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Systematic analysis of Dirac neutrino masses from a dimension five operator

Chang-Yuan Yao and Gui-Jun Ding’

Interdisciplinary Center for Theoretical Study and Department of Modern Physics,
University of Science and Technology of China, Hefei, Anhui 230026, China

® (Received 17 February 2018; published 31 May 2018)

We perform a systematic study of the Dirac neutrino masses which arise from a dimension five effective
operator with a singlet scalar. We identify all possible realizations of this operator at tree level and one-loop
level. The corresponding predictions for the particle content and neutrino mass matrix are presented. We
add a Z, symmetry to forbid the renormalizable Yukawa coupling, and non-Abelian discrete flavor
symmetry can be used to forbid tree level diagrams in non-genuine one-loop models. The electrically
neutral particle mediating the loop diagram could be dark matter candidate. We give the possible dark

matter particles and the restrictions on the parameter a for each model.
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I. INTRODUCTION

Neutrino oscillation experiments have made great
progress in the past decades, the three neutrino mixing
angles and the mass squared differences have been mea-
sured with high precision. It has been firmly established
that neutrinos have mass [1,2]. The existence of neutrino
masses definitely requires new physics beyond standard
model (SM). So far we still have no clue about the nature of
massive neutrinos, which could be Dirac or Majorana. The
only feasible experiments having the potential of establish-
ing that neutrinos are Majorana particles are the experi-
ments searching for neutrinoless double beta decay.
However, this rare process has not yet been observed
despite great efforts over several decades. It is usually
assumed that neutrinos are Majorana particles, the
Majorana neutrino mass models have been extensively
studied and systematically classified in the literature [3-7].
See [8] for a review on the origin of neutrino masses.
However, one should keep in mind that the theoretical
assumption of Majorana neutrinos and the resulting lepton
number violation have not been confirmed by any experi-
ments. Consequently the possibility of Dirac neutrinos
cannot be discounted. If neutrinos are Dirac particles, in the
same way as quarks and charged leptons the neutrino
masses are generated by the following Yukawa interaction
term
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where ¢, = (v;,1;)T is the left-handed lepton doublet,
H = (H*,H%)T is the Higgs doublet with H = ic,H*, and
vg denotes the right-handed neutrino fields. Since the
neutrino mass is tiny of order eV which is much smaller
than the vacuum expectation value of the Higgs field
(H%) ~ 174 GeV, the Yukawa coupling should be quite
small y,; ~O(107!"). Such a small value is intrinsically
unacceptable to many people. In addition, because vy is a
standard model singlet, there is no symmetry which
prevents it from having a large Majorana mass. As a result,
the left-handed neutrinos would obtain an effective small
Majorana mass from the seesaw mechanism [9-13]. Hence
generally a global or gauge symmetry is imposed in such a
way that the lepton number is conserved in Dirac neutrino
models, the Majorana mass term for v; will be forbidden,
and the neutrinos are guaranteed to be Dirac particles.

Itis well known that tiny neutrino masses can be naturally
explained by seesaw mechanism if neutrinos are Majorana
particles. In a similar way, the seesaw mechanism can also
allows for Dirac neutrinos. Three types of seesaw-like
models have been constructed, and they are called type-I
[14—17], type-1I [18-21], and type-III [22] Dirac seesaw
mechanisms. The following dimension five effective oper-
ator is induced by the Dirac seesaw mechanism

Lo = - %TLQHWS +He. 2)

where § is a scalar singlet, and A denotes the new physics
scale. After the spontaneous symmetry breaking, both H and
S will acquire vacuum expectation values, and the Dirac
neutrino masses will be generated by this dimension five
operator. We assume that only two scalar fields H and S can
acquire nonzero vacuum expectation values, the squared
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mass of other scalar fields are positive and their vacuum
expectation values are vanishing. The relevant scalar poten-
tial will take a simple form,

V(H,S) = —u3;H'H + 2y (H H)* — u3S'S
+ A5(STS)? + EHTHS'S. (3)

The vacuum of the model can be found by minimizing the
above potential. Replacing the fields H and S by their
vacuum expectation values vy and v, which can be chosen
real, we can read off the minimization equations:

/’t%-] - 2/11‘[”%-1 - évé = 07 ﬂ%’ - 225”% - é’l)%{ = O’ (4)

which yield
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Further discussions for the vacuum structure of Dirac seesaw
models can be found in Refs. [16,18,20,22]. Since S is a
standard model (SM) gauge singlet scalar, additional sym-
metry is required in order to guarantee that £2 gives the
leading order contribution to the Dirac neutrino masses. We
shall impose a simple Z, auxiliary symmetry in this work.
We assume that both S and v are odd (—) under Z, while the
SM particles are even (4) under Z,. As a consequence, the
renormalizable Yukawa coupling in Eq. (1) is automatically
forbidden by this Z, symmetry. There are many proposals on
the possible origin of the Z, symmetry, for instance, Z,
could arise from the spontaneous breaking of a larger global
symmetry [23-25], gauge symmetry [26-29] or flavor
symmetry [30,31]. We take Z, as an auxiliary symmetry
in the present work, the dynamical origin of Z, would not be
discussed. To forbid the Majorana neutrino mass term
(my/2)0%vg, the lepton number symmetry U(1), is

>

FIG. 1. Topologies of tree level diagrams with four external legs.
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assumed in our models [32], this symmetry will forbid all
possible realizations of the Weinberg operator. The neutrino
Dirac masses can also be generated through radiative
corrections [32—-39]. Please see [40—42] for recent radiative
Dirac neutrino mass models.

In the present work, we will study the dimension five
operator in Eq. (2), and we shall find out all possible
ultraviolet completions of this operator at tree level and
one-loop level. We shall identify all topologies and the
corresponding models where the finite one-loop diagrams
give the dominant contributions to neutrino masses and the
tree level Dirac seesaw is absent. The additional fields and
the prediction for neutrino mass matrix will be presented
for each model.

The structure of this paper is as follows: we discuss the
tree level and one-loop realizations of the dimension five
Dirac neutrino mass operator in Sec. II, we list all genuine
diagrams and possible quantum number assignments
for the new mediator fields. In Sec. III, we show that
non-Abelian discrete flavor symmetry can forbid tree level
contributions to the neutrino masses in nongenuine one-loop
models. We discuss the dark matter compatibility of the one-
loop models for Dirac neutrino mass generation in Sec. I'V.
We conclude in Sec. V. We show all the integrals which are
needed to calculate the neutrino masses in Appendix A. We
provide detailed lists of the possible one-loop models for
Dirac neutrino mass generation in Appendix B, the possible
field assignments and dark matter candidates are shown. We
present the complete list of viable models that are contained
within others in Appendix C.

II. SYSTEMATIC DECOMPOSITION OF TREE
AND ONE-LOOP DIAGRAMS

In this section, we shall identify all possible tree level and
one-loop ultraviolet completions of the dimension five
operator in Eq. (2). At tree level one can construct two
different topologies F1 and F2, as shown in Fig. 1. The
topology F2 cannot lead to any renormalizable model except
that the four external legs are scalars. Consequently we will
not analyze this topology further. For the topology F1, there
are only three ways to de-construct the effective operator
o H vgpS as shown in Fig. 2. They are known as type-I,
type-1I, and type-III Dirac seesaw respectively. The Dirac
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FIG. 2. The three realizations of the Dirac seesaw mechanism, known as type-I (left), type-II (middle), and type-III (right) Dirac
seesaw mechanism. The internal fields N, A, and Z are singlet fermion, scalar doublet and fermionic doublet, respectively.
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TABLE 1. The quantum number assignments of the mediators
and the neutrino masses for three types of Dirac seesaw.
Dirac seesaw Mediator (my) 5/ ((H)(S))
type-1 N~1] _ Yen)aiYun)ip
My
type-11 A~ 21_ _Ha(Ya) g
A
type-III X~27, _ U)ai(Yix)ip
D
z

neutrino masses are generated via the introduction of a
singlet fermion N, a scalar doublet A, and a fermionic
doublet X, respectively.1 We list the quantum numbers of the
mediators and neutrino masses for the three types of Dirac
seesaw in Table I. The quantum numbers of a field is given in
a compact notation X%, where X refers to its SU(2),
transformation (1 for singlet, 2 for doublet, and 3 for triplet),
Y denotes its hypercharge, and Z stands for the Z, charges
(“+” for even and “—” for odd). In this work, we only
consider the case that additional fields transforming as
singlets, doublets, or triplets of SU(2),. The results for
representation larger than SU(2), triplets can be easily
obtained in a similar way. The new fields are assumed to be
either scalars or fermions, and the fermions should be
vectorlike to ensure anomaly cancellation. The diagrams
with scalar or vector bosons are equivalent, and the resulting
neutrino masses for the diagrams with vectors can be
straightforwardly obtained from those of the diagrams with
scalars. Furthermore, vector bosons are generally the gauge
bosons of a certain gauge symmetry, their masses are
generated via the spontaneous breaking of the gauge
symmetry. As a result, the scalar sector of these models
should be discussed carefully as well, the corresponding
analysis is highly model dependent. Therefore we shall only
consider the scalar and fermion mediated models in
this work.

Following the diagram-based approach of Refs. [3-5,
39], we can find all possible one-loop realizations for the
dimension five Dirac neutrino mass operator in Eq. (2).
Firstly we use the powerful program FEYNARTS [43] to
construct the one-loop topologies with four external legs,
both self-energy and tadpole diagrams are excluded. In total
there are only six possible topologies, as shown in Fig. 3.
We shall discard the topology T2 because it leads to non-
renormalizable operators. Then we specify the Lorentz
nature (spinor or scalar) of each line. For each topology, we
can use FEYNARTS to find out all possible scalar or

lAnalogous to usual type-III seesaw models for the Majorana
neutrinos, the type-III Dirac seesaw model in [22] extends the SM
by the addition of two fermion triplets, a scalar triplet, and a
scalar doublet besides the singlet S. In contrast, the type-III Dirac
seesaw is mediated by a doublet fermion in the present work. This
simple Dirac seesaw model has not been previously proposed in
the literature as far as we know.

T1 T2 T3

T4 T5 T6

FIG. 3. Topologies of one-loop diagram with four external legs.

fermionic assignments for lines. The possible one-loop
diagrams arising from the renormalizable topologies are
given in Fig. 4, where we denote the fermions with solid
line, and scalars with dashed line. Since we are concerned
with the one-loop realization of the effective operator in
Eq. (2), two external legs in Fig. 4 are fermions and the
remaining two external legs are scalars. The names of the
internal fields and the couplings of the interaction vertices
are defined in Fig. 5. There are usually more than one
possibilities of assigning the four external legs to the left-
handed lepton doublet #; , the right-handed neutrino singlet
Vg, the Higgs doublets H and the singlet scalar S. The
patterns of the external legs are also related to the symmetry
properties of the topologies given in Fig. 4. For example,
the two scalar external legs of T3-1 are topologically
equivalent, we only need to consider one possible assign-
ment for them, since exchanging these two legs does not
give new diagram. We display the possible structures of the
external fields in Fig. 6. Finally, we can construct all
independent diagrams by combining Figs. 4, 5, and 6. The
generated one-loop Feynman diagrams are named as Ta-b-
¢, where “a” refers to the topology given in Fig. 5, “b”
indicates the different choices of the fermion and scalar
lines in a given topology as shown in Fig. 4, and “c”
denotes the field assignments for the external legs given
in Fig. 6.

The loop integrals of the Feynman diagrams in Fig. 4 are
either finite or divergent, and we collect all the divergent
diagrams in a red dashed box. The divergence can be
cancelled by the counterterms of the tree level Dirac
seesaw. Hence the divergent diagrams can be regarded
as corrections to the Dirac seesaws, and they are of no
interest. For the remaining diagrams with finite loop
integrals, we shall identify the diagrams for which both
the renormalizable Yukawa coupling and the tree level
Dirac seesaw are absent for certain quantum numbers of the
mediators. The possible quantum numbers of the mediator
fields and the predictions for neutrino masses are summa-
rized in Tables IV-VIL. In this work we consider the
intermediate fields (scalars and fermions) are singlets,
doublets or triplets of SU(2),. The results for larger
representations can be easily obtained. We mention that
all states are assumed to be color singlets for simplicity.
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A

FIG. 4. The possible one-loop diagrams for topologies T1 to T6, where the dashed lines denote scalars, and the solid lines denote
fermions. Here we require that two external legs are fermions and the remaining two external legs are scalars. The diagrams in the red

dashed box are divergent.

Nevertheless, color charges can be trivially included since
the lepton doublet ¢;, right-handed neutrino vy, Higgs
doublet H and the scalar singlet S are all color singlets.
From Tables IV-VI, we see that the two topologies T1
and T3 can lead to genuine diagrams. Here we define
genuine diagrams to be the diagrams for which the neutrino
masses arise at one-loop level and the tree level contribu-
tions from Dirac seesaw are guaranteed to be absent. For
each diagram, there are plenty of solutions for the quantum
numbers of the extra fields beyond SM. For each given
solution, the hypercharges of the fields are fixed up to a free
parameter a, and a should be an integer to avoid fractional

C Xg d
XoA "X4
b )21 a
T1

FIG. 5.

charges. It is remarkable that three types of Dirac seesaw
diagrams can be absent for certain values of a, such that the
neutrino masses are dominantly generated at one-loop
level. In Tables IV-VI, we list the excluded values of a
by the requirement that the tree level Dirac seesaw masses
are absent. There are two possible ways to assign the Z,
charges for the fields in the loop. The Z, charge is shown as
“+” or “F” on the superscript of the quantum numbers.
The “+” or “—" on the top is the first possible assignment
for the Z, charges, we name it as Z}, and another possible
assignment at the bottom is called ZY. We notice that
sometimes different values of a are excluded for Z} and Z%

C X3 d
Xo Xy
b
X1
a
T4

Symbolic internal field assignments and couplings for the different renormalizable one-loop diagrams.
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FIG. 6. Possible external £;, vg, H, S structures used to determine the standard model gauge charges of the mediators in the loop.

to give neutrino masses at the one-loop level genuinely, as
shown by two separate columns in these tables. For some
models, the values of @ excluded from the disappearance of
tree level diagrams constitute a empty set @ or a universal
set U, it means that the tree level Dirac seesaw cannot or
can appear for any value of a. If the excluded values of «
constitute the universal set U for both assignments Z} and
Z!l, the tree level Dirac seesaw diagrams can not be
avoided without additional symmetry. For completeness
we present the assignments of the mediators for all possible
diagrams in Tables IV-VI, including these nongenuine
models.

From Table VI, we can see that all the diagrams based on
topology T4 except for T4-3-1 are just some minor
corrections to the neutrino mass matrix, since the particle
necessary for a tree level Dirac seesaw always exists and
the tree level contributions can not be forbidden if no
additional symmetry is imposed. Actually, the topology T4
can be interpreted as extensions of the tree level Dirac
seesaw mechanisms at one-loop. These extensions are
clearly illustrated in Fig. 7, where one vertex of the
Dirac seesaw diagram is generated at one-loop level, we
mark the effective one-loop vertex by a gray filled circle.
On the other hand, for each Dirac seesaw mechanism,

YZ‘\J]OP uloop Y';;OP
7L -~ TH g @1 5 T
N A %
R - S V’R’R—J\i 'R - = H
Yon oo Yoo T
(I,) : T4-3-F (I1,) : T4-1-A (I11,) : T4-3-G
‘r """ H S T """ H lr - S
|
I
N +A b))
|
VR S VR . lr VR
-—— - -_ _——k—.—»\ ———
Yl};)vop YX)OP Yl}gop
(Iy) : T4-3-1 (I1y) : T4-5-C (I11,) : T4-3-H

FIG. 7.

Type-I (left), type-II (center) and type-III (right) Dirac seesaw realizations via one-loop vertices.
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either vertex can be subject to one-loop corrections which
exactly lead to one-loop diagrams based on topology T4.
As a result, all the Feynman diagrams generated from T4
except T4-3-1 can be discarded if one doesn’t introduce
additional discrete (or gauge) symmetries. The messenger
particle X could be a SU(2), singlet, doublet or triplet as
shown in Table VI. If X, is a singlet or doublet, it can be
identified as N and X (A for X; being scalar) in the Dirac
seesaw models respectively. As a consequence, the dia-
grams of topology T4 with singlet or doublet X; messenger
always allow for the appearance of tree level Dirac seesaw.
An exception is the diagram T4-3-I, we see that the new
field X, is a SU(2), triplet fermion for the solutions IV and
V such that it can not be used as the mediator of the Dirac
seesaw. Notice that the parameter « can’t be equal to +1 for
the solution IV otherwise one of the particles X,, X3, and X,
can be identified as A ~ 27 or X ~ 27, in the Dirac seesaw.
Moreover, we can find out all genuine models generated
from the diagram T4-3-1. X, should be a triplet fermion to
forbid tree level contribution, the SU(2), gauge invariance
of the interaction vertex involving S and vy entails that X,,
X3 and X, have to transform in the same way under
SU(2),. That is to say, X,, X3, and X, are all SU(2), n—
multiplet with n > 2. Taking into account U(1), symmetry
further, we find that the four mediators should transform as
XF~385, X5 ~nE, X5 ~ng, and X5 ~ nf, where a # £1
for n = 2.

It is remarkable that the models for radiative Dirac
neutrino masses can be easily read off from Tables [V-VI.
For illustration purposes, we take T1-1-A-I as an example.
The particle content of this model consists of three SM
singlets X/ ~14, X5 ~1%, X3 ~1§, and one doublet
X3 ~ 2T . The relevant Feynman diagram can be gener-
ated from the following Lagrangian:

Lriat = 06 1o X5 Xa+ bipX§ vgpXs
+ X, SX; +dX3H X, +H.c]
— My XX, — M} X1X, — M X1X5 — M} X} X,.

(6)

where a, 3, i = 1, 2, 3 are flavor indices, and we assume
there are three generations of the new fermion X/. The
parameters a and b denote the Yukawa couplings of the
new interaction vertices, and ¢, d are the coupling constants
among the Higgs field H, singlet scalar field S and the new
scalars X5, X3, and X§.

In order to obtain the effective mass operator, it is
convenient to calculate the one-loop Feynman diagram of
T1-1-A-I before the electroweak symmetry breaking. The
neutrino masses are generated in case that the Higgs field H
and the singlet scalar S acquire nonzero vacuum expect-
ation values. Since the momenta of the external lines (¢,
Vg, H, and S) are irrelevant to the neutrino masses, we can

set them to be zero for simplicity, and then the loop integral
would be simplified considerably. After straightforward
algebra, we find the neutrino mass matrix is given by

() op/ ((H)(S)) = =M agibigedly(My, My, My, MY)),
(7)

where the loop function /4 is given by Eq. (A3). One will
encounter five different integrals /54 and J;4 in the
calculation of the one-loop models, their explicit forms
are showed in Appendix A. For all other possible one-loop
neutrino mass models, we can follow the same procedure to
write out the Lagrange of the model and extract the
resulting predictions for neutrino masses.

III. FORBIDDING LOWER ORDER
CONTRIBUTIONS IN NONGENUINE MODELS

If the one-loop diagram for the dimension five operator
‘. H vgpS gives the leading order contribution to Dirac
neutrino masses, the tree level Dirac seesaws have to be
forbidden. In this section, we shall show that absence of
lower order contributions can be achieved by exploiting
non-Abelian discrete flavor symmetry. As discussed above,
almost all diagrams generated from the topology T4 can be
regarded as the one-loop extension of the Dirac seesaw. For
example, the T4-1-A-I model is a one-loop extension of the
type-1I Dirac seesaws. We shall demonstrate that the one-
loop contribution to neutrino masses can be the dominant
contribution and none of the particles necessary for tree
level seesaws exists if the flavor symmetry A, is properly
implemented in the T4-1-A-I model.

The A, group is simplest finite group with three dimen-
sional irreducible representation. It has been widely
exploited to predict lepton mixing angles and CP violation
phases [44-47]. A4 is the symmetry group of a regular
tetrahedron, and it has 12 elements. The A, group can be
generated by two generators S and T obeying the relations:

$2 =73 = (ST) = 1. (8)

A, has four inequivalent irreducible representations: three
singlets 1, 1’, 1” and one triplet 3. The multiplication rules
of A, are as follows:

I®R=R 1'®1" =1,
1/®1/:1// 1//®1//:1/
33=101'01"®3d3,
31'=3 391"=3, (9)

where R denotes any A, representation.
For the model T4-1-A-I, we assign the three generations
of left-handed lepton doublets #; and right-handed
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TABLE II. Forbidding tree level contributions in the T4-1-A-I
model by using the flavor symmetry A,. Here we list the
transformation properties of the fields under Z,, A4, and SM
gauge symmetry.

TABLE III. Forbidding tree level contributions in the T4-1-A-I
model by using the S, flavor symmetry. Here we list the
transformation properties of the fields under S, and SM gauge
symmetry.

T4-1-A-1

Fields v H S XJ x5 X5 Xx§

Zy & Gauge 2, 1y 2f 15 27 1f 17 27,
Symmetry
A, Symmetry 3 3 1 1 3 3 3 3

neutrinos vy to two Ay triplets 3, the Higgs doublet H and
singlet scalar S are invariant under A4. We assume that each
messenger particle in T4-1-A-I has three families and it
transforms as triplet. The transformation properties of all
the fields under A, are collected in table II. Obviously the
Z, symmetry prevents the renormalizable Yukawa coupling
¢, Hug. Although the SM gauge symmetry allows for
X3 ~ 27" to be identified as mediator particle of the type-II
Dirac seesaw, the A, symmetry forbids the vertex H'X,S.
As a consequence, there is no tree level contribution to
neutrino masses, and the nonvanishing neutrino masses
dominantly arise from one-loop diagrams.

Usually one has more than one option to choose a flavor
symmetry to forbid the tree level diagrams. In the above
example, we use a Z, symmetry to forbid the direct Yukawa
coupling, and use A, to forbid the appearance of type-II
Dirac seesaw. In fact, both diagrams can be forbidden by a
single flavor group S, [48-51]. S, is the permutation group
of four distinct objects, and it is isomorphic to the
symmetry group of a regular octahedron. The S, group
has five irreducible representations: two singlets 1 and 1/,
one doublet 2 and two triplets 3 and 3’. The multiplication
rules between various representations are given by

'el'=1, 1'®2=2, 1'3=3, 13 =3,

2@2=101'd2, 2@3=2Q3 =303,

3I3=3R3=10203073,
(10)

Here we can assign #; and vy to be Sy triplets 3 and 3/
respectively, the Higgs field H and singlet scalar S trans-
form as 1, the new fields X5, X3, and X3 in the loop are
assigned to S, doublets, while Xf transforms as a nontrivial
singlet 1. The transformation properties of all fields are
displayed in Table III, we can see that the renormalizable
Yukawa coupling is automatically forbidden by the S,
symmetry, and the three-scalar interaction vertex H' XS in
type-II Dirac seesaw is also incompatible with S; sym-
metry. Therefore the one-loop diagram in T4-1-A-I model
would be the leading order contribution to neutrino masses
if the S, flavor symmetry is imposed in above way. In a

3I¥=1020303.

T4-1-A-1
Fields ¢, v H S X7 X5 x5 X5
Gauge Symmetry 2_; 1, 2, 1, 2, 1, 1, 2,4
S, Symmetry 3 ¥ 1 1 1V 2 2 2

similar fashion, discrete flavor symmetry can be used to
forbid the tree level contribution of Dirac seesaw for other
non-genuine models in table VI, and we expect it can also
help to explain the values of the leptonic mixing angles and
CP phases.

IV. DARK MATTER CANDIDATES

Neutrino masses and dark matter are the only exper-
imental evidences for physics beyond the standard model at
present. The existence of nonbaryonic dark matter is well
established by using cosmological and astrophysical probes.
However, dark matter has not been observed yet at direct
detection experiments, indirect detection experiments, or
colliders. The exact nature of dark matter remains elusive.
The most widely accepted hypothesis is that the dark matter
is composed of weakly interacting massive particles,
WIMPs, that interact only through gravity and the weak
force. We expect that the underlying new physics model
should be able to explain both neutrino masses and dark
matter. It has been suggested that the neutrino masses and
cosmological dark matter may be closely related to each
other. For example, dark matter can be connected with the
neutrino sector through the generation of the light neutrino
masses [52]. The dark matter particle can play the role of
messenger of radiative neutrino mass generation [53]. So far
many neutrino mass models containing dark matter particle
have been proposed [16,34,36,40,54,55]. Some systematic
analysis of radiative neutrino mass models with viable dark
matter candidates has been performed in [5,39,56].

Similar to the scotogenic model [52] for Majorana
neutrinos, the particles mediating the one-loop diagram
for Dirac neutrino mass generation could be dark matter
candidates, such that both puzzles of neutrino masses and
the dark matter can be explained in a same model. In the
following, we shall discuss the possible viable dark matter
candidates in our radiative neutrino mass models.

If dark matter is an elementary particle, the present
experimental data dictate that it should be stable, color and
electrically neutral. In order to ensure the stability of dark
matter particle, usually an extra discrete symmetry is added
to distinguish dark matter particles from SM ones. This
discrete symmetry is typically chosen to be Z, symmetry,
which is widely used in radiative neutrino mass models to
account for dark matter. Consequently a dark matter Z),
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symmetry is imposed in our models as well. Notice that Z),
is distinct from the Z, symmetry which forbids the
renormalizable Yukawa coupling. We assume that the
new fields mediating the one-loop diagram for neutrino
masses are odd while the remaining fields are even under
Z),. For instance, for the diagram of topology T4, the fields
X, X5 and X transform as odd under Z} symmetry, X; as
well as the SM particles are even under Z),. The lightest odd
particle among X,, X3, and X, could be dark matter
candidate if it is neutral. We would like to mention that
the scalar singlet S would be stable and it could be dark
matter candidate if it is lighter than all other particles in the
loop. In this section, we shall consider the scenario that the
neutral messengers in the loop could possibly be identified
as dark matter candidates. However, one should not forget
the possibility of S being a dark matter candidate.

Note that we require Z/ to be an exact symmetry in our
models, however it has been shown that the intrinsic built-in
Z, parity symmetry of a model could be broken by quantum
effects driven by the heavy particles [57,58], which is called
the parity problem. This could generate unwanted effects
which spoil the success of the model, for example, the model
would lose its dark matter candidate, and the neutrino
masses would not be generated at one-loop level. This
situation indeed occurs in the minimal scotogenic model
[59], while it can be naturally avoided in the singlet-triplet
extension [53,60]. The singlet-triplet scotogenic model can
avoid the parity problem due to the extension of the scalar
sector which modifies the evolution of the couplings of the
scalar fields. Similarly at least three new fields are intro-
duced in our models, and they can be singlet, doublet, or
triplet. The scalar sector is much extended compared with
the scotogenic model, and more coupling constants are
involved. As aresult, we expect the parity problem could be
avoided in our models. There can be no doubt that the
requirement of keeping the Z/, intact would lead to nontrivial
constraints on the model parameter space, and this issue
must be taken into account when discussing the phenom-
enological implications of a specific radiative Dirac neu-
trino model.

It is well known that the electric charge of a field is given
by Q = T3+ Y/2, where T; is the isospin and Y is the
hypercharge. Requiring that dark matter is electrically
neutral, we arrive at the constraint ¥ = —27; which the
dark matter candidate must satisfy. Moreover, dark matter
direct detection experiments play a crucial role in our
analysis. An electroweak multiplet containing a dark matter
candidate has tree level interactions with quarks via Z boson
exchange, consequently the direct detection cross section via
nucleon recoil is proportional to Y2. If the hypercharge Y is
nonzero, scattering cross section is generally quite large
such that dark matter would have been observed by the
current experiments PandaX [61] and XENONIT [62].
Combining with the electrically neutral condition, we find
the dark matter candidate must satisfy ¥ = T3 = 0. This

requirement eliminates multiplets with even number of
fields (i.e., doublets or quartets etc.). But the scalar doublet
with hypercharge Y = -1 is an exception. In such models, a
mass splitting can be enforced between the scalar and
pseudo-scalar, and this can eliminate the coupling with
the Z boson at tree level. Thus the direct detection rate of the
neutral component of the doublet (the dark matter candidate)
is still lower than experimental bounds [7,63]. We can obtain
the values of the parameter @ by solving the condition
Y = T3 = 0. Each such value of o determines a model
which can simultaneously account for dark matter and
neutrino masses.

In the following we shall take T3-1-A-I as an example to
illustrate under what conditions the radiative neutrino mass
models can also accommodate dark matter. This model
contains three new fields: a singlet fermion X! ~ 17, a
singlet scalar X5 ~ 1%, and adoubletscalar X3 ~ 27 |. There
are two possible values of a which are consistent with dark
matter.

@) a=0: X9 X9, X§ = (X9,X7)

In this case the dark matter candidate is a singlet
fermion or a mixture of the neutral components
from the singlet and doublet scalars. The fermion
field X9 should be vectorlike to ensure the anomaly
cancellation.

() a=2: X{, X5, X5 = (X7,X9)

Only X§ has a neutral component, and Xg IS a
viable dark matter candidate since it is a scalar
doublet with ¥ = 1. The anomaly cancellation en-
tails that the fermion X should be vectorlike.

In the same manner the possible dark matter candidates
can be discussed for the other viable one-loop models
showed in Tables IV-VI, the corresponding results are
given in the next to the last column, where we display the
values of a compatible with dark matter as subscripts outside
the square brackets. We see that in most cases the « values
compatible with dark matter are excluded by the requirement
that the contributions from the tree level Dirac seesaw should
be absent in a given model. However, after the dark matter Z/,
symmetry is taken into account, many values of a excluded
by the tree level neutrino masses can survive, and these
numbers are underlined. The reason is that the radiative
neutrino mass messengers are odd under Z and they cannot
mediate the Dirac seesaw diagrams.

It is notable that some of these models contain doubly-
charged fermions or scalars. One can expect interesting
signatures for them at colliders, since the SM background is
highly suppressed and the signals can be more easily
searched for in the LHC data. The possibility of detecting
such particles at colliders has been discussed in the literature
[64—68], and search for scalar doublets with exotic charges
has been performed at CMS [69] and ATLAS [70]. The final
collider signatures and the corresponding branching ratios
would allow to distinguish between singlets, doublets and
triplets, and fermions or scalars.
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V. CONCLUSION

In this work, we have systematically investigated the
possible ultraviolet completions of a dimension five Dirac
neutrino mass operator ¢, , H UgpS at both tree and one-
loop levels. Similar to the famous seesaw mechanism for
Majorana neutrinos, we find there are only three types of
Dirac seesaw models which are able to generate Dirac
neutrino masses at tree level. We give a systematic analysis
of neutrino mass models at one-loop order and construct all
possible one-loop topologies. We find that the radiative
Dirac neutrino mass models can be classified into three
categories: (A) Models with divergent diagrams, the tree
level contribution is necessary and the divergence can be
absorbed by the counter terms to obtain finite neutrino
masses. (B) Models with nongenuine but finite diagrams,
they can be regarded as extensions of the Dirac seesaw
mechanisms where one of the vertices is generated at one
loop. In this case, one can introduce discrete flavor sym-
metry such as A4 and S, to forbid the tree level Dirac seesaw
diagrams. (C) Models with genuine and finite diagrams, the
one-loop diagram naturally gives the leading contribution to
neutrino mass matrix, the tree level contribution is absent
due to the structure and particle content of the model. We
find there are in total eight diagrams T1-1-A, T1-1-B,
T1-2-A, T1-2-B, T1-3-D, T1-3-E, T3-1-A, and T4-3-1
which can lead to genuine one-loop Dirac neutrino mass
models. We have listed the new mediator fields and their
transformation rules under the SM gauge symmetry and Z,
symmetry, where we consider scalars and fermions as
mediators transforming as singlets, doublets or triplets of
SU(2),. Moreover, we have presented the predictions for
the neutrino mass matrix for each possible model. All these
results are collected in Tables IV-VL.

The internal messenger in the one-loop diagram for
Dirac neutrino mass generation could be dark matter
candidate. The stability of the dark matter candidate is
ensured by the addition of a Z, symmetry. A dark matter
candidate should be electrically neutral, and should be
consistent with current bounds from dark matter direct
detection experiments. As a consequence, the dark matter
could be either singlet or triplet fermions and scalars with
zero hypercharge, or a scalar doublet with ¥ = +1 in the
concerned radiative neutrino mass models. The possible
dark matter candidates in each model are presented in
Tables IV-VI. Our results can be consistently and readily
used to construct one-loop Dirac neutrino mass models
which can also address dark matter issue.

These radiative neutrino mass models can be tested using
different searches, in particular, we highlight these models
containing new particles with exotic electric charges since
they give rise to background-free signals which are
amenable to searches at the LHC. It is very appealing to
study the collider, dark matter, and neutrino phenomenol-
ogy of many of these viable models in detail. Since each
radiative model has its own particularities, the

phenomenological implications should be studied on a
case-by-case basis and the possible signals would be very
model dependent. Hence we leave the detailed analysis of
the rich phenomenology of these models for future work.
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APPENDIX A: LOOP INTEGRALS

In this Appendix we explicitly give the integrals appear-
ing in the neutrino masses when evaluating the one-loop
diagrams.
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Jy(My.Mp.Mc.Mp)

:/ dk k?
= | Cr)i (@ = M3) (@ = M) (@~ MZ) (&~ M3y
_ 1 [ M5 1nM_2D
(4m)* (M3 — M) (M3 — M) (M3 —M}) M3

+ M lnM—%)
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(ME—M3)(ME—M3)(Me—Mp) M|’

where € = 4 — d is an infinitely small quantity, and y is the
Euler-Mascheroni constant, we can see that the functions 7,
and J; are divergent, and the other functions are finite.

APPENDIX B: FIELD ASSIGNMENTS,
NEUTRINO MASSES, AND DARK MATTER
CANDIDATES

As explained in Sec. I, the finite one-loop diagrams are
generated from the topologies T1, T3, and T4 shown in
Fig. 5. In this Appendix, we shall present the possible
quantum numbers of the messenger fields and the expres-
sions of the neutrino mass matrix for each diagram in
Tables IV-VI, where the messengers are assumed to
transform as singlets, doublets, or triplets under SU(2),.
If the one-loop diagrams give the leading contributions to
neutrino masses, the diagrams of Dirac seesaws should be
absent so that certain values of a are excluded. In addition,
we list the possible dark matter candidates and the
corresponding values of a which are shown as subscript
outside the square bracket. The neutral component of the
particles mediating the loop diagram, either a fermion or a

TABLE IV. The finite one-loop diagrams generated from the topology T1. We show the possible quantum numbers of the messenger
fields, the predictions for neutrino masses, and the dark matter candidates. The absence of tree level Dirac seesaw excludes certain values
of a, where @ and U denote empty set and universal set, respectively. The dark matter Z, symmetry can prevent tree level contributions
to neutrino masses, such that the excluded a values become admissible and they are underlined.

Excluded a
Topology Solution Xt X5 X3 X35 zZ zi Dark matter Exotic charges
TI-1-A I o1 1 2n 0.2 0 X\ X2, X3, Xalo» [Xal X
I 27 2 2F 17, +1 +1 (X5 X3]_,. [X0. X5, Xa], X
1 2 2¢ 27 3%, +1 +1 (X5 X3 Xa]_, v
(X2, X3, X4], X
v 37 3 37 27, 0,2 @ [X). X5, X3, Xa), X
(X2, X3, Xu)» v/
T1-1-B I o1 25, 27 0.2 0.2 (X1, X5, X3. Xalos [X3. Xa), X
| 27 2 1E, 1%, +1 +1 X5)_1. [X0. X5, X4], X
1 2 2 3, 3%, +1 ES ] (X5, X3, X4] v
(X2, X3, X4], X
v 37 3z 2%, 27, 0.2 0,2 (X1, X2, X3, X4 X
(X2, X3, X4], 4
(1) s/ ((H)(S)) = =M aibipedly(My,. My, My, MY))
Excluded a
Topology Solution X3 Xt Xt X7 zZt zu Dark matter Exotic charges
TI-2-A I 17 1 17 25, 02 0 X1, X5, X5, X4, X
Il 27 27 27 17, £l £l (X1]_1s [X1. X2, X5, X4, X
I 2F 2 2F 37, 4l 41 X,]_, v
(X1, X2, X3, X4], X
v 35 3F 3 27, 0,2 %) (X1, Xa, X3, X4lo X
T1-2-B I 17 1; 2=, 27, 0,2 0,2 (X1, X5, X3, X4]o X
I 24 25 1=, 17, +1 +1 X\, X1, X0, X5, X4, X

(Table continued)
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TABLE 1V. (Continued)

Excluded o
Topology Solution X3 Xt Xt xF z! zi Dark matter Exotic charges
i} 27 2F 3, 3, £l £l (X1 4
[X13X27X37X4]l X
v 37 3 27, 27, 0.2 0.2 (X1, X5, X3, X4l X

1 j k k j i 1 j k k j 1
(1) s/ (H)(S)) = ~agdijcubigMYMIME 1My MY M M)+ () + M)+ M) g,y M) MY MY

3

Excluded a
Topology Solution x¥ X3 X3 xF zZ! zi Dark Matter Exotic charges
T1-3-D I 17 1k 17 2%, 2.0 0 (X1, X5, X5, X4]o X
Il 2F 2E 27 17, £l E (X1, X5, X3, Xa]_y, [X2. X5], X
1l 2F 2 2F 37, +1 £1 (X1, X0, X5, X4 X
(X2, X3], 4
v 35 3 35 27 -2,0 @ [X1. X5, X3, X4]o X
T1-3-E I 17 1E 2 1; 0 0,2 (X1, X2, X3, X4lo, [X5], X
1 27 2 1E, 2% +1 +1 [Xa] 1. [X2. X5], X
1 27 2k 3, 2% £ £l X2, X3]_ v
(X2, X3], X
v 3 3 2 3: %) 0,2 (X1, X2, X5, X4]y X
(X2, X3), 4

(m,) ) (H)(S)) = =diayjbipcl MY MY L (My, My MY M) + Ty(My, My, MY M)

scalar, is a good dark matter candidate. The Z), symmetry after the Z, symmetry is taken into account, and all these
stabilizing dark matter can also help to forbid the tree level =~ numbers are underlined in Tables I[V-VI. Hence we con-
diagrams. As a consequence, many values of @ excluded by  clude that both neutrino masses and dark matter could be
the disappearance of tree level diagrams become admissible ~ explained simultaneously in these viable one-loop models.

TABLE V. The finite one-loop diagrams generated from the topology T3. We show the possible quantum numbers of the messenger
fields, the predictions for neutrino masses, and the dark matter candidates. The absence of tree level Dirac seesaw excludes certain values
of a, where @ and U denote empty set and universal set respectively. The dark matter Z), symmetry can prevent tree level contributions to
neutrino masses, such that the excluded a values become admissible and they are underlined.

Excluded a
Topology Solution xr X3 X3 z! Zi Dark matter Exotic charges
T3-1-A I 17 1= 27 0,2 0 (X1, X5, X3o, [Xa], X
i} 27 2% 17 +1 1 X1, [X0. X3, X
11 27 2% 37, +1 1 (X2, X3, v
(X2, Xa], X
v 37 3t 27, 0,2 @ [X1. X5, X3], X
(X2, Xs], v

() o/ (H)(S)) = M) agbipels (M, My, . MY))
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TABLE VI. The finite one-loop diagrams generated from the topology T4. We show the possible quantum numbers of the messenger
fields, the predictions for neutrino masses, and the dark matter candidates. The absence of tree level Dirac seesaw excludes certain values
of a, where @ and U denote empty set and universal set respectively. The dark matter Z) symmetry can prevent tree level contributions to
neutrino masses, such that the excluded a values become admissible and they are underlined.

Excluded a
Topology Solution X3 X3 X3 X3 z zi Dark matter Exotic charges
T4-1-A I 2’1_ l(j; 1(:;: Z;F_l U U [X23X37X4]()7 [X4}2 X
11 2 27 1F, U U X5 X3]_y, [X0. X3, X4], X
I a2 27 3%, U U (X5, X3, Xa]_, v
(X2, X3, Xu]y X
v 27 3 34 27, U U (X5, X3, X4 X
(X2, X3, X4], v
a.sbed
(my) 5/ ((H)(S)) = 1‘3—3(113(MX27MX3»MX4)
Excluded o
Topology Solution x¥ Xt X3 X3 z zu Dark matter Exotic charges
T4-3-F I 1 1F 2k 1+ U U (X3]_s, [X0. X5, Xao X
1 10 2F 1%, 2 U U (X3, X4] 1. [Xa]y X
I 1 2+ R 2+ U ] (X3, X4]_; X
(X5, X4]4 v
v 1 3 25, 3 U U (X3, X4] v
[XZ s X3 ) X4]0 X
T4-3-G I 2, 1E 2x, 27, U U [X3. X4]o» [X00 X3, Xao X
1l 2, 2 1E, 1%, U U X5, X4]_, X
1 22, 2F 3, 37, U U (X3, X4], X
v 2:1 35 2;:_1 Zj;rl U U [X3,X4}_2 v
(X2, X3, X4lo X
o
(mb)aﬂ/(<H><S>) = M_Q%Caibijajﬂdl3 (MXwMXw My))
1
Excluded a
Topology Solution x¥ Xt X3 X5 7 zi Dark Matter Exotic charges
T4-3-H I 27 1 17 27, U U (X2 X3, Xa]o» [Xal, X
1l 2; 2t 2 1%, U U X3)_,. [X5. X4, X
I 2: 2k 27 37, U U X3, Xa]_, v
[X3 ) X4] 1 X
v 2 3 37 27, U U X5, X5. X4, X
(X3, X4, v
T4-3-1 I 1 1F 17 15 U U (X2, X3, X4 X
I 1 2; 27 2; U U (X3, Xal_y, [X3.X4)y X
11 1 35 37 3 U U (X5, X3, X4, X
v 3 2; 2§ 2 £1 £1 (X3, X4] . [X5. X4, X
(Table continued)
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TABLE V1. (Continued)

Excluded o
Topology Solution x¥ Xt X3 X35 VS zi Dark Matter Exotic charges
\Y 35 3+ 30 3+ @ @ (X5, X3, X4 X
M(j) .
(m0)ap/ (H)(S)) = 35 @usbiyepdls (M. My, M3)
1
Excluded a
Topology Solution X3 X5 Xk X35 z zi Dark Matter Exotic charges
T4-5-C I 2, 1= 17 27, U U DA A AR X
1 2, 2= 2F 17, U U X5, Xa]_. [Xa], X
11 2 2¢ 2F 3F, U U X2, X4, X
(X2, Xa]y v
v 27, 3 37 27 U U (X5, X4]_» v
(X, X3, Xa]o X

(i)

sz i
(m)ap/ ((H)(S)) = 572 daicipabls (My, My, . M)

APPENDIX C: MODELS CONTAINED

WITHIN OTHERS

When a model is contained within another model with
more field multiplets, the neutrino masses predicted by the
latter model receive two contributions, one from the topology
of the model itself and another from the model it contains.

TABLE VIIL.

When we calculate the neutrino mass matrix and confront

with experimental data on neutrino masses and mixing angles,

Models with 3 multiplets within models with 4 multiplets.

both contributions from these two diagrams should be taken
into account. The inclusion relations of the viable models are
indicated in Table VII. This table shows the models with 3
multiplets which are contained in models with 4 multiplets.

Model

Contained in

Model

T3-1-A-1

T3-1-A-I1

T3-1-A-II

T3-1-A-IV

T1-1-A-1
T1-1-B-1
T1-1-A-1
T1-1-B-1
T1-1-A-1I
T1-1-B-II
TI1-1-A-I
T1-1-B-II
T1-1-A-III
T1-1-B-III
TI1-1-A-1II
T1-1-B-III
T1-1-A-IV
T1-1-B-IV
T1-1-A-IV
T1-1-B-IV

DY OO = -
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