
Physics Letters B 807 (2020) 135537

Contents lists available at ScienceDirect

Physics Letters B

www.elsevier.com/locate/physletb

Scotogenic dark matter and Dirac neutrinos from unbroken gauged 

B  − L symmetry

Julio Leite a,b,∗, América Morales c, José W.F. Valle a, Carlos A. Vaquera-Araujo d,c

a AHEP Group, Institut de Física Corpuscular – C.S.I.C./Universitat de València, Parc Científic de Paterna, C/ Catedrático José Beltrán, 2, E-46980 Paterna, Valencia, 
Spain
b Centro de Ciências Naturais e Humanas, Universidade Federal do ABC, 09210-580, Santo André-SP, Brazil
c Departamento de Física, DCI, Campus León, Universidad de Guanajuato, Loma del Bosque 103, Lomas del Campestre C.P. 37150, León, Guanajuato, Mexico
d Consejo Nacional de Ciencia y Tecnología, Av. Insurgentes Sur 1582, Colonia Crédito Constructor, Del. Benito Juárez, C.P. 03940, Ciudad de México, Mexico

a r t i c l e i n f o a b s t r a c t

Article history:
Received 10 March 2020
Received in revised form 12 May 2020
Accepted 2 June 2020
Available online 4 June 2020
Editor: A. Ringwald

We propose a simple extension of the standard model where neutrinos get naturally small “scotogenic” 
Dirac masses from an unbroken gauged B − L symmetry, ensuring dark matter stability. The associated 
gauge boson gets mass through the Stueckelberg mechanism. Two scenarios are identified, and the 
resulting phenomenology briefly sketched.
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1. Introduction

Amongst the major drawbacks of the Standard Model (SM) is 
the absence of neutrino mass and the lack of a viable dark mat-
ter candidate. Amendments for both of these issues require new 
physics. Particle dark matter candidates should be stable, at least 
on cosmological time scales [1]. A simple way to ensure this is 
through the imposition of an adequate protecting symmetry whose 
nature is unknown. For example, dark matter stability can result 
from a residual Z2 matter-parity symmetry [2], from the R-parity 
symmetry in supersymmetric models [3] or from some Zn-like 
symmetry, such as quarticity [4–6]. Although these in general are 
ad hoc assumptions, it could be that they can follow naturally from 
the spontaneous breaking of an extended gauge symmetry [7–9].

A specially attractive possibility is that neutrino mass and dark 
matter have a common origin, i.e. the same physics being respon-
sible for both. For example, dark matter could be mediator of 
neutrino mass generation [10–13]. Also the symmetry stabilising 
dark matter could be closely related to neutrinos. For example, it 
could be an unbroken subgroup of the flavour symmetry that helps 
understand the neutrino oscillation parameters [14–17]. In some 
cases this will lead to Dirac neutrinos, obtained as a consequence 
of flavour symmetry imposition [18,19].

Likewise, the dark matter stabilising symmetry could be a resid-
ual Zn subgroup of lepton number symmetry or B − L. This may, 
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again, lead to Dirac neutrinos. Such a possibility was explored in 
[20], assuming that B − L is spontaneously broken down to a Zn

symmetry stabilising dark matter, as well as in [21], where the 
residual dark matter stabilising symmetry follows from the soft 
breaking of B − L.

On the other hand, conservation of the full ungauged B − L
symmetry could stabilise dark matter. A scenario of this type has 
been suggested within a bound-state dark matter scenario [22]. 
Indeed, this is a justified hypothesis since, despite decade-long 
searches [23], there has been no experimental evidence of B − L
breakdown.

In this letter we consider the alternative case of gauged unbro-
ken B − L as the dark matter stabilisation symmetry. The promo-
tion of the accidental B − L global symmetry of the standard model 
to a local one stands out for its simplicity, since the inclusion of 
three right-handed neutrinos νiR is enough to make it anomaly 
free and hence consistent. Clearly B − L preserving models are vi-
able provided the associated Z ′ boson develops an adequate mass. 
Here we study a Stueckelberg [24] B − L extension of the standard 
model with naturally small neutrino masses. These are achieved 
through the scotogenic approach, while the unbroken B − L sym-
metry is responsible for both the Dirac nature of the neutrino mass 
and the stabilisation of a dark matter candidate.

The letter is organized a follow. In Sec. 2 we describe the the-
oretical setup, in Sec. 3 we discuss the scalar sector and in Sec. 4
we describe the Stueckelberg mechanism, while in Sec. 5 we give 
the mass generation mechanisms in the two alternative realisa-
tions of our scenario. Finally, in Sec. 6 we briefly comment on the 
phenomenology and summarize.
le under the CC BY license (http://creativecommons.org/licenses/by/4.0/). Funded by 
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Table 1
Standard Model fermions and scalars and their gauge transformation properties and 
the global B − L.

Fields SU (3)C SU (2)L U (1)Y U (1)B−L

LiL 1 2 –1/2 –1
eiR 1 1 –1 –1
Q iL 3 2 1/6 1/3
uiR 3 1 2/3 1/3
diR 3 1 –1/3 1/3

H 1 2 1/2 0

2. Two scenarios

We start from the basic setup provided by the standard model 
fermion and scalar sectors, as defined in Table 1. This has an auto-
matic global “baryon number minus lepton number” symmetry, we 
call simply U (1)B−L . This symmetry, however, cannot be directly 
promoted to a local one, as it exhibits non-vanishing [U (1)B−L ]3

and [Grav]2 × [U (1)B−L] anomalies. Therefore, in order to “gauge” 
U (1)B−L consistently, we need to extend the standard model field 
content so as to ensure anomaly cancellation.1

A simple way to achieve this is by adding three right-handed 
fermions, νiR , singlets under the SM gauge group but with a B − L
charge of −1. Adding the νiR allows for a tree-level Dirac mass 
for neutrinos through the term yLL H̃νiR . Viable neutrino masses 
require very tiny Yukawa couplings, y � O(10−11). On the other 
hand, if the νiR have a Majorana mass term, the B − L symmetry is 
broken, and the active neutrinos get masses via the type-I seesaw 
mechanism, requiring the B − L scale to be around the unification 
scale for Yukawa couplings of order 1.

Here we propose alternative ways of generating small neutrino 
masses, relying neither on unnaturally suppressed Yukawa cou-
plings nor on inaccessibly large energy scales. At the same time, in 
our scenario dark matter candidates mediate neutrino mass gener-
ation in a scotogenic fashion, and are stabilised by the conserved 
B − L symmetry. We suggest two standard model extensions with 
gauged B − L and dark matter as the mediator of neutrino mass 
generation.

In Model A, we add a new doublet η and a singlet σ in the 
scalar sector, both charged under the B − L symmetry. In the 
fermion sector, three right-handed neutrinos, νiR , as well as three 
gauge singlet fermions, SiR , are introduced. The particle content 
and symmetry properties are given in Table 2. In addition to the 
gauge symmetries, a Z2 is imposed, under which all the standard 
fields in Table 1 transform trivially. Notice that, even though there 
is a Majorana mass term for the three 2-component SM singlet 
fermions S R ,2 it conserves B − L. As a result, this is consistent 
with the Dirac nature of the light neutrinos.

We also propose a variant, Model B, shown in Table 3. This 
differs from Model A due to introduction of three extra fermion 
fields: SL . In contrast to Model A, the charges of the new fields, 
except for those of νiR , are not fixed but defined by a single in-
teger n �= 0. Notice that, although SL and S R are SM singlets, they 
carry nonzero B − L charges.

In both cases, the Z2 symmetry in Tables 2 and 3 prevents 
the appearance of LiL H̃νiR in the Yukawa sector. As a result there 
are no tree-level neutrino masses. Neverteless, this symmetry is 
broken in the scalar sector, making it possible for neutrinos to get 
calculable Dirac masses at the one-loop level.

1 Since the pioneer paper of Pati and Salam [25] there have been many sugges-
tions for gauging B − L just as a U(1) symmetry see, e.g., Refs. [26–28] also within 
a Stueckelberg approach [29].

2 Notice that we stick to the chirally-projected 4-component description for the 
intrinsically 2-component electrically neutral fermions [30].
Table 2
SM extension A: new fields and their symmetry properties.

Fields SU (3)C SU (2)L U (1)Y U (1)B−L Z2

νiR 1 1 0 –1 –
SiR 1 1 0 0 +

η 1 2 1/2 1 +
σ 1 1 0 1 –

Table 3
SM extension B: new fields and their symmetry properties. Here, n(�= 0) ∈Z.

Fields SU (3)C SU (2)L U (1)Y U (1)B−L Z2

νiR 1 1 0 –1 –
SiL 1 1 0 2n +
SiR 1 1 0 2n +

η 1 2 1/2 2n+1 +
σ 1 1 0 2n+1 –

Notice that the U (1)B−L remains exactly conserved. This im-
plies that the Z2 group, called matter parity, generated by M P =
(−1)3(B−L)+2s , where s is the field’s spin, is also exactly conserved. 
Under M P , the SM fields and νiR transform trivially. On the other 
hand, S , η and σ , in Tables 2 and 3, are M P -odd fields. Therefore, 
the lightest among them is stable by matter parity and can play 
the role of dark matter. In either Model A or B, the dark matter 
candidate can be scalar or fermionic. When fermionic, dark matter 
would be Majorana-type in Model A and Dirac-type in Model B.

3. Scalar spectrum

Taking into account the fields and symmetries in Tables 2 and 3, 
the simplest scalar potential, shared by the two schemes sketched 
above, can be written as

V =
∑

s=H,η,σ

[
μ2

s (s†s) + λs(s†s)2
]
+ λHη(H† H)(η†η)

+ λ′
Hη(H†η)(η† H) + λHσ (H† H)(σ ∗σ) + λησ (η†η)(σ ∗σ)

+ μ3√
2
(η† Hσ + h.c.) , (1)

where the last term breaks the Z2 symmetry softly, with the mass 
parameter μ3 assumed to be real for simplicity.

Assuming that B − L is not broken, it is easy to see that the 
matter parity of the new scalars is the opposite of that of the stan-
dard Higgs doublet H . As a result, M P conservation requires the 
new scalars η and σ not to acquire any vev, and hence they do not 
mix with H . Therefore, similar to the standard model case, when 
the neutral component of H acquires a vev, the SU (2)L ⊗ U (1)Y

group is broken down to a U (1)Q subgroup, generated by the con-
ventional electric charge operator Q = T3 + Y . The CP-even field in 
the neutral component of H becomes massive with m2

h0 = 2λH v2

and is identified with the 125 GeV Higgs boson observed at the 
LHC in 2012. The remaining components of H are absorbed by the 
gauge sector, through the Higgs mechanism, making the W ± and 
Z vector bosons massive.

The other scalars are in the M P -odd or “dark sector” and do 
not acquire a vev. The first component of the scalar doublet η cor-
responds to a massive charged scalar field, η± , whose mass is

m2
η± = λHηv2

2
+ μ2

η. (2)

The spontaneous symmetry breaking through 〈H〉 induces a mixing 
between the second component of η, η0, and the singlet σ , arising 
from (σ , η0) M2

ϕ (σ , η0)†, where
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M2
ϕ = 1

2

(
2μ2

σ + λHσ v2 μ3 v
μ3 v 2μ2

η + (λHη + λ′
Hη)v2

)
. (3)

Upon diagonalising the mass matrix above, we find two complex 
neutral scalars in the spectrum(

ϕ0
1

ϕ0
2

)
=

(
cos θ sin θ

− sin θ cos θ

)(
σ

η0

)
, with

2θ = arctan(ε)= arctan

[
2μ3 v

2(μ2
σ − μ2

η) + (λHσ − λHη − λ′
Hη)v2

]
.

(4)

Notice that when the Z2-soft-breaking term, μ3, goes to zero, 
the mixing angle θ also vanishes. The mass eigenvalues associated 
with such states are

m2
ϕ0

(1,2)

= 1

4

{
2(μ2

η + μ2
σ ) + v2(λHη + λ′

Hη + λHσ )

∓F
√[

2(μ2
σ − μ2

η) + v2(λHσ − λHη − λ′
Hη)

]2 + 4μ3 v2

}
,

(5)

respectively, where F = 1 for (M2
ϕ)22/(M2

ϕ)11 > 1 and F = −1
otherwise.

It is worth noticing that in Eq. (3), the real and imaginary parts 
of the scalar fields appear together, that is, real and imaginary 
parts are degenerate in mass. That means that, if dark matter is 
scalar, it is described by a complex field, in contrast to conven-
tional scotogenic scenarios [10,13] in which they are nearly degen-
erate but not exactly so.

4. Stueckelberg mechanism

Neglecting kinetic mixing,3 after electroweak spontaneous sym-
metry breaking the Z ′ boson associated with U (1)B−L remains 
unmixed with the standard EW gauge bosons. Its massive nature 
can be described by the kinetic Lagrangian [24]

LSt
kin = −1

4
Z ′μν Z ′

μν + 1

2
(M Z ′ Z ′μ − ∂μ A)2, (6)

which is invariant under the U (1)B−L gauge transformations

Z ′μ → Z ′μ + ∂μ
,

A → A + M Z ′
,
(7)

where A is a scalar Stueckelberg compensator and Z ′μν = ∂μ Z ′ν −
∂ν Z ′μ . Upon gauge-fixing, implemented by the Rξ gauge term

LSt
fg = − 1

2ξ
(∂μ Z ′μ + M Z ′ξ A)2, (8)

the Z ′ boson acquires mass M Z ′ and the auxiliary field A decou-
ples, as

LSt
kin +LSt

fg = −1

4
Z ′μν Z ′

μν + 1

2
M2

Z ′ Z ′μ Z ′
μ − 1

2ξ
(∂μ Z ′μ)2

+ 1

2
∂μ A∂μ A − 1

2
M2

Z ′ξ A2, (9)

up to a total derivative. Here M Z ′ is a free parameter of the model, 
unrelated to any vev and disconnected from the neutrino mass 
generation mechanism.

3 Kinetic mixing has been discussed in Refs. [31–33].
The relevant Z ′ interactions are

LZ ′
f = g′ Z ′

μ

3∑
i=1

[
1

3
(uiγ

μui + diγ
μdi) − eiγ

μei − ν iγ
μνi

+ 2nSγ μS

]
,

LZ ′
s = ig′(2n + 1)Z ′

μ

[
η−∂μη+ − η+∂μη−

+
2∑

i=1

(
ϕ0∗

i ∂μϕ0
i − ϕ0

i ∂μϕ0∗
i

)]
(10)

+g′2(2n + 1)2 Z ′μ Z ′
μ

(
η−η+ +

2∑
i=1

ϕ0∗
i ϕ0

i

)
,

LZ ′
s+g = 2eg′(2n + 1)Z ′μ {[

Aμ + cot(2θW )Zμ

]
η−η+

− csc(2θW )Zμ

∣∣∣ϕ0
1 cos θ − ϕ0

2 sin θ

∣∣∣2

+csc θW√
2

[
W +

μη−(ϕ0
1 cos θ − ϕ0

2 sin θ) + h.c.
]}

,

with n = 0 in Model A and n(�= 0) ∈Z in Model B.
There are no gauge-mediated flavour-changing neutral currents 

and both B − L and M P remain unbroken to all orders in pertur-
bation theory, preserving the Dirac nature of neutrinos.

5. Scotogenic neutrino masses

We now give the most general renormalisable Yukawa La-
grangians for our models. According to Tables 2 and 3 they can 
be written, respectively, as follows

−LA
Y = ye LL HeR + yν LL η̃S R + h(S R)cσνR + 1

2
MM

S (S R)c S R

+ h.c. , (11)

−LB
Y = ye LL HeR + yν LL η̃S R + hSLσνR + M D

S SL S R + h.c. ,

where the flavour indices have been omitted.
Due to the conservation of B − L and M P neutrino masses are 

not generated at the tree level, arising only as a calculable one-
loop contribution via the diagrams in Fig. 1. In both cases the 
neutrino masses have the same form

(mν)i j = sin(2θ)

32π2

∑
k

yν
ikhkjmSk

×
[

m2
ϕ1

m2
ϕ1

− m2
Sk

ln
m2

ϕ1

m2
Sk

− m2
ϕ2

m2
ϕ2

− m2
Sk

ln
m2

ϕ2

m2
Sk

]
, (12)

where, for model A, mSk are the eigenvalues of the Majorana 
mass matrix MM

S , while, for model B, mSk are the Dirac mass 
matrix M D

S eigenvalues. In the limit of a small Z2 soft-breaking 
term, i.e. μ3 � 1, we have that θ � 1, then sin(2θ) 
 ε , with 
ε = ε(μ3) � 1, as defined in Eq. (4).

The internal fields in the loop are odd under matter parity, 
while the others are even. The lightest among the M P -odd fields 
is stable and, if electrically neutral, can play the role of dark mat-
ter. Assuming that the charged component of the scalar doublet η
is heavier than the other M P -odd fields, the model can have either 
a complex neutral scalar or a fermion as dark matter. In the latter 
case it can either be a Majorana or a Dirac fermion.
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Fig. 1. One-loop Dirac neutrino masses for Model A and B, respectively.
6. Comments on phenomenology

The class of models suggested here has a broad range of phe-
nomenological implications. Some of these are present in the mini-
mal Stueckelberg B − L extension of the standard model studied in 
Ref. [34]. For example, the existence of a Z ′ associated to the con-
served B − L symmetry implies new gauge couplings of the stan-
dard model fermions, as seen in Eq. (10). Hence its effects should 
be manifest at high energies, say, in electron-positron or proton-
proton collisions. This implies that the ratio of the Z ′ mass and its 
corresponding gauge coupling is constrained by collider data. There 
are limits coming from Tevatron [35], LEPII and LHC [34]. The most 
stringent current value is

M Z ′/g′ ≥ 6.9 TeV at 95% C.L. (13)

Besides the physics of the Z ′ , our proposal harbours scotogenic 
dark matter [10], made stable by the conservation of B − L. The 
scenario differs from the proposal in Ref. [22] in that the dark 
matter here is elementary, and can be light. The pure dark matter 
phenomenology has similarities with the non-scotogenic scenario 
discussed in [36]. Let us first comment on the possibility of dark 
matter being a scalar candidate. In this case, the lightest among 
the M P -odd complex scalars ϕ0

1 and ϕ0
2 will be stable and can play 

the role of dark matter. Consistency with direct detection experi-
ments requires the coupling between the complex DM candidate 
and the Z -boson to be very small. This can be easily achieved here 
if the mixing between ϕ0

1 and ϕ0
2 is very small, and the lightest 

state is ϕ0
1 . In this case, the dark matter candidate ϕ0

1 is mostly 
the scalar singlet σ , and couples to the Z -boson only through its 
suppressed mixing with η0. Notice that since the mixing angle θ
is governed by the Z2-soft-breaking parameter μ3, it can be made 
naturally small since its absence is associated with an enhanced 
symmetry, and hence protected in ‘t Hooft sense.

The fate of mixed complex dark matter has been analysed in 
Ref. [37] in a simpler phenomenological setup with no Z ′ boson. 
In the case where only the Higgs and the Z -boson portals are 
available, the region of the parameter space compatible with the 
observed relic abundance and direct detection experiments is, in 
general, very constrained, unless co-annihilation takes place due 
to ϕ0

1 and ϕ0
2 being almost degenerate. The allowed region is con-

siderably widened in the presence of a Majorana fermion, like S R

in our Model A, acting as a new channel for dark matter annihila-
tion.

On the other hand, the dark matter candidate can be one of 
the neutral fermions, say S1, if it is the lightest Mp -odd parti-
cle. For the case of Model A, the dominant process contributing 
to the thermal relic density of the Majorana fermion dark mat-
ter candidate S1 is driven by the Yukawa couplings yν and h
in Eq. (11). This scenario is analogous to the original scotogenic 
model [10], where fairly large Yukawas are required to produce 
the correct dark matter abundance, in potential tension with ex-
perimental bounds from Lepton Flavour Violation processes like 
μ → eγ [38]. Nevertheless, even in this case, certain regions of the 
parameter space are phenomenologically viable, as investigated in 
Ref. [39]. For the case of Model B with a Dirac fermion dark mat-
ter, there are new processes involved in setting the relic density, 
mediated by the B − L gauge boson, according to the interactions 
shown in Eq. (10). Assuming the Z ′ to be the dominating chan-
nel, the correct relic density can be successfully reproduced around 
the resonance condition M Z ′ ≈ 2M D

S1
for any n �= 0 in Table 3 [40]. 

Finally, it is worth emphasising that, although some of the dark 
matter scenarios are more constrained than others, all of them ex-
hibit viable regions of the parameter space.

In short, we have proposed a simple extension of the standard 
model where neutrinos get naturally small “scotogenic” Dirac-type 
masses from an unbroken gauged B − L symmetry. The associ-
ated gauge boson gets mass through the Stueckelberg mechanism. 
The conservation of B − L and matter parity play a key role in 
ensuring dark matter stability. Dedicated studies of the resulting 
phenomenology will be presented elsewhere.

Declaration of competing interest

The authors declare that they have no known competing finan-
cial interests or personal relationships that could have appeared to 
influence the work reported in this paper.

Acknowledgements

Work supported by the Spanish grants SEV-2014-0398 and 
FPA2017-85216-P (AEI/FEDER, UE), PROMETEO/2018/165 (Gen-
eralitat Valenciana) and the Spanish Red Consolider MultiDark 
FPA2017-90566-REDC. J. L. acknowledges financial support under 
grant 2019/04195-7, São Paulo Research Foundation (FAPESP). A.M. 
acknowledges support by CONACYT. CAV-A is supported by the 
Mexican Cátedras CONACYT project 749 and SNI 58928.

References

[1] G. Bertone, D. Hooper, J. Silk, Particle dark matter: evidence, candidates and 
constraints, Phys. Rep. 405 (2005) 279–390.

[2] A. Alves, et al., Matter-parity as a residual gauge symmetry: probing a theory of 
cosmological dark matter, Phys. Lett. B 772 (2017) 825–831, arXiv:1612 .04383
[hep -ph].

[3] R. Barbier, et al., R-parity violating supersymmetry, Phys. Rep. 420 (2005) 
1–202.

[4] S. Centelles Chuliá, et al., Dirac neutrinos and dark matter stability from lepton 
quarticity, Phys. Lett. B 767 (2017) 209–213, arXiv:1606 .04543 [hep -ph].

[5] S. Centelles Chuliá, R. Srivastava, J.W. Valle, CP violation from flavor symmetry 
in a lepton quarticity dark matter model, Phys. Lett. B 761 (2016) 431–436, 
arXiv:1606 .06904 [hep -ph].

[6] S. Centelles Chuliá, R. Srivastava, J.W.F. Valle, Generalized Bottom-Tau unifica-
tion, neutrino oscillations and dark matter: predictions from a lepton quarticity 
flavor approach, Phys. Lett. B 773 (2017) 26–33, arXiv:1706 .00210 [hep -ph].

http://refhub.elsevier.com/S0370-2693(20)30341-5/bib969A40F12C29128F3C1587AACAB10F82s1
http://refhub.elsevier.com/S0370-2693(20)30341-5/bib969A40F12C29128F3C1587AACAB10F82s1
http://refhub.elsevier.com/S0370-2693(20)30341-5/bib9B39B8BFF1B194B8022B8062CCAF1A27s1
http://refhub.elsevier.com/S0370-2693(20)30341-5/bib9B39B8BFF1B194B8022B8062CCAF1A27s1
http://refhub.elsevier.com/S0370-2693(20)30341-5/bib9B39B8BFF1B194B8022B8062CCAF1A27s1
http://refhub.elsevier.com/S0370-2693(20)30341-5/bibE56CAE1A02386E3B80E1342E07EF0412s1
http://refhub.elsevier.com/S0370-2693(20)30341-5/bibE56CAE1A02386E3B80E1342E07EF0412s1
http://refhub.elsevier.com/S0370-2693(20)30341-5/bibEF9CBF38CA0C877CC2E2923F200285F4s1
http://refhub.elsevier.com/S0370-2693(20)30341-5/bibEF9CBF38CA0C877CC2E2923F200285F4s1
http://refhub.elsevier.com/S0370-2693(20)30341-5/bib93E7B26538CD8C2E16300157D35F6242s1
http://refhub.elsevier.com/S0370-2693(20)30341-5/bib93E7B26538CD8C2E16300157D35F6242s1
http://refhub.elsevier.com/S0370-2693(20)30341-5/bib93E7B26538CD8C2E16300157D35F6242s1
http://refhub.elsevier.com/S0370-2693(20)30341-5/bib920BCD77AFCCA9C3476A04AEEBDADA43s1
http://refhub.elsevier.com/S0370-2693(20)30341-5/bib920BCD77AFCCA9C3476A04AEEBDADA43s1
http://refhub.elsevier.com/S0370-2693(20)30341-5/bib920BCD77AFCCA9C3476A04AEEBDADA43s1


J. Leite et al. / Physics Letters B 807 (2020) 135537 5
[7] P.V. Dong, et al., The dark side of flipped trinification, J. High Energy Phys. 04 
(2018) 143, arXiv:1710 .06951 [hep -ph].

[8] S.K. Kang, et al., Scotogenic dark matter stability from gauged matter parity, 
Phys. Lett. B 798 (2019) 135013, arXiv:1902 .05966 [hep -ph].

[9] J. Leite, et al., A theory for scotogenic dark matter stabilised by residual gauge 
symmetry, Phys. Lett. B 802 (2020) 135254.

[10] E. Ma, Verifiable radiative seesaw mechanism of neutrino mass and dark mat-
ter, Phys. Rev. D 73 (2006) 077301.

[11] Y. Farzan, E. Ma, Dirac neutrino mass generation from dark matter, Phys. Rev. 
D 86 (2012) 033007, arXiv:1204 .4890 [hep -ph].

[12] M. Hirsch, et al., WIMP dark matter as radiative neutrino mass messenger, J. 
High Energy Phys. 1310 (2013) 149, arXiv:1307.8134 [hep -ph].

[13] A. Merle, et al., Consistency of WIMP dark matter as radiative neutrino mass 
messenger, J. High Energy Phys. 1607 (2016) 013, arXiv:1603 .05685 [hep -ph].

[14] M. Hirsch, et al., Discrete dark matter, Phys. Rev. D 82 (2010) 116003, arXiv:
1007.0871 [hep -ph].

[15] M. Boucenna, et al., Phenomenology of dark matter from A4 flavor symmetry, 
J. High Energy Phys. 1105 (2011) 037, arXiv:1101.2874 [hep -ph].

[16] S. Morisi, J.W.F. Valle, Neutrino masses and mixing: a flavour symmetry 
roadmap, Fortschr. Phys. 61 (2013) 466–492, arXiv:1206 .6678 [hep -ph].

[17] C. Bonilla, et al., Flavour-symmetric type-II Dirac neutrino seesaw mechanism, 
Phys. Lett. B 779 (2018) 257–261, arXiv:1710 .06498 [hep -ph].

[18] A. Aranda, et al., Dirac neutrinos from flavor symmetry, Phys. Rev. D 89 (2014) 
033001, arXiv:1307.3553 [hep -ph].

[19] S. Centelles Chuliá, R. Srivastava, J.W.F. Valle, Seesaw roadmap to neutrino mass 
and dark matter, Phys. Lett. B 781 (2018) 122–128, arXiv:1802 .05722 [hep -ph].

[20] C. Bonilla, S. Centelles Chuliá, R. Cepedello, E. Peinado, R. Srivastava, Dark 
matter stability and Dirac neutrinos using only Standard Model symmetries, 
arXiv:1812 .01599 [hep -ph].

[21] E. Ma, Leptonic source of dark matter and radiative Majorana or Dirac neutrino 
mass, arXiv:1912 .11950 [hep -ph].

[22] M. Reig, et al., Bound-state dark matter and Dirac neutrino masses, Phys. Rev. 
D 97 (2018) 115032, arXiv:1803 .08528 [hep -ph].

[23] GERDA Collaboration, M. Agostini, et al., Probing Majorana neutrinos with 
double-β decay, Science 365 (2019) 1445, arXiv:1909 .02726 [hep -ex].

[24] H. Ruegg, M. Ruiz-Altaba, The Stueckelberg field, Int. J. Mod. Phys. A 19 (2004) 
3265–3348, arXiv:hep -th /0304245 [hep -th].

[25] J.C. Pati, A. Salam, Lepton number as the fourth color, Phys. Rev. D 10 (1974) 
275–289.

[26] A. Davidson, B−L as the fourth color within an SU(2)L × U(1)R × U(1) model, 
Phys. Rev. D 20 (1979) 776.

[27] R. Marshak, R.N. Mohapatra, Quark - lepton symmetry and B-L as the U(1) 
generator of the electroweak symmetry group, Phys. Lett. B 91 (1980) 222–224.

[28] M. Malinsky, J. Romao, J.W.F. Valle, Novel supersymmetric SO(10) seesaw 
mechanism, Phys. Rev. Lett. 95, 161801, arXiv:hep -ph /0506296 [hep -ph].

[29] D. Feldman, P. Fileviez Perez, P. Nath, R-parity conservation via the Stueckel-
berg mechanism: LHC and dark matter signals, J. High Energy Phys. 01 (2012) 
038, arXiv:1109 .2901 [hep -ph].

[30] J. Schechter, J.W.F. Valle, Neutrino masses in SU(2) x U(1) theories, Phys. Rev. D 
22 (1980) 2227.

[31] B. Holdom, Two U(1)’s and epsilon charge shifts, Phys. Lett. B 166 (1986) 
196–198.

[32] D. Feldman, Z. Liu, P. Nath, The Stueckelberg Z-prime extension with kinetic 
mixing and milli-charged dark matter from the hidden sector, Phys. Rev. D 75 
(2007) 115001.

[33] M. Williams, C. Burgess, A. Maharana, F. Quevedo, New constraints (and moti-
vations) for Abelian gauge bosons in the MeV-TeV mass range, J. High Energy 
Phys. 1108 (2011) 106, arXiv:1103 .4556 [hep -ph].

[34] J. Heeck, Unbroken B – L symmetry, Phys. Lett. B 739 (2014) 256–262, arXiv:
1408 .6845 [hep -ph].

[35] M. Carena, A. Daleo, B.A. Dobrescu, T.M.P. Tait, Z ′ gauge bosons at the Tevatron, 
Phys. Rev. D 70 (2004) 093009, arXiv:hep -ph /0408098 [hep -ph].

[36] M. Klasen, F. Lyonnet, F.S. Queiroz, NLO+NLL collider bounds, Dirac fermion and 
scalar dark matter in the B–L model, Eur. Phys. J. C 77 (2017) 348, arXiv:1607.
06468 [hep -ph].

[37] M. Kakizaki, A. Santa, O. Seto, Phenomenological signatures of mixed complex 
scalar WIMP dark matter, Int. J. Mod. Phys. A 32 (10) (2017) 1750038, arXiv:
1609 .06555 [hep -ph].

[38] J. Kubo, E. Ma, D. Suematsu, Cold dark matter, radiative neutrino mass, μ →
eγ , and neutrinoless double beta decay, Phys. Lett. B 642 (2006) 18–23, arXiv:
hep -ph /0604114 [hep -ph].

[39] A. Vicente, C.E. Yaguna, Probing the scotogenic model with lepton flavor violat-
ing processes, J. High Energy Phys. 1502 (2015) 144, arXiv:1412 .2545 [hep -ph].

[40] C. Han, M.L. López-Ibáñez, B. Peng, J.M. Yang, Dirac dark matter in U (1)B−L

with Stueckelberg mechanism, arXiv:2001.04078 [hep -ph].

http://refhub.elsevier.com/S0370-2693(20)30341-5/bib4B8C6E33C219137452903C3E288AC591s1
http://refhub.elsevier.com/S0370-2693(20)30341-5/bib4B8C6E33C219137452903C3E288AC591s1
http://refhub.elsevier.com/S0370-2693(20)30341-5/bib8B0DBEEC4A117608AE5CB241A94F4D21s1
http://refhub.elsevier.com/S0370-2693(20)30341-5/bib8B0DBEEC4A117608AE5CB241A94F4D21s1
http://refhub.elsevier.com/S0370-2693(20)30341-5/bib363D6523F8F8256BB6581F9593954C86s1
http://refhub.elsevier.com/S0370-2693(20)30341-5/bib363D6523F8F8256BB6581F9593954C86s1
http://refhub.elsevier.com/S0370-2693(20)30341-5/bibB840739AD918DA5518247A41239755E2s1
http://refhub.elsevier.com/S0370-2693(20)30341-5/bibB840739AD918DA5518247A41239755E2s1
http://refhub.elsevier.com/S0370-2693(20)30341-5/bibB90BAB906B9CC934F06EE66D6A923746s1
http://refhub.elsevier.com/S0370-2693(20)30341-5/bibB90BAB906B9CC934F06EE66D6A923746s1
http://refhub.elsevier.com/S0370-2693(20)30341-5/bib30FDCA61ABD35ABDDA9A919DB6A77D04s1
http://refhub.elsevier.com/S0370-2693(20)30341-5/bib30FDCA61ABD35ABDDA9A919DB6A77D04s1
http://refhub.elsevier.com/S0370-2693(20)30341-5/bib96FEAAFFD4505AA8041A86C85FB2AC16s1
http://refhub.elsevier.com/S0370-2693(20)30341-5/bib96FEAAFFD4505AA8041A86C85FB2AC16s1
http://refhub.elsevier.com/S0370-2693(20)30341-5/bib58343793E8CF1C0A0DC3ACE33DCF4A81s1
http://refhub.elsevier.com/S0370-2693(20)30341-5/bib58343793E8CF1C0A0DC3ACE33DCF4A81s1
http://refhub.elsevier.com/S0370-2693(20)30341-5/bibF9089C9B8FD466D218141288092ADDEFs1
http://refhub.elsevier.com/S0370-2693(20)30341-5/bibF9089C9B8FD466D218141288092ADDEFs1
http://refhub.elsevier.com/S0370-2693(20)30341-5/bib2CCABFB345658CD04A328B4C87A2B241s1
http://refhub.elsevier.com/S0370-2693(20)30341-5/bib2CCABFB345658CD04A328B4C87A2B241s1
http://refhub.elsevier.com/S0370-2693(20)30341-5/bib1D8835FAC087E62D1C1561B8DD15382Cs1
http://refhub.elsevier.com/S0370-2693(20)30341-5/bib1D8835FAC087E62D1C1561B8DD15382Cs1
http://refhub.elsevier.com/S0370-2693(20)30341-5/bib2A0001E9C810AD0462B0DE25F7EE421Es1
http://refhub.elsevier.com/S0370-2693(20)30341-5/bib2A0001E9C810AD0462B0DE25F7EE421Es1
http://refhub.elsevier.com/S0370-2693(20)30341-5/bib7BEB325AA66C3C2D386FD16A1AE4A17Fs1
http://refhub.elsevier.com/S0370-2693(20)30341-5/bib7BEB325AA66C3C2D386FD16A1AE4A17Fs1
http://refhub.elsevier.com/S0370-2693(20)30341-5/bibF62458AF4EA10904AC5FC16F1177FB03s1
http://refhub.elsevier.com/S0370-2693(20)30341-5/bibF62458AF4EA10904AC5FC16F1177FB03s1
http://refhub.elsevier.com/S0370-2693(20)30341-5/bibF62458AF4EA10904AC5FC16F1177FB03s1
http://refhub.elsevier.com/S0370-2693(20)30341-5/bib573A5224811820B49D3D64964B609E38s1
http://refhub.elsevier.com/S0370-2693(20)30341-5/bib573A5224811820B49D3D64964B609E38s1
http://refhub.elsevier.com/S0370-2693(20)30341-5/bibC6B5B5959EABDAA1A05B228983F93B2Es1
http://refhub.elsevier.com/S0370-2693(20)30341-5/bibC6B5B5959EABDAA1A05B228983F93B2Es1
http://refhub.elsevier.com/S0370-2693(20)30341-5/bib3049C16EBCC8274921F75964FA124557s1
http://refhub.elsevier.com/S0370-2693(20)30341-5/bib3049C16EBCC8274921F75964FA124557s1
http://refhub.elsevier.com/S0370-2693(20)30341-5/bibF0A363A3881BB1C7D7AD29C4BF8E1CE2s1
http://refhub.elsevier.com/S0370-2693(20)30341-5/bibF0A363A3881BB1C7D7AD29C4BF8E1CE2s1
http://refhub.elsevier.com/S0370-2693(20)30341-5/bib2D4BA3436551C3C8B6EDE2E6996263CBs1
http://refhub.elsevier.com/S0370-2693(20)30341-5/bib2D4BA3436551C3C8B6EDE2E6996263CBs1
http://refhub.elsevier.com/S0370-2693(20)30341-5/bib31A16A64A102D745F56910E03D9D4950s1
http://refhub.elsevier.com/S0370-2693(20)30341-5/bib31A16A64A102D745F56910E03D9D4950s1
http://refhub.elsevier.com/S0370-2693(20)30341-5/bib5FD674D2E2DADB9D83352A92C2F4874As1
http://refhub.elsevier.com/S0370-2693(20)30341-5/bib5FD674D2E2DADB9D83352A92C2F4874As1
http://refhub.elsevier.com/S0370-2693(20)30341-5/bib5637FF72E4C66A01190B0DFF3BE7CEA2s1
http://refhub.elsevier.com/S0370-2693(20)30341-5/bib5637FF72E4C66A01190B0DFF3BE7CEA2s1
http://refhub.elsevier.com/S0370-2693(20)30341-5/bib3A0693B6E9E84297AFF0AA54317B06EBs1
http://refhub.elsevier.com/S0370-2693(20)30341-5/bib3A0693B6E9E84297AFF0AA54317B06EBs1
http://refhub.elsevier.com/S0370-2693(20)30341-5/bib3A0693B6E9E84297AFF0AA54317B06EBs1
http://refhub.elsevier.com/S0370-2693(20)30341-5/bib6BE2131ED68EAF99B55EC9FEFA33B69Es1
http://refhub.elsevier.com/S0370-2693(20)30341-5/bib6BE2131ED68EAF99B55EC9FEFA33B69Es1
http://refhub.elsevier.com/S0370-2693(20)30341-5/bib62736DA23B946DF8EECA03E807A7A135s1
http://refhub.elsevier.com/S0370-2693(20)30341-5/bib62736DA23B946DF8EECA03E807A7A135s1
http://refhub.elsevier.com/S0370-2693(20)30341-5/bib742B57284FD90E46ADF0485D72AA9219s1
http://refhub.elsevier.com/S0370-2693(20)30341-5/bib742B57284FD90E46ADF0485D72AA9219s1
http://refhub.elsevier.com/S0370-2693(20)30341-5/bib742B57284FD90E46ADF0485D72AA9219s1
http://refhub.elsevier.com/S0370-2693(20)30341-5/bib377941F9D0FDCFB50FC220FEF8282C05s1
http://refhub.elsevier.com/S0370-2693(20)30341-5/bib377941F9D0FDCFB50FC220FEF8282C05s1
http://refhub.elsevier.com/S0370-2693(20)30341-5/bib377941F9D0FDCFB50FC220FEF8282C05s1
http://refhub.elsevier.com/S0370-2693(20)30341-5/bibBEC7CD59F9A38B51C10B449BD3108510s1
http://refhub.elsevier.com/S0370-2693(20)30341-5/bibBEC7CD59F9A38B51C10B449BD3108510s1
http://refhub.elsevier.com/S0370-2693(20)30341-5/bib50F8BA9DB7EE8BD14FA55A4DB46D6FC8s1
http://refhub.elsevier.com/S0370-2693(20)30341-5/bib50F8BA9DB7EE8BD14FA55A4DB46D6FC8s1
http://refhub.elsevier.com/S0370-2693(20)30341-5/bibAA30A5FA1B0FC728B4BB1B069C19F1FFs1
http://refhub.elsevier.com/S0370-2693(20)30341-5/bibAA30A5FA1B0FC728B4BB1B069C19F1FFs1
http://refhub.elsevier.com/S0370-2693(20)30341-5/bibAA30A5FA1B0FC728B4BB1B069C19F1FFs1
http://refhub.elsevier.com/S0370-2693(20)30341-5/bib53F9B05C0BF6DAFE0580AA0297EE1A28s1
http://refhub.elsevier.com/S0370-2693(20)30341-5/bib53F9B05C0BF6DAFE0580AA0297EE1A28s1
http://refhub.elsevier.com/S0370-2693(20)30341-5/bib53F9B05C0BF6DAFE0580AA0297EE1A28s1
http://refhub.elsevier.com/S0370-2693(20)30341-5/bib319D49C0DEA61DD3D9140966D6D8252Bs1
http://refhub.elsevier.com/S0370-2693(20)30341-5/bib319D49C0DEA61DD3D9140966D6D8252Bs1
http://refhub.elsevier.com/S0370-2693(20)30341-5/bib319D49C0DEA61DD3D9140966D6D8252Bs1
http://refhub.elsevier.com/S0370-2693(20)30341-5/bib01482929B6DEC52DBAB13DD9DE334EF3s1
http://refhub.elsevier.com/S0370-2693(20)30341-5/bib01482929B6DEC52DBAB13DD9DE334EF3s1
http://refhub.elsevier.com/S0370-2693(20)30341-5/bibFF9A1FF1D692E6E8FCAE8E9F1ECA9BE2s1
http://refhub.elsevier.com/S0370-2693(20)30341-5/bibFF9A1FF1D692E6E8FCAE8E9F1ECA9BE2s1

	Scotogenic dark matter and Dirac neutrinos from unbroken gauged B−L symmetry
	1 Introduction
	2 Two scenarios
	3 Scalar spectrum
	4 Stueckelberg mechanism
	5 Scotogenic neutrino masses
	6 Comments on phenomenology
	Acknowledgements
	References


