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A plausible explanation for the lightness of neutrino masses is that neutrinos are massless
at tree level, with their mass (typically Majorana) being generated radiatively at one or
more loops. The new couplings, together with the suppression coming from the loop
factors, imply that the new degrees of freedom cannot be too heavy (they are typically
at the TeV scale). Therefore, in these models there are no large mass hierarchies and
they can be tested using different searches, making their detailed phenomenological
study very appealing. In particular, the new particles can be searched for at colliders
and generically induce signals in lepton-flavor and lepton-number violating processes (in
the case of Majorana neutrinos), which are not independent from reproducing correctly
the neutrino masses and mixings. The main focus of the review is on Majorana neutrinos.
We order the allowed theory space from three different perspectives: (i) using an effective
operator approach to lepton number violation, (i) by the number of loops at which the
Weinberg operator is generated, (iii) within a given loop order, by the possible irreducible
topologies. We also discuss in more detail some popular radiative models which
involve qualitatively different features, revisiting their most important phenomenological
implications. Finally, we list some promising avenues to pursue.

Keywords: neutrino masses, lepton flavor violation, lepton number violation, beyond the standard model, effective
field theory, model building, LHC, dark matter

1. INTRODUCTION

The discovery of neutrino oscillations driven by mass mixing is one of the crowning achievements
of experimental high-energy physics in recent decades. From its beginnings as the “solar neutrino
problem”—a deficit of electron neutrinos from the Sun compared to the prediction of the standard
solar model, an anomaly first discovered by the Homestake experiment—through the emergence
of the “atmospheric neutrino problem” and its eventual confirmation by SuperKamiokande, to
terrestrial verifications by long baseline and reactor neutrino experiments, the existence of non-
zero and non-degenerate neutrino masses is now well established [1-17]. In addition, the existence
of oscillations proves that the weak eigenstate neutrinos v,, v,, and v, are not states of definite
mass themselves, but rather non-trivial, coherent superpositions of mass eigenstate fields called
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simply vy, vz, and vz, with masses my, m,, and ms3, respectivelyl.
The dynamical origin of neutrino mass is at present unknown,
including whether neutrinos are Dirac or Majorana fermions.
In the former case, neutrinos and antineutrinos are distinct
and have a total of four degrees of freedom, exactly as do the
charged leptons and quarks. Majorana fermions, on the other
hand, are their own antiparticles, and they have just two degrees
of freedom corresponding to left- and right-handed helicity.
Dirac neutrinos preserve total lepton number conservation, while
Majorana neutrino masses violate lepton number conservation
by two units. The purpose of this review is to survey one class of
possible models, where neutrino masses arise at loop order and
are thus called “radiative.” Almost all of the models we examine
are for the Majorana mass case. Before turning to a discussion of
possible models, we should summarize the experimental data the
models are trying to understand or at least accommodate.

The Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix
(Uqi) [18, 19] defines the relationship between the weak and
mass eigenstates, through

Vo = Z Ugivi, (1)
i

where @ = e, i, 7 and i = 1,2, 3. The PMNS matrix U is unitary,
and may be parameterized by three (Euler) mixing angles 65,
023, and 63, a CP-violating Dirac phase § that is analogous to the
phase in the Cabibbo-Kobayashi-Maskawa (CKM) quark mixing
matrix, and two Majorana phases o 3 if neutrinos are Majorana
fermions. The standard parametrization is

where i = 1, 2 depending on the sign of the atmospheric squared-
mass difference (see Forero et al. [21] and Capozzi et al. [22] for
earlier fits). The sign of Am3, has been measured because the
Mikheyev-Smirnov-Wolfenstein or MSW effect [23, 24] in the
Sun depends on it. The sign of the atmospheric equivalent is,
however, not currently known, and is a major target for future
neutrino oscillation experiments. Because of this ambiguity, there
are two possible neutrino mass orderings: m; < m; < m3z which
is called either “normal ordering” or “normal hierarchy”, and
m3 < my < my which is termed “inverted.” The global fit results
for the other parameters depend somewhat on which ordering is
assumed. In Equations (4) and (5) we quote results that leave the
ordering as undetermined. See Esteban et al. [20] for a discussion
of these subtleties, but they will not be important for the rest of
this review. Note that the convention is i = 1 in Equation (5) for
normal ordering and i = 2 for inverted ordering.

At the 30 level, the CP-violating phase § can be anything.
However, there is a local minimum in x? at § ~ —/2, which
is tantalizing and very interesting. It hints at large CP-violation
in the lepton sector, and the specific value of —m/2 is suggestive
of a group theoretic origin (but beware that the definition of
this phase is convention dependent). As with the mass ordering,
the discovery of CP violation in neutrino oscillations is a prime
goal for future experiments. One strong motivation for this is the
cosmological scenario of baryogenesis via leptogenesis [25], and
even if other sources of leptonic CP-violation are involved, it is
important to experimentally establish the general phenomenon
in the lepton sector. At present, we do not know if neutrinos are
Dirac or Majorana fermions, so there is no information about the

c12€13 S12€13 size 1 0 0
) . @y
U= —si2c23 — ciasa3s13€°  c12623 — s12523513€°  sp3¢13 0ez 0 |, (2)
_ s _ _ is 0 0 i
S12823 — €12€23513€ C12523 — S12€23513€°  €23€13 €
where ¢;j = cos6j; and s;; = sin6j;. The neutrino oscillation  possible Majorana phases o 3. Neutrinoless double-beta decay is

lengths are set by the ratio of squared-mass differences and
energy, while the amplitudes are governed by the PMNS mixing
angles and the Dirac phase. The Majorana phases do not
contribute to oscillation probabilities. The angles 62, 6,3, and
013 are sometimes referred to as the solar, atmospheric and
reactor angles, respectively, because of how they were originally
or primarily measured. The “solar” and “atmospheric” oscillation
length parameters are, respectively,

2

2 _ 2 2
Amy = m; — my,

2 2
Amsz, = m5 —

m% ~ Am%l = m% — my,
3)
where the distinction between the two atmospheric quantities
will be discussed below.
A recent global fit [20] obtains the following 3o ranges for the
mixing angle and Am? parameters:

sin? 01, € [0.271, 0.345], sin® 653 € [0.385, 0.638],

sin® 613 € [0.01934, 0.02397], (4)
Am?, € [7.03, 8.09] x 107° eV, Am3; € [—2.629, —2.405]
U [2.407, 2.643] x 1073 eV?, (5)

!'"The possibility of additional neutrino-like states will be discussed below.

sensitive to these parameters, as is standard leptogenesis.

The final parameter to discuss is the absolute neutrino mass
scale. The square root of the magnitude of the atmospheric
Am? provides a lower bound of 0.05 eV on at least one of the
mass eigenvalues. Laboratory experiments performing precision
measurements of the tritium beta-decay end-point spectrum
currently place a direct kinematic upper bound of about 2 eV
on the absolute mass scale [26-28] as quantified by an “effective

electron-neutrino mass” m,, = ,/|Uei|2m?, independent of

whether the mass is Dirac or Majorana, and the sensitivity of
the currently running KATRIN experiment is expected to be
about 0.2 eV [29]. With appropriate caution because of model
dependence, cosmology now places a strong upper bound on the
sum of neutrino masses of about 0.2 eV [30], with the precise
number depending on exactly what data are combined. If the
neutrino mass sum was much above this figure, then its effect
on large-scale structure formation—washing out structure on
small scales—would be strong enough to cause disagreement
with observations. For Majorana masses, neutrinoless double
beta-decay experiments have determined an upper bound on an
effective mass defined by
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Impgl =1 Uzmil (6)
i

0f 0.15 — 0.33 at 90% C.L., depending on nuclear matrix element
uncertainties [31]2. We can thus see that experimentally and
observationally, we are closing in on a determination of the
absolute mass scale.

The fact that the laboratory and cosmological bounds
require the absolute neutrino mass scale to be so low strongly
motivates the hypothesis that neutrinos obtain their masses in
a different manner from the charged leptons and quarks. A
number of approaches have been explored in the literature,
with one of them being the main topic of this review: radiative
neutrino mass generation. Other approaches will also be briefly
commented on, to place radiative models into the overall
context of possible explanations for why neutrino masses are so
small.

This completes a summary of the neutrino mass and mixing
data that any model, including radiative models, must explain
or accommodate. As noted above, future experiments and
observational programs have excellent prospects to determine
the mass ordering, discover leptonic CP violation, observe
neutrinoless double beta-decay (0vB8) and hence the violation
of lepton number by two units, and measure the absolute
neutrino mass scale. In addition, the determination of the 6,3
octant—whether or not 6,3 is less than or greater than 7 /4—
is an important goal of future experiments. Before turning to
a discussion of neutrino mass models, we should review some
interesting experimental anomalies that may imply the existence
of light sterile neutrinos® in addition to the active flavors Ve,
(see Gariazzo et al. [32], Kopp et al. [33] for phenomenological
fits).

There are three anomalies. The first is > 30 evidence from
the LSND [34, 35] and MiniBooNE [36, 37] experiments of v,
appearance in a v, beam, with MiniBooNE also reporting a v,
signal in a v, beam. Interpreted through a neutrino oscillation
hypothesis, these results indicate an oscillation mode with a Am?
or order 1 eV2. This cannot be accommodated with just the
three known active neutrinos simultaneously with the extremely
well-established solar and atmospheric modes that require much
smaller Am? parameters. This hypothesis thus only works if
there are four or more light neutrino flavors, and the additional
state or states must be sterile to accord with the measured
Z-boson invisible width*. The Icecube neutrino telescope has
recently tested the sterile neutrino oscillation explanation of these
anomalies through the zenith angle dependence of muon track
signals and excludes this hypothesis at about the 99% C.L. [38].

The next two anomalies concern v, and v, disappearance.
Nuclear reactors produce a v, flux that has been measured
by several experiments. When compared to the most recent
computation of the expected flux [39, 40], a consistent deficit
of a few percent is observed, a set of results known as the

2The effective mass mgg depends on the Majorana phases and thus provides a
unique probe for them.

3Sterile neutrinos are not charged under the SM gauge group.

4MiniBooNE also has a mysterious excess in their low-energy bins that cannot be
explained by any oscillation hypothesis.

“reactor anomaly” [41]. The Gallium anomaly arose from
neutrino calibration source measurements by the Gallex and
SAGE radiochemical solar neutrino experiments, also indicating
a deficit [42-45]. Both deficits are consistent with very short
baseline transitions driven by eV-scale sterile neutrinos, and
a significant number of experiments are underway to test the
oscillation explanation. It should be noted that a recent analysis
by the Daya Bay collaboration points to the problem being
with the computation of the reactor v, flux rather than being
an indication of very short baseline oscillations [46]. The key
point is that if a sterile neutrino was responsible, one should
observe the same deficit for all neutrinos from the reactor fuel,
independent of nuclear species origin, but this was observed to
not be the case. There is also a tension between the appearance
and disappearance anomalies when trying to fit both with a self-
consistent oscillation scheme [32, 33], and there is a cosmological
challenge of devising a mechanism to prevent the active-sterile
transitions from thermalizing the sterile neutrino in the early
universe, as thermalization would violate the ~ 0.2 eV bound on
the sum of neutrino masses.

Because the situation with the above anomalies is unclear, and
there are challenges to explaining them with oscillations, this
review will focus on neutrino mass models that feature just the
three known light active neutrinos. If any of the above anomalies
is eventually shown to be due to oscillations, then all neutrino
mass models will need to be extended to incorporate light sterile
neutrinos, including the radiative models that are our subject in
this review.

The rest of this review is structured as follows: section 2
provides a general discussion of schemes for neutrino mass
generation and attempts a classification. The structure of
radiative neutrino mass models is then described in section 3.
Section 4 covers phenomenological constraints and search
strategies, including for cosmological observables. Detailed
descriptions of specific models are then given in section 5,
with the examples chosen so as to exemplify some of the
different possibilities that the radiative mechanisms permit.
We conclude in section 6, where we discuss some research
directions for the future. Appendix gives further details on
the relative contributions of the different operators to neutrino
masses.

2. SCHEMES FOR NEUTRINO MASSES
AND MIXINGS

In this section, we survey the many different general ways that
neutrinos can gain mass, and attempt a classification of at least
most of the proposed schemes. As part of this, we place both
the tree-level and radiative models in an overarching context—
a systematic approach, if you will, or at least as systematic as we
can make it. The number of different kinds of models can seem
bewildering, so there is some value in understanding the broad
structure of the neutrino mass “theory space.”

Under the standard model (SM) gauge group Gsm = SU(3). x
SU(2)L x U(1)y, the left-handed neutrinos feature as the upper
isospin component of
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VL, 1
L= ~(1,2,—=), 7
(q) ( 2) (7)

where on the right-hand (RH) side the first entry denotes the
representation with respect to the color group SU(3)., the second
SU(2)1, (weak-isospin), and the third hypercharge Y, normalized
so that electric charge is given by Q = I3 + Y. In the minimal
standard model, there is no way to generate non-zero neutrino
masses and mixings at the renormalizable level. Dirac masses are
impossible because of the absence of RH neutrinos,

VR ™~ (1: 1>0)’ (8)
as are Majorana masses because there is no scalar isospin triplet
A~(1,3,1) 9)

to which the lepton bilinear LL could have a Yukawa
coupling. Thus, the family-lepton numbers L., L, and L, are
(perturbatively) conserved because of three accidental global
U(1) symmetries. The discovery of neutrino oscillations means
that the family-lepton number symmetries must be broken. If
they are broken down to the diagonal subgroup generated by total
lepton number L = L, + L, + L;, then the neutrinos must be
Dirac fermions. If total lepton number is also broken, then the
neutrinos are either fully Majorana fermions or pseudo-Dirac®.

The question of whether neutrinos are Dirac or Majorana
(or possibly pseudo-Dirac) is one of the great unknowns. The
answer is vital for model building, as well as for some aspects
of phenomenology. If neutrinos are Majorana, then it is not
necessary to add RH neutrinos to the SM particle content. In
fact, many of the radiative models we shall review below do
not feature them. If RH neutrinos do not exist, then a possible
deep justification could be SU(5) grand unification, which is
content with a 5 @ 10 structure per family®. But another logical
possibility, motivated by quark-lepton symmetry and SO(10)
grand unification, is that RH neutrinos exist but have large
(SM gauge invariant) Majorana masses, leading to the extremely
well-known type-I seesaw model [47-51]. On the other hand, if
neutrinos are Dirac, then RH neutrinos that are singlets under
the SM gauge group, as per Equation (8), are mandatory and
they must not have Majorana masses even though such terms
are SM gauge invariant and renormalizable. Thus, at the SM
level, something like total lepton-number conservation must be
imposed by hand. Most of the radiative models we shall discuss
lead to Majorana neutrinos, though we shall also briefly review
the few radiative Dirac models that have been proposed.

The choice of Dirac or Majorana is thus a really important
step in model building. It is perhaps fair to say that theoretical
prejudice, as judged by number of papers, favors the Majorana
possibility. There are a couple of reasons for this. One is simply
that Majorana fermions are permitted by the Poincaré group, so

®Pseudo-Dirac neutrinos are a special case of Majorana neutrinos where the masses
of two Majorana neutrinos are almost degenerate and the breaking of lepton
number is small. However, they should not be confused with Dirac neutrinos.
®RH neutrinos could obviously be added as a singlet of SU(5).

it might be puzzling if they were never realized in nature, and the
fact is that they constitute the simplest spinorial representation.
(Recall that a Dirac fermion is equivalent to two CP-conjugate,
degenerate Majorana fermions). Another was already discussed
above: even if RH neutrinos exist, at the SM level they can
have gauge-invariant Majorana masses, leading to Majorana
mass eigenstates overall. Yet another reason is a connection
between Majorana masses and an approach to understanding
electric charge quantization using classical constraints and gauge
anomaly cancellation [52, 53]. Nevertheless, theoretical prejudice
or popularity in the literature is not necessarily a reliable guide
to how nature actually is, so the Dirac possibility should be given
due consideration.

2.1. Dirac Neutrino Schemes

The simplest way to obtain Dirac neutrinos is by copying the
way the charged-fermions gain mass. Right-handed neutrinos are
added to the SM particle content, producing the gauge-invariant,
renormalizable Yukawa term

yyLHvg + H.c., (10)

where the Higgs doublet H transforms as (1,2,1/2) with H =
it H*. The Dirac neutrino mass matrix is then

0 v
Mv:yv(H):yvﬁ’ (11)
To accommodate the O(0.1) eV neutrino mass scale, one simply
takes y, ~ 107!3. The price to pay for this simple and obvious
model is a set of tiny dimensionless parameters, some six or
seven orders of magnitude smaller than the next smallest Yukawa
coupling constant (that for the electron), and smaller even than
the value a fine-tuned 6qcp needs to be from the upper bound
on the neutron electric-dipole moment. This is of course logically
possible, and it is also technically natural in the ’t Hooft sense [54]
because taking y, to zero increases the symmetry of the theory.
Nevertheless, it seems unsatisfactory to most people. The really
tiny neutrino masses strongly suggest that the generation of
neutrino mass proceeds in some different, less obvious manner,
one that provides a rationale for why the masses are so small.
As well as the Dirac vs. Majorana question, the explanation of
the tiny masses has dominated model-building efforts in the
literature.

So, how may one produce very light Dirac neutrinos? We
highlight three possibilities, but there may be others: (i) a
Dirac seesaw mechanism, (ii) radiative models, and (iii) extra-
dimensional theories.

2.1.1. Dirac Seesaw Mechanism

In addition to the vy, that resides inside the doublet L, and the
standard RH neutrino of Equation (8), we introduce a vector-
like heavy neutral fermion Ng ~ (1,1,0) and impose total
lepton-number conservation with v r and Ni,r assigned lepton
numbers of 1. In addition, we impose a Z, discrete symmetry
under which vg and a new gauge-singlet real scalar S are odd,
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with all other fields even. With these imposed symmetries, the
most general Yukawa and fermion bare mass terms are

yNLHNR + yrNLvRS + MNyNLNR + H.c. (12)
leading to the neutral-fermion mass matrix
— 0 m v
(TL N ) L R + H.c., (13)
mg My / \ Nr
where
v
mp =yn—= and mg = yr(S). (14)
Y NG Y

We now postulate the hierarchy m; « mp <« My on the
justification that the bare mass term has no natural scale so could
be very high, and that the symmetry breaking scale of the new,
imposed Z, should be higher than the electroweak scale. The light
neutrino mass eigenvalue is thus

(15)

and the eigenvector is dominated by the v, admixture so does
not violate weak universality bounds. The inverse relationship of
the light neutrino mass with the large mass My is the seesaw
effect, with the postulated small parameter mg/My causing m,
to be much smaller than the electroweak-scale mass my. The
above structure is the minimal one necessary to illustrate the
Dirac seesaw mechanism (and has a cosmological domain wall
problem because of the spontaneously broken Z,), but the most
elegant implementation is in the left-right symmetric model [55].
Under the extended electroweak gauge group SU(2)L x SU(2)Rr x
U(1)g_1, the RH neutrino sits in an SU(2)g doublet with B—L =
—1, while Np g remains as gauge singlets. The scalars are a left-
right symmetric pair of doublets Hy g with B—L = 1. The usual
scalar bidoublet is not introduced. The Z, symmetry is then
a subgroup of SU(2)g, and S is embedded in the RH scalar
doublet. The mass and symmetry breaking hierarchy is then
(HE) < (Hg) <« My. The absence of the bidoublet ensures
the zero in the top-left entry of the mass matrix’. Several tree-
level Dirac neutrino mass models have been discussed in Ma
and Popov [56]: The SM singlet Dirac fermion N; + Ng can
be obviously replaced by an electroweak triplet. Alternatively a
neutrinophilic two Higgs doublet model [57, 58] is an attractive
possibility to obtain small Dirac neutrino masses.

2.1.2. Radiative Dirac Schemes

A generalization of the symmetry structure of the Z, Dirac seesaw
model discussed above provides us with one perspective on the
construction of radiative Dirac neutrino mass models. A basic
structural issue with such models is the prevention of the tree-
level term generated by the renormalizable Yukawa interaction of
Equation (10). Some new symmetry must be imposed that forbids

71f one does not impose left-right discrete symmetry on the Lagrangian, then there
will be no cosmological domain wall problem. The Dirac seesaw mechanism does
not require this discrete symmetry.

that term, but that symmetry must also be spontaneously or softly
broken in such a way that an effective VL vr operator is produced.
In the case of radiative models, this must be made to happen
at loop order. One obvious possibility is to demand that “RH
neutrino number” is conserved, meaning that invariance under

VR — eievR, (16)
with all other SM fields as singlets, is imposed. One may then
introduce a complex scalar p that transforms, for example, as

p—elp, (17)
whose non-zero expectation value spontaneously breaks the
symmetry. The effective operator

1

Ix LHvgp",

(18)
produced by integrating out new physics at mass scale A, is both
SM gauge invariant and invariant under the imposed symmetry 8.
It generates a neutrino Dirac mass of order

( (p) ) !
my ~v|—

A
which will be small compared to the weak scale when % < L
If this operator is “opened up”—derived from an underlying
renormalizable or ultraviolet (UV) complete theory—at loop-
level, then a radiative neutrino Dirac-mass model is produced.
Note that in a loop-level completion, the parameter 1/A"
depends on powers of renormalizable coupling constants and
a 1/1672 per loop as well as the actual masses of new, exotic
massive particles. See Ma and Popov [56] for a recent systematic
study of 1-loop models based on this kind of idea. Note that the
Dirac seesaw model discussed earlier is obtained as a truncated
special case: the U(1) symmetry with n = 1 is replaced with its
Z, subgroup, the complex scalar field p is replaced with the real
scalar field S, and the effective operator LHvRS is opened up at
tree-level.

Obviously, the phase part of p will be a massless Nambu-
Goldstone boson (NGB), but its phenomenology might be
acceptable because it only couples to neutrinos. If one wishes to
avoid this long range force, one could find a way to make the
new U(1) anomaly-free and then gauge it so that the NGB gets
eaten, or one may use a discrete subgroup of the U(1) to forbid
Equation (10). See Wang and Han [60] for a discussion of the Z,
case for 1-loop models that also include a dark matter candidate.

The above is simply an example of the kind of thinking that
has to go into the development of a radiative Dirac neutrino
model—we are not claiming it is the preferred option. To our
knowledge, a thorough analysis of symmetries that can prevent a
tree-level Dirac mass and thus guide the construction of complete
theories has not yet been undertaken in the literature. That is one
of the reasons this review will discuss Majorana models at greater
length than Dirac models.

(19)

8This construction resembles the well-known Froggatt-Nielsen mechanism [59].
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2.1.3. Extra-Dimensional Theories

One way or another, the effective coefficient in front of LHvg
must be made small. Seesaw models achieve this by exploiting
powers of a small parameter given by the ratio of symmetry
breaking and/or mass scales. Radiative models augment the
seesaw feature with 1/167% loop factors and products of
perturbative coupling constants. In warped or Randall-Sundrum
extra-dimensional theories [61, 62], the geometry of fermion
localization in the bulk [63, 64] can lead to the suppression of
Dirac neutrino masses through having a tiny overlap integral
between the profile functions for the neutrino chiral components
and the Higgs boson [63, 65-68]. The phenomenological
implications of Dirac neutrinos in extra-dimensional set-ups
have been studied in De Gouvea et al. [69], where it is shown that
these effects can be encoded in specific dimension-six effective
operators.

One can also have a “clockwork” mechanism [70, 71] to
generate exponentially suppressed Dirac masses. In the same way,
it is also useful to have low-scale seesaw [72]. This mechanism
can be implemented with a discrete number of new fields or via
an extra spatial dimension [73].

2.2. Majorana Neutrino Schemes

We now come to our main subject: radiative Majorana
neutrino mass generation. We also briefly review tree-level
seesaw schemes, both for completeness and for the purposes
of comparison and contrast to the loop-level scenarios. In
the course of the discussion below, an attempt will be made
to classify the different kinds of radiative models. This is a
multidimensional problem: no single criterion can be singled
out as definitely the most useful discriminator between models.
Instead, we shall see that several overlapping considerations
emerge, including AL = 2 effective operators, number of loops,
number of Higgs doublets, nature of the massive exotic particles,
whether or not there are extended symmetries and gauge bosons,
distinctive phenomenology, and whether or not the models
address problems or issues beyond just neutrino mass (e.g., dark
matter, grand unification, . . .).

The main distinctive feature of Majorana neutrino mass is, of
course, that it violates lepton-number conservation by two units.
It is thus extremely useful to view the possibilities for the new
physics responsible from a bottom-up perspective, meaning SM
gauge-invariant, AL = 2 low-energy effective operators that are
to be derived from integrating out new physics that is assumed
to operate at scales higher than the electroweak. This approach
permits the tree-level seesaw [47-51, 74-80] and radiative models
to be seen from a unified perspective.

Taking the particle content of the minimal SM, it is interesting
that the simplest and lowest mass-dimension effective operator
one can produce is directly related to Majorana neutrino mass
generation. This is the famous Weinberg operator [81]

O; = LLHH, (20)
where the SU(2) indices and Lorentz structures are suppressed
(one can check that there is only one independent invariant
even though there are three different ways to contract the SU(2)

indices of the four doublets.). We say the singular “operator”
for convenience, but it is to be understood that there are also
family indices so we really have a set of operators. This is a mass
dimension five operator, so enters the Lagrangian with a 1/A
coefficient, where A is the scale of the new physics that violates
lepton number by two units. Replacing the Higgs doublets
with their vacuum expectation values (VEVs), one immediately
obtains the familiar Majorana seesaw formula,

@1

displaying the required suppression of m, with respect to the
weak scale v when € = v/A < 1, so that the AL = 2 new physics
operates at a really high scale.

The Weinberg operator can be immediately generalized to the
set

O] = LLHH(H H)", (22)

where the number of primes is equal to n. One obtains ever more
powerful seesaw suppression,

2n+1 (23)

my, ~ ve
as 7 increases.

The task now is to derive, from an underlying renormalizable
or UV complete theory, one of the Weinberg-type operators as
the leading contribution to neutrino mass. This process has come
to be termed “opening up the operator.” The choices one makes
about which operator (what value of ) is to dominate and how it
is to be opened up determine the type of theory one obtains. Here
are some possible choices:

1. Open up O at tree-level using only exotic massive fermions
and scalars as the new physics.

2. Open up O; at j-loop level using heavy exotics only.

3. Open up O; at j-loop level using both light SM particles and
heavy exotics.

4. Open up O’ at tree-level using heavy exotics only.

. Open up O at j-loop level using heavy exotics only.

6. Open up O] at j-loop level using both light SM particles and
heavy exotics.

93]

Option 1 leads, in its simplest form, precisely to the familiar type-
I [47-51], type-1I [74-79] and type-III [80] seesaw mechanisms,
as we review in the next subsection. Option 2 leads to a certain
kind of radiative model, to be contrasted with that arising from
option 3. The difference between the two can be expressed in
terms of the matching conditions used to connect an effective
theory below the scale A of the AL = 2 new physics to the full
theory above that scale, as outlined in Figure 1. For scenario 2,
the effective Weinberg operator has a non-zero Wilson coefficient
at A, and for all scales below that. In scenario 3, on the other
hand, the Weinberg operator has a coefficient at scale A that is
loop-suppressed compared to the Wilson coefficients of other,
non-Weinberg-type AL = 2 operators’ at that scale, where these

9The other AL = 2 operators also play an important role in the classification of
radiative neutrino mass models and will be discussed in detail in section 2.2.2.

Frontiers in Physics | www.frontiersin.org

December 2017 | Volume 5 | Article 63


https://www.frontiersin.org/journals/physics
https://www.frontiersin.org
https://www.frontiersin.org/journals/physics#articles

Cai et al.

Radiative Neutrino Mass Models

E
A + Oy'=LLHH(H'H)"
RGE
Oy =LLHH(HTH)"
mw EWSB
My —+ Neutrino masses

UV models
(generated at loop—lev‘eM matchin gwnerated at tree-level)

RGE

mixing

W
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other operators are obtained by integrating out the heavy fields
only. If the matching is performed at tree-level approximation,
then the coefficient of the Weinberg operator at A in fact
vanishes. Under renormalization group mixing, the non-zero
AL = 2 operators will, however, generate an effective Weinberg
operator as the parameters are run to scales below A. If the
matching is performed at loop-level, then the Weinberg operator
will have a non-zero coefficient at scale A, but it will be loop-
suppressed compared to the coefficients of the relevant non-
Weinberg operators. Below A, the Weinberg operator coefficient
will, once again, receive corrections from the renormalization
group running and operator mixing. Option 3 will be a major
topic in this review, and it motivates the enumeration of all
SM gauge-invariant AL = 2 operators, not just those in the
Weinberg class, since the non-Weinberg operators describe the
dominant AL = 2 processes at scale A. Opening up the
non-Weinberg operators at tree-level then provides a systematic
method of constructing a large class of theories that generate
neutrino masses at loop order.

Options 4-6 obviously repeat the exercise, but with two more
powers of € which help suppress the neutrino mass. With these
options, one needs to ensure that O]’ generated from the new
physics dominates over O; and all lower-dimensional operators
O}"". Option 6 is similar to 3 in that the effective theory between
the weak and new physics scales contains some non-Weinberg
type of AL = 2 operator(s) that dominate at scale A.

2.2.1. Tree-Level Seesaw Mechanisms
The three familiar seesaw models may be derived in a unified
way by opening up the Weinberg operator O; at tree level in

the simplest possible way, using as the heavy exotics only scalars
or fermions. The available renormalizable interactions are then
just of Yukawa and scalar-scalar type. The opening-up process is
depicted in Figure 2. The type-I and type-III seesaw models are
obtained by Yukawa coupling LH with the two possible choices
of (1,1, 0) and (1, 3, 0) fermions, both of which can have gauge-
invariant bare Majorana masses. The type-II model is the unique
theory obtained from Yukawa coupling the fermion bilinear
LL = I°L to a (1,3, 1) scalar multiplet, which in turn couples
to H'H', a cubic interaction term in the scalar potential'®. The
seesaw effect is obtained in this case by requiring a positive
quadratic term for the triplet in the scalar potential, that on
its own would cause the triplet’s VEV to vanish, but which in
combination with the cubic term induces a small VEV for it.

As is clear from Figure 2, there are two interaction vertices
for all three cases, and there is only one type of exotic per case.
An interesting non-minimal tree-level seesaw model realizing
option 4 is obtained by allowing four vertices instead of two,
and two exotic multiplets: a (1,4, —1/2) scalar that couples to
HHH' and a (1,5, 0) massive fermion that Yukawa couples to
the exotic scalar quadruplet and the SM lepton doublet [82-
84]. The resulting model produces the generalized Weinberg
operator O] = LLHH(H TH)? which has mass-dimension nine.
This model is a kind of hybrid of the type-II and type-III seesaw
mechanisms, because it features both a small induced VEV for
the quadruplet and a seesaw suppression from mixing with the
fermion quintuplet.

1ONote that the LL ~ (1,1, —1) option is irrelevant for tree level mechanisms
because it does not produce the required v°v bilinear.
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FIGURE 2 | Minimally opening up the Weinberg operator at tree-level using either exotic massive fermions or scalars. (A) Type-I seesaw model. The massive exotic
particle integrated out to produce an effective Weinberg operator at low energy is a SM gauge-singlet Majorana fermion, the right-handed neutrino vg. (B) Type-II
seesaw model. The massive exotic is a (1,3, 1) scalar A coupling to LL and HTHT . It gains a small induced VEV from the latter coupling. (C) Type-lll seesaw model.
The massive exotic is a (1, 3, 0) fermion = whose middle component mixes with the left-handed neutrino.

2.2.2. Radiative Schemes and Their Classification

As noted above, there are many different kinds of radiative
neutrino mass models and there is probably no single
classification scheme that is optimal for all purposes. We thus
discuss a few different perspectives, some much more briefly than
others. Two will be treated at length: (i) the AL = 2 effective
operator approach, and (ii) classification by loop-order openings
of the Weinberg operator.

A. Standard model AL = 2 effective operators. This approach can
be considered as stemming from the observations made about
options 3 and 6 in section 2.2: when both light SM particles
and heavy exotics appear in the neutrino mass loop graph, it
is useful to first consider integrating out the heavy exotics at
tree-level. This produces effective AL = 2 operators that are
of non-Weinberg type. They must be of different type, because
if they were not, then the heavy exotics would produce the
Weinberg operator without participation by light SM particles,
leading either to a class 1 model (if O; is produced at tree-level)
or a class 2 model (if Oy is produced at loop level). An exhaustive
list of gauge-invariant, non-Weinberg AL = 2 operators is thus
needed.

Such a list was provided by Babu and Leung (BL) [85], based
on the following assumptions: (i) the gauge group is that of the
SM only, (ii) no internal global symmetries are imposed apart
from baryon number, (iii) the external lines are SM quarks, SM
leptons and a single Higgs doublet, and (iv) no operators of mass
dimension higher than 11 were considered. We first comment on
these assumptions. Clearly, if the gauge symmetry was extended
beyond that of the SM, then some combination of effective
operators might be restricted to having a single coeflicient,
and others might be forced to vanish, compared to the SM-
gauge-group-only list. Similar observations follow for imposed
global symmetries. It is sensible to impose baryon number
conservation, because otherwise phenomenological constraints
will force the new physics to such high scales that obtaining
neutrino masses of the required magnitude (at least one at
0.05 eV) will be impossible. The case of a single Higgs doublet
can readily be generalized to multiple Higgs doublets, given

that the gauge quantum numbers are the same. This would
obviously enrich the phenomenology of the resulting models,
and if additional symmetries were also admitted, then it would
change the model-building options. The point is simply that
H'H is invariant under all possible internal symmetries, while
HIHZ is not. (Admitting additional Higgs doublets is also
interesting for generalized-Weinberg-operator models, because
then a symmetry reason can exist for, say, LLH1)2H1)2(HIHZ)
being generated without also generating what would otherwise
be dominant LLH;,H;, operators.) The addition of non-
doublet scalar multiplets into the external lines is a more
serious complication. Some discussion of the possible roles
of additional scalars that gain non-zero VEVs that contribute
to neutrino mass generation will be given in later sections.
Another restriction worth noting in the BL list is the absence
of the gauge-singlet RH neutrinos. In assumption (iv), the
point to highlight is the absence of SM gauge fields. Babu and
Leung did actually write down the mass-dimension-7 operators
containing gauge fields, and Bhattacharya and Wudka [86]
further examined them. As far as we know, however, no complete
analysis has been undertaken for the dimension-9 and -11
cases. Finally, it is sensible to stop at dimension 11 because
at any higher order the contribution to neutrino mass will
be insufficiently large. The BL list, as enumerated from O; to
Ogo, took operators that could be thought of as products of
lower-dimension operators with the SM invariants HH' and the
three dimension-4 charged-fermion Yukawa terms as implicit.
de Gouvea and Jenkins [87] extended their list by explicitly
including the latter cases, thereby augmenting the operator count

to Oys.

Operators meeting all of these requirements exist at all
odd mass dimensions [85, 88, 89], starting with the Weinberg
operator O; as the unique dimension-5 case (up to family
indices). The dimension-7 list is as follows:

0y = L'L*eHlejeyy, 030 = LUQ d Hlejies, O3, = L'IQ d Hlejeyy,

Oso = L'UQi' Hrej, Oy = LUQui'HYey, O = L'eu d* Hle.

(24)
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We follow the BL numbering scheme, which was based on
tracking the number of fermion fields in the operator rather
than the mass dimension. The operators are separated in three
groups with 2, 4, and 6 fermions. Some comments now need
to be made about the schematic notation and what features
are suppressed. The field-string defining each operator above
completely defines the flavor content of that operator. Thus
L ~ (1,2,—1/2) is the lepton doublet, Q ~ (3,2,1/6) is
the quark doublet, e ~ (1,1,1) is the isosinglet charged anti-
lepton, d° ~ (3,1, 1/3) is the isosinglet anti-down, u¢ ~
(3,1, —2/3) is the isosinglet anti-up, and H ~ (1,2, 1/2) is

0y = L'DLFe L eejie,

O11a = L'IQ Q' d e e,

O12a = L' Qi Qi

O13 = LD Qi Lre‘ey,

015 = LiLijdCf,iI]CEjk,

017 = LiLjdcdc(;intcéij,

019 = LindCdCécﬁceij,
the Higgs doublet. The color indices and the different possible
Lorentz structures are suppressed. In general, there are a number
of independent operators corresponding to each flavor-string.
For the dimension-7 list, operators Oz and O4 each have two
independent possibilities for the contraction of the isospin
indices, as explicitly defined above, but obviously a unique color
contraction. Babu and Leung specify the independent internal-
index contractions, but only make general remarks on the
Lorentz structures, and we shall follow suit. To assist the reader to
understand the notation, we write out the above operators more
completely in standard 4-component spinor notation, but for

scalar and pseudoscalar Lorentz structures only and with isospin
indices suppressed:

0, = LLLeH = [(LL)CLL] [erLL] H,

0y = 1LQdH = [(L)Lu | [drQu] H or [@fQu] [dri] 1,
04 = LLQ#H = (L)L | [Quun] H,

Og = L&u°d°H = [?RLL] [@uR] H. (25)

Of course, these operators feature quark and charged-lepton
fields in addition to neutrinos and Higgs bosons, so they do not
by themselves produce neutrino masses. The charged fermion
fields have to be closed off in a loop or loops to produce a
neutrino self-energy graph which then generates a Weinberg-
type operator, as per options 3 and 6. In fact, using this
procedure and naive dimensional analysis one can estimate their
matching contribution to the Weinberg operator, as done in
de Gouvea and Jenkins [87]. In addition, every dimension-7
operator in Equation (24) may be multiplied by H' H to produce
a dimension-9 generalization of that operator, just as O] is a
generalization of O;. At dimension 9, there are many more
operators. Six of the flavor strings feature four fermion fields and

three Higgs doublets:

05 = L'UQd°H'H"H] €je1, O = LU Qi*H'H H] ¢,
07 = L'Qe QuH H' H €1€jm, Og1 = LUH"H'L"e*H] ey,
Ogs = LUH'H'Q'd*H] egej, 071 = LUVHH'Q u Heeejiers,
(26)
Note that the operators Og 6671 are the products of O; and

the three SM Yukawa operators. Another 12 are six-fermion
operators:

O19 = L'DLFe Qld eey,
O = LD Q d* Q' d e ey,
Oz = L' Qi Qejie®,
Or4a = LU Quit* Q' d%eyj,

016 = L' d e u’ey;,

O1s = L'Id“u‘i‘ ey,

Oy = L'd°Qiuceut. (27)

Oy = LD Qi Q¥ dejy,

Although absent from the BL list another such operator is
u‘u‘d‘de‘e‘, which generates the correct neutrino mass scale
only for a very low lepton-number violation scale. In case it
consists entirely of the first generation SM fermions it is strongly
constrained by OvBp (generated at tree level by this operator).
The large number of dimension-11 operators can be found listed
in Babu and Leung [85] and de Gouvea and Jenkins [87].

de Gouvea and Jenkins [87] and Angel et al. [90] performed
general analyses of diagram topologies for opening up these
operators at tree-level using massive exotic scalars and either
vector-like or Majorana fermion exotics, and consequently
producing neutrino mass at various loop levels. The operators

02, O3p, Ogq, Os, Og, Ogs1, Oss, O71 (28)
can give rise to 1-loop neutrino mass models, while

02, O34, O3ps Osa, Ogps Os-10, O11p> O12a5 O13, Oraps
Os1, Oss, O71 (29)

can produce 2-loop models. The set
O11a, O12p> Ot14as O15-20 (30)

can form the basis for neutrino mass to be generated at three or
more loops.

In each of these cases, one may derive an indicative upper
bound on the scale of new physics from the requirement that
at least one neutrino mass be at least 0.05 eV in magnitude.
For example, for operators involving first generation11 quarks
this bound can be estimated as follows: Operator O;9, which
can be opened up to give a 3-loop neutrino mass contribution,

"The bound on the scale of new physics is generally higher for operators involving
heavier quarks.
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has the lowest upper bound on the new physics scale of about
1 TeV (apart from u‘u‘d°de‘e®). The highest is about 4 x 10°
TeV for the 1-loop case of Oy,. These estimates come from an
examination of the loop contribution to neutrino mass only, and
do not take into account other phenomenological constraints
that will exist for each complete model. As part of that, any
unknown coupling constants, such as Yukawas that involve the
exotic fermions and/or scalars were set to unity. In a realistic
theory, many of these constants would be expected to be less
than one, which would bring the scale of new physics to lower
values. In any case, one can see that the required new physics,
even for 1-loop models, is typically more testable than the type-I,
I1, and III seesaw models. Some high loop models, as the O case
demonstrates, have very low scales of new physics and some may
even be ruled out already. At the dimension-11 operator level,
so not explicitly discussed here, there are even examples which
can at best produce a 5-loop neutrino mass contribution. Those
models are definitely already excluded. Examples of full models
that are associated with specific operators will be presented in
later sections.

B. Number of loops. A complementary perspective on the
spectrum of possible radiative neutrino mass models is provided
by adopting the number of loops as the primary consideration
rather than the type of AL = 2 effective operator that dominates
the new physics. Equations (28-30) already form the basis for
such a classification for type 3 and type 6 scenarios, but a
more general analysis will also capture the type 2 and type 5
possibilities.

At j-loop order, neutrino masses are typically given by

1\ 12

~C — 31

i <16n2> A (1)
for the Oy associated options 2 and 3, and
1\ vt

~Cl— | — 32

iy (16n2> A3 (32)

~

for the O] cases of options 5 and 6, where v = V2(H"
100 GeV, and A is the new-physics scale where lepton number
is violated by two units. All coupling constants, and for some
models also certain mass-scale ratios, are absorbed in the
dimensionless coefficient C. In order to explain the atmospheric
mass splitting lower bound of 0.05 eV, we obtain an upper limit
on the new physics scale A of 10° C TeV for 3-loop models and
10 C TeV for 5-loop models corresponding to the O; cases, and
10 C'/3 TeV for the O] case at 3-loop order. Constraints from
flavor physics severely constrain the scale of new physics and the
couplings entering in C. In addition, in models which feature
explicit AL 2 lepton-number violation through trilinear
scalar interactions, the latter cannot be arbitrarily large because
otherwise they have issues with naturalness (see Herrero-Garcia
et al. [91] for the case of the Zee model) and charge/color
breaking minima (see Frere et al. [92], Alvarez-Gaume et al. [93]
and Casas and Dimopoulos [94] for studies in the context of
supersymmetry and Herrero-Garcia et al. [95] for the case of the
Zee-Babu model). Thus, apart from a few 4-loop models [96-98]

which compensate the loop suppression by a high multiplicity
of particles in the loop, the vast majority of radiative neutrino
mass models generate neutrino mass at 1-, 2-, or 3-loop level. We
therefore focus on these cases.

I-loop topologies for O = LLHH. The opening up of the
Weinberg operator at 1-loop level has been systematically studied
in Ma [99] and Bonnet et al. [100]. The authors of Bonnet et
al. [100] identified 12 topologies which contribute to neutrino
mass. Among all the topologies and possible Lorentz structures,
topology T2 cannot be realized in a renormalizable theory. For
the other topologies, the expression for neutrino mass and the
possible particle content for electroweak singlet, doublet, and
triplet representations is listed in the appendix of Bonnet et
al. [100]. The divergent ones, T4-1-i, T4-2-ii, T4-3-ii, T5 and T6,
need counter-terms to absorb the divergences, which are indeed
tree-level realizations of the Weinberg operators. Furthermore,
for T4-1-ii, there is no mechanism to forbid or suppress the
tree-level contribution from Weinberg operator, such as extra
discrete symmetry or U(1). Therefore, there are in total six
topologies which generate neutrino mass via a genuine!? 1-
loop diagram: T1-i, T1-ii, T1-iii, T3, T4-2-i, T4-3-i, which are
depicted in Figure 3. Depending on the particle content, the
topologies do not rely on any additional symmetry. However, the
topologies T4-x-i require a discrete Z, symmetry in addition to
demanding Majorana fermions in the loop with lepton-number
conserving couplings. This is difficult to achieve in a field theory,
as lepton-number is necessarily broken by neutrino mass. For
example, in topology T4-2-i the scalar connected to the two
Higgs doublets H is necessarily an electroweak triplet and thus
its direct coupling to two lepton doublets L is unavoidable.
This coupling induces a type-II seesaw tree-level contribution to
neutrino mass. Similar arguments hold for the other topologies
T4-x-i.

I-loop topologies for O} LLHH(H'H). A similar analysis
has been performed for 1-loop topologies that give rise to the
dimension-7 generalized Weinberg operator [101]. Of the 48
possible topologies, only the eight displayed in Figure 4 are
relevant for genuine 1-loop models. For specific cases, not all
of these eight diagrams will be realized. The three-point vertices
can be Yukawa, gauge or cubic scalar interactions, while the
four-point vertices only contain scalar and gauge bosons.

2-loop topologies for Oy = LLHH. A systematic analysis of 2-loop
openings of O; was performed in Aristizabal Sierra et al. [102].
Figure 5 displays the topologies identified in this study as able
to contribute to genuine 2-loop models. There are additional
2-loop diagrams - that were termed “class II” - that have the
form of one of the 1-loop topologies of Figure 3 with one the
vertices expanded into a 1-loop subgraph. They remark the class
IT topologies may be useful for justifying why a certain vertex has
an unusually small magnitude.

C. Other considerations. =~ We now briefly survey other
perspectives on classifying or discriminating between neutrino
mass models.

12In a genuine n-loop neutrino mass model, only diagrams starting from n-loop
order contribute to neutrino mass. There are no tree level or lower order loop
contributions.
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One suggested criterion is

complexity
recognizing that sometimes nature appears to favor minimal
possibilities (in an Occam’s razor approach), and at other times

[103].

not (e.g., the old problem of why there are three families), it
does make sense to rank neutrino mass models on some sensible
measure of how complex they are. Law and McDonald [103]
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FIGURE 5 | Topologies for genuine 2-loop completions of the Weinberg operator O1 = LLHH. Solid dots denote interaction vertices. Crossed lines without a dot at
the intersection denote a non-planar configuration.

proposes a hierarchy based on (i) whether or not the model
relies on the imposition of ad hoc symmetries, (ii) the number
of exotic multiplets required, and (iii) the number of new
parameters. Interestingly, they construct radiative models
that are even simpler, on the basis of these criteria, than the
1-loop Zee-Wolfenstein model [104, 105]. However, like the
Zee-Wolfenstein model, while these models generate non-zero
neutrino masses, they fail phenomenologically. Thus, we must
conclude that if nature utilizes the radiative mechanism, it will
be non-minimal.

Another consideration for Majorana mass models is
the important phenomenological connection to O0vpBp
decay [106-108]. Just as Majorana neutrino mass models
may be systematically constructed through opening up AL = 2
effective operators, models for OvBp decay can be analysed by
opening up the uuddee family of operators. The neutrino mass
and OvBpB decay considerations are of course connected, but the
nature of the relationship is model-dependent. An interesting
situation would emerge in a hypothetical future where 0v3p
decay is observed, but the standard Majorana neutrino exchange
contribution through mgg is contradicted by, for example,
cosmological upper bounds on the absolute neutrino mass scale.
That would point to a non-minimal framework, which may be
connected with radiative neutrino mass generation.

A further interesting aspect is the existence or otherwise of a
deep theoretical reason for a given radiative model. At first sight,
each such model looks random. However, some of them can be
connected with, for example, grand unified theories (GUTs). One
simple point to make is that exotics, such as scalar leptoquarks,
that often feature in radiative models can be components of
higher-dimension multiplets of SU(5) and SO(10). Also, by
contributing to renormalization group running, some of them
can assist with gauge coupling constant unification [109]. If they
are to be light enough to play these roles, while other exotics
within the multiplets have, for example, GUT-scale masses, then
we face a similar issue to the famous doublet-triplet splitting
problem. Nevertheless, this is a starting point for investigating
the possible deeper origin of some of the required exotics.
Another interesting GUT-related matter was analysed in depth
in de Gouvéa et al. [88]. A necessary condition for a AL = 2
operator of a certain mass dimension to be consistent with a
GUT origin is that it occurs as a term in an effective operator

of the same mass dimension derived with grand unified gauge
invariance imposed. For example, the dimension-7 operator O3,
from Equation (24) does not appear as a component in any SU(5)
operator of the same dimension. On the other hand, other SM
operators are embedded in the same GUT operator, with only
one of them being able of giving the dominant contribution to
neutrino masses. In addition to the question of the mere existence
of SM-level operators in GUT decompositions, grand unification
also imposes relations between SM-level operators, including
some that violate baryon number and generate B—L violating
nucleon decays and/or neutron-antineutron oscillations, leading
to additional constraints. In the end, the authors of de Gouvéa
et al. [88] conclude that only a small subset of SM AL 2
operators are consistent with grand unification.

Another strategy for uncovering a deeper origin for a radiative
model is by asking if a given model has some close connection
with the solution of important particle physics problems beyond
just the origin of neutrino mass. One that has been explored at
length in the literature is a possible connection to dark matter.
Examples of such models will be given in more detail in later
sections. Here, we simply mention some systematic analyses of
what new symmetries can be imposed in radiative models to
stabilize dark matter [110, 111]. Farzan et al. [110] classified the
symmetries G, that can be imposed in order to ensure that the
first non-zero contribution to O; occurs at a given loop order, by
forbidding all potential lower-order contributions. All standard
model particles are singlets under G,, implying that the lightest
of the exotics that do transform under this symmetry must be
stable if the symmetry remains exact, establishing a connection
with dark matter. Restrepo et al. [111] performed a systematic
analysis of radiative models in a certain class in order to find those
that have viable dark matter candidates. The considered models
are those that generate mass at 1-loop level using exotics that
are at most triplets under weak isospin, and where the stabilizing
symmetry is Z,. They found 35 viable models. A similar analysis,
but requiring 2-loop neutrino mass generation, can be found in
Simoes and Wegman [112].

Besides dark matter, radiative neutrino mass models may
also be connected to other physics beyond the SM such as
the anomalous magnetic moment of the muon, the strong CP
problem, the baryon asymmetry of the Universe or B-physics
anomalies, among others. Phenomenology related to radiative
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neutrino mass models is briefly discussed in section 4 in general
and an example of a possible connection to the recent B-physics
anomalies is presented in section 5.4.

3. RADIATIVE GENERATION OF NEUTRINO
MASSES

We adopt the classification of radiative neutrino mass models
according to their Feynman diagram topology'?, but refer to the
other classification schemes where appropriate. In particular, we
indicate the lowest-dimensional non-trivial AL = 2 operator
which is generated beyond the Weinberg operator LLHH. These
AL = 2 operators capture light particles which are in the loop
to generate neutrino mass and are very useful to identify relevant
low-energy phenomenology.

In the subsections 3.1-3.3 we classify Majorana neutrino mass
models proposed in the literature according to their topology
and specifically discuss models with SM gauge bosons in the
loop in section 3.4. In section 3.5 we review Dirac neutrino mass
models and briefly comment on models based on the gauge group
SU(3). x SU(3)L x U(1)x in section 3.6.

3.1. 1-Loop Majorana Neutrino Mass
Models

This section is divided into several parts: (i) 1-loop UV
completions of the Weinberg operator, (ii) 1-loop seesaws, (iii)
UV completions with additional VEV insertions, (iv) 1-loop UV
completions of the higher dimensional operators and (v) other
1-loop models. Notice that the first part includes models with
multi-Higgs doublets, while the second part discusses external
fields which transform under an extended symmetry. Besides the
genuine topologies discussed in section 2, there are models based
on the non-genuine 1-loop topologies in Figure 6.

3.1.1. Weinberg Operator LLHH

We follow the general classification of UV completions of the
Weinberg operator at 1-loop [100] discussed in section 2.2.2.
The six genuine topologies are shown in Figure 3. Analytic
expressions for all 1-loop topologies are listed in the appendix
of Bonnet et al. [100].

Here we list the theories falling into respective categories.
As the topologies stay the same while incorporating multiple
Higgs doublets, theories with more than one Higgs doublet will
also be listed here. Models in which the generation of neutrino
mass relies on additional VEVs connected to the neutrino mass
loop diagram are discussed in section 3.1.3. We first discuss the
models based on topology T3, the only one with a quartic scalar
interaction, before moving on to the other topologies.

T3

Topology T3 is one of the most well-studied. It was first proposed
in Ma [99] and its first realization, the scotogenic model with a
second electroweak scalar doublet and sterile fermion singlets (at
least two) both odd under a Z, symmetry, was later proposed in

13Note that diagrams with scalar or vector bosons are equivalent from a topological
point of view.

Ma [113]. See section 5.3 for a detailed discussion of the model.
Its appeal lies in the simultaneous explanation of dark matter,
which is stabilized by a Z, symmetry. A crucial ingredient is
the quartic scalar interaction (H )2 (see Equation 95) of the
SM Higgs boson H with the electroweak scalar doublet 1 in
the loop. This scalar interaction splits the masses of the neutral
scalar and pseudoscalar components of 7. Neutrino masses
vanish in the limit of degenerate neutral 7 scalar masses. Several
variants of the scotogenic model have been proposed in the
literature: with triplet instead of singlet fermions [114-116], an
extension with an additional singlet scalar [117], one fermionic
singlet and two additional electroweak scalar doublets [118],
scalar triplets [119], colored scalars and fermions [120, 121],
a vector-like fermionic lepton doublet, a triplet scalar, and a
neutral [122, 123] or charged [124] singlet scalar, vector-like
doublet and singlet fermions and doublet scalar, which contains a
doubly charged scalar [125], higher SU(2) representations [126—
129], an extended discrete symmetry with Z, x Z, [130, 131] or
Z; x CP [132], a discrete flavor symmetry based on S3 [133],
Ay [134-137], A(27) [138, 139], which is either softly-broken or
via electroweak doublets, and its embedding in (grand) unified
theories [137, 140-143]. Finally, the authors of Megrelidze and
Tavartkiladze [144] proposed the generation of neutrino mass via
lepton-number-violating soft supersymmetry-breaking terms. In
particular the generation of the dimension-4 term (LH,)? with
left-handed sleptons L leads to models based on the topology
T-3 with supersymmetric particles in the loop. Another variant
involves a global continuous dark symmetry [145], Hagedorn,
(in prep), termed the generalized scotogenic model.

T1-i

Ma [146] discusses a supersymmetrized version of the scotogenic
model, which is based on topology T3 and we discuss in detail in
section 5.3. The topology necessarily differs from T3 because the
term (H'n)? is not introduced by D-terms. An embedding of this
model in SU(5) is given in Ma [147]. In a non-supersymmetric
context, the same topology is discussed in Farzan [117], which
introduces one real singlet scalar, in the context of a (dark) left—
right symmetric model [148, 149], and in Budhi et al. [150],
Kashiwase and Suematsu [151], and Budhi et al. [152], which
introduce multiple singlet scalars to connect the two external
Higgs fields. The term (H'7n)?, which is essential to generate
topology T3, is neglected in Budhi et al. [150], Kashiwase
and Suematsu [151], and Budhi et al. [152] and thus neutrino
mass is generated via topology T1-i. One of the singlet scalars
in the neutrino mass model can be the inflaton via a non-
minimal coupling with the Ricci-scalar. The term (H'n)? can
be explicitly forbidden by imposing a U(1) symmetry, which is
softly broken by the CP-violating mass term x? of a complex
scalar field x [153]. Finally the authors of Lu and Gu [154]
proposed a model with electroweak singlet and triplet scalars as
well as fermions and study the dark matter phenomenology and
leptogenesis.

T1-ii
Among the models based on the topology T1-ii, there are four
possible operators which models are based on. Besides models
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FIGURE 6 | Non-genuine topologies of the Weinberg operator.
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with only heavy new particles, there are models with SM charged
leptons, down-type quarks, or up-type quarks in the loop, which
are based on the operators O, and O3, respectively. We first
discuss the models based on operator O,. The first radiative
Majorana neutrino mass model, the Zee model [104], is based
on this operator. See section 5.1.1 for a detailed discussion of
its phenomenology. Several variants of the Zee model exist in
the literature. The minimal Zee-Wolfenstein model [105] with a
Z, symmetry to forbid tree-level FCNCs has been excluded by
neutrino oscillation data [155, 156], while the general version
with both Higgs doublets coupling to the leptons is allowed [91,
157]. Imposing a Z; symmetry [158] allows to explain neutrino
data and forbid tree-level FCNCs in the quark sector. Previously
in Aranda et al. [159] a flavor-dependent Z; symmetry was used
to obtain specific flavor structures in the quark and lepton sector.
A supersymmetric version of the Zee model has been proposed
in Leontaris and Tamvakis [160], Haba et al. [161], Cheung and
Kong [162], and Kanemura et al. [163]. Its embedding into a
grand unified theory has been discussed in Zee [104], Tamvakis
and Vergados [164] and Fileviez Perez and Murgui [165], and in
models with extra dimensions in Chang and Ng [166] and Chang
etal. [167].

Other flavor symmetries beyond Z4 have been studied in Babu
and Mohapatra [168, 169], Koide and Ghosal [170], Kitabayashi
and Yasue, [171], Adhikary et al. [172], Fukuyama et al. [173],
Aranda et al. [174, 175], and Okamoto and Yasue [176] studied
the Zee model when the third generation transforms under
a separate SU(2) x U(1) group. Babu and Mohapatra [168,
169] studied large transition magnetic moments of the electron
neutrino, which was an early, now excluded, explanation for the
solar neutrino anomaly. General group theoretic considerations
about the possible particle content in the loop are discussed in
Ma [99].

Models with multiple leptoquarks, which mix among each
other, also generate neutrino mass via topology T1-ii. We
discuss this possibility in more detail in section 5.4.1. They
induce the operator O3 if the leptoquark couples down-type
quarks to neutrinos. Well-studied examples of leptoquarks are
down-type squarks in R-parity violating SUSY models, which
generate neutrino masses, as was first demonstrated in Hall and
Suzuki [177]. Specific examples with multiple leptoquarks which
mix with each other were discussed in Nieves [178], Chua et
al. [179], Mahanta [180], Aristizabal Sierra et al. [181], Helo et
al. [182], Pas and Schumacher [183], Cheung et al. [184], Dor$ner
et al. [185]. There are several supersymmetric models [179, 186—
190] which generate neutrino mass via different down-type

quarks or charged leptons in the loop and consequently
induce the operators O3 and O,, respectively. Finally, there
are models with only heavy particles in the loop such as the
inert Zee model [191] or supersymmetric models with R-parity
conservation [192, 193].

T1-iii

This topology was first proposed in Ma [99] and it naturally
appears in the supersymmetrized version of the scotogenic
model [146, 147, 194-203] together with topology T1-i. The
topology can be used to implement the radiative inverse
seesaw [204-206], which resembles the structure of the inverse
seesaw [207, 208]. This model has been extended by a softly-
broken non-Abelian flavor symmetry group [209-211] in order
to explain the flavor structure in the lepton sector. The SUSY
model in Ma and Sarkar [212] generates neutrino mass via
sneutrinos and neutralinos in the loop. This mechanism was
first pointed out in Hirsch et al. [213]. In the realization of
Ma and Sarkar [212], the masses of the real and imaginary
parts of the sneutrinos are split by the VEV of a scalar
triplet, which only couples to the sneutrinos via a soft-breaking
term and thus does not induce the ordinary type-II seesaw.
Similarly it has been used in a model with vector-like down-
type quarks [214, 215], which requires mixing of the SM
quarks with the new vector-like quarks. This model leads to the
operator O3.

3.1.2. 1-Loop Seesaws and Soft-Breaking Terms

For completeness we also include the two possible 1-loop
seesaw topologies T4-2-i and T4-3-i which have been identified
in Bonnet et al. [100]. Topology T4-2-i always involves a
electroweak scalar triplet like in the type-II seesaw mechanism
and topology T4-3-i contains an electroweak singlet or triplet
fermion like in the type-I or type-III seesaw mechanism,
respectively. Based on our knowledge, there are currently
no models based on topologies T4-2-i and T4-3-i in the
literature.

Finally, although the topology T4-2-ii shown in Figure 6C
has been discarded in Bonnet et al. [100], because it is generally
accompanied by the tree-level type-II seesaw mechanism, there
are three models based on this topology [216-218]. They break
lepton number softly by a dimension-2 term and thus there
is no tree-level contribution by forbidding the “hard-breaking”
dimension-4 terms which are required for the type-II seesaw
mechanism. Similar constructions may be possible for other
topologies and lead to new interesting models.
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3.1.3. Additional VEV Insertions

The above discussed classification technically does not cover
models with additional scalar fields, which contribute to neutrino
mass via their vacuum expectation value in contrast to being a
propagating degree of freedom in the loop. Inspired by the above
classification, we similarly classify these new models according
to the topologies in Figure 3 by disregarding the additional VEV
insertions.

T1-i

There are several radiative neutrino mass models which are based
on a U(1) symmetry, which is commonly broken to a remnant
Z, symmetry: there are models based on a global Peccei-Quinn
U(1)pq symmetry [219, 220], which connects neutrino mass to
the strong CP problem, a local U(1)p—1 symmetry [221-223]
and local dark U(1) symmetry [224-226]. The authors of Ho et
al. [221] systematically study radiative neutrino mass generation
at 1-loop (but also 2-, and 3-loop) level based on a gauged
U(1)p—1 symmetry, which is broken to a Zy symmetry. The
models in Chang and Wong [224], Dasgupta et al. [219], Lindner
et al. [225], Adhikari et al. [227], Kownacki and Ma [226] also
have a contribution to neutrino mass at 2-loop order based on a
Cheng-Li-Babu-Zee (CLBZ) topology.

T1-ii

All of the models with additional VEV insertions rely on
the breaking of a symmetry: left-right symmetry [228-
230], a more general SU(2); x SU(2), symmetry [231],
a flavor symmetry [232-234], U(1)p—r [235], and dilation
symmetry [236]. All these models lead to the operator O,. Foot et
al. [236] discusses in particular the following two 1-loop models:
the scale-invariant Zee model and a scale-invariant model with
leptoquarks which induces Ojs. Finally, there is the inert Zee
model with a flavor symmetry [237, 238].

T1-iii

The model in Nomura et al. [239] relies on the VEVs of a scalar
triplet and a septuplet which are subject to strong constraints
from electroweak precision tests in particular from the T (or p)
parameter. The minimization of the potential is not discussed,
but the VEVs can in principle be introduced via the linear term
in the scalar potential, which leads to the operator O}” at 2-
loop level, because the linear term for the septuplet is only
induced at the 1-loop level. The topology can also be generated
by new heavy lepton-like doublets and sterile fermions, which
are charged under a new gauged dark U(1) in addition to a Z,
symmetry [240].

T3

There are several variants of the scotogenic model with
additional VEV insertions. Most of them are based on an
extended symmetry sector, such as a discrete Z3 instead of
a Zp symmetry [241, 242], dilation symmetry [236, 243-245],
a gauged U(1)p_1 [246-250], global U(1)p_1, [251], a general
gauged U(1) [252-254], continuous U(1) flavor symmetry [255,
256], a discrete flavor symmetry based on Dg [257], A4 [258-
262] or S4 [263], and different LR symmetric models without a

bidoublet [264]. Apart from additional symmetries, the mixing
of the fermionic singlet with a fermionic triplet in the loop
requires the VEV of an electroweak triplet with vanishing
hypercharge [265-267]. Finally, the two models discussed in
Okada and Yagyu [268, 269] rely on a similar topology as the
scotogenic model, but with triplet VEVs instead of electroweak
doublet VEVs.

T4-2-i
Based on our knowledge, there are currently no models based on
topology T4-2-i in the literature.

T4-3-i

Wang and Han [270] proposed a model which reduces to
topology T4-3-i after breaking of the U(1)p_p symmetry. As
the Majorana mass term for the fermionic pure singlet is not
introduced, there is no inverse seesaw contribution to neutrino
mass after the breaking of the U(1)p—1, symmetry and neutrino
masses are generated at 1-loop level.

T4-1-i/ii

These types of models contain a triplet scalar which couples to the
lepton doublet as per the tree-level type-II seesaw. However, the
neutral component of the triplet scalar gets an induced VEV at
1-loop and thus generates neutrino masses effectively at 1-loop.
The model in Nomura and Okada [271] is based on topology
T4-1-i shown in Figure 6A, which is finite due to additional
VEV insertions on the fermion line. The model in Kanemura
and Sugiyama [272] is based on topology T4-1-ii shown in
Figure 6B. The tree-level contribution is forbidden by a discrete
symmetry and renormalizability of the theory. However, at loop-
level neutrino mass is generated by a dimension-7 operator
LLHHS% with two additional SM singlet fields s;. Note in both
cases an extra symmetry such as U(1)p_L, or a discrete symmetry
and lepton number is needed to forbid the contribution from
the tree-level type-II seesaw. Topology T4-1-ii is also induced
in the SUSY model in Figueiredo [273] and Franceschini and
Mohapatra [201] after the breaking of SUSY and the discrete Zy
symmetry.

3.1.4. Higher-Dimensional Weinberg-Like Operators
Apart from UV completions of the Weinberg operator, there
are a few models which induce one of the higher dimensional
operators with additional Higgs doublets at 1-loop level.

Dimension-7 (O})

The first model which induced the dimension-7 operator O]
at 1-loop level in a two Higgs doublet model was proposed in
Kanemura and Ota [274]. It was realized using at most adjoint
representations and an additional softly-broken Zs symmetry
and an exact Z; symmetry and thus allows to use the topologies
T12 (Figure 4E) and T31 (Figure 7), which would otherwise be
accompanied by the dimension-5 operator O;. If the Zee model
is extended by a triplet Majoron [275, 276] the operator O, =
LLLeH(H'H) is induced at tree-level. After closing the loop of
charged leptons via topology T3 (Figure 4B), the dimension-
7 operator O] is obtained. Cepedello et al. [101] systematically
studies the possible 1-loop topologies of O} and explicitly shows
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FIGURE 7 | Non-genuine 1-loop topology T31 for operator O’1 .

several models: the only genuine model without representations
beyond the adjoint of SU(2) is based on topology T11, while the
other models use quadruplets or even larger representations to
realize the other genuine topologies.

Dimension-9 (0})

In Law and McDonald [277] and Baldes et al. [278] neutrino
masses are generated via a radiative inverse seesaw. The mass
of the additional SM singlets is induced at tree-level and then
first transmitted to the neutral components of new electroweak
doublets via a 1-loop diagram, before it induces neutrino mass via
the seesaw. It leads to the dimension-9 operator O] via the four
VEV insertions on the scalar line of the 1-loop diagram. There is
also a 2-loop contribution, which may dominate neutrino mass
depending on the masses of the new particles.

Dimension-11 (O")

The model proposed in Aranda and Peinado [279] relies on the
VEV of a 7-plet x, which is induced via a non-renormalizable
coupling, linear in y;, to six electroweak Higgs doublets.

As can be seen from the discussion above, in order to
generate Weinberg-like effective operators at dimension larger
than five, typically extra symmetries (in some cases large discrete
symmetries), new large representations, a large number of fields
or a combination of all the previous need to be invoked. This
makes the model-building of such scenarios much more involved
than for the case of the Weinberg operator.

3.1.5. Other 1-Loop Models

Apart from the models in the general classification [100], it
is possible to generate neutrino mass via a radiative inverse
seesaw mechanism shown in Figure 8 at 1-loop order, which
has been proposed in Ahriche [280]. Tree-level contributions are
forbidden by a softly-broken Z4 symmetry. The soft-breaking is
indicated by the cross on the scalar line. Note the cross on the
fermion line in the loop denotes a Majorana mass term, while the
other two denote Dirac mass terms.

Finally we would like to comment on one further possibility
to generate neutrino mass at 1-loop order. If the neutrino
masses vanish at tree-level in type-I seesaw model, then 1-loop
electroweak corrections give the leading contribution [281]:!4

“The finite 1-loop corrections to the active neutrino mass matrix in the seesaw
model were first discussed in Grimus and Neufeld [282] with an arbitrary number
of right-handed neutrinos, left-handed lepton doublets, and Higgs doublets. The
finite 1-loop corrections are particularly important in case of delicate cancellations

H - H
1 g ~ 1
1 . AN 1
\/ ’ \ \
1 N \ 1
1 1
[, —>—e ¢ X: 4 o———v7 ],
FIGURE 8 | Radiative inverse seesaw.

non-zero neutrino masses are induced by finite 1-loop diagrams
with either a Z-boson or a Higgs boson. The UV divergent part
of the 1-loop corrections to the Weinberg operator cancel due to
the absence of a tree-level contribution. This has been explicitly
shown in Pilaftsis [281] with a calculation in the mass basis. In
terms of the classification of 1-loop topologies, these diagrams
correspond to the topologies T3 and T1-iii for the Higgs and
Z-boson in the loop, respectively. The vanishing of the tree-
level contribution can be achieved using a specific texture in the
seesaw model with SM singlet fermions S [285] in addition to the
right-handed neutrinos N

0 mp 0
. 1R My (33)
s
in the basis (v,N,S). In the limit ug — 0 the tree-

level contribution to the active neutrinos exactly vanishes and
neutrino masses are generated at 1-loop order. This construction
has been denoted minimal radiative inverse seesaw [285].

This texture can be obtained by imposing a U(1) symmetry
under which S is charged. After it is spontaneously broken by
the VEV of a SM singlet scalar 1, the Yukawa interaction SN
generates the term My without generating a Majorana mass term
s for the fermionic singlets S or a coupling of S to the SM lepton
doublets L at the renormalizable level.

3.2. 2-Loop Majorana Neutrino Mass

Models

The possible 2-loop topologies of the Weinberg operator have
been discussed in Aristizabal Sierra [102]. We will closely follow
this classification. All possible genuine 2-loop topologies are
shown in Figure 5. Analytic expressions for the 2-loop diagrams
are summarized in the appendix of Aristizabal Sierra [102] and
are based on the results in McDonald and McKellar [286] and
Angel etal. [287]. Most topologies can be considered as variations
of a few 2-loop models discussed in the literature: (i) variations of
the Cheng-Li-Babu-Zee (CLBZ) topology [76, 288, 289], (ii) the
Petcov-Toshev-Babu-Ma (PTBM) topology [290-292], and the
so-called rainbow (RB) topology [102]. In the following we will
further distinguish between fermion and scalar lines and show
in Figures 9, 10B the relevant diagrams of genuine topologies
and the internal-scalar-correction (ISC)-type topology which are
used in the following discussion. The first two subsections discuss

in the tree-level neutrino mass terms, which have been studied in Aristizabal Sierra
and Yaguna, [283] using the result of Grimus and Lavoura [284].
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FIGURE 9 | Relevant genuine 2-loop topologies.
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models based on genuine topologies, the third one models based
on non-genuine topologies, and the last one models based on
multiple topologies.

3.2.1. Genuine 2-Loop Topologies
The relevant diagrams for the genuine topologies are shown in
Figure 9.

CLBZ-1

The topology CLBZ-1 is displayed in Figure 9A. The first model
was independently proposed and studied by Zee [288] and
Babu [289], and is commonly called Zee-Babu model (See a more
detailed discussion in section 5.1.2). It also leads to the operator
Og. A scale-invariant version of the model has been proposed
in Foot et al. [236]. It has been extended to include a softly-
broken continuous L, — L, — L, flavor symmetry [293, 294]
or discrete flavor symmetry [295], and has been embedded in a
SUSY model [296, 297]. The same topology has also been used
for models with quarks instead of charged leptons inside the loop.
They rely on the introduction of a leptoquark and a diquark [298-
300] and lead to operator Oy ;. Similarly, there is a version without
light fields in the loop [221, 301-303]. The models in Ho et

al. [221] are part of a systematic study of models based on a
gauged U(1)p—_1, which is broken to a Zy symmetry.

CLBZ-3

Topology CLBZ-3 is depicted in Figure 9B and only differs from
topology CLBZ-1 in the way how the Higgs VEVs are attached
to the loop diagram: Topology CLBZ-3 has the Higgs VEVs
attached to two of the scalar lines, while they are attached to
the internal fermion lines for CLBZ-1. Cheng and Li [76] listed
several possible neutrino mass models, including the first 2-loop
model which was based on topology CLBZ-3 with an effective
scalar coupling. A possible UV completion was presented with
an electroweak quintuplet scalar. This UV completion leads to
the operator O33 = ECECLiUe‘eCHkHleikejl (with an additional
VEV insertion from an electroweak quintuplet scalar). All
models [221, 304-307] based on topology CLBZ-3 only contain
heavy fields.

CLBZ-8
The topology is shown in Figure 9C. Variants of the Zee-Babu
model have also been embedded in grand unified theories [308].
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In case of SU(5), there is a 5-plet of matter particles in the loop  CLBZ-1

which leads to the effective operators Og and Oy .

CLBZ-9
Topology CLBZ-9 which is displayed in Figure 9D has been
utilized in a model with two diquarks [215].

CLBZ-10
The same paper also introduces another model with two diquarks
which is based on topology CLBZ-10, shown in Figure 9E.

PTBM-1

The first model to utilize the topology Figure 9F, although in
presence of a tree-level contribution, was presented in Petcov
and Toshev [290], Babu and Ma [291], Branco et al. [292] and
Babu and Ma [309]. Neutrino mass receives a 2-loop correction
via the exchange of two W-bosons as shown in Figure 9F. This
idea has been recently revived and experimentally excluded in
the context of extra chiral generations [310], but the mechanism
can still work in the case of vector-like leptons. Lepton number
is violated by the SM singlet Majorana fermion N in the center
of the diagram and thus there is a tree-level contribution in
addition to the 2-loop contribution to neutrino mass. Lepton
number can equally well be broken by the type-III seesaw, when
the fermionic singlet is replaced by a fermionic triplet [311]. The
model in Babu and Julio [312] has one of the W-bosons replaced
by scalar leptoquarks and it is consequently not accompanied
by a tree-level contribution. The 1-loop contribution induced by
the mixing of the leptoquarks vanishes, because the left-chiral
coupling of one of the leptoquarks is switched off [313]. All
models with W bosons will lead to operators with derivatives in
the classification according to AL = 2 operators. Finally, Angel et
al. [287] proposed a model with a scalar leptoquark and colored
octet fermion.

3.2.2. Genuine Topologies with Additional VEV
Insertions

Similar to the 1-loop models, we also categorize the models
with additional VEV insertions following the classification of
Aristizabal Sierra et al. [102].

There are several models based on topology CLBZ-1 (shown
in Figure 9A), which all induce the operator Og. Bamba et
al. [314] discusses a possible connection of neutrino mass with
dark energy. Porto and Zee [315] proposed a model with
one electroweak Higgs doublet field per lepton generation, an
extension of the so-called private Higgs scenario. Finally, Lindner
et al. [316] discusses an extension of the Zee-Babu model by a
global U(1)p—1, symmetry, which is spontaneously broken to a
Z, subgroup. This implies the existence of a Majoron and a DM
candidate.

CLBZ-3

Chang and Keung [317] proposed a variant of the Zee-Babu
model with an additional triplet Majoron, which is based on
topology CLBZ-3 which is displayed in Figure 9B.

CLBZ-9

The topology CLBZ-9 is depicted in Figure 9D. The model in
Guo [318] is based on a dark U(1) symmetry with only heavy
fields in the loop.

RB-2

The model proposed in Kajiyama et al. [319] is based on U(1)p_1,
which is broken to Z,. Apart from the VEV breaking U(1)p_r,
neutrino mass is generated by a diagram with topology RB-2
which is shown in Figure 9G.

3.2.3. Non-genuine Topologies
The relevant non-genuine 2-loop topologies are shown in
Figure 10.

NG-RB-1

The non-genuine topology NG-RB-1 (Figure 10A) is generated
in Nomura and Okada [320]. There are no lower-order
contributions due to the U(1) symmetry, which is broken to Z,
as in the above-mentioned models.

Other non-genuine topologies

There are several models which generate vertices or masses of
particles at loop level. The models in Aoki et al. [321, 322]
realize an ISC-type topology which is shown in Figure 10B
by softly breaking lepton number with a dimension-2 scalar
mass insertion in the internal scalar loop. Similarly, Ma and
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Sarkar [323] discusses a supersymmetric model where the scalar-
quartic coupling is induced after supersymmetry is softly broken
and thus an ISC-type topology is induced for neutrino mass.
The models in Kajiyama et al. [324] and Baek et al. [325] have
only heavy particles in the loop and can be considered as a 1-
loop scotogenic model, where the Majorana mass term for the
SM singlet fermions is generated at 1-loop order. Thus, neutrino
mass is effectively generated at 2-loop order. It can be considered
as an RB-type topology. In contrast to the topology RB-2, the
SM Higgs fields are attached to the outer scalar line (the one on
the left in Figure 9G). Both models break U(1)g_|, to a discrete
Zy subgroup. Ghosh et al. [326] proposes another model based
on an RB-type topology, where the Higgs fields couple to the
fermions in the outer loop. The model features a stable dark
matter candidate due to an imposed Z, symmetry. Moreover,
neutrino mass relies on the spontaneous breaking of an extended
lepton number symmetry to a discrete Z, subgroup. The models
in Ma [327], Nasri and Moussa [328], Chao [329], Ma and
Wudka [330] and Nomura and Okada [331] realize the type-I
seesaw by generating the Dirac mass terms at 1-loop order, and
the model in Okada and Orikasa [332] generates a radiative type-
II seesaw contribution by generating the triplet VEV at 1-loop
level, and thus the Weinberg operator at 2-loop level. Finally,
Witten [333] and Arbelaez Rodriguez et al. [334] firstly generate
the right-handed neutrino mass at 2-loop level in the context of a
GUT, which induces the active neutrino mass via the usual seesaw
mechanism. Similarly Law and McDonald [335] and Baldes et
al. [278] realize a radiative inverse seesaw. The mass of additional
singlets is generated at 2-loop order. The model is based on
an additional gauged U(1) symmetry (which is spontaneously
broken to its Z, subgroup) to forbid the generation of neutrino
mass at tree-level via the seesaw mechanism. The model can
explain the matter-antimatter asymmetry of the universe, but not
account for the dark matter abundance [278].

3.2.4. Models Based on Several Topologies

Several models in the literature [144, 221, 336-351] are based
on multiple 2-loop topologies. We highlight three examples.
Megrelidze and Tavartkiladze [144] proposed to generate
neutrino mass via lepton-number-violating soft supersymmetry-
breaking terms using the so-called type-II-B soft seesaw
with electroweak triplet superfields. Integrating out the scalar
components of the electroweak triplets leads to the dimension-
5 lepton-number-violating term (LH,)?. Neutrino mass is
generated at 2-loop via a diagram based on topology CLBZ-1 and
diagrams which generate the couplings of the scalar component
of the electroweak triplet superfield to two lepton doublets L on
the one hand and the two electroweak Higgs doublets H,, on the
other hand at the 1-loop level. Another interesting class of models
are based on internal electroweak gauge bosons, which are based
on CLBZ-type topologies and discussed in Chen et al. [345, 346],
del Aguila et al. [347], Chen et al. [348], del Aguila et al. [349],
King et al. [350] and Geng and Tsai [351]. All of them introduce
a doubly-charged scalar and a coupling of the doubly-charged
scalar to two W-bosons, which can be achieved via a mixing of
the doubly-charged scalar with the doubly-charged scalar in an
electroweak triplet scalar. Neutrino mass is typically generated

via topologies CLBZ-1 and CLBZ-3 and induces the operator

ORR = ereq (H'D*H)(H'D,H) . (34)
This possibility is further discussed in section 3.4. Gauge bosons
similarly can play an important role in the generation of neutrino
mass in extended technicolor (ETC) models as discussed in
Appelquist and Shrock [352, 353] and Appelquist et al. [354].
These models contain many SM singlet fermions and only a
few elements of the neutral fermion mass matrix are directly
generated by condensates, while many elements are generated at
1-loop (or higher loop) level via loop diagrams with ETC gauge
bosons. In particular the relevant Dirac mass terms relevant for
the active neutrino masses are generated at 1-loop level and thus
neutrino mass is effectively generated at 2-loop (or even higher
loop) level.

3.3. 3-Loop Majorana Neutrino Mass
Models

Unlike 1-loop and 2-loop topologies, there is no systematic
classification of all 3-loop topologies. Thus, we restrict ourselves
to the existing 3-loop models in the literature and do not
consider other topologies or different fermion flow for the given
topologies. Most of the existing 3-loop models can be categorized
in four basic types of diagrams shown in Figure 11 where we
do not specify the Higgs insertions. The remaining models are
either based on a combination of the listed topologies or the
combination of aloop-induced vertex at 1- or 2-loop inside a loop
diagram.

3.3.1. The KNT Models

The first 3-loop radiative neutrino mass model was proposed in
Krauss et al. [355] with the topology shown in Figure 11A by
Krauss, Nasri and Trodden (KNT) and it leads to the operator
Og. We refer to radiative neutrino mass models sharing the same
topology as KNT models and discuss them in more detail in
section 5.2. A systematic study with several different variants
can be found in Chen et al. [356]. The models of Chen et
al. [357], Ahriche and Nasri [358], Ahriche et al. [359], Chen et
al. [356], Ahriche et al. [360-364] also generate the operator O,
the models of Chen et al. [356], Nomura et al. [365] and Cheung
et al. [366] the operator O;; with down-type quarks, while the
models in Okada and Okada [367], Chen et al. [356], Okada and
Yagyu [368] and Cheung et al. [369] only have new heavy states
in the loop.

3.3.2. AKS-Type Models

Neutrino mass can also arise at 3-loop order from the diagram
shown in Figure 11C. The first model of such topology was
proposed by Aoki, Kanemura, and Seto (AKS) in Aoki et al. [370]
and is based on the operator ¢°¢°H! HJZHi‘Hée,-jekl with two Higgs
doublets H;. We will refer to it as the AKS model and more
generally to models based on this topology as AKS-type models.
It contains a second Higgs doublet and several SU(2), singlets.
The exotic particles can also be all electroweak singlets [221,
371]. The model in Gu [371] leads to the operator Og. Other
variants include colored exotic particles such as leptoquarks [356,
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FIGURE 11 | 3-loop model topologies. Note that we do not specify the Higgs insertions.

372, 373], which generate the operators Ojj 12, or electroweak
multiplets [356, 374, 375] generating the operators Oj9. Note
cross diagrams may be allowed in specific models.

3.3.3. Cocktail Models

The third class of models are based on the two cocktail diagrams
shown in Figures 11B,D. The name for the diagram has been
coined by Gustafsson et al. [376], which proposed a 3-loop
model with two W-bosons based on topology Figure 11B and
consequently generated the operator ORR, which are discussed in
more detail in section 3.4. The same model has also been studied
in Geng et al. [377]. The models in Hatanaka et al. [378] and
Alcaide et al.[379] are based on the same topology, but with W
bosons replaced by scalars. While Alcaide et al. [379] induces
operator ORR the model of Hatanaka et al. [378] leads to operator
Og. Finally, the fermionic cocktail topology Figure 11D is used
in the models of Nishiwaki et al. [380],and Kanemura et al. [381],
both of which generate operator Oy.

Apart from the three classes of models, there are a few models
which do not uniquely fit in any of the three classes. The model in
Jin et al. [382] is based on topologies Figures 11A,C with two W-
bosons and thus generates the operator ORR Nomura et al. [383]
generates the mass of new exotic fermions at 2-loop level via a
CLBZ-type diagram, which in turn generate neutrino mass at 1-
loop. Geng and Huang [384] studies a 2-loop model based on the
operator Og, which itself is generated at 1-loop order.

Most of the 3-loop models need to impose extra discrete
symmetries such as Z or a continuous U(1) symmetry to
forbid lower-loop or tree-level contributions, unless accidental
symmetries exist and thus partly require other VEV insertions.
One example is to employ higher dimensional representation
of SU(2)L, [362], e.g., septuplet, in the spirit of minimal dark
matter [385, 386] such that undesirable couplings are forbidden
by the SM gauge group alone. Due to the existence of the extra
imposed or accidental symmetries, 3-loop models serve as a
natural playground for DM physics.

3.4. Models with Gauge Bosons

The first model [290-292] with gauge bosons in the loop uses
the topology PTBM-1 and leads to operators built from two
lepton doublets including covariant derivatives. However, it also
has a tree-level contribution, while models based on operators
with right-handed charged leptons are genuine radiative neutrino
mass models.

In del Aguila [107] two LNV effective operators with gauge
bosons, i.e., present in covariant derivatives, were considered,
which allowed to have neutrinoless double beta decay rates
generated at tree level thanks to new couplings to the SM
leptons!®. Interestingly, depending on the chirality of the
outgoing leptons in OvBp, there are two new operators (beyond
the standard contribution from the Weinberg operator which
involves left-handed electrons). For left-right (LR) chiralities of
the outgoing electrons, there is a dimension-7 operator:'®

O = (H'D*H)(H'ery, L) . (35)
For right-right (RR) chiralities, there is a dimension-9 operator
ORR as define in Equation (34). After electroweak symmetry
breaking, these operators generate the relevant vertices for
0vBp at tree level: W ery*vf and W,/ W™ #egeg, respectively.
The contributions of O'® and ORR to 0vBB are depicted in
Figures 12B,C respectively, where the red point denotes the
effective operator insertion.

The lowest order contributions from these operators to
neutrino masses occur at 1- and 2-loop orders, respectively, via
the diagrams of Figure 13. The dominant contributions come
from matching (see also Babu and Leung [85], de Gouvéa et
al. [87], Angel et al. [90] and de Gouvéa et al.[88] for estimates
of the matching contributions to neutrino masses of LNV

5Tn general, 0vBp is generated in these models at a lower order than neutrino
masses.

16There are other operators which, however, are simultaneously generated with the
Weinberg operator, which dominates as it is dimension 5 [107].
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effective vertex. Figure reproduced following del Aguila [107].
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FIGURE 13 | Lowest order contributions of O'F (left, at 1-loop order) and ORR (right, at 2-loop order) to neutrino masses. The red dot indicates the AL = 2

operators), which using dimensional analysis can be estimated to
be given by del Aguila et al. [107]:

v
() =~ i (maClyt + myCpY) (36)

for O'R and by
RR 1 CRR 37
(MV)“h - (167‘[2)2A MaCgp M (37)

for ORR, Notice that the appearance of the chirality-flipping
charged lepton masses is expected in order to violate lepton
number in the LH neutrinos, which naturally generates textures
in the neutrino mass matrix.

Possible tree-level UV completions which have new
contributions to OvBB at tree level were outlined in del
Aguila et al. [107]. See also del Aguila [349], which provides a
summary of two examples of models generating O'® and ORR,
respectively. The UV model of ORR [347] generates OvBp at tree
level, while neutrino masses are generated as expected at 2-loop
order. It includes a doubly-charged singlet,a Y = 1 triplet scalar
and a real singlet. In order to prevent tree-level neutrino masses
as in type-II seesaw via the latter field, a discrete Z, symmetry,
which was spontaneously broken by the VEV of the singlet,
was added. Recently a variation has been studied, in which the
Z, symmetry is exact, such that there is a good dark matter
candidate, which is a mixture of singlet and triplet [379]. In
this case, the contributions to OvBS and to neutrino masses are
further shifted by one extra loop, i.e., they are generated at 1- and
3-loop orders, respectively. Gustafsson et al. [376, 387] studied

also a specific model with a dark matter candidate, named the
cocktail model, which generated ORR at 1-loop order, i.e., 0vBf
at 1-loop order and therefore neutrino masses at 3-loop order. It
includes a singly-charged singlet, a doubly-charged singlet and
a Y = 1 scalar doublet, together with a discrete symmetry Z,
under which all the new fields except the doubly-charged are
odd. Other models generating ORR were presented in Chen et
al. [345, 346, 348], King et al. [350], Geng and Tsai [351], and Liu
and Gu [388].

3.5. Radiative Dirac Neutrino Mass Models
Although Majorana neutrinos are the main focus of research,
Dirac neutrinos are a viable possibility to explain neutrino mass.
It is noteworthy that the first radiative neutrino mass model [389]
was based on Dirac neutrinos. In recent years, there has been an
increased interest in Dirac neutrinos and, in particular, there are
a few systematic studies on the generation of Dirac neutrino mass
beyond the simple Yukawa interaction, which include both tree-
level and loop-level realizations, besides several newly-proposed
radiative Dirac neutrino mass models, which we will outline
below.

Ma and Popov [56] and Wang and Han [60] performed a
study of Dirac neutrino mass according to topology at tree-
level and 1-loop level. There are only two possible one-particle-
irreducible topologies for the Dirac Yukawa coupling at 1-
loop, which are shown in Figure 14. The simplest radiative
Dirac neutrino mass models are based on a softly-broken Z,
symmetry, which is required to forbid the tree-level contribution,
and generate the topologies in Figure 14. Wang et al. [390]
studied scotogenic-type models with a U(1)p_ symmetry at
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1- and 2-loop order. Finally, Kanemura et al. [391] takes a
model-independent approach and discusses the possible flavor
structures of the induced Dirac mass term under a number of
constraints: The fermion line only contains leptons and each
lepton type can appear at most once.

1-Loop Models

Many of the proposed 1-loop models are realized in a left-right
symmetric context without SU(2) triplet scalars [56, 389, 392—
397]. Rajpoot [398] attempted the generation of Dirac neutrino
masses in the context of a model where hypercharge emerges
as diagonal subgroup of U(l)L x U(1)r. To our knowledge
the generation of Dirac neutrino mass at 1-loop level with a
softly broken Z, was first suggested in Kanemura et al. [399]
based on topology Figure 14B. Farzan and Ma [400] implements
the first scotogenic model of Dirac neutrino mass by using a
dark Z, and softly-broken Z,. Both of these possibilities have
been studied in more detail in the systematic studies outlined
above. Another way to explain the smallness of Dirac neutrino
mass is via a small loop-induced VEV [401]. Finally, Borah
and Dasgupta [402] discusses a left-right symmetric model with
pseudo-Dirac neutrinos. The tree-level Majorana mass terms are
not allowed, because the bidoublet is absent and the coupling
of the left-handed triplet to leptons is forbidden by a discrete
symmetry.

2-Loop Models

Two explicit models of Dirac neutrino mass have been discussed
in Bonilla et al. [403] and Kanemura et al. [404] apart from
the general classification [390]. They are both based on a U(1)
symmetry, a dark U(1) and lepton number, respectively. The
U(1) symmetry is broken to a discrete subgroup and thus both
models feature a stable dark matter candidate.

3-Loop Model

Finally, a Dirac neutrino mass term can also be induced via a
global chiral anomaly term [405]. The five-dimensional anomaly
term aFWF’“’ with the pseudo-scalar a and the (dual) field
strength tensor F,, (FW) is induced at 1-loop level and leads
to a Dirac mass term at 2-loop order, being effectively a 3-loop
contribution.

3.6. 331 Models
Another interesting class of models is based on the extended
gauge group SU(3) x SU(3)1, x U(1)x. The SM gauge group can
be embedded in several different ways and is determined by how
the hypercharge generator is related to the generator Tg of SU(3)1,
and the generator X of U(1)x,
Y=8Ts+X, (38)
where f is a continuous parameter. In addition to one radiative
Dirac neutrino mass model [406], several radiative Majorana
neutrino mass models have been proposed at 1-loop level [407-
423], 2-loop order [424-429], 3-loop order [430], and even at 4-
loop order [98]. As lepton number violation (LNV) in 331 models
and in particular neutrino mass generation has been discussed
in a recent review [431], we refer the interested reader to it for
a detailed discussion. However, we highlight one model based
on gauged lepton number violation [419-421], which generates
neutrino mass via lepton number violation in the 1-loop diagram
shown in Figure 15 with the SU(3)1, x U(1)x gauge bosons, where
H; denotes the SM Higgs doublets, (x) the VEV in the third
component of SU(3), and N¢ the third partner of vy, in the triplet
of SU(3)1. Note that lepton number is broken by the mixing of
the gauge bosons in the vertex at the top of the diagram.

4. PHENOMENOLOGY

In this section we revisit the most relevant phenomenological
implications of radiative neutrino mass models. The possible
signals are very model dependent, as each radiative model has
its own particularities that should be studied on a case-by-case
basis. However, in the following we will try to discuss generic
predictions of these models, making use of simplified scenarios
and/or of effective operators, and referring to particular examples
when necessary.

4.1. Universality Violations and
Non-standard Interactions

In the SM, leptonic decays mediated by gauge interactions are
universal. Several scenarios of physics beyond the SM have
universality violations, that is, decays into different families (up
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FIGURE 15 | Neutrino mass generation from gauged lepton number violation.

to phase space-factors) are no longer identical'’. These may

or may not be related to neutrino masses, as lepton number
is not violated in these interactions. Indeed, for instance a
two Higgs doublet model with general Yukawa interactions
breaks universality, irrespective of neutrino masses. In tree-level
neutrino mass models, there are also violations of universality,
mediated by the (singly) charged scalar boson in the type-II
seesaw model, or due to the non-unitarity of the leptonic mixing
matrix in type-I and type-III seesaw models when the extra
neutral fermions are heavy [432, 433].

In some of the radiative models there can be violations of
universality. One illustrative example of this case is due to the
presence of a singly-charged singlet h with mass my+ (as in
the Zee and Zee-Babu models, see section 5.1). The relevant
interaction is Lf Lh™, where f is an antisymmetric matrix in flavor
space and L = it,CL® = it,CL”. Integrating out the singlet, one
obtains the following dimension 6 effective operator [434]

1 o —
Leg C ——(eLf v{)(0f fer).
m

(39)

One can see that this operator involves left-handed leptons, like
charged currents in the SM!®. This implies that it interferes
constructively with the W boson, modifying among others the
muon decay rate [435]. Therefore, the Fermi constant which is
extracted from muon decay in the SM, GlSLM, and that in a model
with a singly-charged singlet, Gh, are different, i.e., GiM # Gz.
Their ratio obeys to leading order in f:

G\’ Vi
(G/SLM) a GFm2 [f#| (40)

The new Fermi constant GZ is subject to different constraints. For
example, from measurements of the unitarity of the CKM matrix,

Higher order effects break universality in a tiny amount due to Higgs
interactions, i.e, by the charged lepton Yukawa couplings.

8In models with an extra Higgs doublet coupled to the leptons, other operators
can be formed by integrating out the second Higgs doublet. In those cases, the
electrons involved are right-handed and therefore there is no interference with the
W boson. An example is the Zee model, see Herrero-Garcia et al. [91].

as the Fermi constant extracted from hadronic decays should be
equivalent to that from leptonic decays, we can bound £, ,:
— P

2
-
(41)

Also leptonic decays which in the SM are mediated by charged-
current interactions are not universal anymore. The ratio of
leptonic decays among the different generations can be tested via
the effective couplings given by

V2

2
~1+ 3
GthJr
2
~1+
2

All these lead to strong limits on the f couplings depending on
the mass on the singlet [95].

Furthermore, the new singly-charged scalar via the effective
operator in Equation (39) induces neutrino interactions that
cannot be described by W-boson exchange and are termed non-
standard neutrino interactions (NSIs). Equation (39) is usually
rewritten after a Fierz identity as

SM

f

GF h*

VPP 4 VPP + VSR = (Gh

h
GT—)e

Gh

n—e

12 = IF1%) (42)

Gh

TN

Gh

n—e

fz 12 = [F 1), (43)
M+
Gh f

T

Gh

T—>e

(Uc/u lfet|2) . (44)

GF h*

LY = 2v2Gr el (Tay"PLvp) GrvuPLes),  (45)
where 85; are the NSI parameters given by
*
Zg _ faﬁ(fpw)z ) (46)
«/EGpmh+

These could be in principle probed at neutrino oscillation
experiments. However, typically whenever NSIs are induced,
lepton flavor violating (LFV) processes are also generated, which
are subject to stronger constraints. This is particularly the case for
the four-lepton dimension 6 operators, due to gauge invariance.
Models with large NSI are difficult to construct, and typically
involve light mediators [436, 437]. We refer the reader to
Davidson et al. [438], Ibarra et al. [439], Gavela et al. [440],
Biggio et al. [441, 442], Antusch et al. [443] and Ohlsson [444]
for studies of NSIs and their theoretical constraints.

4.2. Lepton Flavor Violation

One of the common predictions shared by most neutrino mass
models (radiative or not) is the existence of LFV processes
involving charged leptons with observable rates in some cases.
Indeed, neutrino oscillations imply that lepton flavors are
violated in neutrino interactions, and as in the SM neutrinos
come in SU(2) doublets together with the charged leptons, also
violations of lepton flavors involving the latter are expected.
Which is the most constraining LFV observable is, however,
a model-dependent question. It is thus convenient to use a
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parametrization that allows for a model-independent description

of these processes. For each of the models one can then compute

the relevant coeflicients and apply the following formalism. We

follow the notation and conventions of Porod et al. [445]°.
The general LFV Lagrangian can be written as

Lrev = Lyey + Loez + Loen + Lae + Loeg - (47)

The first term contains the { —¢ — y interaction Lagrangian, given

by

ﬂggy = egﬁ [)/”’ (K{“PL + K{QPR)
+ img, 0"’ qy (K3PL + K3PR)] LaA, + Hee., (48)

where e is the electric charge, g is the photon momentum, P =
%(1 F ys) are the standard chirality projectors and the indices
{a, B} denote the lepton flavors. The first term in Equation (48)
corresponds to the monopole interaction between a photon and
a pair of leptons whereas the second is a dipole interaction
term. In this parametrization the form factors KIL’R vanish when
the photon is on-shell, i.e., in the limit of q2 — 0. Similarly,
the interaction Lagrangians with the Z and Higgs bosons are
given by?

Loz = 17/3 [y“ (RIfPL + RfPR) + p# (RIZ”PL + RgPR)] LoZy
(49)
where p is the {g 4-momentum, and
Loon = £ (SLPL + SrPR) Lo h (50)
with the SM Higgs h. The general 4-lepton interaction Lagrangian
can be written as
Ly= Y AkylgTiPxtelsTiPyl, + He,,  (51)

I=S,V,T
X, Y=LR

where in this case the indices {«, 8, v, §} denote the lepton flavors
and we have defined I's = 1, I'v = y, and I't = oy, Itis
clear that the Lagrangian in Equation (51) contains all possible
terms allowed by Lorentz invariance. Finally, the general 2¢2q 4-
fermion interaction Lagrangian (at the quark level) can be split in
two pieces

Lovng = Lovd + Lav2u > (52)
where
Long= Y BiylgTiPxled, T Pyd, +H
202d = xripl1Pxled, T'Pyd, +Hc., (53)
1=S,V,T
X,Y=LR
Lovou = Lopdld—u,B—cC - (54)

19Gee Lee et al. [446], Lee and Shrock [447] and Marciano and Sanda [448] for
pioneering work on LFV processes.

20Note the different choice of Lorentz structures in Equations (48), (49). The two
forms can be related via the Gordon-identity.

Here y denotes the d-quark flavor and we are neglecting the
possibility of quark flavor violation, which is beyond the scope
of this review 21,

The parametrization used implies that the operators appearing
in Equations (51), (53), and (54) have canonical dimension six.
Therefore, the Wilson coefficients ALy, Bk, and Cky scale as
1/A2, where A is the new physics energy scale at which they
are generated. Note this scale is unrelated to the scale at which
lepton number is violated. The same comment applies to the
dipole coefficients KZL’R in Equation (48). In contrast, the rest of
the coefficients discussed in this section, KIL’R, lef and Sy g, are
dimensionless (although their leading new physics contribution
appears at order v2/A?). If we restrict the discussion to flavor
violating coeflicients, they all vanish in the SM. Therefore, they
encode the effects induced by the new degrees of freedom present
in specific models.

It should be noted that all operators in the general LFV
Lagrangian in Equations (48-54) break gauge invariance. For
instance, they contain new charged lepton interactions, but not
the analogous new interactions for the neutrinos, their SU(2)L,
doublet partners which are partly discussed in the previous
subsection. This type of parametrization of LFV effects is correct
at energies below the electroweak symmetry breaking scale, but
it may miss relevant correlations between operators that are
connected by gauge invariance in the underlying new physics
theory. See for instance Pruna and Signer [450] for a discussion
of LFV in terms of gauge-invariant operators.

We now proceed to discuss the LFV processes with the most
promising experimental perspectives in the near future. We will
provide simple analytical expressions in terms of the coefficients
of the general LFV Lagrangian and highlight some radiative
neutrino mass models with specific features leading to non-
standard expectations for these processes. By no means this will
cover all the models constrained by these processes, but will serve
as a review of the novel LFV scenarios in radiative neutrino mass
models.

Note, however, that there are other processes, which may yield
stringent constraints in particular models: for instance in models
with leptoquarks, the latter can mediate semi-leptonic t-decays
and leptonic meson decays at tree level. The LFV decays Z —
Lolg have also been investigated in several radiative models,
although they typically have very low rates, see for instance
Ghosal et al. [451] and Li et al. [452].

4.21. 4, — Lgy

The most popular LEV process is £, — £gy. There are basically
two reasons for this: (1) for many years, the experiments looking
for the radiative process @ — ey have been leading the
experimental developments, with the publication of increasingly
tighter bounds, and (2) in many models of interest these are
the processes where one expects the highest rates. In fact, many
phenomenological studies have completely focused on these
decays, neglecting other LFV processes that may also be relevant.

2ICarpentier and Davidson [449] provides a comprehensive collection of
constraints on quark flavor violating operators.
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TABLE 1 | Current experimental bounds and future sensitivities for £, — £gy
branching ratios.

LFV process BR Present bound Future sensitivity

- ey 4.2 x 10713 [453] 6 x 10714 [454]
t > ey 3.3 x 1078 [455] ~ 3 x 1079 [456]
T oy 4.4 x 1078 [455] ~ 3 x 1079 [456]

The experimental situation in radiative LFV decays is
summarized in Table 1. As one can easily see in this table, muon
observables have the best experimental limits. This is due to
the existing high-intensity muon beams. The current limit for
the 4 — ey branching ratio has been obtained by the MEG
experiment, BR( — ey) < 4.2- 10713 [453], slightly improving
the previous bound also obtained by the same collaboration.
This bound is expected to be improved by about one order of
magnitude in the MEG-II upgrade [454]. The bounds in = decays
are weaker, with the branching ratios bounded to be below ~
1078, and some improvements are expected as well in future
B-factories [456].

o om
r (Za — eﬂzﬁeﬁ) = g

2 N 2
+§<Mﬁ’+
2¢?
3

1 ~ N
L (ABeALk + ARAY + H)]

@%ﬁ+&%ﬁ+HQ

The decay width for £, — £gy is given by Hisano et al. [457]

5
améa

2 (55)

I (ba = tpy) = (IK51> + K5 )
where « is the fine structure constant. Only the dipole coefficients
Kf R defined in Equation (48), contribute to this process. General
expressions for these coeflicients can be found in Lavoura [458].
The © — ey limit is typically the most constraining
one in most radiative neutrino mass models. One can usually
evade it by adopting specific Yukawa textures that reduce the
u — e flavor-violating entries (see for example Schmidt et
al. [459]) or simply by globally reducing the Yukawa couplings
by increasing the new physics scale. However, in some cases
this is not possible. A simple example of such situation is the
scotogenic model [113] with a fermionic dark matter candidate.
The singlet fermions in the scotogenic model only couple to
the SM particles via the Yukawa couplings. Therefore, these
Yukawa couplings must be sizable in order to thermally produce
singlet fermions in the early universe in sufficient amounts so
as to reproduce the observed DM relic density. This leads to
some tension between the DM relic density requirement and the
current bounds on LFV processes, although viable regions of
the parameter space still exist [459, 460]. In contrast, in other

mgﬁ

4¢2

radiative models the tight connection between neutrino masses
and LFV implies suppressed £, — {gy rates. This is the case of
bilinear R-parity violating models [461-463], see section 5.5 for a
detailed discussion of this type of supersymmetric neutrino mass
models.

4.2.2. Ly — Lgl5es

We now consider the £, — £glsts 3-body decays. One can
distinguish three categories: £, — £glglg, Ly — Lglsls (with
B # 8)and £y — £glsts (also with B # §). These processes have
received less attention even though the experimental limits on
their branching ratios are of the same order as for the analogous
ly — {Lgy decays. We summarize the current experimental
bounds and future sensitivities for the £, — £glsls 3-body
decays in Table2. We note that an impressive improvement
of four orders of magnitude is expected in the u — eee
branching ratio sensitivity thanks to the Mu3e experiment at
PSI [464].

The £, — (£glsls decay width receives contributions from
several operators of the general LFV Lagrangian. In the case of the
first category, £y — €glglg, the decay width is given by Porod
et al.[445]

16 . m 22 1 1
[# (IF + |51 (3lnea . 3) + 55 (1A + [akel”) + 55 (jaal” + 14%]7)

ayr |2 1 /1~ (2 ) 2 2 &2
Ak ) 3 (!ALVRI +|ak| ) +6 (\AZL\ +|ak| ) + 5 (KFAY + KRAfR + He)

1

(KZLA}{; + KRAY} + He.) ; (AiLA{f + AfrAkk + Hee.)

(56)

in case of the second category, £, — eﬂ@za (with B # §), the
expression is given by Abada et al. [467]

5 mga 4 L2 r12\ [ 16, my,
P (b = £al3ts) = 1% | @ (IKEP + |K5%) S8
Y

L ois 2 s |2 1 s 12 s |2
BT <|ALL| + [Age] )+ T (|ALR| + Ay )
1 ~ 2 ~ 2 1 ~ 2 N 2
+§ (‘AXL‘ + ARVR‘ )"‘5 <‘AI‘,/R‘ + A}‘Q/L‘ )

2 2
+4<‘ALTL‘ + |Ak| )
2¢%

- (KZLAXf+K2RAZ§‘+K2LA,‘{§‘+K2RAXL*+H,C.)}

(57)

whereas for the third category, ¢, — @Kﬂg (with B # §), the
decay width is given by Abada et al. [467]

I (Cy — Cglsts) =

My [ (148 120 (45 12
51273 | 24 (}ALL| +|ARR| )

1 2 {1~y |2 av |2
4o (1atal + 143 P) + 3 (5[ +[ak[)

1 1~y |2 ) 2 2
+5<‘AZR‘ +|ak| )+6(‘A[L‘ +(A,€R‘>
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TABLE 2 | Current experimental bounds and future sensitivities for ¢, — Lplsls
branching ratios.

LFV process BR Present bound Future sensitivity

1 — eee 1.0 x 1012 [465] ~ 10716 [464]
T - eee 2.7 x 1078 [466] ~1079 [456]
T upp 2.1 x 1078 [466] ~ 1079 [456]
T et 2.7 x 1078 [466] ~ 1079 [456]
1T - u~ete” 1.8 x 1078 [466] ~ 1079 [456]
T setuTus 1.7 x 1078 [466] ~ 1079 [456]
1~ - putee” 1.5 x 1078 [466] ~ 1079 [456]
1
-5 (AELALTZ + AfAfk + He)
1 . .
-2 (AﬁRAX;{ FAS AL + Hc)] . (58)
Here we have defined
AV v 21X
Axy = Axy +€°Kj X, Y=L,R) . (59)

The masses of the leptons in the final state have been neglected in
Equations (56-58), with the exception of the contributions given
by the dipole coeflicients KZL’R, where infrared divergences would
otherwise occur.

The dipole coefficients KZL R which contribute to £, — £ BY>
also contribute £, — £gs{s. It is easy to see how: the Feynman
diagram contributing to £, — £gy can always be supplemented
with a flavor-conserving £5 — £5 — y additional vertex resulting in
a diagram contributing to £, — £g€s¢s>%. In fact, such diagrams
have been shown to be dominant in many models, the most
popular example being the Minimal Supersymmetric Standard
Model (MSSM). In this case, known as dipole dominance scenario,
a simple proportionality between the decays widths of both LFV
decays can be established. For example, in the § = § case this

— ) BR((Za — (Z,g;y),

proportionality leads to
2
g 4
(60)

which implies BR (Ea — Eﬁ@ﬂﬁ) < BR (Ea — Lg )/), making
the radiative decay the most constraining process.

The dipole dominance assumption is present in many works
discussing LFV phenomenology. However, it can be easily broken
in many radiative neutrino mass models. This can happen in two
ways: 2

11

BR(¢ lglpglp) ~
(Lo — Lglplp) -

o Due to tree-level LFV: In many radiative neutrino mass
models the 4-lepton operators receive contributions at tree-
level. The most prominent example of such models is the

2We clarify that this is only true for the processes £, — Zﬂ@ﬁf; and {, — ZﬁE&s
(with B # §). The process £, — G@gﬁg (with B # 8) does not receive
contributions from penguin diagrams, but only from boxes.

23In some models, cancellations due to certain Yukawa textures can affect some
decays (like & — ey), but it is virtually impossible to cancel all radiative decays
simultaneously.

Zee-Babu model, in which the doubly-charged scalar k**
mediates unsuppressed £, — {glglg decays. In such
case one can easily find regions of parameter space where
BR ((Za — Eﬂgﬁﬂ) > BR (Ea — E,g)/), see Herrero-Garcia
etal. [95] for a recent study.

o Due to loop-level LFV: Kubo et al. [468], Aristizabal Sierra et
al. [469], Suematsu et al. [470], and Adulpravitchai et al. [471]
explored the LFV phenomenology of the scotogenic model but
only considered 1 — ey. However, this assumption has been
shown to be valid only in some regions of the parameter space.
In fact, box diagrams contributing to 4-lepton coefficients can
actually dominate, dramatically affecting the phenomenology
of the scotogenic model [460, 472]. Qualitatively similar
results have been found in other variants of the scotogenic
model [129, 266]%*. In fact, this feature is not specific of the
scotogenic model and its variants: one can find other radiative
neutrino mass models with loop contributions dominating
over the dipole. For instance, Z-penguin contributions have
been found to be dominant in the angelic model [90] and
RvMDM models [473].

This clearly shows that radiative neutrino mass models typically
have a very rich LFV phenomenology with new (sometimes
unexpected) patterns and correlations.

4.2.3. u — e Conversion
The most spectacular improvements in the search for LFV are
expected in u — e conversion experiments. Several projects will
begin their operation in the near future, with sensitivities that
improve the current bounds by several orders of magnitude. The
experimental situation is shown in Table 3.

The conversion rate, normalized to the the muon capture rate
Icapt is given by Kuno and Okada [479] and Arganda et al. [480]

CR(t — e, Nucleus)
pe Ee mz G% o’ Zgﬂf FIZJ
8 7T2 Z Fcapt

+Z =N (g

)
)

(61)

x ”(Z—l—N) (ggg +

2
+elf)| + |z () +

&)}

+(Z =N (ghy +

Z and N are the number of protons and neutrons in the nucleus
and Z.g is the effective atomic charge [481]. GF is the Fermi
constant, « is the electromagnetic fine structure constant, p, and
E, are the momentum and energy of the electron, m,, is the muon
mass and F, is the nuclear matrix element. g)(?% and g)((llz (with
X = L,Rand K = §,V) are effective couplings at the nucleon
level. They can be written in terms of effective couplings at the

24Interestingly, the authors of Chowdhury and Nasri [129] have shown that in
variants of the scotogenic model with higher SU(2) representations the LFV rates
become larger due to additive effects from the components of the large multiplets.
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TABLE 3 | Current experimental bounds and future sensitivities for 1 — e
conversion in nuclei.

LFV process CR Present bound Future sensitivity

4.3 x 10712 [474] ~ 10718 [475]

7 x 10713 [476)

n,Ti—e T
n,Au— e, Au
10~15 1018 [477)
1014 [478]

u= Al e Al
1=, SIC — e~,SIC

quark level as

© _1 (@p) (q.n)
8XK = 5 Z (gx1<<q)GK + gxk(q Gx ) ,
q=u,d,s
1 1 (4:p) (g:1)
gn = > Z (gXK(q)GKq P —gXK(q)Gan) . (62)
q=u,d,s

The numerical values of the relevant Gk factors can be found
in Kuno and Okada [479], Kosmas et al. [482] and Porod et
al. [445]. For coherent © — e conversion in nuclei, only scalar (S)
and vector (V) couplings contribute and sizable contributions are
expected only from the u, d, s quark flavors. The gxx (g effective
couplings can be written in terms of the Wilson coefficients in
Equations (48), (53), and (54) as

V2

1
[0, (ot -ty 1 (ctt + cltf) | o

8Lv(g) = GTE
SRV(g) = &gl (64)
V21

8LS(q) = _Gipi ( %ﬁq + C%ZZ) (65)

8Rs(g) = gLs(q)|L~>R > (66)
where QKq is the quark electric charge (Q; = —1/3, Q, = 2/3)
and CZS = BX, (C§Y) for d-quarks (u-quarks), with X = L,R
and K =S, V.

Radiative neutrino mass models can also be probed by looking
for ;© — e conversion in nuclei. As already pointed out, the search
for this LFV process is going to be intensified in the next few
years and, in case no observation is made, it will soon become
one of the most constraining observables for this type of models.
Similarly to the leptonic LFV 3-body decays discussed above,
the dipole coefficients KZL R also enter the ;u — e conversion rate,
potentially dominating it. In this case, one can derive a simple
relation [483]

CR(u — e,Nucleus) _ f(Z,N)
~ 428

BR(u — ey) ’ (7)

where f(Z,N) is a function of the nucleus ranging from 1.1 to
2.2 for the nuclei of interest. The reader is referred to de Gouvea
and Vogel [484] and Crivellin et al. [485] for a discussion on the
complementarity of 4 — ey and p — e conversion in nuclei.
One can easily depart from this dipole dominance scenario in
radiative neutrino mass models due to the existence of sizable

contributions to other LFV operators. For instance, non-dipole
contributions have been shown to be potentially large in the
scotogenic model in Toma and Vicente [472] and Vicente and
Yaguna [460]. The dipole coeflicients may also be reduced due
to partial cancellations in non-minimal models, see for example
Ahriche et al. [360, 361] and Rocha-Moran and Vicente [266].
Finally, as already pointed out in the case of £, — {glsls
decays, some radiative neutrino mass models contain new states
that mediate LFV processes at tree level. For instance, in R-parity
violating models with trilinear terms (discussed in section 5.5),
the superpotential terms A’LQd¢ induce & — e conversion at tree
level [486]. This easily breaks the expectation in Equation (67).

Finally, we point out that the experiments looking for © — eee
and u —e conversion in nuclei will soon take the lead in the search
for LEV. Therefore, even if dipole contributions turn out to be
dominant in a given model, © — eee and u — e conversion in
nuclei might become the most constraining LFV processes in the
near future. Prospects illustrating this point for specific radiative
neutrino mass models have been presented in Angel et al. [90],
Vicente and Yaguna [460], and Klasen et al. [487].

4.24.h — £,
In many radiative neutrino mass models, there can also be
contributions to lepton-flavor violating Higgs (HLFV) decays,
like h — t~uT,77e" and their CP-conjugates. These same
interactions, however, also generate LFV processes such as
7 — u(e)y, as no symmetry can prevent the latter [488],
which are subject to much stronger constraints. In the effective
field theory with just the 125 GeV Higgs boson, HLFV decays
involving the tau lepton can be sizable, and ATLAS and CMS
constraints on its flavor violating couplings (shown in Table 4)
are comparable or even stronger than those coming from low-
energy observables [489-491]. However, in UV models, specially
in radiative neutrino mass models, the situation is generally the
opposite.

The relevant gauge-invariant effective operators that generate
HLFV are the Yukawa operator:

Oy = LerH(H'H), (68)
and derivative operators like
Op, ey = (exH')i Pex H) , (69)
or
Op,p = (LH)iPH'L), (70)

plus their Hermitian conjugates. In Herrero-Garcia et al. [491]
all the possible tree-level realizations of these operators were
outlined, some of which include particles that are present
in radiative neutrino mass models, as we will see below. In
Figure 16, we show some possible UV completions of operators
Oy, Op, 1, and Op, ¢;. The authors concluded that only Oy can
have sizable rates, and in particular only for UV completions that
involve scalars, like in a type-III two-Higgs doublet model.
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TABLE 4 | Experimental 95 % C.L. upper bounds on HLFV decays from ATLAS
and CMS in the tau sector using the 13 TeV data sets.

HLFV decay BR ATLAS CcMS
h—tp 0.0143 [492] 0.0025 [493]
h— e 0.0104 [492] 0.0061 [493]

After electroweak symmetry breaking the Yukawa operator
gives rise to the interaction Lagrangian in Equation (50). For
instance, the Sg,r couplings are given by

2 2

7C + D 5 SR = —

Y f ﬁ A2
where Dy is the SM flavor-diagonal contribution, not relevant for
the present discussion, and Cy is the Wilson coeflicient of the Oy
operator defined in Equation (68). Focusing on the contributions
from the Yukawa operator, the branching ratio of the Higgs into
a tau and a muon reads:

Cy+Df, (71)

2
BR(h — t) = ) (|(CY)r,u.|2 + |(CY)p.t|2) .

my, V2
8y («/5 A?

(72)
Most radiative neutrino mass models generate HLFV at 1-loop
order [491]%. For instance, the doubly-charged scalar singlet
and the singly-charged scalar singlet of the Zee-Babu model (see
section 5.1) generate respectively the derivative operators Op, ¢,
and Op, 1 at 1-loop order. The scotogenic model (see section 5.3)
also generates HLFV at 1-loop order (Op, ).

We can estimate the loop-induced HLFV in radiative neutrino
mass models. Denoting a generic Yukawa coupling of the
fermions and scalars with the SM leptons as Y, and a scalar
quartic coupling with the Higgs as 15, and taking into account
that the amplitude of & — 7 involves a tau mass, one can
estimate the dominant contribution to be [491]:

v o4 Y 4
(TeV) (M,»/TeV) '
(73)
where M is the largest mass in the loop. In all these models,
in addition to the loop factor, there are in general limits from
charged LFV processes, as usually all radiative neutrino mass
models have charged particles that can generate £, — {gy.
As T — puy typically gives the constraint Y/(M/TeV)* <
0(0.01 — 1), we get:

2
)‘ih
(4m)*

BR(h — ut) ~ BR(h — t7)

BR(h — pt) <1078, (74)
well below future experimental sensitivities. Thus, unless
cancellations are invoked (which are difficult to achieve in all
possible radiative decays), HLFV rates are very suppressed, well
below future experimental sensitivities.

One class of models which can have large HLFV are those
with another Higgs doublet such that both the SM and the new

25 Also in type-I seesaw (and inverse seesaw), and in the MSSM, HLFV is generated
at 1-loop order [494-498].

scalar doublet couple to the lepton doublets [488, 499-502]. In
such scenarios, both Yukawa couplings cannot be diagonalized
simultaneously, which leads to LFV Higgs interactions. One
example is the Zee model discussed in section 5.1, which can have
BR(h — wt) up to the percent level [91].

4.3. Anomalous Magnetic Moments and

Electric Dipole Moments

The anomalous magnetic moments (AMM:s) and electric dipole
moments (EDMs) of the SM leptons receive new contributions
in radiative neutrino mass models (see Raidal et al. [503] for
a review on the topic). These are contained in the dipole
coefficients that also contribute to the radiative £, — {gy
decays, typically leading to tight correlations between these
observables. Using the effective Lagrangian in Equation (48), the
anomalous magnetic moment a, and the electric dipole moment
dy of the charged lepton £, are given by Raidal et al. [503]

dy 1
== 5 e, Im (KX —K3) . (75)
e

ay = m%a Re (KZL + Kf) R
The experimental values for the AMMs and EDMs of charged
leptons are collected in Table 5. In particular the muon AMM
received a lot of intention in recent years due to the discrepancy
between the experimentally measured value given in Table 5 and
the SM prediction [504]

apM = 116591803(1)(42)(26) x 10~ ! (76)
with the errors due to electroweak, lowest-order, and higher-
order hadronic contributions.

There are many examples of radiative neutrino mass models
leading to sizable effects in these two observables. For some
examples in the case of AMMs see for instance Dicus et
al. [234], Babu and Julio [312],Nomura et al. [239], Nomura
and Okada [299], Chiang et al. [206], and Lee et al. [505].
In some cases, the new contributions effects can help close
the gap between the theory prediction and the experimental
measurement of the muon AMM, although in other cases they
increase the disagreement, depending on their sign. We refer
to the recent review [506] for a guide regarding new physics
contributions to the muon AMM.

Regarding lepton EDMs, some examples in radiative neutrino
models are given in Borah and Dasgupta [397, 402], and Chiang
et al. [206]. In this case one requires CP-violating new physics in
the lepton sector, something that is easily accommodated in new
Yukawa couplings.

4.4. Neutrinoless Double Beta Decay

One of the main experimental probes to test the Majorana/Dirac
nature of neutrinos is neutrinoless double beta decay (0vf3p),
in which a nucleus (A, Z) decays into another nucleus (4, Z +
2) and two electrons [507]. In order to have sizable 0vA3p
rates, the nuclei should not have single beta decays. This is
achieved with even-even nuclei which, thanks to the nuclear
pairing force, are lighter than the odd-odd nucleus, making
single beta decays kinematically forbidden. The current strongest
experimental limits are obtained using '3*Xe by EXO-200 [508]
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FIGURE 16 | Different 1-loop UV completions of the Yukawa operator Oy given in Equation (68), and the derivative operators Op, er given in Equation (69) and Op, |
in Equation (70). F and F o are fermion fields and Sy scalar fields. The Zee-Babu and the scotogenic models are examples of radiative models with HLFV generated
at 1-loop order. Figure reproduced from Herrero-Garcia et al. [491].

TABLE 5 | Experimental values for AMMs and EDMs [504].

Lepton AMM a EDM d [ecm]
(1159.65218091 + 0.00000026) x 106 < 0.87 x 10728
w (11659208.9 + 5.4 +3.3) x 10~ 10 (~1+£9)x 10~20

[-2.20,4.5] x 10~ 17
+1[—2.50,8.0 x 10~ 19

[~0.52,0.013]

Both statistical and systematic uncertainties are given for the muon AMM a,,.

and KamLAND-Zen [509, 510] which yield lower bounds of the
lifetime of 1.1 - 10%> y and 1.9 - 10?° y at 90 % C.L, respectively.
Uncertainties in the nuclear matrix elements translate into
uncertainties in the extracted values of |m,| (see Equation 6),
whose current strongest upper limits are in the ballpark of
~0.15 eV. For further details regarding the present and future
experimental situations see Dell’Oro et al. [511].

The observation of 0vBf decay would imply that lepton
number is violated by two units (AL = 2), and therefore that
neutrinos are Majorana particles [512]. However, quantitatively,
this contribution to neutrino masses occurs at 4-loop order
and is therefore extremely suppressed, much lighter than the
observed neutrino masses (see Duerr et al. [513] for a quantitative
study of this statement). So, even if it is true that neutrinos
will necessarily be Majorana if OvBf is observed, the main
contribution to their masses may no be necessarily related to
ovpBp.

We will mainly focus in this section on radiative models
which have new direct contributions to neutrinoless double beta
decay beyond the standard ones mediated by the light Majorana
neutrinos, which are indirect, as they are generated by the new
particles at higher-loop order (via light neutrino masses). For
general reviews on the subject the interested reader is referred
to Rodejohann [514], Bilenky and Giunti [515] and Dell’Oro et
al. [511].

In Pdsetal. [516, 517] a general phenomenological formula for

the quarks involved in the process and the outgoing electrons.
In del Aguila et al. [107] effective operators that involve gauge
bosons were considered, such that there are new effective vertices
of the W-boson and the electrons.

In Figure 12 (reproduced from del Aguila et al. [349]) all
possible contributions to OvBB are shown, with the red dot
representing the AL 2 vertex. Figure 12A shows the light
neutrino contribution, while Figure 12F involves a dimension-9
effective operator. In Bonnet et al. [106] a systematic classification
of possible UV models stemming from the dimension 9 operator
was performed (Figure 12F). See also Helo et al. [182] for scalar-
mediated UV completions and its connection to neutrino masses.
Figures 12D,E involve new vertices between quarks, leptons
and gauge bosons. Figures 12B,C involve new vertices with just
leptons and gauge bosons and no quarks. In del Aguila et al. [107]
operators that involve gauge bosons were considered, such that
there are new effective vertices of the W-boson and the electrons,
as in Figures 12B,C. See section 3.4 for a discussion of the
effective operators that generate the latter diagrams and their
connection to neutrino masses. A systematic classification of UV
models for all the dimension-7 operators was given in Helo et
al. [108]. Many (if not all) of these particles can be present in
radiative neutrino mass models.

We outline in the following two typical new contributions to
Ovpp from radiative neutrino mass models:

1. New particles that couple to quarks. For instance, leptoquarks
as in Hirsch et al. [518, 519] and Kohda et al. [298]. In
R-parity violating SUSY (see section 5.5) there can be new
contributions to 0vBS from new states, see Mohapatra [520],
Babu and Mohapatra [521], and Hirsch et al. [522, 523].
Another simple example due to exchange of color octet
scalars and fermions that couple to quarks and leptons
simultaneously is given in Choubey et al. [524]. A model with
two scalar diquarks, a dilepton and a second Higgs doublet
is given in Brahmachari and Ma [525]. See other examples in
Gu [526] and Helo et al. [182].

the process including both long and short-range interactions was 2. New particles that open operators that involve gauge bosons
given. The authors considered all possible Lorentz structures for del Aguila et al. [107], see discussion in section 3.4.
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Let us also mention that, in addition to 0vBg, there are also
limits on other lepton number violating elements mgg of the
neutrino mass matrix in flavor basis (where the charged lepton
mass matrix is diagonal), different from the m,, (which equals
mpg) one, stemming from meson decays, tau decays, e*p collider
data among other processes [527]. Also indirect bounds using
neutrino oscillations and the unitarity of the PMNS matrix can
be set [528]. However, both the direct and indirect (even if
much stronger than the direct) bounds obtained are typically
very weak [527, 528]. u”e™ conversion also offers a possibility
to test the m,, element, however typically the rates are not
competitive with those of 0vBg, although of course they test a
different element and flavor effects could be relevant. A study
of the contributions from effective operators was performed in
Berryman et al. [529], while a doubly-charged scalar was studied
in detail in Geib and Merle [530].

Lepton number violation can also be searched for at colliders.
This is specially interesting for channels that do not involve
electrons, as it is necessarily the case for OvBS. Those will be
discussed in section 4.5. Also the connection of lepton number
violation to the matter-antimatter asymmetry of the universe will
be discussed in section 4.6.

4.5. Collider Searches

Radiative neutrino mass models generally have a much lower UV
scale than the GUT scale, which makes them testable at either
current or future colliders. The diversity of exotic particles and
their interaction with the SM particles in radiative neutrino mass
models leads to an extremely rich phenomenology at colliders.
Processes pertaining to the Majorana nature of neutrino masses
or LFV couplings between the exotic particles and the SM, i.e.,
processes violating lepton number and/or lepton flavor, are often
chosen as signal regions in collider searches due to the low SM
background?®®. Of course, there are searches for exotic particles in
general if they are not too heavy and the couplings are sizable 27.
In the following, we sketch different search strategies at colliders,
which often utilize the low SM background for LNV and LFV
processes. We thus discuss LNV and LFV processes separately
before discussing general searches for new particles, which rely
on processes without any LNV/LEV.

4.5.1. Lepton Number Violation
At the LHC, the most sought-after channel of LNV?® are same-
sign leptons

pp — LEEX, 77)

26Theoretically there is no SM background. Realistically, however, object
misidentification, undetected particles and fake objects can result in similar final
states at the detector level.

27Some of the exotic particles may also show up in tree-level neutrino mass models.
The interested reader is referred to the recent review [531] for the collider tests of
specific tree-level models.

BStrictly speaking the process is not necessarily LNV, because X may carry lepton
number as well, for example in form of neutrinos. Currently the searches are
limited to electrons and muons. However, 7-leptons may also be used to search
for LNV.

where £ denotes e or p, and X can be any number of jets,
E™ or other SM objects. The details of the production and the
actual content of X are very model-dependent: typically heavy
states are produced and decay to final states with same-sign
dilepton due to their Majorana nature. We will take a doubly-
charged scalar as a simple example to illustrate the basics of
this search strategy. A doubly-charged scalar ¢* is an SU(2)L
singlet with hypercharge Y 2. They can be pair-produced
via Drell-Yan process and subsequently decay to two same-sign
dileptons. For large masses the photon-initiated process becomes
important and leads to an enhancement [532]. Assuming the
branching fraction of ¢+ — eTet is 100%, the signature
for pair-produced doubly-charged scalars is four electrons and
thus ZZ production is the main SM background. To reduce
the SM background, discriminating variables such as the same-
sign dilepton mass, the difference between the opposite sign
dilepton mass and the Z boson mass, and the scalar sum of the
lepton pr can be utilized. ATLAS [533] has excluded doubly-
charged SU(2)y singlet scalar with mass lower than 420 GeV
at 95% CL with LHC Run 2 data. The improved limit can be
extracted from the CMS search for doubly-charged component of
an SU(2)y, triplet [534]. In Sugiyama et al. [535], del Aguila and
Chala [536, 537] and Kanemura et al. [538] studies of doubly-
charged scalars and how to discriminate the multiplet to which
they belong were performed.

The sensitivities of OvBfS searches detailed in section 4.4 and
the same-sign dilepton searches at the LHC can be compared
in any specific model (see for example [539-541]). Specifically
in Helo et al. [539] and Peng et al. [540] a simplified model
with a scalar doublet S ~ (1,2,1) and a Majorana fermion F,
which has the same matter content as the scotogenic model, is
adopted. In this model, the reach of tonne-scale OvBf generally
beats that of the LHC. In the parameter space region where the
heavy particle masses are near the TeV scale, however, the two
probes are complementary.

4.5.2. Lepton Flavor Violation

As described in section 4.2, lepton flavor violating processes are
commonly predicted in radiative neutrino mass models, which
can also be probed at colliders. The actual production topology
of the LFV processes varies from model to model. For example,
in models with the leptoquark S; ~ (3,1,1/3), there are two

possible decay channels, S, — vb or S; — £t [542]. The
dilepton final states are produced from

pp — SiS1 — bvitt — 07 bb + X,

pp— SIS — t 7t - (TUbb + X, (78)
where X can represent E'T"iss, multiple jets and leptons, and
the former contributes dominantly for normal ordering in the
minimal model with two leptoquarks. SUSY stop searches in the
dilepton final states have the same signatures and their collider
bounds can be translated into that of the leptoquark. This has
been done for the LHC 8 TeV run [543] and the limit was mg, 2
600 GeV [214]. Note that this limit in LFV channel is stronger
than lepton flavor conserving ones (mg, 2 500 GeV) as the SM

~

background is lower. The stop search has been updated for LHC
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Run 2 [544, 545], though a recast for leptoquarks in LFV dilepton
final states still awaits further analysis.

Alternatively, LFV processes can also be studied in an
independent manner. In the framework of effective operators
with two flavor-diagonal quarks and two flavor-oft-diagonal
leptons, constraints from LHC searches for LFV final states
are interpreted as lower limits on the UV cut-off scale [546].
Compared with the limits derived from low energy precision
measurements [449, 546], LHC delivers less stringent limits for
light quarks. For heavier quarks, however, competitive limits of
Ayy Z 600 — 800 GeV can already be set for operators with
right-handed t leptons using only LHC Run 1 data.

4.5.3. Searches for New Particles

Radiative neutrino mass models may contain exotic particles
such as vector-like quarks (VLQs), vector-like leptons (VLLs),
scalar leptoquarks, singly- or doubly-charged scalars, colored
octet fermions or scalars, and electroweak multiplets. Note that
the examples here are far from complete and searches for each
individual particle require their own dedicated discussion. In Cai
et al. [214], LHC searches for exotic particles in UV complete
models based on AL = 2 dimension 7 operators are discussed
systematically. Here we will only present a simple summary about
a handful of new particles.

Vector-like quarks

We refer by VLQs to new SU(3). triplets which mix with the
SM quarks and Higgs via Yukawa couplings [547]. The VLQs
include different SU(2) representations: two singlets T and B
with hypercharge 2/3 and —1/3; three doublets (T, B), (X, T),
and (B, Y) with hypercharge 1/6, 7/6, and —5/6; and two triplets
(X, T,B), and (T, B, Y) with hypercharge 2/3 and —1/3. They
can be pair produced at the LHC via gluon fusion and quark-
antiquark annihilations. Single production is model-dependent
and can be dominant for large vector-like quark masses and large
mixings [547]. The mass splitting among the components of the
fields is suppressed by the mixing angles between the SM quarks
and the vector-like quarks, which in turn suppresses the decays
between the component fields. Therefore, VLQs will dominantly
decay to either a gauge boson or a Higgs plus a SM quark. Both
ATLAS and CMS have performed searches for VLQs and have
set lower limits on the VLQs masses up to 990 GeV at the 95%
confidence level (CL) depending on the representations and the
decay branching ratio [548-559].

Vector-like leptons

VLLs are the colorless version of VLQs. Similar to VLQs, VLLs
mix with the SM leptons via Yukawa couplings with Higgs. Due
to the absence of right-handed neutrinos, there are less VLLs:
two singlets N and E with hypercharge 0 and 1; two doublets
(N,E) and (E,D) with hypercharge 3/2 and 1/2; and triplets
(P,N,E) and (N, E, D) with hypercharge 0 and 1, respectively.
Detailed studies have been performed in Altmannshofer et al.
[560], Falkowski et al. [561], Dermisek et al. [562], and Kumar
and Martin [563]. Contrary to the colored VLQs, VLLs are
dominantly pair produced at the LHC via Drell-Yan process as
the phase space suppression is less significant in the parameter

space of interest at the moment. They can also be singly produced
in association with W, Z or H, which can be dominant if the
pair production channel is phase space suppressed and sizable
mixing parameters are assumed. Likewise VLLs decay either to
a SM lepton and a boson, W or Z, or Higgs. So far there is no
dedicated search for VLLs at colliders, though SUSY searches for
sleptons or charginos can be used to derive bounds on VLLs (see
Altmannshofer et al. [560] and Hamada et al.[564] for example).

Leptoquarks

Leptoquarks appear frequently in theories beyond the SM such
as grand unified theories [565, 566]. As its name suggests, a
leptoquark, which can be either a scalar or a vector [542],
possesses both non-zero lepton and baryon numbers. Here
we will focus on scalar leptoquarks. At hadron colliders,
leptoquarks are primarily produced in pairs via gluon fusion
and quark-antiquark annihilation. Each leptoquark subsequently
decays to one quark and one charged or neutral lepton.
Both ATLAS [567, 568] and CMS [569-571] have performed
searches for leptoquarks in final states with two charged leptons
plus multiple jets. Assuming 100% branching fraction of the
leptoquark decay into a charged lepton and a quark, current
searches at the LHC Run 2 with 13 TeV center of mass
energy have excluded leptoquarks with masses less than 1,130
GeV [569], 1,165 GeV [570] and 900 GeV [571] at 95% CL for
leptoquark couplings to the first, second and third generations
respectively.

Charged scalars singlets

Singly- and doubly-charged scalars are introduced in various
radiative neutrino mass models (see Babu and Julio [158],
Zee [288], and Babu [289], for instance). As singlets under
SU(3)c x SU(2)L, the singly (doubly) charged scalar can only
couple to the lepton doublet (right-handed charged lepton)
bilinear. So the doubly-charged scalar can only decay to a pair
of charged leptons, which leads to LNV signature at colliders (see
discussion in section 4.5.1 for details). As for the singly-charged
scalar, it decays to a charged lepton and a neutrino whose LNV
effects can not be detected at the LHC. Singly-charged scalars are
mainly produced in pairs via the Drell-Yan pair process. They are
searched for in final states with two leptons plus 7%, SUSY
searches for sleptons and charginos at the LHC share the same
signature as the singly-charged scalars. Thus, we can in principle
recast the slepton search in The ATLAS Collaboration [574] and
extract the limit for our singly-charged scalars. Note a slepton can
also be produced via a W-boson, while singly-charged scalar only
via a virtual photon.

Higher-dimensional electroweak multiplet

SU(2);, higher-dimensional representations can also be
incorporated in radiative neutrino mass theories [126-
129, 362, 473, 575, 576]. While the mass splittings among
the component fields for scalar multiplets can be generally

2Long-lived charged particles have been searched at the LHC using anomalously
high ionization signal [572], also in the context of dark matter [573]. However,
charged scalars in radiative neutrino mass models usually have sizable couplings to
SM leptons and decay promptly.
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large due to couplings to the SM Higgs, those for fermion
multiplets are only generated radiatively and are typically
~ (0(100) MeV, with the neutral component being the lightest.
This small mass splitting results in lifetimes ~ O(0.1) ns. At
the LHC, charged component field can be produced in pair via
electroweak interaction and decay to the neutral component
plus a very soft pion, which leads to a disappearing track
signature. For a triplet with a lifetime of about 0.2 ns, the current
LHC searches set the lower mass limit to be 430 GeV at 95%
CL [577-579].

4.6. Generation of the Matter-Antimatter

Asymmetry of the Universe

The matter-antimatter asymmetry of the universe has been
inferred independently (and consistently) by big bang
nucleosynthesis (BBN) predictions of light elements, and
by the temperature anisotropies of the cosmic microwave

background. In order to generate it, the Sakharov conditions
need to be fulfilled [580]. There should be:

o Processes that involve baryon number violation (BNV).

o Processes in which both charge conjugation (C) and charge
and parity conjugation (CP) are violated.

o Departure from thermal equilibrium, so that (i) the number
densities of particles and antiparticles can be different, and (ii)
the generated baryon number is not erased.

In the standard model, it is well-known that due to the
chiral nature of weak interactions B+L is violated by sphaleron
processes, while B—L is preserved [581]. Also C and CP are
violated in the quark sector (in the CKM matrix), although the
amount is too small to generate the required CP asymmetry. In
the lepton sector (with massive neutrinos) CP can be violated,
and there are in fact hints of § ~ —mx/2 [20]. However, the
measurement of the Higgs mass at 125 GeV implies that the
phase transition is not strongly first-order, with no departure
from thermal equilibrium. Therefore, the SM has to be extended
to explain the matter-antimatter asymmetry which raises the
question whether this new physics is related to neutrino masses
or not.

When sphalerons are active and in thermal equilibrium,
roughly at temperatures above the electroweak phase transition,
B+L can be efficiently violated. Therefore, one natural option in
models of Majorana neutrinos is that an asymmetry in lepton
number is generated, which is converted by sphalerons into
a baryon asymmetry. This is known as leptogenesis [25] (see
Davidson et al. [582] for a review on the topic), the most
popular example being the case of type-I seesaw, where the out-
of-equilibrium decays of the lightest of the heavy right-handed
neutrinos into lepton and Higgs doublets and their conjugates, at
a temperature equal or smaller than its mass, generate the lepton
asymmetry due to CP-violating interactions.

The scotogenic model and its variants, see section 5.3, have
been studied in detail regarding the generation of the baryon
asymmetry from particle decays with TeV-scale masses. Ma [583]
briefly discusses leptogenesis within the scotogenic model. This
discussion is extended in Kashiwase and Suematsu [584, 585]

and Racker [586] to include resonant leptogenesis. Resonant
leptogenesis has also been studied in a gauge extension of the
scotogenic model [224-226] in Kashiwase and Suematsu [252]
and resonant baryogenesis in an extension with new colored
states in Dev and Mohapatra [587]. Hambye et al. [588] and Babu
and Ma [589] consider extensions of the scotogenic model by
an additional charged or neutral scalar to achieve viable non-
resonant leptogenesis. The baryon asymmetry can similarly be
enhanced by producing the SM singlet fermions in the scotogenic
model non-thermally beyond the usual thermal abundance [590].
Leptogenesis via decays of an inert Higgs doublet or a heavy Dirac
fermion were studied in Lu and Gu [119, 154] in scotogenic-like
models, respectively. In Chen and Law [127] leptogenesis was
studied in a scotogenic-like model with fermionic 5-plets and a
scalar 6-plet, via the decays of the second-lightest fermionic 5-
plet. Baldes et al. [278] demonstrated the feasibility to generate
the correct matter-antimatter asymmetry via leptogenesis in the
model proposed in Ma [335]. It also showed that any pre-existing
baryon asymmetry in the two models proposed in Ma [335] and
Law and McDonald [277] is washed out at temperatures above
the mass of their heaviest fields.

In radiative models with extra scalars coupled to the Higgs
field, the phase transition can generally be stronger, as they
contribute positively to the beta function of the Higgs and
therefore, they help to stabilize the Higgs potential. Moreover,
in these models there are typically extra sources of CP violation.
These two ingredients allow the possibility of having electroweak
baryogenesis. In particular, the strong first-order phase transition
has been discussed using an effective potential in Bertolini
et al. [591], and in Aoki et al. [592] for the model of Aoki
etal. [370]. Also in the case of a supersymmetric radiative model
in Kanemura et al. [202].

However, in general the new states can also destroy a pre-
existing asymmetry, irrespective of their production mechanism,
as they violate necessarily lepton number by two units [593-596].
The new particles typically have gauge interactions, so that they
are in thermal equilibrium at lower temperatures than those at
which the asymmetry is generated (by high-scale baryogenesis or
by leptogenesis, for instance®’) potentially washing it out.

Some works have focused on the fact that if LNV is observed at
the LHC, one could falsify leptogenesis, as the wash-out processes
would be too large [597-599]. Similarly, observations of 0v8p
rates beyond the one generated by the light neutrinos could
impose constraints for the first family [600]. LFV processes could
be used to extend it to all families. See Deppisch et al. [531] for
further discussions about LNV processes in leptogenesis.

The limits on radiative models due to the requirement of not
washing-out any pre-existing asymmetry are model-dependent.
A more systematic way to go is to consider the LNV effective
operators related to radiative models [81, 85, 87]. These operators
lead to wash-out processes if they are in thermal equilibrium
above the electroweak phase transition, and therefore their
strength can be bounded by this requirement.

301n this last case, of course, the presence of low scale LNV can be regarded as being
less motivated, as in principle there would already be an explanation for neutrino
masses (at least for one neutrino).
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4.7. A Possible Connection to Dark Matter
Models

In many radiative neutrino mass models the generation of
neutrino masses at tree-level is forbidden by a symmetry, G.
This symmetry can be global or gauge, continuous or discrete
(a typical example is a Z, parity), imposed or accidental (a by-
product of other symmetries in the model). If G is preserved after
electroweak symmetry breaking, the lightest state transforming
non-trivially under it, the so-called lightest charged particle
(LCP), is completely stable and, in principle, could constitute the
dark matter (DM) of the universe. This opens up an interesting
connection between radiative neutrino masses and dark matter.
DM may be produced via its coupling to neutrinos and thus
the annihilation cross section is closely related to neutrino mass.
This has been studied using an effective Lagrangian for light,
MeV-scale, scalar DM [601] in a scotogenic-like model and for
fermionic DM [460, 468-472] in the scotogenic model. A key
signature of this close connection is a neutrino line from DM
annihilation. The constraints from neutrino mass generation on
the detectability of a neutrino line has been recently discussed
in El Aisati et al. [602].

Based on the general classification of 1-loop models [100], the
authors of Restrepo et al. [111] performed a systematic study for
models compatible with DM stabilized by a discrete Z, symmetry.
They focused on the topologies T1-x and T3. The topologies
T4-2-i and T4-3-i require an additional symmetry to forbid the
tree-level contribution and thus were not studied in Restrepo
et al. [111]. A similar classification for 2-loop models has been
presented in Simoes and Wegman [112] based on the possible
2-loop topologies discussed in Aristizabal Sierra et al. [102].
Symmetries forbidding tree and lower-order loop diagrams have
been discussed in Farzan et al. [110]. In section 5.3 we discuss the
prototype example of such models: the scotogenic model.

Besides dark matter being stabilized by a fundamental
symmetry, it may be stable due to an accidental symmetry.
For example, higher representations of SU(2);, cannot couple
to the SM in a renormalizable theory, which leads to an
accidental Z, symmetry at the renormalizable level. This has
been dubbed minimal dark matter [385, 386]. After the initial
proposal to connect the minimal dark matter paradigm and
radiative neutrino mass generation [126], it has been conclusively
demonstrated that the minimal dark matter paradigm cannot
be realized in 1-loop neutrino mass models [473, 575, 576].
However, there is a viable variant of the KNT model at 3-loop
order [362], which realizes the minimal dark matter paradigm
without imposing any additional symmetry beyond the SM gauge
symmetry.

Finally, the DM abundance in the universe may be explained
by a light pseudo-Goldstone boson (pGB) associated with the
spontaneous breaking of a global symmetry. It is commonly
called Majoron in case the lepton number plays the role of the
global symmetry. The possibility of pGB dark matter has been
discussed in one of the models in Dasgupta et al. [219] which
provides a pGB dark matter candidate after the breaking of a
continuous U(1) symmetry to its Z, subgroup in addition to
the LCP. Recently the authors of Ma et al. [603] proposed an

extension of the Fileviez-Wise model [120] to incorporate a
Majoron DM candidate which simultaneously solves the strong
CP problem.

5. SELECTED EXAMPLES OF MODELS

In the following subsections, we list and discuss different
benchmark models for neutrino mass that are qualitatively
different. We start with the most well-studied models, which
are the Zee model, discussed in section 5.1.1, that is the first
1-loop model for Majorana neutrino masses, and the Zee-Babu
model, revisited in section 5.1.2, which is the first 2-loop model.
In section 5.2 we discuss the first 3-loop model [355], which was
proposed by Krauss, Nasri, and Trodden and is commonly called
KNT-model, and its variants. It is also the first model with a
stable dark matter candidate. The scotogenic model is discussed
in section 5.3. It generates neutrino mass at 1-loop order and
similarly to the KNT-model it features a stable dark matter
candidate due to the imposed Z, symmetry. These are the most
well-studied models in the literature. However, this preference is
mostly due to the historic development (and also simplicity) and
we are proposing a few other interesting benchmark models in
the following subsections.

5.1. Models with Leptophillic Particles

There are only three different structures which violate lepton
number (LN) by two units that can be constructed with SM
fields [76]:

LiL~(1,3,—-1), LL~(1,1,-1), ehex~ (1,1,—2) .
(79)

The three different structures can couple respectively to a SU(2)
triplet scalar with Y = 1 (we denote it by A), a singly-charged
SU(2) singlet scalar (we call it A1) and a doubly-charged SU(2)
singlet scalar (we call it k™).

In all cases, we could assign LN equal to —2 to the new fields so
that such interactions preserve it. However, dimension-3 terms in
the scalar potential will softly break LN, as there is no symmetry
to prevent them. In the first case, the triplet can have in the
potential the lepton-number violating term (with AL = 2) with
the SM Higgs doublet H

Va C uaH'A™H + He. (80)
Then, after electroweak symmetry breaking, the triplet gets an
induced VEV vy =~ —puav?*/m% (strongly bounded by the T
parameter to be < O(1) GeV), and neutrino masses are generated
at tree-level via the type-II seesaw.

If only the singly-charged scalar h™ is present, a AL = 2 term
can be constructed with two Higgs doublets, the SM Higgs H and
an extra Higgs doublet ®

Vzee C l‘LZeeI:I.r<I>(l’l+)>x< + H.c. (81)
In this case, however, neutrino masses are not induced by the
Higgs VEV at tree-level, but they are generated at 1-loop order.
This is known as the Zee model [104, 105].
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For the case of the doubly-charged scalar, one can construct ~ TABLE 6 | Quantum numbers for new particles in the Zee model.
the AL = 2 term precisely with two singly-charged scalars A

Field Spin Gsm
Vg C puzp b h* (kYH)* + Hee (82) p+ 0 1.1.1)
® 0 (1.2, 3

Notice that no other combination with SM fields exist, given
the large electric charge of k™. In this case, neutrino masses

are generated at 2-loop order. This is known as the Zee-Babu
model [76, 604]. Assuming CP-invariance there are two CP-even neutral scalars

(one of which is the 125 GeV Higgs boson, with mass my,, and the
other is a heavy one with mass mypy), one neutral CP-odd scalar
with mass my,, and two charged-scalars of masses Myt whose

These are the simplest radiative models. By using particles that
couple to a lepton and a quark (leptoquarks), one can also have
AL = 2 interactions and generate neutrino masses at a different
number of loops. In the following, we will discuss the Zee and ~ mixing due to the trilinear term in Equation (81) is given by
Zee-Babu models.

\/EV/«LZee

5.1.1. The Zee Model I R
In addition to the SM content with a Higgs scalar doublet ha m
H, the Zee model [104, 105] contains an extra Higgs scalar
doublet ® and a singly-charged scalar singlet h™, which is
shown in Table6. It is an example of the operator O, =
LiULkeCHle,jekl. Several aspects of the phenomenology of the
model have been studied in Petcov [605], Zee [288], Bertolini
and Santamaria [606, 607], Yu et al. [608, 609], Frampton and
Glashow [610], Jarlskog et al. [611], Ghosal et al. [451], Kanemura
et al. [612], Balaji et al. [613], Koide [614], Brahmachari and
Choubey [615], Frampton et al. [616], Assamagan et al. [617],
He [156], Kanemura et al. [618], and Aristizabal Sierra and
Restrepo [619]. While the Zee-Wolfenstein version where just

(85)

Interestingly, jtzee cannot be arbitrarily large, as it contributes
at 1-loop level to the mass of the light Higgs. Demanding no
fine-tuning, we can estimate |ftzee| S 4w my = 1.5TeV.

The Yukawa couplings of Equation (83), together with the
term in the potential given in Equation (81), imply that lepton
number is violated by the product mg (Yivy — Yav1)f hZee.
Therefore, neutrino masses will be necessarily generated, in
particular the lowest order contribution appears at 1-loop order,
as shown diagram of Figure 17, where the charged scalars run in
the loop. The neutrino mass matrix is given by:

the SM Higgs doublet couples to the leptons has been excluded m?,
by neutrino oscillation data [155, 156], the most general version ~ Af, = A [f mE + mEf _ 7(f mg Yo+ Y2 mEfT)] In "
of the Zee model in which both couple remains allowed [157] \/— h1+
and has been recently studied in Herrero-Garcia et al. [91] (see $20 18
also Babu and Julio [158] and Aranda et al. [159] for a variant A= o 2’ (86)
. 8212 v
with a flavor-dependent Z; symmetry).
The Yukawa Lagrangian is with ¢ being the mixing angle for the charged scalars given in
B Equation (85). Therefore, in the Zee model, due to the loop
— L = Z(Y;rH + Y;fb)eR + Lf Lh* + H.c., (83)  and the chiral suppressions, the new physics scale can be light.
From the form of the mass matrix it is clear that if one takes
where L = (vg, e.)” and eg are the SU(2) lepton doublets Y.z —> 0 (Zee-Wolfer{st.ein model), the diagonal element.s Vani.sh,
and singlets, respectively, and I = inl¢ = it i’ with o yielding .neutrmo mixing angles that are not compatible with
observations.

being the second Pauli matrix. Due to Fermi statistics, f is an

antisymmetric Yukawa matrix in flavor space, while Y; and Y Neglecting m, <« my,, m; and taking fo, = 0, the following

Majorana mass matrix is obtained

_2fer the _fer YZT# _fltr the \/55/5 mrfer _fer err
mqv V2

M, =A _ret YTH _ futyTe _QfHuT YTN Sﬁmr T nryrt | . (87)

v V23 ﬁfs . , 1Y . 1Y, mf -1y

rgmeper _ peryge Sumepue _ pueyge M puryle
are completely general complex Yukawa matrices. Furthermore, ~ Notice that if the term proportional to the muon mass is
the charged-lepton mass matrix is given by neglected, one neutrino remains massless. In order to obtain
correct mixing angles, we need both Y," and Y3° different from
v . i . .

mp = ——(cp Yir +sp Y;r) k (84)  Zer0 [91, 4%91], as they enter in the 1-2 submatrix f)qul.latlon (87).
V2 This implies that LFV mediated by the scalars will be induced. In

fact, in the model large LFV signals are generated, like 7 — puy
where tan 8 = sg/cg = v»/v1 with (H%) = v; and (®°) = v,  and u — e conversion in nuclei. Moreover, also a full numerical
and v? = v? + v4. Without loss of generality, one can work in the ~ scan of the model performed in in Herrero-Garcia et al. [91]
basis where mg is diagonal. showed that large LFV Higgs decays are possible, in particular
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FIGURE 17 | 1-loop neutrino masses generated in the Zee model in the flavor
basis.

BR(h — 7tu) can reach the percent level. BR(h — T7e) is
roughly two-orders of magnitude smaller than BR(h — ).
The singly-charged h also generates violations of universality, as
it interferes constructively with the W boson, as well as non-
standard interactions, see section 4.1, which however are too
small to be observed [91].

In Herrero-Garcia et al. [91] it was also shown that the model
is testable in next-generation experiments. While normal mass
ordering (NO) provided a good fit, inverted mass ordering (10) is
disfavored, and if 6,3 happens to be in the second octant, then IO
will be ruled-out. Notice also that the lightest neutrino is required
to be massless for IO, as it has also been obtained in He and
Majee [157]. Furthermore, future t — py (u—e conversion) will
test most regions of the parameter space in NO (I0). Regarding
direct searches at the LHC, the new scalars have to be below ~2
TeV, which implies that they can be searched for similarly as in a
two-Higgs doublet model (with an extra charged scalar that could
be much heavier). Particularly, the charged scalars are searched
for at colliders. See the discussion in section 4.5.

Let us mention that an interesting modification of the Zee
model was proposed in Babu and Julio [158] (see also Aranda
et al. [159]), where a Z; symmetry was imposed, being able
to reduce significantly the number of parameters. In that case,
among the predictions of the model, is that the spectrum
should be inverted. Other flavor symmetries beyond Z, in this
framework have been studied in Babu and Mohapatra [168, 169],
Koide and Ghosal [170], Kitabayashi and Yasue, [171], Adhikary
etal. [172], Fukuyama et al. [173], Aranda et al. [174, 175].

5.1.2. The Zee-Babu Model
The Zee-Babu model contains, in addition to the SM, two SU(2)
singlet scalar fields with electric charges one and two, denoted by
h* and k™ [76, 604] as shown in Table 7. It is a UV completion
of the operator Oy = L'IJ LkeCLleCeijfkl. Several studies of its
phenomenology exist in the literature [95, 435, 620-622].

The leptonic Yukawa Lagrangian reads:

£ =LY exH + LfLh* + Sgen k™ + He,,  (89)

TABLE 7 | Quantum numbers for new particles in the Zee-Babu model.

Field Spin Gsm
ht 0 (1,1,1)
kt+ 0 (1,1,2)
ht .--<+=-<_ h"
,»’ : ‘«\
1
/, A k++ \\
1 : \
1 1
L——e—<er—db—<or—o <]
1 2] o 1
L i e e i L
1 1
H H

FIGURE 18 | 2-loop neutrino masses generated in the Zee-Babu model.

where like in the Zee model, due to Fermi statistics, f is an
antisymmetric matrix in flavor space. On the other hand, g is

symmetric. Charged lepton masses are given by mp = \%Y*,

which be take to be diagonal without loss of generality.

Lepton number is violated by the simultaneous presence of
the trilinear term pzp in Equation (82), together with mg, f, g.
Note that the trilinear term cannot be arbitrarily large, as it
contributes to the charged scalar masses at loop level, and can
also lead to charge-breaking minima, if |z is large compared
to the charged scalar masses. For naturalness considerations we
demand |uzp| < 47 min(my, my). See Nebot et al. [435] and
Herrero-Garcia et al. [95] for detailed discussions.

As lepton number is not protected, neutrino masses are
generated radiatively, in particular at 2-loop order, via the
diagram of Figure 18. The mass matrix is approximately given
by (see for instance McDonald and McKellar [286], Nebot et
al. [435] and Herrero-Garcia et al. [95] for more details)

2
V- ILzZB
M, ~ —22 ry gy T,

i~ 89
9672 M? (89)

where M is the heaviest mass of the loop, either that of the
singly-charged singlet ™ or of the doubly-charged singlet k™.
A prediction of the model is that, since f is a 3 x 3 antisymmetric
matrix, detf = 0, and therefore det M, = 0. Thus, at least one
of the neutrinos is exactly massless at this order.

In the model, both NO and IO can be accommodated. The
phenomenology of the singly-charged scalar is similar to that
discussed in the Zee model, apart from the fact that in the Zee
model the charged singlet mixes with the charged component of
the doublet. Some of the most important predictions of the model
are due to the presence of the doubly-charged scalar k. Firstly,
k*t* mediates trilepton decays (£; — £;€,¢;) at tree-level which
unlike, in the Zee model, are not suppressed by the small charged
lepton masses, as well as radiative decays (¢; — ¢;y). Secondly,
k™ can be pair-produced at the LHC via Drell-Yan, decaying
among other final states into same-sign leptons which yields a
clean experimental signature. See the discussion in section 4.5.
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5.2. KNT-Models

The first radiative neutrino mass model at 3-loop order is the
KNT model [355] which has one fermionic singlet N and two
singly-charged scalars S, in addition to the SM particles. A
discrete Z, symmetry is imposed, under which only S, and N
are odd. We list the quantum numbers of the exotic particles in
Table 8.

The Z, symmetry forbids the usual type-I seesaw contribution
at tree-level. The relevant Lagrangian is expressed as

— 1
L =f LTCit,LS} 4 g N¢erS; + 5MNNTCN +Hec  (90)

1
+ M5, 18] + Ms, 283 + 1 2s(S15)° (91)
where the flavor indices of f and g are all suppressed. With
this setup, neutrino masses are generated first at 3-loop order as
shown in Figure 19. The neutrino mass matrix is then

As  mgmg MIZ\, §
M5 =2 Gy g, Pl a5 )+ O
af 2 S2 S2

where the function F is defined in Ahriche and Nasri [358].
This matrix is, however, only rank one and thus can give
exactly one non-zero neutrino mass. Adding more copies of N
can increase the rank of the matrix. The phenomenology of
this model including flavor physics, dark matter, Higgs decay,
electroweak phase transition and collider searches is discussed in
detail in Ahriche and Nasri [358].

This model is subject to constraints from LFV experiments
such as @ — ey which requires three copies of N for the
neutrino mixing to be in agreement with the observations!.
Meanwhile in order to be consistent with the measurements
of muon anomalous magnetic moment and the OvSS decay,
strong constraints are imposed. For Mg, 5, > 100 GeV, 107> <
|g,-1gi2} < 10and 10> < \f13f23| < 1, it can satisfy all flavor
constraints while reproducing the neutrino mixing data.

Assuming a mass hierarchy My < Ms,, the lightest fermion
singlet is stable and serves as a good DM candidate. This is
also the first radiative neutrino mass theory with a stable DM
candidate running in the loop. If the DM relic density is saturated
and all previously discussed constraints are satisfied, the DM
mass cannot exceed 225 GeV while the lighter charged scalar S,
cannot be heavier than 245 GeV. If the fermion singlets have very
small mass splitting, DM coannihilation effects should be taken
into account. With about 5% mass splitting, the DM relic density
increases by 50%.

As discussed in section 4.5.3, the singly-charged scalars can
be pair-produced at the LHC and subsequently decay to a pair of
charged leptons and the fermion singlets which appear as missing
transverse energy. This signature is exactly the same as the direct
slepton pair production in SUSY theories. ATLAS has performed
the search for sleptons in this channel with 36.1 fb~! data of

31 Less copies of N means less contribution to the neutrino mass matrix, which
in turn generally leads to larger Yukawa couplings to generate the same neutrino
mass scale and thus more likely to violate constraints from LFV processes.

TABLE 8 | Quantum numbers for new particles in the original KNT model.

Field Spin Gsm Zy
S1 0 (1,1,-1 +
So 0 (1,1,-1) _
N 3 (11,0 -
A
s M ~
’ 1 \ ~
,’ 7 AY \\
’/ ’ \ \\
Sy a7 524 %52 T 51
j . -, /I \\ ~ < R
-, 7 AY ~
L e ],
L\ e N e L
A A
1 1
1 1
H H
FIGURE 19 | 3-loop neutrino masses generated in the KNT model.

s 13 TeV [574] and has ruled out slepton masses below
~500 GeV in the non-compressed region. The actual constraint
on Ms, depends on the decay branching ratio of S, to different
leptons and in principle will be substantially relaxed compared to
the ATLAS search.

With the same topology, a lot of variations of the KNT model
can be constructed. Chen et al. [356] discusses several possibilities
to replace the electron with other SM fermions®? or vector-like
fermions. A similar model in which the electron is replaced by
a fermion doublet with hypercharge 5/2 and S;, with doubly-
charged scalar is discussed in Okada and Yagyu [368]. The Z,-odd
particles in this model form instead the outer loop.

5.3. The Scotogenic Model

The most popular model linking dark matter to the radiative
generation of neutrino masses is the one proposed by E. Ma
in 2006. We will refer to it as scotogenic model [113]%3. In the
scotogenic model, the SM particle content is extended with three
singlet fermions, N; (i = 1,2, 3), and one SU(2)1, doublet, , with

hypercharge 1,
n= N
7°

This setup is supplemented with a Z, parity, under which the
new states are odd and all the SM particles are even*. The
newly-introduced particles with their respective charges of the
scotogenic model are shown in Table 9. The gauge and discrete

(93)

32The authors of Chen et al. [356] also point out that up-quarks are not feasible
due to gauge invariance.

33The scotogenic model has been extensively studied, sometimes referring to it
with different names. For instance, some authors prefer the denomination radiative
seesaw. In this review we will stick to the more popular name scotogenic model,
which comes from the Greek word skotos (ox0t05), darkness. scotogenic would
then mean created from darkness.

3The Z, symmetry can obtained from the spontaneous breaking of an Abelian
U(1) factor, see for instance Aristizabal Sierra et al. [623].
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TABLE 9 | Quantum numbers of new particles in the scotogenic model.

Field Spin Generations Gsm Zy
1

" 0 1 (1,2, %) -

N 3 3 (1,1,0) -

symmetries of the model allow us to write the Lagrangian terms
involving the fermion singlets

My — —
LN:TNCN-I-YNUNL—G—H.C. (94)

We do not write the kinetic term for the fermion singlet as it takes
the standard canonical form. Yy is an arbitrary 3 x 3 complex
matrix, whereas the 3 x 3 Majorana mass matrix My can be taken
to be diagonal without loss of generality. We highlight that the
usual neutrino Yukawa couplings with the SM Higgs doublet are
not allowed due to the Z, symmetry. This is what prevents the
light neutrinos from getting a non-zero mass at tree-level. The
scalar potential of the model is given by

2 byt 200 M (i) 22 ()
V= —myHH+ miy'n + 5 (H H) +7(n‘n)
s (H"'H) (n"‘n) + (H"'n) (n"‘H)
A 2 2
+ 75 [(Hw) + (nTH) ] : (95)

Neutrino masses are induced at the 1-loop level via the diagram
in Figure 20

3
YNki YNkj mk m
M) = Z > Mk | — 5 In 2
Pt 32w my — MNk MNk
2 2
m m
- 1 5 In (21 ):| R (96)
my — My, My,

where the masses of the scalar g and pseudo-scalar part ny of the
neutral scalar n° = (g + im)/\/z are given by

1
myy = m2 + 3 (A3 + g £ 25) VP (97)

with the electroweak VEV v = ﬁ(HO) ~ 246GeV. Neutrino
mass vanishes in the limit of A5 = 0 and thus degenerate masses
for the neutral scalars ng, because it is possible to define a
generalized lepton number which forbids a Majorana mass term.

In the scotogenic model, the Z, parity is assumed to be
preserved after electroweak symmetry breaking. This will be so
if (n) = 0. In this case, the lightest Z,-odd state (to be identified
with the LCP defined in section 4.7) will be stable and, if neutral,
will constitute a potentially good DM candidate. The LCP in
the scotogenic model can be either a fermion or a scalar: the
lightest singlet fermion N; or the lightest neutral n scalar (ngr
or ny). As the neutrino Yukawa couplings are generally required
to be small to satisfy LFV constraints, the DM phenomenology

H - - H
\( ’I
N 4
P RN
» RN

FIGURE 20 | 1-loop neutrino masses generated in the scotogenic model.

for a scalar LCP is generally the same as in the inert doublet
model [624, 625]. Recently it has been pointed out [626] that late
decay of the lightest SM singlet fermion N; may repopulate the
dark matter abundance and thus resurrect the intermediate dark
matter mass window between myy, the mass of the W boson,
and 550 GeV. In the case of a fermionic LCP, for which the
annihilation cross section is governed by the neutrino Yukawa
couplings, the connection of the dark matter abundance with
neutrino masses leads to a very constrained scenario due to the
bounds from lepton flavor violation [460, 468-472].

Many scotogenic variations have been proposed since the
publication of the minimal model described above. All these
models are characterized by neutrino masses being induced
by new dark sector particles running in a loop [114-135,
138, 139, 141-143, 204, 261, 265]. One of them involves a
global continuous dark symmetry, instead of a discrete dark
symmetry [145], Hagedorn, (in prep). A gauge dark symmetry
was considered in Yu [253] and a scale-invariant version
presented in Ahriche et al. [245]. The collider [627-630] and
dark matter [631-634] phenomenologies of different scotogenic
variants have also been discussed in detail. Finally, we point
out that the authors of Merle and Platscher [635] identified a
potential problem in this family of models, since some parameter
regions lead to the breaking of the Z, parity at high energies.
This problem, how it can be escaped and its phenomenological
implications have been explored in Merle et al. [636], Merle and
Platscher [267], and Lindner et al. [637].

5.4. Models with Leptoquarks

Leptoquarks are common ingredients of radiative neutrino mass
models. For example neutrino mass can be generated at loop
level by two leptoquarks which mix via a trilinear coupling to
the SM Higgs boson [178-185]. Neutrino mass generation at 1-
loop order with all possible leptoquarks has been systematically
studied in in Aristizabal Sierra et al. [181]. At 1-loop order
and especially at a higher-loop order, leptoquarks usually appear
together with other exotic particles such as vector-like quarks and
leptons, charged scalar singlets and electroweak multiplets [214].
We will review two models here, one at 1-loop and one at 2-loop
order.

5.4.1. A 1-Loop Model

Without introducing exotic fermions, the only possible topology
that can contribute at 1-loop order to the Weinberg operator is
T1-ii shown in Figure 3 as we need the fermion arrow to flip
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only once. With this topology and leptoquarks as the only exotic
particles, the only UV completion we can realize is depicted
in Figure 21. The relevant scalar leptoquarks® are Sj, S3 and
R, with quantum numbers detailed in Table 10. The relevant
Lagrangian reads

AL = y1@L31 +)/3@S3L +)~12;1LR2 =+ XlsTR;H

+ MRISIH + He., (98)
following the convention in in Dor$ner et al. [185] with all
generation indices suppressed. Apparently only the leptoquark
component fields with electric charge Q = L can contribute.

3
1 1
These leptoquarks, in the interaction basis (S;,S3, R, ), will
mix with each other through the A; 3 terms in Equation (98)3¢
We will consider simplified scenarios where either S; or S;
appears together with R,. For the model with S, 3, the squared-
mass matrix will be diagonalized with angle ;3 and the mass
eigenvalues are m; and mj. So the neutrino mass matrix is

expressed as [181, 185]

3sin 291,3

M, >~
Y 3272

m2 /. )
In m% ()’zT Mgyi3 +)’1T,3 My )’2) , o (99)
1

where My diag(mg, ms, mp) with mg;), being the down,
strange and bottom quark masses. Due to the hierarchy of
down-type quark masses, the neutrino mass matrix will be
approximately rank-2 with one nearly massless neutrino. Current
neutrino oscillation data put lower bounds on the product of
Yukawa couplings ranging from 107!2 to 10~ for leptoquarks
with TeV scale masses [181]. On the other hand, low energy
precision experiments constrain the Yukawa couplings from
above. For example, i — e conversion in titanium bounds the
first generation Yukawa couplings with

(72)1, (52) (7)1, 73),,

<17x1073 s
(100)

<26x107° s

for 1 TeV leptoquark masses. Their decay branching fractions
are dictated by the same couplings that determine the neutrino
masses and mixings, which leads to a specific connection between
the decay channels of the leptoquark and the neutrino mixings.
Generally LFV decays with similar branching ratios to final states
with muon and tau are expected in some leptoquark decays.
This neutrino mass model can also be tested at colliders. The
leptoquarks running in the loop can be created in pairs and
decay to final states containing leptons plus jets with predicted
branching ratios. We refer to section 4.5 for further details on
searches of leptoquarks at colliders.

Pis and E. Schumacher [183] explored the possibility to
explain the anomalous b — sl transitions with S;3 and R,.

35We follow the nomenclature in Dorsner et al. [638] and Buchmuller et al. [542]
for the names of the leptoquarks, where subscripts indicate dimension of the
SU(2)1, representations.

36 Aristizabal Sierra et al. [181] considered the most general interactions with all
possible leptoquarks and found in total four mass matrices for leptoquarks with
electric charges Q =

1 2 4 5
-3 3 —3and—3.

FIGURE 21 | 1-loop neutrino masses generated via leptoquark mixing.

TABLE 10 | Quantum numbers of leptoquarks.

Field Spin Gsm

S 0 @14
S3 @.3,4)
o 0 (3:2:%)

Different texture of the Yukawa coupling matrices y3 and y, were
considered and leptoquark masses in the the range of 1 to 50 TeV
can reproduce the neutrino masses and mixings in addition to
Rg [639].

5.4.2. A 2-Loop Model
Based on the gauge-invariant effective operator Ojy
LLQd Qd°, which violates lepton number by two units, a
UV complete radiative neutrino mass model at 2-loop order
containing leptoquark S; and fermion color octet f can be
constructed [287]. We list their quantum numbers in Table 11
for the convenience of the readers.

The general gauge invariant Lagrangian for the exotic particles
is then expressed as

_ — 1 -
AL = <ALQLC QS+ A df St + 2 e us; + H.c.) —5mff,
(101)

where generation indices for all parameters and fields are
suppressed. We demand baryon number conservation to forbid
the terms QQS; and #d°S; which induce proton decay. With
this setup, Majorana neutrino mass will be generated at 2-loop
order as shown in Figure 22. Generally the contribution to the
neutrino mass matrix is proportional to the down-type Yukawa
coupling squared which is dominated by the third generation
unless strong hierarchy in ALY exists. As a result, we can
simplify the formula for the neutrino mass matrix to

2V2 Ns

~g bt -

(lza v) (ap) (M35235) . (102)

with the CKM-matrix element Vy, and I,g as a function of
my and mg, whose exact form can be read from Angel et
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TABLE 11 | Quantum numbers of new particles in the Angelic model.

Field Spin Generation Gsm B
S 0 2 31, 3) 1
f 5 1 (81,0 0

FIGURE 22 | 2-loop neutrino masses generated in the Angelic model.

al. [287]. The indices @ and B label the leptoquark copies. This
neutrino mass matrix is only rank one if there is only one
leptoquark flavor assuming the dominance of the bottom-quark
loop®”. At least two leptoquarks are needed to fit to the current
neutrino oscillation data in this model, where one neutrino mass
eigenvalue is nearly vanishing. Among all flavor processes, 1 — e
conversion in nuclei, & — ey and u — eee give the most
stringent constraints.

The leptoquark S; can explain the recent anomalies observed
in semileptonic B decays, i.e., the violation of lepton flavor
universality (LFU) of Rgw [639] and Rpw [640-645]. In the
parameter space with relatively large A5}, the combination of left-
and right-handed couplings induces scalar and tensor operators,
which lift the chirality suppression of the semi-leptonic B-decay
B — D" ¢v and produce sizable effects in the LFU observables
Ry [313].

5.5. Supersymmetric Models with R-Parity

Violation
Supersymmetric models with R-parity violation naturally lead
to non-zero neutrino masses and mixings. These models have
been regarded as very economical, since no new superfields
besides those already present in the MSSM are required.
Moreover, their phenomenology clearly departs from the
standard phenomenology in the usual SUSY models, typically
providing new experimental probes.

With the MSSM particle content, one can write the following
superpotential, invariant under supersymmetry, as well as the
gauge and Lorentz symmetries,

W = WMSSM Ry (103)

37The contributions of the strange and down quarks are suppressed by mi 4/ mlz,
and thus have been neglected in the discussion of Angel et al. [287].

Here WMSSM is the MSSM superpotential, whereas

PPN PO TPt
W = LRy + 1 LiQudy + eiLiH + S A aididy . (104)

The € coupling has dimensions of mass, {i,j,k} denote flavor
indices and gauge indices have been omitted for the sake of
clarity. The first three terms in W break lepton number
(L) whereas the last one breaks baryon number (B). The non-
observation of processes violating these symmetries impose
strong constraints on these parameters, which are required to be
rather small [646]. Also importantly, their simultaneous presence
would lead to proton decay, a process that has never been
observed and whose rate has been constrained to increasingly
small numbers along the years. For this reason, it is common to
forbid the couplings in Equation (104) by introducing a discrete
symmetry called R-parity. The R-parity of a particle is defined as

R, = (—1)3B-D+25 (105)
where s is the spin of the particle. With this definition, all SM
particles have R, = +1 while their superpartners have R, = —1,

and the four terms in WH» are forbidden. Furthermore, as a side
effect, the lightest supersymmetric particle (LSP) becomes stable
and can be a dark matter candidate.

However, there is no fundamental reason to forbid all four
couplings in WR . When R-parity is conserved both lepton and
baryon numbers are conserved, but in order to prevent proton
decay just one these two symmetries suffices. Furthermore, the
breaking of R-parity by L-violating couplings generates non-zero
neutrino masses, and thus constitutes a well-motivated scenario
beyond the standard SUSY models. This scenario (with only L-
violating couplings) can be theoretically justified by replacing R-
parity by a less restrictive symmetry, such as baryon triality [647].

We can distinguish two types of R-parity violating (RPV)
neutrino mass models:

+ Bilinear R-parity violation (b-R,, ): In this case the only RPV
term in the superpotential is the bilinear wh-k eifiﬁu,
which breaks lepton number by one unit. This leads to the
generation of one mass scale for the light neutrinos at tree-level
via a low-scale seesaw mechanism with the neutralinos playing
the role of the right-handed neutrinos. The second (necessary)
mass scale is induced at the 1-loop level. Therefore, this can be
regarded as a hybrid radiative neutrino mass model.

+ Trilinear R-parity violation (t-R, ): When one allows for
the violation of R-parity with the trilinear superpotential
terms WR = %kijkfiLj’é‘;c + Agjkf,'ajd;i, lepton number is
also broken by one unit and Majorana neutrino masses are
generated at the 1-loop level. Therefore, this setup constitutes
a pure radiative neutrino mass scenario.

We now proceed to discuss some of the central features of
these two types of leptonic RPV models, highlighting the most
remarkable experimental predictions. Although in general one
can have both types of leptonic RPV simultaneously, we will
discuss them separately for the sake of clarity.
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Neutrino Masses with b-R,

Bilinear R-parity violation [177] is arguably the most economical
supersymmetric scenario for neutrino masses. The bilinear ¢;
(€e»€pur€7) terms in the superpotential come along with new
Bl = (B% BY,BY) terms in the soft SUSY breaking potential.
Therefore, the number of new parameters in b-R, with respect
to the MSSM is 6, without modifying its particle content, and
they suffice to accommodate all neutrino oscillation data. For a
comprehensive review on b—Rp see Hirsch and Valle [648].

The ¢€; couplings induce mixing between the neutrinos
and the MSSM neutralinos. In the basis (y©)7T
(—iBY, —iWO,ﬁg,ﬁg, Ve, Vs Vz), the neutral fermion mass
matrix My is given by

T
MXO m

Mn (106)

m 0

Here Mo is the standard MSSM neutralino mass matrix and
m o € is the matrix containing the neutrino-neutralino mixing.
Assuming the hierarchy m < M, o (naturally fulfilled if e <myy),
one can diagonalize the mass matrix in Equation (106) in the

seesaw approximation, m, = —m - ./\/l;()lmT, obtaining
A2 AeA, AcA
Mg +Myg”? A Z ;\zﬂ Ae,\r (107)
"7 4Det(M,0) e T e
AeAr AyA; A2
where A; = pv; + vg€; are the so-called alignment parameters.

Here M;, are the usual gaugino soft mass terms, u is the
Higgsino superpotential mass term, v4/+/2 is the Hg VEV and
vi//2 are the sneutrino VEVs (induced by €; # 0). The special
(projective) form of m, implies that it is a rank 1 matrix, with only
one non-zero eigenvalue, identified with the atmospheric mass
scale. Furthermore, one can obtain two leptonic mixing angles in
terms of the alignment parameters,

A,
(A2 + A2)3

A
s tan023:——“.

A, (108)

tanfy3 = —

The generation of the solar mass scale, which is much smaller
(Am?, < Aml,), requires one to go beyond the tree-level
approximation. This makes b-R, a hybrid radiative neutrino
mass model, since loop corrections are necessary in order to
reconcile the model with the observations in neutrino oscillation
experiments. An example of such loops is shown in Figure 23,
where the bottom-sbottom diagrams are displayed. These are
found to be the dominant contributions to the solar mass
scale generation in most parts of the parameter space of the
model. Other relevant contributions are given by the tau-
stau and neutrino-sneutrino loops [649-651]. In all cases two
R, projections are required, hence leading to the generation of
AL = 2 Majorana masses for the light neutrinos.

The most important consequence of the breaking of R-parity
at the LHC is that the LSP is no longer stable and decays. In
fact, this is the only relevant change with respect to the standard

MSSM phenomenology. Since the R, couplings are constrained
to be small, they do not affect the production cross-sections or
the intermediate steps of the decay chains, and hence only the
LSP decay is altered in an observable way. For instance, the
smallness of the R, couplings typically imply observable displaced
vertices at the LHC, see for instance de Campos et al. [652].
Furthermore, in b—Rp there is a sharp correlation between the
LSP decay and the mixing angles measured in neutrino oscillation
experiments [653-656]. This connection allows to test the model
at colliders. For instance, for a neutralino LSP one finds

A 2
(7”) = tan® O >~ 1.
Ar

BR(3) — W

BROG = W) (109)
BR(x; — Wr)

A departure from this value would rule out the model completely.

Interestingly, these correlations are also found in extended
models which effectively lead to bilinear R, [657-659].

Neutrino Masses with t-Rp
Supersymmetry with trilinear R, has many similarities with
leptoquark models. Once the trilinear RPV interactions
are allowed in the superpotential, the sfermions become
scalar fields with lepton and/or baryon number violating
interactions, defining properties of a leptoquark. For instance,
the right sbottom I;R has the same quantum numbers as the
leptoquark S; discussed in section 5.4.2 and the A" coupling in
Equation (104) originates a Yukawa interaction exactly like ALQ
in Equation (101)38. For this reason, neutrino mass generation
takes place in analogous ways, t-R, being a pure radiative model.
As already discussed, the breaking of R-parity leads to the
decay of the LSP. This is the most distinctive signature of this
family of models. However, in contrast to b-R,, the large number
of free parameters in t-R, exclude the possibility of making
definite predictions for the LSP decay. Nevertheless, one expects
novel signatures at the LHC, typically with many leptons in
the final states [661]. Other signatures, already mentioned in
section 4.2, include LEV observables, see for instance de Gouvea
etal. [486].

6. CONCLUSIONS AND OUTLOOK

The discovery of neutrino oscillations and its explanation in
terms of massive neutrinos has been one of the most exciting
discoveries in particle physics in recent years and a clear sign
of lepton flavor violation and physics beyond the SM. Neutrino
masses being the first discovery of physics beyond the SM may
be related to the fact that the lowest-order effective operator,
the Weinberg operator, generates Majorana neutrino masses.
This may point to Majorana neutrinos and consequently lepton
number violation introducing a new scale beyond the SM. The
magnitude of this scale, and that of lepton flavor violation, are
unknown.

38 There are, however, additional couplings that supersymmetry forbids but would
be allowed for general leptoquarks. Therefore, t-R, can then be regarded as a
constrained leptoquark scenario. See Deshpande and He [660] for a paper on
t-R, as a possible explanation for the B-meson anomalies that highlights the
similarities between this setup and leptoquark models.
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reproduced from Diaz et al. [650].

FIGURE 23 | Bottom-Sbottom diagrams for solar neutrino mass in the b*fﬁp model. Open circles correspond to small R-parity violating projections, full circles
correspond to R-parity conserving projections and crosses indicate genuine mass insertions which flip chirality. hy, = Y}, is the bottom quark Yukawa coupling. Figure

Vj 1%

a3|K|5j3 + bgj a3|K|5i3 + bé;

The sensitivity to many lepton flavor violating processes will
be increased by 2-4 orders of magnitude in the next decade and
thus test lepton flavor violation at scales of O(1 — 1,000) TeV.
In particular the expected improvement of up to 4 orders of
magnitude for ;1 — e conversion and the decay i — eee, but also
other processes, will yield strong constraints on the parameter
space of currently allowed models or even more excitingly lead
to a discovery. Moreover, the LHC is directly probing the TeV-
scale and several possible options for colliders are discussed to
probe even higher scales. These exciting experimental prospects,
together with the simplicity of the explanation for the smallness
of neutrino mass, are the main motivations to study radiative
neutrino mass models.

Radiative neutrino mass models explain the lightness of
neutrinos without introducing heavy scales. The main idea is
that neutrino masses are absent at tree-level, being generated
radiatively at 1- or higher-loop orders. This, together with the
suppressions due to the possible presence of SM masses and/or
extra Yukawa and quartic couplings, implies that the scale of
these models may be in the range of O(1 — 100) TeV. This is
also theoretically desirable, because all new particles are light and
no hierarchy problem is introduced.

The plethora of neutrino mass models studied in the last
decades is overwhelming, reaching the hundreds. We believe
that at this point an ordering principle for the theory space is
necessary to (i) help scientists outside the field to acquire an
overview of the topic, (ii) cover the theory space and spot possible
holes, (iii) try to draw generic phenomenological conclusions that
can be looked for experimentally, and last but not least (iv) serve
as reference for model-builders and phenomenologists.

One can choose to systematically classify the different
possibilities and models in different complementary ways: in
terms of (i) the effective operators they generate after integrating
out the heavy particles at tree-level, (ii) the number of loops at
which the Weinberg operator is generated, and (iii) the possible
topologies within a particular loop order®. In the first case, the
contribution of the matching to the Weinberg operator can be
easily estimated, and possible UV completions can be outlined.
The second option also sheds light on the scale of the new
particles. Finally, the study of possible topologies, which have
been analyzed up to 2-loop order, helps to systematically pin
down neutrino mass models.

3 A fourth complementary classification in terms of particles can be done, which
will appear in a future publication Cai, (in prep).

We presented selected examples of radiative neutrino mass
models in section 5 which serve as benchmark models and
discussed their main phenomenological implications such as
lepton flavor-violating processes and direct production of the
heavy particles at colliders. The phenomenology is generally very
rich and quite model-dependent including extra contributions
to neutrinoless double beta decay, electric dipole moments,
anomalous magnetic moments, and meson decays. Furthermore,
radiative neutrino mass models may solve the dark matter
problem with a weakly-interacting massive particle running in
the loop generating neutrino mass. Also, the new states can play
a crucial role for the matter-antimatter asymmetry, although not
necessarily in a positive way, and therefore extra bounds can be
set on the lepton number violating interactions.

From our work, we have found that there are several
interesting avenues that can be pursued in the future:

o If anomalies in B-physics [639-645], or in the muon
anomalous magnetic moment [662], persist, their connection
to radiative models should be further pursued.

o There are only a few studies of the matter anti-matter
asymmetry in radiative neutrino mass models and more
detailed studies are required.

A systematic classification of models generated from effective
operators with covariant derivatives*® would help to pin down
the possible models involving gauge bosons.

o Further studies of the symmetries that allow the generation of
Dirac masses at loop level.

o Beyond the LHC, radiative neutrino mass models can be
further tested specially if a future collider has initial leptonic
states. If those are same sign, one could directly test the
neutrino mass matrix by producing for instance the doubly-
charged scalar of the Zee-Babu model [622].

To conclude, it is interesting that there are many combinations
of what one may call “aesthetically reasonable” particles—those
that have SM multiplet assignments and hypercharges that are
not too high—that couple to SM particles in such a way as
to realize neutrino mass generation at loop level. Radiative
mass generation, as well as being a reasonable hypothesis for
explaining the smallness of neutrino masses, also provides many
phenomenological signatures at relatively low new-physics scales.
So, even if nature realizes the seesaw mechanism with heavy

40All possible dimension-7 operators with SM fields and right-handed neutrinos
have been listed in Bhattacharya and Wudka [86].
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right-handed neutrinos, given the difficulty of testing such a
paradigm, falsifying radiative models by means of studying in
detail their phenomenology and actively searching for their
signals seems the only way to strengthen the case of the former
by reducing as much as possible the theory space. Not to mention
all the useful insights learned on such a journey.
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APPENDIX

On the Relative Contribution of Operators

Oftentimes the effective AL = 2 operators are discussed using
a cutoff regularization scheme. In the following, however,
we outline the relative contribution of the different AL 2
operators to neutrino mass using dimensional regularization
with a momentum-independent renormalization scheme such as
MS renormalization. Power counting in the SM effective theory
establishes that the dominant contributions to neutrino mass
are given by (i) the lowest-dimensional Weinberg-like operator
0(1”) = LLHH(H'H)" which is induced via matching at the new
physics scale A and (ii) the contributions induced by mixing

via renormalization group running of the operator O(ln) into the
Weinberg operator or other lower-dimensional Weinberg-like
operators.

Using naive dimensional analysis we discuss in more detail
the relative contribution to neutrino mass from each operator
in the SM effective field theory. Note that here we follow
the matching and running from low energy scale to high
energy scale. Below the electroweak scale effective operators
that can contribute to neutrino masses should contain two
neutrinos and possibly additional fields. Those additional fields
have to be closed off and their contribution to neutrino
masses vary: for photons and gluons, the contribution from the
tadpole diagram vanishes; for fermions f, the contribution is
proportional to a factor m?/16w2A> per fermion loop. Thus,
the contribution of operators with additional fields to neutrino
mass either vanishes or is generally suppressed. Matching at the
electroweak scale may similarly include loops with electroweak

gauge bosons or the top quark and lead to a suppression
of the respective operator. Additional Higgs fields yield a
factor v/A each. Above the electroweak scale the operators
generally mix. Higher-dimensional operators also mix into lower
dimensional ones. For example although the operator O] mixes
into the operator O; via renormalization group running and
thus it is an operator of lower dimension, its contribution
to the Wilson coefficient is suppressed by a factor of order
m?;/16w*A? and therefore it is of the same order as the
operator O]. At the new physics scale the relative size of the
Wilson coeflicients is determined by the couplings and the loop
level at which they are generated. The Wilson coefficient of
the Weinberg-like operators at the new physics scale may be
suppressed by a loop factor compared to other operators, but
the other operators receive a further loop-factor suppression
when matching onto the effective interactions at the electroweak
scale or finally onto the neutrino mass term at a lower scale.
The contributions of all operators to neutrino mass has at least
the same loop-factor suppression as the leading Weinberg-like
operator which is induced by matching at the new physics
scale. Higher-dimensional Weinberg-like operators will induce
the lower-dimensional ones via mixing when running the Wilson
coeflicients to the low scale, but the contribution of the induced
operator is still of the same order as the original higher-
dimensional operator. In summary, an order of magnitude
estimate of neutrino mass can be obtained from the leading
Weinberg-like operator which is induced from matching at the
new physics scale keeping in mind that its contribution to lower-
dimensional Weinberg-like operators will be of a similar order
of magnitude.
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