arXiv:hep-ph/0210063 v1 3 Oct 2002

On Vector Goldstone Boson

Ling-Fong Li

Department of Physics, Carnegie Mellon University, Pittsburgh, PA 15213

October 7, 2002

Abstract

The possibility that higher dimensional field theories are broken spontaneously, through the usual Nambu-Goldstone mechanism, to 4- dimension is explored. As a consequence, vector Goldstone bosons can arise in this breaking of Lorentzian symmetry from higher dimension to 4-dimension. This can provide a simple mechanism for reduction to 4-dimension in theories with extra dimensions.

In the 4-dimensional field theory, the spontaneous symmetry breaking is usually generated by the vacuum expectation values (VEV) of elementary scalar fields or fermion bilinears in the scalar combination so that the Lorentz invariance is preserved. Then the fields, which are partners of these fields under the broken symmetry generators will give rise to massless Goldstone bosons[1] [2]. In the case of internal symmetries, the Goldstone bosons are either scalars or pseduscalars while in the case of supersymmetries, the Goldstone bosons are fermions, the Goldstinos, which are supersymmetric partners of the auxiliary scalar fields, F −term or D−term, which develop VEV[3]. But there are no vector Goldstone bosons in these cases because they are not partners of scalar fields under the internal symmetry operations or space-time symmetries in 4-dimensions. However, in the theories with extra dimensions[7], the vector fields of four dimension can be partners of scalar fields, under the Lorentz transformation in higher dimensional theory. This gives rise to the possibility of vector Goldstone bosons if we break the Lorentz symmetry of higher dimensional theory spontaneously to that of 4- dimension[6]. This can also provide a simple mechanism for the reduction of higher dimensional theory to the physical 4-dimensional theory. In this paper we will explore this possibility and study the properties of these vector Goldstone bosons.

Consider a simple case of 5-dimensional field theory where a vector field, denoted by ϕ_A, will have 5-components, A = 0, 1, . . . 4. The first 4 components, ϕ_0, . . . , ϕ_3 transform as a vector under 4-dimensional Lorentz transformations while the last component, ϕ_4 is a scalar. Suppose that in analogy with the 4-dimensional theory the self interaction of ϕ_A is of the form,

V (ϕ_A) = μ^2 2 ( ϕ_Aϕ^A ) + λ 4 ( ϕ_Aϕ^A )_2 (1) where μ^2 and λ are some parameters. The minimal of this potential is determined by the conditions, ∂V ∂ϕ_A = [ μ^2 + λ ( ϕ_Bϕ^B )] ϕ_A = 0, A = 0, 1, . . . 4 (2)

Thus if any one component of ϕ_A is non-zero we will have, [ μ^2 + λ ( ϕ_Bϕ^B )] = 0 (3)

For the case, μ^2 > 0, ϕ^2 ≡ ϕ_Bϕ^B is space-like and we can choose,

ϕ_4 = v ≡ √ μ^2 λ and ϕ_μ = 0, μ = 0, . . . 3 (4)

This breaks the Lorentz symmetry of 5-dimensional theory, SO (4, 1) to that of 4-dimensional theory, SO (3, 1) . To find the Goldstone bosons in this case, we write ϕ^′_A = −v_A + ϕ_A, where v_A = δ_{A4}v. (5)

The quadratic terms in the potential is of the form,

V_2 = λ (v · ϕ^′)^2 + 1 2 ϕ^{′2} [ λ (v · v) + μ^2 ] = λ|v|^2ϕ^{′2}_4 (6)

Hence, ϕ^′_μ, μ = 0, . . . 3 are massless Goldstone bosons and in this case they transform as vector meson under the 4-dimensional Lorentz transformations. In other words, these are the vector Goldstone bosons. It is easy to see that for the case μ^2 < 0, ϕ^2 is time-like and the symmetry breaking is from SO (4, 1) down to SO (4) . This is not physically interesting, because the resulting theory will not have Lorentz symmetry in 4-dimension.

To study the broken symmetry generators, we write down the commutation relations between the Lorentz generators W^{AB} and the vector fields ϕ_C , [W_{AB} , ϕ_C ] = ig_{AC} ϕ_B − ig_{BC} ϕ_A, A, B, C = 0, 1, . . . 4 (7) where g_{AB} = (1, −1, −1, −1, −1) is the metric for the 5-dimensional space. In particular, we have

[W_{μ4}, ϕ_ν ] = −i g_{μν} ϕ_4, μ, ν = 0, 1, 2, 3 (8)

Then from the usual Goldstone theorem [1], ϕ_μ, μ = 0, 1, 2, 3 are massless and W_{μ4}, μ = 0, 1, 2, 3 are the broken generators. It is not hard to see that these vector Goldstone bosons ϕ_μ coupled to the densities of the Lorentz generators, M_{αμ4}. This is analogous to the case of spontaneous breaking of chiral symmetry where Goldstone pions , π^α ,couple to the axial vector currents A^α_μ , which are the densities of the broken generators.

If the vector Goldstone boson can couple to the fermion, the interaction will be of the form L_{V ψ} = fψγ_Aψϕ^A (9) where the 5-dimensional gamma matrices are of the form

γ^A = ( γ^0, γ^1, γ^2, γ^3, iγ^5 ) (10)

Then the spontaneous symmetry breaking, in Eq(4), will contribute to the fermion masses. Note that the γ_5 factor in the fermion bilinear can be removed by a chiral rotation on the fermion field. On interesting feature here is that the Goldstone mode will have coupling to some combination of vector and axial vector currents. Physical consequences of this type of coupling might be of interest phenomenologically. Similarly, a coupling of ϕ_A to a scalar field of the form, L_{V ϕ1} = f^′ϕ_Aϕ^Aϕϕ can give contribution to scalar mass and coupling of the Goldstone boson of the form, ϕ_μϕ^μϕϕ. Another possible type of coupling is the derivative coupling, L_{V ϕ2} = gϕϕ_A∂^Aϕ which can give a coupling of the form, ϕϕ_μ∂^μϕ. in 4-dimension.

The generalization to six or higher dimensional theory is straightforward. But the structure of the symmetry breaking will be more complicate. For example, to reduce 6-dimensional Lorentzian symmetry, SO (5, 1) to SO (3, 1) of the 4-dimensional Lorentz symmetry, we can use two 6-dimensional vector fields in analogy with the breaking of the internal symmetries. It is also possible to break the higher dimensional Lorentz symmetry by using higher rank tensor fields[5]. It is conceivable that higher dimensional Lorentzian symmetry can be broken down to SO (3, 1) × G where G is some compact internal symmetry group.

We can also explore the cases where these vector fields in higher dimension also carry some internal quantum numbers. Again consider the simple case of 5-dimensional theory. Let ϕ^A_i , i = 1, 2, . . . n be a set of vector fields which transform as fundamental representation under the internal symmetry group SO (n) .The effective potential is then of the form[5] V = μ^2 2 ( ϕ^A_i ϕ_{Ai} ) + λ_1 4 ( ϕ^A_i ϕ_{Ai} )_2 + λ_2 4 ( ϕ^A_i ϕ_{Aj} ) ( ϕ^B_i ϕ_{Bj} ) (11)

which has the symmetry, SO (4, 1) × SO (n) . Using the results from the breaking of the internal symmetry[5], we can deduce that for the case λ_2 < 0 the symmetry breaking has the pattern, SO (4, 1) × SO (n) → SO (3, 1) × SO (n − 1) Presumably, there will be 1 vector Goldstone boson for the broken generators, W_{μ4}, and n − 1 scalar Goldstone bosons for the broken internal symmetry generators. Thus in this simple case there is no connection between Lorentzian and internal symmetries. It is conceivable that in more complicate cases there might be some coupling between internal and Lorentzian symmetry. Recall that in the usual spontaneous symmetry breaking of the chiral SU (3)_L × SU (3)_R symmetry in the low energy hadronic interaction down to SU (3)_V ,[4] the broken generators are the axial charges which is the linear combination of left and right generators. If we replace replace one of the the internal symmetry by Lorentzian symmetry, it is possible that some combination of Lorentz symmetry and internal symmetry generators are broken. In this case, the vector Goldstone bosons can carry the internal symmetry quantum numbers.

So far we have used elementary fields to breaking the symmetry spontaneously. It is clear that similar breaking can be generated by the composite fields. For example, in 5-dimension condensation of the fermion bilinears of the form, ⟨ ψγ_Aψ ⟩ = vδ_{A4} (12)

can also breaking the Lorentzian symmetry and gives vector Goldstone boson.

This work is supported in part by U.S. Department of Energy (Grant No. DE-FG 02-91 ER 40682).

References

[1] J. Goldstone, Nuovo Cimento 19, 154 (1961); J. Goldstone, A. Salam, and S. Weinberg, Phys. Rev. 127, 965 (1962).

[2] Y. Nambu, Phys Rev. Lett. 4, 380 (1960), Y. Nambu and G. Jona-Lasinio.

Phys. Rev. 122, 345, (1961).

[3] See for example, J Wess and J. Bagger, ” Supersymmetry and Supergravity ” Second edition, Princeton University Press, (1992); S. Weinberg, ” Quantum Theory of Fields”, Vol 3, Cambridge University Press, (2000).

[4] M. Gell-Mann, R. Oakes, and B.Renner, Phys. Rev. 175, 2195 (1968); S.

Glashow and S. Weinberg, Phys Rev. Lett. 20, 224 (1968).

[5] Ling-Fong Li, Phys. Rev. D9, 1723 (1974).

[6] Ian Low and Aneesh Manohar, Phys. Rev. Lett. 88, 101602 (2002).

[7] N. Arkani-Hamed, S. Dimopoulos, and G. Dvali, Phys. Lett. B429, 263 (1998); L. Randall and R. Sundrum, Phys. Rev. Lett. 83, 3370 (1999).