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Neutrinos may be Dirac particles of which the masses arise radiatively at one loop, naturally explaining
their small values. In this work, we show that all the one-loop realizations of the dimension-5 operator to
effectively generate Dirac neutrino masses can be implemented by using a single local symmetry: U(1),_, .
Since this symmetry is anomalous, new chiral fermions, charged under B — L, are required. The minimal
model consistent with neutrino data includes three chiral fermions, two of them with the same lepton
number. The next minimal models contain five chiral fermions, and their B — L charges can be fixed by
requiring a dark matter candidate in the spectrum. We list the full particle content as well as the relevant
Lagrangian terms for each of these models. They are new and simple models that can simultaneously
accommodate Dirac neutrino masses (at one loop) and dark matter without invoking any discrete

symmetries.
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I. INTRODUCTION

The interpretation of neutrino experimental data in terms
of neutrino oscillations is compatible with both Majorana
and Dirac neutrino masses [1]. The former possibility has
received the most attention, but given the lack of signals in
neutrinoless double beta decay experiments [2—7], the latter
cannot be dismissed. If neutrinos are Dirac particles, the
Standard Model (SM) particle content must be extended
with right-handed neutrinos, and some symmetry must be
imposed to prevent their Majorana mass terms. At leasta Z3
symmetry is required to guarantee the neutrino Dirac-ness
through

L, =yp(wg)'L-H+H.c., (1)

with' L - H = e, L“H", where L is the lepton doublet, H is
the SM Higgs doublet with hypercharge ¥ = 1, and yj is
the matrix of neutrino Yukawa couplings. To be compatible
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'"Throughout the text, we will follow the convention of
defining only left-handed Weyl spinors [8], and we will use

the SU(2) metric to build scalar products.
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with neutrino oscillation data [9], y, should be at least of
order 2 x 3. A possible assignment for the set of SM fields
that transform nontrivially under Z5 is L ~ w, (eg)’ ~ 0?,
and (vg)" ~ @?, with @® = 1. At this level, the neutrino
mass problem is not longer a phenomenological issue but a
theoretical one, in which it is necessary to explain the
smallness of the Yukawa couplings in yp, which must be of
order 10711,

To do so, we assume that the symmetry allows for the
five-dimensional operator with total lepton number con-
servation [10]

Ls = %(VR)TL -HS* +H.c., (2)
where A is the new physics scale, and that this operator is
first realized at one-loop level [11] (see Refs. [11-19] for
the tree-level realizations).

Regarding the symmetry, we follow the usual approach
of promoting baryon number (B) minus lepton number (L)
from an accidental global symmetry of the SM, to a local
Abelian symmetry, U(1)z_;, which is spontaneously bro-
ken. One of the main novelties of our work is that we do not
impose any other symmetries, discrete or otherwise. Thus,
the charges of the right-handed neutrinos under U(1)g_,
should be such that the tree-level Dirac mass term (1) is
forbidden. This requirement automatically excludes the
usual assignment where the three right-handed neutrinos
have B — L charges equal to —1.

The classification of all the topologies at one-loop level
that realize the effective operator (2) has been presented in
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Ref. [11]. There, in addition to the U(1),_, symmetry, at
least one additional Z, symmetry was imposed to avoid the
Majorana mass terms for the right-handed neutrinos, and a
further Z), was required to avoid i) the appearance of tree-
level realizations in the cases when U(1),_; is not able to
do it and i) to have a dark matter candidate in the particle
spectrum—one of the new particles needed to realize (2).
Here, we focus instead on the simplest realizations of each
topology that can be realized with a single symmetry,
U(1)p_, . This same symmetry would be responsible for the
stability of possible dark matter candidates appearing in
the different realizations. Let us stress that until now in the
literature there has not been a simple realization of operator
(2) at one loop invoking only a single symmetry. There
have been some efforts in this direction, but either some
Majorana terms were left out, which would need to be
forbidden with an extra Z,-symmetry [20,21], or the found
models require many extra fields [20].

Using only U(1),_,, we find, for each topology, the
realization with the minimum number of fields. The
minimal model requires three chiral fields, two of them
sharing the same lepton number, so that the spectrum
contains two massive Dirac neutrinos. The next minimal
models include five chiral fields. Interestingly, their B — L
charges are fixed once the requirement to have a dark
matter particle is imposed. Hence, these new models may
account for dark matter and Dirac neutrino masses (at one
loop) without invoking any discrete symmetries.

The rest of the paper is organized as follows. In the next
section, we introduce the notation and derive the conditions
necessary to realize the different topologies that give rise to
one-loop Dirac neutrino masses. Our main results are
presented in Sec. III. There, the particle content of the
minimal models, with three and five chiral fields, is spelled
out. Finally, in Sec. IV, our conclusions are drawn.

II. GENERAL SETUP

We use the notation for the topologies defined in
Ref. [11], which are displayed in Fig. 1. There the flux
of the lepton number is illustrated by the wide colored
arrows. The green arrow represents the flux of the doublet
lepton number, L(L;) = —1; the yellow is for L(vgs) = —v
with /3 at least 1,2; the blue is for L(S) = s; and the red is for
some internal circulating L charge associated with a chiral
fermion, which we choose as a free parameter in our setup.

We do not consider the T1-1 or T4 topologies of
Ref. [11] because the former is already included in top-
ology T3-1 when the X3 scalar field is decoupled, whereas
the latter requires further symmetries to forbid the tree-level
contribution.” In Ref. [11], it was assumed that the internal

The exception cases are the IV and V solutions of T4-3-I.
However, they require mixing between the charged leptons and
the new fermion fields, thus leading to charged lepton flavor
violation processes which are quite constrained.

fermion lines were already vectorlike fermions, which
allow them to use the v = 1 solution for anomaly cancel-
lation conditions, but they needed to impose additional Z,
symmetries to forbid the tree-level contribution to neutrino
masses and to stabilize the dark matter. Here, we instead
assume chiral fields for the fermions that are singlets under
the SM gauge group. This allows us to search for new
minimal realizations of the topologies with a single extra
symmetry beyond the SM. It is clear that our solution with
three chiral states, corresponding to the three right-handed
neutrinos, can be easily extrapolated to all the solutions
found in Ref. [11], with the advantage that not further
discrete symmetries are imposed. We explicitly illustrate
this for the case of topology T3-1-A, the minimal solution
of which involves just a Dirac fermion.

In our setup, the only extra symmetry beyond the SM,
U(1)p_,, must forbid the tree-level terms

L, =5 (rp)'Li - H+ M (vgg)'(vg,)'S +He  (3)

as well as allow for the dimension-5 operator (2). This is
accomplished by the L charge assignments in Table I.
There, v is the lepton number of the left-handed antineu-
trino, which is common to at least the two right-handed
neutrinos required to explain the neutrino oscillation data.
As already mentioned, the solution with v = 1, studied in
Ref. [11], is no longer considered in this work.

To find the new possible solutions, we explore the
anomaly cancellation conditions with five chiral fields
by checking that their charges do not generate direct or
induced Majorana mass terms for them; that is, the fermion
loop mediators are Dirac-like fields. In addition to the chiral
fields for # = 1, 2, we introduce (vg;)" with L(vg) = —v;
and a heavy Dirac fermion field with Weyl components v,
and (yg)", such that L(y;) = [ and L(yg) = —r, respec-
tively. The linear and cubic anomaly cancellation condi-
tions are [22,23]

WwHuy +1l+r=3, W4+ r+ P =3 (4

From the linear equation,
vy =3-2v—-1I1-r. (5)

To further proceed, we separate the topologies in two
types: the set (A) with T1-3-D and T3-1-A, corresponding
to the ones with the yellow v flux in Fig. 1 and where § is in
a vertex only involving scalars, and the set (B) with T1-3-E
and T1-2-(A/B), with the blue s flux in Fig. 1 and where S
is in a Yukawa-type vertex. For each case, we have

(A) The heavy Dirac fermion has a vectorlike mass, such

that

l=-—r. (6)
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FIG. 1. Topologies (in notation of Ref. [11]) leading to one-loop Dirac neutrino masses.

Replacing back in Eq. (5), we obtain
vy =3-"2u. (7)

Solving the cubic equation for v gives rise to two
different roots: 1 and 4. Thus, we choose v = 4,
which leads to v, = —5.

On the other hand, the fact that the new fermion
field y does not contribute to the anomalies implies
that the only possible realization within the T1-3-D
topology is the solutions I and II with y; = L; and
Wr = eg;, since in these cases the corresponding
contributions to the anomalies are already taken into
account.

The two SM-singlet chiral fields can acquire a Dirac
mass [after the spontaneous symmetry breaking
(SSB) of U(1)g_; ] through

‘Cl// = hS(U/R>TWLS +H.c.. (8)

If we choose r as the free charge circulating in the
loop, and since from Table I we have s = v — 1, then
from the condition in Eq. (8), r + [+ s = 0, we get

l=1-v-r, 9)
and replacing back in Eq. (5)

TABLE I. General assignment of lepton number for external
legs of the one-loop topologies in Fig. 1.

Fields H L; (vrp)" S
L 0 -1 v#1 v—1+#-2v
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vy =2-v. (10)

Using (9) and (10) in the cubic condition for
anomaly cancellation, Eq. (4), we end up with the
one-parameter solution,

rr—r+42
v=—— =

T (11)

If v, = 0, we would have a solution with four chiral
fields when v = 2; however, the required r charge is
irrational and will not be further considered here.

To label the solutions, we use the conventions of
Ref. [11], as Ta-n-b-I a, where a refers to the topology
itself, n indicates the different choices of the fermion and
scalar lines in a given topology, b denotes the field
assignments for external fields, I denotes the simplest
solution with standard model-singlet scalars or fermions,
and « is the parameter which fixes the hypercharges of the
X; fields inside the loop.

It is worth mentioning that when both y; and yp are SM
singlets (in the T3-1-A-I with ¢ = 0, T1-3-E-I with a = 0,
T1-2-A-I with a = 0, and T1-2-B-II with @« = +1 models),
the condition r # 1 or [ # —1 must be imposed in order to
avoid the tree-level realization of (2) that involves a SM-
singlet fermion mediator—the so-called type I Dirac see-
saw. In this way, one of the two required terms in that
realization (wiL; - H and v}y S*) is forbidden.

As usual for scotogenic models, we demand the lightest
neutral particle running in the loop to be stable. For the case
of scalar dark matter (DM), the stability is guaranteed if
there is no linear terms in the scalar potential involving
scalar loop mediators, neither Yukawa interactions with
two SM fermions. The minimal DM scenarios that may
arise are then the singlet [24-26], doublet [27,28], and
singlet-doublet [29—-32] scalar DM. It is worth mentioning
that, since Majorana mass terms for the fermion loop
mediators are not allowed, the fermion DM candidate is
either singlet [33] or singlet-doublet Dirac DM [34].

The wanted solutions must satisfy the constraints regard-
ing DM stability and Dirac-ness of light neutrinos and
guarantee that the direct or induced fermion mass terms
between the right-handed neutrinos and y; or yjy are
forbidden. The reason to exclude this kind of mixings is
that in such a case the DM would not be stable because the
fermion loop mediator would decay into particles of the
visible sector. For instance, the induced (through §) or
direct mixing between (vg;)" and either y; or (yg)" leads
to the decay into S and v, for the induced mixing and into
Z,, and vg; for the direct mixing.

The solutions of the two sets are displayed in Table II.
Solution (A) is the well-known one studied in Ref. [15] for
tree-level realization of the five-dimensional operator. In
this solution, r is quite free; in fact, r = £1/2,£1/3, ...

TABLE II.  Solutions for Dirac neutrino masses with Dirac loop

mediators for i # j # k.

Fields (wr)" (rp)" (wr)™ v (we)™ S

I3 (A) +4 +4 =5 —-r r +3
® 3 ) +f 7 % 4

The solution (B) was obtained after exploring all the
solutions of Eq. (11) for rational values of |r| < 10,
and with both the numerator and denominator less than
or equal to 10. Since the anomaly cancellation conditions
are invariant under the exchange of r with [, a second
solution for (B) exists with the charges of y; and (yg)
exchanged.

Higher SU(2), fermion representations, as required in
T1-2 topologies, need to be introduced as vectorlike
fermions to not spoil the anomaly cancellation conditions
of the standard model. We will denote vectorlike doublet
Weyl fermions fields with Y =-1 (Y =+41) as
Yir (Tpg).

Regarding the scalars circulating in the loop, we will use
o and 7 to represent SU(2), scalar singlets and scalar
doublets, respectively, and we will denote their nonzero
lepton number with the same symbols.

A final comment is in order. Because U(1)gz_, is
promoted to a gauge symmetry, the vacuum expectation
value of S, (S) = vg/ v/2, induces a nonzero mass to the
associated gauge boson Zp;. The expression for its mass
can be cast as My, = gp vs|s|, where g is the B—L
gauge coupling and s is the B — L charge of S. On the other
hand, since Zg; couples to all the SM fermions (they have
nonzero B — L charges), it can be produced in hadron and
lepton colliders leading to observable signatures. Indeed,
from the nonobservation of any of such signatures in the
large electron positron and LHC data, there exist con-
straints on its mass and gauge coupling [35-39] (see e.g.,
Refs. [20,21] for specific analysis in B — L scotogenic
Dirac models).

III. SOLUTIONS

The new solutions correspond to the case in which
some of the X; fermion fields in Fig. 1 can be chosen as
chiral fields. We explore the solutions with the minimal
number of fermion fields beyond the standard model. We
are interested, therefore, in the solutions in which at least
two right-handed neutrinos have the same U(1)_, charge
because in such a case both of them can couple to the same
set of extra chiral fermions. All the solutions for the B — L
charges presented below have been chosen in such a way
the DM particle does not decay.

A. Chiral T1-3-D-I (= -2)

We will start our analysis with the case in which an
internal fermion line in Fig. 1 can be interpreted as a
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FIG. 2. Dirac Zee model.

standard model field. Therefore, only the right-handed
neutrinos contribute to the anomaly cancellation conditions
of the SM with U(1),_,. There are three well-known
solutions with three chiral fields [15,40]. However, solution
(A) in Table II is the only one that satisfies our constraints.

In fact, with the additions of two charged scalars, afz,
which are singlet under SU(2),, we can build the Dirac
version of the Zee mechanism to generate neutrino masses
[41]. The couplings required to build the diagram displayed
in Fig. 2 are

E C [fULl . ng—l’— + h2j<€Ri)TLj . I:I —|— h??ﬂeRil/RﬂG; + HC]
+V(ot.0y. H). (12)

where L; are the SM lepton doublets, H = (H*, H)T,
H = io,H*, and V(o7, 05, H) is the scalar potential.
Therefore, y; (ywg) in solution (A) of Table II corre-
sponds to three lepton doblets L; (right-handed electrons
ex;) with [ = —1 (r = 1) as the usual lepton number. Since
we use one set of charged scalar fields, alil, the model has
two massless chiral fields, one of them, vy, contributing to
the effective number of relativistic degrees of freedom, N
[21,40,42]. From the lepton number flux in Fig. 2, we have

L(c}) = -5. (13)

The full solution is presented in Table III. This is by far the
minimal model for Dirac neutrino masses with a gauged
U(1)g_,. The Dirac Zee model with v = v, = | and extra
discrete symmetries has been studied in Ref. [41].

It is worth noticing that the restrictions from N are
expected to be stronger in our model because of the larger
lepton number assignment for the right-handed neutrinos.
However, since they do not couple directly to any SM
particles, we can simply assume that their interactions with
the extra gauge boson and scalars are sufficiently sup-
pressed that they decouple early enough from the thermal

TABLE III.  Chiral T1-3-D-I (a¢ = —2): Solutions for the Dirac

Zee model with i # j #k (i, j, k, [ =1, 2, 3).

Fields Xl X2 X3 X4
(VRi)T (VRj)T ('/Rk)T S

T1-3-D-I ex, o0, o1 L

L +4 +4 -5 -1 -5 -2 -1 3

bath. On the other hand, it is clear that there is not a DM
candidate in this model. Indeed, this is just a specific
example of models with one-loop Dirac neutrino masses
but without a DM candidate that can be obtained within
our setup.

Regarding vy, it can give rise to either a third Dirac
neutrino mass if we extend the scalar sector with S’ and ¢
of L charges —6 and +8, respectively, or a Majorana dark
matter candidate if we extend the scalar sector with a §” of
L charge 410 [40]. In both cases, we end up with a physical
Goldstone boson (GB) which could contribute to N
through interactions with the Higgs [43]. The conditions
that GB decouples from the bath in the early Universe are
analyzed in Ref. [40] and require couplings of GB with SM
Higgs not larger than 1073, This discussion can be easily
extended to the other one-loop realizations below.

We have implemented the model with three nonzero
Dirac neutrino masses in SARAH [44]. We use the method in
Refs. [41,45] to express f 13, 23, hy1s hoay S5, hE, B, and
%, as a function of the neutrino masses and mixings, by
using f%&, K%, KX, and hE as free parameters. For an
example of the consistency of the model, we show in Fig. 3
the observable Br(u* — ety) <4.2x 107" [46] as a
function a f,. The other parameters were fixed as
6=0.1, M, =500GeV, M, =750GeV, hf, h¥,
hY =107%, where 6 is the mixing angle between the
charged mass eigenstates o; and 6,. We can see that the
value for the parameter f, is restricted to values lower
than 0.02.

10712-
10-14 4
10716-
& e
I (U
o
T 10720-
+1 10722-
0 -2
1072()-
10728-
10" 6 1[]"5 10" 4 1[]"3 10" 2
f12
FIG. 3. Relationship between Br(u™ — e'y) and the para-
meter f,.
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B. Chiral T1-3-E-1 (¢=0)

We consider now the topologies where two SM-singlet
chiral fields acquire a Dirac mass after the SSB of U(1),_,
from the term £,, in Eq. (8). For them, we will use the
solution (B). The relevant terms in the Lagrangian include

LDL,+ Ly, + Ly, + V(641 S H), (14)

where £, was given in Eq. (8),

EUW = h‘fa(VRﬂ)—;‘WLO'Z + H.C.,
'C’W/ = hlliu(l//R)TLi Mg + H-C-’ (15)

and V(o,,1n,,S, H) is the scalar potential.

After the spontaneous breaking of the U(1),_, sym-
metry, this topology is reduced to the well-known Dirac
radiative seesaw model, but with different Lepton number
assignments. In fact, the model with v =y, =r =1 and
two extra Z, discrete symmetries was first introduced in
Refs. [47,48], while the case with r # 1 which requires
only one extra Z, symmetry was studied in Ref. [49]. The
minimal set of fermion fields is achieved when the two
nonzero Dirac neutrino masses are generated with two sets
of SM-singlet and doublet scalars: 7,, o, [49].

From Fig. 4, the charges of the scalars are

n=1-r, c=1-r. (16)
The solution compatible with the fields in Fig. 4 is
displayed in Table I'V. The phenomenology of the radiative
seesaw model with v = 1 has been already studied in the
literature [20,21,47-49], where either singlet Dirac (y) or
singlet-doublet scalar (6%, 7%) DM is realized. Because of
the similar charges associated to solution (B), we do not
expect significant differences with respect to those works.

|
I H
Y
|
1
n _ G o
d AN
/ \
/ \
/ \
L YR : VL VR

\
I S
|

T1-3-E-I (o = 0)

FIG. 4. TI1-3-E-I (a = 0).

TABLE IV. Chiral solutions for Dirac neutrino masses with the
minimal T1 topologies with i # j # k and a = 0.

Fields Xl X2 X3 X4
(’/Ri)T (VRj)T (VRk)T S
T1-3-E-1 VL M 64 YR
7 10
L )
TI-Z-A-I o, YR /83 (lPR) lPL
L 8 8 2 15 10 7 _10 10 3
5 5 5 505 5 5 5 5
T1-2-B-11 Ma (Tg) Tr wr vL
L 5 _7 71 10 1
5 5 5 5 5

C. Chiral T1-2-A-I1 a=0
The solution compatible with the fields in Fig. 5 (left),
requires at least the following terms in the Lagrangian,

LD [’l// + [/m// + [M‘P(lp ) : lPL + hlzu(lPR) : Liaa
+y1(wg)™W, - H+Hcel]+ V(o,, S, H), (17)

where W, = (¥). %), (¥x) = ((¥3)".~(¥%))", and
V(o,,S,H) is the scalar potential. It follows that this
model requires a set of at least two SM-singlet scalars
to generate a rank-2 neutrino mass matrix and allows
for either singlet scalar (0%) or singlet-doublet Dirac
(v,¥) DM.

From Fig. 5 (left),

c=1-r. (18)

The corresponding charges for the solution (B) are
shown in Table IV.

D. Chiral T1-2-B-Il =0

The solution compatible with the fields in Fig. 5 (right)
requires at least the following terms in the Lagrangian,

LDL,+ Ly, + [Mr(fv) Ty + hlzaﬂ(fv) “NaVRp
+31 T Hyp +Hel + V(n,. S, H), (19)

where T, = (T£,T9)T, (Tx) = ((Y3).~(T4)")T, and
V(n4, S, H) is the scalar potential. It follows that this model
requires a set of at least two scalar doublets to generate a
rank-2 neutrino mass matrix and allows for either doublet
scalar () or singlet-doublet Dirac (T,y) DM.

From the figure,

n=1-r. (20)

The solutions compatible with the fields in Fig. 5 (right)
correspond to the ones displayed in Table IV.

The phenomenological analysis of the chiral realizations
of topologies T1-2 will be done elsewhere. It is worth
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FIG. 6. T3-1-A-I (a =0): B— L flux in the Dirac radiative
seesaw.

noting, however, that a model independent analysis of the
effect of the right-handed neutrinos on N can be inferred
from Ref. [42]. The ratio My, /(vgg,), where gg; is the
U(1)g_; gauge coupling, must be larger than 7-8 TeV in
order to be in agreement with the cosmological constraints.

E. Vectorlike solutions

In Ref. [11], all the obtained solutions for the topologies
in Fig. 1 have internal vectorlike fermions. We want to
stress that it is possible to realize all of them with a single
extra symmetry U(1),_;. For that, we can use the solution
(A) with a proper choice of the circulating free charge r.

For example, in the simplest case of just one circulating
SM-singlet Dirac fermion line as in T3-1-A, we have the
diagram displayed in Fig. 6.

From the flux of lepton number in Fig. 6, we have

n=1-r, c=v-—r. (21)

TABLE V. T3-1-A-I (¢ = 0): Solutions for Dirac radiative
seesaw model with i # j # k (i, j, k=1, 2, 3).

Fields X1 Xz X3 X4
(I/Ri)T (l/Rj)T (I/Rk)T S

T3-1-A-1 wo)" v n, o4 —

L +4 +4 -5 r —rl—rd4—-r — 3

Chiral T1-2-B-II (« = 0)

Chiral T1-2-A-I (& = 0) Chiral T1-2-B-II (a = 0).

The corresponding charges for solution (A) are shown in
Table V.

Since the charges of the right-handed neutrinos are now
bigger than those in solution (B) used in Sec. III B, the
constraints from N are expected to be stronger. In fact, a
recent detailed phenomenological analysis of the Dirac
radiative seesaw [21] includes the case of a right-handed
neutrino with v =4 and can be fully applied here. In
particular, the restrictions from N for both scalar (¢, %)
and Dirac fermion () dark matter cases are more important
than the restriction from Zp; searches at the LHC. We refer
the reader there for further details.

It is clear that after SSB of U(1),_; both solutions T1-3-
E-I (a = 0) in Sec. III B and T3-1-A-I (@« = 0) reduce to the
Dirac radiative seesaw. Moreover, we can add extra
circulating charges in the loop. In fact, when all the
circulating particles in the loop are color octets [49], we
can have a bound state dark matter candidate formed by two
Dirac color-octet fermions [50]. With our solutions, the
extra Z, symmetry in Ref. [49] is no longer required.

IV. CONCLUSIONS

We found new and simple models for Dirac neutrino
masses within an extension of the Standard Model
by a spontaneously broken U(1),_, gauge symmetry.
Specifically, we studied the minimal chiral realizations, at
one loop, of the dimension-5 total lepton number
conserving operator that gives rise to Dirac neutrino
masses without imposing extra symmetries. The minimal
models contain three or five chiral fields, two of them
with the same charges under B — L. In the latter case,
their charges can be fixed by the requirement to have a
dark matter particle in the spectrum. The full particle
content as well as the relevant Lagrangian terms were
given for each of these models. We also showed that
known solutions with vectorlike fermions can be obtained
with just the single symmetry U(1)z_;. These new
models, therefore, can simultaneously accommodate
one-loop Dirac neutrino masses and dark matter without
invoking any discrete symmetries.
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