons. This can be done proposing (for protons), D_μ = ∂_μ + ieA_μ + λ^{(p)} 2 (K_F )_{μναβ} γ^ν F^{αβ} , where λ^{(p)} concerns the proton electromagnetic nonminimal interaction. This proposal is analogue to the one of Refs. [5]. Note that λ^{(p)} ≠ λ^{(e)}, where λ^{(e)} is related to electron electromagnetic interaction (it is the constant that appears in Eq. (3)). In this case, the modified Dirac equation is, [ iγ^μ∂_μ + eγ^μA_μ + λ^{(p)} 2 (K_F )_{μναβ} σ^{μν} F^{αβ} − M_p ] Ψ^{(p)} = 0,

(37) where Ψ^{(p)} is the proton spinor wave function and M_p is the proton mass. We now consider a scenario in which one supposes simultaneously two nonminimal coupling terms (for the electron and proton interactions). The full fermion Lagrangian is L = L_{(e)} + L_{(p)}, where

L_{(p)} = Ψ̄^{(p)}(i/∂ + e/A − M_p + λ^{(p)} 2 (K_F )_{μναβ} σ^{μν} F^{αβ} )Ψ^{(p)}, (38) is the proton Lagrangian and L_{(e)} is given by Eq. (9). Working out the nonrelativistic limit, one obtains a full Hamiltonian given as H = H^{(e)} +H^{(p)}, where H^{(e)} is the one of Eq. (25), and H^{(p)} is the analogue to this one for the proton, with m_e replaced by M_p and −e → e. It contains new tree-level contributions in λ^{(p)} that yield spectrum corrections. Noticing that M_p ≃ 1836m_e, the terms of the proton nonrelativistic Hamiltonian proportional to M^{−1}_p will yield bounds less restrictive than the ones stemming from the electron Hamiltonian at least by a factor 10^3. The unique term of H^{(p)} able to lead to a competitive bound is λ^{(p)}σ · ( Ẽ + B̃ ) , implying the same bound

of Eq. (34), that is, | | |λ^{(p)} (κHE )_{3j} | | | < 8 × 10^{−17} (eV )^{−1} .

A detailed analysis about the spectrum corrections induced by the Hamiltonian H = H^{(e)} + H^{(p)} seems to be a sensitive issue for further investigation.

Another effect enclosed in Hamiltonian (26) is concerned with the anomalous magnetic moment of the electron. A Lorentz-violating study on this issue was developed in Refs. [22]. The electron magnetic moment is μ = −μσ, with μ = e/2m_e, and g = 2 the gyromagnetic factor. The anomalous magnetic moment of the electron is given by g = 2(1 + a), with a = α/2π + ... = 0.00115965218279 representing the deviation (value in the year 2008) in relation to the usual case. In this case, the magnetic interaction is H^′ = μ(1 + a)σ · B. In accordance with very precise measurements and QED calculations [23], precision corrections to this factor are now evaluated at the level of 1 part in 10^{11}, that is, Δa ≤ 3 × 10^{−11}. In our case, the Hamiltonian (26) provides tree-level LV contributions to the usual g = 2 gyromagnetic factor, which can not be larger than a. The total magnetic interaction in Eq. (26) is e 2m_e (σ · B) + λ^{(e)} ( σ·B̃ ) . (39)

For the magnetic field along the z-axis, B =B_0ẑ, and a spin-polarized configuration in the z-axis, this interaction assumes the form μ [ 1 + 2m_e e λ^{(e)} (κ_{HB} )_{33} ] (σ_zB_0) , (40)

with 2m_e e λ^{(e)} (κ_{HB} )_{33} representing the tree-level LV correction that should be smaller than a. Under such consideration, we obtain the following upper bound: | | |λ^{(e)} (κHB )_{33} | | | ≤ 9.7 × 10^{−11} (eV )^{−1} , (41)

where we have used m_e = 5.11 × 10^5eV, e = √ 1/137. Finally, we should claim the nonrelativistic Hamilto-

nian (26) possess a Rashba-like coupling term, λ^{(e)} m_e E · (σ × p). Indeed, the Rashba spin-orbit interaction (RSOI), given by H_R = β_R(σ_xp_y − σ_y p_x), has been studied in many works [24]. In Refs. [25], the usual Rashba coupling term is examined in connection with quantum transport properties of ring systems, where Aharonov- Casher effect leads to well defined conductance oscillations. A recent work has also argued that some terms of the fermion sector of the SME induces a Rashbalike coupling term [26]. In accordance with Refs. [24], the Rashba constant for a typical mesoscopic system is β_R ≃ 10^{−12}(eV · m) = 5 × 10^{−6}. For a typical electric field (E ≃ 10^7Volt/m= 23.1(eV )^2), the factor E/m_e is approximately 4 × 10^{−5}eV. The imposition of the condition^{λ(e)}_{me} |E · (σ × p)| < β_R leads to | | |λ^{(e)} (κDE )_{3j} | | | < 0.1, revealing that the Rashba coupling phenomenology is not a good route to constrain this nonminimal coupling.

V. CONCLUSIONS

We have devised a new CPT-even and Lorentzviolating nonminimal coupling between fermionic and gauge fields. This dimension-five nonminimal coupling involves the dimensionless tensor (K_F )_{μναβ} which composes the CPT-even and Lorentz-violating electrodynamics of the SME. It was considered in the context of the Dirac equation and the nonrelativistic limit was assessed and carried out. The resulting nonrelativistic Hamiltonian possess new interesting contributions able to yielding a new effect (a kind of electric Zeemanlike effect), corrections to the anomalous magnetic moment, and a Rashba-like coupling term. The electric Zeeman-like effect may lead to upper bounds as good as | | |λ^{(e)} (κHE )_{3j} | | | < 8 × 10^{−17} (eV )^{−1} , while the corrections on the magnetic moment yields an upper bound as tight as 1 part in 10^{10}. It is important to mention that the bounds here found should not be confused with the upper bounds on the (K_F )-CPT-even components already known in the literature, once in the present case the constraint is on the magnitude of the CPT-even parameters as nonminimally coupled. Note that adopting distinct configurations of the electric and magnetic fields (not along the z-axis), similar upper bounds can be imposed on other coefficients of the matrices (κ_{HE} ) and (κ_{HB} ) . Concerning this dimension-five nonminimal coupling a promising investigation is related with the radiative corrections stemming from the photon one-loop vacuum polarization. Carrying out such radiative contributions, we observe that a dimension-four CPT-even term, ( λ^{(e)}m_e ) (K_F )_{μνρσ} F^{μν} F^{ρσ} , is generated. Dimension-six operators are also generated at second order in λ^{(e)}K_F . Since the dimension-4 operator can be generated by radiative corrections, the existing bounds [9, 10] on the CPT-even (K_F )_{μναβ} can be used to achieve even better bounds on the magnitude of the quantity λ^{(e)} (K_F )_{μναβ} .

The fact that this term has as coefficient ( λ^{(e)}m_e ) al- lows to attain better bounds on λ^{(e)}K_F by the factor 1/m_e ∼ 10^{−5} in comparison with the bounds on K_F . For instance, typical bounds on the nonbirefringent coefficients, | |λ^{(e)}K_F | | < 10^{−18} (eV )^{−1} , imply upper bounds

as tight as | |λ(e)K_F | | < 10−23 (eV )^{−1} on the nonminimal coupling. The detailed analysis of this issue is now under consideration.

Another interesting perspective is concerned with a complete investigation of the corrections on the Hydrogen spectrum implied by the Hamiltonian (25) and H = H^{(e)} + H^{(p)}. Such analysis should be carefully carried out for all the terms involving E, B, Ẽ, B̃, focusing on the ones that could yield stringer upper bounds on the LV parameters, and having as counterpart the procedures of Refs. [17], [27].

Finally, this new coupling may be examined in several distinct respects, including applications in the ultrarelativistic regime. Very recently, a study involving an electron-positron scattering in a QED framework endowed with this nonminimal coupling was successfully performed yielding upper bounds as tight as λ^{(e)} (K_F ) < 10^{−12} (eV )^{−1} [28]. Acknowledgments

The authors are grateful to CNPq, CAPES and FAPEMA (Brazilian research agencies) for invaluable financial support.

[1] D. Colladay and V. A. Kostelecky, Phys. Rev. D 55, 6760 (1997); D. Colladay and V. A. Kostelecky Phys. Rev. D 58, 116002 (1998); S.R. Coleman and S.L. Glashow, Phys. Rev. D 59, 116008 (1999).

[2] V. A. Kostelecky and S. Samuel, Phys. Rev. Lett. 63, 224 (1989); Phys. Rev. Lett. 66, 1811 (1991); Phys. Rev. D 39, 683 (1989); Phys. Rev. D 40, 1886 (1989), V. A. Kostelecky and R. Potting, Nucl. Phys. B 359, 545 (1991); Phys. Lett. B 381, 89 (1996); V. A. Kostelecky and R. Potting, Phys. Rev. D 51, 3923 (1995).

[3] B. Altschul, Phys. Rev. D 70, 056005 (2004); G. M.

Shore, Nucl. Phys. B 717, 86 (2005); D. Colladay and V. A. Kostelecky, Phys. Lett. B 511, 209 (2001); O. G. Kharlanov and V. Ch. Zhukovsky, J. Math. Phys. 48, 092302 (2007); R. Lehnert, Phys. Rev. D 68, 085003 (2003); V.A. Kostelecky and C. D. Lane, J. Math. Phys. 40, 6245 (1999); R. Lehnert, J. Math. Phys. 45, 3399 (2004); W. F. Chen and G. Kunstatter, Phys. Rev. D 62, 105029 (2000); B. Goncalves, Y. N. Obukhov, I. L. Shapiro, Phys.Rev. D 80, 125034 (2009); V. A. Kostelecky and R. Lehnert, Phys. Rev. D 63, 065008 (2001); S. Chen, B. Wang, and R. Su, Class. Quant.Grav. 23, 7581 (2006).

[4] M. Gomes, J. R. Nascimento, A. Yu. Petrov, A. J. da Silva, Phys. Rev. D 81, 045018 (2010); G. Gazzola, H. G. Fargnoli, A. P. Baeta Scarpelli, M. Sampaio, and M.

C. Nemes, J. Phys. G 39, 035002 (2012); A. P. Baeta Scarpelli, Marcos Sampaio, M. C. Nemes, B. Hiller, Eur. Phys. J. C 56, 571 (2008); A. P. Baeta Scarpelli, J. Phys. G 39, 125001 (2012); F.A. Brito, L.S. Grigorio, M.S. Guimaraes, E. Passos, C. Wotzasek, Phys. Rev. D 78, 125023 (2008); Phys. Lett. B 681,495 (2009); F.A.Brito, E. Passos, P.V. Santos, Europhys. Lett. 95, 51001 (2011); C. F. Farias, A. C. Lehum, J. R. Nascimento, A. Yu. Petrov, Phys. Rev. D 86, 065035 (2012).

[5] R. Bluhm, V.A. Kostelecky, and N. Russell, Phys. Rev.

Lett. 79, 1432 (1997); R. Bluhm, V.A. Kostelecky, and N. Russell, Phys. Rev. D 57, 3932 (1998); R. Bluhm, V.A. Kostelecky, C. D. Lane, and N. Russell, Phys. Rev. Lett. 88, 090801 (2002); R. Bluhm and V.A. Kostelecky, Phys. Rev. Lett. 84, 1381 (2000); R. Bluhm, V.A. Kostelecky, and C. D. Lane, Phys. Rev. Lett. 84, 1098 (2000); R. Bluhm, V.A. Kostelecky, and N. Russell, Phys. Rev. Lett. 82, 2254 (1999); V.A. Kostelecky and C.D. Lane, Phys. Rev. D 60, 116010 (1999).

[6] C. Adam and F. R. Klinkhamer, Nucl. Phys. B 607, 247 (2001); C. Adam and F. R. Klinkhamer, Nucl. Phys. B 657, 214 (2003); A.A. Andrianov and R. Soldati, Phys. Rev. D 51, 5961 (1995); Phys. Lett. B 435, 449 (1998); A.A. Andrianov, R. Soldati and L. Sorbo, Phys. Rev. D 59, 025002 (1998); A. A. Andrianov, D. Espriu, P. Giacconi, R. Soldati, J. High Energy Phys. 0909, 057 (2009);

J. Alfaro, A.A. Andrianov, M. Cambiaso, P. Giacconi, R. Soldati, Int.J.Mod.Phys.A 25, 3271 (2010); V. Ch. Zhukovsky, A. E. Lobanov, E. M. Murchikova, Phys.Rev. D 73 065016, (2006).

[7] R. Lehnert and R. Potting, Phys. Rev. Lett. 93, 110402 (2004); R. Lehnert and R. Potting, Phys. Rev. D 70, 125010 (2004); B. Altschul, Phys. Rev. D 75, 105003 (2007); C. Kaufhold and F.R. Klinkhamer, Nucl. Phys. B 734, 1 (2006).

[8] A. P. Baeta Scarpelli, H. Belich, J. L. Boldo, J.A.

Helayel-Neto, Phys. Rev. D 67, 085021 (2003); M. B. Cantcheff, Eur. Phys. J. C 46, 247 (2006); J.A. de Sales, T. Costa-Soares, and V. J. Vasquez Otoya, Physica (Amsterdam) 391A, 5422 (2012); O.M. Del Cima, D. H. T. Franco, A. H. Gomes, J. M. Fonseca, and O. Piguet, Phys. Rev. D 85, 065023 (2012).

[9] V. A. Kostelecky and M. Mewes, Phys. Rev. Lett. 87, 251304 (2001); V. A. Kostelecky and M. Mewes, Phys. Rev. D 66, 056005 (2002); V. A. Kostelecky and M. Mewes, Phys. Rev. Lett. 97, 140401 (2006).

[10] F.R. Klinkhamer and M. Risse, Phys. Rev. D 77, 016002 (2008); F.R. Klinkhamer and M. Risse, Phys. Rev. D 77, 117901 (2008); F. R. Klinkhamer and M. Schreck, Phys. Rev. D 78, 085026 (2008); B. Altschul, Phys. Rev. Lett. 98, 041603 (2007); M. Schreck, Phys. Rev. D 86, 065038 (2012).

[11] B. Altschul, Nucl. Phys. B 796, 262 (2008); B. Altschul, Phys. Rev. Lett. 98, 041603 (2007); C. Kaufhold and F.R. Klinkhamer, Phys. Rev. D 76, 025024 (2007).

[12] V. A. Kostelecky and M. Mewes, Phys. Rev. D 80, 015020 (2009); M. Cambiaso, R. Lehnert, R. Potting, Phys.Rev. D 85 085023 (2012); M. Mewes, Phys. Rev. D 85, 116012 (2012).

[13] R. C. Myers and M. Pospelov, Phys. Rev. Lett. 90, 211601 (2003); P. A. Bolokhov and M. Pospelov, Phys. Rev. D 77, 025022 (2008); C. M. Reyes, L. F. Urrutia, and J. D. Vergara, Phys. Rev. D 78, 125011 (2008); C. Marat Reyes, Phys. Rev. D 80, 105008 (2009); Phys. Rev. D 82, 125036 (2010); J. Lopez-Sarrion and C. M. Reyes, Eur. Phys. J. C 72, 2150 (2012); C.M. Reyes, L.F. Urrutia, J.D. Vergara, Phys. Lett. B 675, 336 (2009).

[14] T. Mariz, Phys. Rev. D 83, 045018 (2011); T. Mariz, J.

R. Nascimento, A. Yu. Petrov, Phys. Rev. D 85, 125003

(2012); F. A. Brito, M. S. Guimaraes, E. Passos, P. Sampaio, C. Wotzasek, Phys. Rev. D 86, 105036 (2012).

[15] H. Belich, T. Costa-Soares, M.M. Ferreira Jr., J. A.

Helayël-Neto, Eur. Phys. J. C 41, 421 (2005). [16] H. Belich, L.P. Colatto, T. Costa-Soares, J.A. Helayël- Neto, M.T.D. Orlando, Eur.Phys. J. C 62, 425 (2009).

[17] H. Belich, T. Costa-Soares, M.M. Ferreira Jr., J. A.

Helayël-Neto, and F. M. O. Moucherek, Phys. Rev. D 74, 065009 (2006).

[18] H. Belich, E.O. Silva, M.M. Ferreira Jr., and M.T. D.

Orlando, Phys. Rev. D 83, 125025 (2011).

[19] B. Charneski, M. Gomes, R. V. Maluf, A. J. da Silva, Phys. Rev. D 86, 045003 (2012).

[20] L. R. Ribeiro, E. Passos, C. Furtado, J. Phys. G. 39, 105004 (2012).

[21] K. Bakke, H. Belich, J. Phys. G 39, 085001 (2012); K.

Bakke, H. Belich, E. O. Silva, J. Math. Phys. 52, 063505 (2011); J. Phys. G 39, 055004 (2012); Annalen der Physik (Leipzig) 523, 910 (2011); K. Bakke and H. Belich, Eur. Phys. J. Plus 127, 102 (2012).

[22] W. F. Chen and G. Kunstatter, Phys. Rev. D 62, 105029 (2000); C. D. Carone, M. Sher, and M. Vanderhaeghen, Phys. Rev. D 74, 077901 (2006).

[23] G. Gabrielse, D. Hanneke, T. Kinoshita, M. Nio, and B.

Odom, Phys. Rev. Lett. 97, 030802 (2006).

[24] A.G. Aronov and Y.B. Lyanda-Geller, Phys. Rev. Lett.

70, 343 (1993); F. E. Meijer, A. F. Morpurgo, and T. M. Klapwijk, Phys. Rev. B 66, 033107 (2002); S-L. Zhu, Y-C. Zhou, H-Z. Li, Phys. Rev. B. 52, 7814 (1995).

[25] T. Choi, S.Y. Cho, C-M. Ryu, and C. K. Kim, Phys.

Rev. B 56, 4825 (1997); D. Frustaglia and K. Richter, Phys. Rev. B 69, 235310 (2004); S-Q. Shen, Z.-J. Li, and Z. Ma, Appl. Phys. Lett. 84, 996 (2004); T. Bergsten,T. Kobayashi, Y. Sekine, and J. Nitta, Phys. Rev. Lett. 97, 196803 (2006); J. Nitta and T. Bergsten, New J. Phys. 9, 341 (2007).

[26] M. A. Ajaib, Int. J. Mod. Phys. A 27, 1250139 (2012). [27] T. J. Yoder and G. S. Adkins, Phys. Rev. D 86, 116005 (2012).

[28] R. Casana, M.M. Ferreira, Jr., R. V. Maluf, and F. E. P.

dos Santos, Phys. Rev. D 86, 125033 (2012).