arXiv:1211.3543v1 [hep-th] 15 Nov 2012

Comment on the paper ”Minimal Fields of Canonical Dimensionality are Free” by S. Weinberg

Alexander Monin, Mikhail Shaposhnikov

Institut de Théorie des Phénom̀enes Physiques, École Polytechnique Fédérale de Lausanne, Lausanne, CH-1015, Switzerland

  alexander.monin@epfl.ch
mikhail.shaposhnikov@epfl.ch

Recent publication [1] gives an elegant proof that in a scale invariant relativistic field theory a field of canonical dimensionality belonging to the minimal representation of the Lorentz group is free. Although the proof does not imply the existence of a Lagrangian - a theory can be given by a set of correlators (bootstrap) - we will focus on the systems admitting Lagrangian formulation. In this case it is crucial for the proof to assume Lorentz and scale invariance of both the Lagrangian and the vacuum. In this note we consider a somewhat weaker assumption. Taking a theory with scale invariance broken spontaneously and the Lorentz invariance kept intact we demonstrate that minimal fields of canonical dimensionality are not necessarily free. Briefly recapping the proof we show why the arguments of [1] are not applicable for spontaneously broken scale symmetry.

Weinberg proposes to consider the action of the operator L^μ_ν = −iz^μ ∂ ∂z^ν + iz^ν ∂ ∂z^μ (1) on the two-point function G(x − y) = ⟨0 | ψ(x)ψ^†(y) | 0⟩, (2)

where ψ is a field belonging to an arbitrary representation of the Lorentz group. For brevity we suppress the index numbering the components. Using the Lorentz invariance one gets L^μ_ν L^ν_μG(z) = J^{μν} J_{μν} G(z) − 2J^{μν} G(z)J^†_{μν} + G(z)J^{†μν} J^†_{μν} . (3) where J_{μν} is the generator of the Lorentz transformations for the representation of ψ. On the other hand a straightforward computation yields

L^μ_ν L^ν_μ = [ 2S^2 − 4S − 2z^2□ ] G(z), (4) with S = −z^μ ∂ ∂z^μ (5) being the generator of dilations. The crucial assumption of the proof – the scale invariance of the vacuum – translates into SG(z) = 2ΔG(z), (6) with Δ being the scaling dimension of the field ψ. For the minimal field (in the representation (j, 0) or (0, j)) the canonical dimensionality is Δ = j + 1. As a result from (3) and (4) we obtain the equation for the two-point function □ G(z) = 0. (7) Therefore, one concludes that the field ψ(x) is indeed free □_xψ(x) = 0. (8) Let us now turn to the case of spontaneously broken scale symmetry. If the Lagrangian is invariant under the scale transformation the Ward identities corresponding to the field transformation δψ(x) = − (x^μ∂_μ + Δ) ψ(x), (9) are not changed regardless whether the vacuum is invariant under the symmetry or not i⟨∂_μj^μ_D(x)ψ(x_1) . . .⟩ = ∑ i δ(x − x_i)⟨ψ(x_1) . . . δψ(x_i) . . .⟩. (10) If the vacuum is invariant under the scale transformations, integrating (10) over the spacetime for the two-point function one gets precisely the formula (6). However, spontaneous symmetry breaking renders the integral of the l.h.s of (10) non-zero. Usually in the case of spontaneous symmetry breaking the vacua can be labeled by the vev v of some operator ⟨v |O| v⟩ = v, (11) which serves as an order parameter. In this case scale transformations generated by (9) relate the correlators computed over different vacua. Namely, if the transformation is realized by the unitary operator U Uψ(x^′)U^† = λ^{−Δ}ψ(x), x^′ = λx, (12) the expectation value becomes v^′ = λ^{−ΔO} v. (13) While for the correlators one gets ⟨v^′ |ψ(λx_1) . . . ψ(λx_N )| v^′⟩ = λ^{−NΔ}⟨v |ψ(x_1) . . . ψ(x_N )| v⟩. (14)

The corollary is that for the case of spontaneous symmetry breaking the formula (6) is not applicable and one cannot conclude that the field is free. Below we give an example of an effective field theory with exact but spontaneously broken scale symmetry which has massless interacting particle with canonical scaling dimension.

We consider a toy model described by the following Lagrangian L = 1 2 (∂_μϕ)^2 + 1 2 (∂_μχ)^2 − λ_0 ( ϕ^2 − ζ^2χ^2

)_2 . (15)

Classically it is scale invariant in 4 dimensional space-time. The potential in (15) has a flat direction. Choosing the vacuum with non-zero vevs for the fields ϕ and χ breaks the symmetry spontaneously. As a result there are two interacting scalar particles in the spectrum. One of them is the Goldstone boson corresponding to the broken scale symmetry (dilaton), therefore, it is massless. The mass of the second particle is proportional to ζ⟨χ⟩.

However, this is not the end of the story. Although the symmetry is manifest at the classical level quantum corrections usually destroy the symmetry (see for example [2, 3]), making the trace of the energy-momentum tensor non-vanishing (we do not consider here rather special case of theories with zero β-function and, therefore, not running coupling constant). Such an ”anomaly” is usually attributed to the regularization/renormalization procedure. Meaning that it is necessary to introduce a mass parameter in one way or another which breaks the symmetry explicitly (e.g., Pauli-Villars regulators have mass, therefore, the symmetry is broken). That suggests the way out. In [4] it was proposed to use a modified version of the dimensional regularization. The approach is somewhat analogous to the one in [5]. It is not unique, another scale invariant regularization was discussed in [6].

Let us outline the idea. In the framework of standard dimensional regularization ([7, 8]) one considers the system in n = 4−ε dimensions introducing the renormalized dimensionless coupling constant

λ_0 = λμ^{4−n} [ 1 + ∑ k C_k (n − 4)^k ] , (16)

with μ being an arbitrary renormalization scale needed to compensate the dimension of λ_0. The presence of this scale is the source of non-invariance. Therefore, promoting μ to be field dependent μ → χ^{2n−2} F_n(ϕ/χ), F_4(ϕ/χ) = 1, (17)

makes the scale symmetry manifest.

It was shown in [4] that at one loop the prescription described above indeed leads to the scale invariant effective potential. One can choose the counter terms needed to cancel the divergencies in such a way that the flat direction is preserved as well. That means that the scale symmetry is exact at the quantum level and spontaneously broken. As a result, the dilaton stays massless and interacting^1. For energies much less than ⟨χ⟩ in the limit ζ ≪ 1 the momentum dependence of the matrix element ϕϕ → ϕϕ (or equivalently of the 4-point function Γ_{4ϕ}) coincides with the one prescribed by the standard renormalization group. Of course, the scale symmetry preserved at the quantum level with such a prescription is not given for free, new counter terms are needed at higher orders rendering the theory nonrenormalizable [9].

To conclude, in this note we considered the example of a theory with spontaneously broken scale invariance. The Goldstone boson of such a theory (dilaton), although having canonical dimensionality, does not have to be decoupled from other fields and the interactions can have long reaching phenomenological implications.

One of the reasons to study theories with spontaneously broken scale invariance originates from the desire to explain two puzzles, namely, the Higgs hierarchy and the cosmological constant problems. The scale symmetry in combination with approximate shift symmetry χ → χ+c, existing at ζ ≪ 1 leads to stability of the Higgs mass against radiative corrections and to an alternative formulation of cosmological constant problem (for details see [4, 10]).

Acknowledgements

We thank Sergey Sibiryakov for helpful discussions and valuable comments. This work was supported by the Swiss National Science Foundation.

References

[1] S. Weinberg, “Minimal Fields of Canonical Dimensionality are Free,”

arXiv:1210.3864 [hep-th].

[2] S. R. Coleman, Aspects of Symmetry. Cambridge University Press, 1988.

[3] L. S. Brown, “Dimensional Regularization of Composite Operators in Scalar Field Theory,” Annals Phys. 126 (1980) 135.

[4] M. Shaposhnikov and D. Zenhausern, “Quantum Scale Invariance, Cosmological Constant and Hierarchy Problem,” Phys.Lett. B671 (2009) 162–166,

arXiv:0809.3406 [hep-th].

1It follows from the formula (14) or from the modified Lagrangian itself that the anomalous dimensions of the fields are zero.

[5] F. Englert, C. Truffin, and R. Gastmans, “Conformal Invariance in Quantum Gravity,” Nucl.Phys. B117 (1976) 407.

[6] M. E. Shaposhnikov and I. I. Tkachev, “Quantum Scale Invariance on the Lattice,” Phys.Lett. B675 (2009) 403–406, arXiv:0811.1967 [hep-th].

[7] G. ’t Hooft and M. Veltman, “Regularization and Renormalization of Gauge Fields,” Nucl.Phys. B44 (1972) 189–213.

[8] J. Collins, Renormalization: An Introduction to Renormalization, the Renormalization Group and the Operator-Product Expansion. Cambridge University Press, 1984.

[9] M. Shaposhnikov and F. Tkachov, “Quantum Scale-Invariant Models as Effective Field Theories,” arXiv:0905.4857 [hep-th].

[10] M. Shaposhnikov and D. Zenhausern, “Scale Invariance, Unimodular Gravity and Dark Energy,” Phys.Lett. B671 (2009) 187–192, arXiv:0809.3395 [hep-th].