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ABSTRACT: We present a class of models with radiative neutrino mass and stable dark-
matter candidates. Neutrino mass is generated by a one-loop diagram with the same
topography as Ma’s 2006 proposal (which used an inert scalar-doublet and singlet fermion).
We generalize this approach and determine all variants with new fields no larger than
the adjoint representation. When the neutrino mass diagram contains a Majorana mass
insertion there are two possibilities, both of which are known. If the mass insertion is of the
Dirac type there are seven additional models, two of which are excluded by direct-detection
experiments. The other five models are also constrained, such that only scalar dark-matter
is viable. There are cases with an inert singlet, an inert doublet, and an inert triplet,
providing a natural setting for inert N-tuplet models of dark matter, with the additional
feature of achieving radiative neutrino mass. We show that some of the models admit
a simple explanation for the (requisite) discrete symmetry, and briefly discuss cases with
representations larger than the adjoint, which can admit a connection to the astrophysical
gamma-ray signal.
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1 Introduction

The experimental evidence for neutrino mass, acquired in recent decades, provides concrete
evidence for physics beyond the Standard Model (SM) (see e.g. [1]). Although the requisite
new degrees of freedom cannot yet be determined it is clear that additional particles are
likely to exist, in order to generate the masses. Similarly, there is by now a large amount
of evidence for an additional galactic constituent, an unknown substance referred to as
dark matter (see e.g. [2]). This may or may not require new degree’s of freedom, but the
hypothesis that the dark matter is comprised of a stable (or long lived) new particle species
provides a simple explanation for this observed feature of the Universe. Given that these
two indicators for beyond-SM physics can be explained by extending the particle spectrum
of the SM, it is natural to ask if the requisite new particles can be related. Could the
mechanism of neutrino mass be related to the existence of a stable dark-matter candidate?

A particularly simple model realizing this idea was proposed by Ma in 2006 [3]. This
model extends the SM to include an additional SM-like scalar doublet and gauge-singlet
fermions, all of which are odd under a discrete Zs symmetry. The extended field con-
tent allows for radiative neutrino mass, generated at the one-loop level, while the lightest



beyond-SM field is absolutely stable. One thus arrives at a simple synergetic model of
radiative neutrino mass and dark matter.

In this work we generalize Ma’s approach. We present a class of related models,
all of which generate neutrino mass via a loop diagram with the same topography as
Ma’s, whilst simultaneously admitting stable dark-matter candidates. The loop-diagram
employed by Ma contains a mass insertion on the internal fermion line (see figure 1), and
our generalizations fall naturally into two categories; those which break lepton-number
symmetry via a Majorana mass insertion, and those with a Dirac mass insertion, such that
lepton-number symmetry is broken at a vertex. Although the basic mechanism is very
similar in both cases, this difference modifies one’s expectations for the beyond-SM field
content and the associated phenomenology.

It turns out that, in both cases, this approach is very general and many realizations
are possible. However, restricting attention to models in which the beyond-SM multiplets
are no larger than the adjoint representation significantly reduces the possibilities. As we
shall see, there are only two such (minimal) models with a Majorana mass-insertion, both
of which are known [3, 4]. We find seven additional models with a mass insertion of the
Dirac type, all of which achieve radiative neutrino mass and dark-matter candidates. We
detail these models, finding a subset that are compatible with direct-detection experiments.
There are cases with an inert singlet, an inert doublet, and an inert triplet; the models
therefore provide a natural setting for inert N-tuplet theories of dark matter, such that
radiative neutrino mass is also achieved.

Interestingly, three of the new models admit a simple extension that can explain the
origin of the (formerly imposed) discrete symmetry. By upgrading the discrete symmetry
to a gauged U(1) symmetry, and extending the field content by a single SM-singlet scalar,
the discrete symmetry can arise as an accidental symmetry of the low-energy Lagrangian,
after U(1) symmetry breaking takes place. This provides a simple explanation for the
discrete symmetry.

Though we focus on models with representations no larger than the adjoint, we also
briefly discuss cases where the beyond-SM fields can be quadruplet and/or quintuplet
representations of SU(2)r. We present the candidate models in these cases, and mention
some key issues, based on the lessons learned from our preceding studies. Despite the use of
larger multiplets, these models can still be of interest; in addition to allowing for radiative
neutrino mass, the exotics with larger electric-charges in these multiplets can enhance the
27 and/or v + Z signal from dark-matter annihilation when they appear inside loops [5].
This can provide a simple connection between the mechanism of neutrino mass and the
astrophysical gamma-ray signal [6].

Before proceeding we note that the connection between radiative neutrino mass and
dark matter has been explored in a number of different models, including ref. [7], which
precedes Ma’s work; for other examples see [8-14]. Previous works on inert-singlet mod-
els [15-17], inert-doublet models [18-24], and inert-triplet models [25, 26] are also well
known. Additional relevant works dealing with inert-multiplet dark matter and/or radia-
tive neutrino mass are cited in the text. Note also that refs. [27, 28] have detailed the
one-loop realizations of the d = 5 operator for neutrino mass. Inert scalar dark matter
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Figure 1. The generic one-loop diagram for neutrino mass in a class of models that admit stable
dark-matter candidates. Here F and S are beyond-SM multiplets that collectively contain at
least one electrically-neutral field.

can also help cure the little hierarchy problem found in low-scale seesaws [29]. The present
work follows on from the generalized tree-level seesaws presented in ref. [30].

The plan of this paper is as follows. In section 2 we discuss Ma’s model and present the
generalizations that similarly achieve radiative neutrino mass and dark-matter candidates.
Section 3 considers the case of fermionic dark-matter, while section 4 discusses scalar dark-
matter. One of the generalized models is presented in more detail in section 5. In section 6
we show that some of the models allow a simple extension, such that the discrete symmetry
appears as an accidental symmetry in the low-energy theory. Models with exotics forming
larger SU(2) representations are discussed in section 7 (and explicitly displayed in the
appendix). We conclude in section 8.

2 Radiative neutrino mass and dark matter

We are interested in the class of models that generate neutrino mass radiatively by the
diagram in figure 1. Here F is a beyond-SM fermion and S are new scalars (which
can be identical in some cases). A basic feature of this diagram is that the three vertices
can all involve two beyond-SM fields. Consequently one can always consider a discrete Zs
symmetry whose action on the beyond-SM multiplets is

{F, S1, Sa} — —{F, S1, Sa}, (2.1)

while all SM fields transform trivially. The lightest field within the multiplets F and S 2
will thus be stable, and provided this field is electrically neutral and colorless, one arrives
at a dark-matter candidate. These comments are generic for all models of this type; the
connection between loop masses and dark matter is simple to realize in this class of models.

Figure 1 produces Majorana neutrino masses, so the loop diagram must contain a
source of lepton number violation. Choosing the convention for lepton-number symmetry
such that the new fermion F has the same value as the SM leptons, there are two ways to
explicitly break lepton-number symmetry; it can be broken at either the mass insertion or
at one of the vertices. The simplest models, in terms of the requisite number of beyond-
SM multiplets, are those with a lepton number violating (Majorana) mass insertion. In
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Figure 2. The generic one-loop diagram for models with a lepton number violating mass insertion.

this case one has F;, = Fj and minimal cases occur for S = S = S. Thus, only two

beyond-SM multiplets are required. The general loop-diagram for this subset of models is
given in figure 2. We consider this case first.

2.1 Models with a Majorana mass insertion

We seek models that achieve neutrino mass via figure 2 and give rise to dark-matter can-
didates. Clearly the fermion must form a real representation of the SM gauge symmetry,
Fr ~ (1, RF,0), in order to allow a bare Majorana mass. As we are considering dark-matter
candidates we do not consider colored fields. Note also that Rr must be odd-valued to
ensure there is no fractionally charged particles (the lightest of which would be stable and
thus cosmologically excluded). Odd-valued Rz also ensures that Fp contains an electrically
neutral component, so no additional constraint is imposed by this demand.

With this information one can obtain the viable combinations of Fr and S that gen-
erate figure 2. The basic Lagrangian terms are

_ Mr _ o~
LD iFpy"DyFr— Tf FiFp+|DS[> — M2|S|? + ALSFr+ Asu(STH)?* + Hee.,  (22)

where L (H) is the SM lepton (scalar) doublet and S denotes the charge-conjugate of S.
It turns out that the possible combinations for F and S are not restricted by quantum
numbers; one can consider increasingly large multiplets, presumably up to some unitarity
limits [31], and realize a model with figure 2 and a dark-matter candidate. However, if
we restrict our attention to models with Rr, Rg < 3, such that no new multiplet is larger
than the adjoint representation, there are only two possibilities. The first case is Ma’s
original proposal, which employs an additional (inert) scalar doublet S ~ (1,2,1), and a
gauge-singlet fermion Fr ~ (1,1,0) [3]. This model is the prototype for the class we are
considering. The second model also employs the scalar doublet S ~ (1,2,1), but instead
utilizes the triplet fermion Fr ~ (1,3,0) [4], familiar from the Type-III seesaw [32]. Thus,
both of the models are known in the literature, and there are no additional possibilities
unless one considers larger multiplets.

In each of these models the dark-matter candidate can be a neutral component of S or
a Majorana fermion. There is, however, an important difference between the singlet case,



F ~ (1,1,0), and the other model; the singlet does not participate in weak interactions
and is therefore brought into thermal contact with the SM sector via the Yukawa coupling.
For fermionic dark-matter, this can produce conflict between the need to keep the Yukawa
coupling large to ensure thermal dark-matter, and the need to suppress the Yukawa coupling
to limit the size of flavor changing effects. This issue does not arise in the triplet fermion
model, as the fermions can maintain equilibrium with the SM sector via weak interactions
in these cases, even if the Yukawa couplings are suppressed. For an analysis of Ma’s model,
incorporating recent LHC data on the Higgs, see e.g. ref. [33]. Also note that loop effects
can induce observable interactions between dark matter and experimental detectors in Ma’s
model [34].

2.2 Models with a Dirac mass insertion

Having exhausted the minimal models with a lepton-number violating mass insertion, we
now consider models with a Dirac mass insertion; i.e. the beyond-SM fermion has nonzero
hypercharge. In this case the general mass-diagram has the form shown in figure 1. The
fields Fr and Fj, are no longer related by charge conjugation, so the mass insertion is of
the Dirac type and F is a vector-like fermion. In addition one requires S7 # S3. We again
consider a Zs symmetry under which the SM fields transform trivially but the new fields
are odd. The Lagrangian contains the following pertinent terms:

LD iFyY'DuF — MpFF+ Y {|D"Si|* = M7?|S:*}
i=1,2

+A E.FRSl + A9 E}—ES’Q + AsH 51§2H2 + H.c., (2.3)

where, in our convention, lepton number symmetry is broken by a Yukawa coupling. With
the Zy symmetry present, there are no terms in the scalar potential that are linear in just
one of the new scalars S 2. Therefore the beyond-SM scalars do not acquire an induced
VEV and parameter space exists for which (S 2) = 0, so the Z; symmetry remains exact.

In selecting viable multiplets one must ensure that no new multiplet contains a frac-
tionally charged field, to avoid a (cosmologically excluded) stable charged field. To ensure
that the lightest Z3-odd field is a neutral dark-matter candidate one must demand that
the new multiplets contain at least one neutral field. Note that the neutral field does not
have to appear as an explicit propagating degree of freedom inside the loop diagram; it
is sufficient merely that the loop-diagram exists and that the particle content includes a
neutral field that can play the role of dark matter.

With these conditions in mind we search for viable combinations of the beyond-SM
multiplets that realize figure 1. We find that the size of the beyond-SM multiplets is not
restricted by our demands; one can consider increasingly large multiplets and realize the
loop diagram. However, if attention is restricted to models in which none of the beyond-
SM multiplets are larger than the adjoint representation, only seven distinct models are
found. These are listed in table 1. Of the seven models, one employs the exotic lepton
triplet F ~ (1,3,—2), studied in refs. [35-40], three contain an exotic vector-like (and
SM-like) lepton doublet F ~ (1,2, —1) [40-42], and two contain a charged lepton doublet



Model F S S5 Dark matter status
4) | (1,1,-2) | (1,2,1) | (1,2,3) Inert doublet (ref. [44])
(B) | (1,3,-2) | (1.2,1) | (1,2,3) Inert doublet
) | (1,2,-1) | (1,1,0) | (1,3,2) Inert singlet or triplet
(D) |(1,2,-1) | (1,3,0) | (1,1,2) Inert real triplet
(E) | (1,2,-1) | (1,3,0) | (1,3,2) Inert triplet
(F) |(1,2,-3) | (1,3,2) | (1,1,4) | Excluded (direct detection)
(G) | (1,2,-3) | (1,3,2) | (1,3,4) | Excluded (direct detection)

Table 1. Minimal models with a Dirac mass insertion. These models allow radiative neutrino mass
and contain at least one stable electrically-neutral beyond-SM field.

F ~ (1,2,-3) [40, 43]. There is also a model with a SM-like charged singlet fermion,
F ~ (1,1, —2), which already appeared in ref. [44].

Neutrino masses take a standard calculable form in these models. For example, in
models (A) and (B) only singly-charged exotics propagate in the loop, and the SM neutrino
mass matrix is given by!

[(A3)aDE + (AEADE] Asu(H)? [ M2 Mz, IOgM%a

M ~
(Mo)as 3272 MZ—MZ | MZ,—M2 ° M2

— (M — M)

(2.4)
Here My, is the mass for the charged component of the exotic fermion F,, and summation
is implied for the repeated index a (which labels the exotic-fermion generations).? The
masses M- - refer to the charged scalar mass-eigenstates, which are linear combinations of
the charged scalars S;” and ;. The mixing results from the Agy-term in eq. (2.3), which
takes the explicit form AgyH T.SHS;H C L, for models (A) and (B). If all the exotics are
at the TeV scale one requires dimensionless couplings of O(1073) to obtain m,, ~ 0.1eV.
The scenario with all exotics at the TeV scale is most interesting from a phenomenological
perspective. However, strictly speaking one only requires the lightest exotic to have a mass
of < O(TeV) in order to realize a dark-matter candidate. The other exotics can be much
heavier, allowing larger dimensionless couplings.
Before moving on to discuss dark matter in detail, we note that, of the models in
table 1, only models (A), (B) and (D) are expected to produce (dominant) radiative
neutrino masses in the absence of the Zs symmetry, as we briefly discuss in appendix A.

3 Inert fermionic dark matter

We now turn our attention to the dark-matter candidates in these models. It is a prior:
possible that both fermionic and scalar dark-matter candidates are possible, as in Ma’s

!The quoted result is for model (B), and should be multiplied by an extra factor of 2 for model (A).

2 A single generation of exotic fermions generates nonzero masses for two SM neutrinos, which is sufficient
to accommodate the experimentally observed mass and mixing spectrum. To obtain three massive neutrinos
requires (at least) two generations of exotic fermions.



original proposal [3]. In this section we consider fermionic dark-matter. Note that not all
the models contain neutral beyond-SM fermions; specifically, model (A) has F ~ (1,1, —2),
and models (F') and (G) use F ~ (1,2,—-3). In these cases all beyond-SM fermions are
charged and only scalar dark-matter is possible. One can already exclude the parameter
space with light fermions in these models, namely Mz < Mj 2, due to the appearance of a
stable charged-fermion.

On the other hand, models (B) through (E) all contain neutral fermions and can, in
principle, admit fermionic dark-matter. However, all of the fermion multiplets in these mod-
els have nonzero hypercharge, which can lead to strong constraints from direct-detection
experiments. More precisely, if the dark-matter abundance is generated by a standard
thermal WIMP one can exclude Dirac-fermion dark-matter with nonzero hypercharge, due
to the strong constraints from e.g. XENON100 [45, 46]. Thus, it is important to determine
whether the neutral fermion is Dirac or Majorana.

At tree-level the fermion F remains a Dirac particle. However, its coupling to the SM
neutrinos, which obtain Majorana masses via figure 1, leads to a small radiative Majorana-
mass. For the case of F ~ (1,3,—2), the typical diagram is shown in figure 3. Similar
diagrams can occur for models (C) through (E), though the scalar S; is real in these cases.
The loop-induced Majorana mass will, in general, split the Dirac fermion F into a pair of
Majorana fermions. However, one can already see that the mass-splitting will be very small.
The sub-loop in figure 3 is the same loop-diagram that generates SM neutrino masses in
figure 1. Thus, in the limit that SM neutrino masses vanish, m, — 0, the Majorana mass
for F will also vanish. We therefore expect AMz « m,,, where AMr is the Majorana mass
for F. This is born out by explicit calculations. For example, with Mz < Mg, where Mg
denotes an approximate common mass for the beyond-SM scalars, one obtains

N (H)?
~ XMy,
1672 Mg

AMF (3.1)

where the Lagrangian contains the term A}y (HTS;)?

C L to generate the uppermost
vertex in figure 3. The beyond-SM neutral fermions therefore form pseudo-Dirac particles
with a tiny splitting.

Direct detection experiments give strong constraints on spin-independent elastic-scat-
tering events that can occur when fermionic dark-matter couples to the Z boson [45, 46].
These constraints can be avoided if the Dirac fermion has a mass-split, as the resulting
pair of Majorana fermions has non-diagonal couplings to the Z boson (to leading order).
Provided the mass split exceeds the average kinetic-energy of the local dark-matter parti-
cles, Z-boson exchange with SM detectors is highly suppressed, as the heavier fermion is
kinematically inaccessible. However, for the models with neutral fermions in table 1 the

mass split satisfies

AM y
Fm

<1072 for My=0(T 2
v My o 0 or F=0(TeV), (3.2)

which is (much) too small to evade direct-detection bounds, given typical DM speeds of
vpMm ~ 1073. We conclude that none of the models in table 1 are viable when the lightest
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Figure 3. A loop diagram that generates a Majorana mass for the fermion Fr ~ (1,3, —2). Here
S~ (1,2,1) and Sy ~ (1,2,3) [model (B)]. Similar diagrams exist for models (C') through (E).

beyond-SM field is a fermion, due to either a cosmologically excluded stable charged-particle
or a dark-matter candidate that contradicts direct-detection constraints. The entire region
of parameter space in which a fermion is the lightest beyond-SM state is thus excluded for
these models.

4 Inert scalar dark matter

With the above information we can restrict our attention to the limit Mz > M o for the
models in table 1, for which the stable particle is a scalar. In this limit the models are
effectively inert N-tuplet models with the additional feature of realizing radiative neutrino
mass. In this section, we consider the viability of the scalar dark-matter candidates in the
different models.

We first consider models (A) and (B), whose common features allow them to be dis-
cussed together. Both these models have a single (candidate) dark-matter multiplet, which
is an inert SM-like scalar doublet, S; ~ (1,2,1); i.e. an inert doublet [18-24]. Also, in
both models the second scalar is a charged doublet, So = (S;J“, S;)T, whose components
must be heavier than the dark matter. Inert-doublet dark matter is well-studied in the
literature, and it is known that a viable dark-matter abundance can be realized [18-24].
The inert-doublet leads to three new scalars, which we denote as H'®, H'® and A°, and
either of the last two can be the dark matter. As per usual for an inert-doublet model, the
neutral components of S; cannot mix with the SM Higgs in models (A) and (B), due to
the discrete symmetry. However, the charged scalar Sf will mix with S; , as mentioned
already. If this mixing is large, the phenomenology of the lightest charged-scalar will differ
from that of H'" in a standard inert-doublet model. For small mixing the lightest charged
scalar will correspond mostly to H'" and the phenomenology of S; will be well approxi-
mated by a standard inert-doublet. Note that one cannot take the limit Agyp — 0 without
turning off the radiative neutrino mass in figure 1. The demand that radiative neutrino
mass is realized therefore requires nonzero mixing between Sfr and S; . However, given



that S must be heavier than the dark-matter, one generally expects the mixing to be of
order (H%)2/M2 which is < 107! for My > TeV. Thus, S; can be well-approximated by a
standard inert-doublet.

The inert-doublet model contains five main regions of parameter space in which the
observed relic-abundance is obtained [47]. Four of these have a light particle-spectrum
that can be probed at the LHC. The discovery of an SM-like scalar with mass of roughly
125 GeV at the LHC allows one to update the viable parameter space and phenomenology
of the inert-doublet models. Recent analysis, incorporating the LHC data, shows that the
low-mass regions for the dark-matter candidate can already be in tension with constraints
from XENON100 [45, 46] and WMAP [48], while the heavier region with Mpy 2 500 GeV
is essentially unaffected [49]. Specifically, the surviving region for lighter dark-matter lies
close to the Higgs-resonance/W W -production threshold [49].

The region of parameter space with Mpy = O(10) GeV is particularly interesting
for the present models as, in this case, the additional beyond-SM multiplets can be light
enough to appear at the LHC. This was discussed already in ref. [44] for model (A),
where it was shown that the charged scalar-doublet So ~ (1,2,3) can produce observable
signals when the inert-doublet dark matter is light. Although the region of parameter
space with heavier dark-matter (Mpy 2 500 GeV) will not be accessible at the LHC, it is
expected that XENON-1T will probe this parameter space, potentially giving observable
direct-detection signals [50, 51]. One deduces that viable dark matter is possible in both
models (A) and (B), and that the combined (projected) LHC and XENON-1T data sets
are expected to probe the viable parameter space in these models.

We note that, in general, models with hypercharge-less dark matter are not as strongly
constrained by direct-detection experiments. Such candidates do not couple directly to the
Z boson so interactions with detectors do not arise at tree-level. Provided the mass-splitting
between the charged and neutral components of the dark-matter multiplet exceeds the av-
erage kinetic-energy of the dark matter in the local halo, interactions with the W boson are
also highly suppressed (or absent). Even if the neutral and charged components of a dark-
matter multiplet are degenerate at tree-level, an O(100) MeV split is induced radiatively,
which is sufficient to ensure scattering via W boson exchange is suppressed/absent.

These comments apply to model (D), in which the sole dark-matter candidate is the
neutral component of the inert real-triplet, S; ~ (1,3,0). The neutral component of this
multiplet does not interact with the Z boson, and the charged component can be sufficiently
split (by radiative effects) to ensure the neutral state is the lightest field. This alleviates
potential tension with direct-detection experiments. The possibility of inert real-triplet
dark matter is well known in the literature [25, 26, 52-55]. The neutral component of
S7 is a viable cold dark-matter candidate that saturates the observed relic abundance of
Qcpumh? ~ 0.11 [48] for Mpy =~ 2.5 TeV [25, 26]. If the real-triplet is lighter it can only
comprise part of the dark-matter abundance and additional candidates are needed. In
model (D) the dark-matter abundance must be comprised solely of Si, so that Mpy ~
2.5 TeV is a necessary requirement for this model. Unfortunately this makes it difficult
to directly produce the exotic states at the LHC; both F ~ (1,2,—1) and Sy ~ (1,1,2)
must be heavier than 2.5TeV to ensure the dark matter is the lightest exotic, pushing



them beyond projected experimental reach. Model (D) is, however, a viable model of dark
matter and radiative neutrino mass for Mpy ~ 2.5 TeV.

Next we turn our attention to models (F') and (G), which both employ F ~ (1,2, —3)
and S7 ~ (1,3,2). In both models Sy is comprised purely of electrically-charged fields, so
the neutral component of S; is the sole dark-matter candidate. This complex neutral-field
cannot mix with the SM scalar, due to the Zy symmetry, so its particle and antiparticle
sates remain degenerate. The dark-matter abundance is therefore comprised of both states,
posing a serious difficulty for these models. Due to the nonzero hypercharge for S;, the
neutral field can scatter off SM-detectors via tree-level Z-boson exchange. This process is
strongly constrained by direct-detection data sets. Previous works show that one requires
a mass of ~ 2.6 TeV to obtain the correct abundance, however, the spin-independent cross-
section exceeds 10737 cm? in the regions of parameter space compatible with the LEP
experiments [53-55]. Such a large cross section is incompatible with the constraints from,
e.g., XENON100 [45, 46]. Thus, although one can successfully generate the requisite dark-
matter abundance, direct-detection constraints prove fatal for models (F') and (G) and
both models can be excluded.

It remains for us to consider models (C) and (£). These models admit two distinct
scalar dark-matter candidates and thus allow more possibilities, as we shall see in following
section.

5 Models with a real scalar and a complex triplet

Models (C') and (F) both employ the SM-like fermion F ~ (1,2, —1) and the complex scalar
triplet So ~ (1,3,2). Furthermore, in both cases S is a real scalar. These models differ
from the other cases as both scalars now possess a neutral component, giving two dark-
matter candidates. We saw that models (F') and (G) could be excluded precisely because
the dark-matter abundance was comprised of the neutral component of the complex scalar
triplet. This difficulty is avoided in models (C') and (E), however, due to allowed mass-
mixing between the neutral components of S; and Sa. In this section we discuss model (C')
in some detail, to elucidate the possibilities. The analysis of model (E) is rather similar,
due to the related field content, and we limit ourselves to some brief comments on this
model at the end of the section.

Model (C') contains the beyond-SM scalars S1 ~ (1,1,0) = S and Se ~ (1,3,2) = A.
The full scalar-potential can be written as

2 MQ _
V(H,S,A) = T’“‘\HP - 7552 + M3 Tr(ATA) + M| H|* + Ao [Tr(ATA)]?

+2, Tr(ATAATA) + %54 + M [HP Te(ATA) + X, HTATAH
A5 H[2S? + X S? Tr(ATA) + A\suS{H'ATH + HIAH} (5.1)

where the overall phase of A has been used to choose Agy real without loss of generality.?
The discrete symmetry {S, A} — —{S, A} ensures there is no mass-mixing between the

3 A related potential was considered in refs. [56, 57].

,10,



SM scalar and the beyond-SM fields. This symmetry also forbids terms linear in a single
beyond-SM scalar, like HATH or SH?, which would otherwise induce a non-zero VEV for
A and S after electroweak symmetry breaking. Consequently, parameter space exists in
which neither S nor A acquire a VEV. The scalar S and the neutral components of A will
mass-mix, however, due to the Agy term in the potential.
Expanding the neutral SM-scalar around its VEV, and expanding the neutral compo-
nent of A as
HY = \2(1}4— R +ix%) and A= \}5

respectively, the mass-mixing Lagrangian for the neutral scalars is

(Ag +iAg), (5.2)

1
LD 758TM28. (5.3)

Here the basis vector is S = (S, Ag, A7)”, and the squared-mass matrix has the form

M2 + X502 5\57%1)2 0
M? = 2‘37%02 M3 + 202 ] 0 . (5.4)
0 0 M3 + 2402

Thus, the CP-odd scalar Ay is a mass eigenstate with mass Mi+)\4v2 /2, while the CP-even
scalars S and Apr mass-mix to produce two physical scalars that are linear combinations
of these fields.

The dark-matter candidate will be one of the neutral-scalar mass eigenstates. To
determine which one, we must find the masses for the mixed CP-even states. Let us define
MZ = ]\;[g + Asv? and M3 = Mi + A\qv?%/2, which are the CP-even mass eigenstates in the
limit Agg — 0. In this limit A and A; are degenerate and form a single complex-scalar
with mass Mi. For nonzero Agp, the CP-even mass eigenvalues can be written as

1 A2 Y2
My = 2{M§ + MX + [(Mg — M3)* + ;%4} } : (5.5)

where the eigenstates are related to the original fields as
St cosf sind S
= ) 5.6
(S) (—sinGcosO)(AR) (56)

(5.7)

Here, the mixing angle is

In the limit where the singlet-scalar is heaviest, M g > Mg, the mass eigenvalues are
approximately

2 .4 2 4

ASHY ASHY

d M? ~ M2 —
gz M T AT Rz

M? ~ M2+ for M2z > M3 . (5.8)
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Noting that M? < Mi, reveals that S_ is the lightest exotic state and is thus the DM
candidate. Simple expressions are obtained for the mass eigenvectors in this limit:

AsHv?
Sy ~8S+ ——=A
R .Y
for Mg > MX, (5.9)
N )\SHU2 S A
NG VE:

so that the lightest scalar S_ is comprised mostly of Ag.

Thus, for M g > Mi the dark matter is comprised of S_, which mostly consists of the
CP-even part (Apr) of the neutral field in the scalar triplet Se. The mass-splitting between
S_ and the CP-odd state Ay is [AM?| = A3yv?/8MZ. Provided this splitting exceeds the
dark-matter kinetic-energy, \/|AM?| > KEpy;, the state A; will not be kinematically ac-
cessible via tree-level processes in direct-detection experiments. This significantly weakens
the bounds on dark matter arising from a complex triplet. This also gives an upper bound
on the mass parameter M g, beyond which the splitting between the dark matter and Ay is
so small that tree-level scattering via Z exchange is expected in present-day experiments.
One finds

1 |sul0? (IASH\> <1O3>2<2.6 TeV> )
< o x 102 TeV. 5.10
2\/5 KEpm 10—2 UDM Mpwm ( )

Thus, the heavier state Sy cannot be made arbitrarily heavy if the dark matter is to avoid
exclusion via, e.g., the XENON100 data.

With Mpy = M- = O(TeV), the mass-split between S_ and Aj is smaller than
Ma (the mass of Aj). Once the temperature drops below Ma, the heavier state A will
decay, with the decay products necessarily containing S_, due to the conserved discrete-
symmetry. The expression |[AM?| = A v*/8M2 shows that the mass-splitting between
S_ and Ay is bounded as /|AM?| < |Agu| x 4GeV, given that Ma 2 3TeV is needed
to achieve the correct relic abundance and we are working with Mg > Ma. In this mass
range A; can decay as Ay — S_ + Z* — S_ + ff, where f is a SM fermion with mass
my < |Asu|x2GeV. Therefore, even if charged SM fermions are not kinematically available,
final-states containing neutrinos will be accessible unless Agy is exceptionally small. After
Ay has decayed away, the primordial plasma is comprised of S_ and the SM fields. S_
can maintain equilibrium with the SM sector via gauge interactions and via the Ay and X
(hereafter \4) quartic terms in eq. (5.1).* When the quartic interactions are dominant, the
model is similar to an inert real-triplet model; the dark-matter abundance will be obtained
for Mpy ~ 2.5 TeV, in line with the analysis of refs. [25, 26]. As one makes \4 smaller,
the tree-level mass splitting between the charged and neutral components of A diminishes
and coannihilation channels like A~ATT — WT~ become available. At this point, making
A4 smaller does not modify the requisite dark-matter mass as gauge interactions dominate.
The analysis of refs. [54, 55| for an inert complex-triplet finds that Mpy 2 2.8 TeV is

4G_ also interacts with the SM via the A5 and Asy terms in eq. (5.1). However, there is only a small
admixture of S in S_ for the limit we discuss, so these interactions are suppressed by the small mixing
angle = O(Asuv?/M3) < 1.
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required for the entire region of parameter space.” We thus expect that Mpy > 2.5 TeV
will be required even when the gauge interactions dominate the quartic interactions during
freeze-out for the present scenario. With this value fixed, model (C) becomes a viable
model of neutrino mass and dark matter. It will be difficult, however, to produce the
exotics in this model, given that the lightest exotic mass is > 2.5 TeV.6
We now briefly discuss the alternative limit with Mé% < M3X. In this case the CP-even
mass eigenvalues are
Mot Mt

2 12 SH 2 o g2
MJF_MA—I—SJMg and M__Ms—gj\/[i

for M3Z > MZ. (5.11)

We see that the dark-matter candidate remains as the lightest CP-even eigenstate S_, with
mass M_. The mass eigenstates are now

AsHv?
Sy ¥Ap+ —
T ey 2 o a2
9 for MA > Ms, (512)
g _ ASHY
VoIV

so the dark matter is comprised mostly of the singlet-scalar S. Singlet-scalar dark matter
is well known [15-17] and detailed analysis show that Mpy 2 80 GeV is compatible with
direct-detection constraints and WMAP data for a Higgs mass of mj, ~ 125 GeV [60]. The
viable region of parameter space can be probed by XENONI1T, excepting a small resonant
window with Mpy >~ 62 GeV, where the dark-matter-Higgs coupling can be very small.
Lighter dark-matter with Mpy < 60 GeV is ruled out by LHC bounds on invisible Higgs
decays [60].

We see that model (C') has viable parameter space in which it behaves like an inert-
triplet model or an inert singlet model. This analysis is sufficient to demonstrate that
model (F) also has viable regions of parameter space. In model (F) one has S ~ (1, 3,0),
while the second scalar remains as Sy ~ (1,3,2). The scalar potential for this model
contains a term similar to the Agy term in eq. (5.1), which mixes the neutral component
of 57 with the CP-even neutral component of S5. If S5 is heaviest the model behaves like
an inert real-triplet model, while if S; is heaviest the lightest scalar is mostly comprised
of Agr (the neutral CP-even part of S3). Direct-detection constraints can be evaded due
to the mass mixing, and the model is again an effective model of inert-triplet dark matter.
In both cases we expect that a viable dark-matter abundance and viable neutrino masses
can be obtained, though the dark matter will be heavy, with Mpy 2 2.5 TeV (neglecting
resonant regions).

In terms of the observational prospects for the beyond-SM multiplets at the LHC, the
limit Mi > M g in model (C) appears to be the most optimistic scenario for the models

5The exception being for the small resonant-region with Mpym ~ my /2, for which the dark-matter mass
is smaller due to the enhanced annihilation cross section. We do not consider the resonant regions, which
require tuned mass relations.

SFor a recent model with radiative neutrino mass that utilizes the resonant region to obtain viable dark
matter from a complex scalar triplet, see ref. [58]. If the dark-matter mass was similarly taken in the
resonant region in our models, we could also take the extra exotics to be O(100) GeV. Also see ref. [59].
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in table 1 (excepting the resonant regions, which also allow lighter fields). In this limit the
dark matter can be relatively light, Mpy ~ 100 GeV, and thus the exotic states A and
F can both be of order a few hundred GeV. In principle it could be possible to observe
all three beyond-SM multiplets in this limit. For the other viable models in table 1 the
dark matter has to be relatively heavy: Mpy 2 500 GeV for the inert doublet models, and
Mpy 2, 2.5 TeV for the inert triplet cases. This pushes the additional beyond-SM fields
beyond the reach of the LHC.

Note that any mass degeneracy between charged and neutral members of an inert
multiplet at tree-level is lifted by radiative effects, making the charged components heavier
than the neutral components. The heavier members of a given multiplet can decay to
lighter members of the same multiplet via the weak interactions, e.g. F* — W+ + F9,
where the W can be virtual. A heavier multiplet can also decay to a lighter multiplet
via the Yukawa coupling; e.g. F~ — 8% + ¢~ if Mz > Mg. Because of the discrete
symmetry the new fields can only be pair produced in colliders, and conservation of the
Zo charge means final states resulting from exotic decay chains necessarily include stable
electrically-neutral fields that will escape the detector.

6 On the origin of the discrete symmetry

Following Ma’s original proposal, we employed a discrete Z5 symmetry to ensure stability of
the lightest beyond-SM field appearing in the neutrino-mass diagram. One can argue that
the use of a discrete symmetry is not completely satisfying, either because it seems ad hoc,
or because of the view that quantum gravity effects are not expected to conserve global
symmetries. This motivates one to consider whether a simple explanation for the discrete
symmetry can be found. The simplest possibility is to replace the discrete symmetry with
a gauged U’(1) symmetry, which would not be broken by quantum gravity effects. With
enough additional ingredients one can presumably achieve this goal for all the models
we have discussed. However, we would like to know which models allow for a minimal
extension, such that Zo — U’(1), and a single SM-singlet scalar 7 is added to the particle
spectrum to break the U’(1) symmetry.

Writing the full gauge group as Ggy x U(1)’, where Ggyp is the SM gauge group, we
have the following transformation properties for the beyond-SM fields”

n~sm,Qy), Sz~ (Q1y.Q),  F~(QM-Q), (6.1)

where the “SM” superscript denotes the charges under Gy, given in table 1. Inspection of
eq. (2.3) shows that all Lagrangian terms needed to generate neutrino mass are allowed by
the U’(1) symmetry. However, in the case of models (A) and (B), which are inert-doublet
models, the enhanced symmetry prevents the additional term (SIH )2. This term is not
needed for neutrino mass but is required to split the neutral components of S7 ~ (1,2,1)
in order to avoid direct-detection constraints [18-24]. Thus, models (A) and (B) are not
compatible with this minimal symmetry extension.

"Note that real scalars must be taken as complex once they are given a nonzero U’(1) charge.
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On the other hand, we find that models (C), (D) and (F), which have one scalar
forming a real representation of the SM gauge symmetry, remain as viable models of dark
matter provided @), = —2(). This relationship is needed to lift a mass-degeneracy of neutral
beyond-SM fields. For example, consider model (C'), which now has the following terms in
the scalar potential

V(H, S, A,m) > Asu{ SHIATH + 5" HI AR} + B1L{5%n + 5%}, (6.2)

in addition to the terms in eq. (5.1). All other terms containing 7 depend only on the
modulus |n|2. We have used the relative phase of S and A to choose Agy real and the
phase of S to choose p, real. Note that the symmetry breaking U’(1) — Z is achieved
by nonzero (n), motivating the discrete symmetry as an accidental subgroup of the gauged
U’(1) symmetry.
In the basis S = (Sg, Ag, S;, A7)”, the squared-mass matrix has the form®
As

M2 + \s0? 4 241, (1) ) ASH 2 0 0
M — Az )2 2+ 302 0 0 (6.3)
0 0 MZ + \5v* — 2p,(n) i ASH 2 ' '
0 : S i e

Observe that the entries for the CP-even and CP-odd states are identical in the limit
iy — 0. This would produce degenerate states so that, in the case where the dark matter
is comprised mostly of A, the dark matter would be ruled out by XENON100 (it would be
an inert complex-triplet). For non-zero u,, however, the CP-even and CP-odd states are
non-degenerate and viable dark-matter is achieved. When the dark matter is mostly (or
completely, for model (D)) comprised of a real representation of Ggyr, the splitting achieved
by nonzero p,, also ensures direct detection signals resulting from mixing between Z’ and
Z are suppressed.”

There will be an additional scattering process for the dark matter due to the mixing
between 1 and the SM scalar, which gives a standard Higgs portal interaction. Given that
the coupling for this interaction is not needed to achieve the observed dark-matter abun-
dance, one can always choose this coupling to be small enough to comply with constraints.
Thus, with this simple gauge extension, we can explain the origin of the discrete symmetry
for models (C), (D) and (FE), while retaining the desirable features of radiative neutrino
mass and a viable dark-matter abundance.

Note that Ma’s original proposal [3], and the variant using a real triplet fermion [4],
are not compatible with this minimal symmetry upgrade; in the case of scalar dark-matter,
the (STH)? term is precluded, meaning direct-detection experiments rule the model out,

8In making S complex, some of the coupling/mass parameters must be scaled, relative to the real-S
case, to obtain this form.

9The interactions with Z’ are non-diagonal in the real and imaginary components of the beyond-SM
scalars; the splitting means one of these states is not part of the present-day dark-matter abundance,
thereby suppressing scattering via Z’ exchange. Note that the Lagrangian contains a kinetic-mixing term
between U’(1) and SM hypercharge, but even if one takes the relevant coupling to be small, mixing between
7' and Z is induced by loops containing exotics charged under both U’(1) and Gsm.
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similar to the minimal gauge extension of models (A) and (B). Furthermore, one encounters
gauge-anomalies given that Fg is a chiral field in refs. [3, 4] — additional model building
is therefore needed to explain the origin of the Zy symmetry in these cases. We do not
pursue this matter here.

7 Beyond the adjoint representation

In the preceding sections we studied generalizations of Ma’s 2006 model with radiative
neutrino mass and stable dark-matter candidates. In doing so we restricted our attention
to beyond-SM multiplets no larger than the adjoint representation. As mentioned already,
one can generate neutrino mass via figure 1 and obtain dark-matter candidates in models
with larger multiplets. We briefly discuss this matter in the present section.

First consider the case with a Majorana mass insertion, as in figure 2. Allowing for
SU(2) representations as large as the quintuplet-rep. we find two additional models. Both
of these employ the quadruplet scalar S ~ (1,4,1), with the real fermion being either
a triplet F ~ (1,3,0), or a quintuplet F ~ (1,5,0). The latter model was detailed in
refs. [61-63].1 In both models we expect either scalar or fermionic dark-matter is possible,
as in Ma’s original proposal; the neutral fermion does not couple to the Z boson and can
therefore remain consistent with direct-detection constraints.

Generalizing the models with a fermion mass insertion of the Dirac type (i.e. general-
izing the models in table 1), we find more variants are possible. For completeness we list
these in the appendix, but here offer the following comments. As with the models in ta-
ble 1, we find that fermionic dark-matter can be ruled out for all models with larger gauge
representations. The fermions remain as pseudo-Dirac particles with tiny splittings, set by
the SM neutrino masses. Such small splittings permit unsuppressed tree-level scattering
with SM detectors via Z-boson exchange, which is ruled out by XENON100. We thus rule
out the parameter space in which the fermion is the lightest beyond-SM state, for the same
reasons as discussed in section 3. For the case of scalar dark-matter, one has to consider
the individual models, as was needed for the models in table 1. Some models can be im-
mediately ruled out for the same reasons that models (F') and (G) could be excluded; for
example, model (L) in table 2 can be excluded as it gives an inert complex-triplet model.
Similarly model (R) in table 3 is ruled out, as Sy contains only charged components and Sp
has nonzero hypercharge. The other models appear to be compatible with direct-detection
constraints, provided the neutral components of the scalars mix when the lightest scalar has
nonzero hypercharge, much as models (C') and (£) were viable. For example, model (M)
contains S7 ~ (1,4, 1) as the only beyond-SM scalar with a neutral component. However,
the Lagrangian allows a term )\(SIH )2 C L that can split the components of the neutral
scalar, allowing one to avoid direct-detection constraints (this is analogous to the splitting
obtained in an inert-doublet model).

10The real quintuplet fermion has been studied as a “Minimal Dark-Matter” candidate, due to an acci-
dental symmetry that arises when one adds this field to the SM [64]. However, this symmetry is broken
when an additional scalar is added to allow radiative neutrino masses; a discrete symmetry must be imposed
to retain the dark-matter candidate.
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Finally, we note that the use of larger multiplets may have an additional phenomeno-
logical benefit. Ref. [5] shows that large multiplets that mediate interactions between dark
matter and the SM can enhance loop-induced annihilation of dark matter into 2y and
v + Z final states, without requiring non-perturbatively large couplings. This occurs be-
cause the larger multiplets admit fields with larger electric-charges, naturally enhancing
loop-processes with final-state photons. It does not appear to be possible to realize the
astrophysical gamma-ray signal [6] in the models presented in the appendix, but simple
extensions do seem compatible with this idea. For example, model (N) in table 3 employs
F ~(1,4,-1), S1 ~ (1,5,0) and Sy ~ (1,5,2). When S is the lightest beyond-SM state
the dark matter is comprised (mostly) of the neutral component of S;. There is a one-loop
contribution to processes like DM 4+ DM — 2+,~ 4 Z, containing virtual So states in the
loop, that is enhanced by the presence of the multiply charged component in S3. Note that
the dark-matter mass is required to be either Mpy ~ 130 GeV or Mpy ~ 144 GeV, in or-
der to generate the gamma-ray excess via dark matter annihilations into either 2y or v+ 2
final states, respectively. However, dark-matter comprised of S ~ (1,5,0) is expected to
have a mass Mpy 2 5 TeV in order to achieve the correct relic abundance [25, 26], which
is too large to explain the astrophysical signal. If one adds a singlet scalar S, that is also
odd under the Zs symmetry, to the model, then the region of parameter space where S' is
the dark matter is compatible with Mpy ~ 130 GeV or Mpy ~ 144 GeV. The components
of S; and/or Sy can then be O(100) GeV and the loop-processes advocated in ref. [5] are
present in the model, thereby enhancing the astrophysical gamma-ray signal.'! In this ex-
ample there is a simple connection between the astrophysical signal and the mechanism of
neutrino mass, with the large multiplets that enable the latter also enhancing the former.
It could be interesting to take these ideas further to see if the dark matter can be realized
as one of the fields in the neutrino loop-diagram, rather than an extra degree of freedom,
or to study the phenomenology of the model just described.

8 Conclusion

We studied a class of models with radiative neutrino mass and stable dark-matter candi-
dates. Neutrino mass was generated by a one-loop diagram with the same topography as
that proposed by Ma [3]. We generalized Ma’s approach, detailing all variants with beyond-
SM fields no larger than the adjoint representation. In the case where the neutrino mass
diagram contained a Majorana mass insertion, only two models were found, both of which
were known. When the mass-insertion was of the Dirac type, such that lepton-number
symmetry was broken by a vertex, we found a number of additional models. Fermionic
dark-matter was excluded in all of these models, while two of the models were completely
excluded due to direct-detection constraints. The remaining models allowed radiative neu-

" Note that whether the 2y final state or the v + Z final state is dominant, and thus whether the dark
matter mass is 130 GeV or 144 GeV, depends on whether the dark matter S couples more strongly to S;
or Sy. If the dominant coupling is to S2, the v 4+ Z final state is expected to dominate due to the nonzero
hypercharge assignment for S, giving Mpm ~ 144 GeV. A dominant coupling to Si instead requires
Mpw ~ 130 GeV as the 2 final state is expected to dominate.
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trino mass and achieved a viable (scalar) dark-matter abundance. There were cases with
an inert singlet, an inert doublet, and an inert triplet, providing a natural setting for inert
N-tuplet models of dark-matter, with the additional feature of achieving radiative neu-
trino mass. Interestingly, some of the models allowed a simple extension, such that the
(formerly imposed) discrete symmetry emerged as an accidental low-energy symmetry. We
briefly discussed models with larger beyond-SM multiplets, showing that viable scenarios
exist. With simple extensions, the large multiplets enabling neutrino mass can also en-
hance present-day astrophysical gamma-ray signals, allowing a simple connection between
the mechanism of neutrino mass and the astrophysical gamma-ray signal.
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A Mass without the Zs; symmetry

Of the models presented in table 1, only models (A), (B) and (D) are expected to produce
(dominant) radiative neutrino masses in the absence of the Zs symmetry. The other models
contain the triplet scalar Sj2 ~ (1,3,2), which Yukawa-couples to the SM leptons, and
acquires a VEV due to the term pHS;oH C V(H,S1,52), in the absence of the discrete
symmetry. Thus, tree-level neutrino masses of the standard Type-II seesaw [65-71] form
are expected to dominate the loop effect when the Z, symmetry is discarded.'? For models
(A), (B) and (D), on the other hand, tree-level neutrino masses do not arise if the Zs
symmetry is removed, while the loop-diagram in figure 1 persists. Note that, if the Zs
symmetry is turned off, the fermion F is not needed in order to generate nonzero radiative
neutrino masses in model (D) [72]. However, the spectrum obtained without F is of the
simplified-Zee form [72], which is incompatible with the observed mixing pattern [73]. Thus,
the fermion F ~ (1,2, —1) is required to obtain a viable mixing pattern in the absence of
the Zo symmetry.

Model (B) has a similar particle content to the model presented in ref. [74], modulo
the replacement Sy ~ (1,2,3) — Sy ~ (1,4,3). This difference precludes the tree-level
mass found in ref. [74] so model (B) is purely a model of radiative masses, which could be
studied without the discrete symmetry and dark matter.'3

12The same is true for Ma’s original proposal [3] and the triplet variant [4]; if the Z2 symmetry is turned
off one obtains tree-level neutrino masses via a Type-I or Type-III seesaw, respectively.

130ne still requires a second SM-like doublet to achieve neutrino mass in this case, as the term H>S,
vanishes when there is only one SM doublet [72]. The SM scalar doublet would now appear inside the loop,
however.
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Model F St S9
(H) (1,3,-2) | (1,2,1) | (1,4,3)
(1) (1,3,-2) | (1,4,1) | (1,2,3)
(J) (1,3,-2) | (1,4,1) | (1,4,3)
(K) | (1,4,-1) ] (1,3,0) | (1,3,2)
(L) (1,4,-3) | (1,3,2) | (1,3,4)
Table 2. Models with a Dirac mass insertion that employ quadruplet fields (isospin-3/2).
Model F S S9
(M) (1,4,—-1) | (1,4F1,0) | (1,4£1,2)
(N) | 14-1] (1,50 (1,5,2)
(0) (1,4,-3) | (1,4F1,2) | (1,4£1,4)
(P) (1,4,-3) (1,5,2) (1,5,4)
@ |[(15—=2] a4y | (1,43
(R) (1,5,—4) (1,4,3) (1,4,5)

Table 3. Models with a Dirac mass insertion that employ quintuplet fields (isospin-2).

B Models with larger multiplets

In the text we found seven models that employ beyond-SM multiplets in either the funda-
mental or adjoint representation of SU(2)z, and had an internal Dirac mass-insertion. In
addition to these minimal models, one can realize radiative neutrino mass and dark-matter
candidates with larger multiplets. We present the additional minimal models that arise if
one permits multiplets forming the quadruplet (isospin-3/2) representation of SU(2)z in
table 2. The labeling scheme follows on from table 1 in the text. If one allows for quintuplet
multiplets there are additional models, shown in table 3 (also see ref. [75, 76] for a detailed
example). The first case listed as model (M) was presented in ref. [30].
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