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We discuss the connection between the origin of neutrino masses and the properties of dark matter
candidates in the context of gauge extensions of the Standard Model. We investigate minimal gauge
theories for neutrino masses where the neutrinos are predicted to be Dirac or Majorana fermions. We find
that the upper bound on the effective number of relativistic species provides a strong constraint in the
scenarios with Dirac neutrinos. In the context of theories where the lepton number is a local gauge
symmetry spontaneously broken at the low scale, the existence of dark matter is predicted from the
condition of anomaly cancellation. Applying the cosmological bound on the dark matter relic density, we
find an upper bound on the symmetry breaking scale in the multi-TeV region. These results imply that we
could test simple gauge theories for neutrino masses at current or future experiments.
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I. INTRODUCTION

The origin of neutrino masses is one of the most pressing
issues in particle physics today. The Standard Model (SM)
of particle physics needs to be modified in order to account
for neutrino masses. Thanks to the ongoing effort of many
experimental collaborations, at present we have constraints
on the masses and mixing angles of neutrinos; see e.g.,
Ref. [1]. However, we still do not know the type of
spectrum, whether CP symmetry is broken in the leptonic
sector and whether neutrinos are Dirac or Majorana
fermions.
The simplest gauge symmetries we can use to understand

the origin of neutrino masses are B − L or L, where B and L
stand for baryon and lepton numbers, respectively. The
neutrinos are Majorana fermions when the B − L (or L)
symmetry is broken into two units, or they can be Dirac
fermions when B − L (or L) is conserved or broken in units
different than two. In both cases, we can hope to test the
mechanism for neutrino masses only if the B − L (or L)
symmetry breaking scale can be reached at current or future
colliders. Unfortunately, in a large class of models for
Majorana neutrino masses based on the seesaw mechanism

[2–5], the canonical seesaw scale can be very large,
Mseesaw ≲ 1014 GeV, which makes the mechanism impos-
sible to falsify.
Recently, we have discussed a simple theory for neutrino

masses where the seesaw scale is in the multi-TeV region
[6]. In this context, the same Uð1ÞB−L gauge symmetry that
explains the origin of neutrino masses defines the proper-
ties of a cold dark matter candidate. Using the cosmological
constraints on the dark matter relic density, it was found
that the seesaw scale must be in the multi-TeV region.
Therefore, there is hope to test the origin of neutrino
masses and the seesaw mechanism at colliders. For other
studies of gauged B − L with a dark matter candidate, see
Refs. [7–17], and for scenarios that explore a connection
between the origin of neutrino masses and the dark matter
candidate, see Refs. [18–23].
In this article, we investigate possible connections

between the origin of neutrino masses and the properties
of dark matter candidates in simple gauge extensions of the
SM based on local B − L or L gauge symmetries. We focus
on two main scenarios in the context of B − L theories:
(a) the Stueckelberg scenario and (b) the canonical seesaw
scenario. In the Stueckelberg scenario, the B − L symmetry
remains unbroken, the neutrinos are Dirac fermions, and
the gauge boson acquires mass through the Stueckelberg
mechanism. In the canonical seesaw scenario, the Uð1ÞB−L
symmetry is spontaneously broken into two units using
the Higgs mechanism, and the neutrinos are Majorana
fermions. In both cases the dark matter candidate is a
vectorlike Dirac fermion charged under the Uð1ÞB−L
symmetry. We study the simplest theories with gauged
lepton number, Uð1ÞL [24–27], where the existence of a
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dark matter candidate is predicted from anomaly cancella-
tion. Models with gauged lepton number have also been
studied in Refs. [28–32].
In this case, the lepton number is broken into three units,

and the neutrinos are predicted to be Dirac fermions, while
the dark matter candidate is a Majorana fermion.
We investigate the cosmological constraints on the relic

dark matter density and show that the upper bound on
the symmetry breaking scale in those theories is in the
multi-TeV scale. Therefore, one could test these theories
for neutrino masses and dark matter in the near future. In
the theories where the neutrinos are Dirac particles, the
Stueckelberg scenario and the theory based on Uð1ÞL, we
find a strong bound coming from the measurement of the
number of relativistic species in the early Universe. Our
main results suggest that one could be optimistic about the
possibility to test the different theories for neutrino masses
if there is a simple connection to the properties and origin
of dark matter candidates.

II. NEUTRINO MASSES AND THE NEW
PHYSICS SCALE

The observation of nonzero neutrino masses provides
evidence that the Standard Model must be modified. At
present, it remains unknown whether neutrinos are Dirac or
Majorana fermions. In the scenario where neutrinos are
Dirac in nature, their masses can be generated using the
Yukawa interactions between the SM neutrinos, the SM
Higgs and the additional right-handed neutrinos,

LD
ν ⊃ Yνl̄Liσ2H�νR þ H:c: ð1Þ

In order to generate neutrino masses in agreement with the
experimental constraints, the Yukawa coupling Yν must be
very small; i.e., if Yν ≤ 10−12 then mν ≤ 0.1 eV. In this
case it is necessary to forbid the Majorana mass term for the
right-handed neutrinos which otherwise would be allowed
by the SM gauge symmetries.
One of the simplest mechanisms to generate Majorana

neutrino masses is the type I seesaw mechanism [2–5],
where the following terms are added to the Lagrangian,

LM
ν ⊃ Yνl̄Liσ2H�νR þ 1

2
νTRCMRνR þ H:c:; ð2Þ

and once the right-handed neutrino masses are integrated
out, the SM neutrino mass matrix is given by

mν ¼ mDM−1
R mT

D; ð3Þ

where mD ¼ Yνv0=
ffiffiffi
2

p
and v0 is the SM Higgs vacuum

expectation value. If we take mD to be around the
electroweak scale, mD ∼ 102 GeV, then we have that
MR ≲ 1014 GeV. Therefore, in general, it will be difficult
to test the theory for neutrino masses at current and future

colliders. However, we note that the massesmD andMR are
unknown, and the seesaw mechanism could still be realized
at a lower scale.
In simple gauge theories where the origin of neutrino

masses can be understood, the seesaw scale is determined
by the new gauge symmetry scale. The simplest theories are
based on Uð1ÞB−L or Uð1ÞL [24–27]. In both scenarios,
anomaly cancellation requires at least the addition of three
right-handed neutrinos. Hence, the consistency of the
theory automatically requires neutrino masses. The main
difference between both possibilities is that, while in the
case of B − L the theory is already anomaly-free by the
addition of three copies of right-handed neutrinos, in
the case of Uð1ÞL one needs extra fields to define an
anomaly-free theory. However, whereas in Uð1ÞB−L one is
forced to include the dark matter by hand in such a way that
the cancellation of the anomalies remains unspoiled, in the
case of Uð1ÞL there is a natural dark matter candidate
among the extra fermions that one needs to consider for
anomaly cancellation.
The LEP collider provides a bound on the B − L gauge

boson. In this work, we use the recent study of Ref. [33],
which gives

MZBL

gBL
> 7 TeV: ð4Þ

This bound relies on the coupling with leptons, and hence,
it can also be applied to the gauge boson of lepton number
ZL. Furthermore, dilepton searches at the LHC can also be
used to constrain the Uð1ÞB−L scenario; we use the result
from ATLAS for center-of-mass energy

ffiffiffi
s

p ¼ 13 TeV and
36.1 fb−1 of integrated luminosity [34]. In Fig. 1, we show
these bounds in the gBL −MZBL

plane. Here, gBL is the
B − L gauge coupling, and MZBL

is the mass of the new

FIG. 1. Summary of the collider bounds in the Uð1ÞB−L scenario
in the gBL −MZBL

plane. The red line corresponds to the bound
from LEP [33], while the pink line corresponds to dilepton
searches at the with

ffiffiffi
s

p ¼ 13 TeV and 36.1 fb−1 [34].
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B − L gauge boson. As can be appreciated, if the gauge
coupling is of order one, gBL ≈ 1, the gauge boson must be
heavier than 7–8 TeV. The bounds from the LHC become
relevant in the region MZBL

≲ 4 TeV. In the next sections,
we will discuss simple gauge theories where there is a link
between the origin of neutrino masses and the properties of
the DM candidate and show that the B − L (or L) breaking
scale must be, at most, in the multi-TeV scale.

III. COSMOLOGICAL CONSTRAINTS: Neff

New light states with non-negligible interactions with the
SM could be copiously produced at high temperatures in
the early Universe. During the radiation era, they would
contribute to the total energy density of the Universe and
therefore modify the predictions for the cosmic microwave
background (CMB). Therefore, the observation of the
CMB with high angular resolution, as well as other indirect
methods, such as the measurement of the abundance of
light elements in the Universe, can impose relevant bounds
on the existence of these light states. The measurement of
the effective number of neutrino species can be used to
constrain theories that have additional light particles that
interact with the SM (see e.g., Refs. [35–45]), including
right-handed neutrinos coupled to a Z0 and light thermal
dark matter candidates. Axionlike particles that thermalize
in the early Universe can also contribute to the value of
Neff [46–49].
In the scenarios in which the right-handed neutrinos νR

are coupled to a new gauge boson, they could thermalize
and contribute to the effective number of neutrino
species as

ΔNeff ¼ Neff − NSM
eff ¼ NνR

�
TνR

TνL

�
4

¼ NνR

�
gðTdec

νL Þ
gðTdec

νR Þ
�4

3

;

ð5Þ

where the last equality follows from conservation of
entropy in the plasma and gðTÞ corresponds to the rela-
tivistic degrees of freedom at temperature T. Here, NνR
refers to the number of relativistic right-handed neutrinos.
For the active neutrinos we have Tdec

νL ≈ 2.3 MeV [50] and
hence gðTdec

νL Þ ¼ 43=4. For the prediction in the SMwe take
the recent result NSM

eff ¼ 3.045 [51].
In order to predict the shift in the effective number of

neutrino species, ΔNeff , one needs to estimate the temper-
ature at which the right-handed neutrinos decouple from the
plasma. The latter occurs when the interaction rate drops
below the expansion rate of the Universe,

ΓðTdec
νR Þ ¼ HðTdec

νR Þ; ð6Þ

where the Hubble expansion parameter is

HðTÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
8πGNρðTÞ

3

r
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4π3GN

45

�
gðTÞ þ 3

7

8
gνR

�s
T2;

ð7Þ
where gνR ¼ 2 is the number of spin states of the right-
handed neutrinos and gðTÞ is the number of relativistic SM
species in thermal equilibrium at temperature T. In the
calculation of gðTÞ, one needs to take into account the QCD
phase transition, i.e., the threshold between quarks and
hadrons as degrees of freedom. This transition can be
computed via lattice QCD. Here we will use the results
from Ref. [52].
The right-handed neutrinos remain in thermal equilib-

rium with the SM via exchange of a new gauge boson Z0,

ΓνRðTÞ ¼ nνRðTÞhσðν̄RνR → f̄fÞvMi

¼ g2νR
nνRðTÞ

Z
d3p⃗
ð2πÞ3 fνRðpÞ

Z
d3k⃗
ð2πÞ3 fνRðkÞσfðsÞvM;

ð8Þ
where the Fermi-Dirac distribution has been used to
determine the number density of particles in a fermion
gas at thermal equilibrium,

fνRðkÞ ¼ ðeðk−μÞ=T þ 1Þ−1; ð9Þ
and since the particles in the gas are relativistic, the
chemical potential μ can be ignored. In the above equation,
vM ¼ ð1 − cos θÞ refers to the Moller velocity and
s ¼ 2pkð1 − cos θÞ, where p and k are the momenta of
the interacting relativistic particles and θ is the angle
between them. For a massless right-handed neutrino,

nνRðTÞ ¼ gνR

Z
d3k⃗
ð2πÞ3 fνðkÞ ¼

3

2π2
ξð3ÞT3: ð10Þ

The cross section for this process is given by

σν̄RνR→f̄f ¼
g04

12π
ffiffiffi
s

p 1

ðs −M2
Z0 Þ2 þ Γ2

Z0M2
Z0

×
X
f

NC
f n

2
f

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
s − 4M2

f

q
ð2M2

f þ sÞ; ð11Þ

where NC
f is the color multiplicity of the fermion, i.e.,

NC
f ¼ 1ð3Þ for leptons (quarks), and nf is the charge of

the fermion under the new symmetry through which the
right-handed neutrinos interact with the rest of the plasma.
In this work, we focus on heavy mediators Tdec

νR ≪ MZ0 , and
hence, we can work in the limit s ≪ MZ0 . Neglecting the
fermion masses, the interaction rate reads

ΓνRðTÞ ¼
49π5T5

97200ξð3Þ
�

g0

MZ0

�
4X

f

NC
f n

2
f; ð12Þ
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where the sum is performed over all SM fermions that
are in thermal equilibrium at the temperature T. In order
to understand the bounds in models where the right-
handed neutrinos are very light, we use the value for
Neff derived from the CMB measurement by the Planck
satellite mission [53],

Neff ¼ 2.99þ0.34
−0.33 ⇒ ΔNeff < 0.285; ð13Þ

adopting the most conservative limit. Moreover, future
CMB stage-IV experiments [54] are expected to improve
this measurement to ΔNeff < 0.06.
In theories based on local B − L or L gauge symmetries

that have Dirac neutrinos, the right-handed counterparts of
the latter thermalize with the SM and contribute to Neff . In
the left panel of Fig. 2 we present our results for the
decoupling temperature of the right-handed neutrinos, νR,
as a function of the ratioMZ0=g0. In the right panel of Fig. 2
we present the prediction for ΔNeff in these models. As can
be seen in the figure, in these theories the bound coming
from Planck is stronger than the collider bound coming
from LEP. Basically, in these theories we find that
MZ0=g0 > ð9 − 10Þ TeV in order to satisfy the Neff bounds.
This has implications for any gauge theory coupled to the
SM with very light new particles. In the next sections, we
will study the implications of this bound on the phenom-
enology of dark matter candidates.

IV. B−L GAUGE THEORIES, NEUTRINOS
AND DARK MATTER

A. Stueckelberg scenario

Neutrinos are Dirac particles if B − L is a conserved
symmetry. The local gauge symmetry Uð1ÞB−L can remain
conserved, and the associated gauge boson can acquire

mass through the Stueckelberg mechanism. For a review on
the Stueckelberg mechanism, see Refs. [55,56]. Due to the
absence of a scalar particle in the B − L sector, it is not
possible to write a mass term for a Majorana fermion with
B − L charge. Therefore, the DM could be a scalar ϕ or a
Dirac fermion with quantum numbers χ ∼ ð1; 1; 0; nχÞ,
corresponding to the gauge groups [SUð3ÞC, SUð2ÞL,
Uð1ÞY , Uð1ÞB−L]. The state χ is stable for nχ ≠ 1 since
this value allows for χ to mix with the neutrinos and decay.
In addition, nχ cannot be arbitrarily large; perturbativity
requires nχ · gBL <

ffiffiffiffiffiffi
4π

p
to be satisfied. In the case where

DM is a scalar field, it is not possible to predict an upper
bound for the mass of the B − L gauge boson. This is
because, through the introduction of a Higgs portal term,
ϕ†ϕH†H, the DM can be produced and the ZBL boson can
be decoupled. Thus, we discuss the scenario where the DM
is a Dirac fermion. In this case, the relevant Lagrangian is
given by

LD ⊃ iχ̄LγμDμχL þ iχ̄RγμDμχR

− ðYνl̄Liσ2H�νR þMχ χ̄LχR þ H:c:Þ

−
1

2
ðMZBL

Zμ
BL þ ∂μσÞðMZBL

ZμBL þ ∂μσÞ; ð14Þ

which is invariant under the following gauge transforma-
tions,

δZμ
BL ¼ ∂μλðxÞ and δσ ¼ −MZBL

λðxÞ; ð15Þ

and the σ field decouples from the theory. When the
Stueckelberg mechanism is applied to an Abelian gauge
group, the theory is renormalizable and unitary. However,
for non-Abelian gauge groups, violation of unitarity arises
at tree level in the scattering of longitudinal gauge bosons.

FIG. 2. Left panel: The decoupling temperature of the right-handed neutrinos νR as a function of MZ0=g0. Right panel: The effective
number of extra relativistic species as a function ofMZ0=g0. The solid black and yellow lines correspond to the prediction forΔNeff in the
scenarios with Uð1ÞL and Uð1ÞB−L, respectively. The region shaded in pink is excluded by the CMBmeasurement by the Planck satellite
mission [53]. For comparison, we show the bound from LEP [33] in red.
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The properties of the dark matter candidate, χ¼ χLþχR,
are defined by the B − L gauge interaction. The model
contains only four free parameters,

Mχ ; MZBL
; gBL; and nχ : ð16Þ

For the rest of our discussion we fix nχ ¼ 1=3 for sim-
plicity, but the main conclusions can be applied to any other
scenario with different charge. The annihilation channels of
our dark matter candidate are

χ̄χ → eþi e
−
i ; ν̄iνi; ūiui; d̄idi; ZBLZBL:

See the Appendix B for their explicit representations in
Feynman graphs. We note that the annihilation channel into
fermions is the dominant one, with a higher contribution
from annihilation into leptons due to their larger coupling
to ZBL; the leptons have B − L charge −1, while quarks
have þ1=3. In this model, the perturbative bound on the
gauge coupling is given by gBL < 2

ffiffiffi
π

p
.

In order to compute numerically the dark matter
relic abundance, Ωχh2, we use MicrOMEGAs 5.0.6 [57],
implementing the model with the help of LanHEP 3.2

[58]. We cross-check our results with an independent
calculation in Mathematica. In Fig. 3, we present our results
in the ðMχ ;MZBL

Þ plane for the Stueckelberg scenario. The
solid blue line satisfies the correct dark matter relic
abundance Ωχh2 ¼ 0.1200� 0.0012 [53], while the region
shaded in light blue overproduces it. The latter is then ruled
out by cosmology unless the thermal history of the
Universe is altered. The horizontal red (pink) line corre-
sponds to the LEP [33] (LHC [34]) bound on the mass of
the ZBL gauge boson. The left (right) panel corresponds to
gBL ¼ 1.5 (gBL ¼ 2) and nχ ¼ 1=3. The solid green line
shows current experimental bounds from Xenon-1T [59],
and the purple lines shows the projected sensitivity for

Xenon-nT [60]. The small feature that can be observed in
the right panel at around Mχ ≈ 12 TeV corresponds to the
region in parameter space where the χχ → ZBLZBL channel
also contributes to the relic density.
The right-handed neutrinos feel the B − L interaction,

and they could be thermalized with the SM plasma in the
early Universe and contribute to the effective number of
neutrino species. Therefore, the bound on ΔNeff , discussed
in Sec. III, should be taken into account. This bound
corresponds to

ΔNeff < 0.285 ⇒
MZBL

gBL
> 10.33 TeV ð17Þ

and is given by the black line in Fig. 3. We note that, as the
figure shows, this bound is stronger than the LEP bound.
As can be appreciated, the upper bound on the gauge
coupling for nχ ¼ 1=3 is gBL ≲ 2, since scenarios with
larger values for the gauge coupling are totally excluded by
the bounds on Neff . Therefore, using all cosmological
bounds, one finds an upper bound on the gauge boson
mass, i.e., MZBL

≲ 22 TeV.
Direct detection experiments aim to measure the nuclear

recoil from interaction with a dark matter particle. In this
model, the only interaction between dark matter and the
nucleon in atoms occurs via the exchange of a gauge boson,

Nχ → Z�
BL → Nχ:

The direct detection spin-independent cross section is then
given by

σSI ¼
m2

NM
2
χ

πðmN þMχÞ2
n2χg4BL
M4

ZBL

; ð18Þ

where mN corresponds to the nucleon mass.

FIG. 3. Results for the dark matter relic density in the ðMχ ;MZBL
Þ plane for the Stueckelberg scenario. The solid blue line satisfies the

correct dark matter relic abundance Ωχh2 ¼ 0.1200� 0.0012 [53], while the region shaded in light blue overproduces it. For the points
that saturate the relic abundance, we mark in green those that are excluded by Xenon-1T [59] and in purple those that will be reached by
the Xenon-nT [60] experiment. The horizontal red (pink) line corresponds to the LEP [33] (LHC [34]) bound on the mass of the ZBL
gauge boson. The left (right) panel corresponds to gBL ¼ 1.5 (gBL ¼ 2) and nχ ¼ 1=3. The bounds from Neff are shown by the
horizontal black line.
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In Fig. 4, we show the predictions for the direct detection
spin-independent cross section as a function of the dark
matter mass in the Stueckelberg Uð1ÞB−L scenario. Red
points correspond to gBL ¼ 0–0.25, orange points corre-
spond to gBL ¼ 0.25–0.5, blue points correspond to gBL ¼
0.5–0.75, green points correspond to gBL ¼ 0.75–1.0, pink
points correspond to gBL ¼ 1.0–2.0 and purple points
correspond to gBL ¼ 2.0 − 2

ffiffiffi
π

p
. The solid black line

shows current experimental bounds from Xenon-1T [59],
the dashed black line shows the projected sensitivity for
Xenon-nT [60], and the dotted black line shows the
coherent neutrino scattering limit [61]. In this figure, we
also present the bound coming from ΔNeff . As it can be
seen, this is a strong bound, and it excludes a large region of
parameter space that otherwise could be reached by Xenon-
nT. However, some of the points lie below the neutrino
floor and hence will escape detection from future direct
detection experiments.
In the scenario we have considered, the projected

sensitivity of CMB stage-IV for the measurement of Neff
will fully probe this model. However, it should be noted
that the bound coming from ΔNeff can be relaxed by taking
the limit nχ ≫ 1, since this would require gBL ≪ 1 for the
dark matter relic density to be explained. Even though the
bounds on Neff may change under the choice of a different
nχ , it can be shown that the upper bound on the B − L scale
will not go beyond 100 TeV regardless of the choice of
the charge [6]. For the case considered here, one can also
find an upper bound on the dark matter mass, i.e.,
Mχ ≲ 13 TeV. Then, there is hope to test or rule out this

simple theory for neutrino masses and dark matter in the
near future.

B. Canonical seesaw scenario

Majorana neutrino masses can be generated through the
spontaneous breaking of the B − L symmetry into two
units; i.e., we introduce a new Higgs with quantum
numbers SBL ∼ ð1; 1; 0; 2Þ. In this section, we will inves-
tigate the different dark matter scenarios in the case where
the neutrinos are Majorana particles and their masses are
generated through the canonical type I seesaw scenario. In
contrast to the Stueckelberg scenario, these models predict
violation of lepton number.
The DM can be a Dirac fermion if we add a pair of

vectorlike fermionic fields, i.e., χL ∼ ð1; 1; 0; nχÞ and
χR ∼ ð1; 1; 0; nχÞ, where nχ ≠ 1, 3, in order to avoid mixing
with neutrinos and avoid the decay of DM. If we allow for
nonrenormalizable operators, odd values of nχ will give
mixing between the dark matter candidate and neutrinos
and hence should be forbidden. The Lagrangian in this case
is given by

L ⊃ iχ̄LγμDμχL þ iχ̄RγμDμχR þ ðDμSBLÞ†ðDμSBLÞ
− ðYν l̄Liσ2H�νR þ yRνTRCνRSBL þMχ χ̄LχR þ H:c:Þ:

ð19Þ
The covariant derivative for χ is given by DμχL ¼ ∂μχL þ
igBLnχZ

μ
BLχL and similarly for χR. The scalar potential is

given by

VðH; SBLÞ ¼ −μ2HH†H − μ2BLS
†
BLSBL þ λHðH†HÞ2

þ λBLðS†BLSBLÞ2 þ λHBLðH†HÞðS†BLSBLÞ;
ð20Þ

whereH corresponds to the SMHiggs doublet and SBL is the
new Higgs, only charged under the Uð1ÞB−L group. In the
zero temperature vacuum of the theory, both fields acquire a
nonzero vacuum expectation value, and we can write

SBL ¼ 1ffiffiffi
2

p ðsBL þ vBLÞ and H ¼ 1ffiffiffi
2

p
�

0

hþ vH

�
;

ð21Þ
where the Higgs doublet has been written in the unitary
gauge. This leads to mixing among both scalars, and hence,
the mass matrix needs to be diagonalized in order to find the
physical states. The latter are given by

h1 ¼ h cos θBL − sBL sin θBL; ð22Þ
h2 ¼ sBL cos θBL þ h sin θBL; ð23Þ

where the scalar mixing angle can be written in terms of the
scalar quartic couplings and the vevs,

FIG. 4. Predictions for the direct detection spin-independent
cross section as a function of the dark matter mass in the
Stueckelberg Uð1ÞB−L scenario. Points with different colors
correspond to different values of the gauge coupling as shown
in the legend. All points shown here satisfy the correct relic
density Ωχh2 ¼ 0.1200� 0.0036. The solid black line shows
current experimental bounds from Xenon-1T [59], the dashed
black line shows the projected sensitivity for Xenon-nT [60], and
the dotted black line shows the coherent neutrino scattering limit
[61]. The bounds from Neff are shown by a red horizontal line,
ruling out the parameter space above this line.
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tan 2θBL ¼ λHBLvHvBL
λBLv2BL − λHv2H

: ð24Þ

After spontaneous symmetry breaking, the B − L gauge
boson and the right-handed neutrinos acquire the following
masses,

MZBL
¼ 2gBLvBL and MR ¼

ffiffiffi
2

p
yRvBL: ð25Þ

In this theory, the Majorana neutrino masses are generated
through the type I seesaw mechanism, and the right-handed
neutrinos are around the TeV scale unless very small
Yukawa couplings, yR, are assumed. In this model, the
perturbative bound on the gauge coupling comes from the
S†BLSBLZBLZBL interaction when nχ ≤ 2, and it is therefore
given by gBL ≤

ffiffi
π
2

p
.

Henceforth, we set the SM Higgs boson mass to Mh1 ¼
125.09 GeV and vH ¼ 246.22 GeV. We also set the
masses of the three right-handed neutrinos to the same
value MR without loss of generality. Then, the model
contains seven free parameters,

Mχ ; MZBL
; MR; Mh2 ; θBL; gBL; and nχ :

ð26Þ
For the rest of this section we fix the dark matter B − L
charge to nχ ¼ 1=3. The rest of the parameters in the
Lagrangian can be expressed as a function of them,

μ2H ¼ λHv2H þ λHBL

2
v2BL; ð27Þ

μ2BL ¼ λBLv2BL þ λHBL

2
v2H; ð28Þ

λH ¼ 1

2v2H
ðM2

h1
cos2 θBL þM2

h2
sin2 θBLÞ; ð29Þ

λBL ¼ 1

2v2BL
ðM2

h1
sin2 θBL þM2

h2
cos2 θBLÞ; ð30Þ

λHBL ¼ 1

vHvBL
ðM2

h2
−M2

h1
Þ sin θBL cos θBL: ð31Þ

To ensure vacuum stability of the scalar potential we
impose

λH; λBL > 0 and λHBL > −2
ffiffiffiffiffiffiffiffiffiffiffiffi
λHλBL

p
; ð32Þ

and we also check for the perturbativity of the couplings λi,
gBL <

ffiffiffiffiffiffi
4π

p
. The annihilation channels of our DM candi-

date in this theory are

χ̄χ → eþi e
−
i ; ν̄iνi; ūiui; d̄idi; N̄iNi; ZBLZBL; ZBLhi;

whose explicit Feynman graphs are shown in Appendix B.
Here, hi ¼ h1, h2 are the Higgses present in the theory.

In Fig. 5, we show the allowed parameter space
by dark matter relic density in the ðMχ ;MZBL

Þ plane for
the maximal value of the gauge coupling. The solid blue
line satisfies the correct dark matter relic abundance
Ωχh2 ¼ 0.1200� 0.0012, while the region shaded in light
blue overproduces it. The horizontal red (pink) line
corresponds to the LEP (LHC) bound on the mass of
the ZBL gauge boson. We set MR ¼ Mh2 ¼ 1 TeV, gBL ¼ffiffiffiffiffiffiffiffi
π=2

p
and zero scalar mixing angle. In this model, the dark

matter candidate has no Yukawa interaction with SBL, and
hence, there is no Higgs portal between the DM and the SM
fermions. However, a small value for θBL will only have a
small impact on the calculation of the dark matter relic
density. For the values of Mh2 we consider, we take the
bound sin θBL ≤ 0.3 [62].
Having fixed nχ ¼ 1=3, we perform a random scan on

the remaining six parameters in the model. In Fig. 6 we
present our results. In the left panel we show the points
in the Mχ −MZBL

plane that are in agreement with the
measured relic abundance, Ωχh2 ¼ 0.1200� 0.0012 [53].
All points shown satisfy bounds from direct detection and
LEP. In the right panel, we show the predictions for the
direct detection spin-independent cross section as a func-
tion of the dark matter mass, for the same points as in the
left panel. Red points correspond to gBL ¼ 0–0.25, orange
points correspond to gBL ¼ 0.25–0.5, blue points corre-
spond to gBL ¼ 0.5–0.75, and green points correspond to
gBL ¼ 0.75 −

ffiffi
π
2

p
. The solid black line shows current

FIG. 5. Results for the dark matter relic density in the
ðMχ ;MZBL

Þ plane. The solid blue line satisfies the correct dark
matter relic abundance Ωχh2 ¼ 0.1200� 0.0012 [53], while the
region shaded in light blue overproduces it. For the points that
saturate the relic abundance, we mark in green those that are
excluded by Xenon-1T [59] and in purple those that will be
reached by the Xenon-nT [60] experiment. The horizontal red
(pink) line corresponds to the LEP [33] (LHC [34]) bound on the
mass of the ZBL gauge boson. We fix nχ ¼ 1=3, MR ¼ Mh2 ¼
1 TeV and gBL ¼ ffiffiffiffiffiffiffiffi

π=2
p

. Here we assume no mixing between the
two Higgses in the theory, θBL ¼ 0.
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experimental bounds from Xenon-1T [59], the dashed
black line shows the projected sensitivity for Xenon-nT
[60], and the dotted black line shows the coherent neutrino
scattering limit [61]. Since we know the maximal value for
the gauge boson mass, we can show the predictions for the
direct detection cross section in the full parameter space. As
can be seen, the Xenon-nT experiment will be able to probe
a large fraction of the parameter space. In this model with
nχ ¼ 1=3, we find the following upper bounds on the
masses of the B − L gauge boson and the dark matter
candidate:

MZBL
≲ 21 TeV and Mχ ≲ 11 TeV:

Therefore, we can hope to test the type I seesaw mechanism
for Majorana neutrinos and this simple theory for dark
matter in the near future.

V. LEPTON NUMBER AS A LOCAL
GAUGE SYMMETRY

There are two simple gauge theories based on Uð1ÞL
where one predicts the existence of a dark matter candi-
date from anomaly cancellation [25,27]. In this context,
the dark matter mass is defined by the Uð1ÞL symmetry
breaking scale and, as we will demonstrate, the scale must
be in the multi-TeV scale in order to satisfy the relic
density constraints. In Ref. [25], it has been shown that
one can cancel the anomalies by adding six new repre-
sentations to the SM fermionic content plus the three
right-handed neutrinos, and in this context the dark matter
candidate can be either a Dirac or a Majorana; however, in
Ref. [27] it is shown that the theory can be anomaly-free

by adding only four representations, and the dark matter is
predicted to always be a Majorana fermion. Since the
main goal of this article is to investigate the most generic
properties of a dark matter candidate in these theories, we
will focus on the Majorana case and show the predictions
in the context of a simplified model which describes the
most important properties. Studies where the dark matter
candidate is directly coupled only to leptons have been
performed in Refs. [63–70].

A. Leptophilic dark matter

We consider a simple model for leptophilic Majorana
dark matter which can be obtained in the context of the
anomaly-free theories proposed in Refs. [25,27]. In this
context, one has the SM leptons and the right-handed
neutrinos

lL ∼ ð1;2;−1=2;1Þ; eR ∼ ð1;1;−1;1Þ; νR ∼ ð1;1;0;1Þ:
The new Higgs needed for spontaneous symmetry
breaking is SL ∼ ð1; 1; 0; 3Þ, with the leptonic charge
fixed by anomaly cancellation, the dark matter candidate
χL ∼ ð1; 1; 0;−3=2Þ, and other fields needed for anomaly
cancellation. The explicit extended fermionic sector for the
UV completions of this simplified model has been rel-
egated to Appendix A. For details see Refs. [25,27].
The relevant Lagrangian for our discussions is given by

L ⊃ iχ̄LγμDμχL þ ðDμSLÞ†ðDμSLÞ

−
�
yχffiffiffi
2

p χTLCχLSL þ H:c:

�
; ð33Þ

FIG. 6. Left panel: Scatter plot of points with nχ ¼ 1=3 in the MZBL
−Mχ plane that are in agreement with the measured relic

abundance, Ωχh2 ¼ 0.1200� 0.0036. Points with different colors correspond to different values of the gauge coupling as shown in the
legend. All points shown satisfy bounds from direct detection and LEP [33]. Right panel: Predictions for the direct detection spin-
independent cross section as a function of the dark matter mass, with the same points as in the left panel. We perform a random scan on
Mh2 andMR in the range [0.1–20] TeV. For the scalar mixing angle we scan over θBL ¼ ½0 − 0.3�, and the maximal value corresponds to
the LHC bound on the Higgs scalar mixing angle [62]. The solid black line shows current experimental bounds from Xenon-1T [59], the
dashed black line shows the projected sensitivity for Xenon-nT [60], and the dotted black line shows the coherent neutrino scattering
limit [61].
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and, after spontaneous symmetry breaking, one finds the
following physical interactions:

L ⊃
3

2
gLχ̄γμγ5χZL

μ − gLl̄γμlZL
μ − yiχ̄χhi −

1

2
Mχχ

TCχ;

ð34Þ
where l ¼ νi, ei, with i ¼ 1, 2, 3, and χ ¼ χC. In theories
where the dark matter candidate is predicted by anomaly
cancellation, the dark matter acquires mass through the
mechanism of spontaneous symmetry breaking. This con-
nection has phenomenological implications that will be
discussed below. The Yukawa couplings in the above
equation are given by

y1 ¼
Mχ

2vL
sin θL and y2 ¼ −

Mχ

2vL
cos θL; ð35Þ

andMZL
¼3gLvL. Thus, the gauge boson massMZL

and the
dark matter mass Mχ are defined by the same symmetry
breaking scale vL. This model contains five free parameters:

Mχ ; MZL
; Mh2 ; θL; and gL: ð36Þ

In this scenario, the darkmatter charge nχ is predicted by the
theory. The relevant annihilation channels of our DM
candidate in this theory are

χχ → eþi e
−
i ; ν̄iνi; ZLZL; ZLhi; hihj;WW; ZZ;

where hi ¼ h1; h2 are the Higgses present in the theory; see
Appendix B for their explicit representation in Feynman
graphs. In this model, the perturbative bound on the gauge
coupling comes from the S†LSLZLZL coupling and reads
as gL ≤

ffiffiffiffiffiffi
2π

p
=3.

In Fig. 7, we present our result for the DM relic density
and different constraints. The solid blue line saturates the
relic abundance, Ωχh2 ¼ 0.1200� 0.0012 [53], and the
region shaded in blue overproduces it. The four plots have
two distinct regions where the correct relic abundance is
achieved. One corresponds to the resonance Mχ ≈MZL

=2
in which annihilation into SM leptons gives the dominant
contribution. The second one, to the right of the resonance,
corresponds to the nonresonant region in which the
annihilation channel χχ → ZLh2 gives the dominant con-
tribution to the relic density.

FIG. 7. Results for the dark matter relic density in four different scenarios, gL ¼ 0.1 (top-left), gL ¼ 0.3 (top-right), gL ¼ 0.5 (bottom-
left) and gL ¼ ffiffiffiffiffi

2π
p

=3 (bottom-right). We take Mh2 ¼ 1 TeV and no mixing angle. The solid blue line gives the measured dark matter
relic density Ωχh2 ¼ 0.1200� 0.0012 [53], while the region shaded in blue overproduces it. The region shaded in gray is excluded by
the perturbative bound on the Yukawa coupling yχ . The horizontal red band corresponds to the LEP [33] bound on the Uð1ÞL gauge
boson mass. The bounds from Neff are shown by the purple region, and they rule out a large fraction of the parameter space.
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The appearance of the nonresonant region arises due to
the Yukawa interaction with the scalar h2, and hence, new
processes contribute to the dark matter annihilation chan-
nels; see Appendix B. The area shaded in gray in Fig. 7
shows the excluded parameter space by the perturbative
bound on the Yukawa coupling yχ . This bound gives an
upper bound on the dark matter mass which, due to the
connection with MZL

, translates as an upper bound on the
lepton number breaking scale.
In this scenario, the new gauge boson is coupled only to

leptons at tree level, and hence, the LHC bounds given in
Fig. 1 cannot be applied—even though the coupling to
quarks can be generated at the one-loop level (for a study
including one-loop effects see [69]) and the bounds are
weaker than the one coming from LEP [33]. The latter are
shown by the solid red line.
In the minimal model with one extra Higgs, the active

neutrinos in the SM are predicted to be Dirac fermions.
Therefore, as has been discussed in Sec. III, there is a bound
coming from theCMBmeasurement of the effective number
of neutrino species Neff , which gives the following bound,

ΔNeff < 0.285 ⇒
MZL

gL
> 9.87 TeV: ð37Þ

Similar to the Stueckelberg case, it is stronger than the LEP
bound, and it is shown by the solid purple line in Fig. 7. We
should stress that by adding a new Higgs scalar with lepton
number L ¼ 2, a Majorana mass term can be written for νR
and, if these states are heavy, the bound from Neff is not
relevant.
The upper-left panel in Fig. 7 corresponds to gL ¼ 0.1. In

this case, the bound from ΔNeff requires MZL
> 0.99 TeV,

and the correct relic abundance can be produced close to
the resonance Mχ ≈MZL

=2 for dark matter masses Mχ≈
550 GeV − 2.4 TeV. In the nonresonant regime, the correct
relic abundance can be generated for dark matter masses
Mχ ≈ 5.4–39 TeV. For larger dark matter masses, the
Yukawa coupling yχ becomes nonperturbative. In the lower-
rightpanel ofFig.7,weshowour results for themaximalvalue
of gL allowed by perturbativity, gL ¼ ffiffiffiffiffiffi

2π
p

=3 ≈ 0.84. The
bound from ΔNeff requires MZL

> 8.25 TeV. The resonant
region that saturates the relic density and satisfies the bounds
from LEP and ΔNeff corresponds to Mχ ≈ 4.6 GeV−
10.2 TeV, while the nonresonant region works for dark mat-
ter masses Mχ≈8.9–34TeV. Above this value, the Yukawa
coupling becomes nonperturbative. Therefore, the upper
bounds correspond to MZL

≲ 21 TeV and Mχ ≲ 34 TeV.
Regarding direct detection, the χ − N interaction can

be mediated by Higgs mixing or the exchange of a ZL.
The latter is not coupled to quarks at tree level, and hence,
this process is loop suppressed [69]. Moreover, due to the
Majorana nature of dark matter, there will also be velocity
suppression. Hence, we focus on the contribution from
Higgs mixing,

σSIχNðhiÞ¼
72GFffiffiffi
2

p
4π

sin2θL cos2θLm4
N

g2LM
2
χ

M2
ZL

�
1

M2
h1

−
1

M2
h2

�
2

f2N;

ð38Þ

where mN corresponds to the nucleon mass, GF is the
Fermi constant, and for the effective Higgs-nucleon-
nucleon coupling we take fN ¼ 0.3 [71,72].
In Fig. 8, we present our predictions for the spin-

independent cross section as a function of the dark matter
mass in the Uð1ÞL scenario. We perform a scan over Mh2 ¼
0.1–20 TeV and apply the LHC bound on the scalar mixing
angle sin θL ≤ 0.3 [62]. Green points correspond to sin θL ¼
0–0.025, red points correspond to sin θL ¼ 0.025–0.1,
orange points correspond to sin θL ¼ 0.1–0.2, and blue
points correspond to sin θL ¼ 0.2–0.3. The solid black line
shows current experimental bounds fromXenon-1T [59], the
dashed black line shows the projected sensitivity for Xenon-
nT [60], and the dotted black line shows the coherent
neutrino scattering limit [61].
As illustrated in Fig. 8, for dark matter masses within

reach of Xenon-nT, Mχ < 10 TeV, this type of experiment
will be able to probe scalar mixing angles θL > 0.025,
providing a stronger constraint than colliders on the Higgs
mixing angle. In this scenario, there is no strong correlation
between the ΔNeff and direct detection bounds because the
main contribution to direct detection is mediated by the
Higgses in the theory, while ΔNeff provides a constraint on
the ratio MZL

=gL.

FIG. 8. Predictions for the direct detection spin-independent
cross section as a function of the dark matter mass in the Uð1ÞL
scenario. We scan over Mh2 ¼ 0.1–20 TeV and apply the LHC
bound [34] on the mixing angle sin θL ≤ 0.3. All points shown
here satisfy the correct relic density Ωχh2 ¼ 0.1200� 0.0036.
Green points correspond to sin θL ¼ 0–0.025, red points corre-
spond to sin θL ¼ 0.025–0.1, orange points correspond to
sin θL ¼ 0.1–0.2, and blue points correspond to sin θL ¼
0.2–0.3. The solid black line shows current experimental bounds
from Xenon-1T [59], the dashed black line shows the projected
sensitivity for Xenon-nT [60], and the dotted black line shows the
coherent neutrino scattering limit [61].
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VI. SUMMARY

In this work, we investigated possible connections
between the origin of neutrino masses and the properties
of dark matter candidates in simple gauge theories based
on local B − L or L symmetries. In theories based on
B − L, the gauge boson mass can be generated through
the Stueckelberg or the Higgs mechanism. In the canoni-
cal seesaw scenario, the B − L symmetry is spontane-
ously broken in two units via the Higgs mechanism, the
neutrinos are Majorana fermions and, in the simplest
model, the dark matter is a Dirac fermion. In the case of
anomaly-free gauge theories based on Uð1ÞL, the Higgs
mechanism is needed to generate the masses for the new
fermions present in the theory needed for anomaly
cancellation. We studied the simplest theories for local
lepton number, where the existence of a dark matter
candidate is predicted from anomaly cancellation. In this
case, the lepton number is broken in three units, and the
neutrinos are predicted to be Dirac particles; the dark
matter candidate is a Majorana fermion in most generic
models.
We showed that the cosmological constraint on the relic

dark matter density implies that the upper bound on the
symmetry breaking scale in these theories, where a con-
nection between the origin of neutrino masses and the dark
matter can be made, is in the multi-TeV region. In addition,
we demonstrated that in theories where the neutrinos are
Dirac, namely, the B − L Stueckelberg scenario and the
theory based on Uð1ÞL, the cosmological bound on the
effective number of neutrino species, ΔNeff , provides a
strong bound in the parameter space of the models.
Furthermore, the projected sensitivity to this parameter
by the CMB stage-IV experiments could fully probe the
parameter space that also explains dark matter. These
results allow us to be optimistic about the testability of
the mechanism for neutrino masses in current and future
experiments.
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APPENDIX A ANOMALY-FREE
Uð1ÞL THEORIES

The fermionic representations needed to define
anomaly-free theories based on Uð1ÞL are listed in the
tables below. In Table I we have the extra fermions in the
model proposed in Ref. [27], while in Table II we show
the representations needed in Ref. [25].

APPENDIX B FEYNMAN DIAGRAMS FOR
DARK MATTER ANNIHILATION

In this Appendix we present the Feynman diagrams for
the dark matter annihilation channels. The diagrams shown
in Fig. 9 correspond to the Uð1ÞB−L case. For the
Stueckelberg scenario the diagrams involving a Higgs
are not taken into account. The diagrams in Fig. 10
correspond to the scenario with Uð1ÞL.

TABLE I. Fermionic representations in the model proposed in
Ref. [27].

Fields SUð3ÞC SUð2ÞL Uð1ÞY Uð1ÞL
ΨL ¼

�
Ψþ

L
Ψ0

L

�
1 2 1

2
3
2

ΨR ¼
�
Ψþ

R
Ψ0

R

�
1 2 1

2
− 3

2

ΣL ¼ 1ffiffi
2

p
�

Σ0
L

ffiffiffi
2

p
Σþ
Lffiffiffi

2
p

Σ−
L −Σ0

L

�
1 3 0 − 3

2

χ0L 1 1 0 − 3
2

TABLE II. Fermionic representations in the model proposed in
Ref. [25].

Fields SUð3ÞC SUð2ÞL Uð1ÞY Uð1ÞL
ΨL ¼

�
Ψ0

L
Ψ−

L

�
1 2 − 1

2
− 3

2

ΨR ¼
�
Ψ0

R
Ψ−

R

�
1 2 − 1

2
3
2

η−R 1 1 −1 − 3
2

η−L 1 1 −1 3
2

χ0R 1 1 0 − 3
2

χ0L 1 1 0 3
2

FIG. 9. Feynman diagrams for the dark matter annihilation
channels in the Uð1ÞB−L theories.
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