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2HDM
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aDipartimento di Matematica e Fisica Universitá di Roma Tre, Via Della Vasca Navale
84 00146 Roma, Italy
bINFN Sezione Roma Tre, Via Della Vasca Navale 84 00146 Roma, Italy
cUCSC
dInternational Institute of Physics, Universidade Federal do Rio Grande do Norte,
Campus Universitario, Lagoa Nova, Natal-RN 59078-970, Brazil

E-mail: giorgio.arcadi@uniroma3.it, profumo@ucsc.edu,
farinaldo.queiroz@iip.ufrn.br, csiqueira@iip.ufrn.br

Abstract. We explore the dark matter phenomenology of a weak-scale right-handed
neutrino in the context of a Two Higgs Doublet Model. The expected signal at direct
detection experiments is different from the usual spin-independent and spin-dependent
classification since the scattering with quarks depends on the dark matter spin. The
dark matter relic density is set by thermal freeze-out and in the presence of non-
standard cosmology, where an Abelian gauge symmetry is key for the dark matter
production mechanism. We show that such symmetry allows us to simultaneously
address neutrino masses and the flavor problem present in general Two Higgs Doublet
Model constructions. Lastly, we outline the region of parameter space that obeys
collider, perturbative unitarity and direct detection constraints.
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1 Introduction

There is ample evidence that the dark matter (DM) accounts for about 27% of the
energy budget of our universe, i.e. ΩDMh

2 = 0.12, as measured with very high preci-
sion by the PLANCK Collaboration [1]. Current observations, however, do not shed
light on the microscopic nature of the DM, nor to they allow to discriminate between
astrophysical or particle physics solutions to the DM puzzle. Assuming a particle na-
ture for the DM component of the Universe, it is well known that the Standard Model
(SM) of particle physics cannot provide a viable candidate, which should thus be one
(or more) new exotic particles. Among the many possible options, WIMPs (Weakly
Interacting Massive Particles) have been regarded as one of the most promising ones,
since their abundance can be elegantly accommodated, through the thermal freeze-out
mechanism, by requiring DM masses in the GeV-TeV range and interactions with the
SM states of strength similar to weak interactions. Attempts to directly or indirectly
detect WIMPs, however, have been up to now unsuccessful [2]. It should be pointed
out, however, that only recently have we started to probe the “natural” parameter
space of WIMPs [3].

Further evidence for new physics beyond the SM is provided by the experimental
evidence of non-zero neutrino masses. As right-handed neutrinos are absent in the
SM, at least in its minimal incarnation, the Higgs field cannot generate a Dirac mass
term for the neutrinos. If copies of right-handed neutrinos are included in the matter
content of the SM, the Yukawa coupling needed to explain neutrino masses around
0.1 eV would be extremely, and unnaturally, suppressed. Being SM singlets, right-
handed neutrinos can have as well a Majorana mass term without conflicting with
gauge invariance. Given this peculiar feature of neutrino masses, New Physics beyond
the SM is typically invoked for their origin. Neutrino oscillation experiments, see
e.g. [4–11], have measured with great precision mass differences and mixing of the
three light SM neutrinos. However, their individual masses are yet unknown and two
mass orderings, normal and inverse, are allowed. Useful insight has been given, in
this direction, by cosmology. Indeed measures of the Cosmic Microwave Background
(CMB), constrain the sum of the neutrino masses through its effect on structure growth
that comes in terms of the early Integrated Sachs Wolfe effect and gravitational lensing
of the CMB [12]. In summary, they impose

∑
i νi < 0.12 eV [1]. A natural question

arises at this point: can the same new physics beyond the SM be responsible, at the
same time, of the generation of neutrino masses and of the DM component of the
Universe? The answer is yes, and this has been driving a multitude of studies in the
literature in the context of neutrino masses generated at tree-level [13–27].

As mentioned, the simplest way to generate light neutrino masses is to extend the
SM with three right-handed neutrinos described by the following Lagrangian:

L ⊃ yabLa ΦNbR +
Ma

2
N c
aRNaR, (1.1)

where Φ is the SM Higgs doublet, and M a Majorana bare mass term (matrix) for the
right-handed neutrinos.
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After spontaneous electroweak (EW) symmetry breaking, the first term leads to
a Dirac mass which mixes the left-handed and right-handed neutrinos. Three light
neutrino masses are, at this point, generated through the so called (Type-I) seesaw
mechanism. Since neutrino masses are given by mν ' mT

DM
−1mD, with mD � M

the Dirac mass term, it can be easily argued that there are multiple choices for the
Yukawa couplings yab and the MajoranaM mass that are consistent with the measured
oscillation pattern and astrophysical constraints [28]. In particular, values of order one
for yab would imply a very high scale M ∼ 1012 − 1015 GeV for the Majorana mass
term, hardly accessible to experimental tests. Furthermore, in principle one cannot
accommodate a viable DM candidate in this scenario.

A common origin for DM and neutrino masses in the context of the seesaw mech-
anism can be achieved in a somewhat orthogonal regime, with GeV-scale or lighter
Majorana masses and comparatively small Yukawa couplings. The key aspect in this
regime is the fact that the tree-level seesaw mechanism requires the presence of only
two right-handed neutrinos to generate a pattern of masses and mixing of the light
neutrinos compatible with laboratory tests. This leaves the freedom of assuming that
the remaining right-handed neutrino be the DM candidate. In absence of additional
ad-hoc symmetries, the latter would be allowed to decay into SM states. Nevertheless,
it is possible to achieve a cosmologically stable state in the O(1− 50) keV mass range
and very suppressed Yukawa couplings. This kind of candidate is usually referred to as
sterile neutrino DM. The minimal model, which we just summarized, which accommo-
dates both DM and neutrino masses is referred to νMSM [29]. In this kind of scenario
the DM has exceedingly suppressed interactions to be produced according the con-
ventional freeze-out paradigm. The correct relic density can nevertheless be achieved
through the so-called Dodelson-Widrow (also dubbed non-resonant) mechanism [30],
consisting of production via active-sterile neutrino oscillations. A keV scale mass ster-
ile neutrino is produced, through this mechanism, at temperatures of the order of 150
MeV. An approximate expression for its relic density is [31–35]:

ΩDMh
2 ∼ 0.1

(
sin2 θi

3× 10−9

)(
MN

3 keV

)1.8

(1.2)

where sin2 θi ∼
∑

a y
2
abv

2/M2, with v the SM Higgs vev. It is clear that, in this setup,
the right-handed neutrino is unstable due to N → ννν, and to the loop-suppressed
mode N → νγ decay. The decay width is controlled by the mixing angle and the
right-handed neutrino mass, and can be observationally tested using line searches from
N decay, producing a line at around half the mass of the sterile neutrino, thus typically
in X-rays. Searches of X-ray signals, combined with bounds from structure formation
substantially exclude the parameter space corresponding to the non-resonant produc-
tion mechanism for DM illustrated above (see e.g. [36, 37] for some reviews). Bounds
from X-rays can be overcome by relying on the the so-called Shi-Fuller [38] (resonant
production) mechanism, i.e. enhanced DM production in presence of lepton asym-
metry, hence requiring much smaller mixing angles to comply with the correct relic
density. Tensions with structure formation are nevertheless still present [39]; no con-
clusive assessment can be made due to the intrinsic uncertainties of these limits. It
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is also worth pointing out that the correct relic density through resonant production
implies, in the minimal model illustrated above, very tight requirements on the param-
eters of the new neutrino sector [40]. Alternatively, additional physics can be invoked
for the production of sterile neutrinos in the early universe, see e.g. [41, 42].

In our work, we are interested in the possibility of having a weak-scale, thermally
produced right-handed neutrino1. To achieve this goal, extra interactions and/or sym-
metries beyond those of the SM must be invoked [44–46]. More concretely, here we
consider a Two Higgs Doublet Model (2HDM) augmented by a spontaneously broken,
new Abelian gauge symmetry. This scenario aims at addressing, at the same time,
the problems of flavor, dark matter and neutrino masses [47, 48]. However, as will be
shown in the following, the correct DM relic density can be hardly achieved, in the
standard thermal scenario, without tension with experimental constraints. To over-
come this problem, we consider the possibility of a non-standard cosmological history,
represented by a phase of early matter domination. In summary, our work will extend
previous studies in the following aspects:

(i) We consider a 2HDM augmented by a spontaneously broken additional Abelian
gauge symmetry;

(ii) We consider a viable solution to the flavor problem;

(iii) We address and solve the issue of neutrino masses;

(iv) We accommodate a thermal right-handed neutrino dark matter;

(v) We explore the same setup in the context of an early matter domination period
in the universe.

The paper is structured as follows: in the following Section 2, we introduce the
2HDM augmented by an additional gauge symmetry, including the relevant interac-
tions; in Section 3, we explore the DM phenomenology, in Section 4, we discuss our
results, and finally in Section 5, we present our conclusions.

2 Right-Handed Neutrino Dark Matter in a 2HDM augmented
by a gauge symmetry

Two-Higgs doublet models (2HDM) are theoretically and experimentally appealing
extensions of the SM [49–51]. One of the key features of 2HDM is that they do not
affect the ρ parameter. Moreover, 2HDM offer a rich environment for new physics
in the sector of Higgs physics [52–57], collider searches [58], and flavor physics [59–
61]. Over the years, extensions to the original proposal have appeared that include
the introduction of additional new gauge symmetries [62–76]. Later, these new gauge
symmetries were used to simultaneously solve the flavor problem in 2HDM and the issue

1In principle, this particle can be light, although this possibility is tightly constrained by CMB,
direct and collider searches, for example, please see [43].
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of neutrino masses and mixing [48, 77–79], as well as the dark matter puzzle [14, 80–83].
It is clear that 2HDM augmented by gauge symmetries are gaining interest. Motivated
by this, here we propose a new 2HDM that accommodates a thermal right-handed
neutrino dark matter by adding a B-L gauge symmetry. The anomaly cancellation of
a new B-L symmetry can be easily performed, but there are additional requirements
to be considered when this symmetry is embedded in the context of a 2HDM. To
understand this fact we start our discussion with the Yukawa Lagrangian. While very
appealing, the BL group is not the only viable option [47]. We will thus adopt in the
following a more general notation so that one can straightforwardly extend our results
to the case in which the SM group is augmented by a generic U(1)X symmetry.

2.1 Yukawa Lagrangian

We will work in the context of type-I 2HDM, where only one of the scalar doublets
contributes to fermion masses. This setup naturally arises via the introduction of a
new gauge symmetry under which the scalar doublets Φ1 and Φ2 transform differently.
In this way, the Yukawa Lagrangian reads,

− LY1 = ydabQ̄aΦ2dbR + yuabQ̄aΦ̃2ubR + yeabL̄aΦ2ebR + h.c., (2.1)

−LY2 ⊃ yabL̄aΦ̃2NbR + yMab (NaR)cΦsNbR + h.c. , (2.2)

Another Higgs field Φs, singlet under the SM group but with charge QXs under the
new gauge group (in the case of B−L, Q(B−L)s = −2), is introduced to spontaneously
break the U(1)X symmetry. The corresponding vacuum expectation value (vev) will
be indicated as vs in the following. The DM candidate is represented by the neutrino
mass eigenstate N1, which is assumed to be odd with respect to a Z2 symmetry to
ensure stability. The other two neutrinos are responsible for the generation of active
neutrino masses and mixing through type-I seesaw [44, 45, 83, 84]:

(ν N)

(
0 mD

mT
D MR

)(
ν
N

)
. (2.3)

TakingMR � mD we getmν = −mT
D

1
MR

mD andmN = MR, as long asMR � mD,
where mD = yv2

2
√
2
and MR = yMvs

2
√
2
. Using the Casas-Ibarra parametrization [85] one

can straightforwardly reproduce current neutrino data (see e.g. [86]). We emphasize
that the right-handed neutrino N1R is decoupled by construction from this seesaw
mechanism as it is odd under a Z2 symmetry.

2.2 Gauge Anomalies

In order for the new U(1)X symmetry to be anomaly free, the following anomaly
cancellation conditions must hold:

[SU(3)c]
2 U(1)X → Qu

X +Qd
X − 2Qq

X = 0. (2.4)

[SU(2)L]2 U(1)X → Ql
X = −3Qq

X . (2.5)
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[U(1)Y ]2 U(1)X → 6Qe
X + 8Qu

X + 2Qd
X − 3Ql

X −Q
q
X = 0. (2.6)

U(1)Y [U(1)X ]2 → −(Qe
X)2 + 2(Qu

X)2 − (Qd
X)2 + (Ql

X)2 − (Qq
X)2 = 0. (2.7)

[U(1)X ]3 → (Qe
X)3 + 3(Qu

X)3 + 3(Qd
X)3 − 2(Ql

X)3 − 6(Qq
X)3 = 0. (2.8)

where l, q, e, u, d stand, respectively, for the lepton and quark doublets, right-handed
charged leptons, and the up-type and down-type right-handed quarks. QX2 is, instead,
the charge of the Φ2 field. In Appendix A, we describe how to find the above relations.
By using them, it is possible to find several U(1)X anomaly free models [47], including
the B − L approached here.

Taking Qu
X and Qd

X as free parameters, the anomaly conditions are satisfied if
the SM spectrum is augmented with three right-handed neutrinos with charge Qn

X =
−(Qu

X +2Qd
X). Using the Yukawa Lagrangian in Eq.(2.1), we obtain Qd

X−Q
q
X +QX2 =

0, Qu
X − Qq

X − QX2 = 0, Qe
X − Ql

X + QX2 = 0, which, combined with the anomaly
conditions, allow us to express all the charges as function of Qu

X and Qd
X :

Qq
X =

(
Qu
X +Qd

X

)
2

,

Ql
X = −

3
(
Qu
X +Qd

X

)
2

,

Qe
X = −

(
2Qu

X +Qd
X

)
,

QX2 =

(
Qu
X −Qd

X

)
2

.

(2.9)

In Appendix A, we describe how to find the conditions for anomaly freedom. By
using them, it is possible to find several U(1)X anomaly free models [47], including the
B − L approached here.

2.3 Scalar Potential

The scalar potential in the presence of two scalar doublets, transforming differently
under U(1)X , and a scalar singlet reads:

V (Φ1,Φ2) = m2
11Φ

†
1Φ1 +m2

22Φ
†
2Φ2 +m2

sΦ
†
sΦs +

λ1
2

(
Φ†1Φ1

)2
+
λ2
2

(
Φ†2Φ2

)2
+

+ λ3

(
Φ†1Φ1

)(
Φ†2Φ2

)
+ λ4

(
Φ†1Φ2

)(
Φ†2Φ1

)
+

+
λs
2

(
Φ†sΦs

)2
+ µ1Φ

†
1Φ1Φ

†
sΦs + µ2Φ

†
2Φ2Φ

†
sΦs +

(
µΦ†1Φ2Φs + h.c.

)
.

(2.10)

Notice that, given the fact that the two Higgs doublets have different charged under the
U(1)X group, only the tri-scalar operator Φ†1Φ2Φs + h.c. is allowed by the symmetries
of the system.

The two doublets and the singlet can be decomposed as:

Φi =

(
φ+
i

(vi + ρi + iηi) /
√

2

)
, (2.11)
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2HDM with right-handed neutrino dark matter
Fields uR dR QL LL eR NR

U(1)X Qu
X Qd

X
(Qu

X+Qd
X)

2

−3(Qu
X+Qd

X)

2
−(2Qu

X +Qd
X) −(Qu

X + 2Qd
X)

U(1)B−L 1/3 1/3 1/3 −1 −1 −1

Fields Φ2 Φ1

U(1)X
(Qu

X−Q
d
X)

2

5Qu
X

2
+

7Qd
X

2

U(1)B−L 0 2

Table 1. Field context of our 2HDM-U(1)X model where the lightest right-handed neutrino

is dark matter, whose stability is protected by a Z2 symmetry.

Φs =
1√
2

(vs + ρs + iηs) .

From the terms of Eqs.(2.2)-(2.10) we can determine the following relations: QXs =

QX1 −QX2 and −Ql
X −Qe

X +Qn
X = 0, leading to QX1 =

5Qu
X

2
+

7Qd
X

2
. The values of the

U(1)X charges, both in the general case and for X = B −L, the specific case of study
of this work, for the field content of our model are summarized in Table 1.

After EW symmetry breaking and assuming that CP is preserved by the scalar
potential, the CP-even and CP-odd components of the Higgs fields will mix, eventu-
ally leading to three CP-even mass eigenstates, which we indicate with the standard
notation h, H and hs, two charged states H± and one CP-odd state, A. Throughout
this study, we will identify h with the 125 GeV SM-like Higgs and hs with a mostly
singlet-like Higgs, with negligible mixing with the other CP-even scalars. In such a
case the mass of the latter is simply given by:

m2
hs ' λsvs. (2.12)

The other relevant parameter for DM phenomenology is the mass of the charged Higgs,
given by [47, 81]:

m2
H± '

(√
2µvs − λ4v1v2

)
v2

2v1v2
. (2.13)

In order to ensure negligible mixing between the Higgs doublets and singlet the µ
parameter should be small but still satisfy:

µ >
λ4v1v2√

2vs
. (2.14)

Unless differently stated, we will assume, for our analysis, the assignations λ4 = 0.1,
λs = 0.1 and µ = 35GeV.
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2.4 Relevant Interactions

Let’s start with the interactions of the gauge bosons. The new U(1)X and the hyper-
charge gauge boson are described by the following Lagrangian:

Lgauge = −1

4
B̂µνB̂

µν +
ε

2 cosθW
X̂µνB̂

µν − 1

4
X̂µνX̂

µν . (2.15)

As we added a U(1)X gauge group a kinetic mixing between the two Abelian
groups is, in general, allowed by the gauge symmetries. Assuming it to be zero at the
tree level, we can nevertheless not avoid its generation at the one-loop level since the
SM fermion are charged under both the two gauge group. In such case the induced
kinetic mixing parameter ε can be estimated as |ε| ∼ g′gX/(16π2)

∑
Q2
X lnM2/µ2

[87, 88] where, again, gX is the gauge coupling of the U(1)X and QX is the charge
of the SM fermion. This expression roughly gives ε ∼ 10−2gX ; consequently we can
assume that kinetic mixing gives a subdominant contribution to DM phenomenology
and, hence, neglect it in numerical computation.

The Lagrangian responsible for the mass of the gauge bosons is:

L = (Dµφ1)
†(Dµφ1) + (Dµφ2)

†(Dµφ2) + (Dµφs)
†(Dµφs) =

+
1

4
g2v2W−µW+

µ +
1

8
g2Zv

2Z0µZ0
µ −

1

4
gZ(GX1v

2
1 +GX2v

2
2)Z0µXµ

+
1

8
(v21G

2
X1

+ v22G
2
X2
v22 + v2sQ

2
Xs
g2X)XµXµ (2.16)

where we have used the following expression for the covariant derivative:

Dµ = ∂µ + igT aW a
µ + ig′

QY

2
B̂µ + igX

QX

2
X̂µ, (2.17)

while:
GXi

=
εQYi

cos θW
+ gXQXi

. (2.18)

From the equation above we straightforwardly recover the SM value for the mass
of the W boson:

m2
W =

1

4
g2v2, (2.19)

the masses of the remaining gauge bosons are obtained upon diagonalization of the
following mass matrix:

M =

(
g2Zv

2 −gZ(GX1v
2
1 +GX2v

2
2)

−gZ(GX1v
2
1 +GX2v

2
2) v21G

2
X1

+ v2G
2
X2
v22 + q2Xg

2
Xv

2
s

)
(2.20)

which leads to the following rotation:(
Zµ

Z ′µ

)
=

(
cos ξ − sin ξ
sin ξ cos ξ

)(
Z0µ

Xµ

)
, (2.21)
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where the mixing ξ is defined in general as

tan 2ξ =
2gZ(GX1v

2
1 +GX2v

2
2)

m2
Z0
−m2

X

. (2.22)

However, in this work we will mostly consider the regime m2
X � m2

Z0
2 (we will

further comment on this choice in the next section) and very small mixing angle. In
such a case we can write

m2
Z ' m2

Z0 =
1

4
g2Zv

2,

m2
Z′ ' m2

X =
v2s
4
g2XQ

2
Xs

+
g2Xv

2 cos2 β sin2 β

4
(QX1 −QX2)

2, (2.23)

and

sin ξ ' GX1v
2
1 +GX2v

2
2

m2
Z′

=
m2
Z

m2
Z′

(
gX
gZ

(
QX1 cos2 β +QX2 sin2 β

)
+ ε tan θW

)
. (2.24)

Finally, we write the Lagrangian describing the neutral current interactions as
follows:

LNC =− eJµemAµ −
g

2 cos θW
cos ξJµNCZµ − sin ξ

(
εeJµem + εZ

g

2 cos θW
JµNC

)
Z ′µ+

+
1

4
gX sin ξ

[(
QR
Xf +QL

Xf

)
ψ̄fγ

µψf +
(
QR
Xf −QL

Xf

)
ψ̄fγ

µγ5ψf
]
Zµ+

− 1

4
gX cos ξ

[(
QR
Xf +QL

Xf

)
ψ̄fγ

µψf −
(
QL
Xf −QR

Xf

)
ψ̄fγ

µγ5ψf
]
Z ′µ+

− 1

4
QN1gX cos ξ cos ξN1γ

µγ5N1Z
′

µ +
1

4
QN1gX sin ξN1γ

µγ5N1Zµ,

(2.25)

where we have again adopted a general notation in terms of generic charges for the
DM and the SM fermions under the new gauge symmetry (conditions for an anomaly
free symmetry are, of course, automatically assumed).

Besides the neutral current there are other interactions that might be relevant for
our phenomenology such Z ′W+W−, Z ′W+H−, HZ ′Z ′, hZ ′Z ′, HZZ ′. The presence
of such interactions is an additional feature that distinguishes our work from previous
studies in the literature [84, 90, 91]. In particular, the Z ′W+H− is proportional to
ggXv/2 cos ξ, therefore it cannot be neglected. The details expression for the afore-
mentioned couplings can be found e.g. in [81].

2In the opposite regime the same model can be used to interpret the recent XENON1T anomaly
[89].

– 9 –



3 Dark Matter Phenomenology

3.1 Relic Density - Standard Cosmology

Assuming a standard cosmological history the DM relic density can be determined
through the thermal freeze-out paradigm, so that:

ΩN1h
2 ∝ 1

〈σv〉
(3.1)

The thermally favored value of the DM relic density ΩN1h
2 ≈ 0.12 [1] is achieved

when the thermally averaged DM pair annihilation cross-section is of the order of
10−26 cm3s−1. The main contributions to the DM annihilation cross-section come from
pair annihilation into SM fermions pairs, determined by the interactions written in
Eq. (2.25), as well as, if kinematically allowed, annihilation into gauge boson pairs
and Higgs/gauge boson final states. In the regime sin ξ � 1 the most relevant final
states are Z ′Z ′ and W±H∓ and Z ′hs. In order to properly account for this broad
variety of annihilation channels we have implemented the 2HDM + U(1)B−L model
into the package micrOMEGAs [92, 93] and we have numerically determined the DM
relic density as function of the DM and Z’ masses, mZ′ , mN1 , and of the gauge coupling
gX .

3.2 Relic Density - Early Matter Domination

As will be evidenced in the following, the correct relic density can be achieved, ac-
cording to conventional thermal production and compatibly with the experimental
constraints, which will be illustrated below, only in very narrow regions of the param-
eter space. We will then explore the possibility that the viable parameter space for
the model is enlarged in the case of non-standard cosmological history for the Early
Universe, due to the presence of a scalar field φ, dominating the energy budget of the
Universe for some amount of time prior to its decay.

The most general strategy to deal with this non-standard scenario consists into
solving the following system of Boltzmann equations[94–99]:

dρφ
dt

+ 3(1 + ω)Hρφ = Γφρφ, (3.2)

ds

dt
+ 3Hs =

Γφρφ
T

(
1− 2

E

mφ

BRN

)
+ 2

E

T
〈σv〉(n2

N − n2
Neq), (3.3)

dnN
dt

+ 3HnN =
2

mφ

ΓφρφBRN − 〈σv〉(n2
N − n2

Neq), (3.4)

tracking the time evolution of, respectively, the energy density of the scalar field, the
entropy density of the primordial plasma and the DM number density. The averaged
energy per dark matter particle as a function of the temperature T is E2 ' m2

N + 3T 2

while mφ and Γφ are, respectively, the mass and decay width of the scalar φ, and
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ω = pφ/ρφ is the equation-of-state parameter of the field φ. We will consider the
scenario of an Early matter domination, hence we set ω = 0. We will further assume
that the new scalar field cannot decay into DM pairs, i.e. BRN = 0, for example
because its charge under the B − L symmetry is 6= −2.

In such a case, the main effect on the DM relic density is a strong dilution of
the thermally produced component of the DM, due to the entropy injection following
φ decay. This dilution should be compensated through a comparable overabundance,
with respect to the thermally favored values, of the thermally produced DM. The
latter is achieved by requiring smaller values, with respect to the standard freeze-out
case, for the gX coupling, so that the annihilation cross-section of the DM is suitably
suppressed. As can be easily argued this will have, in turn, profound implications in
the complementarity between relic density and experimental searches.

Given the simplifying assumptions illustrated above, a good approximation of
the impact from the aforementioned dilution process on the DM relic density can be
obtained in the following way. First of all, let’s define the temperature at which the
early matter domination phase ends. It is simply obtained by imposing:

Γφ = H(Tend) =

√
π2

90
g∗(Tend)Tend =

(
90

π2g∗(Tend)
M2

PlΓ
2
φ

)1/4

, (3.5)

where Γφ is the decay rate of the scalar field. The second important parameter is the
ratio between the energy density of the scalar field over the one stored into radiation,
computed at temperature of the order of the DM mass:

κ =
ρφ
ρR

∣∣∣∣
T=mN

. (3.6)

In the regime Teq � Tf.o., where Teq and Tf.o. are, respectively, the temperature
at which ρφ > ρR and the standard freeze-out temperature, the DM relic density can
be simply computed as:

ΩNh
2 =

Ωs.f.o.
N h2

D
(3.7)

where Ωs.f.o.
N is the DM relic density computed according to the standard freeze-out

paradigm while D is the dilution factor defined as:

D =
s(T2)

s(T1)
, (3.8)

i.e. the ratio of the entropy density at temperatures immediately after and before the
decay of the scalar field. The dilution factor can be straightforwardly computed in the
instantaneous decay approximation. In such a case, the conservation of energy implies
that:

ρφ(T1) + ρR(T1) = ρR(T2), (3.9)

using ρφ(mN) = κρR(mN) and setting T2 = Tend the dilution factor is given by [99]:
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D = κ
mN

Tend
. (3.10)

The range of values ofD is limited by the fact that Tend cannot fall below around 5 MeV
due to Big Bang Nucleosynthesis contraints [100–103]. Moreover the ratio between ρφ
and ρR should become greater than one only at temperatures well below the one of
standard freeze-out of the DM, since the solution illustrated above is valid only in this
regime. Connected to this we notice that the dependence of D on the DM mass is only
apparent since ρφ/ρR ∝ 1/T → κ ∝ mN . Having this in mind we have considered, for
our analysis, two specific values of D, namely 550 and 2750, assuming in both cases
Tend = 7× 10−3 GeV.

3.3 Direct Detection

Direct detection refers to the measurement of nuclear recoils caused by dark matter
scatterings off nuclei. As the momentum transfer is small compared to the mass of the
mediator that controls the scattering we can apply effective field theory. In the limit
sin ξ → 0 the relevant Lagrangian is:

LDD =
g4X

18m2
Z′
N̄γµγ5Nq̄γµq. (3.11)

where q = u, d. The interactions with electrons have been neglected from Eq. (3.11)
as they are important when we are dealing with light dark matter. The Lagrangian
3.11 does not lead to the conventional spin-independent (SI) or spin-dependent (SD)
interactions. To determine eventual constraints we have to rely on the more general
formalism, as introduced e.g in [104–106]. According to this, the effective Lagrangian
(3.11) can be mapped into the following non-relativistic operators [106–108]:

N̄γµγ5Nq̄γµq → 2~v⊥N · ~SN + 2i~SN ·
(
~Sn ×

~q

mN

)
(3.12)

where, ~SN,n are the DM and nucleus spins, ~v⊥N = ~v + ~q
2µNn

and ~q is the momentum
transfer. As the first term does not depend on the nucleus’s spin, it experiences the
sameA2 enhancement typical of spin-independent interactions, with A being the atomic
mass of the nucleus. For instance, for 131Xe this term is boosted by ∼ 1.7 × 104.
However, one should keep in mind that it is also velocity suppressed. As this operator
yields a distinct recoil spectrum we cannot directly apply the experimental limits on
the scattering cross section. In order to compute the direct detection bounds on the
parameter space of interest we used the code described in [107]. The limit can be
found by computing the differential recoil rate in a xenon detector after considering
efficiency and no background events. We point out that the renormalization group
effects studied in [109] are not important here as we have a vector quark current. We
have compared the expected DM scattering rate with the limits given by the XENON1T
experiment and found that they can constraint the viable DM parameter space only
for gX > 1. As will be evidenced by Fig. 1, for gX = 1, the Z/Z ′ cannot be neglected.
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The latter generates the N̄1γ
µγ5N1q̄γµγ5q operator, responsible of the conventional SD

interaction, with a cross-section given by:

σSD
N1p

=
µ2
N1p

4π

∣∣∣∣(gAZugZN1

m2
Z

+
gAZ′ugZ′N1

m2
Z′

)
∆p
u +

(
gAZdgZN1

m2
Z

+
gAZ′dgZ′N1

m2
Z′

)
(∆p

d + ∆p
s)

∣∣∣∣2
(3.13)

where ∆p
u,d,s are form factors representing the contribution of light quarks to the nucleon

spin. gAZ(Z′)u,d are the axial couplings of the Z,Z ′ with up-type and down-type quarks
while gZ(Z′)N1 are the couplings of the neutral gauge bosons with the DM. Their explicit
expressions can be straightforwardly inferred from Eq. 2.25.

Figure 1. Region of parameter space in the right-handed neutrino versus Z ′ mass plane that
yields the correct relic density (solid line) overlaid with existing bounds from direct detection,
and collider searches, for gχ = 1. Moreover, we have added the curves that delimit the region
of parameter space that yields the correct relic density in the presence of an early matter
domination episode occurring after the dark matter freeze-out. See text for details.

3.4 Indirect Detection

The dark matter annihilation cross section into fermions is velocity suppressed (i.e
p-wave like3, useful related analytical expressions can be found e.g. in [2, 110]) so it
is not responsible for significant and detectable indirect signals. The annihilation into
Z ′ pairs is not velocity suppressed but is subdominant unless 0.5mN < mZ′ < 0.9mN .
As we are considering mZ′ ≥ 200GeV, such annihilation processes are relevant for

3An s-wave contribution is actually present but it is helicity suppressed. It is then, in general,
subdominant
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mN1 > 200GeV. Indirect Detection constraints and Cosmic Microwave Background
radiation searches cannot yet probe the thermally favored value of the DM annihilation
cross-section for these high values of the DM mass [111, 112]. Furthermore, collider
constraints are much more competitive, excluding Z ′ masses up to few TeV. Since
similar arguments hold also for the other s-wave dominated annihilation final states,
i.e. the one into Z ′hs, we conclude that indirect detection does not play a significant
role in our study.

3.5 Perturbative Unitarity

One can use perturbative unitarity to constrain sums of couplings that are relevant
for our phenomenology. Considering self-interactions, N N → N N , we can roughly
impose yMab <

√
8π. As the right-handed neutrino mass and the Z ′ mass are governed

by the same vev (vs) we can use this relation to impose gχmχ/mZ′ <
√
π [108, 113].

The region of the parameter space where this condition is not satisfied is shaded in
magenta.

3.6 Collider bounds

It is well know that new gauge boson can be constrained by a broad variety of collider
searches. Thanks to their gauge interactions with SM fermions, Z ′ bosons can be ef-
ficiently produced in proton-proton collisions. Z ′ visible decay products can be then
searched for through searches of dijet and/or dilepton resonances. If kinematically al-
lowed, Z ′ decays into DM pairs lead to the so-called mono-X events. Among different
searches strategies, dileptons and dijet are normally the most effective in constrain-
ing the model [2, 114]. While being in general less restrictive, mono-X searches can
nevertheless provide useful complementary information.

For our analysis we have adopted the following bounds:

• Searches for heavy (mZ′ & 1TeV) dijet resonances from ATLAS [115];

• Searches for light dijet resonances from ATLAS [116] and CMS [117], the latter
being sensitive to masses of the Z ′ down to 45 GeV;

• Searches of heavy (mZ′ & 600GeV) dilepton resonances from ATLAS [118];

• Searches for resonances decaying into top-quark pairs by ATLAS [119]. Since
the corresponding limit is not competitive with the ones coming from dijet and
dilepton searches, it has not been shown explicitly shown in the figures;

• Searches for monojet events by ATLAS [120].

3.7 Atomic Parity violation

Atomic parity violation (APV) is a powerful complementary probe of new physics
[47, 73]. Since we are considering a heavy Z ′, APV effects can be described through
the following effective Lagrangian:

LAPV =

(
gAZeg

V
Zu

m2
Z

+
gAZ′eg

V
Z′u

m2
Z′

)
ēγµγ5eūγµu+

(
gAZeg

V
Zd

m2
Z

+
gAZ′eg

V
Z′d

m2
Z′

)
ēγµγ5ed̄γµd (3.14)
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Figure 2. Same as Fig.1, but for gχ = 0.1.

where gV,AZ(Z′)f are the vector (V 4) and axial (A) couplings of the Z (Z ′) gauge bosons
with SM fermions. APV can be experimentally probed by looking for Left-Right
asymmetries in atomic transitions. Experimental limits can be expressed in terms of
constraints on the deviation ∆QW = QW −QSM

W with QW = QW (Z,N) being the weak
charge of target nucleus while QSM

W is the SM prediction for the same quantity.
In the limit of small Z/Z ′ mixing angle we can write:

∆QW =

[
−δ2QSM

W − 4δ2Z sin θW cos θW
ε

εZ
− (2Z +N)δ2

(Qu
X +Qq

X)

QX1 cos2 β +QX2 sin2 β
+

− (Z + 2N)δ2
(Qq

X +Qd
X)

QX1 cos2 β +QX2 sin2 β

](
1− Ql

X −Qe
X

QX1 cos2 β +QX2 sin2 β

)
(3.15)

where [47]:

δ =
2 cos β cos βs√

Q2
Xs

+ cos2 βs
(
sin2 β(QX1 −QX2)

2 − q2X
) (3.16)

and where we have defined tan βs = v1
vs
.

At the moment, the strongest constraints from APV come from Cesium transitions
[121]. Substituting Z = 55, N = 78 and the central value of the SM expectation
QSM
W = −73.16 and by specializing to the B − L model, we find:

∆QW = −59.84δ2 − 220δ sin θW cos θW ε
mZ

mZ′
− 133δ2 tan β2. (3.17)

Imposing the bound [73]:
|∆QW | < 0.6 (3.18)
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one can obtain a lower bound, as function of the coupling gX , on the mass of the Z ′
which can possibly complement the ones from collider searches of Z ′.

3.8 Constraints on extra scalars

Albeit DM observables can feature or not a dependence on the masses of the additional
Higgs bosons besides the SM-like Higgs h, these additional scalars can impact the pa-
rameter space under consideration, since they are related, through the gauge coupling
gX and the singlet vev vs, to the mass of the Z ′. In the scenario we consider here, the
strongest constraints come from collider searches for the charged Higgs boson H± as
well as from effects on b → s transitions. A recent review of these constraints can be
found in [122].

4 Results

We present our results in the dark matter vs mediator mass plane, for gX = 1, 0.1, 0.01.
The black lines and shaded regions correspond to parameter space that provides the
“right” relic density assuming a standard cosmological history. The dashed (dot-dashed)
gray contours represent instead the correct relic density in the case of an epoch of early
matter domination after DM freeze-out ending with the decay of a scalar field with
dilution of the thermally generated DM abundance by a factor D = 550 (2750). In
both cases, the epoch of matter domination ends at a temperature Tend = 7MeV.

As anticipated, the case gX = 1 is extremely constrained, with the strongest
bound from collider searches for dilepton resonances ruling out masses of the Z ′ up to
5 TeV. Assuming the standard freeze-out scenario, a viable parameter space is achieved
only in correspondence with the mN ∼ mZ′

2
“pole” and, in a rather small window, in

the mN > mZ′ regime, between the region excluded by dilepton searches and by
the unitarity bound. In all cases, DM masses in the multi-TeV range are required.
Notice that the relic density contour levels in Fig. 1 show a second small cusp: This
corresponds to a second resonance occurring for mN ∼ mhs

2
. For gX = 1, λs = 0.1, the

hS is lighter than the Z ′. For this choice of parameters, resonant enhancement from
s-channel exchange of the hs would occur mainly through the N1N1 → ZZ process,
whose rate is suppressed as sin ξ4; for this reason, the second cusp is barely visible in
the plot. Furthermore it lies in a region excluded by experimental constraints.

The picture substantially changes when a non-standard cosmological history is
considered. In such a case, a viable DM thermal relic density can be achieved for
mN < mZ′ away from resonances, with the DM as light as around 300 GeV. The
case gX = 0.1 appears to be more constrained. This is due to the fact that the
DM annihilation cross-section decreases as g4X , while the production cross-section for
resonances only scales as g2X . Furthermore, as gX decreases, the extra Higgs bosons
becomes increasingly heavier with respect to mZ′ , thus reducing the kinematically-
accessible final states.

A standard WIMP scenario appears to be completely ruled out, while values of
mN greater than 5 (1) TeV become viable in the D = 550 (2750) case. Contrary to
the gX = 1 case, the thermal relic density contours feature two equally pronounced
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cusps. Indeed, for gX = 0.1, mhS > mZ′ with a resulting s-channel enhancement of the
N1N1 → Z

′
Z
′ process, whose rate is not suppressed by the small Z/Z ′ mixing angle.

Finally, in the gX = 0.01 case the assumption of an early matter domination
epoch is the only option to achieve the correct DM relic density for DM masses as
low as 150 GeV, albeit at the price of a sizable fine-tuning: the s-channel resonance
enhancement must be compounded with the entropy dilution effect from the decay of
the scalar field φ.

Figure 3. Same as Fig.1, but for gχ = 0.01

As mentioned, we focused on the mZ′ > mZ case. Viable DM relic density can
also be obtained, through the mechanisms considered above, for mZ′ < mZ as well;
However, for 10 . mZ′ . mZ , the viable parameter space for the correct thermal relic
density is completely ruled out by LHC searches for light resonances decaying into
muon pairs [118]. In the case of GeV or sub-GeV masses for the Z ′, values of gX as
low as 10−3 are excluded by APV, and by searches for light Z ′ from BaBar [123, 124]
and neutrino-electron scattering experiments [125–130].

5 Conclusions

In this study we have discussed a 2HDM model augmented by a spontaneously broken
Abelian gauge symmetry; the model solves the flavor problem of the general 2HDM,
while at the same time accommodating observed neutrino masses and mixing via a
type-I seesaw mechanism. One of the right-handed neutrino is stable, and is a viable
weak-scale thermal dark matter candidate. The right-handed neutrino interacts with
a TeV scale Z ′ gauge boson that arises from the spontaneously broken U(1)X gauge
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symmetry, with its thermal relic abundance from the usual freeze-out paradigm, with
or without a non-standard cosmology featuring a period of early matter domination
ending at a temperature around 7 MeV, and thus compatible with constraints from
the synthesis of light elements. Since the right-handed neutrino is a Majorana particle,
and the Z ′ boson only has vectorial currents with SM fermions, direct detection is
different from the usual spin-independent and spin-dependent classification; this re-
quired a direct comparison with the scattering rate from e.g. the XENON experiment.
After considering perturbative unitarity, dijet and dilepton bounds from the LHC,
we showed which region of parameter space satisfies current constraints, and made
concrete predictions for observable features of this scenarios at future experiments.
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A Anomaly Freedom

In this appendix we describe how to find the conditions for anomaly freedom, showed
in Eqs.(2.4)-(2.8) when we include a new U(1)X Abelian gauge symmetry:

• [SU(3)c]
2 U(1)X :

A = Tr
[{

λa

2
,
λb

2

}
Y ′R

]
− Tr

[{
λa

2
,
λb

2

}
Y ′L

]
where λa,b are the Gell-Mann matrices related to the symmetry SU(3)c and Y ′R,L
the charges under U(1)X . Substituting the Gell-Mann matrices we get,

A ∝
∑

quarks

Y ′R −
∑

quarks

Y ′L =
[
3Qu

X + 3Qd
X

]
− [3 · 2Qq

X ] = 0.

Therefore, the condition for anomaly freedom is:

Qu
X +Qd

X − 2Qq
X = 0. (A.1)

• [SU(2)L]2 U(1)X :

A = −Tr
[{

σa

2
,
σb

2

}
Y ′L

]
∝ −

∑
Y ′L = −

[
2Ql

X + 3 · 2Qq
X

]
= 0.

where σa,b are the Pauli matrices related to the SU(2)L symmetry. Therefore,
the condition between the U(1)X charges is given by,

Ql
X = −3Qq

X . (A.2)
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• [U(1)Y ]2 U(1)X :

A = Tr [{YR, YR}Y ′R]− Tr [{YL, YL}Y ′L] ∝
∑

Y 2
RY
′
R −

∑
Y 2
LY
′
L

where YR,L are the charges under U(1)Y . Substituting the YR,L charges we found,

A ∝

[
(−2)2Qe

X + 3

(
4

3

)2

Qu
X + 3

(
−2

3

)2

Qd
X

]
+

−

[
2 (−1)2Ql

X + 3 · 2
(

1

3

)2

Qq
X

]
= 0.

Therefore, under the anomaly freedom condition, we get the following relation
between the U(1)X charges:

6Qe
X + 8Qu

X + 2Qd
X − 3Ql

X −Q
q
X = 0. (A.3)

• U(1)Y [U(1)X ]2:

A = Tr [{Y ′R, Y ′R}YR]− Tr [{Y ′L, Y ′L}YL] ∝
∑

YRY
′
R
2 −

∑
YLY

′
L
2
,

substituting the U(1)Y charges, we get,

A ∝
[
(−2) (Qe

X)2 + 3

(
4

3

)
(Qu

X)2 + 3

(
−2

3

)
(Qd

X)2
]

+

−
[
2 (−1) (Ql

X)2 + 3 · 2
(

1

3

)
(Qq

X)2
]

= 0.

Therefore, we find the following relations between the U(1)X charges:

− (Qe
X)2 + 2(Qu

X)2 − (Qd
X)2 + (Ql

X)2 − (Qq
X)2 = 0. (A.4)

• [U(1)X ]3: The last case provides:

A = Tr [{Y ′R, Y ′R}Y ′R]− Tr [{Y ′L, Y ′L}Y ′L] ∝
∑

Y ′R
3 −

∑
Y ′L

3
,

where substituting the U(1)X charges, we get

A ∝
[
(Qe

X)3 + 3(Qu
X)3 + 3(Qd

X)3
]
−
[
2(Ql

X)3 + 3 · 2(Qq
X)3
]

= 0,

which gives the following relation:

(Qe
X)3 + 3(Qu

X)3 + 3(Qd
X)3 − 2(Ql

X)3 − 6(Qq
X)3 = 0. (A.5)

Using the relations described above, it is possible to construct several anomaly
free models when we have an extra U(1)X gauge symmetry, as discussed in [47].
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