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Abstract We propose a new gauged B − L extension of
the standard model where light neutrinos are of Dirac type,
naturally acquiring sub-eV mass after electroweak symme-
try breaking, without any additional global symmetries. This
is realised by choosing a different B − L charge for right
handed neutrinos than the usual −1 so that the Dirac Yukawa
coupling involves an additional neutrinophilic scalar doublet
instead of the usual Higgs doublet. The model can be made
anomaly free by considering four additional chiral fermions
which give rise to two massive Dirac fermions by appropriate
choice of singlet scalars. The choice of scalars not only helps
in achieving the desired particle mass spectra via spontaneous
symmetry breaking, but also leaves a remnant Z2 × Z ′

2 sym-
metry to stabilise the two dark matter candidates. Apart from
this interesting link between Dirac nature of light neutrinos
and multi-component dark matter sector, we also find that
the dark matter parameter space is constrained mostly by the
cosmological upper limit on effective relativistic degrees of
freedom �Neff which gets enhanced in this model due to the
thermalisation of the light right handed neutrinos by virtue
of their sizeable B − L gauge interactions.

1 Introduction

In spite of convincing evidence for existence of light neu-
trino masses and their large mixing [1], the nature of light
neutrinos is still unknown. While neutrino oscillation exper-
iments (which have measured two mass squared differences
and three mixing angles [2]) are not sensitive to the nature
of neutrino: Majorana or Dirac, experiments looking for
neutrinoless double beta decay (0νββ), a promising signa-
ture of Majorana neutrinos, have not yet found any positive
results. Though this does not necessarily rule out the Majo-
rana nature, yet it is motivating to study the possibility of
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light Dirac neutrinos. With this motivation, several earlier
works [3–44] have discussed different ways of generating
light Dirac neutrino masses by suitable extension of the stan-
dard model (SM) with new particles and symmetries.

Similarly, evidence from cosmology experiments like
Planck suggests that a mysterious, non-luminous and nan-
baryonic component of matter, known as dark matter (DM),
gives rise to around 26% of the present universe’s energy
density. In terms of density parameter �DM and h =
Hubble Parameter/(100 km s−1Mpc−1), the present DM
abundance is conventionally reported as [45]: �DMh2 =
0.120 ± 0.001 at 68% CL. Apart from cosmological evi-
dences, there are several astrophysical evidences too strongly
supporting the presence of DM [46–49]. In spite of such con-
vincing astrophysical and cosmological evidences, the par-
ticle nature of DM is not yet known. Since none of the SM
particles can be a realistic DM candidate, several beyond
standard model (BSM) proposals have been floated in the
last few decades, the most popular of them being known as
the weakly interacting massive particle (WIMP) paradigm.
In this WIMP paradigm, a DM candidate typically with elec-
troweak (EW) scale mass and interaction rate similar to EW
interactions can give rise to the correct DM relic abundance,
a remarkable coincidence often referred to as the WIMPMir-
acle [50]. However, the same electroweak type interactions
could also give rise to DM-nucleon scattering at an observ-
able rate which can, in principle, be observed at ongoing or
future direct detection experiments like LUX [51], PandaX-
II [52,53], XENON1T [54,55], LZ [56], XENONnT [57],
DARWIN [58] and PandaX-30T [59]. However, there have
been no observations of any DM signal yet in the exper-
iments, putting stringent bounds on DM-nucleon scattering
rates. Such null results have not only motivated the studies of
beyond thermal WIMP paradigm but also a richer DM sector
consisting of multiple DM components. Some recent propos-
als for multi-component DM can be found in [60–76,76–94]
and references therein. As several of these works pointed
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out, apart from having larger allowed region of parameter
space due to freedom of tuning relative DM abundances, such
multi-component DM scenarios often offer complementary
probes at experiments spanning out to different frontiers.

Motivated by growing interest in light Dirac neutrinos and
multi-component DM scenario, here we propose a model
where both of these can be accommodated naturally. Instead
of choosing discrete symmetries to stabilise DM, here we
consider gauged B−L symmetry where B and L correspond
to baryon and lepton numbers respectively. While gauged
B − L symmetric extension of the SM was proposed long
ago [95–100], realising DM and light neutrino masses in the
model require non-minimal field content or additional dis-
crete symmetries. As far as we are aware of, there has been
only one proposal so far to accommodate light Dirac neu-
trinos in a gauged B − L model without any additional dis-
crete or global symmetries. In [32], authors considered such
a possibility where light Dirac neutrino masses arise at radia-
tive level. However, such radiative seesaw model requires an
enlarged additional fermion content. In addition, since this
model predicts single component DM, it suffers from strin-
gent direct detection bound mentioned above. Here we show
that light Dirac neutrino mass can be generated at tree level
from a neutrinophillic Higgs doublet with very minimal par-
ticle content along with a two component fermion DM sce-
nario. Two component fermion DM arises naturally as one
possible solution to the anomaly cancellation conditions of
the model. As we discuss below, such anomaly cancellation
crucially depends upon the B − L charge of right handed
part of light Dirac neutrinos thereby connecting the origin
of light neutrino mass with B − L charges of DM as well
as number of DM components. Apart from constraining the
model from experimental bounds related to neutrino mass,
collider searches, DM relic and DM-nucleon scattering rates,
we also apply other bounds like perturbativity of different
dimensionless couplings, bounded from below criteria of the
scalar potential. More importantly, due to the Dirac nature
of light neutrinos having additional gauge interactions, addi-
tional light degrees of freedom (right handed part of light
Dirac neutrino) can be thermalised in the early universe,
which is severely constrained from big bang nucleosyn-
thesis (BBN) and cosmic microwave background (CMB)
data. We show that the corresponding CMB-BBN bounds
on additional light degrees of freedom constrain the DM
parameter space more strongly compared to other relevant
bounds. This is in sharp contrast with [32] where due to sin-
gle component DM, the direct detection constraints remained
strongest.

This paper is organised as follows. In Sect. 2, we give a
brief overview of gauged B − L models with different solu-
tions to anomaly conditions including the one we choose to
discuss in details in this work. In Sect. 3, we discuss our
model in details followed by Sect. 4 where we mention dif-

ferent existing constraints on model parameters. In Sect. 5,
we briefly discuss the relic abundance and direct detection of
DM followed by discussion of our results in Sect. 6. Finally
we conclude in Sect. 7.

2 Gauged B − L symmetry

As pointed out above, the B − L gauge extension of the
SM is a very natural and minimal possibility as the corre-
sponding charges of all the SM fields under this new sym-
metry is well known. However, a U (1)B−L gauge symme-
try with only the SM fermions is not anomaly free. This is
because the triangle anomalies for both U (1)3

B−L and the
mixed U (1)B−L − (gravity)2 diagrams are non-zero. These
triangle anomalies for the SM fermion content turns out to
be

A1
[
U (1)3

B−L

] = ASM
1

[
U (1)3

B−L

] = −3

A2
[
(gravity)2 ×U (1)B−L

] = ASM
2

[
(gravity)2 ×U (1)B−L

]

= −3 (1)

Interestingly, if three right handed neutrinos are added
to the model, they contribute ANew

1

[
U (1)3

B−L

] = 3,ANew
2[

(gravity)2 ×U (1)B−L
] = 3 leading to vanishing total of

triangle anomalies. This is the most natural and economical
U (1)B−L model where the fermion sector has three right
handed neutrinos apart from the usual SM fermions and
it has been known for a long time. However, there exists
non-minimal ways of constructing anomaly free versions of
U (1)B−L model. For example, it has been known for a few
years that three right handed neutrinos with exotic B − L
charges 5,−4,−4 can also give rise to vanishing triangle
anomalies [101]. This model was also discussed recently
in the context of neutrino mass [8,102] and DM [103–106]
by several groups. Another solution to anomaly conditions
with irrational B − L charges of new fermions was pro-
posed by the authors of [107] where both DM and neutrino
mass can have a common origin through radiative linear see-
saw.

Very recently, another anomaly free U (1)B−L frame-
work was proposed where the additional right handed
fermions possess more exotic B − L charges namely,
−4/3,−1/3,−2/3,−2/3 [108]. These four chiral fermions
constitute two Dirac fermion mass eigenstates, the lighter
of which becomes the DM candidate having either thermal
[108] or non-thermal origins [109]. The light neutrino mass
in this model had its origin from a variant of type II seesaw
mechanism and hence remained disconnected to the anomaly
cancellation conditions. In a follow up work by the authors
of [110], these fermions with fractional charges were also
responsible for generating light neutrino masses at one loop

123



Eur. Phys. J. C (2020) 80 :557 Page 3 of 15 557

level. This particular anomaly cancellation solution with four
chiral fermions having fractional B − L charges was also
studied in the context of inverse seesaw for light neutrino
masses in [111]. One can have even more exotic right handed
fermions with B − L charges −17/3, 6,−10/3 so that the
triangle anomalies cancel [110].

In the recent work on U (1)B−L gauge symmetry with
two component DM [88], the authors considered two right
handed neutrinos with B−L charge -1 each so that the model
still remains anomalous. The remaining anomalies were can-
celled by four chiral fermions with fractional B − L charges
leading to two Dirac fermion mass eigenstates both of which
are stable and hence DM candidates. The two right handed
neutrinos with B − L charge -1 take part in generating light
neutrino masses via type I seesaw mechanism resulting in
massless lightest neutrino. In another recent work [93], while
implementing type III seesaw in a gauged U (1)B−L , it was
found the triangle anomalies can be canceled by two compo-
nent fermion dark matter.

In this work, we try to study the possibility of realising
light Dirac neutrinos in a gauged B − L model along with
stable dark matter candidate without incorporating any addi-
tional discrete symmetries. In the minimal U (1)B−L model
with three right handed neutrinos having B − L charge −1
each, we can not have light Dirac neutrinos naturally as left
and right handed neutrinos couple to the SM Higgs field.
Even if we forbid the Majorana mass term of right handed
neutrinos by suitable choice of singlet scalars, light Dirac
neutrino mass of sub-eV order will require extreme fine tun-
ing of Yukawa couplings of the order O(10−12). Even if
we tolerate such extreme fine tunings, the model does not
have a dark matter candidate. In earlier works [18,38], radia-
tive light Dirac neutrino mass and a stable DM candidate
were shown to exist in a gauged B − L model, but with sev-
eral additional global symmetries. Here we consider different
U (1)B−L charge (other than −1) for right handed neutrinos
in order to prevent the Dirac Yukawa coupling with the SM
Higgs. If the right handed neutrinos are assigned B−L charge
−2, then the remaining anomalies are

A1

[
U (1)3

B−L

]
= 21

A2

[
(gravity)2 ×U (1)B−L

]
= 3 (2)

These can be cancelled after introducing four chiral fermions
χL , χR, ψL , ψR having B−L charges 13/9, 22/9, 1/9, 19/9
respectively. This can be seen as

A1

[
U (1)3

B−L

]
=

(
13

9

)3

+
(

−22

9

)3

+
(

1

9

)3

+
(

−19

9

)3

= −21

A2

[
(gravity)2 ×U (1)B−L

]
=

(
13

9

)
+

(
−22

9

)
+

(
1

9

)

+
(

−19

9

)
= −3 (3)

It should be noted that the anomaly cancellation conditions
we are solving here are same as the ones adopted in our
earlier work [93] leading to type III seesaw for Majorana
neutrinos. However, we are using a different solution to the
anomaly conditions here from the earlier work. This is due
to the fact that a singlet scalars of B − L charges 1, 4 were
required to generate the masses of singlet chiral fermions
−7/5,−2/5, 6/5,−14/5. However, in our model, we can
not have a singlet scalar with B − L charge 4 as with the
chosen B − L charge of right handed neutrinos (2 in our
model), such a singlet scalar will generate a Majorana mass
after spontaneous symmetry breaking, making it impossible
to realise light Dirac neutrino scenario.

In the next section, we will show that, if the additional
scalar sector of the model is chosen appropriately, we can
realise light Dirac neutrinos along with two component
fermion DM naturally without incorporating any additional
discrete symmetries.

3 The minimal model with light dirac neutrino and DM

In this section we have discussed about our model in detail.
We have extended the standard model gauge group with an
additional local U(1)B−L gauge group where B and L are
denoting baryon and lepton numbers respectively of a par-
ticular field. Addition of this new gauge group introduces
anomalies in the theory which can be canceled by includ-
ing additional fermionic degrees of freedom in the theory.
We have discussed the details of anomaly cancellation in the
previous section. We have already mentioned that our main
motivation is to generate the Dirac neutrino mass along with
the stable DM candidate in the theory. Keeping this in mind,
we have added three copies of right handed neutrinos with
B − L charge -2 each. They couple to lepton doublets via an
additional Higgs doublet η with B − L charge -1 generating
three Dirac neutrinos with sub-eV mass. However, the addi-
tion of these new fermionic fields will increase the anomaly
which can be cancelled by adding four SM gauge singlet chi-
ral fermions with fractional B − L charges. We need at least
two singlet scalars and one extra scalar doublet to generate
the masses all new fermions. The fermion and scalar con-
tent of the model are shown in Tables 1 and 2 respectively.
The necessity of the individual scalar fields will be discussed
later.

The Lagrangian of this model can be written as

L = LSM − 1

4
B ′

αβ B ′αβ + Lscalar + L f ermion . (4)
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Table 1 Fermion content of the model

Particles SU (3)c × SU (2)L ×U (1)Y ×U (1)B−L

qL =
(
uL
dL

)
(3, 2, 1

6 , 1
3 )

uR (3, 1, 2
3 , 1

3 )

dR (3, 1,− 1
3 , 1

3 )


L =
(

νL
eL

)
(1, 2,− 1

2 ,−1)

eR (1, 1,−1,−1)

νR (1, 1, 0,−2)

χL (1, 1, 0, 13
9 )

χR (1, 1, 0, 22
9 )

ψL (1, 1, 0, 1
9 )

ψR (1, 1, 0, 19
9 )

Table 2 Scalar content of the minimal model

Particles SU (3)c × SU (2)L ×U (1)Y ×U (1)B−L

H =
(
H+
H0

)
(1, 2, 1

2 , 0)

η =
(

η+
η0

)
(1, 2, 1

2 ,−1)

φ1 (1, 1, 0, 1)

φ2 (1, 1, 0, 2)

Here, LSM represents the Lagrangian involving charged
leptons, left handed neutrinos, quarks, gluons and elec-
troweak gauge bosons. Second term denotes the kinetic
term of new gauge boson (ZBL ) expressed in terms of field
strength tensor B ′αβ = ∂αZβ

BL − ∂β Zα
BL . Please note that,

in principle, the symmetry of the model allows a kinetic mix-
ing term between U (1)Y of SM and U (1)B−L of the form
ε
2 B

αβB ′
αβ where Bαβ = ∂αBβ − ∂βBα and ε is the mixing

parameter. Even if we turn off such mixing at tree level as
we have done here, one can generate such mixing at one loop
level since there are particles in the model which are charged
under both U (1)Y and U (1)B−L . Such one loop mixing can
be approximated as ε ≈ gBLg′/(16π2) [112]. As we will see
from final allowed parameter space in our numerical analy-
sis, we have gBL ≤ 0.2 for few TeV B−L gauge boson mass
and with such small values of gBL, the mixing parameter ε

will be of the order of 10−3 or smaller. Such small mixing
has very little effect on the final allowed parameter space in
our model, to be discussed in details in upcoming sections.
Therefore, for simplicity, we ignore such kinetic mixing for
the rest of our analysis.

The gauge invariant scalar interactions described by
Lscalar can be written as

Lscalar = (
DHμH

)† (
DH

μH
) +

(
Dημη

)† (
Dη

μη
)

+
2∑

i=1

(
Dφi μφi

)† (
Dφi

μ φi
) −

{
−μ2

H |H |2

+ λH |H |4 +
(
μ2

η|η|2 + λη|η|4
)

+
∑

i=1,2

(
−μ2

φi
|φi |2 + λφi |φi |4

)

+ λHη(η
†η)(H†H) + λ′

Hη(η
†H)(H†η)

+
∑

i=1,2

λHφi (φ
†
i φi )(H

†H)

+
(
λHηφH

†ηφ∗
1φ2 + h.c.

)
+

(
μHηH

†ηφ1+h.c.
)

+
∑

i=1,2

ληφi (η
†η)(φ

†
i φi ) + λφ(φ

†
1φ1)(φ

†
2φ2)

+
(
μφφ1φ1φ

†
2 + h.c.

)}
(5)

Where DH
μ, Dη

μ and Dφ
μ denote the covariant derivatives

for the scalar doublets H, η and scalar singlets φi respectively
and can be written as

DHμ H =
(

∂μ + i
g

2
σa W

a
μ + i

g′

2
Bμ

)
H ,

Dημ η =
(

∂μ+i
g

2
σa W

a
μ+i

g′

2
Bμ + i gBL nηZBLμ

)
η ,

Dφμ φi = (
∂μ + i gBL nφi ZBLμ

)
φi . (6)

where gBL is the new gauge coupling and nη and nφi are the
charges under U(1)B−L for η and φi respectively. After both
B− L and electroweak gauge symmetries get spontaneously
broken by the vacuum expectation value (VEV) of H and φi s,
the doublet and singlet scalars can be written as

H =
⎛

⎝
H+

h′ + v + i z√
2

⎞

⎠ , η =
⎛

⎝
η+

η′
R + iη′

I√
2

⎞

⎠ ,

φi = s′
i + ui + A′

i√
2

(i = 1, 2). (7)

From equation (7), it is clear that the neutral component of the
scalar doublet H and the scalar singlets φi acquire non-zero
VEV whereas the neutral component of η does not. This can
be assured by suitably choosing the sign of bare mass squared
term of η field to be positive definite (μ2

η > 0). Even after the
spontaneous symmetry breaking of U (1)B−L , the effective
bare mass squared term for η can be assumed to be positive
definite by appropriate choice of quartic couplings in the
scalar potential. However, one crucial point to note here is
that the neutral component of η will get a very tiny induced
VEV after electroweak symmetry breaking because of the
presence of trilinear term H†ηφ1 as well as the quartic term
λHηφH†ηφ∗

1φ2 in the Lagrangian (5). This can be realised by
minimising the scalar potential with respect to η. This leads
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to

〈η′
R〉 = vν ≈ μHηvu1/

√
2 + λHηφvu1u2/2

2μ2
η

(8)

To simplify the calculation we have assumed all two VEVs of
singlet scalars are equal, i.e. u1 = u2 = u and also assumed
the induced VEV to be negligible. The mass of the new gauge
boson after spontaneous symmetry breaking is

MZBL = √
5gBLu (9)

where we have ignored the contribution due to vν as it is
negligible compared to that from u.

After putting equation (7) in equation (5) we have found
out the 4×4 mixing matrix for the real scalar fields in the
basis 1√

2

(
h′ s′

1 s′
2 η′

R

)T which has the following form,

⎛

⎜⎜
⎜⎜⎜
⎝

2v2λH u vλHφ1 u vλHφ2 0

u vλHφ1 2u2λφ1 u
(
uλφ + μφ

√
2
)

0

u vλHφ2 u
(
uλφ + μφ

√
2
)

1
2u

(
4uλφ2 − √

2μφ

)
u vλHηφ

2

0 0
u vλHηφ

2
1
2

(
ληφ1 + ληφ2)u

2 + v2(λHη + λ′
Hη) + 2μ2

η

)

⎞

⎟⎟
⎟⎟⎟
⎠

(10)

The physical scalars 1√
2

(h s1 s2 ηR) can be obtained by
diagonalising this real symmetric mass matrix and that can
be done by the orthogonal matrix OS and the physical states
can be expressed as
⎛

⎜⎜
⎝

h
s1
s2
ηR

⎞

⎟⎟
⎠ = OST

⎛

⎜⎜
⎝

h′
s′

1
s′

2
η′
R

⎞

⎟⎟
⎠ , (11)

In a similar manner, the 3×3 pseudo scalar mass matrix can
be written as

⎛

⎜
⎝

−2
√

2u μφ

√
2u μφ u vλHηφ√

2u μφ − uμφ√
2

− 1
2u v λHηφ

u v λHηφ − 1
2u vλHηφ

1
2

(
(ληφ1 + ληφ2)u

2 + v2(λHη + λ′
Hη) + 2μ2

η

)

⎞

⎟
⎠ (12)

The physical pseudo-scalars and the Goldstone boson
1√
2

(A1 A2 ηI ) can be obtained by diagonalising the above
mass matrix and that can be done by the orthogonal matrix
OP and the states can be expressed as
⎛

⎝
A1
A2
ηI

⎞

⎠ = OP T

⎛

⎝
A′

1
A′

2
η′
I

⎞

⎠ , (13)

After the analysing of the scalar potential and diagonalising
the mass matrices there will be four independent quartic cou-
plings left (λη , λHη , ληφ1 , ληφ2 ). All the other couplings in
the potential can be expressed in terms of the VEVs, scalar
masses and the mixing angles. In principle there should be

nine different mixing angles (sin θi j ) present in the scalar
sector out of which six will come from the real sector and
three will come from the pseudo scalar sector. Later we have
shown that the result in the DM sector is almost independent
of these mixing angles (sin θi j ) and through our discussion
to simplify the numerical analysis we have assumed all of
them to be equal to 0.1. The parametrisation of the orthogo-
nal matrices OS ,OP are shown in appendix A and B.

Lets discuss the fermionic sector of our model. We have
three generations of right handed neutrinos and four chiral
fermions and the corresponding interactions can be written
as

L f ermion = LνR + LDM (14)

where LνR is the interactions related to the right handed neu-
trinos can be expressed as

LνR = i νRj /D(QR
ν )νRj + (

Yi j (
L)i iτ2η
∗νRj + h.c.

)
(15)

The first term in the equation (15) represents the kinetic part
of νR and the second term is the Yukawa interaction between
SM lepton doublet 
L, νR, and eta which is responsible for
generating neutrino mass. As discussed above, the neutral
component of η will get a small induced VEV vν through
the trilinear interaction present in the potential. This will
generate a tiny Dirac neutrino mass as

(mν)i j = Yi jvν√
2

(16)

As can be seen from equation (8), a tiny induced VEV vν ≈
O(eV) can be generated by appropriate tuning of the trilinear
coupling μHη, quartic coupling λHηφ as well as bare mass
squared term μ2

η. Since u ∼ 10 TeV, v ∼ 100 GeV, we can
havevν ∼ 0.1 eV by choosingμHη/μ

2
η ∼ 10−16 GeV−1 and

λHηφ/μ2
η ∼ 10−20 GeV−2 which can be ensured by choos-

ing very large μ2
η. This also ensures that the components of η

decouple from the low energy particle spectra as well as their
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relevant phenomenology. The hierarchy between μHη andμη

can be reduced to bring the ratio to μHη/μ
2
η ∼ 10−11 GeV−1

if we tune the Dirac Yukawa couplings to be as small as elec-
tron Yukawa coupling. Without any fine-tuning of param-
eters, we consider μHη ∼ u, λHηφ ∼ O(1) so that μη is
required to be very large (≥ 1010 GeV) thereby decoupling
the neutrinophillic scalar doublet η from low energy spec-
trum. Fine tuning of these parameters will enable the scalar
doublet η to have lighter mass having consequences at collid-
ers as well as for thermalisation of right handed part of light
Dirac neutrinos. However, we do not pursue such aspects in
our studies. Similar way of generating sub-eV Dirac neu-
trino mass from induced VEV of neutrinophilic Higgs was
proposed earlier by the authors of [15,16,42].

The term LDM is the interactions correspond to the chiral
fermions can be written as

LDM = i[χL /D(QL
χ )χL + χR /D(QR

χ )χR

+ψL /D(QL
ψ)ψL + ψR /D(QR

ψ)ψR]
−

(
f1 χLχR φ∗

1 + f2 ψLψR φ∗
2 + h.c.

)
. (17)

We now rewrite the above Lagrangian in the basis ξ1 =
χL + χR and ξ2 = ψL + ψR . In the basis of ξ1 and ξ2, the
above Lagrangian (17) can be written as

LDM = i ξ1 /∂ξ1 + i ξ2 /∂ξ2 − gBL

(
13

9

)
ξ1 /Z BL PL ξ1

−gBL

(
1

9

)
ξ2 /Z BL PL ξ2 − gBL

(
22

9

)
ξ1 /Z BL PR ξ1

−gBL

(
19

9

)
ξ2 /Z BL PR ξ2 − f1 ξ1 PR ξ1 φ

†
1

− f2 ξ2 PR ξ2 φ2 − f1 ξ1 PL ξ1 φ1 − f2 ξ2 PL ξ2 φ
†
2 ,

(18)

where PL ,R = 1 ± γ5

2
, left and right chiral projection oper-

ators. From the above Lagrangian (18) it is clear that DM
particles will get mass after the breaking of B− L symmetry
spontaneously by the VEV’s of the singlet scalars (φs). ξ1 and
ξ2 can annihilate to the SM particles through the interaction
with ZBL and the singlet scalars. Due to the suitable choice
of the scalar sector of the model, in the basis ξ1 = χL + χR

and ξ2 = ψL + ψR , all the interactions in equation (18) are
exactly diagonal in (ξ1, ξ2) basis. This is similar to imposing
two different Z2 symmetries to two different DM candidates
as: Z2 : ξ1 → −ξ1, Z ′

2 : ξ2 → −ξ2 while all other particles
being even under these symmetries. Clearly, the complete
Lagrangian of our model is invariant under these two rem-
nant discrete symmetries. Therefore, ξ1 and ξ2 are completely
stable and will play the roles of two dark matter candidates
in this model.

4 Constraints on the model parameters

Before discussing our results, we first note down the existing
constraints on the model parameters from both theory and
experiments. We discuss them one by one in this section as
follows.

4.1 Boundedness of scalar potential

The scalar potential of the model has to be bounded from
below and that can be ensured by the following inequalities.

λH , λη, λφ1 , λφ2 , λ
′
Hη, λHηφ ≥ 0 ,

λHφ2 + √
λHλφ2 ≥ 0 , λHφ1 + √

λHλφ1 ≥ 0 ,

λHη + √
λHλη ≥ 0 , λφ + √

λφ1λφ2 ≥ 0 ,

ληφ1 + √
ληλφ1 ≥ 0 , ληφ2 + √

ληλφ2 ≥ 0 . (19)

4.2 Perturbativity of couplings

We have to also take care of the perturbative breakdown of
the model and to to guarantee that all quartic, Yukawa and
gauge couplings should obey the following conditions.

|λH | < 4π, |λφ1,2 | < 4π, |λη| < 4π,

|λHφ1,2 | < 4π, |ληφ1,2 | < 4π, |λφ | < 4π,

|λHη| < 4π, |λ′
Hη| < 4π, |λHηφ | < 4π,

| fi | <
√

4π, |Yi, j | <
√

4π,

|g, g′| <
√

4π, |gBL | <
√

4π, (20)

4.3 Collider constraints

Apart from the theoretical constraints mentioned above, there
exists stringent experimental constraints on the B − L gauge
sector. The limits from LEP II data constrains such additional
gauge sector by imposing a lower bound on the ratio of new
gauge boson mass to the new gauge coupling MZ ′/g′ ≥ 7
TeV [113,114]. The bounds from ongoing LHC experiment
have already surpassed the LEP II bounds. In particular,
search for high mass dilepton resonances have put strict
bounds on such additional gauge sector coupling to all gen-
erations of leptons and quarks with coupling similar to elec-
troweak ones. The latest bounds from the ATLAS experiment
[115,116] and the CMS experiment [117] at the LHC rule
out such gauge boson masses below 4-5 TeV from analysis
of 13 TeV data. Such bounds get weaker, if the correspond-
ing gauge couplings are weaker [115] than the electroweak
gauge couplings. Also, if the Z ′ gauge boson couples only
to the third generation of leptons, all such collider bounds
become much weaker, as explored in the context of DM
and collider searches in a recent work [118]. Apart from the
additional gauge boson, the additional singlet scalar spec-
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trum is also constrained by experimental data. Though the
singlet scalars do not directly couple to the SM particles,
they can do so by virtue of their mixing with the SM Higgs.
Such singlet scalar - Higgs mixing faces both theoretical and
experimental constraints [119,120]. In case of scalar singlet
extension of SM, the strongest bound on scalar-SM Higgs
mixing angle (θ1 j , j = 2, 3, 4) comes form W boson mass
correction [121] at NLO for 250 GeV � Msi � 850 GeV
as (0.2 � sin θ1 j � 0.3) where Msi is the mass of other
physical Higgs. Whereas, for Msi > 850 GeV, the bounds
from the requirement of perturbativity and unitarity of the
theory turn dominant which gives sin θ1 j � 0.2. For lower
values i.e. Msi < 250 GeV, the LHC and LEP direct search
[122,123] and measured Higgs signal strength [123] restrict
the mixing angle sin θ1 j dominantly (� 0.25). The bounds
from the measured value of EW precision parameter are mild
for Msi < 1 TeV. While these constraints restrict the singlet
scalar mixing with SM Higgs denoted by (θ1 j , j = 2, 3, 4),
the other three angles (θ23, θ24, θ34) remain unconstrained.
We choose our benchmark values of singlet scalar masses
and their mixing with SM Higgs boson in such a way that
these constraints are automatically satisfied.

4.4 Cosmological bound on additional light degrees of
freedom

Another interesting way to constrain the model parameters
is by calculating the additional relativistic degrees of free-
dom due to the presence of right handed neutrinos at sub-
eV scale having sizeable gauge interactions. Through these
gauge interactions, they will achieve the thermal equilib-
rium in the early universe and will contribute to the total
relativistic degrees of freedom of the thermal plasma. How-
ever, the total effective degrees of freedom for neutrinos are
already very much constrained from cosmological observa-
tions, more specifically from BBN and CMB. We have used
this fact to constrain the parameter space of the model. Recent
data from the CMB measurement by the Planck [45] suggests
that the effective degrees of freedom for neutrinos as

Neff = 2.99+0.34
−0.33 (21)

In this scenario the effective contribution from the right-
handed neutrinos can be written as [124,125]

�Neff =Neff − NSM
eff =NνR

(
TνR

TνL

)4

= NνR

(
g
(
Tdec

νL

)

g
(
Tdec

νR

)

)4/3

(22)

where NνR represents the number of relativistic right-handed
neutrinos, g(T) corresponds to the relativistic degrees of free-
dom at temperature T, and Tdec

νR
, Tdec

νL
are the decoupling tem-

peratures for νR and νL respectively. From equation (21) one
can write

�Neff = Neff − NSM
eff ≤ 0.285 (23)

where we have used NSM
eff = 3.045 [126] and considered the

maximum allowed Neff from CMB bound mentioned above
in equation (21). Now, to predict �Neff one needs to know
the decoupling temperature of νR which remains in thermal
equilibrium until the interaction rate becomes smaller than
the Hubble expansion of the universe.

�νR (Tdec
νR

) = H(Tdec
νR

) (24)

Here the Hubble rate can be written as [125]

H(T ) =
√

8πGNρ(T )

3

=
√

4π3GN

45

(
g(T ) + 3

7

8
gνR

)
T 2, (25)

where gνR is the internal degrees of freedom for right-handed
neutrinos. In this scenario, the interaction rate can be written
as [125]

�νR (T ) = nνR (T )〈σ(ν̄RνR → f̄ f ) vM 〉

= g2
νR

nνR (T )

∫
d3 �p

(2π)3 fνR (p)
∫

d3�k
(2π)3 fνR (k)σ f (s)vM ,

(26)

where f(νR) is the Fermi-Dirac distribution of right-handed
neutrinos. As we have discussed earlier, νR will achieve ther-
mal equilibrium only through ZBL interactions and the cross-
section can be written as

σν̄RνR→ f̄ f = g4
BL

12π
√
s

1

(s − M2
ZBL

)2 + �2
ZBL

M2
ZBL

∑

f

NC
f n

2
f

√
s − 4M2

f (2M2
f + s), (27)

where nf is is the charge of the SM fermions under U(1)B−L,
NC

f is the colour multiplicity of the fermions. Inserting the
required input in equation (24) one can find out the decou-
pling temperature for right-handed neutrinos and using equa-
tions (22), (23) we can derive a bound on the unknown param-
eters of the model and in this case these are gBL and MZBL . In
fact, this is not a feature of this model but can be applicable
to any gauge symmetric model with additional light degrees
of freedom having sizeable gauge interactions. For example,
in left-right symmetric models with light Dirac neutrinos or
light right handed neutrinos one can derive similar bounds
on additional gauge sector, as discussed by several earlier
works including [22,25] and references therein. It should be
noted that the right handed neutrinos can also thermalise via
Yukawa couplings Yi j (
L)i iτ2η

∗νRj depending upon its rel-
ative strength compared to gauge coupling. However, since
we consider η and its components to be very heavy and hence
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ξi

q

ξi

q

ZBL

ξi

q

ξi
h, si

Fig. 1 Feynman diagrams for spin-independent elastic scattering pro-
cesses of DM with nucleons (or quarks) in the model

decoupled from low energy spectrum, the bounds on such
Yukawa coupling from CMB-BBN constraints will be much
weaker and hence we do not discuss it here.

5 Dark matter: relic density and direct detection

Relic abundance of two component DM in our model χ1,2 can
be found by numerically solving the corresponding Boltz-
mann equations. Let n2 = nξ2 + nξ̄2

and n1 = nξ1 + nξ̄1

are the total number densities of two dark matter candidates
respectively. Assuming there is no asymmetry in number den-
sities of ξi and ξ̄i , the two coupled Boltzmann equations in
terms of n2 and n1 are given below [93],

dn2

dt
+ 3n2H = −1

2
〈σvξ2 ξ̄2→X X̄ 〉

(
n2

2 − (neq
2 )2

)

−1

2
〈σvξ2 ξ̄2→ξ1 ξ̄1

〉
(
n2

2 − (neq
2 )2

(neq
1 )2

n2
1

)
, (28)

dn1

dt
+ 3n1H = −1

2
〈σvξ1 ξ̄1→X X̄ 〉

(
n2

1 − (neq
1 )2

)

+1

2
〈σvξ2 ξ̄2→ξ1 ξ̄1

〉
(
n2

2 − (neq
2 )2

(neq
1 )2

n2
1

)
, (29)

where, neq
i is the equilibrium number density of dark mat-

ter species i and H denotes the Hubble parameter, defined
earlier. For further details of these Boltzmann equations for
two component Dirac fermion DM and their annihilation
channels (ξi ξ̄i → X X̄ , X being all particles where DM
can annihilate into) contributing to 〈σv〉, please refer to
[93] where a similar scenario was discussed recently. We
have solved these two coupled Boltzmann equations using
micrOMEGAs [127] where the model information has been
supplied tomicrOMEGAs usingFeynRules [128]. All the
relevant annihilation cross sections of dark matter number
changing processes required to solve the coupled equations
are calculated using CalcHEP [129]. The most important
DM annihilation channels are the ones mediated by ZBL and
the singlet scalars. Since the two DM candidates are sta-
bilised by two separate and accidental Z2 symmetries, there
is no coannihilation between them. On the other hand a pair
of one DM can annihilate into a pair of the other, if kinemat-
ically allowed, as shown by the last terms on the right hand
side of above two equations.

Just like the new gauge boson and singlet scalars medi-
ate DM annihilation into SM particles, similarly, they can
also mediate spin independent DM-nucleon scatterings. The
Feynman diagrams corresponding to such direct detection
(DD) processes are shown in the Fig. 1. Different ongoing
experiments like Xenon1T [54,55], LUX [51], PandaX-II
[52,53] are trying to detect the DM in the lab-based experi-
ments and give a strong upper bound on the spin-independent
(SI) DD cross-section as a function of DM mass. We have
extracted the SI elastic scattering cross-section for both the
DM candidates from micrOmegas. DD analysis for two-
component DM is slightly different from the single com-
ponent scenario. To compare the result of our model with
Xenon1T bound, we have multiplied the elastic scattering
cross-section by the relative number density of each DM
candidate and used the following conditions

σ eff
ξ1

= nξ1

nξ1 + nξ2

σ SI
ξ1

≤ σXenon1T

σ eff
ξ2

= nξ2

nξ1 + nξ2

σ SI
ξ2

≤ σXenon1T (30)

For details regarding direct detection of multi component
DM, please refer to [130,131].

6 Results and discussion

Since we have two stable DM candidates i.e. ξ1 and ξ2 in
this model, the total relic abundance can be expressed as the
sum of the individual candidates, �DMh2 = �ξ1 h2 +�ξ2 h2.
Equation (18) clearly shows that ξ1 and ξ2 have interactions
with ZBL and the new singlet scalars φ1 and φ2. Through
these interactions they will achieve the thermal equilibrium
in the early universe (unless the gauge and Yukawa cou-
plings are extremely small) and eventually freeze-out as
the universe expands. In Figs. 2 and 3, we have shown
the dependence of relic abundance on DM mass by keep-
ing the other parameters fixed at some benchmark values.
For these two plots we assumed both the DM to have
equal masses (Mξ1 = Mξ2 ), although in principle, they
can have different masses. The left panel of Fig. 2 shows
the variation of relic abundance as a function of DM mass
and the other parameters were chosen as MηR = MηI =
1.5 TeV, MA1 = 2 TeV, Mη± = 750 GeV, Ms1 = Ms2 =
1 TeV, MZBL = 6 TeV, gBL = 0.21 while all the scalar mix-
ing angles

(
sin θi j

)
and the independent quartic couplings are

assumed to be equal to 0.1. Figure 2a clearly shows the dip
in the relic densities due to different scalars and ZBL reso-
nances, at DM mass of 62.5 GeV, 250 GeV, 1 TeV, 1.5 TeV,
and 3 TeV respectively. The dotted blue line and the dashed
red line represent the �ξ1 h2 and �ξ2 h2 respectively whereas
the green solid line shows the total DM relic density. One
important point to note here is that ξ2 has dominant contribu-
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(a) (b)

Fig. 2 Left panel: relic abundance of two DM candidates with degen-
erate masses keeping all other model parameters fixed to benchmark
values. Right panel: Total relic abundance of two DM candidates

(
�DMh2 = �ξ1h

2 + �ξ2h
2
)

with degenerate masses Mξ1 = Mξ2 for
different benchmark values of U (1)B−L gauge coupling

(a) (b)

Fig. 3 Total relic abundance of two DM candidates
(
�DMh2 = �ξ1h

2 + �ξ2h
2
)

with degenerate masses Mξ1 = Mξ2 for different benchmark
values of: mixing angle (left panel) and (b) quartic couplings (right panel)

tion throughout the whole mass range and that is because of
the B − L charges assigned for the individual chiral fermions
which constitute the two Dirac fermion DM candidates. In
Fig. 2b we have shown the dependence of total DM abun-
dance on the gauge coupling gBL which shows that the total
relic abundance is decreasing as we are increasing the gauge
coupling as expected.

Figure 3 shows the dependence of DM abundance on the
parameters from the scalar sector. The left panel of Fig. 3
is for different values of scalar mixing angle, (0.1, 0.01,
0.001) whereas the right one is for different quartic couplings
(0.1,0.01,0.001). Both the figures clearly show that the total
DM abundance does not have strong dependence on these
two parameters.
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Table 3 The parameters of the model and ranges used in the random
scan

Parameters Range

Mξ1 (10 GeV, 5 TeV)

Mξ2 (10 GeV, 5 TeV)

MZBL (100 GeV, 10 TeV)

gBL (0.0001, 1)

Ms1 (100 GeV, 2 TeV)

Ms2 (100 GeV, 2 TeV)

MA1 (100 GeV, 2 TeV)

MηR = MηI (1 TeV, 2 TeV)

Mη± 2.5 TeV

After analysing the dependence on different model param-
eters from the above benchmark plots we have now per-
formed a random scan over the model parameters shown in
the Table 3. As mentioned earlier, we have kept the quar-
tic couplings and the mixing angles fixed at 0.1 through-
out our analysis unless otherwise specified. In Fig. 4 we
have shown the final parameter space of this model in the
gBL − MZBL plane where we have constrained the allowed
parameter space from different relevant upper bounds com-
ing from LHC, LEP, BBN-CMB and also XENON1T. The
blue points showing in the above figure are allowed from
all these experimental bounds. Apart from the experimental
bounds, we also apply the bounded from below criteria of the
scalar potential as well as perturbativity of all dimensionless
couplings. One interesting point to note here is that the BBN-
CMB bound on �Neff is putting much stronger bound in the
high mass region of MZBL compared to the other bounds like
collider or direct detection.

In order to show the prospects of probing such a scenario
at ongoing and upcoming direct detection experiments, we
have shown the effective spin-independent DD cross-section
(see equation (30)) as function of individual DM mass in
Fig. 5. Points showed in green satisfy perturbativity of cou-
plings, bounded from below criteria of the scalar potential,
and the total DM relic density constraint whereas the black
points are allowed from all other relevant constraints such as
XENON1T, LHC, LEP and CMB bound on �Neff as well.
From this figure, it is clear that the parameter space of this
model has promising scope of being detected. We have also
shown the projected sensitivities from future experiments
such as XENONnT [57] (blue region) and DARWIN [58]
(yellow region) in both plots which clearly indicate that these
two experiments can probe a large region of parameter space.
For a comparison, we also show the neutrino floor by the red
solid line, corresponding to coherent neutrino-nucleus scat-
tering cross section [132].

In Fig. 6 we have shown the allowed parameter space in
Mξ1 − Mξ2 plane where the variation of gBL (right panel)

Fig. 4 Summary plot showing allowed parameter space of the model
from all relevant experiments and observations

and MZBL (left panel) have also been shown through colour
coding. One can see that the region becomes broader as we
go to the high mass region of both DM candidates whereas
in the low DM mass region it becomes narrower. This can be
explained by noting the fact that the DM Yukawa couplings
with singlet scalars namely, fi (i = 1, 2) can be written as√

2 MDMi/u which will increase with MDMi for fixed u. So,
in the low DM mass region, only gauge coupling (gBL) is
playing the major role in DM annihilation processes thereby
deciding its relic. As discussed earlier, B − L gauge boson
portal interactions typically lead to correct DM relic around
the resonance region MDMi ≈ MZBL/2. However, as the DM
mass increases, Yukawa coupling corresponding to each DM
candidate also increases and starts to contribute significantly
taking the allowed parameter space away from the resonance
region MDMi ≈ MZBL/2 mentioned before. As a result the
region becomes broader as we go to the high mass region
due to reduced dependence on the gauge boson mediated
annihilation channels.

7 Conclusion

We have proposed a gauged B − L model where light Dirac
neutrinos and two component fermion DM can be realised
without invoking the presence of additional discrete symme-
tries. The novel feature of this model is the possibility of
sub-eV Dirac neutrino mass at tree level and existence of
two stable fermion DM candidates within a minimal gauged
B − L symmetric framework. The right handed part of light
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(a) (b)

Fig. 5 Effective spin-independent direct detection scattering cross-
section of individual DM candidates. Green points are satisfying the
boundedness of potential, perturbativity of couplings and the total DM

relic density constraint whereas the black points are allowed from all
relevant constraint such as direct detection, LHC, LEP and CMB bound
on �Neff

(a) (b)

Fig. 6 DM parameter in terms of DM masses space satisfying all relevant constraints. The colour coding is used to denote gBL, MZBL in left and
right panels respectively

Dirac neutrino and the two Dirac fermion DM candidates
have appropriate B − L charges to make the model anomaly
free. The chosen B − L charge of right handed part of light
Dirac neutrino not only dictates the origin of Dirac neutrino
mass from a neutrinophillic Higgs doublet with appropriate
B − L charge but also gives rise to the possibility of two
stable fermion DM whose B − L charges are related to that

of right handed neutrinos via anomaly cancellation condi-
tions. The scalar sector of the model is chosen in such a
way that it not only gives rise to the desired particle masses
but also leaves a remnant Z2 × Z ′

2 symmetry after sponta-
neous symmetry breaking to stabilise the two DM candidates.
We constrain the model parameters from different available
constraints, both theoretical as well as experimental. After
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showing the behaviour of DM relic density for different
choices of benchmark parameters, we perform a numeri-
cal scan to show the available parameter space in terms of
DM masses and the parameters of the B − L gauge sector
namely, gBL , MZBL . Apart from the usual bounds from LEP,
LHC, DM direct detection, DM relic density constraints,
the strongest bound for MZBL > 3 TeV comes from BBN,
CMB limits on the effective number of relativistic degrees
of freedom. This interesting situation arises due to the Dirac
nature of light neutrinos which introduces additional rela-
tivistic species (right handed part of light Dirac neutrinos)
that can be thermalised in the early universe due to their
sizeable B − L gauge interactions. Thus, the model not only
allows the possibility of sub-eV Dirac neutrino mass with
two component fermion DM from the requirement of can-
celling triangle anomalies but also leads to new contributions
to �Neff that can be probed by future CMB experiments. The
model also remains within reach of ongoing as well as near
future direct detection experiments. Thus the model not only
offers a unified picture of light Dirac neutrino and multi-
component DM but also allows the tantalising possibility of
probing it at experiments operating at different frontiers.
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Appendix A: The 4× 4 rotation matrices

OS = OS12OS13OS14OS24OS23OS34 (A1)

where OSi j represents the rotation in i-j plane.

OS12 =

⎛

⎜
⎜
⎝

cos θ12 sin θ12 0 0
− sin θ12 cos θ12 0 0

0 0 1 0
0 0 0 1

⎞

⎟
⎟
⎠ ,

OS13 =

⎛

⎜⎜
⎝

cos θ13 0 sin θ13 0
0 1 0 0

− sin θ13 0 cos θ13 0
0 0 0 1

⎞

⎟⎟
⎠ (A2)

OS14 =

⎛

⎜⎜
⎝

cos θ14 0 0 sin θ14

0 1 0 0
0 0 1 0

− sin θ14 0 0 cos θ14

⎞

⎟⎟
⎠ ,

OS24 =

⎛

⎜⎜
⎝

1 0 0 0
0 cos θ24 0 sin θ24

0 0 1 0
0 − sin θ24 0 cos θ24

⎞

⎟⎟
⎠ (A3)

OS23 =

⎛

⎜⎜
⎝

1 0 0 0
0 cos θ23 sin θ23 0
0 − sin θ23 cos θ23 0
0 0 0 1

⎞

⎟⎟
⎠ ,

OS34 =

⎛

⎜
⎜
⎝

1 0 0 0
0 1 0 0
0 0 cos θ34 sin θ34

0 0 − sin θ34 cos θ34

⎞

⎟
⎟
⎠ (A4)

Appendix B: The 3×3 rotation matrices

OP =
⎛

⎝
cos α12 cos α13 sin α12 cos α13 sin α13

− sin α12 cos α23 − cos α12 sin α23 sin α13 cos α12 cos α23 − sin α12 sin α23sinα13 sin α23 cos α13

sin α12 sin α23 − cos α12 cos α23 sin α13 − cos α12 sin α23 − sin α12 cos α23 sin α13 cos α23 cos α13

⎞

⎠ (A5)
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