arXiv:1306.5647v1 [hep-ph] 24 Jun 2013

Chiral Symmetry Restoration, Naturalness and the

Absence of Fine-Tuning I: Global Theories

Bryan W. Lynn^1, Glenn D. Starkman^{2,3} 1 University College London, London WC1E 6BT, UK 2 ISO/CERCA/Department of Physics, Case Western Reserve University, Cleveland, OH 44106-7079 and 3 CERN, CH-1211 Geneva 23, Switzerland^∗

The Standard Model (SM), and the scalar sector of its zero-gauge-coupling limit – the chiralsymmetric limit of the Gell-Mann-Lévy Model (GML) – have been shown not to suffer from a Higgs Fine-Tuning (FT) problem. All ultraviolet quadratic divergences (UVQD) are absorbed into m^2_π , the mass-squared of pseudo Nambu-Goldstone bosons, in GML. Since chiral SU(2)L−R symmetry is restored as m^2_π → 0 or as the Higgs vacuum expectation value (VEV) ⟨H⟩ → 0, small m^2_π , ⟨H⟩ and Higgs mass-squared m^2_h are natural, and therefore not FT. In this letter, we extend our results on the absence of FT to a wide class of high-mass-scale M^2_{Heavy} ≫ m^2_h extensions to a simplified SO(2) version of GML. We explicitly demonstrate naturalness and no-FT for two examples of heavy physics, both SO(2) singlets: a heavy M^2_S ≫ m^2_h real scalar field (with or without a VEV); and a right-handed Type 1 See-Saw Majorana neutrino νR with M^2_{νR} ≫ m^2_h. We prove that for | |q^2 | | ≪ M^2_{Heavy} the heavy degrees of freedom contribute only irrelevant and marginal operators. The crucial common property of such high-mass-scale extensions is that they respect chiral SO(2)L−R symmetry. GML is therefore natural and not FT, not just as a stand-alone renormalizable field theory, but also as a low energy effective theory with certain high-mass-scale extensions. We conjecture that, since gravity couples democratically to particles, quantum gravitational theories that respect chiral symmetry will also retain naturalness, and avoid FT problems for GML and the SM. Phenomenological consequences include the renewed possibility of thermal lepto-genesis in the νMSM. Absent a FT problem, there should be no expectation that LHC will discover physics beyond the SM unrelated to neutrino mixing.

PACS numbers: 11.10.Gh

Naturalness has played a central role in theoretical particle physics over the last several decades. Theories deemed “un-natural” are condemned as fatally Fine- Tuned (FT). It was the widespread belief that the scalar sector of the Standard Model (SM) suffered from the so-called Higgs-FT problem that drove the development of many Beyond the Standard Model (BSM) theories, including Low Energy Supersymmetry, Technicolor and Large Extra Dimensions. One challenge, however, has been pinning down exactly what it means to be “natural,” what it means to be “fine-tuned,” and how they are related. In this letter we will demonstrate how, when fine-tuned and natural are regarded as mutually exclusive, not only are the Gell-Mann-Lévy Model (GML) [1] and the SM [3] not FT [2] but neither are a variety of interesting extensions to GML. The key is for any new physics at high-mass-scales to respect the same chiral symmetry that protects GML.

A widely accepted characterization of naturalness is that in natural theories “at any energy scale μ a [dimensionless] physical parameter or a set of physical parameters α_i(μ) is allowed to be very small only if the replacement α_i(μ) = 0 would increase the symmetry of the system” [4]. We accept this as our working definition, and call it Physical Naturalness because it avoids all reference to unmeasurable quantities.

On the other hand, theories are ordinarily regarded as

∗ bryan.lynn@cern.ch, gds6@case.edu

“Bare FT” if physical observables depend too sensitively on the parameters of the bare Lagrangian of the theory, especially if there are small dimensionless ratios of physical observables that arise through cancellation of large (often divergent, and generally including bare) contributions unrelated by any symmetry. Bare-FT is troubling. The bare Lagrangian is only a useful parametric device, a calculation tool without physical reality of its own, expressed in terms of unphysical bare parameters, whose values cannot be determined by any set of experiments. To judge a theory based on how a mathematical fiction depends on unphysical parameters seems unjustified.

We argue here for a more compelling definition of FT, Physical Fine-Tuning, that avoids reference to unmeasurable quantities. At the very least, it makes sense to augment Bare-FT by excluding natural theories from being FT. If taking a dimensionless quantity to zero increases the symmetry of a theory, then a small value for that quantity is natural and not FT.

Some time ago, we demonstrated [3] that the SM and its zero-gauge coupling limit in the scalar sector, the chiral-symmetric limit of GML [2], are Physically Natural (and consequently are not FT) because all cancellations of large quantities (in particular UVQD) to obtain small ones (relating to the weak scale) are absorbed into the mass-squared m^2_π of the three pseudo Nambu-Goldstone bosons that share the same SU(2) doublet as the Higgs boson. Since taking either m^2_π or ⟨H⟩, the vacuum expectation value of the Higgs field, to zero restores chiral SU(2)_{L−R} symmetry, the smallness of m^2_π or ⟨H⟩^2 compared to a Euclidean-integral UV cutoff-squared Λ^2 is natural, not FT. This is reminiscent of the argument [5, 6] that the SM, with all masses set to zero, is not FT because it would then acquire scale invariance. However, our results differs crucially – chiral SU(2)_{L−R} symmetry is actually a symmetry of SM, while scale invariance is not (and probably isn’t for gravity [7, 8]).

To illustrate the absence of FT in GML and how that can be preserved in BSM physics, we consider, for pedagogical simplicity, an SO(2) version of the GML model. This is the theory of a bare complex scalar field Φ_0 related to its renormalized values by Φ_0 = Z^{12}_ϕ Φ, ⟨H_0⟩ = Z^{12}_ϕ ⟨H⟩. In the linear and unitary representations Φ ≡ [H + iσ_3π_3] √ 2 ≡ H̃ √ 2 U; U ≡ exp [ iσ_3π̃_3 ⟨H⟩ ] , (1)

with Pauli matrix σ_3, and bare Lagrangian L^{bare}_{GML} = − 1 2 T r|∂_μΦ_0|^2 − V^{bare}_{GML;Sym} + L^{bare}_{χSB} (2) V^{bare}_{GML;Sym} = μ^2_{ϕ(0)} 2 T r [ Φ^†_0Φ_0 ] + λ^2_{ϕ(0)} 4 ( T r [ Φ^†_0Φ_0 ])_2 . A Ward-Takahashi identity (Ward-ID) [10–13] ensures that bare and renormalized explicit symmetry breaking terms obey L^{bare}_{χSB} ≡ ϵ_0H_0 = ⟨H⟩m^2_3H ≡ L_{χSB} , (3) with m^2_3 the physical renormalized π_3 pole mass-squared. We shall be interested in the case where √ 2Φ acquires an SO(2) symmetry-breaking VEV of magnitude ⟨H⟩ = ⟨H̃⟩, which we take to lie in the ⟨π̃_3⟩ = 0 direction.

Without L_{χSB} , L^{bare}_{GML} possesses a chiral SO(2)_{L−R} symmetry, under which Φ → exp [_i 2 σ_3θ ] Φ exp [_i 2 σ_3θ ] , easily understood in the unitary representation as π̃_3 → π̃_3 + ⟨H⟩θ. L_{χSB} breaks the chiral symmetry, sourcing a non-zero divergence of the axial-vector current ∂_μJ^5_μ = −⟨H⟩m^2_3π_3. L_{χSB} is therefore called the Partially Conserved Axial-vector Current (PCAC) term.

In renormalizing (2), we not only compute quantum loop corrections to the operators of L^{bare}_{GML}, we also replace the bare parameters by physically measurable quantities E_1, E_2 and E_3 that are the results of experiments. For example, we might choose for E_i the VEV ⟨H⟩ of the renormalized field H, and renormalized pole masses m^2_h and m^2_3 of the two physical degrees of freedom: h ≡ H − ⟨H⟩ and π_3. If the theory is completely specified by the E_i (i = 1, 2, 3), then any other measurable quantity E_j (j > 3) is a function exclusively of the E_i. We call a theory “Physically Fine-Tuned” if, for all choices of physical input observables E_i, there exists a (perturbative) physical observable E_j such that for at least one E_i,

∂ log E_j ∂ log E_i >> 1. (4) (We must explicitly excuse non-perturbative observables, such as the sphaleron-driven rate of baryon-number violation in the SM, because of their exponential dependence on perturbative observables.) We make a crucial exception: an observable E_k of the theory is not physically (or bare) fine-tuned if it is physically natural, i.e. if setting E_k = 0 increases the symmetry of the theory.

In [2], we examined the renormalization with finite Euclidean integral-cutoff Λ of the UVQD that appear in the full Gell-Mann-Lévy model [1] (i.e. with a complex scalar doublet, SU(2)_L × SU(2)_R broken explicitly to SU(2)_{L+R} by L_{χSB} ). Renormalizability is transparent only in the linear representation. We observed that the UVQD ∼ Λ^2 of the theory were all absorbed into m^2_π, the SU(2) equivalent of m^2_3. Since setting either m^2_π or ⟨H⟩ to zero restores the chiral SU(2)_{L−R} symmetry of the theory, GML is physically natural and neither physically nor bare FT. We extended these results to all perturbative loop-orders. We observed that including SM fermions did not alter these conclusions. GML has no Higgs-FT problem [2]. Neither does the SM [3].

In this letter, we extend the SO(2) simplification of our GML results [2] to include certain physics at a new finite scale M^2_{Heavy} ≫ m^2_h, and construct the effective low-energy Lagrangian L^{Ef f} = L^{bare} + L^{1−loop}, which emerges after integrating out the heavy degrees of freedom. We keep all quadratic Λ^2 and logarithmic ln Λ^2 divergences, never taking the limit Λ^2 → ∞. However, there are four kinds of finite operators O^{Ignore} that we ignore: O^{Light}, O^M_{irr}, O^M_{marg} and P^M . O^{Light} arise entirely within the original light degrees of freedom – h and π_3. Although important for computing values of physical observables (e.g. 1-loop SM gauge boson oblique O^{Light}_{SM} operators [14]), they are not the point of this letter. We are only interested in remnant FT in the low-energy theory, due to new heavy particles. O^M_{irr} are irrelevant operators that vanish in the limit where m^2_h / M^2_{Heavy} → 0 (e.g. second and higher derivatives of the 2-point scalar self-energies Π_{33} and Π_{hh} with respect to q^2 evaluated at “low” |q^2| <∼ m^2_h). O^M_{marg} are marginal operators, usually involving ln(M^2_{Heavy} ) (e.g. first derivatives of 2-point scalar self-energies with respect to q^2 evaluated at low q^2). Neither O^M_{irr} nor O^M_{marg} can spoil No-FT in GML (or the SM). P^M are operators that approach a constant as q^2 approaches the physical pole of a 2-point Green’s function, and therefore do not contribute to physical observables [9]. Then, as shown previously for UVQD [2], the Ward-ID (3) allows us to include all Λ^2 and certain M^2_{Heavy} effects in the renormalized pole mass-squared m^2_3, which appears (with renormalized ⟨H⟩ and λ^2_ϕ) in the renormalized effective potential V^{Ef f}_{GML}: L^{Ef f}_{GML} = − 1 2 T r|∂_μΦ|^2 − V^{Ef f}_{GML} + O^{Ignore} (5) V^{Ef f}_{GML} = λ^2_ϕ 4 [ H̃^2 − ( ⟨H⟩^2 − m^2_3 λ^2_ϕ )]_2 − ⟨H⟩m^2_3H̃ cos π̃_3 ⟨H⟩ = 1 2 m^2_hh̃^2 + 1 2 m^2_3π^2_3 + V^{Ef f ;Cubic,Quartic,Higher} GML with m^2_h = 2λ^2_ϕ⟨H⟩^2 + m^2_3. The Ward-ID (3) has ensured the vanishing of the tadpole term in (5) with H̃ = h̃ + ⟨H⟩, automatically enforcing a vacuum stability condition [2]. We also see clearly that chiral symmetry is restored in (5) by taking either m^2_3 → 0 or ⟨H⟩ → 0. Therefore, small values of (m^2_3, ⟨H⟩^2, m^2_h) ≪ (Λ^2, M^2_{Heavy} ) must be considered physically natural, and therefore neither physically nor bare FT.

We now examine the detailed consequences of extending SO(2) GML to include a wide class of high-mass-scale M^2_{Heavy} ≫ m^2_h physics. We display explicit results for examples of a heavy scalar and a heavy fermion. For the heavy scalar we consider an SO(2) singlet real scalar field S, with M^2_S >> m^2_h, either ⟨S⟩ = 0 or ⟨S⟩ ≠ 0, and wavefunction renormalization Z_S . For the heavy fermion we consider an SO(2) singlet right-handed Majorana neutrino ν_R, with M^2_{νR} >> m^2_h, involved in a Type 1 See-Saw with a left-handed neutrino ν_L with zero Majorana mass, Yukawa y_ν , and Dirac mass m_D = y_ν ⟨H⟩/ √ 2. Details will appear in future papers. Specifically, we examine the M^2_{Heavy} , ln ( M^2_{Heavy} ) and M^0_{Heavy} contributions to the full set (i.e. all powers and logs of momenta) of 1-loopimproved operators in the GML effective Lagrangian of low-mass scalar fields h and π_3. We prove that, for lowenergy | q^2 | ≪ M^2_{Heavy} physics, the heavy degrees of freedom contribute only irrelevant and marginal operators.

Tadpole renormalization, as enforced by the Ward-ID [2], relates the renormalized pole mass-squared m^2_3 and the bare mass-squared m^2_{3(0)}:

m^2_3 = m^2_{3(0)} − Π_{33}(0) . (6)

Neither m^2_{3(0)} nor Π_{33}(0) is a physical observable, and their precise functional forms may differ from model to model. For SO(2) singlets S and ν_R

m^2_{3(0)} = μ^2_{ϕ(0)}Z_ϕ + λ^2_{ϕ(0)}Z^2_ϕ⟨H⟩^2 + 1 2 λ^2_{ϕS(0)}Z_ϕZ_S ⟨S⟩^2 (7)

16π^2Π_{33}(0) = −λ^2_ϕ (3A(m_h) + A(m_3)) − 1 2 λ^2_{ϕS} A(M_S )

+y^2_ν ( A(M_{νR} ) + A(0) − M^2_{νR} (ln

Λ^2 M^2_{νR} + 1) − 2m^2_D ln

Λ^2 M^2_{νR} )

Π_{33}(q^2) is UVQD, so Passarino-Veltman’s [15] function A(m) = Λ^2 − m^2 ( ln^{Λ2}_{m2} + 1 ) for finite Euclidean cutoff [16] appears. It has been falsely claimed that dimensional regularization (DR) eliminates such UVQD. We call this misconception the “dim-reg herring”, because it sounds good, but is simply untrue. As shown by MJG Veltman [16], DR associates UVQD with poles at d = 2 (logarithmic divergences are associated with poles at d = 4). Simply throwing them away is no more correct in DR than in any other form of regularization [4, 14].

Because GML extended with high-scale SO(2) representations is renormalizable, the UVQD in Π_{33}(0) are exactly cancelled by those in m^2_{3(0)}. What about the M^2_S and M^2_{νR} terms lurking in (7)? If the resulting physical value for m^2_3 is to be “small,” i.e. ≪ M^2_{Heavy} , a cancellation must be arranged between m^2_{3(0)}and Π_{33}(0) in (6).

The smallness of m^2_3/M^2_{Heavy} would normally be called Bare-FT. But setting m^2_3 = 0 in (2) restores SO(2)_{L−R} chiral symmetry, e.g. in (5). Therefore m^2_3/M^2_{Heavy} ≪ 1 is natural, and neither physically nor bare FT. If (2) is extended in a way that respects that chiral symmetry, m^2_3 → 0 remains a symmetry restoration condition, is natural and is not FT. The importance of maintaining chiral symmetry when extending the model, to preserve the absence of FT, is the primary lesson of this paper.

We turn next to the properties of the Higgs. In a wide range of M^2_{Heavy} extensions to GML, L^{Ef f}_{quadratic} can readily be shown (using coupled oblique 2-point Dyson’s dispersion equations [14]) to be that of free particles, when written in terms of the physical fields (h, π_3) and their renormalized pole mass-squareds (m^2h, m^2_3). The underscore on h reflects the possibility that the physical Higgs is a linear combination of h and one or more other CP = +1 scalars. In GML and SM, h = h. So too in many extensions: a singlet ν_R, with M^2_{νR} ≫ m^2_h; an SO(2) singlet scalar S with M^2_S >> m^2_h scalar and ⟨S⟩ = 0. In other cases the Higgs mixes with a M_{Heavy} field, e.g. the SO(2) singlet when ⟨S⟩ ≠ 0. h is the light field (identified with the physical Higgs) that results from the diagonalization of that mixing, and m^2h is its pole-mass squared. π_3 might also mix with other CP = −1 fields, but here we confine our attention to theories in which no such mixing takes place.

The pole of the h propagator is given by the relations

m^2_h = m^2_3 + 2λ^2_{ϕ(0)}Z^2_ϕ⟨H⟩^2 − Π_χ(−m^2_h) + O^{Ignore}

m^2h = m^2_h − k_Sh⟨H⟩^2 (8)

where Π_χ ≡ Π_{hh} − Π_{33}. The first three terms on the right hand side of (8) are noteworthy. m^2_3 is finite. SO(2) invariance guarantees that, although each of the selfenergies Π_{hh}(−m^2_h) and Π_{33}(−m^2_h) ∼ Λ^2, Π_χ ∼ ln Λ^2, which logarithmic divergence is absorbed by the bare Lagrangian term in (8). This matches exactly the cancellation of ln Λ^2 in 4-scalar and 3-scalar scattering. The finite result can be written as (5).

The term −k_Sh⟨H⟩^2 in (8) reflects the downward shift in m^2_h when h mixes with a higher mass state to give the physical h. In the specific case of the addition of a real SO(2) singlet S with ⟨S⟩ ≠ 0, k_Sh = λ^4_{ϕS} /2λ^2_S where λ^2_S /4 is the S^4 self-coupling, and λ^2_{ϕS} /4 is the S^2T r(Φ^†Φ) coupling in the potential. The coupled Dyson dispersion relations show that λ^4_{ϕS} (q^2) is to be evaluated at q^2 = −m^2h in determining k_Sh. Most important is that −k_Sh⟨H⟩^2 ∝ ⟨H⟩^2 is O^M_{marg} and not FT.

Now extend GML with SO(2) representations with M^2_{Heavy} ≫ m^2_h, but require those extensions to respect the chiral SO(2)_{L−R} shift symmetry π̃_3 → π̃_3 + ⟨H⟩θ. Then, although each of the self-energies Π_{hh}(−m^2_h) and Π_{33}(−m^2_h) is a relevant operator in M^2_{Heavy} , Π_χ(−m^2_h) in (8) is O^M_{marg}. We have verified with explicit calculation that, for our two example heavy SO(2) singlets (a real scalar with and without a VEV, and a right-handed neutrino), the result can be written, up to O^M_{marg}, as in (5). It is easy to see that m^2_h is natural and not FT: (8) can be re-written m^2_h = m^2_3 + 2λ^2_ϕ⟨H⟩^2 where λ^2_ϕ is the renormalized Higgs four-point coupling (up to finite marginal corrections). Both of these terms are naturally small, as either m^2_3 → 0 or ⟨H⟩ → 0 restores chiral symmetry. A future paper extends this to SU(2)_L × SU(2)_R GML.

The SU(2)_L × SU(2)_R Schwinger model [17] is the Gell-Mann-Lévy model [1] with L_{χSB} ≡ 0 (i.e. ϵ_0 ≡ 0). Over 4 decades, B.W.Lee [10], K.Symanzik [11, 12, 18], J.C.Taylor [19] and C.Itzkyson and J.B. Zuber [13] have emphasized that proper renormalization of the Schwinger model must avoid the non-analytic scale invariant point m^2_3 = ⟨H⟩ = 0, and thus requires the PCAC term. The renormalized Schwinger model must be understood as the chiral-symmetric limits, m^2_π → 0 or ⟨H⟩ → 0, of the renormalized GML. This fact, the so-called “FT- Discontinuity” [3], shows the importance of including the PCAC term, even in the chiral-symmetric limit. The proper renormalized spontaneously broken SO(2) Schwinger model is (5) with m^2_3 ≡ 0 L^{Ef f}_{Schwinger} = − 1 2 T r|∂_μΦ|^2 − λ^2_ϕ 4 [ H̃^2 − ⟨H⟩^2

]_2 . (9)

It includes all Λ^2 and ln Λ^2 divergences and all finite relevant operators O^M_{rel} ∼ M^2_{Heavy} ≫ m^2_h = 2λ^2_ϕ⟨H⟩^2 studied here. ⟨H⟩, m^2_h are natural and not FT in the SO(2) Schwinger model extended to include heavy SO(2) representations (which obey chiral symmetry).

Management of UVQD ∼ Λ^2 and relevant operators O^M_{rel} ∼ M^2_{Heavy} by the Ward-ID (3) is crucial in (9). New UVQD [2] and O^M_{rel} arise in the SO(2) GML axialvector current J^5_μ with ϵ_0 ≠ 0, which do not arise in the SO(2) Schwinger (ϵ_0 = 0) Model. However, the Ward-ID (3) ensures that these UVQD and O^M_{rel}, together with those in the renormalized π_3 pole mass m^2_3 (6), obey ∂_μJ^5_μ = −⟨H⟩m^2_3π_3, and collectively vanish naturally with no-FT as m^2_3 → 0. The remaining UVQD and O^M_{rel} obey chiral SO(2)_{L−R} symmetry, contribute equally to Π_{hh} and Π_{33}, and cancel exactly in Π_χ in (8). The Ward-ID (3) is the first of a hierarchy of such identities governing connected n-point Greens functions [10]. These guarantee that chiral SO(2)_{L−R} symmetry is restored exactly in the limits m^2_3 → 0 or ⟨H⟩ → 0.

A future paper extends our naturalness, no FT results to gauge theories. (The SM after tadpole renormalization has already been shown to have no UVQD [3, 14, 23, 24]. Using arguments based on the SU(2)_L × U(1) version of (9), [3] shows that SM UVQD obey chiral symmetry, so that the SM is natural and not FT to all loop orders.)

Vast experimental and observational evidence shows that the SM must be extended to include at least classical gravity. The appearance of quantum gravity by/at the Planck Scale M_{P lanck} is often given as the most fundamental reason for worrying about the Higgs-FT problem, and the reason why showing there is no Higgs-FT problem in the pure SM is not good enough. We reiterate our previous statement [2]: if the SM is natural and not FT, then preserving that success is a problem for those seeking to extend the SM, not for the SM. Still, we are greatly encouraged that FT need not be a problem for quantum gravity. As we have observed, new physics that respects chiral symmetry, i.e. that contributes equally to Π_{hh} and Π_{33}, does not contribute relevant operators to L^{Ef f}_{GML}, m^2_h or L^{Ef f}_{Schwinger} in eqns. (5, 8, 9). Classical gravity is the most democratic of all interactions, and we might expect quantum gravity to couple the same way to H and π_3. We therefore conjecture that universal chiralsymmetry-preserving relevant M^2_{P lanck} contributions to each of Π_{hh} and Π_{33} cancel exactly in Π_χ. We would be surprised if quantum gravity, even if it is not scale invariant [7, 8], created a FT problem for GML or SM.

Strong phenomenological no-FT consequences are everywhere and will appear in future papers. These include: eliminating upper bounds [25, 26] on M^2_{νR} from demanding no Higgs-FT in (7) and thereby invalidating an argument [25, 26] against Type 1 See-Saw early universe lepto-genesis [27] and subsequent baryo-genesis [28, 29] in the νMSM [30, 31]; invalidating upper Higgs- FT bounds from (7) on M^2_S which place its dark matter within range of the LHC [26]; the possibility that modified versions of Split and High-Scale SUSY may have no FT, and no need for the Landscape; the possibility that the absence of FT in the SM [3] may extend to quantum gravity. Finally, since the SM has no Higgs Fine Tuning Problem, one should have no expectation that the LHC will discover any physics beyond the SM [3] other than perhaps physics associated with neutrino mixing.

Acknowledgments: We thank A. Matas and R. Stora for illuminating conversations. GDS is supported by a grant from the US DoE to the CWRU theory group.

[1] M. Gell-Mann and M. Lévy, Nuo. Cim. 16, 705 (1960). [2] B.W.Lynn, G.D.Starkman, K.Freese & D.I.Podolsky, arXive: [hep-ph] 1112.2150, submitted to Phys. Rev. D.

[3] B. W. Lynn, arXiv: 1106.6354; submitted to Phys. Rev.

D, DG10921, 02 July 2011.

[4] L. Alvarez-Guame and M.A. Vazquez-Mozo, An Invitation to Quantum Field Theory, Springer-Verlag, Berlin- Heidelberg, 2012.

[5] W.A. Bardeen, FNAL Conf. 391-T C95-08-27 (1995). [6] J. Lykken, MITP Workshop, March 18-22, 2013. [7] S.Weinberg & E.Witten, Phys. Lett. B96 (1980) 59. [8] S.Dubovsky, V.Gorbenko, M.Mirbabayi, arXive 1305.6939, 29 May 2013.

[9] A. Messiah, Quantum Mechanics Volume II, Chapter XVI, John Wiley, NY, North Holland (1958).

[10] B.W. Lee, July 1970 Cargese Summer Inst. Chiral Dynamics, Gordon and Breach, NY, London, Paris, 1972.

[11] K. Symanzik, Comm. Math. Phys. 16 (1970) 48. [12] Kurt Symanzik, July 1970 Cargese Summer Institute. [13] C. Itzykson and J.-B. Zuber, Quantum Field Theory, Mc- Graw Hill, New York, 1980.

[14] D.C. Kennedy and B.W. Lynn, SLAC-PUB-4039, Jan 1988, Nucl. Phys. B322 (1989) 1.

[15] G. Passarino, MJG Veltman, Nuc. Phys. B160(1979)151. [16] MJG Veltman, Acta Phys. Pol. B12 (1981) 437. [17] J. Schwinger, Annals of Physics 2, 407-434 (1957). [18] Kurt Symanzik (1970) private letter to Raymond Stora. [19] J.C.Taylor, Gauge Theories of Weak Interactions, Cambridge University Press, Cambridge, UK, 1976.

[20] C.Becchi, A.Rouet & R.Stora, Ann. Phys. 98 (1976) 287. [21] I.V.Tyutin, Lebedev Inst. Preprint (1975) unpublished. [22] M.Z. Iofa, I.V.Tyutin, Theor. Math. Phys. 27 (1976) 316.

[23] B.W. Lynn, Columbia University Ph.D Thesis, University Microfilm, NY, NY January 1982, pg 177. ICTP Preprint, Trieste, January 1982, pg. 177.

[24] R.G. Stuart Oxford University D.Phil. Thesis (1985), Rutherford Appleton Laboratory RAL T-008 (1985).

[25] J.A. Casas, J.R. Espinosa, I. Hidalgo, arXiv:0410298, JHEP0411: 057,2004 [26] M.Farina, D.Pappadopulo, A.Strumia, arXiv: 1303.7244 [27] M. Fukugita, T. Yanagida, Phys. Lett. B174 (1986) 45 [28] V. A. Kuzmin, V. A. Rubakov, M. E. Shaposhnikov, Phys. Lett. B 155 (1985) 36.

[29] E. K. Akhmedov, V. A. Rubakov, A. Y. Smirnov, Phys.

Rev. Lett. 81 (1998) 1359.

[30] T. Asaka, S. Blanchet, M. Shaposhnikov, Phys. Lett. B 631 (2005) 151.

[31] T. Asaka, M. Shaposhnikov, Phys. Lett. B 620 (2005) 17.