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1 Introduction

The masses of neutrinos and their mixing, evidenced by the neutrino oscillation experi-
ments [1], is one of the open questions in particle physics and indicates the existence of
new physics beyond the Standard Model (SM). Theorists have developed multiple theories
to explain the origin of the neutrino masses, most of which are different realisations of the
dimension-five Weinberg operator [2]. Typical tree-level realisations of the Weinberg oper-
ator include the type I [3–6], II [7–12] and III [13–16] seesaw models. However, large seesaw
coupling and small right-handed (RH) neutrino mass cannot be simultaneously achieved
in the traditional seesaw models, which makes them hard to test. For this reason, much
attention has been focussed also on low scale seesaw models such as the inverse seesaw
model [17] or the linear seesaw model [18, 19], where both sorts of model are based on ex-
tensions of the right-handed neutrino sector. Loop models of neutrino mass provide further
low energy alternatives [20].

Recently a new version of the type I seesaw mechanism has been proposed called the
type Ib seesaw mechanism [21] which may be just as testable as the low scale seesaw models
above while allowing just two right-handed neutrinos [22]. It had been pointed out a long
time ago that the traditional Weinberg operator is not the only pathway to neutrino mass
in models with multiple Higgs doublets [23]. The two Higgs doublet models (2HDMs) have
been classified by many authors [24–26], and the type Ib seesaw model [21] is based on
the so called type II 2HDM in which one Higgs doublet couples to down type quarks and
charged leptons, while the other couples to up type quarks. Usually when the type I seesaw
mechanism is combined with the type II 2HDM, the Weinberg operator [2] would involve
only the Higgs doublets that couple to up type quarks. The novel feature of the type Ib
seesaw mechanism is that the effective neutrino mass operator requires both types of Higgs
doublets, which couple to up and down type quarks, while the two right-handed neutrinos
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form a single Dirac mass in the minimal case [21], as shown in figure 1. In contrast to the
traditional type I seesaw models, the type Ib seesaw model allows large seesaw couplings and
relatively small value of the heavy neutrino mass simultaneously and thus is more testable
than the traditional type I seesaw model, which we shall refer to as type Ia to distinguish it
from type Ib. In this case the type Ib seesaw model [21] shares many of the general features
of testability as the inverse seesaw or linear seesaw models mentioned above, however it
is distinguished by the simplicity of the two right-handed neutrino sector [22] which form
a single heavy Dirac mass in the minimal case, as mentioned above, rather than relying
on extending the right-handed neutrino sector as in other low energy seesaw models. This
makes the minimal type Ib seesaw model particularly well suited for studying dark matter
produced via a heavy neutrino portal, as we now discuss.

Besides neutrino mass and mixing, the existence of dark matter (DM) accounting for
about 25% of the energy density of the universe [27] also provides an important clue of
physics beyond the standard model (BSM). The relation between these intriguing phe-
nomena has been investigated in many works [28–103]. One of the interesting possibilities
is to connect the dark sector and the Standard Model through the RH neutrinos that
realise the type I seesaw, which is usually named the neutrino portal scenario [104–114].
Some recent research [104–106] shows that dark matter particles can be dominantly pro-
duced through the neutrino Yukawa interactions in the seesaw sector non-thermally by the
so-called “freeze-in” mechanism [115, 116]. In those studies, the classical type I seesaw
model is adopted and the right-handed neutrinos are superheavy in order to realise the
leptogenesis [117], which makes such a model hard to be constrained and tested by the
relevant experiments [118–125]. Moreover, within the framework of the traditional type
I seesaw model, even if the leptogenesis is not considered, the right-handed neutrinos are
still required to be superheavy, otherwise the seesaw Yukawa coupling is too small to play a
non-negligible role in dark matter production and the connection between neutrino physics
and dark matter is lost. This motivates studies of DM in the type Ib seesaw model where
the minimal 2RHN sector allows the simplest possible portal couplings, since this case has
not been considered so far in the literature.

In this paper, we consider a minimal version of the type Ib seesaw model with 2RHNs
which form a single heavy Dirac neutrino, within a type II 2HDM, where all fields transform
under a Z3 symmetry in such as way as to require two different Higgs doublets in the
seesaw mechanism as shown in figure 1.1 We then discuss a simple dark matter extension
of this model, in which the Dirac heavy neutrino is coupled to a dark Dirac fermion and
a dark complex scalar field, both odd under a discrete Z2 symmetry, where the lighter
of the two is a dark matter candidate. To reduce the number of free parameters, we
derive analytical formulae which show that the dark matter production does not depend
on the individual mass of the dark scalar or dark fermion, but depends on the ratio of
them, which agrees with the numerical result in previous works [104, 105]. Focussing on

1In the original type Ib seesaw model [21], a U(1)′ symmetry controlled the neutrino sector, and with
this symmetry all Yukawa couplings were forbidden. However, in the present proposal, the U(1)′ is replaced
by a Z3 symmetry, and the standard model fermions transform under Z3 in such as way as to allow their
renormalisable couplings to the two Higgs doublets.
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Figure 1. The type Ib seesaw mechanism involves two different Higgs doublets Φ1 and Φ2. The
minimal model involves two right-handed neutrinos NR1 and NR2 which form a Dirac mass MN .

the fermionic dark matter case, and considering the freeze-in production of dark matter,
we investigate the parameter space of type Ib seesaw Yukawa couplings, neutrino portal
couplings and the ratio of dark particle masses which give the correct dark matter relic
abundance. By considering the mixing between the standard model neutrinos and the heavy
neutrino, we build a connection between the dark matter production and current laboratory
experiments ranging from collider to lepton flavour violating experiments. For a GeV scale
heavy neutrino, the parameters related to dark matter production are constrained by the
experimental results directly and can be further tested by future experiments such as SHiP.

The paper is organised as follows. In section 2, we briefly introduce the model studied
in this paper and discuss its property and possible experimental constraints. In section 3,
we derive the Boltzmann equations and provides some analytical solutions. In section 4, we
present the numerical results from dark matter production and compare them to the exist-
ing experimental constraints and future experimental sensitivities. Finally, we summarise
and conclude in section 5.

2 Minimal type Ib seesaw model with dark matter

Here we introduce the minimal version of the type Ib seesaw model with 2RHNs [21], where
all fields transform under a Z3 symmetry in such as way as to require two different Higgs
doublets in the seesaw mechanism, as shown in figure 1. The two right-handed neutrinos
NR1 and NR2 form a single heavy Dirac neutrino N . We also consider a dark matter
extension of this model to include a Z2-odd dark sector containing a singlet Dirac fermion
χ and a singlet complex scalar φ. The fields of the model are summarized in table 1. The Z3
symmetry ensures that the coupling between the Higgs doublets and SM fermions follows
the type II 2HDM pattern: the masses of the charged leptons and −1/3 charged quarks
are generated by the spontaneous symmetry breaking (SSB) of the first Higgs doublet Φ1,
while the 2/3 charged quarks gain masses from Φ2. The full Lagrangian can be separated
into parts as

L = L2HDM + LseesawIb + LDS + LNRportal . (2.1)

The first term is the Lagrangian of the 2HDM which includes couplings between charged
fermions and Higgs doublets

L2HDM ⊃ −Y u
αβQαΦ2uRβ − Y d

αβQαΦ̃1dRβ − Y e
αβLαΦ̃1eRβ + h.c. (2.2)

– 3 –



J
H
E
P
0
5
(
2
0
2
1
)
1
2
9

Qα uRβ dRβ Lα eRβ Φ1 Φ2 NR1 NR2 φ χL,R

SU(2)L 2 1 1 2 1 2 2 1 1 1 1
U(1)Y 1

6
2
3 −1

3 −1
2 −1 −1

2 −1
2 0 0 0 0

Z3 1 ω ω 1 ω ω ω2 ω2 ω ω ω2

Z2 + + + + + + + + + − −

Table 1. Irreducible representations of the fields of the model under the electroweak SU(2)L×U(1)Y
gauge symmetry, the discrete Z3 symmetry (where we write ω = ei2π/3) and the unbroken Z2 dark
symmetry. The fields Qα, Lα are left-handed SM doublets while uRβ , dRβ , eRβ are right-handed
SM singlets where α, β = 1, 2, 3 label the three families of quarks and leptons. The fields NR1,2
are the two right-handed neutrinos, while φ and χL,R are a dark complex scalar and dark Dirac
fermion, respectively.

The remaining terms are the type Ib seesaw Lagrangian, dark sector (DS) Lagrangian and
the neutrino portal, which take the form

LseesawIb = −Y1αLαΦ1NR1 − Y2αLαΦ2NR2 −MNN c
R1NR2 + h.c. , (2.3)

LDS = χ
(
i/∂ −mχ

)
χ+ |∂µφ|2 −m2

φ |φ|
2 + V (φ) , (2.4)

LNRportal = y1φχRN
c
R1 + y2φχLNR2 + h.c. , (2.5)

The two “right-handed” Weyl neutrinos can actually form a four component Dirac spinor
N = (N c

R1, NR2) with a Dirac mass MN . Moreover, if the two portal couplings are equal
y = y1 = y2, the neutrino portal has a CP invariant form after N is introduced. The type
Ib seesaw Lagrangian and the neutrino portal can be rewritten as

LseesawIb = −Y ∗1αLcαΦ∗1NL − Y2αLαΦ2NR −MNNLNR + h.c. , (2.6)

LParity
NRportal = yφχN + h.c. , (2.7)

where χ = (χL, χR). Eq. (2.4) defines the kinetic and mass terms of the dark particles as
well as a general potential of the dark scalar φ. The vacuum is required to appear at zero
in the potential so that the Z2 symmetry is preserved. The neutrino portal in eq. (2.7)
includes a Yukawa-like coupling between the heavy neutrino in the visible sector and dark
particles. Although the couplings between the Higgs doublets and the dark scalar is also
not forbidden by the discrete symmetries, we assume those couplings are negligible2 and
in this study and we focus on the neutrino portal.

In the type Ib seesaw Lagrangian, the heavy neutrino can be integrated out to generate
a set of effective operators [126], which leads to an effective field theory for the low en-
ergy phenomenology. The dimension five effective operators are Weinberg-type operators
involving two different Higgs doublets [21]

δLd=5 = cd=5
αβ

(
(LcαΦ∗1)(Φ†2Lβ) + (LcβΦ∗1)(Φ†2Lα)

)
+
(
cd=5
αβ

)∗ ((
LβΦ2

) (
ΦT

1 L
c
α

)
+
(
LαΦ2

) (
ΦT

1 L
c
β

))
. (2.8)

2The Higgs portal couplings and constraints are discussed in the appendix.
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Different from the type Ia seesaw model, the standard Weinberg operator with two Φ1 or
two Φ2 is forbidden by the Z3 symmetry and that only the new Weinberg-type operator
that mixes the two Higgs doublets is allowed in the model. When the Higgs doublets
develop VEVs as 〈Φi〉 =

(
vi/
√

2, 0
)
, the new Weinberg-type operator induces Majorana

mass terms mαβνανβ for the light SM neutrinos, where

mαβ = v1v2c
d=5
αβ = v1v2

MN

(
Y ∗1αY

∗
2β + Y ∗1βY

∗
2α

)
. (2.9)

The smallness of the light neutrino masses may stem not only from the suppression of
MN , but also from the Yukawa couplings. Since there are two different Yukawa couplings,
one of them can be sizeable if the other one is small enough, allowing a low scale seesaw
model. This enables the seesaw mechanism to play a role in dark matter even for GeV
mass heavy neutrinos.

It has been shown that, similar to the simplest minimal flavor violating type-I seesaw
model [127], the Yukawa couplings Y1α, Y2α in type Ib seesaw model can be determined by
the elements of the PMNS mixing matrix UPMNS the two mass squared splittings ∆m2

sol and
∆m2

atm, up to overall factors Y1 and Y2 [21]. In this minimal scenario, only two neutrinos
get masses and the lightest neutrino remains massless. On the other hand, considering the
hierarchy of the neutrinos is undetermined, there are two distinguishable possibilities for
the Yukawa couplings. For the case of a normal hierarchy (NH), the Yukawa couplings in
the flavour basis, where the charged lepton mass matrix is diagonal, read

Y1α = Y1√
2

(√
1 + ρ (UPMNS)α3 −

√
1− ρ (UPMNS)α2

)
, (2.10)

Y2α = Y2√
2

(√
1 + ρ (UPMNS)α3 +

√
1− ρ (UPMNS)α2

)
, (2.11)

where Y2, Y1 are real numbers and ρ= (
√

1+r−
√
r)/(
√

1+r+
√
r) with r≡ |∆m2

21|/|∆m2
32|.

The neutrino masses in the NH are

m1 = 0, |m2| =
Y1Y2v1v2
MN

(1− ρ), |m3| =
Y1Y2v1v2
MN

(1 + ρ). (2.12)

For an inverted hierarchy (IH), the Yukawa couplings in the flavour basis are given by

Y1α = Y1√
2

(√
1 + ρ (UPMNS)α2 −

√
1− ρ (UPMNS)α1

)
, (2.13)

Y2α = Y2√
2

(√
1 + ρ (UPMNS)α2 +

√
1− ρ (UPMNS)α1

)
, (2.14)

where ρ = (
√

1 + r − 1)/(
√

1 + r + 1) with r ≡ |∆m2
21|/|∆m2

31|. The neutrino masses in
the IH are

m3 = 0, |m1| =
Y1Y2v1v2
MN

(1− ρ), |m2| =
Y1Y2v1v2
MN

(1 + ρ). (2.15)

Since only the overall factors Y1 and Y2 are unfixed, we refer to Y1 and Y2 as Yukawa
couplings in the rest of the paper. With the central values of oscillation parameters [128]
and setting δCP = π, a combined value is fixed as

Y1Y2v1v2
MN

=
{

3.0× 10−11 GeV for NH
5.0× 10−11 GeV for IH

. (2.16)
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In 2HDM, it is common to define the ratio of Higgs VEVs as tan β = v2/v1, where v1
and v2 are the VEVs of Φ1 and Φ2 respectively. Assuming there is no complex relative
phase between the VEVs, the Higgs VEVs follow the relation

√
v2

1 + v2
2 = v = 246GeV and

eq. (2.16) can be simplified

Y1Y2 sin 2β
MN

=
{

1.0× 10−15 GeV−1 for NH
1.6× 10−15 GeV−1 for IH

. (2.17)

In summary, there are four free parameters constrained by one relation eq. (2.17) in the
minimal type Ib seesaw model. As will be shown later, the quantity that matters in dark
matter production is the sum of the squared Yukawa couplings instead of their product.
Therefore it is useful to derive a lower limit to the sum of squared Yukawa couplings from
eq. (2.17) using the inequality of arithmetic and geometric means (AM-GM inequality)

Y 2
1 + Y 2

2 &


2.0× 10−15 MN

1GeV
1

sin 2β for NH

3.3× 10−15 MN

1GeV
1

sin 2β for IH
. (2.18)

For simplicity, we focus on the normal hierarchy of neutrino mass ordering from now on
and discuss the experimental constraints on the model.

2.1 µ → γe

The first experimental constraint on type Ib seesaw model is from the µ → γe decay.3 In
the framework of type Ib seesaw model, the total 5 × 5 mass matrix of neutrinos is given
in the flavour basis, where the charged lepton mass matrix is diagonal, by [21]

νe νµ ντ NL N c
R

Mν =

νce

νcµ

νcτ

N c
L

NR



0 0 0 Y ∗11v1√
2

Y ∗21v2√
2

0 0 0 Y ∗12v1√
2

Y ∗22v2√
2

0 0 0 Y ∗13v1√
2

Y ∗23v2√
2

Y ∗11v1√
2

Y ∗12v1√
2

Y ∗13v1√
2

0 MN

Y ∗21v2√
2

Y ∗22v2√
2

Y ∗23v2√
2

MN 0


≡
(

0 mT
D

mD M

)
. (2.19)

Mν is a symmetric complex matrix and thus can be diagonalised by a unitary transforma-
tion U of the form UTMνU . In the flavour basis, the 5 × 5 unitary matrix U takes the
approximate expression [21]

U '

I3×3 −
ΘΘ†

2 Θ

−Θ† I2×2 −
Θ†Θ

2


(
UPMNS 0

0 I2×2

)
(2.20)

3The strongest constraint from charged lepton decay is the one from the muon decay. In the type Ib
seesaw model, the quantities |ηeµ| and |ηµτ | have the same order of magnitude (|ηeµ| / |ηµτ | ∼ 0.5), while
experimental constraint from µ decay on |ηeµ| is 10−3 smaller than the one from τ decay on |ηµτ | [129].
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where Θ = m†DM
−1 is a 3× 2 matrix in this model, while and I3×3, I2×2 are unit matrices

of the specified dimension. The eµ element of the hermitian matrix η defined by η = ΘΘ†/2
is constrained by µ→ γe through the neutrino mixing [21]

|ηeµ| =

∣∣∣Y1eY
∗

1µv
2
1 + Y2eY

∗
2µv

2
2

∣∣∣
4M2

N

. 8.4× 10−6 . (2.21)

Besides Y1 and Y2, it is clear from eq. (2.10) and eq. (2.11) that the mixing between νe and νµ
also depends on the unconstrained relative Majorana phase δM in the PMNS mixing matrix.

2.2 Neutrino mixing

For sub-TeV heavy neutrino masses MN , the mixing between the SM neutrinos and the
heavy neutrino is also constrained by existing collider data [118–120] as well as future
experiments [121–123] like the SHiP experiment [124] and FCC-ee [125]. The strength of
the mixing between SM neutrinos and the heavy neutrino is represented by the quantity

U2
α =

∑
i=L,R

|Uαi|2 , α = e, µ, τ, (2.22)

where U is the 5×5 unitary matrix in eq. (2.20) and in the above expression we have summed
over the two heavy neutrino indices N c

L, NR for each light neutrino flavour νe, νµ, ντ . More
specifically, for the SM neutrinos νe, νµ, ντ in the flavour basis eqs. (2.10), (2.11), (2.19),
(2.20), (2.22) give for central values of oscillation parameters [128]

U2
e = (0.031 + 0.029 cos δM )v2

1Y
2

1 + (0.031− 0.029 cos δM )v2
2Y

2
2

M2
N

, (2.23a)

U2
µ = (0.27− 0.16 cos δM )v2

1Y
2

1 + (0.27 + 0.16 cos δM )v2
2Y

2
2

M2
N

, (2.23b)

U2
τ = (0.20 + 0.13 cos δM )v2

1Y
2

1 + (0.20− 0.13 cos δM )v2
2Y

2
2

M2
N

, (2.23c)

where δM is the unmeasured relative Majorana phase. If only one of the seesaw Yukawa
couplings dominates, the quantity U2

α is proportional to viYi/MN , where i = 1, 2 depending
on which Yukawa coupling is dominating. Using eq. (2.16), the dependence on one of the
Yukawa couplings can be removed and lower limits of U2

α can be obtained. For example,
removing Y1 leads to simplification of eq. (2.23) as

U2
e = (3.0× 10−11)2(0.031 + 0.029 cos δM )

(1GeV
v2Y2

)2
+ (0.031− 0.029 cos δM )

(
v2Y2
MN

)2

≥ 5.9× 10−13√9.6− 8.2 cos2 δM
1GeV
MN

, (2.24a)

U2
µ = (3.0× 10−11)2(0.27− 0.16 cos δM )

(1GeV
v2Y2

)2
+ (0.27 + 0.16 cos δM )

(
v2Y2
MN

)2

≥ 5.9× 10−12√7.0− 2.6 cos2 δM
1GeV
MN

, (2.24b)

U2
τ = (3.0× 10−11)2(0.20 + 0.13 cos δM )

(1GeV
v2Y2

)2
+ (0.20− 0.13 cos δM )

(
v2Y2
MN

)2

≥ 5.9× 10−12√4.2− 1.7 cos2 δM
1GeV
MN

, (2.24c)
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where the inequalities are the application of the AM-GM inequality. It can be deduced
from eq. (2.24) that the lowest allowed value of U2

α is achieved when cos2 δM = 1. For each
neutrino flavour, the minimum is achieved when

Y2 = 1.2× 10−5
√
MN/v2 or Y1 = 2.4× 10−6

√
MN/v1 for e neutrino, (2.25a)

Y2 = 3.8× 10−6
√
MN/v2 or Y1 = 7.7× 10−6

√
MN/v1 for µ neutrino, (2.25b)

Y2 = 8.0× 10−6
√
MN/v2 or Y1 = 3.7× 10−6

√
MN/v1 for τ neutrino, (2.25c)

for the cases v1Y1 � v2Y2 and v1Y1 � v2Y2, respectively. The derivation of such a lower
limit of U2

α relies on the particular relation of the seesaw couplings eq. (2.16) in the frame-
work of type Ib seesaw model and thus it is distinguishable from the minimum U2

α required
in other types of seesaw models.

3 Dark matter production

In principle, both the dark scalar and dark fermion can be dark matter candidate, depend-
ing on their masses. For simplicity, we focus on the mass case where the dark scalar is
heavier than the dark fermion and we require the dark scalar is heavy enough to decay
into the dark fermion and heavy neutrinos, i.e. mφ > mχ + MN , to keep a single DM
scenario. In general, both the freeze-out and freeze-in mechanism can produce the correct
dark matter relic density. In this work, we focus on the freeze-in and assume neglectable
comoving number density of dark particles at the end of reheating.

The Feynman diagrams for processes that are relevant to dark matter production are
shown in figure 2. There are two classes of processes named as neutrino Yukawa processes
and dark sector processes, respectively. The neutrino Yukawa processes are the scattering
between SM particles into one dark scalar and one dark fermion, mediated by the heavy
neutrino, while the dark sector processes are the scattering of two heavy neutrinos into two
dark scalars or two dark fermions.

The evolution of the dark particle number density follows the Boltzmann equation.
Here we use a variation of the Boltzmann equation which shows the evolution of yield Y as
a function of the photon temperature T . The yield Y is defined as the ratio of the number
density and the entropy density, Y ≡ n/s. The Boltzmann equations for the dark particles
are given by

H T
(

1 + T

3gs∗ (T )
dgs∗
dT

)−1 dYφ
dT

= −s 〈σ v〉DS
φφ

(
Y eq
φ

)2
− s 〈σ v〉ν−Yukawa

χφ Y eq
φ Y eq

χ

+ 〈Γφ〉
(
Yφ −

Y eq
φ

Y eq
χ
Yχ

)
, (3.1)

H T
(

1 + T

3gs∗ (T )
dgs∗
dT

)−1 dYχ
dT

= −s 〈σ v〉DS
χχ

(
Y eq
χ

)2
− s 〈σ v〉ν−Yukawa

χφ Y eq
φ Y eq

χ

− 〈Γφ〉
(
Yφ −

Y eq
φ

Y eq
χ
Yχ

)
, (3.2)
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+
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1, φ
−
1
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N

φ∗
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−
α
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2, φ

+
2

yY ∗2α

(a) Neutrino Yukawa processes

χ

φ

φ∗

N

N y

y

φ

χ

χ

N

N y

y

(b) Dark sector processes independent of neutrino Yukawa couplings

Figure 2. Processes responsible for the dark matter production considered in this study.

where 〈σ v〉 is the thermal averaged cross section and 〈Γ〉 is the thermal averaged decay
rate. The superscripts “DS” and “ν-Yukawa” refer to the total contributions from the
dark sector processes and the neutrino Yukawa ones, respectively. The heavy neutrino N
is assumed to be in thermal equilibrium. The Boltzmann equation for total dark matter
yield is obtained by adding eq. (3.1) and eq. (3.2) together

H T
(

1 + T

3gs∗ (T )
dgs∗
dT

)−1 dYDM
dT

= −s 〈σ v〉DS
φφ

(
Y eq
φ

)2
− s 〈σ v〉DS

χχ

(
Y eq
χ

)2

− 2s 〈σ v〉ν−Yukawa
χφ Y eq

φ Y eq
χ . (3.3)

The contribution from dark scalar decay is cancelled as it does not change the number of
dark matter particles. The final yield should meet the yield of dark matter today, which
can be calculated with the observed relic abundance ΩDMh

2, entropy density s0 and critical
density ρcrit/h

2

YDM,0 = ΩDMh
2 ρcrit/h

2

2 s0mχ
. (3.4)

The observed relic abundance is provided by the Planck Collaboration at 68% C.L. [27]:

Ωobs
DMh

2 = 0.120± 0.001 . (3.5)

In general, the Boltzmann equation can be solved numerically. However, we would
like to derive some analytical results which can confirm and be confirmed by the numerical
results later. In the limit mφ � MN ,mχ, the scattering amplitude for the contribution
from ν-Yukawa processes is

1
2

∑
internal d.o.f.

∫
|M|2ν−YukawadΩ = 2πy2

(
Y 2

1 + Y 2
2

)(
1−

m2
φ

s

)
. (3.6)
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Then, with the approximation of Maxwell-Boltzmann distribution for all the particles,4 the
thermal averaged cross section is

〈σ v〉ν−Yukawa
χφ = gχgφ

neq
χ neq

φ

y2 (Y 2
1 + Y 2

2
)
T

1024π5

∫ ∞
m2
φ

ds
√
s−m2

φK1
(√
s/T

)(
1−

m2
φ

s

)

= gχgφ
neq
χ neq

φ

y2 (Y 2
1 + Y 2

2
)
T 4

1024π5 ×

∫ ∞
(mφ/T )2

ds′
√
s′ − (mφ/T )2K1

(√
s′
)(

1− (mφ/T )2

s′

)
, (3.7)

where the second step is rescaling the variable from s → T 2s′. The new variable is s′

is dimensionless as well as the integral. Therefore the integral only depends on the di-
mensionless quantity mφ/T and can be replaced by a function F (T/mφ) defined as the
antiderivative of the integrand

〈σ v〉ν−Yukawa
χφ = gχgφ

neq
χ neq

φ

y2 (Y 2
1 + Y 2

2
)
T 4

1024π5 F (T/mφ) . (3.8)

Then the yield of DM through ν-Yukawa processes is

Y ν−Yukawa
DM = y2 (Y 2

1 + Y 2
2
)

256π5

∫ TRH

0
dT

T 3

H s
F (T/mφ) = y2 (Y 2

1 + Y 2
2
)

256π5mφ
C

∫ TRH/mφ

0
dT ′

F (T ′)
T ′2

,

(3.9)
where C = T 5/(Hs) ' 1.5 × 1016 GeV is a constant. In the second step, the variable T
is rescaled as T → mφT

′. Again, T ′ is dimensionless and the integral only depends on its
upper limit TRH/mφ. If the reheating temperature is high enough (TRH � mφ), the integral
above is not sensitive to the upper limit and behaves like a constant. Notice that the change
in relativistic degrees of freedom caused by the decouple of dark particles is neglected since
it only contributes few percents to the final results. After all these approximations are
made, the yield of dark matter through ν-Yukawa processes is derived as

Y ν−Yukawa
DM ' y2 (Y 2

1 + Y 2
2
)

256π5mφ
C × 5.5 . (3.10)

The yield contributed by the ν-Yukawa processes depends on both the neutrino portal
coupling y and the sum of the squared seesaw couplings. If the ν-Yukawa processes are
dominating the DM production, the required relation between the seesaw Yukawa couplings
and the neutrino portal coupling can be estimated by requiring the yield in eq. (3.10) equals
the yield in eq. (3.4). The result is

y2
(
Y 2

1 + Y 2
2

)
' 2.1× 10−22mφ

mχ
, (3.11)

from which it can be inferred that the relation between the couplings only depends on the
ratio of dark particle masses. Although the dark matter production through the ν-Yukawa

4As shown in [130], such an approximation may cause up to around 50% difference in the reaction rates
for relativistic particles.
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processes depends on the seesaw couplings, it is not affected by the VEVs of the 2HDM
directly as in the cases of muon decay and neutrino mixing. The only influence from the
2HDM parameters is the minimum value of Y 2

1 + Y 2
2 in eq. (2.18).

For the dark sector processes, similar treatment can be applied and the yields follow

Y φφ
DM '

y4

256π5mφ
C × 19.6 and Y χχ

DM '
y4

256π5mφ
C × 9.8 . (3.12)

The ratio of yields from φφ and χχ process is around 2, which can be read from the spin-
averaged amplitudes at high energy limit |M|2φφ∗→NN ' 2|M|2χχ→NN ' 2y4. In total,
the contribution from the dark sector processes is

Y DS
DM '

y4

256π5mφ
C × 29.5 . (3.13)

When the dark sector coupling is large enough, the dark sector processes can dominate the
dark matter production and the coupling is determined by

y4 ' 3.9× 10−23mφ

mχ
. (3.14)

With eq. (3.10) and eq. (3.13), the dominance of dark matter production can be obtained
by evaluating the ratio of the yields rY ≡ Y DS

DM/Y
ν−Yukawa

DM . If y/
√
Y 2

1 + Y 2
2 > 0.43, rY > 1

and the dark sector processes dominate the dark matter production; if y/
√
Y 2

1 + Y 2
2 <

0.43, rY < 1 and the ν-Yukawa processes dominate the dark matter production. When
y/
√
Y 2

1 + Y 2
2 = 0.43, rY = 1 and the contributions from dark sector and ν-Yukawa pro-

cesses are equal. In the case rY = 1, the seesaw couplings satisfy(
Y 2

1 + Y 2
2

)2
' 5.5× 10−22mφ

mχ
. (3.15)

As dark scalar decay is required for single dark matter scenario, the ratio of dark particles
mass always satisfies mφ/mχ > 1 and therefore Y 2

1 + Y 2
2 & 2.3 × 10−11. If only one of

the seesaw couplings dominates, the minimum value of the dominating coupling is around
4.8 × 10−6. Notice that the quantity Y 2

1 + Y 2
2 is constrained by eq. (2.18) and it can be

turned into a constraint on the dark particles mass ratio mφ/mχ

mφ

mχ
& 6.9× 10−9

(
MN

1GeV

)2 1
sin2 2β

. (3.16)

When the right side of eq. (3.16) is larger than 1, the ν-Yukawa processes dominate the
dark matter production definitely when mφ/mχ is below the threshold value.

4 Results

In this section, we show the numerical result for relation between the seesaw couplings
and the neutrino portal coupling, and discuss the constraints from existing and future
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experiments. We use the open code MicrOmegas [131], with model generated by Lan-
HEP [132], to compute the dark matter relic density. As the first step, we start with the
relation between the couplings, which can be compared with the analytical calculations.
The numerical results show that

y2
(
Y 2

1 + Y 2
2

)
' 1.9× 10−22mφ

mχ
, (4.1)

when the ν-Yukawa processes dominate the dark matter production and

y4 ' 5.1× 10−23mφ

mχ
, (4.2)

when the dark sector processes dominate. These numerical results are consistent with the
analytical calculation in section 3, within the errors from the approximations applied.

Following a full numerical calculation, which does not use the above approximations,
the required portal coupling y for the observed relic abundance is shown in figure 3. The
value of y only depends on the ratio of dark particle masses mφ/mχ and Y 2

1 + Y 2
2 if

TRH � mφ � mχ, MN . Therefore the values of y in different panels of figure 3 are roughly
the same for the same values of mφ/mχ and Y 2

1 + Y 2
2 . The red lines represent Y1 = Y2,

which depend on MN due to eq. (2.18). Y1 dominates the neutrino Yukawa production of
DM on the left of the red lines while Y2 dominates on the right. The figures are symmetric
relative to the red lines since the dependence is on Y 2

1 + Y 2
2 . The grey areas are excluded

either by the muon decay or by the perturbativity limit of the neutrino portal coupling.
The light shadowed areas in figure 3(a) are constrained by the collider data while it is
weaker than the constraint from muon decay in figure 3(b). The future SHiP sensitivity is
also marked out in figure 3(a) as dot-dashed lines.

In figure 3, the yellow lines mark where the ν-Yukawa processes and dark sector pro-
cesses contribute equally to the relic abundance. The dark sector processes are dominating
the dark matter production above the yellow lines while the ν-Yukawa processes are dom-
inating under them. Along the yellow lines, the ratio y/

√
Y 2

1 + Y 2
2 has numerical values

around 0.52, agreeing with the analytical result. In figure 3(a), where the parameter space
is highly constrained by the collider data, the dark sector dominance is favoured: the ν-
Yukawa dominance is fully constrained when Y2 dominates the seesaw couplings and only
a small parameter space is allowed for ν-Yukawa dominance when Y1 dominates. In fig-
ure 3(c) and figure 3(d), there are minimum values of mφ/mχ for the dark sector process
to dominate. The reason is that the relation in eq. (3.15) cannot be satisfied for small
mφ/mχ since the minimum value of Y 2

1 + Y 2
2 increases as the heavy neutrino becomes

massive in eq. (2.18). As a result, the dark matter production is definitely dominated by
ν-Yukawa processes when mφ/mχ is below the threshold value determined by the heavy
neutrino mass. In particular, the dark matter production cannot be dominated by the dark
sector process when mφ/mχ is smaller than 28 and 2.8× 105 in figure 3(c) and figure 3(d),
respectively, and the results agree with eq. (3.16).

In general, the DM detection can also constrain the neutrino portal coupling y. It
can be derived that the sensitivity of the next generation experiment Hyper-Kamiokande
(HK) [133] on relic density cross section (〈σv〉 = 3× 10−26 cm3/s) roughly corresponds to
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(a) MN = 1GeV (b) MN = 102 GeV

(c) MN = 104 GeV (d) MN = 106 GeV

Figure 3. Required portal coupling y in order to achieve the correct dark matter relic abundance
in the mφ/mχ − Y2 plane with different heavy neutrino mass. The reheating temperature is set to
be TRH = 1010 GeV and tan β = 10 to avoid gravitational effects [106]. mφ is fixed to be 108 GeV
and mχ changes from 1−107GeV. The relation between Y1 and Y2 is determined by eq. (2.17). The
neutrino Yukawa process and dark sector process make equal contribution to the relic abundance
along the yellow lines.

y2 . (m2
χ + m2

φ)/(mχ × 1GeV) [134]. Such constraint is stronger than the perturbativity
limit of y only if the dark scalar φ is not much heavier than the dark fermion χ as well
as 1GeV. In our model, as shown at the bottom of figure 3(a), the portal coupling y is
roughly smaller than 10−5 when both requirements are best satisfied, while the sensitivity
of the next generation experiment is larger than 1. Therefore the DM detection bound
does not constrain the free parameters in the model.

Figure 4 shows the constraints and predicted dark matter dominance. As many ex-
perimental constraints are directly linked to the neutrino mixing, the result is presented
in MN -U2

α plane, where U2
α are defined by eq. (2.22) in the framework of Type Ib seesaw
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Figure 4. Constraints and predicted dark matter dominance in the MN -U2
α plane of the minimal

type Ib seesaw model in which there is only a single heavy Dirac neutrino of mass MN . The correct
relic abundance of dark matter can be produced over the entire white region. The left panels
show the regions of definite dark sector dominance (meaning that the neutrino Yukawa couplings
definitely do not play a role in dark matter production), which occurs in the white regions below
the coloured dashed lines, for different values of tan β. The right panels show analogous regions for
different ratios of dark particle masses. The black lines mark the constraints on the quantity U2

α

in the type Ib model. The red and orange lines stand for the future sensitivity of SHiP [124] and
FCC-ee [125].
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model. The black lines show the constraints on U2
α. Below the solid black line, the pa-

rameter space is excluded by the structure of Yukawa couplings as shown in eq. (2.24),
which is determined by the neutrino data, regardless of the Majorana phase δM . The re-
gion above the dotted line is excluded by the muon decay. Although both the muon decay
constraint and the expression of U2 depend on the heavy neutrino mass, the dependence is
cancelled since both of them are proportional to v2

i Y
2
i /M

2
N when only one of the Yukawa

couplings dominates, and therefore muon decay constraint appears to be independent of
MN . The shadowed region above the dashed line is excluded by the collider data from
multiple experiments [121] and the one below the dash-dotted line is excluded by Big Bang
Nucleosynthesis (BBN) data [135, 136].5 Besides the existing constraints, the future ex-
periment sensitivity of SHiP [124] and FCC-ee [125] are also shown in figure 4 as the red
lines and the orange lines, respectively.

The green, blue and purple lines in figure 4 mark the lowest values of U2
α that the

ν-Yukawa process can dominate the dark matter production for different benchmarks, i.e.
the dark matter production is definitely dominated by dark sector process below these lines
for the corresponding benchmarks. Along those lines, the Yukawa couplings are fixed to
the threshold values corresponding to the selected dark particle mass ratios on the yellow
lines in figure 3.

In the left panels, the dashed coloured lines are obtained in the limit mφ/mχ →
1 which can never be actually reached due to the required mass ordering mφ > mχ +
MN in the single dark matter scenario. In such a limit, the dominance of dark matter
production switches when the dominant coupling is around 4.5× 10−6. The colours green,
blue and purple stand for tan β equals 10, 30 and 60, which cover the maximum value
of tan β in most recent literatures [137–148]. These lines show interesting behaviours as
tan β and MN change. To understand their behaviours, the first step is to notice that
U2
α are always determined by their values when the dark matter production is driven

by Y1. Suppose the value of Y1 (Y2) when the dominance of dark matter production
switches in the Y1 (Y2) dominating region is Y 0

1 (Y 0
2 ). Then Y 0

1 = Y 0
2 since the figures

in figure 3 are symmetric relative to the red lines Y1 = Y2. And as shown in eq. (2.23),
U2
α are proportional to either v1Y1 or v2Y2 when their ratio is far from one, with the

same coefficients. However, in general, Y1 dominance in dark matter production does
not mean v1Y1 dominance in U2

α. Indeed, according to eq. (2.16), v1Y1 dominance requires
Y 2

1 > 3.0×10−11 GeVMN/v
2
1 while Y1 dominance requires Y 2

1 > 3.0×10−11 GeVMN/(v1v2).
WhenMN is larger than (Y 0

1 )2v2
1/(3.0×10−11 GeV), v2Y2 dominates U2

α while Y1 dominates
the dark matter production. This situation does not appear when Y2 dominates the dark
matter production as tan β > 1. Therefore the dark sector dominance and U2

α dominance
regarding to the Yukawa couplings have three scenarios: (1) Y1 and v1Y1 (2) Y1 and v2Y2
(3) Y2 and v2Y2. Y1 = Y 0

1 in scenario (1) and (2) while Y2 = Y 0
2 in scenario (3). From

the discussion before, it is easy to conclude that the U2
α in scenario (1) is smaller than the

U2
α in scenario (3). In scenario (2), U2

α is proportional to v2Y2 which is smaller than v2Y
0

1 ,

5Within the range of heavy neutrino mass considered in figure 4, the perturbativity limit is always weaker
than the constraint from collider data and the muon decay, as indicated by figure 3(a) and figure 3(b).
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and therefore smaller than the value of U2
α in scenario (3). In summary, U2

α are always
determined by the scenario when Y1 dominates the dark matter production.

As a result, the dashed coloured lines move downwards as tan β increases when the
heavy neutrino is light, because U2

α are proportional to v2
1Y

2
1 and thus cos2 β in that region.

It can be observed that those lines tend to touch the type Ib limit as the heavy neutrino
mass increases. The reason for such tendency is because the values of the Yukawa couplings
when U2

α is minimised is proportional to
√
MN as shown in eq. (2.25). After Y1 become

smaller than the value for minimum U2
α, the lines leave the type Ib limit. One may observe,

especially in the case of νe, that some of the lines approach the type Ib limit again after
leaving it. This is because U2

α become proportional to v2
2Y

2
2 rather than v2

1Y
2

1 as the mass
of the heavy neutrino grows. In the case of mφ/mχ → 1, this change happens when
MN is larger than 4.2 × 104 GeV cos2 β (around 47 and 12GeV for tan = 30 and 60). As
tan β grows, the region for definite dark sector dominance becomes small, which means the
ν-Yukawa dominance is less constrained.

In the right panels, the green, blue and purple lines stand for the mass ratio of dark
particles 1, 104 and 108, with tan β = 10. As U2

α are proportional to v2
1Y

2
1 and thus√

mφ/mχ when Y1 dominates the dark matter production according to eq. (3.15), the lower
limit of U2

α for ν-Yukawa dominance move up as the mass ratio of dark particles increases
and the intervals between two adjacent lines are roughly two orders of magnitude. In the
case MN = 1GeV, the ν-Yukawa dominance is almost forbidden due to collider constraint
in νµ mixing for mφ/mχ = 104 and totally excluded for mφ/mχ = 108, which is consistent
with the result in figure 3(a). The larger mass ratio mφ/mχ is, the easier the ν-Yukawa
dominance is to be tested by the upcoming SHiP and FCC-ee results.

5 Conclusion

In this paper, we have proposed a minimal type Ib seesaw model, based on type II 2HDM,
where a Z3 symmetry ensures that the effective neutrino mass operator involves two dif-
ferent Higgs doublets, and the two right-handed neutrinos form a single heavy Dirac mass,
providing an extremely simple seesaw model with low scale testability. For example the
whole of neutrino mass and mixing may be accounted for by a single heavy Dirac neutrino
of mass around the GeV scale with large couplings to SM fermions, making it eminently
discoverable at colliders and SHiP. We emphasise that there are no other heavy neutrinos
required, since only one Dirac neutrino is needed in the minimal model. To explain dark
matter, we have discussed a minimal extension of this model, in which the single heavy
Dirac neutrino of mass MN is coupled to a dark Dirac fermion and a dark complex scalar
field, both charged under a discrete Z2 symmetry, where the lighter of the two, assumed
to be the fermion, is a dark matter candidate. It is remarkable that such a single heavy
Dirac neutrino of mass around the GeV scale can not only account for neutrino mass and
mixing but can also act as a portal for dark matter.

We have studied analytically and numerically the dark matter production in the simple
dark matter extension of the minimal type Ib seesaw model, with the heavy Dirac neutrino
portal to a dark scalar and a dark fermion. Due to the special structure of the type Ib
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seesaw model, the parameters in the model are highly constrained by the oscillation data
and the dark matter production has an interesting dependence on the seesaw Yukawa
couplings. It has been proved analytically and confirmed numerically that the dark matter
production only depends on the ratio of dark particle masses in the case of non-degenerate
masses. We have shown the required neutrino portal coupling for different values of seesaw
couplings and dark particle mass ratio and highlighted the regions for different production
mechanism. Since the dark matter production has a symmetric dependence on the seesaw
couplings, the required value of portal coupling is symmetric with respect to the two
seesaw couplings. Although dark matter production involving the type Ib seesaw Yukawa
interaction is favoured when the mass of the heavy neutrino is large, it is still constrained
for the GeV mass heavy neutrino accessible to low energy experiments.

We have presented the regions of parameter space where the dark matter can be
produced through the type Ib seesaw Yukawa interaction with the neutrino mixing char-
acterised by the quantities U2

α which are relevant for experiment. The regions where the
type Ib seesaw Yukawa interaction can affect dark matter production are shown for differ-
ent benchmark values of tan β and dark particle mass ratios. In all allowed regions dark
matter may be produced through the Dirac neutrino portal. The neutrino mixing is seen
to be constrained by the current experimental results and is testable at future experiments
such as SHiP and FCC-ee, especially when tan β is small and the dark particle mass ratio
is large. The discovery of the single heavy Dirac neutrino of the minimal type Ib seesaw
model would not only unlock the secret of the origin of neutrino mass but could also provide
important information on the mechanism of dark matter production.
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A Constraints on the Higgs portal couplings

In principle, the model also allows the direct coupling between the Higgs doublets and the
dark scalar. The corresponding Lagrangian is

LHiggsPortal = λΦφ|φ|2|Φ1|2 + λ′Φφ|φ|2|Φ2|2 . (A.1)

As analysed in [149] and mentioned in [106], the Higgs portal production is proportional
to the squared couplings λ2

Φφ , λ
′2
Φφ and the ratio of dark particle masses mφ/mχ. In this
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model, numerical results show that

ΩDMh
2

HiggsPortal ' 7.2× 1020
(
λ2

Φφ + λ′2Φφ

) mχ

mφ
(A.2)

In order to make the dark matter produced by Higgs portal effects contribute less than
10% of the observed relic abundance, the couplings have to satisfy

√
λ2

Φφ + λ′2Φφ . 4.1× 10−12
√
mφ

mχ
. (A.3)

As we intend to focus on the relation between the neutrino physics and dark matter, we
assume the Higgs portal coupling is always small enough to make a neglectable contribution
to dark matter production.
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Attribution License (CC-BY 4.0), which permits any use, distribution and reproduction in
any medium, provided the original author(s) and source are credited.
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