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ABSTRACT: Building UV completions of lepton-number-violating effective operators has
proved to be a useful way of studying and classifying models of Majorana neutrino mass.
In this paper we describe and implement an algorithm that systematises this model-building
procedure. We use the algorithm to generate computational representations of all of the
tree-level completions of the operators up to and including mass-dimension 11. Almost
all of these correspond to models of radiative neutrino mass. Our work includes operators
involving derivatives, updated estimates for the bounds on the new-physics scale associated
with each operator, an analysis of various features of the models, and a look at some
examples. We find that a number of operators do not admit any completions not also
generating lower-dimensional operators or larger contributions to the neutrino mass, ruling
them out as playing a dominant role in the neutrino-mass generation. Additionally, we
show that there are at most five models containing three or fewer exotic multiplets that
predict new physics that must lie below 100 TeV. Accompanying this work we also make
available a searchable database containing all of our results and the code used to find the
completions. We emphasise that our methods extend beyond the study of neutrino-mass
models, and may be useful for generating completions of high-dimensional operators in
other effective field theories. Example code: ref. [37].
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Introduction

Laboratory experiments to date have firmly established the predictive power of the Stan-

dard Model (SM). Mass generation for the weak gauge bosons and charged fermions is by

now a familiar narrative, and the only clear terrestrial measurements pointing to physics

beyond the SM are those of neutrino flavour transformations.

Even here, observations

are consistent with the prevailing orthodoxy: the neutrino flavour eigenstates are unitary



superpositions of mass eigenstates and the probability of detecting a neutrino of a given
flavour oscillates with distance. On the origin of these neutrino oscillations — and the non-
zero neutrino masses they imply — the SM has nothing to say. Oscillation experiments
have shown that the mixing in the lepton sector is of a different structure and extent to
that seen in quarks; and measurements from cosmology, neutrinoless double-beta decay
and tritium beta decay strongly constrain the absolute scale of the neutrino masses. These
facts lend themselves to the possibility that an alternate mass-generating mechanism is
operating for the uncharged leptons.

A characteristic feature of the neutrinos is that they are the only fermions in the
SM that could acquire a Majorana mass, as long as lepton number isn’t endowed with
any special significance. Many models pursue this line of reasoning, with the neutrinos
acquiring a Majorana mass through the lepton-number-violating (LNV) interactions of
heavy exotica. The most famous examples are the three canonical seesaw models [1-11]
that generate the dimension-five Weinberg operator (L'L7)H*H leikeﬂ at tree-level upon
integrating out the heavy fields. Additionally, the historically important Zee [12] and Zee-
Babu [13, 14] models have come to be archetypal radiative scenarios in which interactions
violating lepton-number by two units (AL = 2) generate a Majorana mass for the neutrinos
at loop level. Such models are economic, since they do not require the imposition of ad hoc
symmetries, and in many cases make a connection to other unsolved problems of the SM
such as the nature of dark matter or the matter-antimatter asymmetry of the Universe.
They are also elegant, since the smallness of the neutrino masses emerges as a natural
consequence, rather than through the imposed requirement of exceedingly small coupling
constants. For recent reviews of radiative models see refs. [15, 16].

Although the seesaw models are attractive solutions to the neutrino mass problem,
they are difficult to test experimentally. The region of their parameter space in which the
seesaw field’s couplings to the SM are very small can be probed at colliders [17], although
for O(1) couplings the seesaw scale is predicted to be ~ 10'2 TeV. Radiative models
are easier to probe experimentally since the additional loop suppression and products of
couplings bring down the allowed scale of the new physics, in some cases to LHC-accessible
energy ranges [18]. The two-loop Zee-Babu model, for example, is non-trivially constrained
by same-sign dilepton searches performed by ATLAS [19-21] and CMS [22-24], but it is
only one of a very large number of radiative models, none of which are a priori more likely
to be true than any other. In the context of such a large theory-space, it is useful to have
an organising principle to aid in the study and classification of these models, and beginning
with AL = 2 effective operators has been shown to be an effective strategy.

One approach to this model taxonomy involves studying loop-level completions of the
Weinberg operator, and its dimension-(5 + 2n) generalisations O} = (LL)HH(HTH)".
Here, models can be systematically written down by studying the various topologies able
to be accommodated by the operator with increasing number of loops. This is done in
such a way that models implying lower-order contributions to the neutrino mass can be
discarded [25]. Such an approach has been applied to the Weinberg operator up to three
loops [26-28] and to its dimension-seven generalisation at one loop [29]. An alternative
and complementary method begins by considering all of the gauge-invariant AL = 2 op-
erators in the SM effective field theory (SMEFT), first listed in this context by Babu and



Leung (BL) [30] and extended by de Gouvéa and Jenkins (dGJ) [18]. Supposing that the
tree-level coefficient of one of these is non-zero at the high scale, neutrino masses will be
generated from loop graphs contributing to the mixing of this operator and the Weinberg-
like operators O] "”. The process of expanding the operator into a series of UV-complete,
renormalisable models that generate the parent operator at tree-level is called opening up or
exploding the operator. The remaining external fields must be looped-off, with additional
loops of SM gauge bosons or Higgs fields added as necessary in order to obtain a neutrino
self-energy diagram. A model-building formula along these lines has been formulated in
ref. [31], and it has been used to write down all of the minimal, tree-level UV-completions
of AL = 2 operators at dimension seven [32] corresponding to tree-level and radiative
neutrino-mass models. The tree-level completions of the Weinberg-like operators have
been written down up to dimension eleven [32-34].

Our analysis continues in the tradition refs. [18, 30-32], but where appropriate we
make a connection to the results from loop-level matching [26—29] for completeness. We
consider that there is complementary insight to be gained from thorough and complete
analyses involving both approaches. Building models from tree-level completions of the
AL = 2 operators allows for a direct connection to be made between the neutrino-mass
mechanism and other lepton-number-violating phenomena. The models derived in this way
are also minimal in the sense that they involve the fewest number of exotic fields required
to furnish a given loop-level topology, since the neutrino self-energy graphs always involve
some SM fields. This has a number of important implications. First, the neutrino masses
depend on SM parameters, and their rough scale can therefore be readily estimated from the
effective operator alone. Second, neutrino-mass mechanisms containing SM gauge bosons
are included automatically, and these constitute a large fraction of the models. Finally,
it also means that our approach never produces models that contain loops of only exotic
fields, although these can be added easily (see, for example, section IV.C of ref. [31]).
The appeal of these models notwithstanding, a benefit of giving up heavy loops is that the
transformation properties of the beyond-the-standard-model particle content of each model
are now uniquely determined, and therefore the total number of minimal models is finite.
Minimal exotic particle content, in the aforementioned sense, is an attractive feature of
this approach. Indeed, there are many examples of operators whose insertion and closure
lead to neutrino masses at dimension nine and higher, but for which the number of exotic
degrees of freedom introduced are not more than those of a garden-variety model generating
the Weinberg operator at the low scale. The consideration of such equally simple models in
the loop-level matching paradigm would require a detailed analysis of the dimension-seven
and dimension-nine analogues of the Weinberg operator! up to a large number of loops.

An economic classification scheme, separate from an EFT framework, was presented
in ref. [35] based on the number of exotic degrees of freedom by which the SM is extended.
There, the method is applied to the case of radiative models with two exotics,? and has also
been used to study minimal neutrino-mass models compatible with SU(5) unification [36].

1One can always generate the dimension-five Weinberg operator from its analogues at dimensions seven,
nine and eleven with additional Higgs loops, but these models usually contain more than three loops.
?Including models with one scalar and one Dirac fermion.



Here, we sharpen the model building prescription developed in ref. [31] and extend it
to the case of operators involving field-strength tensors and derivatives. This procedure
is automated and applied to all AL = 2 operators in the SM effective field theory up to
dimension eleven. We classify the neutrino-mass topologies, completions and their exotic
fields. We also make available a database containing our main results and example code
used to generate the operators along with their completions and Lagrangians [37]. We
emphasise that the usefulness of these methods and tools extends beyond the study of neu-
trino mass and lepton-number-violating phenomena. To illustrate this point we reproduce
some recent results of work listing completions of SMEFT operators [38].

The remainder of the paper is structured as follows. Section 2.1 sets out our mathe-
matical conventions and notation. Section 3 contains a review of tree-level matching and a
description of the methods we use to find the tree-level completions of the operators. Neu-
trino mass model building is described in section 4, while section 5 presents a preliminary
analysis of the models along with some examples.

2 Conventions

In this section we establish the conventions we employ throughout the rest of the paper: the
nomenclature of fields and indices, our operational semantics and the classification of the
lepton-number-violating operators on which our analysis is based. We highlight that this
classification differs mildly from that found in earlier work, since our list includes additional
structures as well as operators containing derivatives. We find the operators containing
field-strength tensors to be uninteresting from the perspective of model building — a point
justified in detail in section 3.2.1 — and choose not to include them in our classification in
this section.

2.1 Mathematical notation

Throughout the paper we choose to label representations by their dimension, which we
typeset in bold. Multiplets are labelled by their transformation properties under the
Lorentz group and the SM gauge group SU(3). ® SU(2);, ® U(1)y, and we often refer
to them simply as fields. All spinors are treated as two-component objects transforming
as either (2,1) (left-handed) or (1,2) (right-handed) under the Lorentz group, written as
SU(2)+ ®SU(2)—. The left-handed spinors carry undotted spinor indices «, 3, ... € {1,2},
while the right-handed spinors carry dotted indices ¢, 3,... € {i,2}. Wherever possible
we attempt to conform to the conventions of ref. [39] when working with spinor fields
(see appendix G for the correspondence to four-component notation and appendix J for
SM-fermion nomenclature). For objects carrying a single spacetime index V,, we define

Note that in this notation

O0=0,0" = %Tr[aé] = %Tr[é@], (2.2)



and we will sometimes just use [J to represent the contraction of two covariant derivatives
D, D* where this is clear from context. For field-strength tensors, generically X,,,, we work
with the irreducible representations (irreps) X,p and X, 4+ Where

Xiagy = 200" e X and  Xiig = 200" seas X, (2:3)

or the alternate forms with one raised and one lowered index.

Indices for SU(2)y, (isospin) are taken from the middle of the Latin alphabet. These
are kept lowercase for the fundamental representation for which 4,75, k,... € {1,2} and
the indices of the adjoint are capitalised I, J, K,... € {1,2,3}. Colour indices are taken
from the beginning of the Latin alphabet and the same distinction between lowercase and
uppercase letters is made. For both SU(2) and SU(3), a distinction between raised and
lowered indices is maintained such that, for example, (1)T = (11); for an isodoublet field
1. However, we often specialise to the case of only raised, symmetrised indices for SU(2),
and use a tilde to denote a conjugate field whose SU(2)7, indices have been raised:

P = eyl (2.4)

We adopt this notation from the usual definition of H, and note that throughout the
paper we freely interchange between 1 and ¢J . For the sake of tidiness, we sometimes
use parentheses (---) to indicate the contraction of suppressed indices. Curly braces are
reserved to indicate symmetrised indices {- - - } and square brackets enclose antisymmetrised
indices [- - -], but this notation is avoided when the permutation symmetry between indices
is clear. We use 77 and A\ for the Pauli and Gell-Mann matrices, and normalise the
non-abelian vector potentials of the SM such that

(W) = Wl and (Gop)fy = (V)G (2.5)
Flavour (or family) indices of the SM fermions are represented by the lowercase Latin
letters {r, s, t,u,v,w}.
For the non-gauge degrees of freedom in the SM we capitalise isospin doublets (Q, L,
H), while the left-handed isosinglets are written in lowercase with a bar featuring as a part
of the name of the field (u, d, €). The representations and hypercharges for the SM field
content are summarised in table 1. Our definition of the SM gauge-covariant derivative is
exemplified by

DapQl™ = |0555(Dap + i1 Yo Bag) + ig205 (Was)'; + igs0(Gag)y | Q2. (2.6)

Note that the derivative implicitly carries SU(2)z and SU(3), indices [explicit on the right-
hand side of eq. (2.6)] which are suppressed on the left-hand side to reduce clutter. Where
appropriate we show these indices explicitly.

We represent the SM quantum numbers of fields as a 3-tuple (C,1,Y), with C and
I the dimension of the colour and isospin representations, Y the hypercharge of the field,
and L an (often omitted) label of the Lorentz representation: S (scalar), F' (fermion) or V
(vector), although sometimes we use the irrep, e.g. (2,1). We normalise the hypercharge
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Table 1. The SM fields and their transformation properties under the SM gauge group Ggm and
the Lorentz group. The final unbolded number in the 3-tuples of the Ggy column represents the
U(1)y charge of the field, normalised such that @ = I3 + Y. For the fermions a generational index
has been suppressed.

Name S 81 82 %) = El @1 @3
Irep  (1,1,0) (1,1,1) (1,1,2) (1,2,%4) (1,3,0) (1,3,1) (1,4,3) (1,4,2)
Name w1 wa w4 II; 11, ¢

Irep  (3,1,3) (3,1,2) (3,1,3) (3,2,%) (3,2,%) (3,3,%)

Name Ql QQ Q4 T [}

Irrep  (6,1,3) (6,1,3) (6,1,3) (6,3,3) (8,2,3)

Name N E Al A3 b)) 21

Irrep  (1,1,0) (1,1,1) (1,2,3) (1,2,3) (1,3,0) (1,3,1)

Name U D Q1 Qs Q7 Ty T,

Irrep (3715%)7 ("?’71’%) (3725%) (33277%) (372a%) (§a3a%) (3337%)

Table 2. The table shows the exotic scalars (top) and vectorlike or Majorana fermions (bottom)
contributing to the dimension-six SMEFT at tree-level [38]. We sometimes use the label of a field
as presented in the table to represent its conjugate, although we always define the transformation
properties each time a field is mentioned to avoid confusion. For the leptoquarks (second row), we
add a prime to the field name presented here if the baryon-number assignment is such that only
the diquark couplings are allowed.

such that @Q = I3+ Y. Finally, for exotic fields that contribute to dimension-six operators
at tree-level, we try and adopt names consistent with tables 1 and 2 of ref. [38], which we
reproduce here in table 2.



2.2 On operators and tree-level completions

Below we discuss our use of the terms operator and completion. We establish naming
conventions of types of operators that we use throughout the paper, and illustrate the
sense in which we talk about models as completions of operators with the use of a simple
example from the dimension-six SMEFT.

The term operator is used in the literature to loosely denote one of three® things:

1. A gauge- and Lorentz-invariant product of fields of specified flavour and their deriva-
tives. Understood in this sense, the Weinberg ‘operator’ (’)?s} = (LLLI)H*H'e;pej
is really ny(ny +1)/2 complex operators for ny SM-fermion generations.

2. A gauge- and Lorentz-invariant product of fields of unspecified flavour and their
derivatives. According to this definition, Ofm} is counted as a single operator.

3. A collection of fields and their derivatives whose product contains a Lorentz- and
gauge-singlet part. In this sense, the string of fields LLHH could be called an
operator. In this category we also include operators of an intermediate type for which
some gauge or Lorentz structure is specified but the rest is implied. For example,
a term like* O3, = L'LIQ*dH leijekl, for which colour and Lorentz structure are
implicit.

The catalogues of AL = 2 operators are lists of operators of type 3 in the above sense,
since they are only distinguished on the basis of field content and SU(2), structure. Thus,
the operators O3, and Og, = LiLijJHleikejl, for example, are understood to stand in for
a large family of operators of types 1 and 2. In this case these differ in Lorentz structure
(since the colour contraction is unique), and almost all of them are linearly dependent.
They are related to each other by Fierz and SU(2)-Schouten identities, and can in general
be related to other dimension-seven operators such as (dL)(LDu') and (LL)HOH through
field redefinitions involving the classical equations of motion (EOM) of SM-fermion and
Higgs fields. (Operators related by these kinds of field redefinitions lead to identical S-
matrix elements [41].) The total number of independent operators of type 1 can be found
using Hilbert-series techniques [42—-46], which give 2n‘; independent operators with field
content L2QdH with the methods of ref. [45]. These can be arranged into two terms with
the Lorentz structure of the operators chosen such that the flavour indices don’t have any

permutation symmetries [47]:

04D = (LLQF) (Lidy) H'eijen, (2.7a)
rstu

OO — (L: QF)(Lid,) Hleesn. (2.7b)
rstu

From the perspective of AL = 2 phenomenology, the SU(2);, structure of the operators
is most important. This can be seen in the following way: given a non-zero value for the

3These correspond to operators, terms and (roughly) types of operators in the convention of ref. [40].
4Although the colour structure is unique here, this is not true of the Lorentz structure.



coefficient of such an operator, the SU(2), structure is sufficient to tell at how many loops
the neutrino self-energy or neutrinoless-double-beta-decay diagrams will arise, and what
they will look like. Considering the example of operators O3z, and Qs introduced above,
it is clear that no component of O3, contains two neutrino fields. Therefore, the Weinberg
operator will be generated by one-loop graphs involving W bosons, which are additionally
suppressed by powers of the weak coupling g. This coupling and loop suppression leads
to inferred values of the new-physics scale characterising the operators Oz, and Ogp that
differ by three orders of magnitude. On the other hand, predictions for the neutrino-mass
scale from operators with different Lorentz structures differ only by O(1) factors [18].
Thus, our main goal is to find particle content in the UV that generates particular
SU(2) 1, structures of AL = 2 operators at the low scale through tree graphs. In this way, we
organise the catalogue of radiative neutrino-mass models by the number of loops in the neu-
trino self-energy diagram, or equivalently, by the implied scale of the new physics. In this
sense, exploding the operator Os,, for instance, means finding the combinations of heavy
field content that generate an operator of type 2 with SU(2), structure 3a. This generated

operator will not in general be O§LQ)(Ld)

combination of OégQ)(Ld) and OéﬁQ%(Ld)

of eq. (2.7), but will be expressible as a linear
, or any other chosen spanning set of operators.
This last point highlights the importance of the operator basis in talking about the
completions of operators. A completion of an operator O is a model generating a non-zero
value for the operator coefficient Cp at the high scale. Even a change of basis that leaves
O unchanged will in general change Cp, so one cannot talk about the completions of O
in vacuo, apart from the other operators which together constitute the EFT. Restricting
to the case of tree-level matching, after eliminating the heavy fields through their EOM,
a UV model will generate some structure organically, which we call the organic operator,
and this must then be matched onto the operator basis to extract coefficients. Our goal
here is not to perform this matching onto a complete set of operators. Instead, we work
with an implicitly overcomplete set of operators and define a convention that allows us to
speak unambiguously about the UV models that might give rise to an operator in the set.
The existing catalogues of AL = 2 operators enumerate operators of type 3 with def-
inite SU(2)z-structure. The different isospin contractions are constructed by contracting
indices in all possible ways with the invariant € tensor. Operators with symmetric combina-
tions of indices [which come about from non-trivial exotic irreps of SU(2) ] generate organic
operators in general expressible as many linear combinations of different operators in the
spanning set. One such combination is sufficient for our purposes, and we choose the one
implied by the convention that non-trivial irreps never give rise to fields contracted with an
€ symbol. We now illustrate this with an example from the dimension-six SMEFT below.
An overcomplete spanning set of two-Higgs-two-derivative operators is

Ogng = H'H/OH"H' ¢;1.¢5, (2.8a)
03, = HH/OH Hlejey, (2.8b)
O, = H HIOH* Hlepey, (2.80)
O\, = HHIOH Hleyejy, (2.84)



The renormalisable UV models of interest are a scalar SU(2), triplet with unit hypercharge
=1 ~(1,3,1)g, as well as a triplet and a singlet with vanishing hypercharge: = ~ (1,3,0)g
and S ~ (1,1,0)s. We envisage integrating these out from an interaction Lagrangian like

— % D> H'H (2S¢ + yE{kl}eikeﬂ) + (zHiHjé‘l{kl}eikejl + h.c.), (2.9)

with couplings z,y,z € C. They will generate organic operators that can be written as
linear combinations of the operators listed above

2
x 2
S: ﬁgog;m, (2.10a)
2
Z: g (O + O] (2.10b)
— z
= Mg o) o, (2.10¢)

up to O(1) factors. Of course, these can then be matched onto a genuine basis of operators
like

O¢D = Og%DQ = F[iHj\:‘f{kHlEijekl, (211&)
Opp X OF) L, = HHIOH  Hleyey, (2.11Db)

but this is unnecessary for our purposes. (Note here that IBP stands for integration by
parts.) The construction of the organic operator is in general not unique, since we work with
an overcomplete set of operators. Here, for example, Og% p2t+ Oﬁf}% D2 = 2(’)1(3% D2 (’)g% D25
indicating clearly the redundancy of one of the operators. The convention that non-trivial
representations never give rise to fields contracted with an e symbol implies Ogg pe should

not be chosen to feature in eq. (2.10b). Thus, we call = a completion of operators OS’% p2 and

(’)g% p2> €ven though the operator it generates can also be expressed as a linear combination
of (’)g% p2 and (’)S% p2- This convention allows us to talk unambiguously about completions
of the AL = 2 operators in a way that makes their implications for neutrino mass most
clear, while avoiding constructing a complete basis all the way up to dimension eleven.

We remark that this discussion can be extended to operators of type 3 with explicit
SU(3),-structure with minor modifications. Here, irreducible representations are furnished
by traceless tensors with raised and lowered symmetrised indices, which can be written as
sums of operators in which contractions between raised and lowered indices are written with
the § symbol. The tracelessness condition can be enforced by additionally allowing contrac-
tions with the three-index ¢ symbol, and choosing that non-trivial representations never
give rise to fields contracted with a d, i.e. always choosing [A4]¢[A4]} = 35468 — 2eg0e2%
over [M]2[A4)Y = 26362 — 25267, Explicit examples involving non-trivial colour contrac-
tions are presented in section 3.1.1 and in the publicly available notebook we introduce in
section 3.3, which contains complete matching calculations for some of the dimension-six
operators in the SMEFT.



2.3 Operator taxonomy

The list of gauge-invariant, AL = 2 operators first provided by BL runs from O; to Og [30].
Each numbered operator is distinguished on the basis of field content, although each in
general corresponds to a family of operators differing in SU(2)z-, Lorentz-, and flavour-
structure. The operators are constructed from SM fermion fields and Higgs fields only and
no internal global symmetries are imposed on the operators aside from baryon number. To
violate lepton number by two units, each operator must contain at least one AL = 2 fermion
bilinear: one of {LL, Lée',&Te’}. The operators enter the list at odd mass dimension [48]
and only up to dimension eleven, since it was thought that higher dimensional operators
generally imply neutrinos insufficiently heavy to meet the atmospheric lower bound. (It
seems that a truly exhaustive treatment requires operators of higher mass-dimension [49],
and this is discussed in detail in section 4.1.) An additional 15 operators (acknowledged
by BL, but left implicit) of mass dimension nine and eleven were added to the list by
dGJ, increasing the total number to 75. These are constructed as products of lower-
dimensional operators with the dimension-four Yukawa operators of the SM. Thus, they
have the same field content as other operators in the list but carry different numerical
labels. Latin subscripts were introduced by the same authors to distinguish different SU(2),
contractions. The number of type-3 operators counted in this way is 129. Inclusion of
the all-singlets operator é'e'afafdd, whose tree-level completions were recently written
down [50], brings the tally to 130. Even in the extended dGJ scheme, product operators
of the form O - HjHZ are left implicit.

Here we work with a modified classification scheme which differs mildly from those
used in the previous analyses. We list all operators explicitly, including product operators
built from lower-dimensional ones and SM Yukawas or H'H, and enforce that operators
with the same field content carry the same numerical labels. We adopt the convention of
labelling SU(2) .-structures with an additional Latin subscript.” We have a greater number
of such structures for each numbered operator than the other catalogues because we include
product-type operators and new structures which may have been missed previously. We
attempt to ensure that these new operators have labels that do not break compatibility
with these and other previous works using lepton-number violating operators. A small
exception is the case where only one structure is listed by BL and dGJ. In such situations
this corresponds to operator a in our classification.

We find some new non-product operators not appearing in previous classifications
even implicitly. These include new SU(2)-structures but also new numbered operators.
Dimension-eleven product-type operators built from a lower-dimensional operator and fac-
tors of H'H that are not given numerical labels in the previous catalogues are given primed
labels here, a common convention in the literature. In cases where a number of such op-
erators carry the same field content, we prefer to use a new numerical label. For example,
operators 0%, = Os,(HTH) and OY, = O3,(H'H)? have the same field content. They
appear in our list as different SU(2)-structures of the new numbered operator Ogy.

5We note that this introduces a notational ambiguity with colour indices, the resolution of which must
be based on context.

~10 -



This means that the 75 numbered type-3 operator classes presented by dGJ now cor-
respond to 82 classes and additional SU(2)-structures {a, b, c,...}. We present our list of
AL = 2 operators containing SM fermion and Higgs fields in table 8. Product operators
as presented in our tables must be read with care. This is just a convenient shorthand to
represent the field-content of an operator and illustrate that isospin indices are internally
contracted. For example, by writing Os, = O1Q'dH’ €;j, we do not mean to suggest that
Lorentz indices must be contracted internally to @7 and the down-type Yukawa. We discuss
the additional information presented in table 8 as it is introduced throughout the paper.

The table also includes a list of AL = 2 operators involving derivatives up to dimension
nine. The pertinent operators at dimension seven were mentioned in ref. [30] and listed in
the context of a complete basis of operators for the dimension-seven SMEFT in ref. [47].
The operators of higher dimension were excluded from the earlier catalogues of AL = 2
operators on the basis that they may be less important for neutrino-mass model building,
although they have appeared recently [51]. We find that opening up these operators does
yield novel neutrino-mass models, although this is not clear at dimension seven. The
derivative operators are also interesting from a broader phenomenological perspective, for
example in the study of lepton-number-violating hadron decays, see e.g. ref. [52]. The
procedure we use for identifying these operators draws from the earlier AL = 2 catalogues,
Hilbert series techniques [42-46] as well as more recent automated approaches [40, 53-57].

Although operators related by field redefinitions through the classical EOM lead to
identical S-matrix elements, we do not account for these redundancies in our catalogue of
operators containing derivatives. This is done for two reasons: (1) we are ultimately inter-
ested in comparing Green’s functions in the effective theory to those in various compatible
UV theories; and (2) we are only interested in tree-level completions of effective operators,
and EOM redundancies may relate operators generated from tree graphs to those gener-
ated by loops [58, 59]. Redundancies arising from integration by parts (IBP) are also not
accounted for, and it should be understood that derivatives act on the operators listed in
table 8 in all possible ways. In our listing, we prefer to act them in whichever way max-
imises the number of non-vanishing SU(2);, structures, so that they can all be labelled.
Often this means that derivatives will be carried by Higgs fields.

3 Tree-level matching forwards and backwards

In this section we outline the procedure we use for opening up operators of the sort intro-
duced in section 2.2 and section 2.3 for the purpose of exploratory model building. It also
includes prefatory comments on tree-level matching for scalars and fermions, and a dis-
cussion of the tree-level completions of operators containing derivatives and field-strength
tensors. We highlight that the results of this section are not specific to AL = 2 physics,
and the model-building prescription can be applied (high-dimensional) operators in other
EFTs. To illustrate the point, we apply the methods to an EFT unrelated to neutrino
masses: the SMEFT at dimension-six.

The model-building framework introduced and used in ref. [60] assumes that the new
heavy fields introduced in the UV completions are only scalars, vector-like Dirac fermions
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or Majorana fermions. This particle content ensures the models are genuinely UV complete
in the sense that their predictions can be extrapolated to arbitrarily high energies. Chiral
fermions will in general introduce gauge anomalies, and the generation of their masses may
introduce unnecessary complications. This treatment of exotic fermion fields is also used in
ref. [38], where a tree-level dictionary of the dimension-six SMEFT is written down. Exotic
Proca fields will still need to be interpreted in the context of some larger UV framework
(e.g. an extended gauge group), and so these are not introduced in our approach. Thus
for the remainder of the paper we limit the discussion of building UV-complete models to
those containing only scalars and non-chiral fermions.

3.1 Effective Lagrangians and tree-level completions

Suppose one has a theory with light particle states described by fields m; and heavy states
described by II; with a Lagrangian of the form

Luv[n, ] = Ln[m, 1] + Lye[m, 1], with

e%nt[ﬂ—vﬂ] :gl[ﬂ']-f-gh[ﬂ]—l—glh[ﬂ-’n]_ (31)

Below the threshold for II; production, an effective description of the theory can be used
that involves interactions only between the light fields. This effective theory is described
by a Lagrangian Z,g[n] involving interactions between the 7; that correspond to diagrams
in the full theory containing only heavy internal propagators and light external states. At
the classical level, Z.g can be written down by integrating out the II;. Perturbatively this
corresponds to expanding the heavy propagators A in powers of momenta on the heavy
mass scale® A, such that

1 P2
—A2<1+A+---) for -----------
5 p p?
A=q-= (145Gt for #—e——0 (3.2)
4B 2
ip- o p - .

In this notation, the arrow-preserving propagator corresponds to the part of the regular
four-component fermion propagator proportional to momentum, while the arrow-violating
one is the part proportional to the fermion mass. Expressions for the fermion propagators
with reversed arrows follow from ¢ — o and interchanging dotted and undotted indices
(see ref. [39] section 4.2 for the Lorentz structure).

Equivalently, the integration can be performed using the classical EOM of the II;. For
some heavy field II, the linearised solution to its classical EOM can be used to remove it
from the Lagrangian completely. This procedure is mildly different for scalars and fermions,
and we briefly outline these separately below. In both cases, we begin with a Lagrangian

5We note that some UV scenarios may have more than one characteristic scale. In this case A can be
understood as an effective scale which may not necessarily correspond to the mass of a specific particle.
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Zuv for which we imagine that kinetic and mass mixing terms between heavy and light
fields have been removed.

There are tree-level contributions to .Z°% as long as there are interaction terms linear
in II. For scalar II, the UV Lagrangian contains the terms

lh
Loyl n] D I (=D? — m¥)I + (Hagﬁ + h.c.> : (3.3)

where 9.2 /011 is a function only of light fields, and we are neglecting interactions of the
form TI'TIf () for the sake of conciseness. The EOM are
o glh
—D? —m)l = ——— 112 4
(-0~ i)l = - S o), (34)
which can be solved for II°, the classical field configuration, by inverting the differential
operator on the Lh.s. of eq. (3.4) and expanding in D?/m3:

1 D? oL
= (1-2 .. ) .
m# ( m¥ * > Ottt (3:5)

This solution can be substituted back into eq. (3.3) to give interactions between light fields
in the tree-level effective Lagrangian:

.,%ﬁ“[ﬂ'] D —

th 2 lh
oL™ 1 <1 D +__'>a$ (3.6)

o m% \©  m% BT
Many concrete examples of this procedure can be found in the literature, see e.g. ref. [61].
The expansion in D? /m} corresponds to the expansion in p?/A? in the first case of eq. (3.2),
showing the expansion of the scalar propagator.

Next we sketch out the procedure for a Dirac fermion II + IIf, where IT and II are
separate two-component spin—% fields transforming oppositely under Ggy. In this case, the
UV theory is described by a Lagrangian like

_ _ Lh B Lh _
Zov[, 7] D iHT(}HDuH + iHTﬁﬂDMH + (Ha‘g + Haj; — mqp I + h.c.> (3.7)

oIl

Varying the action with respect to the heavy fields gives two coupled EOM:

B lh

igh D, I — mIT' + 8£T =0, (3.8)
_ a:glh

ia" DI — mIT 4 o =0 (3.9)

Substituting eq. (3.8) into eq. (3.9) gives a second-order partial differential equation in II,
analogous to eq. (3.4). Inverting the differential operator in a similar way gives

1 1X,.5 — D3, N A2 R

HE oI,
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where the field-strength tensor comes about from a structure like
l0#5") 2’ D,D, = 9" D,D,s, — 2i[o") D,D, (3.11)

1
= D% — QXQB. (3.12)

Here, and later in this section, the replacement II — IT should be understood for Majorana
II. Each contribution corresponds to a particular kind of propagator in the perturba-
tive picture. The first term in the last parenthesis of eq. (3.10) results from the fermion
propagator proportional to momentum: the arrow-preserving fermion propagator shown
as the last case of eq. (3.2). The second term in the same parentheses stems from the
fermion propagator proportional to the mass, corresponding to the arrow-violating prop-
agator shown in the middle case of eq. (3.2). Replacing IT in eq. (3.7) gives the tree-level
effective Lagrangian with the heavy fermion integrated out:

o.L™Mm 1 1X,.p — D%, - ag 0L
Lett|] 2 Ol mZ | € +L26+--- DY ——€.
B M mi oIl
p (3.13)
0L 1 N $Xop — D%eqp N PRAL
R 60{ = - “ .. — .
ollz m A m¥ o1,

As shown in egs. (3.6) and (3.13), expanding in powers of derivatives on heavy masses
leads to a tower of local operators of increasing mass dimension d; organised as a power
series in the inverse heavy scale:

c:i4 O[] (3.14)

Zalr) = L[+ Y 55

The C; are dimensionless coefficients which are in general calculable if one knows the high-
energy theory. We are interested in the case where the UV theory is unknown. Here, the
EFT is a useful way to encapsulate the effects of the entire class of possible UV theories
in a model-agnostic way. We advocate that it is also a practical model-building tool,
since the operators provide information about the types of UV models from which the
EFT may arise. Subject to a number of assumptions, the possible UV models implied
by an effective operator can be enumerated by building all possible tree graphs with an
external-leg structure reflecting that of the operator. The quantum numbers of the heavy
propagators can then be read off by imposing Lorentz- and gauge-invariance at every vertex,
starting with vertices with two or three (for scalars) external edges. This is equivalent to
exploring all of the possible ways the light fields may have been grouped into terms in
Z|n,1I] and distributed in the products of egs. (3.6) and (3.13). In the following we
develop this picture into a precise algorithm.

3.1.1 Exploding operators

As an introductory example we use the Weinberg operator O; = (L'L/)H kH leikeﬂ, whose
minimal tree-level completions are the canonical seesaw models: N ~ (1,1, 0)(2,1), =1~
(1,3,1)s and ¥ ~ (1,3,0)(2,1)- These can be derived by considering the allowed ways of
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decorating the two tree-level two-scalar-two-fermion topologies with the field content of the
operator. These topologies are shown in figure 1 along with the possible ways of furnishing
the topologies into Feynman diagrams, each corresponding to a seesaw model. As discussed
above, this is equivalent to grouping fields together as they may have arisen in the partial
derivatives of egs. (3.6) and (3.13). For the Weinberg operator, these groupings are:

1 o.M .

L'IHH'ee; = o 2 2, LY H"e;, ~ N, (3.15a)
(0%

/o o.M o o

LLUH H'epeyy = = 2 lyrs(LULD) + kH B )espe ~ Z1, (3.15b)

—la

— o.M .

L'IH*H'epey = o 2 5L H e ~ 3, (3.15¢)
«

where we use ~ to mean ‘transforms as’ under SU(2); ® SU(2)_ ® Gsy. Each pattern of
contractions corresponds to a topology, with each individual grouping of the fields corre-
sponding to a vertex, or equivalently, a term in the AL = 2 UV Lagrangian. The explicit
form of these terms can be written down by keeping track of the isospin indices as in
eq. (3.15), and expanding implicit index structures in all possible ways (i.e. decomposing
products of fields into irreducible representations), consistent with our model building as-
sumptions. (In our case this means keeping only scalar and fermion Lorentz irreps.) In
eq. (3.15¢), the indices i,[ are symmetrised since this is the only way the component L!H !
(with 4, not antisymmetric under exchange) can appear in the Yukawa interaction LY H.
Note that we adopt the convention that the conjugate exotic field couples to the contracted
fields in the operator. This means that EI transforms like LU L7}, as implied in eq. (3.15b),
but the renormalisable term in the UV theory which corresponds to the vertex is L= L.
For Majorana fermions there is only one state which can couple in both cases, while for a
Dirac fermion 1 + 1! we arbitrarily choose 9 to couple to the contracted fields.

This process of grouping fields into renormalisable interaction terms can be conve-
niently expressed with the following replacement rules:

[ — [ [ m _ L N
Yo = @, grdp = @, didegs — 0T, Gy - B Yielt 5 X (3.16)

with free raised or lowered gauge-indices (suppressed above) of the same type always sym-
metrised on the right-hand side. We are using ® and ¥ to represent a heavy scalar and
fermion; while the lowercase ¢; and v); represent scalar and fermion fields that may be light
or heavy. Note that ¥ = W for a Majorana fermion. The mark X signals that the completion
should be discarded, in this case because it represents a model involving a heavy vector
field. The repeated application of these rules allows us to build explicit computational
representations of the AL = 2 Lagrangian and diagram topology for a completion.

We move on with a more involved example that also involves colour structure: a
completion of 015 = LLQTQTulu’. According to table 8 there are two SU(2) structures.
Both of these structures need to be opened up to enumerate all of the completions, and
models will in general generate sums of these with a specific Lorentz structure, as per the
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Figure 1. Above: scalar-only and fermion-only topologies which complete dimension-five two-
scalar-two-fermion operators, like the Weinberg operator O;. Below: the three minimal tree-level
completions of Oy, each corresponding to a different permutation of the fields on the external lines
of the topologies. These are traditionally called (read from left to right) the type-I, type-II and type-
IIT seesaw models. The SU(2), indices are included explicitly to distinguish type-I and type-III,
while making a more clear connection to eq. (3.15). The exotic propagators are shown in bold.

discussion in section 2.2. We choose to look at

Oroa = L'LIQ Qul il ey (3.17)
S f g VW

rstuvw r

and begin with some preliminary comments. There are only two topologies that accom-
modate tree-level completions for six-fermion operators. A scalar-only topology (shown in
figure 2a), where pairs of fermions are contracted into scalars which meet at a trilinear
vertex, and a scalar-plus-fermion topology (shown in figure 2b) in which two exotic scalars
come about by fermion contractions and each meets another SM fermion. Since we are
not interested in introducing exotic vector fields, contractions between fermions must come
about by grouping only fields with dotted or undotted indices, i.e. from (2,1) ® (2,1) or
(1,2)®(1,2) contracted into a SU(2)4-scalar representation with an epsilon tensor. These
contractions fix the Lorentz-structure of the generated type-2 operator. For O19, it is clear
that all scalar-only completions will contain the triplet scalar =1, since the two L fields in
the operator are the only fermions carrying undotted indices, making the contraction

El~(1,3,-1)
L
L' QFQMa a eipe (3.18)

unique. For the quark fields there are a number of choices to be made. First, the choice
of grouping. There are only two choices for how to group the quark fields: as (QQ)(u'ut)
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Figure 2. The two tree-level topologies relevant to six-fermion operators. For some operators, some
fermion arrows may be reversed. The exotic propagators are shown in bold. (a) The scalar-only
topology. (b) The scalar-plus-fermion or central-fermion topology.

or (QaT)Q. The second choice is of the colour representations. These can be explored
recursively, or all invariants can be constructed and each opened up separately, following
the conventions of section 2.2. We opt for the latter case, and enumerate the colour
contractions

O124e = LiLjQg@éaTCﬂTdeikejle“beem, (3.19a)
012a5 == LiLjQ’;Qé"L_LTC"L_LTdGikEﬂ5g(5g. (319b)

The colour sextet combinations QIQQZ}ﬁTaﬂTb come about as a sum of flavour permutations
of the left-handed quark doublets in O)9.5, and the octet combinations (QfA4u1)? as a
linear combination of Q19,5 and O194c. Thus, we understand contractions like QZQZ&?(SZ as

coming about from colour-sextet scalars, and Q}uf*525¢ or Qluepq.e®

¢ as coming about
from octets.

Finding all of the completions of 019, involves contracting all fields in all possible
ways for each colour contraction. We work through the example of a particular scalar-only
completion of Oj94s in figure 3. Each step follows the grouping of fields into a vertex, the
Lagrangian term this grouping corresponds to, and the evolving topology of the completion
under the replacement rules of eq. (3.16). At intermediate stages in the explosion of the
operator, the theory described is still effective because some vertices still correspond to
irrelevant operators.” The procedure stops once all vertices have mass-dimension d < 4.
We replace the contracted fields in the operator with the irreducible representation that,
following the restrictions described in section 2.2, could give rise to the contraction. This
will in general require the addition of other structures,® although this is not the case here.

"We note that one can make a connection here to the framework of ref. [62], where neutrino-mass
models are classified and studied in the context of single-field extensions of the SM, corresponding to the
first intermediate step in our completions procedure. Similar approaches to SMEFT extensions have also
been considered elsewhere in the literature, e.g. [63].

8The organic operator of the model can be written as a linear combination of these other operators and
the operator being opened up, and all of these share the model as a completion in our sense.
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The operator generated by the model highlighted in figure 3 is

(L{iLj})(QZaQ;[b)(ﬂT{“ﬁTb}) = 01246 + 01245 + 01245 + O1245, (3.20)
TS t w v w rstuvw  srtuvw  rsutvw — srutvw
with the same Lorentz structure carried through O19,5. The relevant part of the AL = 2
Lagrangian of the model can be read directly off each contraction

LT i\= Sk A ab —ta—
—ZLAp=2 2 fL'{rs}(Lr [g]):q{ij} + Y{tu} (%5?})’1‘%“% + 2[ow] (%T %Tb)Qél{ab} (3 21)
+ KEl{ij}TEZﬁanb}eikEﬂ + h.c.,

although the generation of the entire Lagrangian implied by the field content requires
a program implementing group-theory methods, spin-statistics and tensor algebra (see
section 3.3). This particular model inherits the high level of symmetry in the effective
operator. This introduces symmetries in the Yukawa couplings of the model, reducing the
total number of free parameters.

Given an effective operator, we have established a simple rule for reducing it to a
renormalisable interaction through a processes of contracting fields into each other, cor-
responding diagrammatically to pairing the fields off into Yukawa or scalar interaction
vertices according to a system of rewrite rules. Applying these groupings in all possible
ways and following quantum numbers through index structure allows one to efficiently
write down not only the particle content generating the operator at tree-level, but also
the pertinent interaction terms in the Lagrangian. In the next section, we discuss how to
expand this rule to reducing operators containing derivatives.

3.2 Tree-level completions of derivative operators

In the following we broaden the discussion to exploratory model building through effective
operators containing (covariant) derivatives and field-strength tensors. We begin by sum-
marising the main results of this section. We argue that (if only scalars and fermions are
introduced) a large class of such operators do not contribute new completions to the pool
of models. That is, models derived from these operators could be found by opening up
operators without derivatives and field strengths. With notable exceptions, it is usually
sufficient to study only single-derivative operators. Some of the derivative operators also
admit fermion-only completions, which are otherwise only found for the Weinberg-like op-
erators [34]. The completion of operators containing derivatives has been studied before in
the context of AL = 2 physics [64-66], and our work expands on this.

3.2.1 Exploding derivative operators

In our setup, derivatives in effective operators arise at tree-level by the expansions given in
egs. (3.13) and (3.6). It is clear that derivatives occur in one of two ways: (1) in pairs as D?
or X from next-to-leading order terms in the EFT expansion, or (2) as single derivatives
contracted with fermions (I) in traditional notation) coming about from arrow-preserving
fermion propagators. The job of finding the completions of operators containing derivatives
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Figure 3. The graph visualises our completion procedure by showing some of the possible ways
to explode the operator Q1945 = L*L7 QLQ;bﬁT“ﬂTb. The options are only followed to a fully UV-
complete model on one branch, shown in bold with yellow edge labels. In each step groups of fields
are contracted at a vertex, fixing the properties of the exotic field as well as the structure of the
term describing the interaction, shown alongside each diagram. The effective operator is gradually
opened up until each vertex in the diagram corresponds to a term with mass-dimension d < 4.
Opening up the operator fully requires repeating this procedure for all possible contractions. In
this case this includes other scalar-only completions and scalar-plus-fermion models. We also show
steps that we choose to forbid in our approach in red, like the vector contraction giving rise to the
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vector leptoquark Uy in the figure. Flavour indices have been suppressed.
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is therefore equivalent to enumerating all possible tree graphs with the appropriate external-
leg structure including arrow-preserving propagators proportional to momentum for heavy
fermion fields and taking powers of momentum from past the leading order in the expansion
of all propagators. As in the non-derivative case, the quantum numbers of the heavy fields
can then be deduced by imposing Lorentz and gauge invariance at each vertex.

It is not always guaranteed that a tree-level topology with internal fermion and scalar
lines exists for an effective operator containing derivatives. This is in contrast to the
non-derivative case, where this is guaranteed for all operators of mass dimension larger
than four. For example, at dimension seven there are AL = 2 effective operators like
a?aﬂgLifBDa‘j‘Lf@eij containing four fermions: three with undotted indices and one with a
dotted index. In this case there is no tree-level topology that allows a arrow-preserving
fermion propagator to give rise to the derivative, and so the operator can only be generated
with loops. We call such operators non-explosive. This distinction between tree and loop
operators has been discussed in the literature in the context of the dimension-six operators
of the SMEFT, see e.g. [38, 58, 59], and more recently for the dimension-eight operators [67].

The derivatives originating from arrow-preserving fermion propagators in the UV the-
ory enter the effective Lagrangian through the first term in eq. (3.13). Here, the deriva-
tive acts on an object with which it shares a contracted index, i.e. it is contracted as
(2,2) ® (1,2) = (2,1) with the object carrying the index 3. This object must be a (1,2)-
fermion if it comes from a renormalisable interaction, which in our case is uniquely a
Yukawa interaction. Thus,

aHT Zw%, (3.22)
with v; and ¢; defined as in eq. (3.16). For example, a structure like Daé‘qb}LB p1€44 could
enter an effective operator by integrating out a heavy fermion II that couples through
£ D HT@ZJIqbl. For clarity, the effective Lagrangian looks like

0L 1 0L

Lei[T] D ——— I, mHD o T €aflsp T (3.23)
L 0LM L s
= o, w2 D (wl b1+ ) capeyp (3.24)

in this case. The fields ¢; and ; need not be light, and could have arisen from the
contraction of fields in a complicated way. For example, ¢1 may have come from the
contraction of two light fermions ¢ ~ £1&. This situation is visualised diagrammatically
in figure 4a. The figure shows the §; fermions coupling to the heavy ¢ propagator, which
in turn couples to 1/;{ leading to the arrow-preserving fermion propagator for the heavy II
carrying momentum k®%. It is clear from eq. (3.24) that the derivative acts on both the
fermion and the scalar, reflecting the fact that in the diagram k is the sum of the ¢ and ¢
momenta. So, derivatives acting on fermions or scalars can be grouped off into a Yukawa
interaction in this way, leaving a arrow-preserving fermion propagator in their wake. This
corresponds to the replacement rules

D“d(m — I, Dad(@) — I, Dad(qb)ﬁwg G o (3.25)
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Figure 4. (a) The diagram shows an example opening of an operator containing at least one
derivative. The derivative can be understood as arising from the leading-order term in the expansion
of the arrow-preserving fermion propagator, emphasised in the diagram. As shown, the fields ¢;
and 1 are external and therefore light, but in general they could themselves be heavy propagators.
(b) The case where the fermion 1, is heavy, coupling to the light fields ¥5 and ¢2. The o-matrix
structure of the propagators is in accordance with the conventions of ref. [39]. Here, the Lorentz
structure is such that the momenta are contracted, which arises from contractions of derivatives
which share one contracted index.

We highlight that the arrow-preserving propagator implies that only one chirality of the
Dirac fermion II is necessary for LNV in these models. However, we still only work with
vector-like fermions in our completions to guarantee anomaly cancellation and straightfor-
wardly give them large masses.

In an effective operator the derivative may act on a fermion with which it does not
share a contracted index. For example, in the model shown in figure 4a, the effective
operator at the low scale looks something like

o Dgplh
oI1s

i 8$lh

- DﬂB(f?)&a?ﬁlBW

D (ef6aatr]y) o (3.26)

although as long as the operator is generated at tree-level, the term with the derivative
acting on ¢! will always also be present as long as it is not removed by a field redefinition
involving its classical EOM. Our approach is the following: act the derivative in all possible

ways on the fields constituting the effective operator and discard the topologies in which
1

a contraction like (Da‘j‘wf )¢ is made. After a UV-complete model is derived, the operator
it implies will still have the form of the one on the left-hand side of eq. (3.26), so no
information is lost. This implies the rules

[ [ [

(DY) — X, (DUPg) X, (DG X, (D)py — X.  (3.27)
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The first parentheses of egs. (3.13) and (3.6) contribute powers of D? or X to operators
in the effective Lagrangian. They contribute the rules

(DY) (Dagtbap) — ®f,  (D*%¢;)(Daada) — @'

N _ N e (3.28)
(D7) (Dagd) = ¥, (D*“61)(Dasg2)¢s — @'

[
to those discussed previously. We intend these to stand in for similar rules like e.g. ¢;0pg

as well. For the field-strength contractions, there is the additional requirement that one or
both of the fields in the contraction be charged under the corresponding gauge interaction,
but these cannot be contracted into a gauge singlet, since the field-strength tensor comes
about from the anticommutator of the covariant derivatives acting on the exotic fermion.
These rules are

o if 8 B B
XS Y OXg oK IXES X (329)

where i and j stand in for fundamental indices of SU(2), SU(3),, or no indices at all for
the field-strength tensor of U(1)y.

Operators with derivatives coming about as this way, i.e. as D? or X, are often redun-
dant from the perspective of model discovery, since they imply the existence of the leading-
order operator in which these derivatives do not appear. Thus, the tree-level completions
of these operators can be found by studying the lower-dimensional operators without those
derivatives or field-strength tensors. It may however be the case that the leading-order op-
erator is absent, in which case these operators may be important. For the ny = 3 SMEFT
with one Higgs doublet, we conjecture this can only come about from operators with a
structure like

O'H'9,H¢;5, (3.30)

which vanishes when the derivative is removed. (Similar structures like L{LJe;; are non-
vanishing since there is an additional space of flavour indices to carry the antisymmetry.)
This exception does not apply to the case of field-strength tensors, since (X", H] = 0
for all field strengths X. This is the justification for our earlier comments that operators
containing field-strength tensors are not interesting from the perspective of model discovery.

The replacement rules given in eq. (3.28) do not exhaust the possible Lorentz-structures
for two derivatives, scalars and fermions. The additional structures involve single indices
contracted between the derivatives, and others contracted into fermions. Diagrammatically,
we find that these combinations come about from fermion lines containing two arrow-
preserving propagators, each contributing a factor of momentum. This would be the case,
for example, if ¢ in figure 4 were a heavy arrow-preserving propagator, as shown in figure 4b.
Here the rules are

1 1
(D41 ) (D7 hag)e s — ®F, (D*4)(DPh)es 5 — W7, other combinations — X.
(3.31)
In summary, exploding derivative operators can lead to novel models that would not
be found by exploding non-derivative operators. We have already seen that this happens
when a structure such as eq. (3.30) is present in the operator. It can also happen when
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the presence of an odd number of derivatives allows new topologies with novel chirality
structures. The presence of an even number of derivatives implies either that the derivatives
arose as D? or X, which usually do not contribute new models, or else from the contractions
of structures like those in eq. (3.31). It is clear from figure 4b that in such cases, the two
arrow-preserving fermion propagators can be replaced with arrow-violating propagators,
and indeed these will generically be present since we work with vector-like fermions. So,
with the exception of operators with structures like eq. (3.30), studying single derivative
operators is sufficient for model discovery.

3.2.2 Derivative operator examples

Among the simplest derivative operators in the AL = 2 SMEFT is the dimension seven
operator
Ops = L, THJ(DH)akaHleUeM (3.32)

which we use as a paradigm for showing how single-derivative operators can be opened up.
We note that the operator’s tree-level completions have also been discussed in ref. [65]. The
placement of the derivative on the Higgs field is enforced by the unique SU(2), contraction.
This is not generally true, and the derivative should be acted in all possible ways if it can
be. The contraction of (DH) into another Higgs is forbidden by eq. (3.27). Thus, the
(DH) must be contracted into a fermion. The options are

_i_ A -
L (DH) e”esz and éB(DH)aﬁkwAff‘k (3.33)

with the Dirac fermion A —|—AT ~ (1,2 —l) transforming like L under Ggy. The field ¥ is
the protagonist in the type-III seesaw model, and further contractions on the resultmg oper-

ator ZT e' H9 H' lead to the models {3, AH—A } (from eTH) and {X,Z;} (from HH) in that
case. The second option in eq. (3.33) leads to the operator L’AIfHJH €;j€j1, which is the
Weinberg operator with the second L replaced with the exotic vector-like lepton. This con-
traction is illustrated diagrammatically in figure 5a. It thus implies the same completions®
as 01, each along with A; +AJ{. This is expected since &f (D H) transforms like L. There are
then a total of five completions, but four models, since two have the same particle content:
{£,A +AJ{}. In figure 5b we show how this can be seen as coming about from the fact that
the chirality structure of the diagram allows two positions for the arrow-preserving fermion
propagator. Note that this is not the case for the completion with the singlet fermion N.
Interestingly, there are two fermion-only models found: {N,A; + AI} and {X,A; + AJ{}
Both of them contain seesaw fields, which is consistent with the proof of ref. [35] that mod-
els containing two exotic fermion fields must contain one of NV or X if they violate lepton-
number by two units. Since the structure of the operator Ops is unique, there is no work to
be done in writing down the organic operator generated by these models at the low scale.
We move on to a two-derivative operator example by studying a completion of

O34 = L'LPHYHY (D" H)™ (D, H)" €€ km€in, (3.34)

9This phenomenon is discussed in more detail in section 4.2.2.
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Figure 5. (a) An intermediate topology representing the operator Ops with all heavy fields except
A; integrated out. The contraction e H ~ A’; gives rise to an effective operator similar to the
Weinberg operator O7, shown in blue. This branch of the completion tree therefore involves models
featuring A; along with one of the seesaw fields. (b) The model with field content {%, A;+A'} arises
from two similar diagrams, shown here. These correspond to the two ways the arrow-preserving and
arrow-violating fermion propagators can be placed in the graphs for this furnishing of the topology.

which has the property that it vanishes when the derivatives are removed. (Note that,
comparing to the operator in table 8, the first derivative has been moved onto a Higgs
field.) Applying the only allowed replacement rule on the derivatives first implies the
presence of the real triplet scalar'® = ~ (1,3,0)s in the theory

LiLijHl(D“IWI)”e-e LiLi H* grimmn. .
o ij€km€in — =€ €EkmEln- (335)

From here there are a number of choices. We choose to look at a particular scalar-only
completion involving the unit-hypercharge isosinglet scalar present in the Zee model S; ~
(1,1,1):

DL HYH'E ™ ¢ sepmen — STHPHIE],, (3.36)

implying the interaction Lagrangian

Liny D @y Le LSt + kH HIZ 5y + ASIEYHJ HI + hec. (3.37)

10We remind the reader that this is not the seesaw field present in the type-II scenario, which has unit
hypercharge.
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This model was studied in ref. [68] and identified as the simplest neutrino mass model
according to their assumptions. It has remarkably few free parameters since the scalar =
does not have Yukawa couplings to SM fermions, and the couplings of S; to leptons are an-
tisymmetric in flavour. As in the minimal Zee-Wolfenstein scenario [69], this model implies
a neutrino-mass matrix with zeros down the diagonal and is therefore incompatible with
neutrino oscillation data [70]. It is, however, a good example of how interesting models can
be missed when overlooking operators with derivatives in this model-building framework.
The model generates the following combination of basis operators at the low scale

0§ = = (LLL)H* H'O(H™ H")esjégmein. (3.38)

Note that the operator is already symmetric under the interchage m <> n, so another
structure need not be added.

3.3 An algorithm for model building

With our basic completion recipe established, in the following we outline the procedures
we use to build the UV models that generate the operators listed in table 8, along with
relevant metadata: the tree-level diagrams and the models’ Lagrangians. The methods are
presented as they are implemented in our example code [37].

We use a computational representation for tensors representing fields transforming as
irreducible representations of SU(2); ® SU(2)_ ® Gsp built on top of the SymPy pack-
age [71] for symbolic computation in Python, as well as BasisGen [54] for group-theory
functionality. The code implements the Butler-Portugal algorithm [72, 73] for obtaining
the canonical form of tensorial expressions, which we use to simplify operators and compare
them for equality. Strings of fields and their derivatives representing gauge- and Lorentz-
invariant effective operators are dressed with € and  tensors to form all possible invariants.
In our specific case, the content of these operators is constructed directly by taking the
product of all field combinations and keeping only those that contain a singlet part in the
decomposition. We checked this against results from the Hilbert series, projecting out the
AL = 2 component for the pertinent operators, and removing the spurions accounting for
redundancies from field redefinitions involving the classical EOM and IBP. For our study
of the AL = 2 operators, since we are interested in model discovery, we excluded derivative
operators that are non-explosive along with those that contain field-strength tensors and
contracted pairs of derivatives that do not lead to a vanishing structure upon removal.

In practice we start with a template pattern of contractions corresponding to the
topologies that can accommodate the field content of the operators at tree-level. These
are generated using FeynArts [74] through Mathematica, and filtered for isomorphism with
graph-theory tools [75-78]. These templates provide the order and pattern of contractions
for classes of operators based on the number of scalars and fermions they contain. Since
no distinction is made at this level between (2,1)- and (1, 2)-fermions, for some operators
only a subset of these templates will be relevant for our purposes, since some contractions
may always imply Proca fields. These templates are used to open up the operator with
the assumptions and methods presented in section 3. Every time a replacement rule is
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applied, the Feynman graph information is updated and a Lagrangian term is generated
as described in section 3.1.1. After the procedure is finished, the full Lagrangian of the
model can be generated in the same way as the input effective operators, described above.

We keep track of the quantum numbers of the heavy fields so as to be economic with
exotic degrees of freedom, while still providing some flexibility in the model database. Con-
cretely, if a field arises from a contraction whose corresponding term has already appeared
in the Lagrangian, the two associated exotic fields are identified. If two fields come about
from different contractions but share the same quantum numbers they are distinguished,
since it may be possible that some symmetry would forbid one term but not the other.
The choice to identify fields not only reduces the number of fields in each model, but may
also reduce the total number of completions for a given operator. This is due to couplings
between exotic fields that vanish in the absence of some exotic generational structure. For
example, ¢'¢J €;j = 0 for some exotic isodoublet ¢, or n°nnCeqpe = 0 for a colour-triplet .

We have attempted to validate our example code against many results in the literature.
We have been able to reproduce the results of refs. [32, 38, 50, 65, 66], which give systematic
listings of models that generate effective operators at tree-level. Ref. [38] provides a UV
dictionary for the dimension-six SMEFT. Validation of these results first required the
adaptation of the dimension-six operators to something analogous to the overcomplete
spanning set of type-3 operators used here. The entire process in this case — including
generating the set of operators, finding the completions and matching examples back onto
the Warsaw basis — is provided as an interactive notebook accompanying our example
code. We note that such matching calculations can also be automated with the help of
automated tools [79, 80]. For the other studies mentioned, we provide our validation of
their results along with our example code.

4 Neutrino mass model building

Up until now we have tried to keep the discussion of exploding operators general, but
in this and following sections we specialise to the case of opening up operators to build
radiative models of Majorana neutrino mass. We discuss the process of turning AL = 2
operators into neutrino self-energy graphs, the tree-level topologies of the operators, and
the methods we use to ensure a given model’s contribution to the neutrino mass is the
dominant one.

4.1 Operator closures and neutrino-mass estimates

For operators other than the Weinberg-like ones, neutrino masses are necessarily generated
at loop level. The fields of the AL = 2 operator need to be looped off using SM interactions
in such a way that a Weinberg-like operator is generated after the SM fields are integrated
out. We call this the operator closure and it represents the mixing between the AL = 2
operator and the Weinberg-like ones. Examples of AL = 2 operator closures are given in
table 3, and these are referred to throughout this section. The closure provides enough
information to know the number of loops in the neutrino self-energy graph (since the AL =
2 operator is generated at tree level) and to estimate the scale of the new physics underlying
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the operator. We automate the operator-closure process by applying the methods discussed
below through a pattern-matching algorithm [81, 82]. The program is a part of our public
example-code repository.

Current neutrino oscillation data provide a lower bound on the mass of the heav-
iest neutrino, coming from the measured atmospheric mass-squared difference Am2,,,
(0.05 eV)? [83, 84]. We take the neutrino-mass scale m,, ~ 0.05 eV, so that the new-physics

scale is bounded above by the implied scale we estimate for each operator. This is derived

~
~

by estimating the loop-level operator closure diagrams. In our case we are interested in
estimating the scale of the neutrino mass in the UV models generating the operator, rather
than the calculable loop-level contributions to the neutrino mass in the EFT. We associate
a factor of (1672)~! ~ 6.3 - 1073 with each loop and assume unit operator coefficients
for the non-renormalisable AL = 2 vertices. We take the SM Yukawa couplings to be
diagonal and include factors of g ~ 0.63 appropriately for interaction vertices involving W
bosons. Neutrino-mass matrices proportional to Yukawa couplings will be dominated by
the contributions from the third generation of SM fermions in the absence of any special
flavour hierarchy in the new-physics couplings. For this reason, we consider only the effects
of third-generation SM fermions in our estimates, but mention that our program can be
straightforwardly extended to accommodate the general case where light-fermion Yukawas
and off-diagonal CKM matrix elements appear in the neutrino-mass matrix. For derivative-
operator closures, we can include the W boson from the covariant derivative if it is present
and necessary to correctly close off the diagram. Otherwise, the vertex should come with
an additional factor of momentum. We work in the Feynman gauge to avoid spurious fac-
tors of A in the neutrino-mass estimates [65]. The overall scale-suppression of the neutrino
mass is determined by the Weinberg-like operator generated at the low scale. In most cases,
this is the dimension-five operator 1, which implies m9* ~ v2/A. Closures leading to the
loop-level generation of O] and Of can also be found, and these naively imply a significant
suppression of the neutrino mass compared to the O case: m,(,y1 ~ v*/A% and ml(?/l/ ~v8 /AP,
However, a diagram with additional Higgs loops can always be drawn to recover the Wein-
berg operator at the low scale. Despite the additional loop suppression, these diagrams
will dominate over those generating O] and Of as long as A 2 4mv ~ 2.2 TeV [18, 30].

It is still true that higher-dimensional operators typically imply smaller neutrino
masses. There are two main reasons for this. First, the number of loops required for
the closure of the operator generally increases with increasing mass dimension. Second,
operators containing more fields imply neutrino self-energy diagrams containing more cou-
plings. Many of these are SM Yukawas which (with the exception of y;) are small and tend
to suppress the neutrino mass, despite the contributions being dominated by the third
generation. Non-minimal choices such as small exotic Yukawa couplings or hierarchical
flavour structures in the operator coefficients can also lead to additional suppression of the
neutrino mass, and in turn of the implied scale of the new physics.

In figure 6 we show the new-physics scales A associated with neutrino-mass generation
from the AL = 2 operators in the SMEFT up to dimension 13, assuming unit operator
coefficients and the dominance of third-generation couplings. We separate single-derivative
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operators from those that contain no derivatives, and choose not to include operators
containing more than one derivative in the figure. This is because these operators most
often arise at next-to-leading order in the EFT expansion, and therefore usually imply a
neutrino-mass scale identical to that of lower-dimensional operators. The dimension-eleven
operators with derivatives as well as the dimension-13 operators are constructed only as
products of lower-dimensional ones, making the set of operators incomplete. We highlight
that similar kinds of product operators at dimensions eleven and nine do not imply special
values for the estimated neutrino-mass scale or A, and therefore we expect the results to be
representative of the situation up to dimension 13. From the figure, it is clear that there is
a trend towards smaller values of A with increasing mass dimension. By dimension 13, the
implied new-physics scale is between 1 and 100 TeV for most operators. It seems to be the
case that the most constrained closures are generally those of non-derivative operators.

Operator Diagram my
H
v
2,0t 2
9" Yy Y
4b K[rs]ttWX
2, s, t,u,2 2
9 YeYulYa v° (v 1
8 rs uvuii Ao TA o
st Y™ 62)2 <A2 * 16772>
S 2
Yo
D3 STy
vy v*
11b "irstutuWK
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Operator Diagram my
4,0, 8, t U, v w2 2 2
9 YeYeYuYuYaYa V- [V !

76 /‘frstuvw‘/tv‘/uwwx (A2 T 16772>
1 v?
47a Krstuvwmx
vy v
56 Hrsttvvmx

Table 3: The table shows an assortment of AL = 2 operator closures, displaying a number of
paradigmatic motifs. We represent flavour indices in a sans-serif typeface here to avoid confusion
with subscripts labelling the Yukawa couplings. The expressions given for m!> needs to be sym-
metrised in rs, something we do not explicitly indicate in the table. These expressions carry flavour
indices in alphabetical order on the fields as they appear in table 8. Here k represents the opera-
tor coefficient, V' is the CKM matrix and y; , 4 are the diagonal electron, up-type and down-type
Yukawa couplings in the SM. A number of operators require an external electron to be converted
into a neutrino. This often necessitates the introduction of a W boson or an unphysical charged
Higgs Ht. Operator Og generates the dimension-seven analogue of the Weinberg operator with
the two-loop diagram shown. (There is a lower order diagram with an H™ in place of the W that
happens to vanish [85].) A three-loop diagram in which two of the external Higgs lines are looped off
leads to mixing with the Weinberg operator. Operator Oz¢ generates the dimension-nine operator
LLHH(HTH)?, and hence five- and six-loop diagrams are also implied. There is usually more than
one choice about where to attach the W boson if one is present in a diagram, and the additional
diagrams with the W connecting in other possible ways are left implicit.

We note that at dimension eleven it begins to become clear that the neutrino-mass
estimates associated with a category of operators remain large. These operators include
O474, whose closure is shown in table 3, and 44 others like it which have loops that contain
no connecting Higgs, and therefore no additional suppression from SM Yukawa couplings.'
These operators have the form

i=1

1A UV example of such a model was presented and studied in ref. [49] for O47;. A number of other
examples were also mentioned in ref. [86], including a two-loop model generating a dimension-13 operator
at tree level.
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where 1; are SM fermion fields, and imply

1 v?
———
(1672)™ A’

my, ~ (4.2)
with k the operator coefficient. The loop suppression becomes too great to meet the at-
mospheric bound at n = 6. Although five loops are viable in the absence of any other
suppression, the operators O - ?:1(@&;[ ;) cannot form a Lorentz-singlet without a deriva-
tive. This suggests that dimension-21 operators of the form

4
LLH("H) - (too,40) [T vl (4.3)
i=1
are the highest-dimensional operators leading to phenomenologically viable neutrino
masses. They require new physics below ~ 6 TeV. All of the tree-level topologies associ-
ated with the structure in eq. (4.3) imply that the neutrino mass depends on the product
of nine or more dimensionless couplings. It is clear from figure 6 that these operators are
outliers, and the associated new-physics scale is already heavily constrained by dimension
13 for most.
Estimates for the neutrino mass for the majority of the AL = 2 operators without
derivatives have been given previously in ref. [18]. Those that we present here differ in two
ways:

1. We aim to estimate the contribution to the neutrino mass implied by the completions
of the operator, not the operator alone. This means, for example, that we do not need
more loops of gauge bosons to provide additional factors of momentum on fermion
loops with no mass insertions, since it is implicit that the appropriate factors of
momentum will arise at higher orders in the EFT expansion. Such arrow-preserving
loops, as shown in the closures of O47, and Osg in table 3, vanish by even-odd parity
arguments absent these higher-order contributions [18]. Indeed, in UV models built
from these operators the additional gauge-boson loops are not necessary [49, 60].
This means that for operators such as O47, and Osg, our neutrino-mass estimates are
enhanced with respect to those presented in ref. [18] by 1672 /g>.

2. In some cases, operators containing a factor of @'d require a closure with W bosons
rather than H™, since the sum of the diagrams with the unphysical Higgs fields
vanishes [85]. The situation is shown in figure 7 for a general one-loop case of this
phenomenon. Ultimately this comes from the relative negative sign in the Lagrangian
between the up- and down-type Yukawa interactions:

Lok O Y Voedin HT — Vi diu] HY (4.4)

As shown in the figure 7, the fermion loop requires a mass insertion on the quark
line to which the H™ does not connect, making both loops proportional to y,y4 but
with differing signs. Care must be taken to ensure that the loop functions are also
necessarily the same in cases where this property is used.
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Figure 6. The figure shows smoothed histograms of the number of operators that have an estimated
upper bound of A on the new-physics scale. Black dots generally represent more than one operator.
The strips are broken up by mass dimension and whether the operators contain derivatives or
not. We assume unit operator coefficients and the dominance of third-generation SM-fermion
contributions in the closure diagrams. Operators containing no derivatives (blue) are separated
from those containing one derivative (orange). Those containing more than one derivative are
not included in the figure, since in most cases these come about at next-to-leading order in the
EFT expansion, and therefore imply the same A values as the lower-dimensional operator with
two fewer derivatives. The dimension-eleven operators containing one derivative and all of the
dimension-13 operators shown are constructed from the lower-dimensional operators in our listing
only as products. This means that the set of operators plotted above that do not feature in table 8
are incomplete. However, we do not find that similar product-type operators at dimensions nine
and eleven give special estimates for the neutrino mass or A, and so we expect these results to
be representative of the true situation up to mass-dimension 13. The general decrease in A with
increasing operator mass dimension is evident in the figure. The most suppressed closures tend to
be of non-derivative operators. By mass-dimension eleven it becomes clear that a class of operators,
those with the structure shown in eq. (4.1), are less suppressed than the rest.

It might be possible that, in a similar way to (2) above, the sum of diagrams with dif-
ferent W placements or of the neutrino-flavour-symmetrised diagrams might also lead to
additional cancellations which further decrease the upper bound on the new-physics scale.
This not a possibility we explore in detail here, but note that similar cancellations have
been noted in the literature [49].

Our estimates for the neutrino mass are provided as symbolic mathematical expres-
sions in our model database. Where possible these been checked against more detailed
calculations and UV models in the literature generating the operators to ensure acceptable
agreement [13, 14, 32, 49, 65, 85, 87-89]. The predictions for the new-physics scale asso-
ciated with each operator are provided in table 8, along with the number of loops in the
closure. Operators for which a range is given for the number of loops are those that gener-
ate the dimension-seven or dimension-nine analogues of the Weinberg operator. As touched
on above, the additional Higgs fields in these closures can always be closed off, adding more
loops to the neutrino self-energy diagram while reducing the overall scale suppression. The
contribution with the highest number of loops will dominate for scales A = 47v.
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Figure 7. For some operators containing da' the operator closure involves a motif like that shown
in the figure. There is always an additional diagram with the roles of the unphysical Higgs and H°
interchanged. Both diagrams are proportional to y,y4 but related by a negative sign coming from the
couplings of H™T to up- and down-type quarks as shown in eq. (4.4), and therefore their sum vanishes.

We note that in some cases, more insights can be made about the structure of the
neutrino-mass matrix from the nature of the operator, even in the general form with which
they appear in our classification. For example there is only one independent Lorentz-
structure associated with Oy: k94 (Li LI e”)(thut)H from which it can be seen that the
operator coefficient must be antisymmetric in s from Fermi-Dirac statistics. It is clear from
the diagram associated with the operator in table 3 that the loop integral will depend on an
external lepton flavour, and this dependence can only come from charged-lepton masses, i.e.
I(ml). Then the complete expression for the estimated neutrino mass will be something like

3D I T (m) (4.5)
myrs ~ e —— Kv[rs}ttj mz +K“[sr}ttI mg 4.5
— (167%)2 A
2
g yu v r s
_Z 16271'2 27 rs}tt[l(me)il(me)]a (46)

which implies a neutrino-mass matrix with zeros down the diagonal, similar to that
following from the Lagrangian in eq. (3.37). Such a texture is disfavoured by neutrino
oscillation data. Studying the structure of the neutrino-mass matrices implied by a
complete basis of AL = 2 operators would allow more, similar conclusions to be drawn
in a model-independent way. Recently, a complete basis of operators in the SMEFT at
dimension nine has been written down [51], and this could facilitate such an effort.

4.2 UV considerations

We now turn to the UV structure of the operators: their completion topologies, the asso-
ciated neutrino self-energy graphs, and the nature of the exotic fields that feature therein.
Central to our study of neutrino mass is the requirement that a model represent the lead-
ing contribution to the neutrino mass, a condition we impose through a process of model
filtering, also discussed in the present section.

4.2.1 Tree-level completion topologies

The tree-level UV topologies depend on the number of fermions and scalars in the operator,
and this is how we choose to label them. Thus, a dimension-eleven operator with two
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Topology type Operators Topologies Propagators Figure
0s4f 2 1 1 —
0s6 f 16 2 3 2
1s4f 16 2 2 8b
2s2f 7 1 1 1
2s4f 29 8 2,3 9b
256 f 137 35 4,5 11
3s2f 3 4 1,2 10b
3s4f 15 23 3,4 9a
452 f 8 10 2,3 8a
5s2f 1 24 2,3,4 10a
5sdf 15 264 4,5,6 —
6s2f 1 66 3,4,5 —

Table 4. The table shows the topology classes encountered in our operator listing along with related
information: the number of pertinent operators, the number of tree-level topologies associated with
each topology type, the number of internal lines featuring in the diagrams (given as a range), and
the appropriate figure reference in the text. Although there is one 0s4 f topology, all of the pertinent
operators in our listing are non-explosive because they contain derivatives. The symbol — indicates
that we do not present these topologies in this paper; instead, we point the interested reader to
our online database and example code for the relevant diagrams. We highlight that although the
topologies are labelled only by their field content, the pertinent operators may include one or more
derivatives. We point the reader to the main text for a detailed breakdown by mass-dimension of
the topologies that are relevant to each operator.

scalars and six fermions has topologies labelled 2s6f;. We do not distinguish between
(2,1)- and (1, 2)-fermions in this classification, and some of these topologies will therefore
always imply the existence of heavy vector particles in the completions. In our analysis
these models are not considered, but the topologies are still presented here in general.
Each topology corresponds to a pattern of contractions in the language of section 3, and
sometimes we use this perspective.

We present the different topology types in table 4 along with peripheral information
relating to these. The number of propagators in the diagrams represents an inclusive upper
bound on the number of exotic fields allowed in the completions of the associated operators,
counting Dirac fermions as one exotic field. In many cases, repetition in the operator’s field
content can lead to fewer fields furnishing the internal lines of the diagram, since we identify
fields with the same quantum numbers. To avoid clutter we keep the complete gallery of
tree-level diagrams in our online example-code repository, and instead only show some of
the graphs here. For some topology types the relevant diagrams have already appeared in
earlier parts of the paper, and these figures are referenced in the table. We make more
specific comments about the topology types by operator mass dimension below.
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Figure 8. (a) The tree-level topologies relevant for the completions of the four-scalar-two-fermion
operator Of. Only topology 4s2f5 leads to a novel completion that does not feature a seesaw field.
We point out that topology 4s2 fs permits fermion-only completions, which are expected only for the
Weinberg-like operators in the absence of derivatives. (b) The two tree-level topologies relevant for
the completions of the one-scalar-four-fermion dimension-seven operators in table 8. The internal
fermion line on 1s4f, must be arrow-violating for all of the operators we consider.

Dimension seven. At dimension seven there are three broad classes of AL = 2 operators
by field-content: 0s4f, 1s4f and 4s2f in our classification scheme. Operator Opq is one
of only two 0s4f operators in the entire listing, both of which are non-explosive.'? The
Weinberg-like O] is the only 4s2f operator at dimension seven, while there are six 4s2f
operators: Oz, Ozqp, O4qp and Og. The UV topologies relevant for the dimension-seven
operators are presented in figure 8. There are only two tree-level topologies associated
with the 1s4f operators. One involves two exotic scalars, the other an exotic scalar and a
heavy fermion with an arrow-violating propagator line. There are ten topologies associated
with the 4s2f class, for which the only pertinent operator is O}. Only topology 4s2f3 is
associated with a model that does not contain seesaw fields. Topology 4s2 fg accommodates
up to three exotic scalars and 4s2 fg allows up to three exotic fermions. Such fermion-only
models are expected only for the Weinberg-like operators, in the absence of derivatives.
The remaining topologies allow all other combinations up to three fields for the number of
exotic scalars and fermions introduced. Radiative neutrino mass from the dimension-seven
operators without derivatives was also studied in ref. [32].

Dimension nine. At dimension nine there are 79 operators in our catalogue. There are
16 operators containing six fermions, these are Og through to Oy as well as O7g. The
relevant tree-level topologies are presented in figure 2. There are 15 3s4f operators, most
of which have the form O; - Osm vukawa O HTH times a 1s4 f dimension-seven operator.
These are operators Os through to O7 as well as Og1, O71, O77, Oz and Of. These

12We note that although @ p; is non-explosive, one-loop completions exist that lead to three-loop neutrino
mass models.
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topologies are shown in figure 9a. There is a single 6s2f operator: the Weinberg-like
Of. The remaining 47 operators contain derivatives. Those that contain an even number
share topologies with dimension-five or dimension-seven operators. These include Opyg,
a 2s2f operator, Opig and Opos which are 4s2f operators with associated topologies
shown in figure 8a, as well as Op4, Op7, Op13 and Op15 for which the 1s4f topologies of
figure 8b are relevant. The remaining operators contain an odd number of derivatives. The
operators Ops, Opg, Ops — Op1o, Opi2, Opi4, Opig and Opy7 are of type 2s4 f, implying
entirely new topologies, shown in figure 9b. To these we add the 5s2f operator Opsg and
the 3s2f operator Opsy, which also have novel structure. Figure 10a and figure 10b are
relevant in this case. For the operators that contain an odd number of derivatives, only
the topologies allowing at least one arrow-preserving fermion propagator do not contain
exotic Proca fields. Some 3s4f and 5s2f topologies have the interesting property that they
involve exotic fields that couple only to other exotic fields in the diagram. These are the
lowest-dimensional operators in our listing having this feature, although this becomes more
common at dimension eleven.

We note that the tree-level topologies can also be important in telling which derivative
operators might provide novel completions. As discussed in section 3.2.1, many operators
containing more than one derivative have no model-discovery utility. These are operators
generated past the leading order in the expansion of the heavy propagators in the UV the-
ory, and their completions are always found by exploding the lower-dimensional operators
with an even number of fewer derivatives. One way to diagnose such a situation is to check
how many arrow-preserving fermion lines are present in the tree-level topologies associated
with an operator. If all of the graphs contain fewer such propagators than the number of
derivatives in the operator, then any model generating this operator will also generate the
corresponding lower-dimensional one. At dimension nine there are seven operator classes
that fall into this category. The four operator families Opy4, Op7, Op13 and Op15 each
contain two derivatives. These operators are identified above as fitting into the 1s4f topol-
ogy class. It is clear from figure 8b that no two-fermion completions are relevant to this
class, and the Lorentz structure of these operators is such that the internal fermion can
only by arrow-violating. This suggests that models generating these operators at tree-level
will always also generate the derivative-free dimension-seven operators Os, O3, O4 and Oy,
respectively. There are two three-derivative operators: Ops1, of topology class 3s2f, and
Op11, a 0s4f operator. The latter is non-explosive and therefore not relevant to a discus-
sion of tree-level model building. The 3s2f class admits completions that contain one and
two fermions: those associated with topologies 352 f4 and 352 fs, respectively. In both cases
we find that the operator’s structure allows for only a single arrow-preserving propagator in
each diagram. As before, this suggests that Ops; is not interesting for model discovery, and
its completions will be found by studying Ops. Finally, there is also one four-derivative op-
erator at dimension nine: the 2s2f operator Op19 whose completions coincide with those of
the Weinberg operator O;. This means that the only two-derivative operators in our listing
that could contribute new completions to the pool of neutrino-mass models are Opig and
Opos. Operator Opgs has the feature that the removal of the derivatives causes the oper-
ator to vanish, while this is not true for all of the SU(2), structures associated with Op;s.
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Figure 9. (a) The figure shows the tree-level topologies relevant to 3s4f operators.

Topolo-

gies 3s4fs, 3s4f13, 3sdfoo and 3s4 foz imply one exotic field that couples only to other exotics in
the diagram. This topology class is relevant to a large number of dimension-nine operators, and
these are the lowest-dimensional examples of operators containing this property in our listing. (b)
The two-scalar-four-fermion topologies associated with dimension-nine single-derivative operators

in our catalogue. Since only single-derivative operators furnish these graphs, only those topologies

containing at least one arrow-preserving internal fermion line are relevant. These are topologies

254 f4—2s4 fg; the other fermion propagator in 2s4 f4 and 2s4 f5 must be arrow violating. Topologies
254 f1-2s4 f3 each give rise to completions involving exotic Proca fields.
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Figure 10. (a) The 5s2f topologies relevant only to the single-derivative operator Opsg. Ounly
those topologies allowing one arrow-preserving internal fermion line give completions allowed in
our framework. Topologies 5s2f4, 5s2f7 and 5s2f19 contain heavy fields that couple only to other
exotics in the diagram. (b) The UV diagrams associated with the 3s2f operator Opy;. Only the
last two diagrams can generate the operator under our model-building assumptions.

Dimension eleven. By far the largest class of operators at dimension eleven is the
2s6 f topology type, for which the topologies are presented in figure 11. These opera-
tors are mostly formed as products of 0s6f dimension-nine operators with HTH, or 1s4f
dimension-seven operators with SM Yukawa couplings. They are operators Os; through
to Ogs, excluding the structures associated with Og;, as well as Ozs, O% and Ogy. The
only other major class relevant to the derivative-free dimension-eleven operators is 5s4 f for
which there are 264 tree-level topologies. These are presented with our example code, along
with the topologies relevant to the single 6s2f operator O)’. This dimension-eleven gener-
alisation of the Weinberg operator has already received some attention in the literature [34].
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Figure 11. The tree-level topologies associated with the large class of 2s6f dimension-eleven
operators in our listing. A number of graphs display the feature — less common at dimension nine
— that an exotic field in the diagram couples only to other internal lines.

4.2.2 Model filtering

The completions constructed by exploding the AL = 2 operators are not all automati-
cally guaranteed to provide the leading-order contribution to the neutrino mass. The same
AL = 2 Lagrangian may, for example, inevitably imply another, larger contribution. Alter-
natively, the dominant contribution may come from other LNV combinations of couplings
in the model’s full Lagrangian. The relative importance of different mechanisms may also
depend on the assumptions of the model builder. Some neutrino-mass diagrams will dom-
inate over others only in certain regions of parameter space. Are these regions accessible
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without large hierarchies in exotic couplings? Are such hierarchies acceptable, if necessary
to render a mechanism dominant? What about exotic flavours or additional symmetries?
Model filtering is the process of removing those models that, under some set of assump-
tions, do not provide the leading-order contribution to the neutrino mass. Our approach to
filtering neutrino mass models is contrasted against other possible approaches below, and
we also make more general comments about model filtering in other contexts. We mention
that the following discussion of filtering is similar in intent to that of ‘genuineness’ in the
loop-level matching paradigm [25-28]. We sometimes adopt this notation as well, and call
models ‘genuine’ if they represent the dominant contribution to the neutrino mass.

Filtering criterion. We begin by noting that model filtering is ubiquitous when con-
sidering tree-level effects. Here, the filtering criterion is unambiguously the operator di-
mension, since higher-dimensional operators are inevitably suppressed compared to lower-
dimensional ones. With regard to the AL = 2 EFT, such a dimension-focused criterion is
useful for thinking about LNV scattering events, for example. As discussed in section 4.1,
the operator dimension is also a rough indication of the predicted neutrino-mass scale, and
therefore has some utility in anticipating which models will dominate the neutrino mass.

We point out that this approach to model filtering allows for the immediate rejection
of some models, already during the process of opening up the operator. This can happen,
for example, when a contraction introduces an exotic particle transforming like a SM field.
Taking Oy as an example, contractions like

pi~(1,2,4)
iriTkerrl. ik =il
L'’ L¥eH €;5ep — L'L¥@ H'€; ey, (4.7)

with ¢ a second Higgs doublet, always imply that further contractions will produce seesaw
fields, since the r.h.s. of eq. (4.7) has the same structure as the Weinberg operator. We note
that for fermions the situation is more subtle because of the Lorentz structure. Specifically,
although Hu transforms like QT under Ggy, the Lorentz transformation properties are
different. The derivative contraction (D*H)u, does transform like Q under SU(2); ®
SU(2)- ® Ggym and that makes a number of such contractions forbidden if one is interested
in only dominant contributions according to the mass-dimension criterion. This is the same
phenomenon as that seen in the paradigmatic opening of the derivative operator Ops given
in section 3.2.2, where an exotic field transforming like L [see eq. (3.33)] lead to a similar
Weinberg-like operator at an intermediate stage in the completion procedure. We note that
this does not completely rule out exotic copies of SM fields featuring in radiative neutrino
mass models. Using Oy again as an example:

pi~(1,2,3)

iriTkerrl iri<krrl
L'’ L¥eH €;ep — L' L Q" H €;5€p (4.8)

is allowed, since the SU(2); structure of this operator differs to that of the Weinberg
operator. Similarly, vector-like quarks and leptons are extensively found in completions
of both derivative and non-derivative operators after the filtering procedure, but their SM
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and Lorentz quantum numbers are interchanged with respect to their SM counterparts.
For example, a particular completion of Os, is

U~(3,1,2) Si~(1,1,-1)
iriok 7, I e fd
L'L Q dH €ij€kl — L'L Udewékl — SlUd, (4.9)

which contains the vector-like quark U +UT. Note however that U transforms like @' under
Gswm, but oppositely under the Lorentz group. It is true that U, the vector-like partner of
U, does transform like @, but this plays no role in the operator.

Since we are most interested in radiative neutrino mass, a more direct and relevant
filtering criterion in our case is the neutrino-mass estimate from the closure graph of the
operator. This is the metric we use to compare and filter models in the results we present
in section 5. Whichever filtering criterion is chosen, the conditions for generating the
lower-dimensional operator or the dominant neutrino self-energy graph still depend on the
filtering philosophy.

Filtering philosophy. The filtering criterion defines a hierarchy among the effective
operators. If one is interested in tree-level effects, then operators of low dimension have
a high priority in the sense that their effects are dominant over those of high-dimensional
operators, whose influence is suppressed by additional powers of A. Similarly, the operators
whose closure graphs imply large contributions to the neutrino mass have a higher priority
than those implying small contributions.

One could take the view that it is sufficient for a subset of the field content associated
with a completion of a high-priority operator to be present in that of a lower-priority one
for it to be filtered out, even if the relevant diagrams depend on entirely different couplings
and interactions. We call this perspective democratic, in the sense that it treats all allowed
couplings and interactions fairly and ignores possible hierarchies in free parameters. A
democratic approach would then filter out all completions of AL = 2 operators of mass
dimension larger than five containing one of the seesaw fields, for example, since these
always imply a dominant contribution from the dimension-five Weinberg operator. Even if
the same couplings are not present in both diagrams, there is no reason, on this view, for one
coupling to be very much larger than another, making the tree-level contribution dominant.

An alternative approach might be to filter out only those completions that necessarily
lead to subdominant contributions to the neutrino mass in all regions of parameter space.
Naively it seems that neutrino-mass mechanisms involving different couplings would all
survive the filtering process in this case, since the relative ordering of the contributions
from each diagram depends on the chosen values of the coupling constants. This is in
general only guaranteed if a symmetry is recovered in the Lagrangian when one coupling
is turned off, so that the forbidden coupling is not generated at some higher order in
perturbation theory. We call this approach stringent filtering, since the conditions for
removing a model are more difficult to satisfy.

For our results in section 5 we take an intermediate view, leaning more towards the
democratic side. We filter on the basis of particle content, but always keep track of the
baryon-number assignment of the field. We then keep models with identical SM quantum
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numbers if the baryon-number assignments of the fields differ. With a concrete example,
we treat () ~ (3,1, 1) in (L'QI) M ejey and y(Q'Q7)¢"F ¢jey as different fields.

In practice, we enumerate the completions of the operators in order of their estimated
contribution to the neutrino mass. We associate a prime number with each exotic field
encountered, including baryon-number as a distinguishing property. Models then corre-
spond to products of prime numbers. As we explode each operator in order, we remove
models from the list of completions if their characteristic number is divisible by that of
any models already seen. In this way, we remove those mechanisms that are subdominant
contributions to the neutrino mass in the democratic sense.

We emphasise that this procedure is not sufficient to fully ensure that the remaining
models are genuinely dominant contributions to the neutrino mass. For example, it may be
the case that the Weinberg operator is generated by loops of a subset of the exotic particles
in one of our models. We are not sensitive to these models since we are concerned only with
tree-level completions of the operators. One-loop contributions to the neutrino mass from
heavy loops can be diagnosed easily on topological grounds. For example, topology T-3 of
ref. [33] will come about whenever the neutrinos in the diagram are connected by a single
exotic fermion [60]. At two-loops, one could check the full gauge- and Lorentz-invariant
Lagrangian for each model against table 1 of ref. [27], for example. We do not include this
in our default filtering procedure, since it would require generating the full Lagrangian of
each model. This is a computationally prohibitive task, especially since table 4 suggests
that the completions of some operators can contain up to six exotic fields. Should any
model from our database be chosen for further study, the full Lagrangian can be generated
with the functions in our example code and studied for the presence such heavy loops.
We note that sometimes the presence of a heavy loop can be diagnosed from the neutrino
self-energy graph, or even the tree-level topology, and we give a detailed example of such
a case in section 5.2.1. An additional filter on the models that goes beyond our initial
tree-level filtering analysis is the possibility of exotic fields gaining vacuum expectation
values. In this case, diagrams may exist that imply larger contributions to the neutrino
mass than that suggested by our approach, and we are not sensitive to these since they
generate exotic operators other than the Weinberg operator at the low scale. Examples
are presented in refs. [90, 91], where in both cases a two-loop completion of the Weinberg
operator also generates the exotic operator LLH O3, where O3 ~ (1,4, %)g

We note that our model database [92] contains both the unfiltered completions of the
operators in table 8, as well as the models filtered according to the above method. Our
example code also includes functions for filtering on interactions rather than fields, and
finding U(1) symmetries present in models’ Lagrangians. Thus, the results presented in
section 5 and table 8 can be readily reproduced with alternative filtering criteria, philoso-
phies or approaches.

5 Models

In this section we present the radiative models derived by exploding the AL = 2 operators
catalogued in table 8. We give an overview of the models, and explore their particle content
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and the effects of the partial model-filtering method we present in section 4.2.2. We do not
provide the entire listing of models here because there are very many, but instead give some
examples. We point the interested reader to our database for the full searchable listing.

We distinguish the terms ‘model’ and ‘neutrino-mass mechanism’ or ‘AL = 2 La-
grangian’ in this section. By model we mean a collection of particle content. Those same
multiplets may have many combinations of couplings that violate lepton-number by two
units, leading to meany neutrino-mass mechanisms, or AL = 2 Lagrangians. We use the
word ‘completion’ here to mean a neutrino-mass mechanism derived from a particular ef-
fective operator. Used in this way, the same AL = 2 Lagrangian may be shared by two
completions, but they correspond to the same model. We also remind the reader that we
use the words ‘field” and ‘multiplet’ interchangeably.

We note here that the following analysis does not include the dimension-eleven general-
isation of the Weinberg operator O, since the operator has an unwieldy number of topolo-
gies and the relevant tree-level completions have already been studied in the literature [34].

5.1 Overview

The models are generated by running the algorithm summarised in section 3.3, as found in
our example code, on our catalogue of the AL = 2 operators. The results for the number
of completions before and after filtering are presented in table 8. In the language of
section 4.2.2, we use the democratic filtering procedure with the neutrino-mass scale as the
filtering criterion for these data. We note again that this leaves us with an overestimate
of the actual number of genuine neutrino-mass models. Even so, one can see that 54
operators end up with no completions after filtering, ruling them out as possibly playing a
dominant role in generating the neutrino masses, at least according to our model-building
assumptions. The complete list of unfiltered AL = 2 Lagrangians and tree-level completion
diagrams is compiled in our database, and the documentation provides information for how
to perform different kinds of filtering on the models.

The database contains 430,810 inequivalent AL = 2 Lagrangians before filtering.
Counted democratically (i.e. by particle content) these correspond to 141,989 unfiltered
models. Of the distinct Lagrangians, only around 3% (11,483) survive democratic filtering
with the neutrino-mass criterion. This corresponds to 11,216 distinct models. In our fil-
tering analysis we also incorporate information from the one-loop study of the Weinberg
operator'® done in ref. [26]. We generate a listing of the models from tables 2 and 3 of
ref. [26] with hypercharges that are multiples of 1/6 in the range [—3, 3] and ranges for the
SU(3). and SU(2)y, representations that cover those of the exotic fields featuring in our
models. We remove the completions in our listing that contain a subset of these fields and
imply neutrino masses suppressed by more than one loop factor, since the models presented
in ref. [26] generate the Weinberg operator at one loop.

We visualise the number of models with democratic and no filtering in figure 12 broken
down by mass dimension. After filtering there are three models at dimension five, 16

13We anticipate the number of models in our database generating the Weinberg operator with exotic
loops at higher-loop order to be small. Such models would need to contain upwards of four exotic fields,
and it becomes increasingly less likely that a model will contain a subset of these fields to be filtered out.
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Figure 12. The bar chart shows the number of distinct Lagrangians derived from operators of
different mass dimension. The orange bars show the number of distinct unfiltered models. The blue
bars show the number after democratic filtering. The number of filtered completions grows with
mass dimension.

models at dimension seven, 244 models at dimension nine and 10,969 models at dimension
eleven.' It is clear that the number of filtered neutrino-mass models grows with operator
dimension, which is perhaps unintuitive. For any high dimensional operator, there are
competing effects influencing the number of viable completions. First, the large number
of models derived already from lower-dimensional operators means that the chances some
model will be filtered out are larger. Second, high dimensional operators involve more
fields, meaning that there are more combinations of contractions that can be made, and
therefore more completions expected. Despite the increased filtering odds, evidently the
combinatorial explosion of different models wins.

In figure 13 we present data relevant to the number of fields present in the models.
Figure 13a shows the number of exotic scalars and fermions present in the completions.
Despite the fact that the UV topologies associated with some derivative operators allow
completions containing no scalars, we find that only the Weinberg-like operators keep their
fermion-only models after the democratic filtering procedure. By far the most common
kinds of models contain five heavy fields, especially three fermions and two scalars, or two
fermions and three scalars. This is due to the fact that, as is clear from figure 12, most of
the models generate dimension-eleven operators. In figure 13b we show the estimated new-
physics scale A against the number of fields featuring in the models. With the exception
of one model with two fields, those required to lie at collider-accessible energies contain
three or more fields. Models with few fields that imply suppressed neutrino masses, or
equivalently a low new-physics scale, have a kind of selection pressure acting against them:
since there are few fields, it is likely they will arise in the completion of other operators, that
generally will filter out the former and imply a larger value of A. At dimension-seven, for
example, Og is generated by models featuring two fields and predicts that these should not

14YWe note that the sum of these numbers is not 11,216 since one model can generate multiple operators
of different mass dimension in a way consistent with our neutrino-mass filtering criterion.
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Figure 13. (a) The number of filtered models containing different numbers of exotic scalar and
fermion fields. Most models contain five fields, with the most common combination being three
fermions and two scalars. The fermion-only models are associated only with Weinberg-like opera-
tors. (b) The rough upper bound on the new-physics scale A shown against the number of exotic
fields introduced in the models. The black dots show the upper bound on the scale of the new physics
for each model. A given black dot generally denotes more than one model. Each strip is a smoothed
histogram of the number of models having a given A as the new-physics upper bound for the specified
number of fields. A sizeable class of models are testable at current or future collider experiments.

be heavier than about 15 TeV. However, of its four tree-level completions, only one survives
the filtering procedure. This is the outlier two-field model evident in the figure. It was first
derived'® in ref. [32] and later in ref. [35]. The model contains the fields II; ~ (3,1, 3)g
and Q7 ~ (3,2, %) . We list the models containing three exotic fields that are required to
lie below 100 TeV in section 5.2.

Of the unfiltered 430,810 models, close to 67% (290,492) contain at least one of the
seesaw fields: N ~ (1,1,0)p, 21 ~ (1,3,1)g or ¥ ~ (1,3,0)p. We present the exact
breakdown by the interactions involved in the models in table 5. These are by far the

5We note that the other completion of Os listed in ref. [32] also generates Oso, through a diagram which
dominates the neutrino mass.
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Field Interactions AL = 2 Lagrangians Models
LHN 51,245 (11.9%
N~ (1,1,0)F (11.9%) 17,139 (17.1%)
Other 12,433 (2.9%)
LHY 87,535 (20.3%)
Other 28,157 (6.5%)

(
(
(
LLZ, 59,791 (13.0%)
(
(
(

S~ (1,3,0)F 31,629 (31.5%)

HHE! 95410 (22.1%)
Both 10,323 (2.4%)
Other 30,761 (7.1%)

=~ (1,3,1) 51,576 (51.4%)

Table 5. The table shows the number of unfiltered models in which the seesaw fields appear. The
category ‘other’ includes interactions such as LN, where one of the SM fields in the interaction has
been replaced with an exotic copy, as well as couplings involving other exotic fields whose quantum
numbers are unrelated to those of SM fields.

most common fields appearing in the list of unfiltered models. Since our default filtering
philosophy in this analysis is democratic, all of these are absent from the filtered list of
models, and they only appear in completions of the Weinberg operator and Ops.

The distinct exotic fields appearing in the completions number 171, although five fields

are completely removed following filtering. These are (6,1, %);/3, (6,3, %)}g/g’, (1,3,3)Q,

(1,5,2)% and (6,1, %)}g/ 3, where the superscript represents the B assignment of the field.
There are 83 different scalar fields and 83 different fermion species. We distinguish three
broad classes of scalars on the basis of their interaction with the SM fermions: leptoquarks,
diquarks and dileptons. For exotic fermions we differentiate between those arising from con-
tractions between the Higgs and a SM quark (vectorlike quarks), and the Higgs and a SM
lepton (vectorlike leptons). The relative frequencies with which these field classes appear
in the filtered completions are shown in figure 14 as pie charts. The wedges represent the
number of Lagrangians in which the field couples as a leptoquark, diquark, dilepton, vec-
torlike quark or vectorlike lepton. We label fields coupling in all other ways as ‘other’ in the
figure. The most represented family of scalars are leptoquarks, with the most common field
being I17 ~ (3,2, %) s, commonly called Ry in the literature [93]. This leptoquark appears
in simplified models of R, and the neutral-current flavour anomalies like Ry (), see e.g.
refs. [90, 94-97]. It was recently shown to be able to reconcile the discrepant measurements
in the anomalous magnetic moments of both the muon and the electron [98, 99]. The second
most common scalar appearing in our neutrino-mass models is ¢ ~ (3,3, %)5, frequently
referred to as S3. This leptoquark is a popular explanation of the neutral-current b — s
anomalies such as R (., see e.g. [95, 100-103]. The most frequently encountered fermions
are vectorlike quarks, with the most common being 75 ~ (3, 3, %) . It contains components
that mix with both the up- and down-type SM quarks. We emphasise that the plots and
numbers presented here are directly related to our filtering and model-counting conven-
tions. In figure 14 for example, we do not count fields just by their quantum numbers, but
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Rank Edge

1 (3,3,3)r, (3,4,%)s
2 (3,2,3)s, (3,2, %)
3 (3,3,2)s, (3,2, 5)s
4 (3,2, D), (3,2, 8)s
5 (3,3, 3)r, (3,4, D)
6 (3,3,3)s, (3,4,5)s
7 (3,2,8)r, (3,3,3)s
8 (3,3,3)r, (3,2, 2)F
9 (3,2,3)s, (3,3, 2)s
10 (3,2,0)s, (3,2, 2)F

Table 6. The table shows the pairs of fields that most often appear together in the filtered
completions of the AL = 2 operators we consider. In the context of the graph of field connections
introduced in the main text, these are the top ten edges by edge weight. Many of the connections
can be understood on the basis of common couplings to SM fields, especially L and H. For example,
(3,3,2)r®L ~ (3,4,1)s and (3,3,2)s®H ~ (3,2, I)s. All of the fields in the table have |B| = 3.

also include coupling information as discussed above. Additionally, we count independent
Lagrangians as different models rather than just counting distinct sets of fields, which is
perhaps more in line with our ‘democratic’ approach to filtering. We note that the qual-
itative features discussed here are all relatively robust against these different conventions.
We encourage the interested reader to explore our model database to see how different ap-
proaches to filtering and counting can answer specific questions they may have of the data.

We are also interested in the connectivity between fields as they feature in the models.
To explore this we study a graph in which each vertex represents one of the 163 exotic fields
introduced in the completions that contain at least two fields, and an edge is drawn between
fields featuring together in a model. The graph is shown figure 15. The exterior sectors at
each node represent the number of degree of the node. The edges in the graph are weighted
by the number of times the corresponding pair of fields appears in the models; this is shown
with a linear colour scaling in the figure. There are 3036 edges in the graph, and the average
node degree is approximately 37. About a fifth of all possible connections in the graph are
realised. The ten most heavily weighted edges, representing the ten most common pairs
of fields appearing in the models, are shown in table 6. Many of these correlations can be
understood on the basis of common contractions in the derivation of the models, especially
those involving H or L. There is a propensity for scalars and fermions with the same gauge
quantum numbers to appear in models together. This seems to come about from the fact
that H ® L is a gauge singlet but transforms like (2, 1) under SU(2);+ ® SU(2)—. We note
that all of the fields in the table have |B| = %, and so this edge cannot come about from
(3,2,9) p®d~(3,2,%)s.
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Figure 14. The number of models in which each field appears in the completions shown as a
pie chart for scalars and fermions separately. The exotics are distinguished by their couplings to
SM fields. (a) The pie chart of scalar fields appearing in the completions. Primed fields represent
leptoquarks whose baryon-number assignment allows only the diquark couplings. (b) The pie chart
of fermion fields appearing in the completions. See table 2 or ref. [38] for the convention used for
the field names.
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Figure 15. The graph is a representation of the connectivity between exotic fields in the neutrino-
mass models. Each node represents an exotic field and edges connect fields featuring together in a
neutrino-mass model. The colour is an indication of the weight of the edge, i.e. the number of times
the two nodes appear in models together. The graph is clustered into roughly five communities
within which there are many mutual connections. Only a handful of node labels are shown.

5.2 Example models

In this section we present some example neutrino-mass models, illustrating use cases of the
model database, aspects to be careful of in its use, and representative features of the novel
models derived from dimension-eleven and dimension-nine operators.

5.2.1 Simple models at the TeV scale

We are particularly interested in models that are simple, in the sense that they involve few
exotic fields, and testable, in that they predict new physics at currently or nearly accessible
energy ranges. We query our model database to return models featuring three fields or
fewer with the estimated upper bound on the new-physics scale required to be between
700 GeV and 100 TeV. The results of the query are presented in table 7. There are twelve'6
models listed, only one of which has explicitly appeared before in the literature to our
knowledge: the completion of Og discussed in section 5.1. It is interesting to note that the

16\We note that there are technically more models: those for which the colour-sextet fields in table 7
are replaced with colour triplets, with a corresponding baryon-number assignment such that the same
interactions as the sextet are picked out.

48 —



scalar leptoquark!” Ty ~ (3,2, %) s appears in almost every model listed in the table. This
suggests that our general analysis of the frequency of fields appearing in the completions
in section 5.1 may look different if specific selection criteria are placed on the data. We
have checked the full Lagrangians implied by the field content of each model and found
that seven of the models listed in the table imply the generation of the Weinberg operator
through heavy loops. We emphasise that these non-genuine completions are potentially
interesting and new radiative models, although the neutrino self-energy diagram will look
different to that implied by the closure of the tree-level graph from which the model was
derived. This means that the bound on the implied new-physics scale is in general higher
than that suggested by the closure of the original operator. In this class are all of the
models for which the upper bound on the new-physics scale is larger than 15TeV. This
means that there are only five models in our database with fewer than four fields for which
the upper bound on A is between 700 GeV and 100 TeV, and they all predict new physics
below 15 TeV. In the following we present two example models from the table:

1. We look at one of the models — the one derived from Ogg, — that generates the
Weinberg operator through a heavy loop. We intend this to be an example of how
this phenomenon can appear and how it is easy to diagnose in some cases.

2. We present a brief study of the implications for neutrino mass implied by the model

given in the last row.

Model derived from Ogop. The model derived from Ogop is especially simple since it
does not require the imposition of U(1)5. The exotic fields introduced are Ay ~ (1,2, 3)F,
S~ (1,1,1)g and x ~ (1,2, %)S The additional interaction Lagrangian necessary to
generate Oggp at tree level is AY = % — V, with

—gy = mAlAlAl + l’[rs]LiLgsleij + yrérﬁziﬁjéij + ZTéT)ZiA{Eij s (51)
V =mk 8|S+ mixty + wH\IS]S]e;; . (5.2)

This implies that the neutrino-mass mechanism depends on 13 new parameters: nine
Yukawa couplings, w and the three masses; although there are a much larger number of
terms present in the full Lagrangian of the model. Importantly, one of these is w;Lan{Sl €ij
which we now show is sufficient to generate the Weinberg operator through a two-loop di-
agram containing one heavy loop.

The tree-level completion diagram and the neutrino-mass diagram relevant to the
model are shown in figure 16. There are two- and three-loop neutrino self-energies, where
the three-loop models arise by connecting the H and H' lines in figure 16b in all possible
ways. In this case, the first part of the fermion line (highlighted in figure 16b) can be
replaced with the aforementioned LAS; vertex so that the left loop contains only S;,
and the Dirac fermion A; + AI. (It can also be noticed from the tree-level opening in
figure 16a that the A; line can be connected directly to one of the LLS; vertices, giving

1"We mention parenthetically that although this leptoquark does not possess diquark couplings, baryon-
number violation does occur through a term in the scalar potential. The leading-order contribution is
through a dimension-ten operator mediating p — mt7 e vv [104].
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Field content Operators A [TeV] Dominant?

(3,2,%)s, (3,2, ) 8, D15 15 Y
(1,2,)r, (1,1,1)s, (1,2, 3)s 620 16 N
(3,2,2)s, (3,2, 2)r, (3,2, 3)s 8 1 N
(3,1,3)s, (6,2, %)s, (3,2, 3)F 24 f 89 N
(3,3,3)r, (6,2,1)s, (3,2,3)s 24d 89 N
(3,2,2)s, (1,2, 3)p, (3,2,3)s g 1 N
(3,3,3)r, (6,4,1)s, (3,2,3)s 24 f 89 N
(3,1, 3)r, (6,2,3)s, (3,2,8)s 24d 89 N
(6,2,0)r, (8,2,1)s, (3,2, 3)s 20 0.8 Y
(6,1,3)s, (6,1,3)F, (3,2,3)s 20 0.8 Y
(6,2,2)s, (3,2,2)r, (3,2,8)s  50a,b 10 Y
(6,2,3)s, (3,2,2)p, (3,2, 3)s 50a, b 10 Y

Table 7. The table shows the models in our filtered list that contain fewer than four fields with
the estimate of the upper-bound on the new-physics scale A in the range 700 GeV < A < 100 TeV.
Models containing colour sextet fields can be replaced with the corresponding colour-triplet fields
with a different baryon-number assignment. The fields and models are listed in no special order.
The scalar leptoquark II; ~ (3,2, %) appears in almost all of the models listed. Completions marked
as non-dominant may be viable and interesting neutrino-mass models, but the main contribution to
the neutrino mass does not come from the closure of the tree-level diagram from which the particle
content was derived. This means, among other things, that the upper bound on the scale of the
new physics associated with the model will differ to that presented here.

rise to a loop-level completion of Oy.) This heavy-loop neutrino-mass diagram, although
interesting in its own right, predicts a different mass-scale for the exotic fields (roughly
10° TeV), and a different structure for the neutrino-mass matrix.

A genuine low-scale model. Below we present a brief exploration of the model de-
rived from sy that contains the exotic fields ¢ ~ (6,2,—%)F, Im; ~ (3,2,%)5 and
Qs ~ (3,2, —%) r. The estimate for the neutrino mass derived from the operator clo-
sure suggests this model’s exotic particle content should live roughly below 10 TeV. The

corresponding AL = 2 Lagrangian we write again as A.Z = %4 — V, with

- % = :U,«SL:;CZSCLH({JQ]' + yr¢{ab}i’ljmc_2éb6¢j + ZTJTaHngjEZ'j + h.c. (5.3)
V= Aﬁiaﬁ{b¢{ab}kHl(eikejl + Eilejk) . (54)

We note that U(1)p must be imposed on the Lagrangian to prevent terms like II3H f,
9|41 and |I1;|?I11¢ that destabilise the proton in the presence of the Yukawa interac-
tions of eq. (5.3). The field ¢ only couples to SM fermions together with @5 in this model,
and so it generates no dimension-six operators at tree level. The completion graph and one
of the neutrino self-energy diagrams are shown in figure 17. The tree-level topology is again
2s6 f4, and the neutrino masses are realised at three and four loops, with the additional
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Figure 16. (a) The furnishing of the tree-level topology, labelled 2s6f, in our scheme, that
generates Ogop at tree level. The interactions allowed in the theory are such that the A; line can be
connected straight into one of the LLS; vertices in place of an L, leading to a loop-level completion
of Oy. (b) The neutrino self-energy diagram relevant to the non-genuine completion of Ogayp. It is
clear that this diagram does not represent the dominant contribution to the neutrino mass, since
the highlighted collection of fields can be replaced with the interaction AyLS;. This leads to a
diagram with heavy loop involving Aj, x and S;, which dominates the neutrino masses. In both
cases, the relevant topology is CLBZ-7 in the classification of ref. [27].

loop arising from the connection of an H and HT. One of the loops involves a W boson,
and so the diagram does not fit into existing topological classifications. The three-loop
diagram is similar to the topology Dé\/l of ref. [28], with one of the scalar lines replaced
with a vector boson. The W boson line must connect to @ in the diagram, but could end
on any field with non-trivial SU(2), charge. The connection to the L line is shown, since
the loop integral then depends on leptonic flavour indices, which can change the structure
of the neutrino-mass matrix. There are also several ways of connecting the Higgs lines and
only one combination is shown in the figure. The four-loop diagrams will be the dominant
contribution to the neutrino masses for exotic fields above 47v =~ 2 TeV.
The neutrino-mass matrix in this model can be estimated as
2 2

[mu]rs = (123_2)3 (11;2 + 16171'2> jlxt’zu,:v ZUrthyZ [mu]uvuv [md]vxsvlrstuv + (T <~ 5) 5 (55)
where the V,.; are CKM matrix elements, A is the generic UV scale, and I, is the loop
function. The dependence on the masses of the up- and down-type quarks implies that
the largest contributions to the neutrino masses will come from loops containing top and
bottom quarks. If the parameters y; 2, 2,1 and x,2 play no significant role in the physics
of neutrino mass, then the matrix will have rank 1 if the loop function carries no leptonic
flavour indices. It may be the case that an additional generation of @Qs, ¢ or II; is therefore
required for the model to successfully reproduce the measured pattern of neutrino masses

and mixings.
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(a) (b)

Figure 17. (a) The tree-level completion diagram for the model derived from exploding Oso and
discussed in the main text. The topology is 2s6 f, in our classification scheme. The closure involves
an arrow-preserving loop connecting the df to one of the d lines, and the W-boson closure motif
discussed in section 4.1. (b) One of the neutrino-mass diagrams relevant to the model derived from
Os0. There is a three-loop diagram with the H line broken into an HT, H pair that generates the
dimension-seven generalised Weinberg operator. The four-loop diagrams all involve connecting the
H' to each of the three H legs in the diagram. There are also multiple places the W could end
in the diagram, although it must couple to the @ line. The four-loop diagrams will give larger
contributions to the neutrino mass than the three-loop diagrams for A 2 2 TeV.

5.2.2 A model derived from a derivative operator

We move on to discuss a model generating the single-derivative dimension-nine operators
Op10ap,c- The estimated upper-bound on the exotic scale is close to 1.5 x 103 TeV in this
case. The model contains the fields p ~ (1,2,%)5, Qs ~ (3,2, %)F and X1 ~ (1,3,1)p.
Such two-fermion-one-scalar models are unique to completions of single-derivative operators
at dimension nine.

The part of the Lagrangian relevant to lepton-number violation is

—AY = mrLiZijk}H,Ieij —I—eripjiikl}eikejl —{—ZTCZTaHngjEij +wrampngjeij +h.c. (5.6)

The only additions to the scalar potential are the expected |p|?|H|? and |p|* terms, and
these play no role in the lepton-number violation. Notably, there are no Yukawa couplings
involving Qs, and the field p generates no dimension-six operators at tree-level, since the
naively expected coupling H* HI H* pr€;j vanishes. The model also has the nice feature that
no baryon-number violating interactions are present.

The tree-level completion diagram and one of the neutrino-mass diagrams are shown
in figure 18. The completion diagram has topology 2s4 fs, which requires one of the heavy
fermions to have an arrow-preserving propagator. The neutrino-mass diagram shown is
cocktail-like [105], although there are also two-loop diagrams generating O} at the low
scale, as well as other diagrams with the W and H lines in different places. The topology
of the neutrino self-energy diagram is similar to D{¢ in ref. [28].
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Figure 18. (a) The tree-level completion diagram for the model that generates the single-derivative
operators Opig,ap,c and discussed in the main text. The topology is 2s4fs in our classification
scheme. This class of topologies is only relevant to single-derivative operators, and contains an
arrow-preserving fermion propagator, that of @5 in the diagram. The closure of the diagram involves
a W-boson loop, similar to that required in figure 17. (b) One of the neutrino-mass diagrams relevant
to the model generating Opipap,c. The diagram generates the Weinberg operator as drawn, but
additional diagrams exist with the central H line cut into an H, H' pair that generate O} instead.
These diagrams will only be relevant for exotic masses less than about 2 TeV. Additional three-loop
diagrams exist in which the Higgs coming from the ¥; LHT interaction loops into any of the other
external H fields. The W boson must connect to the @ line, but could end on any other field with
non-trivial SU(2), charge. The topology is cocktail-like [105], and resembles D in ref. [28].

The flavour structure of the neutrino-mass matrix has the approximate form

2
g~ 1 «
virs — ry rds Vu u uIrs u . 5.7
[m ] (167‘(2)3 A %:y TsWy Zt[md}t t[m ] tu + (T‘ A S) ( )

)

The dependence on the up- and down-type mass matrices, as in the example presented in
section 5.2.1, means that the couplings wi 2 and 22 will not play an important role in
generating the observed pattern of neutrino masses and mixings. In this case the matrix
has at least rank 2, even if the leptonic-flavour structure of the loop integrals I, is flat.
Thus, the structure of the neutrino masses and mixing parameters emerges mostly from
the six parameters z, and y,.

5.2.3 A model of neutrino mass and the flavour anomalies

Here we present a model designed specifically to generate a particular set of dimension-six
operators. The example is motivated by the recent flavour anomalies: deviations from the
SM seen in charged- and neutral-current B-meson decays. Key examples are the lepton-
flavour-universality (LFU) ratios [106-112]

I'(B — D%7v)
['(B — D®w)

Ry = with ¢ € {e,u}, (5.8)

for which the combined significance of the deviation from the SM is 3.1¢ [113], and

[(B = KWpup)
RK(*) - F(B—)K(*)ee) ) (59)
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both measured to be about 2.50 away from Ry, ~ 1 [114, 115]. Along with the ratios
Ry sit a large class of discrepant measurements in b — sf¢ processes. These include
differences from the SM expectation of angular observables in B — K*puu [116-119] and
suppressed branching ratios measured for B — K®)puu [120] and By — ¢up [121]. The
LFU ratios given in egs. (5.8) and (5.9) are theoretically very clean, since a large part of
the theory uncertainty cancels in the ratio.

In the following we adhere to the conventions'® of ref. [122] relevant to the Warsaw
basis for the SMEFT and the flavio basis [123] for the Weak Effective Theory (WET).
The leptoquarks w; ~ (3,1, )S and II7 ~ (3,2, )5 can provide an explanation of the
anomalies in Rp.) with contributions to the SMEFT operators

—4c® f
(C) N33 = { e (5.10)

lequ 4[0(3) ]3332 fOI‘ H7 ’

lequ

since they have Yukawa couplings to left- and right-handed SM fields. [We note that
eq. (5.10) holds at the high scale, and the relation between the operators is altered by
running.] The Yukawa terms are

—Ly, = frsLrQswi + grsé:[ﬁlwl +h.c. (5.11)
—L11; = Trs Letis Iy + yrsel Q17 + hic. (5.12)
and these imply
) 23519232 for wy
¢ _ o1
2m2H
7

at tree level. A satisfactory explanation of R requires O(1) couplings, e.g. [90, 124],
and for II; fits are consistent with the operator coefficient being purely imaginary, e.g. [95].

The b — s data can be explained by the tree-level exchange of the leptoquark ¢ ~
(3,3,3)s, which generates

[Cl( Nanas = 3[0( o223, (5.14)

relevant for the neutral-current anomalies. Fits are usually performed to four-fermion
operators in the WET, defined below the electroweak scale. For the b — s¢¢ data, a good
fit is given for [125]

s s e 4G\ 3
Chem — _cban — <Vt,,v;s 67 s G +C) = 05 (5.15)

It was pointed out in ref. [125] that there exists a mild tension between the fit to Ry«
and the other anomalous b — s data, which can be reconciled with an additional LFU
contribution to Cbsa such that

C¥M 044 and O~ —05, (5.16)

'8These can be accessed easily at https://flav-io.github.io/docs/operators.html.
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for ¢ € {e,u,7}. A potential source of this universal contribution to Cy is new physics in
four-quark operators like [125]

[0 12322 = (Q27,,Q3) (u27"112) , (5.17)
which can be generated, for example, by ® ~ (8,2, %) 5. The relevant Yukawa terms are

— Ly = wrsQ g ®% e + hic. (5.18)

and a contribution of about the right size to C’SS“ can be generated while avoiding dijet

exclusion bounds from the LHC for mg ~ 2 TeV and |waz], |wsz| ~ 1 [125].

We construct a UV model that contains ¢ and ® as well as one of wy or II7 in an
attempt to incorporate this explanation into a model of neutrino mass. We emphasise
that our goal here is not to present the most elegant or motivated model of neutrino mass
and the flavour anomalies, but rather to show that our database can be used to motivate
complex models with a specific structure.

We query the filtered model database for neutrino-mass models that contain the inter-
actions Qu®, needed to generate (’)((1}2; LQ¢, needed to generate CSS“ M= —Cfg“ . and one of
wy or Il7, required to explain Rp.). Our query returns a number of models, and we choose
one to study briefly below. We note that none of the models involve the leptoquark wy, and
none feature the interaction e'Q'Il;, implying some freedom in the explanation of Ry
since the couplings y,s of egs. (5.12) and (5.13) will be unrelated! to the neutrino mass.

The model contains the additional fields ®, ¢, II; and n ~ (8,1,1)g, necessary for
lepton-number violation. It generates Osgp, which implies an upper bound on the new-
physics scale of roughly 107 TeV. The additional piece of the Lagrangian is A.¥ = % —V,
with

~ Ly = 2 LB e + yrset Q1 T8 + 2, LEQIVCTF D ey + w,sQ¥ D% ey

sai

+h.c. (5.19)
V= kH'®n e;i + NHp% T, (P egpesy + b 4 -+ (5.20)

where we have only shown the part of the scalar potential relevant to lepton-number vio-
lation in this model, since the full expression contains a large number of terms. The lep-
toquark ¢ has a diquark coupling which we forbid by imposing U(1)p on the Lagrangian,
assigning baryon numbers of —% and % to ¢ and II7, respectively. (All other exotic fields
have B = 0.) The model contains 33 free parameters, although not all of them are necessary
to address the flavour anomalies and generate viable neutrino masses.

YExpanding our search criteria, we find no viable models in the database in which both sets of couplings
presented in egs. (5.11) and (5.12) feature. This can be understood in the following way. Any neutrino self-
energy diagram containing both couplings will also imply another where &'@fw; or efQTII; is replaced with
the corresponding coupling to L, which contains a neutrino field. This generally gives a larger contribution
to the neutrino mass, since the closure of the diagram containing the € will involve an additional loop with a
W boson. Thus, diagrams with both sets of Yukawa interactions to SM fermions relevant to wi and Il7 are
likely to be removed by our filtering procedure. We note that, after studying the unfiltered list of models, we
find that some models can be engineered so that a sizeable (but not dominant) contribution to the neutrino
masses does come from such diagrams involving both sets of leptoquark-fermion Yukawa couplings.
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The tree-level completion diagram and the neutrino self-energy diagram are shown in
figure 19. The neutrino mass arises at two loops, and the topology has the feature that
no fermion propagators are arrow-violating. This implies that the neutrino masses are
not proportional to any SM-fermion masses. This feature has been studied before in the
context of a specific UV model in ref. [49]. The phenomenon is particular to models derived
from operators whose closures feature arrow-preserving loops, as discussed in section 4.1.
From a model-building perspective, one consequence is that the neutrino masses need
not be dominated by Yukawa couplings to SM fermions of the third generation. Indeed,
motivated by the pattern of operators required to explain the flavour anomalies, we adopt
textures for the Yukawa couplings of eq. (5.19) that imply dominance of the bottom-quark
couplings for ¢, but the charm-quark couplings for II7:

0 I12 0 00 Z13
X=10z2020|, zZ2=10 29 293]| > (5.21)
0 32 0 00 Z33

where the additional coupling z99 is required to generate the relevant dimension-six opera-
tors [(98’3)]2232. Interestingly, the minimal set of couplings w,, that gives viable neutrino

masses while incorporating the key ingredients required to generate both [Ol(ql ’3)]2232 and
(1,3) .
[Olequ 3332 s
0 00
W = 0 w22 0 5 (522)
0 w32 0

which is exactly the correct set required to also generate the operator given in eq. (5.17).
Thus, there is a natural connection in this model between the explanation of the charged-
and neutral-current anomalies through the neutrino masses. With the exception of ys3, all
of the couplings featuring in the explanation of the flavour anomalies also play a role in
the generation of the neutrino masses. The structure of the neutrino-mass matrix is

A 02
[l’ny]rs ~ WF Z[Zrtwtuxsu + (7" < 8)]
. e (5.23)
K v

mp[%zwm%z + zZr3Wwsaer + (1 ¢ 9)).

The matrix is rank 2, and so implies an almost massless neutrino. Since there is no
suppression of the neutrino-mass scale by SM Yukawa couplings, we distinguish the UV
scales A and k so that

A ~ max (m¢, ma, My, mr,) (5.24)

and consider the region of parameter space in which Ax < A.

An explanation of the flavour anomalies in this picture can be achieved with O(1)
couplings for IT7; and ® at a few TeV, and ( at tens of TeV. We take 7 slightly heavier at
~ 50TeV to decouple its phenomenology and aid in suppressing the neutrino mass. This
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implies Ax ~ 0.05 GeV for neutrino masses saturating the atmospheric bound. This choice
is technically natural, since in the limit of vanishing A or x the Lagrangian regains U(1).
We rewrite eq. (5.23) as

[mu]rs = mO[«TSQ(ZrQwQQ + Zr3w32) + (7’ A S)] ) (525)

where mo ~ Axv?(1672)72m, 2. This allows for the adoption of a Casas-Ibarra-like

_—
parametrisation of the vectors x4 and

213W32

Z = | zoowaz + 223w32 | (5.26)

Z33W32
so that [32]

Ty — \/2%0 (gl + i/aus) | (5.27)

1
Zy = e (Vs — i) (5.28)

where the u; are the ith columns of the PMNS matrix; m; are the neutrino masses, fixed
by the measured squared mass differences and the choice of normal ordering; and £ is a
free complex parameter. We find, for example, that the choices m¢ = 2TeV, mp, = 1 TeV,
m¢ = 15TeV, m, = 50TeV, Ak = 0.05GeV, & = €32 zpq = 1, weg = —wse = 1 and
y33 = 2e? give approximately the right values to generate the pattern of dimension-six
operators discussed and explain the flavour anomalies. This includes the additional lepton-
flavour universal contribution to C§*, discussed in ref. [125]. Although a more detailed
study of the phenomenological implications of the model is beyond the scope of this simple
example, we have shown how a specific UV scenario can be embedded into a radiative
model in a way consistent with the measured neutrino masses and mixing parameters.

6 Conclusions

We have described a procedure for building UV-complete models from effective operators
in a way amenable to automation. We have applied the algorithm, as found in our publicly
available example code [37], to the AL = 2 operators in the SMEFT up to and including
dimension eleven, producing just over 11,000 minimal and predictive models of radiative
Majorana neutrino mass. We share our complete listing of models, as well as the set
reduced by model filtering, in our searchable model database [92].

Our analysis includes new operators that have not appeared in previous catalogues,
along with updated estimates for the upper bounds on the new-physics scales associated
with these. We performed a preliminary study of the UV models, showing that the most
represented exotic fields featuring in the completions are leptoquarks. We find that a
number of simple models predict new physics that must live below 100 TeV. Adding the
additional requirements that the models contain fewer than four exotic fields and that

— 57 —



\\ H B L
\\ | /r/
¢ Y-V,
n ! H
4 /’
, »
'/'\\ ///I\\\
_- P NA .
H A ¢ 7 ! DN B
| V3 & 4
/\\ 7 O H R
7 N
Q U L Q u L

Figure 19. (a) The figure shows the tree-level completion diagram for the model constructed to
address the flavour anomalies and neutrino masses. The topology is labelled 256 fo in our scheme.
The closure contains two arrow-preserving loops, which arise by looping the u into the @ and
the Q into the Q. (b) The self-energy diagram for the same model. The diagram has a CLBZ-10
topology in the language of ref. [27]. The neutrino masses are not suppressed by SM-fermion masses
on account of the arrow-preserving fermion lines. This feature raises the bound on the new-physics
scale relevant to the model, but also allows couplings to the second generation of fermions to play
a role in the physics of neutrino mass. This is beneficial in our case since many of these couplings
are involved in generating the pattern of dimension-six operators that motivates this example, and
so provides for a more intimate connection between the flavour anomalies and neutrino masses.

the new-physics scale should be larger than 700 GeV gives at most five models fitting this
description, all of which predict new fields below 15 TeV. One of these models was studied
briefly, along with a model derived from a derivative operator, and one that addresses the
flavour anomalies.

Our model database is perhaps a good laboratory for experiments in automated phe-
nomenological analysis. Now that the models have been written down and compiled into
this computationally accessible format, our hope is that a large number of them can be
ruled out in a systematic way through improved model filtering, neutrino oscillation data,
or collider constraints. Our results also pave the way for more detailed studies of the mod-
els that are currently accessible to experiments. As each model is tested, we will either
get very lucky and discover the origin of neutrino masses at low energies, or else falsify
these scenarios and build a stronger circumstantial case for those that cannot be tested at
collider experiments.
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A Table of operators

Below we present the catalogue of AL = 2 operators we use in our study. The operators
are listed and labelled in a way consistent with the previous catalogues [18, 30], although
we enforce that operators with the same field content carry the same numerical labels.
This means that our listing may contain more SU(2), structures for any numbered family
of operators. Product operators as presented in the table must be read with care. This
is just a convenient shorthand to represent the field-content of an operator and illustrate
that isospin indices are internally contracted. For example, by writing O, = O1Q'dHY €ij
we do not mean to suggest that Lorentz indices must be contracted internally to O and
the down-type Yukawa.

In each row we also provide information relevant to the number of completions. The
number of unfiltered models (sets of field content) derived from the operator using our
techniques is presented, along with the number that survive the democratic filtering pro-
cedure with the neutrino-mass filtering criterion. A sizeable number of operators end up
with no completions that can play a dominant role in the physics of neutrino mass.

Other information relevant to the operators is also shown, including the number of
loops required for the operator closure (the same as the number of loops appearing in
the associated neutrino self-energy diagram) and the upper-bound on the scale of the new
physics generating the operator at tree level, derived from the atmospheric lower bound
on the mass of the heaviest neutrino. Operators for which a range is given for the number
of loops are those that generate the dimension-seven or dimension-nine analogues of the
Weinberg operator. The additional Higgs fields in these diagrams can always be closed off,
adding more loops to the neutrino self-energy while reducing the overall scale suppression.
The contribution with the highest number of loops will dominate for scales A 2 4mv.

We remind the reader that our analysis does not include the number of unfiltered
completions of O}’. In this case, the number of filtered models comes from ref. [34]. Other
operators featuring a ‘—’ are non-explosive, i.e. they do not support tree-level topologies
containing only scalars and fermions.

Labels | Operator Models | Filtered | Loops | A [TeV]
1 L'LHYH' - €565 3 3 0 6- 101
2 LI L*eH" - €€ 8 2 4.107
3a L'LIQFAHY - €;5en 9 2 2 2.10°
3b L'LIQ*dH" - €ipej 14 5 1 9-107
4a LLIQRuTH - e 5 0 1 4-10°
4b L'Q atH - e5em 4 2 2 10 - 108
5a L'LIQFAH'H™H™ - €516 jn€km 790 36 2 6-10°
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Labels | Operator Models | Filtered | Loops | A [TeV]
5b Oy - QUdH - ¢ 492 14 1,2 6-10°
5¢ Oso - HUHI - ¢ 509 0 2,3 1-103
5d Osp, - HUHI - ¢ 799 16 1,2 6-10°
6a L'QFu HYH™H™ - €€ jnekm 289 14 2 2.107
6b Oy -QutH - ¢ 177 1,2 2.107
6c Ouq - H'HI - ¢ 262 L2 | 2-107
6d Oy - HHI - ¢ 208 2,3 6-10%
LetQIQVH H™H™ - €j1€jmepn 240 15 2 2.10°
LietutdHI - ¢ 5 1 2,3 2- 10!
LI L*Lee - €€, 14 1 2 3-10°
10 L'LILFeQld - eipejy 50 1 2 6-103
lla L' QRQNd - €€ 48 0 3 410!
11b L'LIQFQYd - €651 72 16 2 1-10%
12a L'LIQ*Q'atat - eiey 19 0 2 2.107
12b LQ*QMutat - e;5ep 17 4 3 6-10%
13 L'V LFeQlat - ey 12 0 2 2.10°
14a L'IQ*Q'utd - €€ 29 1 3 1-108
14b L'IQ*Q'atd - esey 43 1 2 6-10°
15 LDLPLYatd - egeg 12 1 3 1-10°
16 Lileetutd - e 13 1 3 1-10°
17 Ll utddd' - e 18 12 3 1-10°
18 Liluutuld - e 22 8 3 1-10°
19 LetQiutdd - e;; 27 0 34 | 2-107!
20 LietQiututd - e 27 3 34 | 8-107!
21a LI LY eQ'aH™H™ - €€ jme€pn 3943 1 2,3 2.10°
21b L'LILkeQ uH™H™ - €€ jmen 4080 4 3 2-10°
22a L'ILFLleet HMH™ - eqejmenn 726 0 2 2-107
22b Oy - L't Hie; 931 0 2 2.107
23a L'LIL*eQ'dH™ H™ - €516 jm€pn 780 0 2,3 4-10
23b Oy - Q'd HI - ¢4 969 0 2,3 410
24a L'Q*QYddH™ H™ - €€ jn€m 9613 193 3 9.10!
24b L' QFQYAH™ H™ - €€ jinéri 6058 110 3 910"
24¢ O34 - Q1dH - ¢;; 6022 34 3,4 1
24d Osp, - QUdH - € 9616 211 2,3 9.10!
24e Ov1a - HHI - ¢4 3834 18 3,4 1
24f Oy - HH - € 5915 131 2,3 910"
25a L'QFQ udH™H™ - €iméjner 5960 151 2,3 4-10%
25b Os4 - QuH - € 5913 9 3,4 10
25¢ Osp, - QUuHI - ¢ 14036 470 2,3 4-10%
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Labels | Operator Models | Filtered | Loops | A [TeV]
26a LI LR QUH™ H™ - €ig€jmein 1600 0 3 4-10
26b L'ILYetQUdH™ H™ - €jmejnen 1040 0 2,3 4-10!
26¢ Os, - LieTHI - ¢;; 1149 0 3 4-10!
26d Oy, - L'etHY - ¢ 1797 0 2,3 4-10!
27a L'IQ*QYddT H™H™ - €€ jmern 3851 164 2 2107
27b L'IQ*QYdT H™H" - €imejnen 2226 74 2 2107
27¢ Oz - QdTHI - ¢ 2469 33 3 6-10%
27d Osp, - QUdTHI - ¢4 3443 165 2 2.107
28a L'DQ*Q'atdH™ H™ - €516 jnexm 4038 64 3 4.10°
28b LQ*Q T dH™H™ - €imejner 4103 0 3,4 10
28¢ LQ*Q'afdH™ H™ - ei1.¢neim 4305 123 3 4-10°
28d Osa - QU HI - ¢ 2749 7 3.4 10
28e Oz, - QUut H - € 4304 90 2,3 4.10°
28 f Ouo - QdHI - €55 4039 74 2,3 4103
28¢ Oy - QUdH - € 2748 14 3,4 10
28h Oraa - HHI - ¢ 2701 10 3.4 10
28i Oy - HH - € 4177 90 3 4.103
29a L'DQ*Q'aut H™H™ - €imejnen 2226 267 2 2107
29b LQ*Q uut H™H™ - €€ jmerm 3846 498 2 2107
29¢ Oua - Q'uH - €5 3444 422 2 2.107
29d O - Q'uHI - ¢4 2468 64 3 6-10*
30a L LRe QUut HMH™ - g€ jmein 1772 3 2-10°
300 L Lt QUut HMH™ - €imejnen 1140 3 2-10°%
30c Oua - L'eTHI - ¢ 1776 2,3 2103
30d Oy, - L' HI - ¢ 1398 11 3 2.10°
3la Oua - QdTHI - ¢ 3107 10 2,3 4103
31b LQPQ ' dT H™H™ - eimejnen 1404 4 2.3 4-10°
31c Oy - QUdTHI - ¢4 1654 8 3,4 10
32a L'DIQ*Q'atat H™ H™ - ej1€jnepm 2103 157 3 2.10°
32b L'Q*Q'atat H™ H™ - €imejnen 1493 151 3 2.10°
32¢ Ouo - QutHI - €5 2100 56 3 2-10°
32d O - QutHY - ¢ 1747 26 3,4 4102
32 O12q - H'HI 1250 36 3 2.10°
32f O1o - H'HI 1143 24 3,4 4102
33 O, -eeetet 451 5 2 2107
34 Lieete! Q7 dH*H' - ;e 1377 231 3 4-10*
35 LieetetQiat HPH - eje 1126 15 3 2.103
36 ete!Q'QIddH  H' - e;pey 970 208 4 6-107°
37 etefQ'QIutdH Y H' - e;1,e51 2470 58 4,567 | 4-1072
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Labels | Operator Models | Filtered | Loops | A [TeV]
38 etefQ'Qiatat HPH' - e;p.¢5 3358 451 4 1-107!
39a Oy - L'LILFLY - ee 296 2 2107
39b LLFLAD™ L HPHY - €36 j1€mpeng 220 2 2.107
39¢ LLRFLALM LY HPHY - €€ n€npmg 588 2 2.107
39d Oy - L'LILFLY - ejen 324 2 2107
40a LDALRFLIQm™Q HPHY - €€ jnerpemg | 963 22 2 2107
40b LLFLQMQ"HPHY - €€ jp€rq€mn 729 25 2 2.107
40c L'LFLIQMQ™HPHO - €406 jp€rg€im 759 25 2 2107
40d L'DILFL'QMQ™HPHY - €3¢ 1€mpEng 953 0 3 6-10%
40e LLRFLIQmQ"HPHY - ej¢merpeng | 1321 31 2 2-107
40f LLPLQmQ"HPH - €36 n€1p€myg 963 100 2 2-107
40g L'LFLIQMQ™HPHO - €4mé€jnerply 1339 30 2 2.107
40h LLFLIQm™Q HPHY - €ipejmerpeng | 820 56 2 2107
40i LDLRFLIQmQ HPHY - €iejpergein | 844 9 2 2107
405 L'DLPLQmQ"HPH - €36 p€in€myg 908 60 2 2.107
40k L'LFLIQMQ™HPHY - €416 p€imeng 970 98 2 2107
401 LLFLIQm™Q HPHY - eipejpeigemn | 933 87 2 2107
41a LIALRLMdTH™H™ - €516 jmé€xn 729 6 2 2107
41b LLFLYdTH™H" - g€ jmern 933 71 2 2-107
42a L' LR Lraat HMH™ - €€ jmekn 729 21 2 2107
42b L' Laat H™H™ - €€ jmenn 933 120 2 2.107
43a L LRFLatdH™H™ - €€ jneim 1068 3,4 10
43b LLFLaldH™ H™ - €€ jmepn 1438 3,4 10
43¢ L LFLatdH™H™ - eejmem 1068 3,4 10
43d L'ILFLatdH™ H™ - e ji€mn 1068 3.4 10
44a L'LieetQ*Q'H™H™ - €j1¢ jmern 1571 155 2 2107
44b LLeetQ*Q'H™H™ - €imejnen 1016 91 2 2.107
44¢ LLieetQ*Q'H™H™ - €;jepmern 1137 2 3 6-10*
444 L'LieetQ*Q'H™H™ - €€ jmern 1765 133 2 2.107
45 Lilieetdd  HFH' - €;.¢5 1016 81 2 2107
46 Liieetuut H*H' - €€ 1016 49 2 2107
47a L'QFQIQ™Q™HPHY - €imejnerpery | 1013 236 2 2.107
47b L'IQ*Q'QMQ"HPHY - ¢jmejpernery | 2253 423 2 2.107
47¢ L'Q*Q'QMQ"HPHY - ¢jpejqrmern | 1007 200 2 2.107
47d L'Q*Q'QMQ"HPHY - ej€jnekpemg | 2838 690 2 2.107
47e L'QFQIQ™Q™HPHY - €in€jperiemg | 1730 387 2 2.107
A7f L'IQ*Q'QMQ"HPHY - ¢;j€pneipemg | 1702 60 3 6-10*
47¢ L'Q*Q'QMQ"HPHY - ej€jpernemg | 2796 530 2 2.107
47h LQPQ'QMQ"HPHY - ¢jjeppcrqemn | 924 46 3 6-10%
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Labels | Operator Models | Filtered | Loops | A [TeV]
474 L'Q*Q'QMQ"HPHY - ej€jpengemn | 2078 369 2 2.107
474 LQ*Q'QMQ"HPHY - ¢jpejqerimn | 902 183 2 2.107
47k L'Q*Q'QMQ"HPHY - ¢j€ji€mpeng | 1203 258 2 2.107
471 L'QFQIQMQ™HPHY - ¢;j€pi€mpeng | 814 46 3 6-10*
48 LLddd dT HFHY - €€ 921 125 2 2107
49 Liliuutdd' HFH' - €;,¢5 2086 384 2 2107
50a LlutdddHRH' - eje 2285 68 3,4 10
50b O - H'HI - ¢ 1523 52 3.4 10
51 L'Dauatat HPH' - e;.¢5 921 225 2 2107
52a L'luatatdHFH' - e 2896 170 3.4 10
52b Ois- H'H - ¢ 1872 94 3,4 10
53 L'ututddHYH - e 939 162 456 | 2-107!
54a L' QIQFQ'dH™ H™ - €516 jmepn 2203 92 3 4.-10
54b L't QIQFQ'AH™ H™ - €;mejiern 3393 89 3 4-10
54c L et QIQFQ'AH™ H™ - €imejreim 2456 30 3 4-10"
54d LetQIQFQ'dH™ H™ - €;x€jmein 3835 100 3 410
55a L't QIQ*Q ut H™ H™ - €€ jmern 3478 143 3 2.103
55b L' et QIQFQUut H™ H™ - €;mejiexn 3493 144 3 2.10°
55¢ Lt QIQF QU H™ H™ - €jmejnen 2049 86 3 2.103
55d LetQIQFQ W H™ H" - €;jekmen 2156 106 3 2.10°
56 LetQiddd" HFH' - ¢;.¢5 2273 252 3 4-10"
57 LietQiutdd  HPH' - ey 4251 481 3 2103
58 LetQiuutat HRH - eje 2408 183 3 2-10°%
59a LetQiutddHY H - e5¢ 2638 65 345 [ 2-107!
59b O - H'HY - ¢ 2583 65 3,45 | 2-1071
59¢ Og - Q'dH - ¢ 2639 42 4,56 | 6-1072
60a LietQiututdHY HY - ejey, 2687 35 45 | 1-107!
60b Og - Q'ul HY - ¢ 2687 121 34,5 | 4-1071
60c Ooo - H'HI - ¢;; 2687 104 34,5 | 4-1071
6la O - L'eH7 - ¢;; 382 0 1,2 2-10°
61b Oy - H'HI - ¢ 408 0 1,2 2.10°
62a L'LILFL'eeH™ H™ - €516 jm€pn 1820 0 2,3 210!
62b Og - H'HI - ¢ 830 1 2,3 | 2-10!
63a L'LIL*eQ'dH™H" - €ip€jneim 4619 12 3 4-10
63b L'LIL*eQ'dH™H" - €€ jmekn 7216 77 2,3 410
63¢ Oy - Q'dHI - ¢;; 4621 49 2,3 410
63d O - H'HI - ¢ 4590 45 2,3 410!
64a LD LReQUul H™H™ - ej1€jmern 1370 3 2-10°
64b L' L*eQ'at H™H™ - €€ jneim 1050 3 2-10°%
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Labels | Operator Models | Filtered | Loops | A [TeV]
64c Oy - QU H - ¢ 1049 0 2,3 2.103
64d O3 HH - ¢ 1008 0 3 2103
65a LilieetutdH*H' - eiey 1925 17 3,4 10
65b O - H'HI - ¢;; 1259 11 3,4 10
71 Oy - Q'uH - ¢ 396 9 2 2107
75 Og - Q'uH - ¢ 3951 84 3 4-10
76 efetutaltdd 16 4 456 |2-1072
77 O, - L'etHI ¢ 156 0 2 2-10°
78 Oy -Q'd HI - ¢4 156 0 2 6-10°
It O, -HH - ¢ 53 1 0,1 4-10°
8 Og - H'HI - ¢ 301 4 23,4 1

1” O -HHHH - ¢;jer 1893 6 0,1,2 | 2-107
1" Oy - HHIHH H™H" - €;j¢k1€mn — 2 0,1,2 | 2-107
7’ O; - H'HI - ¢ 24951 374 2,3 2.10°
8" Og - HHIHH' - ¢;5e1 19229 197 2,345 | 7-107!
71’ Oq - H'HI - ¢ 39331 446 2,3 2-10°
76 O - HHY - € 679 209 | 4,5,6,7 | 4-1072
77 Oz - HHY - € 14598 0 1,23 | 2-10°
78/ Oqs - IZVHJ’ C€ij 14644 1 2,3 | 4-10°
79a Op1a - H'HI - ¢;; 31791 14 1,23 | 2-10°
79b O - HHIHH - €5e1 23931 14 1,23 | 2-10°
80a Oso - HUHI - ¢ 72694 154 2,3 4-10°
80b Osp, - HUHI - ¢ 49108 371 1,23 | 4-10°
80c Oso - HHHVHFH' - €€ 31569 16 234 | 1-10
80d Oy, - HUHIHYH' - €en 49505 367 1,23 | 4-10°%
8la Opa - H H - ¢ 26174 95 2,3 2-10°
81b Ogp - H'HI - ¢ 17298 18 1,23 | 2-10°
81c Oo - HHHIHFH' - €€ 15575 18 1,23 | 2-10°
81d Oy - HHIHYH" - €en 12400 41 2,34 | 4-10?
82 LilietetatdHY HY - e;.e5 1151 56 34,5 | 2-1071
D1 (DL)'Lutd - €;; — — 345 | 2-1071
D2a (DL)'L(DH)*H' - €€, 1 0 1 2-10°
D2b (DLY'LI(DH)*H" - €€y, 3 3 0 6-10"
D2¢ (DL)'L/(DH)*H" - e;xejy 3 3 0 6-10""
D3 LietH'H*(DH)! - eikeﬂ 4 0 1 4-107
D4a L'LI(DL)*(De)H' - €;xe;i 8 2 1 4107
D4b L'LI(DL)*(De)H' - ¢;jep 8 2 1 4107
D5a | L'LI(DL)*L'H™H™ - €516 jmé€xn 21 0 1 4-10°
D5b L'LI(DL)*L'H™H™ - €€ jmén 30 4 1 4-10°
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Labels | Operator Models | Filtered | Loops | A [TeV]
D5c | L'LI(DL)*L'H™H™ - ¢;j€pmen 30 4 1 4-10°
D5d | L'LY(DL)*L'H™ H™ - ¢;mejner 21 0 1 4-10°
Dé6a LiLiee"(DH)*H' - ;e 30 2 1 4.10°
D6b | LiLieet(DH)*H' - € en 16 0 2 10 - 10°
D7a (DL)'LIQ*(Dd)H l-qjekl 9 2 2 2-10°
D7b (DL)'L’QF(Dd)H' - ;¢ 14 5 1 9-107
D7c (DL)'LIQ*(Dd)H' - ej€x 14 5 1 9107
D8a LiLJQle(DH)MH" < €in€ik€lm 53 11 1 4-10°
D8b | L'LIQ*Q(DH)"H™ - €in€ji€km 44 6 1 4-10°
D8c¢ | L'LIQ*QY(DH)"H™ - € i€mn 25 0 2 10 - 10°
D8d L'IQ*QYDH)"H™ - €iméjrein 53 11 1 4-10°
D8e | L'L/Q*QYDH)™H™ - €;mé€jickn 44 6 1 4-10°
D8f | L'LIQ*QYDH)"H™ - €imejner 30 5 1 4-10°
D8g L'IQ*QYDH)"H™ - ¢;j€rmein 35 7 2 10 - 106
D8h | L'LIQ*QYDH)"H™ - ¢;j€rmeim 35 7 2 10 - 108
D8i L'LIQFQYDH)™H" - €;j¢k1€mn 16 3 2 10 - 10°
D9a | L'L7dd'(DH)*H' - e;ej 30 5 1 4-10°
D9b L'L7dd"(DH)*H' - ¢;j€ 16 4 2 10 - 106
D10a | (DL)'L/atdH"H' - €€ 56 13 2,3 1-10%
D10b | (DLY'L’utdH*H' - €51 36 7 2,3 1-10°
D10c | (DL)'LiatdH*H' - €;1.¢5 56 13 2,3 1-10°
D11 (DL)' L’ (Dat)(Dd) - €5 — — 2,3 1-10°
D12a | L'Liuu’(DH)*H' - €€ 30 5 1 4-10°
D12b | LiL7uut(DH)*H' - €;jex 16 4 10 - 10°
D13a | (DL)'L'Q*(Dut)H' - €;en 4 2 2 10 - 10°
D13b | (DL)'L'Q*(Dua")H' - einejy 0 1 4-10°
Dl4a | L'e'Q7d(DH)*H' - ¢;r€5 53 0 2 6-103
D14b | L'e'Q/d(DH)*H" - ¢;1¢ 53 0 2 6-103
Dldc | L'e'QId(DH)*H' - ¢;jer 27 0 2 6-10°
D15 (DL)'e"(Dut)dH - ¢;; 5 1 2,3 2-10*
Dl6a | L'efQ/uf(DH)*H' - e;e5 58 8 2 2-10°
D16b | Le'Q/ul(DH)*H' - ¢;1¢% 58 8 2.10°
D16 | L'etQ/at(DH)*H' - ¢;5ep 27 4 2-10°
D17 | étetutd(DH) HI - ¢ 16 7 34 | 2-107!
D18a | (DL)'L’H*H'(DH)"H™ - €;1.¢jmein 53 1 0,1 4-10°
D18b | (DL)Y'L’HFHY DH)"H" - €;5€j16mn 53 1 0,1 4-10°
D18c¢ | (DL)Y'L’HFHY DH)"H" - €méji€rn 53 1 0,1 4-10°
D18d | (DL)'L’H*H'(DH)"™H™ - ¢;j€rmein 24 1 1,2 | 10-10°
D18e | (DL)'L’H*H'(DH)"H™ - €;n€jickm 34 0 1 4-10°
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D18f | (DLYLIH*H'DH)™H" - cyj€jnem | 34 0 1 4-10°
D19a | (D?L)'L/(D?*H)*H" - ¢;jex 0 1 2107
D19b | (D2L)LI(D2H)FH! - ee 3 0 |6 10m
D19¢ | (D2LY LI (D2H)*H' - ese; 3 0 | 6-101
D20 | Liet HIHFHY (DHY™H" - €6 jmein 129 0 12 | 2-10°
D21 (DL)Y(De"YH'H*(DH)! - €€ 2 0 1 4-107
D22 | etet(DH)(DH)Y HFH! - ee; 9 0 2 3.10°

Table 8: The table displays our listing of the AL = 2 operators along with the number of comple-
tions before and after our model-filtering procedure, the number of loops in the neutrino self-energy
diagram, and the upper bound on the new-physics scale associated with each operator. See the
main text of the appendix for more information.

Open Access. This article is distributed under the terms of the Creative Commons
Attribution License (CC-BY 4.0), which permits any use, distribution and reproduction in
any medium, provided the original author(s) and source are credited.
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