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We propose the simplest TeV-scale scotogenic extension of the original 3-3-1 theory, where dark matter
stability is linked to the Dirac nature of neutrinos, which results from an unbroken B — L gauge symmetry.
The new gauge bosons get masses through the interplay of spontaneous symmetry breaking a la Higgs and

the Stueckelberg mechanism.
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I. INTRODUCTION

Despite its amazing phenomenological success, almost
no one thinks of the standard model as the final theory, so
many are its drawbacks. Amongst these, the issues of
neutrino mass, dark matter, the number of families, and
the strong CP problem stand out as important items in the
wish list of theorists. Here, we propose a standard model
extension where these appear closely interconnected. To do
this, we build up upon a minimal gauge extension of the
original Singer-Valle-Schechter (SVS) 3-3-1 model [1].
This was the first electroweak extension of the standard
model in which the existence of three families of quarks
and leptons is closely related to anomaly cancellation.
Indeed, in this SU(3), ® SU(3), ® U(1)y theory, one
assumes that leptons transform as SU(3), antitriplets,
while two families of left-handed quarks transform as
triplets, and the last one is an antitriplet. This choice
comes from anomaly cancellation and once adopted, leads
to the prediction of three families of quarks and leptons
[1-4]. In order to make the construction as minimal as
possible, we also adopt the choice made in [5] of identify-
ing the third component of the leptons as a “right-handed”
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neutrino, so that neutrinos are of a Dirac nature and their
masses are generated at tree-level. However this early
formulation is not compatible with the current neutrino
oscillation data [6], as it predicts one massless and two
mass-degenerate neutrinos. Besides, an unaesthetic feature
of this construction is that lepton number symmetry
emerges in SVS as a combination of a gauge symmetry
and a global one.

In what follows, we explore a simple scheme with a
viable neutrino spectrum and realize the scotogenic dark
matter paradigm [7], which postulates that neutrino masses
arise through the radiative exchange of a “dark matter”
sector. The idea of relating dark matter stability to the
Diracness of neutrinos has been proposed in [8], employing
residual discrete symmetries arising from the partial break-
ing of a global B — L symmetry [8—14]. An alternative
proposal to link Dirac neutrino masses and dark matter
stability is through a fully conserved global B — L sym-
metry. This idea has been pursued in the context of bound-
state dark matter [15], in which the radiative generation of
Dirac neutrino masses is mediated by the exchange of
bound-state-dark-matter constituents.

In this paper, we choose a different route, namely, a
scenario where dark matter stability is interconnected to the
Diracness of neutrinos in the framework of a dynamical
theory with gauged lepton number. In order to achieve
this, we build upon a minimally extended class of SVS
theories developed within the framework of the SU(3), ®
SU(3). ® U(1)x ® U(1)y gauge symmetry [16-20]. The
extra Abelian U(1)y group allows a consistent embedding
of B — L as a fully dynamical gauge symmetry. We propose
a simple 3-3-1-1 extension of the original SVS theory,
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where neutrino masses arise “scotogenically” (i.e., through
the exchange of “dark” particles) at the one-loop level. The
unbroken B — L symmetry acts as the protecting symmetry
responsible for both neutrino Dirac masses and stabilization
of dark matter. Such a conserved gauge symmetry is shown
to be fully consistent, as we adopt the Stueckelberg
mechanism to provide a mass to the associated gauge field
while keeping the symmetry intact. Our present construc-
tion follows the path of the simple Stueckelberg [21] U(1)
extension of the standard model proposed in Ref. [22].
However, this is achieved within a richer framework that
provides not only a dynamical realization of the proposal
that dark matter stability and Diracness are closely inter-
related, but also touches other standard model shortcom-
ings such as the number of families and the strong CP
problem. In particular, the existence of three families of
quarks and leptons is linked to anomaly cancellation. Our
present model also provides an example of “predestined”
dark matter [23], in the sense that the specific quantum
numbers of the new fermion and scalar multiplets auto-
matically ensure the existence of a stable dark matter
candidate, without the ad hoc imposition of any additional
symmetry.

The paper is organized as follows. In Sec. II, we define
the proposed model in terms of its field content and
symmetries. The scalar sector is studied in Sec. III. In
Sec. IV, we derive the extended electroweak vector boson
spectrum taking into account contributions coming from
both the spontaneous symmetry and Stueckelberg mecha-
nisms. The charged fermion spectrum is presented in
Sec. V, the scotogenic neutrino masses are calculated in
Sec. VI, and in Sec. VII, we study the case for a complex
dark matter scalar candidate. Finally, the conclusions are
presented in Sec. VIIL.

II. THE MODEL

In the present model, not only the Abelian electromag-
netic symmetry U(1), but also the U(1)g_ symmetry
emerges as a conserved residual subgroup of the SU(3), ®
SU(3). ® U(1)x ® U(1)y gauge symmetry or 3-3-1-1 for
short. In 3-3-1-1 models, the electric charge operator can be
generically written as

Q=T +pT®+ X, (1)
while the B — L generator is expressed as
B—L=pT8+N, (2)

with 7% (a =1, ...,8), X and N as the respective generators
of SU(3),, U(1)x, and U(1)y [24]. The choices of the
constants  and ' define different versions of the model,
and for the SVS model, we have =1/ V3 and p =
4/+/3. This specific choice ensures the B — L assignment
in the SVS model with its original field content is anomaly

TABLE I. Field content and symmetry transformations.
Field 3-3-1-1 rep Components B-L U(1)pq
QaL (3, 35 0»_%) ((uaLvda )’DaL)T (%7%,_%)T 1
Oy (3.3°.4.1)  ((br.—1.).Us)"  (5.4.97 1
Ugr (37 17%»%) Ugr % 4
U (3.1,3.)) Usr 1 4
daR (35 1, _%7%) daR % -2
DaR (371, %»_%) DaR _% -2
Vo (1.3, =5, —3) ((ear, —var). vop)" (-1.-1.+1)7 -3
e,r  (1,1,—1,-1) €ur -1 -6
Sar (1,1,0,0) SR 0 0
o (1359 ((#.-¢).e)T  (0,0.2) 3
® (1.3.-1.9)  ((47.-¢9).45)" (0,027 3
;. (1,3.-3.-3) ((45.-¢9).45)" (-2,-2.07 =3
& (134D (@) @) (L-L)T 3

free and can be promptly promoted to local. On the other
hand, other ' values would require new fermions to cancel
the B—L anomaliesl; see, e.g., Refs. [16]. Here, we stick to
the SVS choice given in Table I. This gives all the quantum
number assignments for the fields contained in our model.
In addition to the fields present in the original SVS model,
we have included three two-component Majorana fermion
singlets $%, a =1, 2, 3, and one scalar antitriplet @,.
Notice that the Majorana fermions are full gauge singlets
and hence, carry no anomaly. The global U( I)PQ symmetry

forbids the term (y4)°®,y’, which appears in Ref. [5]
and leads to tree-level Dirac neutrino masses. However, as
it will be discussed in Sec. III, this global symmetry is
softly broken in the scalar sector, by the trilinear ®;®,®;
coupling. As we will see, this avoids the disastrous
presence of a visible axion field. Notice also that, since
B — L remains unbroken, the matter parity subgroup,
generated by the matter parity Mp = (—1)3B=1)+25 where
s is the field’s spin, is also fully preserved. Under
Mp, all the fields in the original SVS model trans-
form trivially, whereas the new fields transform as

(Saz> da)& — (Sur, ®@,). Therefore, the lightest among
the Mp-odd fields is stable, and, if electrically neutral, it
can play the role of dark matter.

III. SCALAR SECTOR

Our model contains four triplet scalars, three of them are
Higgs-like, even under matter parity, while @, is “dark” or
M p odd. The resulting scalar potential is given by

lExplicit calculation of anomaly coefficients for generic # and
' can be found in Ref. [24].
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}:W@¢+A¢T A4 1 (@]@)(@]®)) + (D] @) (D] D;)]
i=1 i<j
He . i
+ _ﬁq)lq)zq):; + 5<D2<D4q)3q)4 + H.c. s (3)

where the cubic term characterized by p, breaks the U(l)pQ symmetry softly.
The scalar multiplets are decomposed as

sy i b5 b3 b3
Vy—Sr—ida 0
D= —¢f |, = |FFE| d=| | =] -4 |, (4)
- - ws3+ia; 70
b 7 . &

where v, /v/2, v,/+/2, and w/+/2 represent vacuum expectation values (vevs), with w? > v? 4+ v} = v&y,. Notice that, with
the assumed vev alignment, the B — L symmetry remains conserved, and the minimization of the potential leads to the
tadpole equations,

1 (207 + 22407 + A3 + Azw?) — vywpy = 0,

02 (243 + 24203 4 A1p07 + Aoaw?) — vywpy = 0,

W(2H3 + 243w + 41307 + Ap303) — 01044 = 0, (5)

which can be simultaneously solved for u2, 43, and 43. In the following subsections, we present the physical states of the
scalar sector and their respective masses.

A. CP-even scalars

After spontaneous symmetry breaking, the CP-even components of the fields that acquire a vev mix according to the
following squared mass matrix, written in the basis (sy, 55, 53):

2 V2WHy Wﬂ Vafhy
21)1/11 + 20, —1}17}2/112 + 5" 711W/113 -
2 _ Whg 11Wl4¢ )
S = | V1A 5 2034, + —vpwhy + 5" |. (6)
Vol v /4 V1o
Viwhiy — St —vawdyy + 5L 2wy 4 5t

Diagonalization yields three physical mass-eigenstate scalars. Assuming for simplicity, the hierarchy p,, w > vy, v,, the
lightest one can be identified with the standard model Higgs boson discovered at the LHC,

hzﬁz.gz—’lilsl . (7)
V4 71% =+ 1}%
Its squared mass is given as
12 }u j. ﬂz lz 1)4 123 (1131)21}2 + /123 ’U3)
2o (2g, =213 201 M3tz Mg oy, 23\ Y2 He i 2) o
" ( b 223 Ul 2 A3 Ayw? * g 245 U% * Avgw (8)

where all parameters, other than u, and w, lie at the electroweak scale. The remaining scalars are heavy and can be
approximately identified as

2 2
i o 251 U182 il A (v + v3)why
1R H~ 5 .
\/v% + v% ! 2viv,
H2 ~ S3, m%,z z2W2/13. (9)
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In principle, u4 can be even lower than the electroweak
scale. In that case, this sector would give rise to two light
scalars and a heavy one. In what follows, we assume an
arbitrary u, scale and a vev hierarchy w > vy, v;.

B. CP-odd scalars

Similar to the CP-even scalars, the CP-odd components
also mix through the squared mass matrix,

VoW

o —w (%)

2 o ,uqﬁ _ vw _

aj,ax.az — 7 w vy vy s (10)
v, —v, V10,

w

in the basis (a,, a,, az). Upon diagonalization, we find two
Nambu-Goldstone bosons that can be identified as

_va + vyan
_77
Vvl + 03

and one physical pseudoscalar,

—v1a; + was

Gy = :

G, (11)

vrwa); — Ulwaz + 1]11}2(13

Al = , 12
! V03 + 03w? 4 vdn? (12)
with a squared mass,
V202 + v*w? + vin?
mi/ _ ﬂdb( 192 1 2 ) . (13)

1 201 0,W

The importance of the U(1)p soft-breaking term charac-
terized by p, can be better understood by looking at
the equations above and Table I. In the limit p; — 0,
U(l)PQ becomes a classical global symmetry of the model,
whose spontaneous breaking by the vevs of the scalar fields
would imply the existence of a massless Nambu-Goldstone
boson, namely, the pseudoscalar defined in Eq. (12).
However, the Peccei-Quinn-like symmetry has an associ-
ated [SU(3)¢]*U(1)pg anomaly. Therefore, instead of a
massless field, we would have a pseudo-Goldstone boson,
an axion field getting its mass via nonperturbative effects.
The existence of such a “low-scale” axion (w = 10 TeV),

|

M2, ==
Py 2 ~ L2 vw

that can be diagonalized as

<n1> B ( cosd
n ~ \=sin6

sin@ / ¢
cos9> <¢2*)’ (18)

1 (”%’114 + V3004 + W (Asg + Asa) + 243

a la Weinberg-Wilczek [25,26], is ruled out phenomeno-
logically, as noted in Ref. [27]. Alternative 3-3-1 proposals
including gauge singlet scalars with nonvanishing U(l)PQ
charges have been considered [28,29]. This way one can
make the axion invisible and thus, viable by introducing a
large U(1)pq breaking scale. Here, we do not follow this
path. Instead, we avoid the presence of the visible axion
simply by softly breaking U(1)pq via the trilinear @, ®,®;
term, instead of adding more scalars. Apart from minimal-
ity, this also ensures that tree-level neutrino masses are
absent.

C. Complex neutral scalars

The complex neutral scalars that do not acquire vevs can
be grouped in pairs according to their B — L charges, as
follows. First notice that, since B — L is conserved, only
fields with the same B — L charges can mix. Since the fields
#9 and @9 carry opposite B — L charges, we define a B —
L = 2 basis as (¢3, #3"). In this basis, we can write down
the following squared mass matrix:

- - -
I 1 w(whys + ;}2/’) —Vifly — VaWly3 (14)
R ) L‘]M(/,) :
w

—Vifhy — vawlyy v (vads +

Upon diagonalization, we find a massless complex scalar,
shown in the next section to be absorbed a la Goldstone by
the gauge sector,

_ V2 + wepS*

\/vngwz

and a heavy complex scalar field,

G; (15)

(V3 + w?) (Apzvaw + V1)
20,w '

o _W&ﬁ(Z) + U2¢(3)* 2

== "
VU3 +w

(16)

Likewise, coming to the remaining fields, these can

be grouped in a basis with B— L =1 as (¢3, ¢J*). The
corresponding squared mass matrix is

L pw
> ) (17)

V3 h1a + v3(Aos + Aog) + Wy + 203

with

vowd/
tan 29 = 2..272., .
V3Aoq — W3y

(19)
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The physical neutral fields #; and 7, defined above have
squared masses,

1 ~ N
T = 7 1405 + 220407 + 03 (2004 + dog) + W (2234 + A34)

My ny = 4 [

F FAJ 220307 + (Aog03 — Aaaw?)?), (20)
where F = sign(Jy,v3 — A3yw?).

D. Charged scalars

Again, for the charged scalars too, mixing takes place
amongst those with the same B — L charges, and they can
be separated into three groups.

The basis (¢7, ¢5) puts together the charged fields with
B — L =0, which mix according to the squared mass
matrix,

5 1 < Uz(% )

—HoW — ;1127)11)2

—pHpW — A1a¥1v3 Ul( + A1av1)

Upon diagonalization, we find a (complex) “Goldstone”
boson,

_ v1F + vagh5

G (22)
* NE
and a massive electrically charged physical scalar,
e — —007 + vi1¢y
1 V4 U% + U% ’
(02 + 03) (Wiy + v10212)
my, =12 T 12T (23)

1 2’!]1’U2

The charged scalars with B — L = £2 are characterized
by the following squared mass matrix, written in the basis

(&7 3):

from which one can identify another pair of charged
Goldstones,

Gi _ vl¢it —+ W¢3i (25)
: U% + w?
and the heavy charged states,
Hi _ W&li + 1)145§E
PR w
2 2 1
m, = (v1 4+ w?) (vapy + V1w, 13). (26)
H; 2uw

Finally, the only charged scalar with B—L =1, ¢,
remains unmixed after spontaneous symmetry breaking and
gets the squared mass,

1 -
mj,f =3 (07 (A1g + Arg) + 03404 + Wias 4+ 2u3). (27)

IV. GAUGE SECTOR

In this section, we study the vector boson spectrum of the
extended electroweak sector which contains ten gauge
fields. After spontaneous symmetry breaking, gauge boson
masses are generated, as usual, through the terms
L > (D,®;)"(D"®"), where the covariant derivative acting
on the scalar antitriplets is defined as

. A
D,®; = [6” +ig, = Wy, —

5 igxXB, — igyNC,

@, = (aﬂ 4 i%LPM) @;, (28)

1 [ wiwhys + Lty viwiis + vapty where W} are the gauge fields of SU(3),, A* are the Gell-
M;t 5 =7 . I ~ T (24)  Mann matrices, B, is the gauge field of U(1)y, and C, is
viwhis + vy vi(vidis +554) the gauge field of U(1), and
W3 + 2% — 2(1yXB + tyNC) V2W- V2w’
P, = Vawt —W? + 25 = 2(1xXB + t(yNC) VX" - (@)
VZW' V2XO —2(%%+ 1yXB + tyNC)
p
with
JE—_—— ) 4 o S 6 — w7
Wi = W, F iW ’ = Wi F ZWI" Xg(*) - M (30)
2 2 2
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In addition, we assume another source for gauge boson
masses through the Stueckelberg mechanism for the
Abelian U(1), symmetry [21]. The masses and states of
the ten electroweak gauge bosons are discussed below.

A. Neutral gauge bosons and Stueckelberg mechanism

After spontaneous symmetry breaking, the two gauge
bosons of the Abelian symmetries, BM and Cﬂ, and the two
fields associated with the diagonal generators of SU(3),,
W3 and W8, mix among themselves. Assuming the kinetic
mixing between the gauge bosons B, and C, can be
neglected,” the relevant terms contributing to the neutral
boson masses, written in the basis B] = (W3, W8,B,.C,),
are

|

1

St
L 2%

ef ™

) 2
{G”CM + f[ma—gg,v(\/v% + 135G, + 24/ 07 + Wsz)} } ,

1 1
LD 5B,{M%Bﬂ +3 (mC* = o)* + L3 (31)

Here, M} is the squared mass matrix coming from the
Higgs mechanism, m is the Stueckelberg mass of the C¥
gauge field, and o is the scalar Stueckelberg compensator
that renders the second term in Eq. (31) invariant under the
gauge transformations,

CF = O+ 0" Q(x),

o — o+ mQ(x), (32)

with an arbitrary spacetime function Q(x). The gauge
fixing term EZ} can be chosen as

(33)

ensuring (up to a total derivative) that the gauge field C* decouples from the gradients d*o, 3G, and 9" G,. Notice that
after gauge fixing, the Lagrangian is still invariant under a restricted set of gauge functions Q(x), subject to the same
equation of motion as o, i.e., (0* + ém?)Q = (9* + £m?*)o = 0. This dynamical restriction guarantees the propagation of

3 degrees of freedom for the massive vector field C,. Moreover,

Eg} introduces a mixing between the scalars o, Gy, and G,.

After implementing the Stueckelberg mechanism outlined above, the squared-mass matrix of the neutral gauge bosons

becomes
2 2
1/,2 2 Vi—h
2 (Ul + UZ) 23
o il L2 + 03 +4w?) (v
M2 gL 2V3 6171 2
o 2 1 2 2 (’U%—Z?)%—ZWZ)tX
—3 (201 + v3)1x B e
2/ 2 2 2(v3+od+4w)ty
5 (v — vty Y S

—12v7 + vd)ix

2 52 92
3—207=2w")tx

2 (4vf + 03 +w)ig

%(27}% - ’U% + 2W2>tNtX

%(”5 — v}ty

2(1;%+v%+4w2)t1v

33

5 (20f — v3 + 2wh)tyiy

V3 . (34)

g%mz + 8 (v] + v} + )%
L

with ty = gx/g, and ty = gy/ g, In order to diagonalize M?, several changes of basis will be required. In this analysis, we

follow the procedure described in [33].

We first identify the photon field A,. The transformation matrix to the basis (A,,Z,,,Z},, C,) is given by

V3t Ix V3
A,, Wf’, VA% 43 V4543 V4543
Zl W8 t§(+3 _ \/gtf( _ 3ty 0
/” =U, e, U, = 413+3 V(B+3)d2+3) V(B+3) (42 +3) , (35)
Zlﬂ Bll V3 '
0 —v=_ —X 0
C, C, 243 743
0 0 0 1
such that
0 0
M? =U MUT = (o M,2>, (36)

*The effects of nonvanishing kinetic mixings have been discussed in Refs. [30-32].

015022-6



DARK MATTER STABILITY FROM DIRAC NEUTRINOS IN ... PHYS. REV. D 102, 015022 (2020)

with
(v}+03)(45343) VA% 430} (453 43)+03(212-3)] 2/ 9 5 4243\ 1/2
) @) =51 = 0)in(E53
M2 — i % V430 (A5 43)+ 03 (26.-3))] 02 (34412 )2+ 02 (3—13 )2 +4w? (3413 )? _ 2uy[2(207 =03 +2w2) ;3 43 (v Hu3 4w )] (37)
) 6(r3+3) 18(13+3) 9,/2+3
42 +3\ 1/2 2t 2(21}2—1;2Jr2w2 2 43(02 2 +4nw? 2
_%(U%_v%)tN(l{+3) _ 2ty[2Q2vi—v3 5 )tg(x+3( 1% )l Zgii+g(v%+1j%+4w2)t]2\]
Therefore, the photon is identified as
A, = = (V3txW3 + tx W8 + V/3B,). (38)
ty +
For the second diagonalization to the basis (Aﬂ, s Z’zﬂ, C,’,) we use a “‘seesaw approximation,” [34]
1 0 0 O
0 1 e €
Uy ® N (39)
0 - 1 0
0 - 0 1
where € and ¢; are the two components of a small vector given by
2 2 -1
= —(m2 2 0) Mz, Mzc
&€=~z z.Mz,.c 5 5 ,
my, . me
. N {21‘2 [8g7 12 (W22 + v3w? + v303) + 3m? (207 + v3)] + 9Im?(v3 — v3)}
! 415[4g 13 (W2 vt + vIw? + v}v3) + m? (4ot + 03 +w )] + 3m?[41% (20} — v3 +2w?) + 3(v] + 13 + 4n?)]’
e = — g3 tyti /1% + \/4tX 2(v3 +w?) + v3n?) (40)

415{4g: i3 [W? (v] + v3) + v}v3] + m* (40 + 03 +w )} + 3m?[413 (207 — v3 + 2w?) + 3(v? + v3 + 4w?)]

which are suppressed by the hierarchy v, v, < w, m. Finally, we can diagonalize M}* to the (A,.Z,.Z,.Z})

W S

Then, after the second diagonalization, we have

0 O 0
M"”? =U,M?UY =10 mZ 0 |, (41)
0 0 MP?
with
2
mZIZ/
m%zmz +2(€1,€2)( 2 ]>
m
Z,C

4(1% +3)

which can be identified with the squared mass of the
physical electroweak Z, boson and

2 2
n "% A
ME=| > (43)
mZ/ C/ mcl
2

basis through

10 0 O
0o1 0 O

Us= 0 0 ¢ s ' (44)
0 0 —s; ¢

and the diagonal squared mass matrix for the physical
gauge bosons becomes

M//I2 — U3M//2 UT, (45)
where the mixing angle is given by
W22 ty/1% + 3
tan 2{ ~ WLIn Y Iy T (46)

w2g? (1615 — 13 — 3) + 9m?’

and the diagonal entries can be identified as the squared
masses for the physical Z' and Z” bosons,

015022-7
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1
mZ, = E{w2g§(16112V +1%+3)+9m> F g\/[w2g§(16t,2v — 1% = 3) +9m?)? + 6dwtgi 13 (1% +3)},  (47)

with G = sign[w?g? (1613, — 1% — 3) + 9m?].

B. Complex neutral gauge bosons

The complex gauge boson X9, with B — L = 2, does not
mix with the other neutral vector fields. After spontaneous
symmetry breaking, Xﬁ, whose associated would-be
Goldstone boson is G5 in Eq. (15), gets the following
mass term:

(03 +w?). (48)

INISS

C. Charged gauge bosons

The charged gauge bosons present in the model, W and
W;,i, become massive after electroweak symmetry breaking
but do not mix due to their different B — L charges.

The first mass eigenstate is identified with the charged
standard model electroweak W boson, whose would-be
Goldstone bosons given by G7, and has the squared mass,

P
m3y, =2 (2 + ). (49)

Finally, the other charged gauge boson is heavy and eats up
the complex would-be Goldstone boson G in order to
acquire the squared mass,

9i
m2, :Z( 2+ w?). (50)

To sum up we note that, despite the conservation of B — L,
all of the gauge bosons acquire adequate masses through
the interplay of the standard Higgs mechanism with the
Stueckelberg mechanism, leaving only the photon mass-
less, as in the Standard Model. In particular, we would like
to reinforce the importance of the Stueckelberg mechanism
which provides the B — L gauge boson with a mass, while
keeping the associated symmetry fully preserved. As
mentioned above, the conservation of the B — L symmetry,
not affected by the Stueckelberg mechanism, is what
ensures two appealing features of our model, namely,
the Dirac nature of neutrinos and the stability of dark
matter.

V. CHARGED FERMIONS

The Yukawa interactions invariant under all the defining
symmetries of the model are

_ . MS
~Lyuc = Yop @] + 5 Sq@w] + = (S7)Sk

+ ViU ®] OF + ysuig®0] + yhydi®] 0}

+ Yaadz®) OF + VU @307

+y2,DF®I Q] + Hec. (51)
After spontaneous symmetry breaking, the above inter-
actions lead to the following mass matrices for the

fermions:
(i) Charged leptons,

e e U1
Mgy, = Yab /5 (52)
(ii) Up-type quarks, basis (u, ¢, t, Us),
iy v vz 0
1 v yu v yu — yu 0
V2 V1Y3; U1Yzm —U2Y33 0
0 0 0 wyls
(iii) Down-type quarks, basis (d, s, b, D, D,),
7)2)’(111 7)2)’(112 Uly[113 0 0
Uz)"zll Uzyﬁlz Uly£2i3 0 0
M, = NG Yy vy vygs 0 0
0 0 0wyl wh
0 0 0w wb
(54)

Realistic quark masses can be easily obtained from the
above mass matrices, as the standard model and exotic
quarks remain unmixed by virtue of the unusual B — L
charges of the exotic sector. This is reflected by the block-
diagonal form of the above matrices, which also implies the
unitarity of the Cabibbo-Kobayashi-Maskawa matrix
describing quark mixing.

Notice that, from the above Yukawa interactions, neu-
trinos remain massless at the tree level.

VI. SCOTOGENIC NEUTRINO MASSES

As previously shown, in the present model the gauged
B — L symmetry remains unbroken and so does the matter
parity M p. Furthermore, the U(1)pg symmetry, only broken
softly in the scalar sector, forbids the appearance of
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FIG. 1. One-loop scotogenic Dirac neutrino mass generation
mechanism.

a tree-level neutrino-mass-giving Yukawa term. However,
the Yukawa interactions in Eq. (51) allow the emergence of
a calculable one-loop contribution to the neutrino masses
via the diagram in Fig. 1.

Assuming that the Majorana mass of the fermion singlets
Sk is already diagonal M® = diag(M,, M,, M), the neu-
trino mass matrix generated by the scotogenic loop in the
basis (v, (vg)©) reads

0 m,
M, = , 55
() (55)
with neutrino Dirac masses,

3 S WS o
M,y y3, sin 20
(mv)ab - E tatb

2
— 32
2 2 2 2
m m m m
X {42 dl 2ln—r’z‘—i2 1 5 n—r’;} (56)
my, _Mk Mk m’?z_Mk Mk

Notice that from Eq. (19), if the relevant quartic couplings
are of the same order, the angle @ is already suppressed, of

XENONI1T

LUX

x 10741}

N

x 10743}

N

.x 10745}

N

x10747}

N

.x1074%}

m-Nucleon gy (cm?)

.x107%1

N

FIG. 2. The direct detection and relic abundance constraints on
the dark matter mass m, . Each blue point corresponds to a
solution (2,6, m,,, m,h) with the correct relic abundance
Qh% = 0.120. See the text for details. The red shaded region
is ruled out by direct detection experiments, XENONIT [35] and
LUX [36]. Notice that the stronger constraint below 1 TeV comes

from XENONIT and above 1 TeV from LUX.

O(v,/w). Besides, the internal fields in the loop are odd
under M p, while the standard model fields are even. Thus,
the lightest M p-odd field is automatically stable and, if it is
electrically neutral, can be identified as a dark matter
candidate. In our model, the stable dark matter candidate
will be the lightest field among the complex scalars #; and
Majorana fermions S ,z.

VII. DARK MATTER

In order to illustrate the viability of our model as a theory
of dark matter, we study a simplified scenario in which all
the non-SM fields are heavy and decouple, except for the
complex scalars #; and 7,. In this case, only the Higgs and
the Z-boson portals are available. In general, the region of
the parameters compatible with the observed relic abun-
dance and direct dark matter detection experiments is very
constrained for a complex scalar, unless coannihilation
takes place due to 7; and 7, being almost degenerate [37].
Besides, consistency with direct detection experiments
requires the coupling between the complex dark matter
candidate and the Z boson to be very small. This can be
easily achieved in our model since the mixing angle 6 in
Eq. (19) is naturally of O(v,/w™"). We assume that 7, is
our dark matter candidate, composed mostly by the SU(2),
singlet &52, and couples to the Z boson only through its
suppressed mixing with #,.

From our previous analysis of the scalar spectrum, the
condition m, <m, in Eq. (20) translates to ;12411% -
Jsaw? > 0, easily achieved by a natural negative value of
Ja4. Defining

Il W2(A34 + Aag) + 243],

[03124 + W2/134 + 2/4%], (57)

N = N =

uh

in Eq. (17), one can eliminate these scales and v,wA’ in
terms of the physical masses m,, , m, , and the mixing angle
0 as

vywd' = 2(mj, — mj ) sin 26,

1 1
uf = m? sin’ 0+ m} cos? 0 — 521412% - 5/124115,

1 1
i = m} sin? @ + mZ cos* 6 — 511411% - 5/1241)%. (58)

We have studied the relic abundance and direct detection
constraints for this scenario, setting for simplicity v; =
vy = vgw/V2 and 4,4 = A4 = A with vanishing nonrele-
vant couplings. In our analysis, we have varied randomly
the relevant parameters in the ranges 0 < |4 <1,
0<10] <0.01, 0<m, <10*GeV and m, <m, <
l.lmm. The results are shown in Fig. 2, where each blue
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point corresponds to a solution (4, 6, m,, , m, ) in parameter
space complying with the correct relic abundance Qh?> =
0.120 [38]. One can see that the model contains plenty of
parameter combinations well below the current direct
detection bounds, but also within the sensitivity of the
current experiments, like XenonlT.

Before ending this section, we wish to remark that Fig. 2
is plotted for a simplified scenario in which only the Higgs
and Z-boson portals are available. This need not be the
case. In our model, the allowed parameter space can be
considerably richer due to the presence of Majorana
fermions, like Sz, providing new channels for dark matter
annihilation. Similarly, more parameter combinations
become available when the vector bosons Z' and Z”,
whose masses are given in Eq. (47), are active in mediating
dark matter annihilation processes, instead of simply
decoupled, as assumed in the above example. A dedicated
study lies outside the scope of this paper.

VIII. SUMMARY AND CONCLUSIONS

In this work, we have proposed a simple scotogenic
extension of the original Singer-Valle-Schechter 3-3-1
model in which neutrinos are Dirac fermions as a result
of a conserved B — L gauge symmetry. In such minimal
SVS gauge extension of the standard model neutrino
masses arise through the radiative exchange of the simplest
scotogenic “dark” sector, as indicated by the diagram in
Fig. 1. Conservation of B — L gauge symmetry in the
SU(3), ® SU(3), ® U(1)x ® U(1)y theory ensures the
stability of dark matter, linked to the Dirac nature of
neutrinos. By combining the Higgs and the Stueckelberg
mechanisms, one ensures that all neutral gauge bosons
acquire adequate nonzero masses. Our present construction
bears similarities with that in Ref. [22], but within a richer
theoretical framework. Indeed, the present one also touches
other standard model shortcomings, such as the existence
of three families, which emerges just from anomaly
cancellation. Stable dark matter is “predestined” [23], in
the sense that the imposition of additional symmetries is not
required. We have given a detailed study of the basic
structure of the theory. For example, we noted that due to
our quantum numbers we have block-diagonal quark mass
matrices, Eqs. (53) and (54), implying the unitarity of the
CKM matrix describing quark mixing. This implies that the
new neutral gauge bosons can have flavor-changing inter-
actions at the tree level, as in the SVS model. These arise
from the underlying structure of the neutral current dictated
by the anomaly cancellation. As a result, in addition to
direct searches through dilepton studies at the LHC, heavy

neutral gauge bosons induce mass differences in neutral
meson systems. These can lead to observable phenomena if
they lie within the few TeV scale. For example, for v; ~
v, GeV if one takes m — oo, w ~ 10* GeV as a bench-
mark, one finds that the B — L Stueckelberg gauge boson
decouples, leaving adequate masses for the other new
intermediate gauge bosons, around 4 TeV, consistent with
current limits from flavor changing neutral current and
searches at the LHC run 2 at 13 TeV [39]. Likewise, one
can check that the scalar masses expected, e.g., from
Egs. (9) and (13), are also phenomenologically viable.
The same happens for finite values of the Stueckelberg
gauge boson mass parameter: in this case, one also obtains
gauge boson mass values in agreement with current limits.
We expect, however, that they can lie within the sensitiv-
ities expected, for example, at the High Luminosity-LHC,
LHCb as well as upcoming B factories.

Concerning the dark matter content of our model, in
Sec. VII, we have analyzed the case for a complex dark
matter scalar candidate. For definiteness, we took a simple
scenario where only the Higgs and Z-boson portals are
available. We have shown that, even in this simplified
scenario, there are parameter combinations that accommo-
date the correct dark matter relic abundance in agreement
with direct detection constraints. The viable parameter
space is expected to be substantially widened when other
channels for dark matter annihilation are taken into
account, e.g., those mediated by the vector bosons Z’
and Z".

Last, but not least, we stress that, in contrast to previous
3-3-1-1 models, here neutrinos get radiative scotogenic
Dirac masses, rather than Majorana masses from the
conventional seesaw mechanism. A discovery of neutrino-
less double beta decay would therefore invalidate our
present construction.
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