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In the classic type I seesaw mechanism with very heavy right-handed (RH) neutrinos, it is possible
to account for dark matter via RH neutrino portal couplings to a feebly interacting massive particle
(FIMP) dark sector. However, for large RH neutrino masses, gravity can play an important role.
We study the interplay between the neutrino portal through the right-handed neutrinos and the
gravity portal through the massless spin-2 graviton in producing dark matter particles in the early
universe. As a concrete example, we consider the minimal and realistic Littlest Seesaw model with
two RH neutrinos, augmented with a dark scalar and a dark fermion charged under a global U(1)D
dark symmetry. In the model, the usual seesaw neutrino Yukawa couplings and the right-handed
neutrino masses (the lightest being about 5× 1010 GeV) are fixed by neutrino oscillations data and
leptogenesis. Hence, we explore the parameter space of the two RH neutrino portal couplings, the
two dark particle masses and the reheating temperature of the universe, where the correct dark
matter relic abundance is achieved through the freeze-in mechanism. In particular, we highlight
which class of processes dominate the dark matter production. We find that, despite the presence of
the gravity portal, the dark matter production relies on the usual seesaw neutrino Yukawa coupling
in some regions of the parameter space, so realising a direct link between dark matter and neutrino
phenomenology. Finally, we report the threshold values for the neutrino portal couplings below
which the neutrino portal is irrelevant and the Planckian Interacting Dark Matter paradigm is
preserved.
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I. INTRODUCTION

One of the most convincing indications of new particle physics beyond the Standard Model (SM) are the masses of
neutrinos and their mixing, which is evidenced by the neutrino oscillation experiments [1]. Many theories have been
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developed to explain the theoretical origin of the neutrino masses, among which the classic type I seesaw mechanism
with very heavy right-handed (RH) neutrinos is the most well-known one [2–7]. However, there are so many free
parameters in the most general version of the type I seesaw model that it is difficult to be tested by experiments
due to lack of enough physical constraints. An effective solution to reduce the number of free parameters is provided
by the Littlest Seesaw (LS) model with one texture zero, two RH neutrinos and a particular version of constrained
sequential dominance (CSD) [8–15]. Indeed, it has been shown that the neutrino sector defined by the usual seesaw
Yukawa couplings and the right-handed neutrino masses is completely determined by the neutrino oscillation data
and the baryon asymmetry of the universe accounted for by leptogenesis [15].

Another indication of new physics beyond the SM is the existence of dark matter (DM), which accounts for about
25% of the energy density of the universe [16]. Many works have explored the possibility to include the DM and
the neutrino mass and mixing into one framework [17–91]. One interesting possibility is the so-called neutrino portal
scenario where the dark sector is connected to the Standard Model (SM) through the RH neutrinos that realise the
type I seesaw [92–100]. In some recent literature [92, 93], the RH neutrino portal is achieved in a minimal extension of
the LS model, including a dark scalar and a dark fermion, both charged under an additional global U(1)D symmetry.1
In such a model it has been pointed out that heavy dark matter particles can be dominantly produced through the
usual neutrino Yukawa interactions in the "freeze-in" scenario involving a feebly interacting massive particle (FIMP)
sector [101–103]. Hence, we have a direct and very intriguing link between neutrinos and heavy FIMP dark matter
commonly referred to as “FIMPzilla”, since the dark matter mass may be very heavy.

On the other hand, it has been pointed out that very heavy dark matter can be also efficiently produced by gravity-
mediated processes in the so-called Planckian Interacting Dark Matter (PIDM) paradigm [104–110]. In these effective
models, the massless spin-2 graviton couples the stress-energy tensors of SM and DM particles.2 Such a gravitational
DM production occurring after the inflationary stage only depends on the DM mass and the reheating dynamics,
which is simply parametrized by the reheating temperature TRH in the instantaneous reheating scenario. In particular,
there exists a peculiar relation between the DM mass and the reheating temperature to obtain the measured DM relic
abundance. Very high reheating temperatures are excluded due to the gravitational overproduction of DM particles.
Moreover, the gravity-mediated production in general provides constraints to the other potential interactions existing
between the SM and the dark sector. For example, the impact of the gravity portal on the Higgs portal coupling in
a minimal scalar dark matter model has been recently discussed in Ref. [118].

In this paper, we consider dark matter in the classic type I seesaw mechanism, and investigate the interplay between
the RH neutrino portal and the Planck suppressed higher dimensional operators for FIMP dark matter candidates.
With this aim, we consider as a concrete example the Littlest Seesaw model augmented with a dark sector as discussed
in Ref.s [92, 93]. We assume the dark fermion to be the dark matter candidate and we identify two distinct mass
orderings corresponding to different allowed decay processes: dark scalar mass heavier than the RH neutrino masses
(“heavier dark scalar” mass ordering) and dark scalar mass lighter than the RH neutrino masses ( “lighter dark scalar”
mass ordering). Hence, we exhaustively explore the parameter space of the model providing a viable dark matter
candidate, and we highlight which of the two portals dominates the DM production. Hence, we characterise the impact
of the gravity portal on the neutrino–dark matter relation realised through the neutrino Yukawa interactions. On the
other hand, we determine the threshold values for the neutrino portal couplings below which the gravity portal is the
dominant interaction and the minimal PIDM scenario of only-gravitationally interacting DM particles is achieved.

The paper is organized as follows. In Section II, we briefly review the general model linking the Littlest seesaw
model to the dark matter. In Section III, we derive the Boltzmann equations which are required to solve the dark
matter production in the freeze-in regime. In Section IV, we discuss the upper limit on reheating temperature imposed
by the gravity-mediated production. In Section V, we report the numerical results for two different mass orderings
and the threshold values for the neutrino portal couplings. Finally, we draw our conclusions in Section VI.

II. THE MODEL

The minimal model discussed here includes two right-handed neutrinos NRi and a U(1)D-charged dark sector (DS)
consisting of a singlet complex scalar φ and a singlet Dirac fermion χ. The dark global symmetry U(1)D assures the
stability of the lightest dark particle which acts as dark matter. For the sake of concreteness, we consider the dark
fermion to be the dark matter by assuming mχ < mφ. The irreducible representations of the new matter fields under
the symmetries of the model are summarized in Tab. I. The full Lagrangian can be written as

L = LSM + LEH + LDS + LSeesaw + LNeutrino portal + LGravity portal + LHiggs portal . (1)

1 Actually the model in [92] suggested a dark Z2 parity but in fact the restricted couplings considered there and here imply a larger global
U(1)D symmetry to forbid Majorana couplings of the dark fermion.

2 The case of massive spin-2 mediators has been also examined for standard WIMP dark matter [111–117].
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NRi φ χ

SU(2)L 1 1 1
U(1)Y 0 0 0
U(1)D 0 1 1

TABLE I. Irreducible representations of the new fields of the model under the electroweak SU(2)L × U(1)Y gauge symmetry
and the global U(1)D dark symmetry. The fields NRi are the two right-handed neutrinos, while φ and χ are a dark complex
scalar and dark Dirac fermion, respectively.

The first three terms are, respectively, the Standard Model Lagrangian, the Einstein-Hilbert Lagrangian and the
free Lagrangian of the dark scalar and fermionic fields. The latter defines the masses of the dark scalar and the dark
fermion to be mφ and mχ, respectively. The remaining terms are

Lseesaw = −YαiLLαH̃NRi −
1

2
MRijN c

RiNRj + h.c. , (2)

LNeutrino portal = yiφχNRi + h.c. , (3)

LGravity portal =

√
8π

2MP
hµν(T SM

µν + Tχµν + Tφµν + TNRµν ) , (4)

LHiggs portal = λφH |φ|2 |H|2 . (5)

The first term generates neutrino masses and mixings through the standard seesaw type-I mechanism [2–7]. For
the sake of minimality, we consider the Littlest seesaw model [8–15] where the Yukawa couplings Yαi are completely
defined by three parameters only. In particular, we have

Y =
a

vSM

 0 0
1 0
1 0

+
b ei

η
2

vSM

 0 1
0 3
0 1

 , (6)

where vSM = 174 GeV is the v.e.v. of the SM Higgs field H. The parameters of the Littlest seesaw model given
by Eq. (2) are completely determined by the current neutrino oscillation data [119–123] (taking the lightest active
neutrino to be massless) and by requiring a successful leptogenesis [124]. According to the analysis reported in
Ref. [15], we take the following benchmark values

a = 1.42 GeV and b = 37.4 GeV and η = 2π/3 , (7)

defining the Yukawa couplings in Eq. (6) and

M1 = 5.10× 1010 GeV and M2 = 3.28× 1014 GeV , (8)

for the two right-handed neutrino Majorana masses. The structure in Eq. (6) may be achieved in various ways, but
here we shall simply assume these couplings and parameters as a benchmark seesaw model that describes the data.

The term in Eq. (3) is the right-handed neutrino portal where we allow for two different couplings y1 and y2 to
the two right-handed neutrinos M1 and M2, respectively. We consider the gravity-mediated interaction among the
stress-energy tensors of all the fields as reported Eq. (4), whereMP = 1.2×1019 GeV is the non-reduced Planck mass.
Finally, the last interaction in Eq. (5) allowed by the symmetries of the model is the Higgs portal [125–132]. Such a
coupling can efficiently dominate the dark matter production through the production of φ particles which successively
decay into the dark matter particles χ. The interplay between the gravity-mediated interaction and the Higgs portal
has already been studied in Ref. [118]. In particular, it has been reported an upper bound for the Higgs portal coupling
λφH such that the PIMD scenario is preserved. The DM production through the Higgs portal is proportional to the
squared coupling λ2φH and the ratio of dark masses mχ/mφ. In this work, the quantity λφH

√
mχ/mφ is assumed to

be at least one order of magnitude smaller than the upper bound for λφH discussed in Ref. [118]. This makes the
Higgs scattering to contribute less than 1% of the total DM relic abundance. Hence, the relevant interactions between
the Standard Model and the dark sector contributing to the dark matter production are summarized in Fig. 1.

In the present paper, we aim at identifying the regions of the model parameter space where each of the processes
reported in Fig. 1 dominates the production of dark matter in the early universe. The model has only four free
parameters: the two masses mχ and mφ, and the two dark sector couplings y1 and y2. However, as shown in Ref. [93],
in most of the allowed model parameter space only one of the two right-handed neutrinos at a time is efficiently
coupled to the dark sector. The two right-handed neutrinos both contribute to the dark matter production only in a
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(a) Neutrino Yukawa processes
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(c) Gravity-mediated processes

FIG. 1. Processes responsible for DM production considered in this study. The neutrino Yukawa processes arise from Eq. (2)
with the coupling yν fixed by the neutrino data and leptogenesis. The two dark sector processes only derive from the neutrino
portal in Eq. (3), while the gravity-mediated ones from Eq. (4). We consider the Higgs portal coupling in Eq. (5) to be negligible
according to the results of Ref. [118].
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(b) Lighter dark scalar

FIG. 2. Decay processes which are kinematically allowed in the two different mass orderings: heavy dark scalar mφ > Mi+mχ

(left) and light dark scalar Mi > mφ +mχ (right).

very narrow region around specific threshold values for the two dark sector couplings. Such threshold values mainly
depend on the hierarchy between the two right-handed neutrino masses in Eq. (8). For this reason, without loss
of generality we restrict the present analysis to the cases where one of the two right-handed neutrinos is effectively
decoupled from the dark sector. This is achieved by simply taking the corresponding dark sector coupling to be equal
to zero. For both the two scenarios, it is then possible to identify two different mass orderings:3

• Heavier dark scalar: mφ > Mi +mχ;

• Lighter dark scalar: Mi > mφ +mχ;
where in all the cases the dark Dirac fermion χ is the lightest dark particle and therefore is stable. This classification
of mass ordering is based on the mass of φ particles, which sets the decay processes of the scalar dark particle and
the RH neutrinos. In particular, in the former case φ particles can decay into χ and a RH neutrino through two-body
decay. In the latter case, the two-body decay of φ is instead kinematically suppressed while the RH neutrinos can
decay into χ and φ through two-body decay. As already pointed out in Ref.s [92, 93], in this mass ordering, the
dark matter production is completely driven by such a two-body decay process of the right-handed neutrinos. We
summarize in Fig. 2 the decay processes kinematically allowed in the two mass orderings.

3 These two mass orderings correspond respectively to ordering type A and ordering type C of the previous classification discussed in
Ref. [93]. The ordering type B is instead absent in the present setting since only one of the two right-handed neutrinos at a time is
assumed to be coupled to the dark sector.
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III. DARK MATTER PRODUCTION

In order to study the production of dark matter particles in the early universe, we have to solve a set of Boltzmann
equations which describe how the particle number densities evolve as a function of the photon temperature T . In
terms of the particle yields Yi, the Boltzmann equations take the following general and useful forms

H T
(

1 +
T

3gs∗ (T )

dgs∗
dT

)−1
dYi
dT

=
∑
kl

〈Γi→kl〉Y eq
i

(
Yi
Y eq
i

− Yk Yl
Y eq
k Y eq

l

)

−
∑
jk

〈Γj→ik〉Y eq
j

(
Yj
Y eq
j

− Yi Yk
Y eq
i Y eq

k

)
(9)

+s
∑
jkl

〈σij→kl vij〉Y eq
i Y eq

j

(
Yi Yj
Y eq
i Y eq

j

− Yk Yl
Y eq
k Y eq

l

)
,

The quantities H and s denote the Hubble parameter and the entropy density of the thermal bath defined by

H =

√
4π3g∗ (T )

45

T 2

MP
and s =

2π2

45
gs∗ (T )T 3 , (10)

where g∗ and gs∗ are the degrees of freedom of the relativistic species in the thermal bath. For temperatures higher
than the electroweak scale, we have g∗ = gs∗ = 106.75 according to the SM particle content. The right-hand side of
the Boltzmann equations contains all the possible decay and scattering processes that involve the particles of species
i. The quantity Y eq denotes the yield of particles in thermal equilibrium with the photon bath given by

Y eq
i ≡

neqi
s

with neqi =
gim

2
i T

2π2
K2

(mi

T

)
, (11)

with mi the mass and gi the internal degrees of freedom of the particle i, and K2 the order-2 modified Bessel function
of the second kind. In the freeze-in regime [101, 102], due to the feebleness of the interaction producing particles in
the dark sector, we have Yχ � Y eq

χ and Yφ � Y eq
φ . These conditions imply that the back-reactions depleting dark

particles can be neglected, so allowing us to consider much simpler Boltzmann equations. On the other hand, all the
other particles including the two right-handed neutrinos experience more efficient interactions which keep them in
thermal equilibrium with the photons. Their yields follow therefore the thermal distribution for which we consider
the Maxwell-Boltzmann distribution given in Eq. (11). It has been indeed shown that the error committed by the
use of the Maxwell-Boltzmann distribution for relativistic particles is in general compensated by other effects such
as thermal mass corrections [133]. For these reasons, to compute the final DM abundance we need to solve just two
coupled Boltzmann equations for the dark scalars φ and the dark fermions χ. After the dark matter yield freezes-in
at the value YDM,0, the corresponding relic abundance is given by

ΩDMh
2 =

2 s0mχ YDM,0

ρcrit/h2
, (12)

where s0 = 2891.2 cm3 and ρcrit/h2 = 1.054× 10−5GeV cm−3 are the today’s entropy density and the critical density,
respectively [134]. The factor of 2 takes into account the contribution of DM anti-particles. The predicted value has
to be compared with the observed one provided by the Planck Collaboration at 68% C.L. [16]:

Ωobs
DMh

2 = 0.120± 0.001 . (13)

By making this comparison, we obtain the allowed regions for the model parameter space providing a viable dark
matter candidate.

Differently from the freeze-out production mechanism [135], in the freeze-in scenario the final DM abundance
depends on the initial conditions. In the following analysis, we assume a negligible abundance of dark particles at the
end of the reheating stage after inflation. In particular, we take Yχ(TRH) = 0 and Yφ(TRH) = 0 where TRH denotes the
reheating temperature. The reheating temperature is an additional free parameter which is allowed to range within
the interval

5.10× 1010 GeV . TRH . 6.6× 1015 GeV . (14)
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The upper bound is set by the constraint on the Hubble rate at the end of inflation Hi according to the current
bound on tensor modes deduced by the measurements of the CMB spectrum [136–138]. Under the assumption of
instantaneous reheating, we have

Hi(TRH) =

√
4π3g∗ (TRH)

45

T 2
RH

MP
with Hi . 6.1× 1013 GeV . (15)

The lower bound in Eq. (14) is instead set by the requirement of a successful baryogenesis via leptogenesis. The
vanilla leptogenesis scenario is indeed achieved as long as TRH ≥M1 = 5.10× 1010 GeV.

In order to obtain the allowed regions of the model parameter space achieving the correct dark matter abundance,
we take into account all the processes displayed in Fig. 1. Differently from the neutrino Yukawa and the dark
sector processes which depend on the dark sector couplings y1 and y2, the coupling strength of the gravity-mediated
interaction is fixed by the equivalence principle. The gravitational production occurring after the inflationary stage
is just controlled by the reheating dynamics, which is simply described in the instantaneous limit by the reheating
temperature TRH. For each value of the dark particles’ masses, the correct dark matter abundance is obtained in
correspondence of a specific value of the reheating temperature. In other words, this implies that the gravitational
production imposes an upper limit on the reheating temperature above which the dark matter is overproduced. In
the next Section we therefore discuss such an upper limit on TRH before solving the complete Boltzmann equations
for the dark scalars and fermions.

IV. UPPER LIMIT ON REHEATING TEMPERATURE FROM GRAVITY-MEDIATED PRODUCTION

In this section we only consider the effect of gravity production of the dark sector particles, switching off all the RH
neutrino portal couplings. Under the assumption of instantaneous reheating, the contributions of the gravity-mediated
production to the today’s yields of the dark scalars and dark fermions are respectively given by [118]

Y Gravity
χ,0 =

∫ TRH

0

dT
s

H T
〈σ v〉Gravity

χχ

(
Y eq
χ

)2
, (16)

Y Gravity
φ,0 =

∫ TRH

0

dT
s

H T
〈σ v〉Gravity

φφ

(
Y eq
φ

)2
, (17)

where 〈σv〉Gravity
χχ and 〈σv〉Gravity

φφ are the total thermally averaged cross-sections related to the gravity-mediated
interaction. They are given by the sum of the contributions from all the SM degrees of freedom and the ones from
the two RH neutrinos:

〈σ v〉Gravity
χχ = 〈σ v〉Gravity

SM→χ +
∑
i

〈σ v〉Gravity
NRi→χ , (18)

〈σ v〉Gravity
φφ = 〈σ v〉Gravity

SM→φ +
∑
i

〈σ v〉Gravity
NRi→φ , (19)

where according to the SM matter content we have [107]

〈σ v〉Gravity
SM→χ = 4〈σ v〉0→1/2 + 45〈σ v〉1/2→1/2 + 12〈σ v〉1→1/2 , (20)

〈σ v〉Gravity
SM→φ = 4〈σ v〉0→0 + 45〈σ v〉1/2→0 + 12〈σ v〉1→0 , (21)

with the indices 0, 1/2, 1 referring to the spin of the particles. According to the interaction in Eq. (4), by neglecting
the masses of SM particles we get [107]

〈σ v〉0→1/2 =
πTmχ

2M4
P

[
1

5

mχ

T

(
1− K1(mχ/T )2

K2(mχ/T )2

)
+

2

5

K1(mχ/T )

K2(mχ/T )
+

4

5

T

mχ

]
, (22)

〈σ v〉1/2→1/2 = 〈σ v〉1→1/2 =
4πTmχ

M4
P

[
2

15

mχ

T

(
1− K1(mχ/T )2

K2(mχ/T )2

)
+

3

5

K1(mχ/T )

K2(mχ/T )
+

6

5

T

mχ

]
, (23)

〈σ v〉0→0 =
πm2

φ

8M4
P

[
3

5

K1(mφ/T )2

K2(mφ/T )2
+

2

5
+

4

5

T

mφ

K1(mφ/T )

K2(mφ/T )
+

8

5

T 2

m2
φ

]
, (24)

〈σ v〉1/2→0 = 〈σ v〉1→0 =
4πT 2

M4
P

[
2

15

m2
φ

T 2

(
K1(mφ/T )2

K2(mφ/T )2
− 1

)
+

6

15

mφ

T

K1(mφ/T )

K2(mφ/T )
+

12

15

]
, (25)
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where the quantities in the square brackets asymptotically tend towards 1 for mφ,mχ � T . Differently to the
SM particles, the masses of the two RH neutrinos cannot be in general neglected when compared to mφ and mχ.
When Mi � mχ,mφ, the corresponding thermally averaged cross-section to dark fermions and dark scalars are given
by 〈σ v〉1/2→1/2 and 〈σ v〉1/2→0, respectively. Hence, the RH neutrino can be treated as massless particles and its
scattering contributes as two additional degrees of freedom to the fermion degrees of freedom. When Mi � mχ,mφ,
the dark particles can be treated as massless and the thermally averaged cross-sections are

〈σ v〉Gravity
NRi→χ =

4πTMi

M4
P

[
2

15

Mi

T

(
1− K1(Mi/T )2

K2(Mi/T )2

)
+

3

5

K1(Mi/T )

K2(Mi/T )
+

6

5

T

Mi

]
, (26)

〈σ v〉Gravity
NRi→φ =

4πT 2

M4
P

[
2

15

M2
i

T 2

(
K1(Mi/T )2

K2(Mi/T )2
− 1

)
+

6

15

Mi

T

K1(Mi/T )

K2(Mi/T )
+

12

15

]
. (27)

In order to significantly contribute to the today’s yield of dark particles, it is however required that the RH neutrinos
are in thermal equilibrium with the photon bath. The expressions (16) and (17) obtained from the Boltzmann
equation (9) indeed only holds in this case. As it will be clear later, for masses smaller than 1015 GeV, the reheating
temperature required to achieve the observed DM abundance is typically smaller than 1014 GeV. At the highest
allowed temperature, therefore the heaviest RH neutrino is far to be in thermal equilibrium and the corresponding
contribution to the dark particles’ yields is negligible. Regarding the lightest RH neutrino, at high temperatures
(T �M1,mχ,mφ) the following limits apply

〈σ v〉Gravity
NRi→χ ' 〈σ v〉

Gravity
1/2→1/2 '

24πT 2

5M4
P

, (28)

〈σ v〉Gravity
NRi→φ ' 〈σ v〉

Gravity
1/2→0 '

16πT 2

5M4
P

. (29)

Since the gravity production is ultraviolet dominant [139], the RH neutrino scattering also contributes 2 degrees of
freedom if TRH > M1, which is required for leptogenesis. Therefore the contribution of the lightest right-handed
neutrino to the gravity production approximately adds 2 degrees of freedom to the SM fermionic degrees of freedom.

In left panel of Fig. 3, we report the today’s yields for a fermionic dark matter (solid lines) and a scalar dark matter
(dashed lines) as a function of the reheating temperature TRH, according to Eq.s (16) and (17), respectively. The
different colors correspond to three different values for the dark matter mass mDM. For all the cases, the observed
DM abundance is obtained in correspondence of the intersection of the solid and dashed lines with the horizontal
dotted lines. The latter indeed represent the yield

Yobs(mDM) =
ρcrit Ωobs

DM

2 s0mDM
, (30)

obtained by inverting Eq (12) and using the experimental value for ΩDM. Therefore, the correct DM abundance for a
particle of mass mDM is achieved for a specific value of the reheating temperature. For example, the required values
of TRH for fermionic dark matter are highlighted by the three diamonds. Larger values for the reheating temperature
correspond to larger values of the DM abundance and, consequently, are excluded due to DM overproduction.

The hatched grey region shows the model-independent upper bound on the reheating temperature TRH . 6.6 ×
1015 GeV deduced by the CMB constraints on tensor modes according to Eq. (15). However, in the case of scalar
dark matter the constraint on isocurvature perturbations typically leads to more stringent upper bounds on TRH

depending on the scalar dark matter mass. To suppress a large production of primordial isocurvature perturbations,
one in general needs to impose mDM & Hi [136, 140, 141]. According to the instantaneous reheating scenario (see
Eq. (15)) such a constraint can be translated in an upper bound on the reheating temperature for scalar dark matter
only:

mφ & Hi =⇒ TRH .

[√
45

4π3g∗(TRH)
MPmφ

] 1
2

' 2.7× 1015
( mφ

1013 GeV

)1/2
GeV . (31)

For the benchmark cases shown in the left panel of Fig. 3, we have TRH . 2.7× (1013, 1015, 1016) GeV for the scalar
dark matter masses mDM = 109, 1013, 1015 GeV, respectively. The first two upper bounds are highlighted in the plot
by the two colored hatched regions that stop the corresponding dashed lines at higher reheating temperatures. The
last upper bound is instead weaker than the one imposed by CMB tensor modes. It is worth mentioning that these
limits derived from isocurvature perturbations depend on the scalars potential of the model. For example, the presence
of a sizeable self-interaction coupling for the scalar dark matter would relax such bounds [142, 143]. Moreover, we
stress that such limits do not apply to the case of fermionic dark matter.
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FIG. 3. Gravity-mediated production of dark matter in the absence of RH neutrino portal couplings. Left: Yield as a
function of reheating temperature TRH for three different DM masses in the case of fermionic (solid lines) or scalar (dashed
lines) DM particles. The horizontal lines correspond to the values of the yield Yobs required to achieve the observed DM
abundance, according to Eq. (30). The diamonds represent the correct choice of reheating temperature and DM mass providing
the observed DM abundance for the fermionic case. The hatched grey region on the right is excluded by CMB measurement
according to Eq. (15). The hatched colored regions stopping the dashed lines for scalar dark matter represent the upper bound
on TRH deduced by isocurvature perturbations (see Eq. (31)). Right: The relation between the mass mχ of the lightest dark
sector particle and the reheating temperature TRH providing the 100% (solid line) and the 50% (dashed line) of the observed
DM abundance Ωobs

DM reported in Eq. (13). The horizontal dot-dashed red line marks the value of reheating temperature equal
to the heaviest right-handed neutrino mass. The hatched region is excluded by DM overproduction, while in the white region
the gravity-mediated processes leads to DM underproduction. The diamonds correspond to the ones in the left plots.

As can be seen in the plot, the gravity-mediated production is more efficient for fermionic dark matter with respect
to the scalar case. Indeed, for each value of the reheating temperature, the gravitationally-produced yield of a
fermionic particle χ is always larger than the one of a scalar particle φ as long as mχ ≤ mφ. Such a behaviour implies
that in the full model, where the dark scalar is allowed to decay into the lighter dark fermion, the contribution to the
DM relic from the gravity-mediated processes is dominated by the direct gravitational production of χ particles. In
particular, we have

Y Gravity
DM,0 = Y Gravity

χ,0 + Y Gravity
φ,0 ' Y Gravity

χ,0 . (32)

Remarkably, this allows us to obtain an upper limit for TRH avoiding DM overproduction independently of the dark
scalar mass. Such an upper limit as a function of mχ (the dark matter mass) is shown in the right panel of Fig. 3
by the black solid line. Here, the diamonds correspond to the ones in the left panel in order to highlight that the
upper limit is dominated by the direct gravitational production of the lighter dark fermion. The hatched region above
the solid line is therefore excluded by DM overproduction. In the region below, the gravity-mediated processes are
not efficient enough leading to DM underproduction. For example, the dashed line displayed in the plot represents
the relation between mχ and TRH achieving only the 50% of the observed DM abundance. Therefore, in the region
below the solid black line, other DM-interactions are required for a viable DM candidate. In the current study, these
interactions arise from the right-handed neutrino portal.

As shown in the right plot, for a fermionic dark matter mass in the range 7 × 105 GeV . mχ . 5 × 1015 GeV
the reheating temperature is constrained to be smaller than the mass of the heaviest right-handed neutrino M2 =
3.28 × 1014 GeV highlighted by the horizontal dot-dashed red line. In the instantaneous reheating scenario, this
means that the number density of N2 is highly suppressed being the photon temperature smaller than M2. Therefore,
the upper limit on the reheating temperature provided by the gravity-mediated production implies that only the
dark coupling to the lightest right-handed neutrino could provide a significant contribution to the DM abundance
for 7 × 105 GeV . mχ . 5 × 1015 GeV. On the other hand, the coupling to the heaviest right-handed neutrino is
expected to be efficient only for mχ . 7× 105 GeV since for mχ & 5× 1015 GeV the neutrino Yukawa and the dark
sector processes are kinematically suppressed.
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V. RESULTS

In this section we discuss the allowed regions of the model parameter space, including both gravity production and
RH neutrino portal couplings simultaneously, for the two mass orderings defined earlier. We obtain the threshold
values for the RH neutrino portal couplings below which the dark matter is gravitationally produced.

A. “Heavier dark scalar” mass ordering

Let us assume that just one of the two right-handed neutrinos effectively interacts with the dark sector through
the neutrino portal coupling yi. When the dark scalar is heavier than the right-handed neutrino NRi, the relevant
Boltzmann equations are

H T dYφ
dT

= −s
(
〈σ v〉Gravity

φφ + 〈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

)
, (33)

H T dYχ
dT

= −s
(
〈σ v〉Gravity

χχ + 〈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

)
, (34)

where the thermally averaged cross-sections with superscripts “Gravity”, “DS” and “ν-Yukawa” refer to the total
contributions from gravity-mediated scatterings, the dark sector processes and the neutrino Yukawa ones, respec-
tively (see Fig. 1). For the last two thermally averaged cross-sections, we use the same expressions reported in
Ref. [93]. It is important to mention that the amplitudes of the DS processes are proportional to y4i , while the
ones of the neutrino Yukawa scatterings are proportional to y2i y2ν , where yν =

(
U†νY

)
ij
/
√

2 orYij (Uν is the Pon-
tecorvo–Maki–Nakagawa–Sakata matrix) depending on the type of the outgoing leptons. This different dependence
on the dark sector coupling yi is the key feature that implies the switching from the dominance of the neutrino Yukawa
scatterings in the dark matter production to the one of the dark sector processes as the coupling yi increases [92, 93].
In the above equations, the last terms encode the two-body decays of φ particles into χ ones and RH neutrinos. Such
decays are indeed kinematically allowed in the mass ordering of heavier dark scalar where mφ > Mi +mχ. We have

〈Γφ〉 =
K1(mφ/T )

K2(mφ/T )
Γφ→χNRi

, (35)

where the partial decay width is proportional to y2i and takes the expression

Γφ→χNRi =
y2i mφ

16π

(
1−

m2
χ

m2
φ

− M2
i

m2
φ

)√√√√λ

(
1,
m2
χ

m2
φ

,
M2
i

m2
φ

)
' y2i mφ

16π
. (36)

where λ is the Källén function. Since in this mass ordering the dark scalars totally decay well before the electroweak
phase transition due to the efficient two-body decay [92, 93], the total yield of the dark matter can be described by
the sum of the two Boltzmann equations:

H T dYDM

dT
= −s

(
〈σ v〉Gravity

φφ + 〈σ v〉DS
φφ

)(
Y eq
φ

)2
− s

(
〈σ v〉Gravity

χχ + 〈σ v〉DS
χχ

) (
Y eq
χ

)2
−2 s 〈σ v〉ν−Yukawa

χφ Y eq
φ Y eq

χ . (37)

This differential equation can be easily integrated out to provide the today’s DM yield at T = 0. Such a quantity is
given by the sum of different contributions related to the dark sector couplings:

YDM,0 = Yχ,0 + Yφ,0 = Y Gravity + Y DS + 2Y ν−Yukawa , (38)

where Y Gravity is the gravitational contribution given by the sum of the two quantities in Eq.s (16) and (17) (see
previous Section), and

Y DS =

∫ TRH

0

dT
s

H T

[
〈σ v〉DS

φφ

(
Y eq
φ

)2
+ 〈σ v〉DS

χχ

(
Y eq
χ

)2]
, (39)

Y ν−Yukawa =

∫ TRH

0

dT
s

H T

[
〈σ v〉ν−Yukawa

χφ Y eq
φ Y eq

χ

]
. (40)
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FIG. 4. Dark sector coupling y1 to the lightest right-handed neutrino NR1 in the plane mχ–TRH achieving the observed dark
matter abundance in the mass ordering mφ > M1 +mχ (heavier dark scalar). The reddish (blueish) colors refer to small (large)
dark sector coupling y1. The different panels correspond to different values of the dark scalar mass mφ from 1016 GeV (top-left
panel) to 1011 GeV (bottom-right panel). In all the plots, the dark matter production is dominated by gravity-mediated
processes in the green bands (see Fig. 3), by neutrino Yukawa processes between the green bands and the purple dashed lines
(if present), and by the dark sector processes down to the orange solid lines representing the perturbativity constraint on the
coupling (y1 ≤

√
4π). The regions excluded are: the grey area on the right due to the mass ordering, the hatched region on the

top due to DM overproduction (see Fig. 3), the shaded region on the bottom due to leptogenesis (TRH > M1), and the shaded
area on the top (if present) due to limit on isocurvature perturbation implying mφ & Hi.
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Depending on the free parameters of the model (the two dark masses, the dark sector couplings and the reheating
temperature), we expect that only one of the three terms in Eq. (38) at a time dominates the dark matter production.
Hence, we aim at highlighting the dominant interaction driving the dark matter production in the model parameter
space where the observed DM abundance is achieved.

In Fig. 4, we report the results concerning the scenario where only the lightest right-handed neutrino is coupled to
the dark sector (y1 6= 0 and y2 = 0). In the plots, it is shown the dark sector coupling y1 required to achieve the
observed DM relic abundance as a function of the reheating temperature TRH and the two dark masses. The different
plots correspond to different values of the dark scalar mass mφ from 1016 GeV (top-left panel) to 1011 GeV (bottom-
right panel). The latter is the lowest possible value for mφ according to the mass ordering. The required dark sector
coupling is color-coded. The reddish (blueish) colors correspond to small (large) dark sector couplings. In particular,
the darkest red color represents a coupling smaller than 106, while the darkest blue color means a coupling larger
than

√
4π considered as the threshold for the perturbative calculations.4 The regions excluded by the requirement

of perturbativity are bounded from above by the orange solid lines referring to y1 =
√

4π. Other regions excluded
are the grey regions on the right according to the mass ordering mφ > mχ +M1 and the hatched regions on the top
due to DM overproduction through the gravity-mediated processes (see Fig. 3 and related discussion). Moreover, the
shaded regions on the bottom are excluded when requiring a successful vanilla leptogenesis (TRH > M1), while the
ones on the top in the lower two panels are disallowed by the growing of isocurvature perturbations according to the
value of the dark scalar mass (see Eq. (31)).

In all the plots we highlight the regions where each of the different processes in Fig. 1 dominates the dark matter
production:

• Gravity dominance. The green band is where the gravity-mediated interaction provides the main contribution
to the today’s DM yield. In particular, it is delimited from above by requiring that the 100% of the total DM
abundance is accounted for by the gravitational production (solid black line in Fig. 3) and from below by requiring
only a 50% contribution from gravity (dashed black line in Fig. 3). Hence, in this region the dark matter is
gravitationally produced and can be regarded as a Planckian Interacting Dark Matter (PIDM) candidate. As
previously discussed, the green region of gravity dominance is independent of the dark scalar mass and therefore
it is equal in all the plots of Fig. 4.

• Neutrino Yukawa dominance. The region (if present) between the green band and the dashed purple
line is where the usual neutrino Yukawa scatterings dominate the dark matter production. As pointed out in
the previous works [92, 93], this is the most interesting scenario where a direct link between neutrino physics
and dark matter production exists. Indeed, the neutrino Yukawa couplings that are completely determined
by neutrino oscillations data and leptogenesis are also responsible for producing the dark matter in the early
universe. Remarkably, the neutrino-dark matter relation is preserved when taking into account the gravitational
production.

• Dark sector dominance. The dark sector processes drive the dark matter production for larger values of the
dark sector couplings along with lower reheating temperatures. The regions where this occurs are bounded from
above by the lowest between the green band and the dashed purple lines and from below by the orange solid
line (perturbativity limit).

For given values of the dark masses, the dominance of a specific class of processes is determined by the relation between
the dark sector coupling and the reheating temperature achieving the observed DM abundance. In general, the lower
the reheating temperature, the larger the dark sector coupling required to compensate the Boltzmann suppression in
the thermal particle distributions occurring for m � T . Such a behaviour is further explained in Fig. 5 where we
focus on two benchmark cases: mχ = 107 GeV and mφ = 1014 GeV (left plot); mχ = 1011 GeV and mφ = 1014 GeV
(right plot). In the plots, the upper panels show the aforementioned relation between the dark coupling y1 and the
reheating temperature, while the lower panels highlight the relative contributions of the three different processes to
the DM relic abundance. In all the cases, for very small values of the dark coupling, the gravity-mediated processes
(green solid lines) completely dominate the dark matter production providing the 100% of the observed ΩDMh

2. In
this regime, the reheating temperature is fixed to set the required value for the Hubble rate at the end of inflation Hi.
As the coupling increases, the reheating temperature has to decreases accordingly, so suppressing the gravitational
production. In the left plot, the dominance of neutrino Yukawa processes (red dot-dashed lines) can occur since the
reheating temperature is allowed to be of the same order of mφ. Then, as the coupling further increases, the dark

4 Such large values for the dark sector are still not able to establish the thermal equilibrium between the photon bath and the dark sector
due to the Boltzmann exponential suppression occurring for m � T . This justifies the assumption of freeze-in production in all the
model parameter space explored in this paper.
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FIG. 5. Relation between the reheating temperature TRH and the dark sector coupling y1 achieving the observed DM abundance
for two benchmark cases: mχ = 107 GeV and mφ = 1014 GeV (left plot); mχ = 1011 GeV and mφ = 1014 GeV (right plot).
The lower panels show the relative contributions to the DM abundance of the three different processes of the model: gravity-
mediated production (green solid lines); neutrino Yukawa production (red dot-dashed lines); dark sector production (blue
dashed lines). The vertical black dashed lines highlight the coupling at which the dominant process producing more than 50%
of the total dark matter abundance changes.

FIG. 6. Dark sector coupling y2 to the heaviest right-handed neutrino NR2 in the plane mχ–TRH achieving the observed dark
matter abundance in the mass ordering mφ > M2 +mχ (heavier dark scalar). The description of the plots is the same as the
one in Fig. 4.

matter production becomes fully dominated by the dark sector processes (blue dashed lines). The couplings at which
the dominance changes are shown by the vertical black lines. In the right plot, the neutrino Yukawa processes instead
are kinematically suppressed being the reheating temperature always smaller than the dark scalar mass. Hence,
they can only provide a contribution of ∼ 10% to the DM relic density and never dominate the DM production. In
this benchmark case, the dominance of gravity-mediated processes directly gives way to the one of the dark sector
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scatterings.
In Fig. 6, we report the results obtained when only the heaviest right-handed neutrino is coupled to the dark

sector (y1 = 0 and y2 6= 0). As before, we show the dark sector coupling y2 required to achieve the observed
DM relic abundance as a function of the reheating temperature TRH and the two dark masses. Differently from
Fig. 4, here we consider only two benchmark values for the dark scalar mass, mφ = 1016 GeV and mφ = 1015 GeV,
since smaller values are incompatible with the requirement of mφ > mχ + M2. In this scenario, larger dark sector
couplings are required to overcome the gravitational production being the other processes kinematically suppressed for
TRH ∼M2 = 3.28×1014 GeV. This behaviour is in agreement with the results obtained in the previous analysis [93].
This implies that the perturbative limit on the dark sector coupling y2 is reached at higher reheating temperatures
with respect to the coupling y1. For this reason, there exists only a small region for heavy fermionic dark matter
(mχ & 1014 GeV) where the dark matter particles are not gravitationally produced. On the other hand, the coupling
to the heaviest right-handed neutrino prefers lighter masses for the fermionic dark matter candidate (mχ . 1010 GeV)
where the dominance of neutrino Yukawa processes can occur at high reheating temperature.

B. “Lighter dark scalar” mass ordering

When the dark scalar is lighter than the right-handed neutrino i effectively coupled to the dark sector, the dominant
process competing in the dark matter production with the gravity-mediated scatterings is the two-body decay NRi →
φ+ χ. Such a process is indeed proportional to y2i and, consequently, its rate is larger than the ones of the neutrino
Yukawa and dark sector scatterings. Assuming that the dark scalar totally decay into the lighter dark fermion, the
Boltzmann equation for the total DM yield is now simply given by

H T dYDM

dT
= −s 〈σ v〉Gravity

φφ

(
Y eq
φ

)2
− s 〈σ v〉Gravity

χχ

(
Y eq
χ

)2 − 2 〈ΓNRi
〉Y eq

NRi
, (41)

where 〈ΓNRi〉 is the thermally average of the partial decay width

ΓNRi→φχ =
y2i M1

32π

(
1 +

m2
χ

M2
i

−
m2
φ

M2
i

)√√√√λ

(
1,
m2
χ

M2
i

,
m2
φ

M2
i

)
' y2i Mi

32π
. (42)

The last equality in the above expression holds in the limit of Mi � mφ,mχ. For values of the reheating temperature
slightly smaller than the upper limit corresponding to the gravitational DM overproduction discussed in Fig. 3 and
larger than Mi, the correct DM abundance is achieved when

y1 ' 8.76× 10−11
(

M1

5.10× 1010 GeV

)1/2(
107 GeV

mχ

)1/2

with y2 = 0 , (43)

or

y2 ' 7.02× 10−9
(

M2

3.28× 1014 GeV

)1/2(
107 GeV

mχ

)1/2

with y1 = 0 , (44)

when taking the limit Mi � mφ,mχ in the two scenarios considered. These values also represent a threshold for the
corresponding dark sector coupling below which the gravity portal dominates over the neutrino portal.

The final DM abundance is obtained by the three-body decays of the dark scalars, whose decay width is

Γ3−body
φ ' y2i ỹ

2
ν

1536π3

m3
φ

M2
i

(
1 +

3

4

m2
φ

M2
i

)
, (45)

where ỹ2ν is the effective squared Yukawa coupling. The decays become efficient when their rate
〈

Γ3−body
φ

〉
overcomes

the expansion rate of the universe set by Hubble parameter H. Differently from the previous case, the three-body
decay processes are further suppressed by the presence of the mediator and the additional insertion of the Yukawa
interaction given by ỹ2ν . This implies that the decay of the dark scalars in general occurs at a later time. For the
neutrino portal with the lightest right-handed neutrino, it occurs when the quantity〈

Γ3−body
φ

〉
H

'


(

y1
6.04× 10−13

)2(
5.10× 1010 GeV

M1

)2 ( mφ

1010 GeV

)3(1 MeV

T

)2

for mφ � T(
y1

2.70× 10−10

)2(
5.10× 1010 GeV

M1

)2 ( mφ

1010 GeV

)4(103 GeV

T

)3

for mφ � T

. (46)
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is larger than unity. For example, using the upper expression this means that for mφ = 1010 GeV the decay of the
dark scalars occurs before Big Bang Nucleosynthesis (BBN) (T & 1 MeV) if the dark sector coupling is larger than
6.04 × 10−13. On the other hand, the dark scalars would quickly decay at T & mφ only if the dark sector coupling
is larger than 2.70 × 10−10 according to the lower expression in Eq. (46). However, such a large coupling would
overproduce dark matter particles according to Eq. (43) when requiring mχ < mφ. Hence, by considering the viable
case mφ � T and plugging Eq. (43) into Eq. (46), we get the following estimate for the temperature Tφ at which the
three-body scalar decay occurs:〈

Γ3−body
φ

〉
(Tφ) = H(Tφ) =⇒ Tφ = 0.14 GeV

(
5.10× 1010 GeV

M1

)1/2(
107 GeV

mχ

)1/2 ( mφ

1010 GeV

)3/2
. (47)

Then, requiring the dark scalar decay to occur before BBN provides the following lower bound on the dark scalar
mass

Tφ & 1 MeV =⇒ mφ & 3.62× 108 GeV

(
M1

5.10× 1010 GeV

)1/3 ( mχ

107 GeV

)1/3
, (48)

which is valid as long as mφ < M1 = 5.10× 1010 GeV.
In the case of the neutrino portal with the heaviest right-handed neutrino, we instead have

〈
Γ3−body
φ

〉
H

'


(

y2
6.03× 10−11

)2(
3.28× 1014 GeV

M2

)2 ( mφ

1010 GeV

)3(1 MeV

T

)2

for mφ � T(
y2

2.70× 10−8

)2(
3.28× 1014 GeV

M2

)2 ( mφ

1010 GeV

)4(103 GeV

T

)3

for mφ � T

, (49)

and the temperature Tφ at which the three-body scalar decay occurs is

〈
Γ3−body
φ

〉
(Tφ) = H(Tφ) =⇒ Tφ = 0.12 GeV

(
3.28× 1014 GeV

M2

)1/2(
107 GeV

mχ

)1/2 ( mφ

1010 GeV

)3/2
. (50)

The lower bound on the dark scalar mass allowing the dark scalar to decay before BBN is

Tφ & 1 MeV =⇒ mφ & 4.19× 108 GeV

(
M2

3.28× 1014 GeV

)1/3 ( mχ

107 GeV

)1/3
. (51)

When fixing the right-handed neutrino masses to their benchmark values, such a lower bound is therefore almost
independent of which of the two right-handed neutrinos is efficiently coupled to the dark sector. Moreover, it mildly
depends on the dark matter mass mχ. However, as can been seen from Eq.s (46) and (49), the coupling y2 achieving
the correct dark matter abundance is required to be larger with respect to the coupling y1. This is in agreement with
the results obtained in the “heavier dark scalar” mass ordering.

C. Threshold values for neutrino portal couplings

In order to further study the interplay between the gravity and neutrino portals, we estimate the threshold values
ymin
1 and ymin

2 for the two dark sector couplings above which the gravity-mediated interaction does not provide the
dominant contribution to the dark matter abundance. For given values of the two dark masses, these threshold values
are obtained in correspondence of a 50% contribution from the gravity-mediated processes to the dark matter relic
density. Therefore, in the “heavier dark scalar” mass ordering, for given values of the two dark masses, the reheating
temperature is uniquely fixed by the lower contour of the green band showing the gravity dominance in the plots of
Fig.s 4 and 6. For lower values of the reheating temperature, the gravitational production is suppressed and dark
sector couplings larger than ymin

1 and ymin
2 are indeed required to achieve the correct dark matter abundance. In the

“lighter dark scalar” mass ordering, the reheating temperature is instead fixed by following the dashed black line in
Fig. 3. In this mass ordering, the required dark sector coupling is independent of the reheating temperature which
only sets the gravitational production.

The threshold values ymin
1 and ymin

2 obtained in this way are reported in Fig. 7. In the two plots, the parameter space
is divided in the two different mass orderings (heavier and lighter φ) with respect to the masses of the right-handed
neutrinos (horizontal dotted black lines). Moreover, we highlight the regions where the different processes induced by
the neutrino portal dominate the dark matter production:
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FIG. 7. Threshold values for the two dark sector couplings above which the gravity-mediated production is sub-dominant (a
contribution to ΩDMh

2 smaller than 50%) as a function of the dark masses. The “heavier dark scalar” (“lighter dark scalar”)
mass ordering corresponds to the region above (below) the horizontal dotted line. The purple dashed lines delimit the region
where the dark sector and the neutrino Yukawa dominances occur above the dotted line. In the “lighter φ” mass ordering the
RHN decay dominance occurs. The regions excluded are: between the orange lines in the left plot due to perturbativity; the
grey regions due to the kinetic constraints of the two mass orderings and the requirement mχ < mφ; the shaded region below
the dot-dashed black line due to isocurvature perturbations (Hi > mφ).

• Dark sector dominance. In the “heavier dark scalar” mass ordering, the dark sector scatterings dominate the
dark matter production in the region above the purple dashed line and below the orange lines (if present).

• Neutrino Yukawa dominance. In the “heavier dark scalar” mass ordering, the neutrino Yukawa dominance
occurs between the horizontal black dotted line and the purple dashed line.

• RHN decay dominance. In the “lighter dark scalar” mass ordering (below the horizontal black dotted line),
the main contribution to the dark matter relic density comes from the two-body decays of right-handed neutrinos.

Remarkably, the dominance of a class of processes is set by the strength of the neutrino portal coupling. For example,
looking at the right plot, very small dark sector couplings (reddish colors) generally correspond to the RHN decay
dominance, intermediate couplings to the neutrino Yukawa dominance, and large couplings approaching the pertur-
bativity limit (bluish colors) to the dark sector dominance (the darkest blue region between the orange lines in the
left plots is excluded by the perturbativity constraint). Moreover, we note once again that the dark sector coupling
y2 to the second right-handed neutrino has to take larger values when compared to y1 in order to obtain the correct
dark matter abundance. In the plots, the grey regions are forbidden in agreement with the requirement of a fermionic
dark matter (mχ < mφ) and the kinetic constraints of the two mass orderings (small triangles displayed for mφ of the
order of the right-handed neutrino mass). The shaded regions below the dot-dashed black line (labeled by Hi > mφ)
are instead excluded by the constraints on the isocurvature perturbations. As can be seen in the figure, these last
constraints disfavour the RHN decay dominance for the lightest right-handed neutrino which is allowed only in a
small region of the model parameter space. On the other hand, for the heaviest right-handed neutrino the RHN decay
dominance occurs in a large part of the parameter space so favouring lighter dark matter masses.

VI. CONCLUSIONS

In the present paper we have studied a minimal and realistic model accounting for neutrino oscillation data, the
baryon asymmetry of the universe, and a viable dark matter candidate. The model is based on the classic type I
seesaw mechanism, augmented by a dark sector which may be accessed either through gravitational couplings or via
the right-handed neutrino portal. The minimal type I seesaw model considered involves two right-handed neutrinos
according to the Littlest seesaw model [8–15]. Accounting for the observed neutrino data and requiring a successful
leptogenesis completely fix the neutrino Yukawa sector of the model [15]. The dark sector is charged under a global
U(1)D symmetry and consists of a dark fermion and a dark scalar with the former assumed to be the lighter dark
particle. In this framework, we have investigated the production of dark matter particles in the early universe and
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explored the model parameter space which achieves the observed dark matter abundance. In particular, we have
analyzed in detail the interplay between the RH neutrino and gravity portals in the dark matter production. The
neutrino portal induces two distinct processes: the neutrino Yukawa scatterings where the right-handed neutrinos act
as mediators, and the dark sector scatterings where they annihilate into dark particles. Moreover, when the right-
handed neutrinos are heavier than the dark particles, the dark matter χ can be directly produced by the two-body
decays NR → χ+ φ and the subsequent three-body decays of φ particles.

Firstly, we have shown that, ignoring the RH neutrino portal couplings, the gravity-mediated interaction provides
an upper limit on the reheating temperature as a function of the dark matter mass mχ (see Fig. 3). In particular, for
7 × 105 GeV . mχ . 5 × 1015 GeV the reheating temperature TRH has to be smaller than the second right-handed
neutrino mass (M2 = 3.28 × 1014 GeV) in order to avoid dark matter’s overproduction through the gravitational
interaction. In this mass range, the dark matter production through the neutrino portal with the second right-handed
neutrino is therefore highly suppressed in the instantaneous reheating scenario. On the other hand, the second right-
handed neutrino is favourably allowed to drive the dark matter production for smaller dark matter masses. The same
suppression does not occur for the first right-handed neutrino being its mass (M1 = 5.10× 1010 GeV) always lighter
than the upper bound on the reheating temperature.

Including both gravity and the RH neutrino portal couplings, in Fig.s 4 and 6 we have then respectively reported
the values for the RH neutrino portal couplings y1 and y2 required to achieve the correct dark matter abundance
when the dark scalars are heavier than the right-handed neutrinos (“heavier dark scalar” mass ordering). In these
plots, we have highlighted the regions of the parameter space where the three different processes (gravity-mediated,
neutrino Yukawa and dark sector scatterings) dominate the dark matter production. We have demonstrated that
larger values for the coupling y2 are required to achieve a viable dark matter candidate with respect to the coupling
y1. This result has two important implications. Firstly, the neutrino portal with the second right-handed neutrino is
not able to overcome the gravitational production in the mass range 1.37× 109 GeV . mχ . 1.26× 1014 GeV due to
the perturbativity constraint. In the absence of an efficient coupling y1 with the first right-handed neutrino, such a
dark matter candidate can be truly regarded as a Planckian Interacting Dark Matter candidate [104–110]. Secondly,
the neutrino Yukawa processes mediated by the first right-handed neutrino (non-zero y1 coupling) dominate the dark
matter production in a large part of the model parameter space. In particular, for a dark scalar mass mφ of the same
order of M1 (bottom panels in Fig. 4), the neutrino Yukawa dominance can easily occur with values of the coupling
y1 smaller than 106. In this case, the dark sector dominance is instead excluded by the requirement of successful
leptogenesis (TRH > M1). Remarkably, we have therefore shown that the neutrino Yukawa dominance providing
a direct link between dark matter and neutrinos can be easily achieved despite the presence of gravity-mediated
processes. Although more constrained, the neutrino Yukawa dominance can also occur for smaller dark matter masses
(mχ < O(109 GeV)) with the second right-handed neutrino acting as a mediator as displayed in Fig. 6.

When the dark scalars are lighter than the right-handed neutrinos (“lighter dark scalar” mass ordering), we have
derived the analytical expressions in Eq.s (43) and (44) for the two neutrino portal couplings y1 and y2, respectively,
providing the correct dark matter abundance. In particular, they are independent of the reheating temperature as
long as it is larger than the RH neutrino masses. Moreover, we have shown that in order to avoid late dark scalar
decays during Big Bang Nucleosynthesis, the dark scalar mass has to be larger than ∼ 4× 108 GeV for a dark matter
mass of 107 GeV (see Eq.s (48) and (51)).

Finally, we have discussed in Fig. 7 the threshold values for the RH neutrino portal couplings above which the
gravity-mediated production is sub-dominant. For given values of the two dark masses, a Planckian Interacting Dark
Matter candidate is achieved if the neutrino portal couplings are smaller than ymin

1 and ymin
2 . Moreover, in these plots

we have clearly shown that there exist distinct regions where the different processes induced by the neutrino portal
separately dominate the dark matter production. In particular, very small dark sector couplings (y1 = O(10−10) and
y2 = O(10−8)) favour the dominance of the two-body decay of right-handed neutrinos in the “lighter dark scalar”
mass ordering. However, such a dominance is mostly constrained by the limit on isocurvature perturbations in the
case of a coupling to the lightest right-handed neutrino, while it is preferred in the case of a non-zero y2 coupling.
In the “heavier dark scalar” mass ordering, the neutrino Yukawa dominance is favoured by intermediate couplings
(y1 = O(10−6) and y2 = O(10−4)) while the dark sector dominance generally requires large couplings (y1 = O(10−2)
and y2 = O(1)). Such mass ordering is highly constrained in the case of a coupling only to the heaviest right-handed
neutrino due to the upper limit on the reheating temperature of the universe imposed by the gravitational production.

In conclusion, the classic type I seesaw mechanism with very heavy right-handed neutrinos, remains an attractive
and plausible explanation of neutrino mass and mixing, which can accommodate not only leptogenesis, but also dark
matter, via a simple dark sector extension, which may be accessed either gravitationally or via the RH neutrino portal,
or a delicate interplay of both mechanisms, resulting in FIMP dark matter produced via the “freeze-in” mechanism.
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