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EFFECTIVE COMPARISON OF LEPTON MODELS

We advocate effective field theory to analyse new physics in the lepton sector. When the new states are out of experimental reach, the only parameters relevant for phenomenology are the Wilson coefficients of higher dimensional operators, obtained by decoupling the heavy states. We illustrate the advantages of such effective description for a few representative models of neutrino masses, which may induce a variety of low-energy leptonic observables.

1 New physics in the lepton sector and the effective-field-theory approach

The evidence for non-zero neutrino masses, from oscillation experiments, is the first indication for new physics beyond the Standard Model (SM). This likely amounts to a tiny violation of lepton number, at some scale Λ between the neutrino mass scale, m ν ∼ 0.1 eV, and the Grand Unification scale, m GU T ∼ 10 15 GeV. There is no direct evidence so far for new states associated to Λ, and such situation may persist in the foreseeable future. In the lepton sector, however, one can indirectly probe new physics up to scales well above the electroweak scale, Λ v ∼ 250 GeV, by a number of extremely sensitive observables: electroweak precision tests, flavour violation in charged lepton transitions, dipole moments, (semi-)leptonic decays of hadrons.

For any given model in the ultraviolet (UV), it is convenient to integrate out the heavy degrees of freedom at scale Λ, as their dynamics is irrelevant for low-energy observables. The model is thus reduced to a specific set of Wilson coefficients (WCs) of the SM Effective Field Theory (EFT), which can be easily estimated. Each low-energy observable does correspond to a given combination of such WCs, to be evaluated at the energy scale relevant for the experiment, allowing for a straightforward comparison of constraints, as well as of different models.

Here we will report 1,2 on the application of such EFT recipe to a few representative neutrinomass models: the seesaw mechanisms of type I 3 and III 4 , where m ν is induced at tree level by the exchange of heavy fermions, and dipole operators are suppressed by the charged-lepton Yukawa matrix y e , to be contrasted with the Zee model 5 and a minimal leptoquark model 6 , where the new states are scalars that induce m ν at one loop, while dipoles are proportional to the up-quark Yukawa matrix y u . Despite the extensive literature on these models, a systematic EFT analysis has not been completed, and we will show it sheds new light on their phenomenology.

The WCs obtained by decoupling a heavy field are proportional to powers of parameters, generically defined as ≡ (Y v)/( √ 2M ), where M is the mass of the field integrated out, and Y one of its couplings (not necessarily of Yukawa type) to the SM fields. The EFT expansion is reliable as long as 1. A careful analysis of the symmetries of each model allows to determine the approximate size and flavour structure of its WCs. Indeed, by employing spurion and dimensional arguments, one can identify the specific combinations of 's, as well as the number of SM couplings and loops, required to generate a given WC. Let us illustrate some significant benefits of such analysis:

One can neatly identify the subset of parameter space that is not suppressed by the smallness of m ν . For example, in the fermionic seesaw models, consider the matrix

≡ M -1 Y (v/ √ 2)
, where M is the mass matrix of the new fermions and Y the Yukawa coupling matrix between them and the SM lepton doublets. One can show that all dim-6 WCs are proportional to † . In the limit m ν → 0, we demonstrated 1 that ( † ) ab = λ a λ b , where λ e,µ,τ are three real parameters, thus implying a great predictivity.

One can easily determine the minimal number of loops and couplings necessary to induce a given low-energy observable. For example, in the fermionic seesaw, we showed 1 that a lepton electric-dipole moment (EDM) arises, at the lowest order, from a dim-10 effective operator, via 2 loops and 3 powers of y e , and it is proportional to the product of the 3 flavour-violating entries of ( † ) ab . One can conclude, without any detailed computation, that the fermionic-seesaw contribution to the EDM is out of experimental reach.

Large sets of UV parameters boil down to a few combinations sufficient to determine the relevant WCs in the infrared. For example, the Zee model involves a second Higgs doublet H 2 and a charged scalar singlet δ, with a number of new couplings, but only interactions linear in H 2 or δ are relevant for dim-6 WCs: this amounts to three independent 's only. 2 As a consequence, the phenomenologies of the two scalars are not correlated to each other, at the lowest order in the EFT expansion.

Even strongly-coupled models, where perturbative computations are not feasible, can be well characterised by spurion and dimensional analysis. For example, in the scenario of partial compositeness of leptons, one finds that the WC of the dipole operators is necessarily proportional to y e , but the required loop suppression can be compensated by a composite coupling close to 4π. Compositeness actually dictates neat correlations among all other WCs as well. 7 An actual diagrammatic computation of the WCs allows to improve the above estimates in various respects: accidental cancellations can be identified, due to the operator gauge and/or Lorentz structures; possible logarithmic enhancements can be recognised, associated to the operator anomalous dimensions; order-one prefactors (sometimes of order of a few) can be determined, at least in weakly-coupled theories.

For the four lepton models under investigation, we derived 2 all WCs generated at tree level, or at one-loop leading-log order. We also computed m ν as well as the dipole WCs up to one-loop finite or even two-loop order, in those models where that is the leading contribution.

Effective comparison of experimental constraints

A given low-energy observable corresponds to a specific combination of WC of the SM EFT, independently from the UV model. On the one hand, lepton transitions allowed in the SM are shifted by dim-6 operators: this affects electroweak precision parameters (e.g. G F universality, the W -boson mass m W , the weak mixing angle s w ), partial decay widths (e.g. for the Z boson into leptons, also shifting the effective number of neutrinos N ν ), magnetic and electric dipole moments of charged leptons (a i and d i respectively, for i = e, µ, τ ). On the other hand, leptonflavour-violating (LFV) transitions, forbidden in the SM, are generated by dim-6 operators: they are potentially observable in h and Z decays, in charged-lepton decays, and in µ-to-e conversion on nuclei. In addition, one can induce violations of lepton flavour universality in meson decays, which are either suggested by data (e.g. by R K ( * ) ) or constrained (e.g. by R µ/e D ). We derived 2 the constraints from all these lepton observables on the WCs of the SM EFT, and we applied them to the specific set of WCs corresponding to the type-I and type-III seesaw, the Zee model, and the minimal leptoquark model. The various constraints are better compared as upper bounds on the parameters of each model.

Here we focus, for illustration, on the scalar leptoquark S ∼ (3, 1) -1/3 : a colour triplet, weak singlet, of hypercharge -1/3. (The minimal leptoquark model also includes a weak doublet leptoquark D, as both are needed to induce a neutrino mass at one-loop.) Its Yukawa couplings read

(q L Y L l L +u R Y R e R )S † , therefore the S-induced WCs are proportional to L,R ≡ (Y L,R v)/( √ 2M 
S ). To avoid bounds from light quarks, we assumed couplings only to the third family of quarks, ( L,R ) 3i for i = e, µ, τ . In figure 1 we illustrate the constraints in the e -µ plane, taking ( L,R ) 3τ = 0. We display the limiting cases R = 0 (left panel) and R = L (right panel).

The constraints from flavour-conserving observables (horizontal/vertical bounds in the plots) imply, in particular, that S cannot contribute significantly to the anomalies in semileptonic Bdecays. Complementarily, the LFV observables give diagonal bounds, with a strong potential for future improvements (as indicated by the dashed lines). When both L and R are present (right panel), the dipole operators can be induced by the top Yukawa, thus avoiding chiral suppression: as a consequence µ → eγ becomes the strongest LFV bound and, more importantly, the anomaly in the muon magnetic dipole moment (MDM) can be explained.

Effective comparison of new physics models

The EFT approach could allow for an easy discrimination among the different UV models, as the specific hierarchies in the WCs determine in which observable new physics should appear first. This is illustrated by figure 2, where we compare the bounds on the various parameters of our four models. For each matrix, we assumed equal entries for each choice of lepton-flavour indexes e, µ and τ : under this assumption flavour-conserving observables give negligible bounds in all models. In the opposite limit, e.g. when only entries with the µ index are non-zero, LFV bounds are avoided all together. In particular, the anomaly in the muon MDM can be addressed in two cases: a muon-philic second Higgs doublet (Zee model, fourth column) or a muon-philic scalar leptoquark S, with couplings to both left-and right-handed SM fermions (minimal leptoquark model, sixth column).

The different reach of µ -e LFV constraints can be qualitatively explained as follows: in the case of type-I seesaw (first column, N ), of the Zee-model singlet scalar (third, δ ) and of the leptoquark S with only one Yukawa coupling (fifth, L ), one needs one loop and one power of y µ to induce the LFV WCs. In the case of type-III seesaw (second, Σ ), LFV requires one y µ but no loops. In the case of the Zee-model doublet scalar (fourth, 2 = λ ), the leading LFV arises at two loops with no y µ suppression. In the case of S with two Yukawa couplings (sixth, L = R ), one loop and no y µ are sufficient for LFV.

We conclude noticing that our EFT approach can be applied to any other UV model, in order to sharply identify low-energy predictions and correlations. The near future promises a significant experimental progress (much better sensitivity to LFV and leptonic CP violation, as well as new tests of the current anomalies). Theoretical efforts aim to automatise WCs computations (e.g. for one-loop matching) and to discriminate a larger number of WCs (by more detailed phenomenological analyses).
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 1 Figure 1 -[from Ref.2 ] Constraints on the leptoquark S, as a function of its couplings to electrons and muons, assuming R = 0 (left panel) and R = L (right panel). Shaded regions are excluded by the labelled observables (the de region is not shaded as that constraint applies only to the imaginary part of 's; the dashed lines are future sensitivities). The dark-grey and dark-green bands are favoured by the aµ and R K ( * ) anomalies, respectively.
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 2 Figure 2 -[from Ref. 2 ] Upper bounds on couplings of the seesaw fermions N (type-I) and Σ (type-III) (first and second column), of the Zee model scalar singlet δ and doublet H2 (third and fourth), and of the scalar leptoquark S with one or two Yukawa couplings (fifth and sixth). The dark-grey bands fit the muon MDM anomaly.