arXiv:1304.0182v1 [hep-th] 31 Mar 2013

CP violation in the models of fermion localization on a domain wall (brane)

Alexander A. Andrianov^{ab}, Vladimir A. Andrianov^a, Oleg O. Novikov^a a V.A. Fock Department of Theoretical Physics,

Sankt-Petersburg State University, ul. Ulianovskaya, 198504 St. Petersburg, Russia b Institut de Ciències del Cosmos, Universitat de Barcelona, Marti i Franques, 1, 08028 Barcelona, Spain

E-mail: andrianov@icc.ub.edu, v.andriano@rambler.ru, oonovikov@gmail.com

Abstract A brief survey of fermion localization mechanism on a domain wall (thick brane) generated by a topologically nontrivial vacuum configuration of scalar fields is given. The extension of scalar fields interaction with fermions which supplies fermions with an axial mass is proposed. For several flavors and generations of fermions this extension can entail the Cabibbo-Kobayashi-Maskawa matrix of the Standard Model. As well the model with two scalar doublets which provide a supplementary CP violation mechanism is considered.

1 Introduction

The hypothesis that our universe is a four-dimensional space-time hypersurface (3-brane) embedded in a fundamental multi-dimensional space [1, 2] has become popular basis for models of Beyond the Standard Model physics [3]-[5], see, for example, the reviews [6]-[14] and references therein. It is assumed that the extra dimensions size is large enough and they can be, in principle, detected in terrestrial experiments planned in the near future and/or in astrophysical observations.

Brane is often considered as an elementary geometrical object of a vanishing thickness. However there is an alternative provided by an effective multi-dimensional field theory [1]. The brane in this approach is a domain wall generated by background scalar and/or gravitational fields [15]-[25] when their vacuum configuration has a non-trivial topology (Section 3). The details of the localization of the matter on this domain walls may provide important clues to the low energy physics. Among other possibilities it can play an important role in fermion mass generation [26]-[35] (see Section 2). In this paper we examine possible ways to introduce CP violation to an effective four-dimensional theory by means of fermion localization mechanism. In Section 4 the generalization of the model elaborated earlier in [20] with extra Yukawa vertices to provide fermions with complex mass is presented. In the case of several flavors it allows to construct a mass matrix that can be associated with the Cabibbo-Kobayashi-Maskawa (CKM) matrix of the Standard Model. In Section 5 we also present the model with two scalar doublets that may provide a new source of CP violation.

2 Fermion localization on a domain wall

Let us start with elucidating how to trap a fermion matter on a four-dimensional hyperplane, i.e. the domain wall (”thick brane”). The extra-dimension coordinate is assumed to be space-like,

(X_α) = (x_μ, y) , (x_μ) = (x_0, x_1, x_2, x_3) , (η_{αα}) = (+, −, −, −, −) while the subspace x_μ corresponds to the four-dimensional Minkowski space. The extradimension size is assumed to be infinite (or large enough). In this paper we neglect the gravity and assume the bulk space-time to be flat. The fermion wave function obeys the Dirac equation,

[ iγ_α∂^α − Φ(X) ]ψ(X) = 0 , γ_α = (γ_μ, −iγ_5) , {γ_α, γ_β} = 2η_{αβ} , (1)

with γ_α being a set of four-dimensional Dirac matrices in the chiral representation. The trapping of light fermion states on a four-dimensional hyperplane – the domain wall – the ”thick brane” can be provided by a topologically nontrivial background configuration of the scalar field, ⟨Φ(X)⟩_0 = φ(y), which provides the appearance of zero-modes in the four-dimensional fermion spectrum. For the four-dimensional space-time interpretation, (1) can be decomposed into the infinite set of fermions with different masses,

[ iγ_α∂^α + φ(y) ][ iγ_α∂^α − φ(y) ]ψ(X) ≡ (−∂_μ∂^μ − ^m^2_y)ψ(X) ; ^m^2_y = −∂^2_y + φ^2(y) − γ_5φ^′(y) = ^m^2_+P_L + ^m^2_−P_R , (2)

where P_{L,R} =^1_2 (1 ± γ_5) are projectors on the left- and right-handed states. Thus the mass squared operator ^m^2_y consists of two chiral partners,

^m^2_± = −∂^2_y + φ^2(y) ∓ φ^′(y) = [ −∂_y ± φ(y) ][ ∂_y ± φ(y) ] ; (3) ^m^2_+ q^+ = q^+ ^m^2_−, ^m^2_− q^− = q^− ^m^2_+ , q^± ≡ ∓∂_y + φ(y) . (4)

Due to such a supersymmetry [36, 37], for non-vanishing masses, the left- and right-handed spinors in (4) form the bi-spinor describing a dim-4 massive Dirac particle which is, in general, not localized at any point of the extra-dimension for asymptotically constant field configurations φ(y). Such a spectral equivalence may be broken by a normalizable zero mode of one of the mass operators ^m^2_±. This mode is read out of Eqs. (3) and (4),

q^−ψ^+_0 (x, y) = 0 , ψ^+_0 (x, y) = ψ_L(x) exp { − ∫_y y_0 dwφ(w) } , (5)

where ψ_L(x) = P_Lψ(x) is a free-particle Weyl spinor in the four-dimensional Minkowski space. Evidently, if a scalar field configuration has the appropriate asymptotic behavior, φ(y)^{y→±∞}∼ ±C_±|y|^{ν±} , Reν_± > −1 , C_± > 0 , then the wave function ψ^+_0 (x, y) is normalizable on the y axis and the corresponding lefthanded fermion is a massless Weyl particle localized in the vicinity of a four-dimensional domain wall. The example of an appropriate topological configuration is realized by a kink-like scalar field background (of possibly dynamical origin, see below),

φ^+ = M tanh(My) . (6)

The two mass operators have the following potentials,

^m^2_+ = −∂^2_y + M^2 [ 1 − 2sech^2(My) ] ; ^m^2_− = −∂^2_y + M^2, (7)

and the left-handed normalized zero-mode is localized around y = 0,

ψ^+_0 (x, y) = ψ_L(x) ψ_0(y) , ψ_0(y) ≡ √ M/2 sech(My) . (8)

Evidently the threshold for the continuum is at M^2 and the heavy Dirac particles may have any masses m > M. The corresponding wave functions are spread out in the fifth dimension. For light fermions on a brane one needs at least two five-dimensional fermions ψ_1(X), ψ_2(X) in order to generate left- and right-handed parts of a four-dimensional Dirac bi-spinor as zero modes. The required zero modes with different chiralities for ⟨Φ(X)⟩_0 = φ^+(y) arise when the two fermions couple to the scalar field Φ(X) with opposite charges,

[ i ∂̸ − τ_3Φ(X) ]Ψ(X) = 0 , ∂̸ ≡ ^γ_α∂^α , Ψ(X) = ψ_1(X) ψ_2(X) , (9) where ^γ_α ≡ γ_α ⊗1_2 are Dirac matrices and τ_a ≡ 1_4 ⊗σ_a, a = 1, 2, 3 are the generalizations of the Pauli matrices σ_a acting on the bi-spinor components ψ_i(X). The next task is to supply this massless particle with a light mass. As the mass operator mixes left- and righthanded components of the four-dimensional fermion it is embedded in the Dirac operator (9) with the mixing matrix τ_1m_f of the fields ψ_1(X) and ψ_2(X). If realizing the Standard Model mechanism of fermion mass generation by means of dedicated scalars, one has to introduce the second scalar field H_1(X), replacing the bare mass τ_1m_f −→ τ_1H_1(X) in the lagrangian density [20]. In this paper we generalize this mechanism to produce axial fermion mass by introducing extra term τ_2H_2(X),

L^{(5)}(Ψ̄, Ψ, Φ, H) = Ψ̄(i∂̸ − τ_3Φ − τ_1H_1 − τ_2H_2)Ψ. (10)

Note that arbitrary τ_3 rotation Ψ → exp{i^α_2 τ_3}Ψ corresponds to the chiral transformation of the localized four-dimensional fermions ψ_0(x, y) → exp{i^α_2 γ_5}ψ_0(x, y). This transformation is equivalent to the rotation,

H_1 → H_1 cos α + H_2 sin α, H_2 → H_2 cos α − H_1 sin α. (11)

The phase α corresponds to the arbitrary phase factor that can be added to fermion masses and Yukawa constants.

3 The formation of a brane in the model with two scalar fields

In this Section we study the brane formation in the model with two scalar fields with a potential admitting kink solutions. The model that was studied in detail in [20] possesses a quartic O(2) symmetric self-interaction as well as quadratic terms for both scalar fields providing soft breaking of O(2) symmetry, L^{(5)}_{scal} = Z (1 2 ∂_αΦ∂^αΦ + 1 2 ∂_αH∂^αH + M^2Φ^2 + Δ_H H^2 − 1 2 ( Φ^2 + H^2

)_2) . (12)

The normalization coefficient Z has dimension of a mass and is introduced to simplify the equation structure.

We restrict ourselves to the background solutions not breaking 4D Lorentz invariance. The classical Eqs. of motion take the form,

Φ^{′′} = −2M^2Φ + 2(Φ^2 + H^2)Φ, (13) H^{′′} = −2Δ_H H + 2(Φ^2 + H^2)H, (14)

Depending on the relation between the coupling constants M^2 and Δ_H there exist two solutions of Eqs. (14) inhomogeneous in y which correspond to two phases: the phase with vanishing v.e.v. of H and the phase with nonzero v.e.v. of H, with the second-order phase transition at Δ_H = M^2/2. The second phase under our interest corresponds to M^2/2 ≤ Δ_H ≤ M^2, i.e. 2Δ_H = M^2 + μ^2, μ^2 < M^2, when

Φ(y) = ±M tanh (βy) , H(y) = ± μ cosh (βy) , β = √ M^2 − μ^2. (15)

The second variation operator for scalar fields Φ and H can be written as,

D^2_X = −□_x − M^2, (16)

where

(M^2)_{ij} = δ_{ij} [ −∂^2_y − 2Δ_i + 2S_kS_k ] + 4S_iS_j , S = ( Φ(y) H(y) ) , Δ = ( M^2 Δ_H ) (17)

is a mass operator that determines the spectrum of the scalar fluctuations Ω_ϕ(x, y) and Ω_h(x, y).

If taking μ/M as a small perturbation parameter which controls the deviation from the critical point μ = 0 the mass operator can be rewritten in the approximate form [20],

(M̂^2)_{11} ≈ (−∂_y + 2M tanh(My))(∂_y + 2M tanh(My)) + 4μ^2 tanh^2(My), (M̂^2)_{22} ≈ (−∂_y + M tanh(My))(∂_y + M tanh(My)) + 4μ^2sech^2(My), (M̂^2)_{12} = (M̂^2)_{21} ≈ 4μM tanh(My)sech(My) (18)

The scalar fluctuation spectrum consists of two localized states and the continuous spectrum of delocalized states with masses above 2M. The first localized state is a massless

Goldstone mode associated with translation symmetry breaking and can be obtained exactly by differentiating the background fields Φ(y) and H(y) with respect to y ,

Ω_ϕ = √ 3β 2(2M^2 + μ^2)Z ( Msech^2(βy) −μ tanh(βy)sech(βy) ) ϕ(x), ∂^μ∂_μϕ = 0. (19)

The second state describes a light scalar particle. At the critical point it is a zero-mode however for non-zero μ it gains a mass and its wave function can be written as,

Ω_h = √_M 2Z ( −μysech^2(My) sech(My) ) h(x) + O (_{μ2} M^2 ) , ∂^μ∂_μh = m^2_hh, m^2_h = 2μ^2 ( 1 + O (_{μ2} M^2 )) . (20)

Notice that we neglected influence of gravity (its influence on the background fields was studied in [38, 39]). It was shown earlier (see for example [24, 25]) that a mixing of the scalar and graviscalar degrees of freedom may change the spectrum in the physical scalar sector drastically. This leads to the absence of the translational Goldstone mode. On the other hand the mass and the profile of wave function for light scalar state remain the same at least in the leading order. Because at low energies the Goldstone mode is decoupled and fermions interact only with the light massive scalar we assume that the effects nonperturbative in gravitational constant do not make any influence on the results presented further on.

4 Generation of complex mass for localized fermions

Let us consider the interaction of two five-dimensional fermions to the background scalar doublet described in the previous section,

L_f = ( Ψ_1 Ψ_2 )_† γ^0 ( iγ_α∂^α − g_AΦτ_3 − g_1Hτ_1 − g_2Hτ_2

) (Ψ_1

Ψ_2 ) . (21)

To study the four-dimensional physics we decompose the fields into the infinite set of fermions with certain 4D mass, ( Ψ_1 Ψ_2 ) = ∑ m ( F^{(m)}_{1L} (y) F^{(m)}_{2L} (y) ) ψ^{(m)}_L (x) + ( F^{(m)}_{1R} (y) F^{(m)}_{2R} (y) ) ψ^{(m)}_R (x). (22)

The profile functions of variable y can be represented as the superposition of the two sets of solutions, F_{1L} ≡ F_L, F_{1R} ≡ F_R, F_{2L} = ∓F^∗_R, F_{2R} = ±F^∗_L. (23)

These two solutions can be related to each other by the chiral transformation ψ → γ^5ψ. In general, changing of the profile functions phase is equivalent to the chiral rotation of fermions.

Eqs. on these profile functions read,

(∂_y + g_AΦ)F_L − (g_1 − ig_2)HF^∗_R = m_f F_R; (24)

(−∂_y + g_AΦ)F_R + (g_1 − ig_2)HF^∗_L = m^∗_f F_L. (25) Assuming that the parameter μ/M ≡ ϵ ≪ 1 we can treat the term with H as a perturbation,

(∂_y + g_AΦ)F^{(0)}_L = (m^{(0)}_f )^∗F^{(0)}_R , (−∂_y + g_AΦ)F^{(0)}_R = m^{(0)}_f F^{(0)}_L . (26)

Then at zero order in ϵ there is no a localized solution with nonzero F_R,

F^{(0)}_L = Nsech^{gAMβ} (βy), F^{(0)}_R = 0, m^{(0)}_f = 0; (27) N = √ βΓ(p +^1_2 ) √ πΓ(p) , p ≡ g_AM β , (28)

where Γ(p) is a gamma function. It is easy to see that F_L is an even function while F_R is odd. Multiplying (25) by (F^{(0)}_L )^∗, integrating it from −∞ to +∞ and assuming that both F_L and F_R are localized we obtain the leading-order fermion mass,

m^{(1)}_f = (g_1 + ig_2) ∫_{+∞} −∞ dy|F^{(0)}_L |^2H ∫_{+∞} −∞ dy|F^{(0)}_L |^2 = (g_1 + ig_2)μ ∫_{+∞} −∞ dy sech^{2p+1}(βy) ∫_{+∞} −∞ dy sech^{2p}(βy) =

= (g_1 + ig_2)μ ( Γ(p +^1_2 )

)_2

Γ(p)Γ(p + 1)

. (29)

For the physics on a brane at energies much lower than M only the lightest localized states are relevant. The effective lagrangian up to quadratic order in scalar field fluctuations takes the form,

L_{low} =^1_2 ∂_μϕ∂^μϕ +^1_2 ∂_μh∂^μh −^{m2h}_2 h^2 + +iψ̄γ^μ∂_μψ − [ ψ^†_R(m_f + g_ϕϕ + g_hh)ψ_L + h.c. ] . (30)

The Yukawa constant for Goldstone boson ϕ vanishes from symmetry considerations,

g_ϕ = ∫_{+∞} −∞ dy (2F^∗_RF_LΩ_{ϕ,Φ} + (|F_L|^2 + |F_R|^2)Ω_{ϕ,H} ) ∫_{+∞} −∞ dy(|F_L|^2 + |F_R|^2) = 0. (31)

The light scalar state plays the role of a Higgs-like boson with the Yukawa constant,

g_h = ∫_{+∞} −∞ dy (2F^∗_RF_LΩ_{h,Φ} + (|F_L|^2 + |F_R|^2)Ω_{h,H} ) ∫_{+∞} −∞ dy(|F_L|^2 + |F_R|^2) =

= √ M 2Z (g_1 + ig_2) ( Γ(p +^1_2 )

)_2

Γ(p)Γ(p + 1)

+ O(ϵ^2) = √ M Z m_f m_h , (32)

where ϵ ≡ μ/M . In the case of one flavor the phase factor of both the mass and the Yukawa constant can be always removed by the chiral transformation ψ → e^{iθγ5} ψ. This model can be easily generalized to include several flavors,

L_f = n_f∑

m,n=1 ( Ψ_{m,1} Ψ_{m,2} )_† γ^0 ( iγ_α∂^αδ_{mn} − g_{mn,A}Φτ_3 − g_{mn,1}Hτ_1 − g_{mn,2}Hτ_2 ) (Ψ_{n,1} Ψ_{n,2} ) . (33)

Because the coupling constants admit mixing of different flavors we have to introduce the mass matrix M_{mn} which can be connected with the CKM matrix of the Standard Model. Eqs. on profile functions read, n_f∑

n=1 [ (∂_yδ_{mn} + g_{mn,A}Φ)F_{n,L} − (g_{mn,1} − ig_{mn,2})HF^∗_{n,R} ] = n_f∑

n=1 M_{mn}F_{n,R}; (34) n_f∑

n=1 [ (−∂_yδ_{mn} + g_{mn,A}Φ)F_{n,R} + (g_{mn,1} − ig_{mn,2})HF^∗_{n,L} ] = n_f∑

n=1 (M^†)_{mn}F_{n,L}, (35)

and the low energy lagrangian becomes as follows,

L_{low} =^1_2 ∂_μϕ∂^μϕ +^1_2 ∂_μh∂^μh −^{m2h}_2 h^2 + +i n_f∑ m=1 ψ̄_mγμ∂_μψ_m −^{nf}∑ m,n=1 [ ψ^†_{mR}(M_{mn} + g_{mn,ϕ}ϕ + g_{mn,h}h)ψ_{nL} + h.c. ] . (36)

If the Yukawa constant for the kink Φ(y) is universal g_{mn,A} = g_A then F^{(0)}_{n,L} is the same for all flavors and there is a simple relation between the leading orders for the mass matrix and Yukawa constants, M_{mn} ≃ (g_{mn,1} + ig_{mn,2})μ ( Γ(p +^1_2 )

)_2

Γ(p)Γ(p + 1) , g_{mn,h} ≃ √ M Z M_{mn} m_h . (37)

5 Model with two scalar doublets and CP-violation

Let us consider now a model with two independent scalar doublets with v.e.v.’s described in Sec.3. We restrict ourselves by the following toy-model with particular fermion couplings,

L_5 = ( Ψ_1 Ψ_2 )_† γ^0 ( iγ_α∂^α − (g_{1A}Φ_1 + g_{2A}Φ_2)τ_3 − g_1H_1τ_1 − g_2H_2τ_2

) (Ψ_1

Ψ_2 ) + +Z_1

(_1 2 ∂_αΦ_1∂^αΦ_1 +^1_2 ∂_αH_1∂^αH_1 + M^2_1 Φ^2_1 + Δ_1H^2_1 −^1_2 ( Φ^2_1 + H^2_1

)_2) + +Z_2

(_1 2 ∂_αΦ_2∂^αΦ_2 +^1_2 ∂_αH_2∂^αH_2 + M^2_2 Φ^2 + Δ_2H^2_2 −^1_2 ( Φ^2 + H^2_2

)_2)

. (38)

Because the scalar doublets are independent they can form kinks at different positions y − a and y + a,

Φ_1 = M_1 tanh β_1(y − a), H_1 = μ_1sechβ_1(y − a), (39) Φ_2 = M_2 tanh β_2(y + a), H_2 = μ_2sechβ_2(y + a). (40)

Note that different values of the couplings (including the Yukawa constants) lead to the asymmetry of fermion profiles. For simplicity we assume that β_1 = β_2 ≡ β and μ_1/M_1, μ_2/M_2, βa ∼ ϵ ≪ 1.

The equations on the fermion profile functions take the form,

(∂_y + g_{1A}Φ_1 + g_{2A}Φ_2)F_L − (g_1H_1 − ig_2H_2)F^∗_R = m_f F_R; (41)

(−∂_y + g_{1A}Φ_1 + g_{2A}Φ_2)F_R + (g_1H_1 − ig_2H_2)F^∗_L = m^∗_f F_L. (42) The calculation similar to what was done in the previous Section yields the following result,

F_L = √ βΓ(p̃ +^1_2 ) √ πΓ(p̃) sech^{p̃}(βy) + O(ϵ), F^{(0)}_R = O(ϵ), (43)

m_f = (g_1μ_1 + ig_2μ_2) ( Γ(p̃ +^1_2 )

)_2

Γ(p̃)Γ(p̃ + 1) · ( 1 + O(ϵ) ) = |m_f |e^{iθ}, (44) p̃ ≡ g_{1A}M_1 + g_{2A}M_2 β , tan θ = g_2m_{h2} g_1m_{h1}

. (45)

The scalar sector at low energies includes two massless Goldstone bosons and two light scalars,

L_{low} =^1_2 ∂_μϕ_1∂^μϕ_1 +^1_2 ∂_μh_1∂^μh_1 −^{m2h1}_2 h^2_1 + +^1_2 ∂_μϕ_2∂^μϕ_2 +^1_2 ∂_μh_2∂^μh_2 −^{m2h2}_2 h^2 + +iψ̄γ^μ∂_μψ − [ ψ^†_R(m_f + g_{ϕ1}ϕ_1 + g_{ϕ2}ϕ_2 + g_{h1}h_1 + g_{h2}h_2)ψ_L + h.c. ] . (46)

The Goldstone bosons decouple from fermions in the lowest orders in ϵ at least up to O(ϵ^3). The leading order of light-scalar Yukawa couplings takes the following form,

g_{h1} ≃ cos θ √ M_1 Z_1 |m_f | m_{h1} , g_{h2} ≃ i sin θ √ M_2 Z_2 |m_f | m_{h2} . (47)

While the phase factor of the fermion mass can be removed by the chiral transformation ψ → exp ( −iγ_5^θ_2 ) ψ the Yukawa coupling constants remain complex providing the new source of CP violation in addition to the complex phase factor of the CKM matrix,

g̃_{h1} ≃ (cos^2 θ − i sin θ cos θ) √_{M1} Z_1 |m_f | m_{h1} , (48)

g̃_{h2} ≃ (sin^2 θ + i sin θ cos θ) √_{M2} Z_2 |m_f | m_{h2} . (49)

6 Discussion

We have presented the mechanisms of inducing CP violation in some models of fermions localized on a domain wall (”thick brane”). The model with one scalar doublet mostly reproduces the Standard Model. Note however that the simple relation (37) between coupling constants and masses holds only in the leading order of μ/M when different flavors have the same profile function. A more substantial deviation from the Standard Model may come from the non-universality of the g_A constant. The model with two scalar doublets provides an extra source of CP violation from different phases of two Higgs-like scalars Yukawa constants. This paper was focused only on fermion localization mechanism. The gauge boson couplings and experimental implications of these models are left aside for further investigation.

Acknowledgements. This work was done under financial support by RFBR, project No. 13-02-00127 and Saint-Petersburg State University grant 11.38.660.2013. A.A.Andrianov was also supported by projects FPA2010-20807 and CPAN (Consolider CSD2007-00042).

References

[1] V.A. Rubakov and M.E. Shaposhnikov, Phys. Lett. B, 125 (1983) 136-138; Phys.

Lett. B, 125 (1983) 139-143.

[2] K. Akama, Lect. Notes Phys. 176 (1982) 267 [hep-th/0001113];

M. Visser, Phys. Lett. B 159 (1985) 22 [hep-th/9910093]; M. Pavsic, Phys. Lett. A 116 (1986) 1 [gr-qc/0101075];

G. W. Gibbons and D. L. Wiltshire, Nucl. Phys. B 287 (1987) 717 [hep-th/0109093].

[3] N. Arkani-Hamed, S. Dimopoulos and G.R. Dvali, Phys. Lett. B 429 (1998) 263 [hep-ph/9803315];

[4] L. Randall and R. Sundrum, Phys. Rev. Lett. 83 (1999) 3370 [hep-ph/9905221];

[5] L. Randall and R. Sundrum, Phys. Rev. Lett. 83 (1999) 4690 [hep-th/9906064].

[6] V. A. Rubakov, Phys. Usp. 44 (2001) 871 [Usp. Fiz. Nauk 171 (2001) 913] [hep-ph/0104152]; Phys. Usp. 46 (2003) 211 [Usp. Fiz. Nauk 173 (2003) 219].

[7] A. O. Barvinsky, Phys. Usp. 48 (2005) 545 [Usp. Fiz. Nauk 175 (2005) 569].

[8] J. L. Hewett and M. Spiropulu, Ann. Rev. Nucl. Part. Sci. 52 (2002) 397 [hep-ph/0205106].

[9] R. Dick, Class. Quant. Grav. 18 (2001) R1 [hep-th/0105320].

[10] R. Maartens, Living Rev. Rel., 7 (2004), 7-60.

[11] P. Brax, C. van de Bruck and A. -C. Davis, Rept. Prog. Phys. 67 (2004) 2183 [hep-th/0404011].

[12] F. Feruglio, Eur. Phys. J. C 33 (2004) S114 [hep-ph/0401033].

[13] C. Csaki, In *Shifman, M. (ed.) et al.: From fields to strings, vol. 2* 967-1060 [hep-ph/0404096].

[14] V. Dzhunushaliev, V. Folomeev and M. Minamitsuji, Rept. Prog. Phys. 73 (2010) 066901 [arXiv:0904.1775 [gr-qc]].

[15] O. DeWolfe, D. Z. Freedman, S. S. Gubser and A. Karch, Phys. Rev. D 62 (2000) 046008 [hep-th/9909134].

[16] M. Gremm, Phys. Lett. B 478 (2000) 434 [hep-th/9912060].

[17] C. Csaki, J. Erlich, T. J. Hollowood and Y. Shirman, Nucl. Phys. B 581 (2000) 309 [hep-th/0001033].

[18] A. Kehagias and K. Tamvakis, Phys. Lett. B 504 (2001) 38 [hep-th/0010112]. [19] K. A. Bronnikov and B. E. Meierovich, Grav. Cosmol. 9 (2003) 313 [gr-qc/0402030]. [20] A. A. Andrianov, V. A. Andrianov, P. Giacconi and R. Soldati, JHEP 0307 (2003) 063 [hep-ph/0305271]; Theor. Math. Phys., 148(2006) 880-894.

[21] D. Bazeia and A. R. Gomes, JHEP 0405 (2004) 012 [hep-th/0403141];

D. Bazeia, C. Furtado and A. R. Gomes, JCAP 0402 (2004) 002 [hep-th/0308034]. [22] A. de Souza Dutra and A. C. Amaro de Faria, Jr., Phys. Lett. B 642 (2006) 274 [hep-th/0610315].

[23] V. Dzhunushaliev, V. Folomeev, D. Singleton and S. Aguilar-Rudametkin, Phys. Rev.

D 77, 044006 (2008) [hep-th/0703043].

[24] M. Giovannini, Phys. Rev. D, 64 (2001) 064023. [25] A. A. Andrianov and L. Vecchi, Phys. Rev. D, 77 (2008) 044035. [26] R. Koley and S. Kar, Class. Quant. Grav., 22 (2005) 753-768. [27] A. Melfo, N. Pantoja and J. D. Tempo, Phys. Rev. D, 73 (2006) 044033;

O. Castillo-Felisola and I. Schmidt, Phys. Rev. D, 82(2010) 124062. [28] D. Bazeia, F. A. Brito and R. C. Fonseca, Eur. Phys. J. C, 63 (2009) 163-170. [29] Z. -H. Zhao, Y. -X. Liu, H. -T. Li and Y. -Q. Wang, Phys. Rev. D 82 (2010) 084030 [arXiv:1004.2181 [hep-th]].

[30] H. -T. Li, Y. -X. Liu, Z. -H. Zhao and H. Guo, Phys. Rev. D 83 (2011) 045006 [arXiv:1006.4240 [hep-th]].

[31] Y. -X. Liu, H. -T. Li, Z. -H. Zhao, J. -X. Li and J. -R. Ren, JHEP, 0910 (2009) 091. [32] C. A. S. Almeida, M. M. Ferreira, Jr., A. R. Gomes and R. Casana, Phys. Rev. D, 79 (2009)125022.

[33] C. -EFu, Y. -X. Liu and H. Guo, Phys. Rev. D 84 (2011) 044036 [arXiv:1101.0336 [hep-th]].

[34] M. N. Smolyakov, Phys. Rev. D 85 (2012) 045036 [arXiv:1111.1366 [hep-th]]. [35] L. B. Castro, Phys. Rev. D 83 (2011) 045002 [arXiv:1008.3665 [hep-th]].

[36] E. Witten, Nucl. Phys. B 188 (1981) 513.

[37] A. A. Andrianov, N. V. Borisov and M. V. Ioffe, JETP Lett., 39 (1984) 93-97; Phys.

Lett. A, 105 (1984) 19-22; Theor. Math. Phys., 61 (1984) 1078-1088.

[38] A. A. Andrianov, V. A. Andrianov, P. Giacconi and R. Soldati, JHEP, 0507 (2005) 003;

A.A. Andrianov, V.A. Andrianov and A.V. Safonov, J. Math. Sci., 168 (2010)772- 780.

[39] A.A. Andrianov, V.A. Andrianov, O.O.Novikov, Phys. Part. Nucl., 44, No. 2 (2013) 190-203, [arXiv:1210.3698[hep-th]].