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Abstract We present a minimal UV complete framework
to embed inflation and dark matter by extending the standard model with a singlet real scalar field (the inflaton) and
a singlet fermionic field acting as dark matter. The inflaton
features the most general renormalizable polynomial up to
quartic order, which is flat due to the existence of a perturbed
inflection-point, comfortably fitting CMB measurements. We
also analyze (p)reheating by considering the Higgs production via inflaton decay. In the early universe, dark matter
can be generated by the mediation of gravitons or inflatons.
However, the production via the direct decay of the inflatons dominates, making viable a large range of dark matter
masses, from O(10−5 ) GeV to O(1011 ) GeV.
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1 Introduction
Cosmic inflation is an elegant paradigm to solve the major
problems in standard cosmology [1–4]. The leading inflationary paradigm is the so-called slow roll (SR) inflation,
in which the inflaton slowly rolls down its potential (see,
e.g., Ref. [5]). During SR, a near scale-invariant power spectrum is generated due to vacuum fluctuations of the inflaton
in a quasi-de Sitter background, in agreement with Cosmic
Microwave Background (CMB) measurements [6]. Another
notable prediction of inflation is the primordial gravitational
wave spectrum due to (first-order) tensor perturbations of the
metric, which is usually quantified by the so-called tensorto-scalar ratio r . Latest experimental results favor r < 0.061
[6,7] at the pivot scale k = 0.05 Mpc−1 , which puts a strong
constraint on the steepness of the inflationary potential.
Indeed, the simplest monomial scenarios with V (φ) ∝ φ p
with p ≥ 1 are disfavored [6]. This has motivated the study
of flatter potentials see, e.g., Ref. [8] for a comprehensive
review.
Moreover, observations indicate that the known baryonic
matter could only account for ∼ 15% of the total matter density [9]. The rest is unknown and called dark matter (DM)
[10]. Regarding its nature, weakly interacting massive particles (WIMPs) are one of the well-motivated candidates [11].
In the WIMP paradigm, DM with mass at the electroweak
scale thermally freezes out from the SM plasma, reproducing
the observed relic density DM h 2  0.12 [9]. WIMP scenarios call for new physics at the electroweak scale, which is
remarkable since there are indeed a number of well-motivated
SM extensions at such scale. However the null experimental results and strong observational constraints on the typical WIMP parameter space motivate quests beyond such
paradigm [12].
One alternative to the WIMP scenario is the so-called feebly interacting massive particle (FIMP) [13–18]. In such case
DM particles interact with the SM plasma so feebly that they
never achieve chemical equilibrium with the thermal bath.
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A notable difference between FIMP and WIMP is that DM
abundance via the former mechanism depends on initial conditions, namely, the initial density (typically assumed to be
small) of DM particles, which can be produced during the
cosmic heating era. Besides, another possibility for the DM
genesis is the direct decay of a heavy particle, for example the
inflaton, a moduli field or the curvaton (see, e.g. Ref. [19]).
Additionally, DM particles could have also been produced
via scattering of SM particles or inflatons mediated by the
irreducible gravitational interaction [20–24].
In this work, we aim at solving inflation and DM in a
unified way. The literature counts several proposals with
extra singlet scalars acting simultaneously as the inflaton and
DM (see, e.g., Refs. [25,26]), where nonminimal couplings
between the inflaton and the Ricci scalar are usually introduced to flatten the inflaton potential. See also Refs. [27–38]
for similar works where nonminimal couplings are involved.
However, inflaton could also couple minimally to gravity, for
unified scenarios, see, e.g. the νMSM [39], the NMSM [40],
SMART U (1) X [41], the WIMPflation [42], model with a
single axion-like particle [43], and extension with a complex
flavon field [44]. For supersymmetric models see, e.g., Ref.
[45], inspired by the gauge invariant MSSM inflation [46].
In this paper, we present a renormalizable and UV complete minimal framework to embed inflation and DM without the need of introducing nonminimal couplings to gravity.
To that end, we consider a real scalar field φ acting as the
inflaton. To avoid trans-Planckian issues [47] and be consistent with the recent string swampland distance conjecture
[48], we will consider a small field inflation scenario, where
the inflaton field value is sub-Planckian when the observable curvature perturbations were generated. In such case,
the most general and renormalizable inflaton potential would
be a polynomial up to a quartic term.
The polynomial nature of the inflaton potential is a key
difference from the usually considered monomial scenarios,
which has been gaining interests since the 1990s [49–53]. In
the minimally coupled scenario, the flatness of a polynomial
potential of quartic order is guaranteed by the existence of a
(near) inflection-point [54]. It has been recently shown that
such a polynomial inflection-point inflationary scenario fits
easily consistent with current CMB observations with rather
large parameter space [54]. Additionally, the inflationary predictions can be analyzed analytically even though the model
includes several free parameters [54]. A notable prediction
is that the running of the spectral index α ∼ O(10−3 ), making this small field inflationary model testable in the near
future [55]. Besides, the inflationary scale H I can be as low
as ∼ 1 MeV so that the cosmological moduli problem can be
greatly alleviated [56], and additionally, the axion isocurvature bound can also be easily satisfied [6]. Since the reheating
temperature can exceed 1010 GeV, the standard thermal leptogenesis [57] is then also possible . It is naturally therefore
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to extend the study presented in Ref. [54] in order to tackle
the DM problem.
In this order of ideas, we consider an additional gauge
singlet fermion field χ as the DM candidate. The possibility of singlet fermion DM was originally proposed in Ref.
[58], where DM interacts with the SM Higgs via dimension5 operators. Later, the case where DM communicates with
the SM via the mixing of a new singlet scalar field with the
SM Higgs was studied [59–61]. Here we show for the first
time that the singlet scalar field can be identified as the inflaton. Moreover, a notable difference with previous works is
that the mixing between the singlet scalar and SM Higgs
has to be negligible small in order not to spoil the inflaton
potential when Higgs loop corrections are included. As the
inflaton directly couples to DM, the observed DM abundance
can be generated via inflaton decay, or by the scattering of
Higgs bosons mediated by the s-channel exchange of inflatons. Additionally, the irreducible gravitational interaction
can also mediate the DM production, either by 2-to-2 annihilation of SM Higgs bosons, or of inflatons during reheating.
The paper is organized as follows. In Sect. 2 we present the
general setup for the model, whereas its inflationary predictions are reviewed in Sect. 3. In Sect. 4 the heating dynamics
is investigated. Then, in Sect. 5 we study the production of
the DM relic abundance in the early universe by considering
direct decays of the inflaton, the UV freeze-in mechanism
and gravitational scattering. Finally, in Sect. 6, we sum up
our findings and end with some prospects for further extensions of the model.

2 The model setup
Our model is defined to be the following action:

S=

d4x

√



−g LEH + LSM + Lφ + Lχ + L H φ , (2.1)

where g is determinant of the Friedmann–Lemaître–
Robertson–Walker metric, defined by gμν = diag(1, −a 2 ,
−a 2 , −a 2 ), with a denoting the scale factor. Firstly, LEH
denotes the Einstein-Hilbert Lagrangian given by
LEH =

M P2
R,
2

(2.2)

where R represents the Ricci scalar and M P  2.4 ×
1018 GeV is the reduced Planck mass. LSM describes the
usual SM Lagrangian, and Lφ corresponds to the inflaton
sector
Lφ =

1
∂μ φ∂ μ φ − V (φ),
2

(2.3)
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where for the real scalar inflaton potential V (φ) we are considering the most general renormalizable one1
V (φ) = b φ 2 + c φ 3 + d φ 4 .

(2.4)

DM in our scenario is a gauge singlet Dirac fermion χ with
a Lagrangian Lχ given by
Lχ = i χ̄ γ μ ∂μ χ − m χ χ̄ χ − yχ φ χ̄ χ ,

(2.5)

where m χ corresponds to the DM mass. Finally, the term
L H φ denotes interaction between the inflaton and the SM
via the Higgs doublet H
1
L H φ = −V (H, φ) = −λ12 φ H † H − λ22 φ 2 H † H, (2.6)
2
which plays an important role to produce SM particles and
reheat the universe after inflation.

Fig. 1 Inflaton potential with a near inflection point at φ = φ0 = M P
with β > 0. The inflaton rolls from some high scale and then crosses
φ0 . Later when φ rolls to the regime with φ ∼ φ , the seeds (due to
quantum fluctuation of φ) for CMB anisotropies are generated. And
finally inflation ends at φend

3 Inflation
In this section we briefly review SR inflation with focus on the
polynomial inflection-point inflation formalism [54]. For b =
9 c2
32 d , the potential in Eq. (2.4) features an inflection-point at
φ = φ0 ≡ − 38 dc , so one can reparametrize the potential as


8
2 2
3
4
(3.1)
V (φ) = d 2φ0 φ − (1 − β) φ0 φ + φ ,
3
where a correction parameter β is introduced to control the
flatness configuration in the vicinity of φ0 . In the case with
β = 0, the exact inflection-point at φ0 is recovered, and if
the inflaton excursion starts at φ > φ0 , it will get stuck at
φ = φ0 . Alternatively, for the case with β < 0 a dangerous
false vacuum for φ > φ0 is generated. Here however, we
will focus on the case 0 < β  1, and on a small field
inflationary scenario with φ0  M P . In Fig. 1 the inflaton
potential featuring an inflection point at φ0 = M P is shown.
The SR parameters can be conveniently written by introducing the dimensionless parameter δ defined as
δ ≡1−

φ
,
φ0

(3.2)

and become [54]

V

M2
≡ P
2

ηV ≡ M P2
ξV2 ≡ M P4



V
V

2
 72 2β + δ

V
 24 (2β − δ)
V
V V
V2



2

MP
φ0

 288 2β + δ 2

2



2

MP
φ0

2
,

,


MP
φ0

(3.3)
(3.4)

4
.

(3.5)

1 The linear term can be absorbed by shifting the field φ. A similar
potential was used in Ref. [62] for the purpose of realizing hybrid inflation in the context of the cosmological relaxion model.

SR inflation requires V , |ηV |  1. Since V < |ηV | as can
be seen from Eq. (3.3) and Eq. (3.4), SR inflation then ends
at δ = δend , when |ηV | = 1, which corresponds to
δend 

1
24



φ0
MP

2
,

(3.6)

where the fact that δ
β was used [54]. The number of
e-folds from φ (defined at the pivot scale k = 0.05 Mpc−1 )
till the end of inflation is


 φ
φ0 2
1
1
dφ  √
N =
√
12 2 β M P
2 V
φend



δ
π
− ArcTan √
,
(3.7)
×
2
2β
where δ = 1 − φφ0 . Additionally, the amplitude of scalar
curvature perturbation, the spectral index and its running,
and the tensor-to-scalar ratio are respectively given by


d
φ0 6
Pζ =

,
(3.8)
5184π 2 (δ2 + 2β)2 M P
24π 2 V M P4


MP 2
n s = 1 − 6 V + 2ηV  1 − 48 δ
,
(3.9)
φ0


 MP 4

α = 16 V ηV − 24 V2 − 2 ξV2  −576 2β + δ2
,
φ0
V

r = 16

V

2

 1152 2β + δ2



MP
φ0

(3.10)

2
.

(3.11)

CMB measurements from the Planck collaboration [6] set
strong constraints on the scalar power spectrum (Pζ =
(2.1 ± 0.1) × 10−9 and n s = 0.9649 ± 0.0042), which for
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N = 65 e-folds imply [54]
δ  7.31 × 10−4 (φ0 /M P )2 ,
β  9.73 × 10

−7

(φ0 /M P ) ,
4

d  6.61 × 10−16 (φ0 /M P )2 ,

(3.12)
(3.13)
(3.14)

from which one can also see that δ
β as has assumed earlier. With these model parameters, the tensor-to-scalar ratio
becomes
r  7.09 × 10−9 (φ0 /M P )6 ,

(3.15)

well bellow the present bound (r < 0.061 [6]) and the
expected sensitivity of future detectors. However, the prediction for the running of spectral index is α  −1.43 × 10−3 ,
independently of φ0 , in agreement with current bounds α =
−0.0045 ± 0.0067 [6], and potentially testable with future
CMB measurements combined with improved understanding
of structures at small scale, in particular the Lyman-α forest
[55]. Finally, we note that the inflaton mass m φ is given by
√
m φ = 2 d φ0  5.14 × 10−8 φ02 /M P .
(3.16)

tions also speed up thermalization, having a time scale much
shorter than the lifetime of the inflaton [66].
Alternatively, preheating could also occur via the quartic coupling λ22 φ 2 H † H , and is efficient if λ22  O(10−8 )
[64]. However, to guarantee the radiative stability of the inflaton potential, one has to impose that λ22  O(10−10 ) [54],
making this channel negligible. Having shown that preheating effects are subdominant, we now focus on reheating due
to the perturbative decay of the inflaton.
4.2 Perturbative decay of the inflaton
The inflaton can decay into SM Higgs bosons or DM particles, with decay rates given by
φ→H † H 
φ→χ̄χ 

λ212
,
8π m φ
yχ2 m φ
8π

(4.1)

,

(4.2)

As it will be seen in next section, φ0 spans in the range ∼
10−5 M P to M P , and therefore the inflaton mass 102 GeV
 m φ  1011 GeV.

and therefore the total decay width  ≡ φ→H † H +
φ→χ̄χ  φ→H † H , as it has to dominantly decay into SM
states. We define Br to be the branching ratio into a couple
of DM particles, i.e.,

4 Reheating

Br ≡

After the end of inflation, the universe is heated via the interactions between the inflaton and the SM Higgs. Before analyzing the perturbative decay of inflaton, we will first briefly
discuss the effect of possible nonperturbative preheating [64].
4.1 Remarks on preheating
Preheating corresponds to the nonperturbative particle production due to parametric resonance, for a review see, e.g.,
Ref. [65]. In this scenario, preheating could proceed via the
trilinear or the quartic coupling of the inflaton with the SM
Higgs, described in Eq. (2.6).
Let us first focus on the preheating proceeding via the trilinear coupling λ12 φ H † H . Such a term gives rise to a tachyonic effective mass square contribution (∝ λ12 φ) for the
Higgs field once the inflaton crosses zero and becomes negative during the oscillation, and therefore preheating tends
to become efficient due to tachyonic resonance [66]. However, the Higgs self-coupling λ H |H † H |2 induces a positive
effective mass ∝ λ H H 2 (where H 2 denotes the variance of the produced Higgs field), which counteracts on the
tachyonic effective mass. Such backreaction effect blocks the
energy transfer from the inflaton, making preheating inefficient. Detailed lattice simulations show that trilinear interac-

123

φ→χ̄χ
φ→χ̄χ

φ→χ̄ χ + φ→H † H
φ→H † H

 2.6 × 10−15

φ04 yχ2
M P2 λ212

.

(4.3)

The reheating temperature Trh , denoting the onset of the
radiation-dominated era, can be defined as H (Trh ) = 23 ,
and therefore
Trh =

2
π



10
g

1/4


M P   3.9 × 10

2

λ12
φ0


MP ,
(4.4)

where g (T ) denotes the number of relativistic degrees of
freedom contributing to the SM energy density ρ R , with g =
106.75 for temperatures much higher than the t-quark mass.
In order to guarantee a successful BBN Trh  4 MeV [67–
71]. Additionally, the upper limit on the inflationary scale
H I ≤ 2.5 × 10−5 M P [6] allows to extract the upper bound
Trh  7 × 1015 GeV. Therefore, one has that
2.4 × 10−24 

λ12
 7.5 × 10−6 .
φ0

(4.5)

The ratio λ12 /φ0 can be further constrained by ensuring that
the inflaton potential is radiatively stable near inflection-point
against Higgs loop corrections during inflation, which trans-
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Fig. 2 Left panel: Allowed ranges for Trh and Tmax as a function of the inflaton mass m φ . Right panel: Allowed range for the ratio Tmax /Trh as a
function of Trh

lates into [54]


 


λ12 2
λ12 2
λ12
< 64π 2 d β
−
ln
φ0
φ0
φ0


φ0 6
.
 6.1 × 10−19
MP

5 Dark matter production and relic density

(4.6)

Similarly, in order not to spoil the flatness of potential near
inflection-point by including DM loops, yχ has to satisfy [54]


φ0 6
yχ4 − 3yχ4 ln yχ2 < 6.1 × 10−19
.
(4.7)
MP
While reheating is commonly approximated as an instantaneous event, the decay of the inflaton is a continuous process during which the bath temperature may rise to a value
Tmax greater than Trh [72]. Taking into account that the inflationary scale H I is given by

3
V (φ0 )
−9 φ0
HI 

8.6
×
10
,
(4.8)
3M P2
M P2
the ratio Tmax /Trh can be expressed as [73]
Tmax
Trh


1/4
1/4
 2/5 
φ03
HI
3
−3
=
 4.8 × 10
.
8
H (Trh )
M P Trh2

(4.9)
It turns out that to satisfy the previously listed constraints
(BBN and stability) corresponding to Eqs. (4.5) and (4.6),
the lower bound for φ0 is φ0  3.0 × 10−5 M P [54], which
together with φ0  M P imply 102 GeV  m φ  1011 GeV.
Additionally, the reheating temperature spans over a large
range, from TBBN to ∼ 1011 GeV as shown by red band in
the left panel of Fig. 2, whereas Tmax (blue band) ranges from
∼ 102 GeV to ∼ 1012 GeV. Inflaton mass is shown by the
black line, which spanning from ∼ 102 GeV to ∼ 1011 GeV.
The ratio Tmax /Trh ⊂ [101 , 108 ] GeV as shown in the right
panel of Fig. 2.

In the early universe, DM can be produced via different
processes. The main contributions come from (i) the direct
decay of inflatons, (ii) 2-to-2 annihilations of inflatons during the reheating era (mediated by the s-channel exchange
of inflatons or gravitons, and the t- and u-channel exchange
of DM), and (iii) 2-to-2 annihilations of SM particles mediated by gravitons and inflatons. The corresponding Feynman
diagrams are collected in Fig. 3.
The evolution of the DM number density n is given by the
Boltzmann equation
dn
+ 3H n = γ ,
dt

(5.1)

where γ corresponds to the DM production rate density and
H to the Hubble expansion rate given by H 2 = (ρ R +
ρφ )/(3M P2 ). The evolution of the inflaton and SM radiation
energy densities (ρφ and ρ R , respectively) can be tracked via
the set of Boltzmann equations
dρφ
+ 3H ρφ = − ρφ ,
dt
dρ R
+ 4H ρ R = + ρφ (1 − Br) ,
dt

(5.2)
(5.3)

where factor (1 − Br)  1 is the fraction of inflaton energy
density that goes into SM radiation.
During reheating (i.e., for Trh < T < Tmax ), the total
energy density of the universe is dominated by inflatons. Taking into account that T ∝ a −3/8 and that the inflaton energy
density scales as nonrelativistic matter,
ρφ (T ) =

π 2 g T 8
,
30 Trh4

(5.4)

where ρφ (Trh ) = ρ R (Trh ) was assumed. Therefore, the Hubble parameter in an inflaton-dominated universe takes the
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Fig. 3 Feynman diagrams for
the different DM productions
channels described in the text.
The three rows correspond to (i)
the decay of the inflaton, (ii)
inflaton scatterings, and (iii) the
scattering of SM particles

form
H (T ) =

π
3

g T 4
.
10 M P Trh2

(5.5)

The evolution of the DM number density given in Eq. (5.1)
can be recasted in terms of the comoving number density
N ≡ n a 3 , where a corresponds to the scale factor, considering the fact that during the reheating era the SM entropy
density is not conserved due to the inflaton decay, and therefore

8 10 M P Trh10 3
dN
=−
a (Trh ) γ .
(5.6)
dT
π g T 13
However, after reheating (i.e., for T < Trh ), the universe
is dominated by SM radiation and Eq. (5.1) can be recasted
as a function of the DM yield Y (T ) ≡ n(T )/s(T ), defined as
2
3
a function of the SM entropy density s(T ) ≡ 2π
45 gs T , with
gs (T ) being the number of relativistic degrees of freedom
contributing to the SM entropy [63]. Therefore, Eq. (5.1)
becomes

10 M P
dY
135
γ.
(5.7)
=− 3
dT
2π gs g T 6
Finally, let us note that to reproduce the observed DM
energy density DM h 2  0.12 [9], the DM yield has been
fixed such that
m χ Y0 = χ h 2

123

1 ρc
 4.3 × 10−10 GeV,
s0 h 2

(5.8)

with ρc  1.05 × 10−5 h 2 GeV/cm3 the critical energy density and s0  2.9 × 103 cm−3 the present entropy density
[74].
In the present scenario, where DM only communicates to
the SM via the inflaton and gravity, the DM relic abundance
could be produced via a number of channels. These different
processes will be separately studied in the following subsections.
5.1 Inflaton decay
Due to the trilinear coupling yχ φ χ̄ χ , DM can be produced
by direct decays of the inflaton. In this case, corresponding
to the first row of Fig. 3, the decay rate density is given by
γ = 2 Br 

ρφ
.
mφ

(5.9)

During reheating, i.e. while Tmax > T > Trh , Eq. (5.6) can
be solved analytically as

2π g
N
15

10 M P Trh2 3
a (Trh ) Br ,
g m φ

(5.10)

which implies that
3 g
N (Trh )
Y0 =

s(Trh ) a 3 (Trh )
π gs


3 g Trh
Br.
2 gs m φ



10 M P 
Br
g m φ Trh
(5.11)
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tivistic inflatons reads [75–77]

3/2
m 2χ
T 16 m 2χ
π 3 g2
.
1− 2
γ =
3686400 M P4 Trh8 m 2φ
mφ

(5.13)

The DM yield at the end of reheating can be analytically
computed with Eq. (5.7) as
g2
Y0 
81920gs
Fig. 4 Yukawa coupling yχ required to reproduce the whole observed
DM abundance via the direct decay of the inflaton. The colored bands
correspond to the different constraints described in the text. The white
region is the allowed parameter space with 10−21  Br  10−4 and
O(10−5 ) GeV  m χ  O(1011 ) GeV

Therefore to produce the whole observed DM abundance,
one needs:

Trh
.
(5.12)
yχ  1.2 × 10−13
mχ
The Yukawa coupling yχ required to reproduce the whole
observed DM abundance via the direct decay of the inflaton
is shown in Fig. 4. The colored bands correspond to different
constraints discussed: BBN (left side of Eq. (4.5)), radiative
stability of inflaton potential (Eqs. (4.6) and (4.7)), Lymanα (Eq. (B.2)), and the kinematical threshold m φ > 2 m χ
(cf. Eq. (3.16)). The white area corresponds to the allowed
parameter space, with branching ratio 10−21  Br  10−4 ;
the upper bound on the branching fraction comes from the
Lyman-α bound as shown in Eq. (B.3), while the lower bound
corresponds to the case with Trh  1.2×1011 GeV and m χ 
6 × 1010 GeV. The DM mass in the allowed parameter space
can span from O(10−5 ) GeV to O(1011 ) GeV. Here we would
like to stress that the allowed parameter space, namely the
while region corresponds to the combinations of the bounds
mentioned above with all possible φ0 or equivalently m φ .
5.2 Inflaton scattering
Alternatively, DM can be produced during reheating by 2-to2 scatterings of inflatons mediated by the s-channel exchange
of gravitons or inflatons, and the t- and u-channel exchange
of a DM particle, as shown in the second row of Fig. 3. However the second and third processes are always sub-dominant
compared to the direct decay due to a further coupling suppression. We will therefore focus on the gravitational channel, which might dominate in particular if the branching ratio
Br is suppressed.
In the case where the graviton mediation dominates, the
interaction rate density for DM production out of nonrela-



 1.8 × 10−2

10
g



Trh
MP

3 

Trh m 2χ
5/2

1/2

MP mφ



Tmax
Trh

1−

m 2χ
m 2φ



4
−1
3/2
.

m 2χ
m 2φ


1−

m 2χ

3/2

m 2φ

(5.14)

However taking into account the stability constraint presented in Eq. (4.6) on the reheating temperature, i.e. Trh 
1011 GeV, it follows that DM production via inflaton scatterings can contribute at most to few percent of the total DM
abundance.
5.3 SM scattering
Finally, DM could also be produced by the scattering of SM
particles, as shown by the third row of Fig. 3. This channel,
corresponding to the UV freeze-in, can be mediated by the schannel exchange of gravitons or inflatons, and is presented
in the following.
5.3.1 Graviton mediation
Here we investigate production of DM via the scattering
of SM particles with gravitons acting as the mediator. This
gravitational production mechanism is unavoidable due to
the universal couplings between the metric and the energymomentum tensor ∼ gμν h μν . 2 The interaction rate density
can be written as [20,22,24]
γ (T ) = α

T8
,
M P4

(5.15)

where α  1.1 × 10−3 . The DM abundance produced after
reheating is given by integrating Eq. (5.7), and therefore
 

10 Trh 3
45α
,
for m χ  Trh .
(5.16)
Y0 =
2π 3 gs g M P
As in the previous case, away from the instantaneous
decay approximation, the DM yield is only boosted by a
small factor of order O(1), as γ (T ) ∝ T 8 . In the case where
DM is heavier than the reheating temperature (but still lighter
2

Two comments are in order: First, one could also conceive scenarios
where gravity and another portal are effective, see, e.g., Refs. [78–82].
Second, the gravitational production can be enhanced in scenarios with
extra dimensions, see e.g., Refs. [83–90].
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than Tmax ), one should compute the DM abundance during
the reheating era. Equation (5.6) yields therefore

10 Trh7
45α
,
for m χ
Trh .
(5.17)
Y0 =
2π 3 gs g M P3 m 4χ
However, in the present scenario this DM production
mediated by the exchange of gravitons cannot generate
enough DM relics as the reheating temperature of the universe is Trh  1011 GeV in order to not spoil the flatness of
the inflaton potential by radiative corrections.
We now close this section with a few remarks regarding
another purely gravitational production channel. Indeed any
massive particle (which violates conformal invariance), and
in particular the DM field, can be generated due to the effect of
time variations of the background metric, in particular during
inflaton oscillations [91–99]. Through this mechanism DM
particles with mass m χ  H I can be produced with typical
number density n χ ∼ H I3 [94], and it is particularly relevant
for m χ  H I [20,23]. Via this mechanism, the DM relic den
2
sity scales like χ h 2 ∼ m χ /1011 GeV (Trh /109 GeV)
[94]. However, the upper bounds H I  O(1010 ) GeV (cf.
Eq. (4.8)) and Trh  1011 GeV imply that it is not robust for
the present scenario.
5.3.2 Inflaton mediation
Alternatively, DM could also be produced by 2-to-2 scattering of SM particles, mediated by the s-channel exchange
of inflatons. The corresponding interaction rate density for
T  m φ is
γ (T ) 

yχ2 λ212 T 6
.
2π 5 m 4φ

(5.18)

In Appendix A details about the derivation of the rate
density are presented. As in the present scenario Trh  m φ
(cf. Fig. 2), the DM abundance produced after reheating
(Trh > T ) can be estimated with Eq. (5.7), and is given
by

135 yχ2 λ212 10 M P Trh
.
(5.19)
Y0 
4π 8 gs
g m 4φ
It is interesting to note that away from the instantaneous
decay approximation for the inflaton, DM could also be produced by the freeze-in mechanism, between Tmax > T >
Trh . However, it has been noticed that the boost for an inflaton
scaling like nonrelativistic matter during reheating, it is only
significant if the temperature dependence of the production
rate density is high enough, γ (T ) ∝ T n with n > 12. In that
case, the DM abundance is enhanced by a boost factor proportional to (Tmax /Trh )n−12 [73,100]. However, in the present
scenario with n = 6, the difference between the standard

123

UV freeze-in calculation differ only by an O(1) factor from
calculations taking into account noninstantaneous reheating.
Additionally, let us note that this production channel mediated by the exchange of inflatons turns out to be subdominant
with respect to the direct decay of the inflaton, smaller by a
3

Trh
Trh
 1.
factor M
mφ
P
Finally, let us emphasize that for the previous analysis
to be valid, the DM has to be out of chemical equilibrium
with the SM bath. One needs to guarantee, therefore, that
the interaction rate density γ (T )  H (T ) n eq (T ), where
n eq (T ) is the equilibrium DM number density. In our setup,
for T ≤ Tmax , this condition is always satisfied.

6 Summary and conclusions
In this paper, we have presented a minimal UV complete
framework to embed cosmic inflation and dark matter (DM)
via extending the standard model with two degrees of freedom: a real scalar inflaton and a fermionic DM. For the inflaton potential, we take the most general polynomial of degree
four, which admits a near inflection point to match CMB
observations.
This scenario produces a running of spectral index
α ∼ O(10−3 ) and a tensor-to-scalar ratio r  7.09 ×
10−9 (φ0 /M P )6 , with 3 × 10−5 M P  φ0  M P . Whereas
the prediction for r is beyond the future detection perspectives, α could be testable with next generation CMB experiments combined with small structure data.
In the early universe, DM particles can be produced by
a number of processes that counts the direct decay of the
inflaton, the 2-to-2 scattering of standard model particles via
the s-channel exchange of inflatons or gravitons, or purely
gravitational interactions. However, due to the upper bounds
on the reheating temperature (to guarantee the flatness of the
inflaton potential), the pure gravitational channels are not
robust to produce enough DM, and freeze-in is always subdominant compared to the direct decay. The viable parameter
space to reproduce correct DM relics is shown in Fig. 4 by
inflaton decay with branching ratio: 10−21  Br  10−4 ,
where DM mass spans a large range, from the keV scale up
to O(1011 ) GeV.
Finally, we note that this model can be further extended to
dynamically generate the baryon asymmetry of the universe.
One can consider the inflaton to be a complex field, so that
such a model can naturally include the Affleck–Dine mechanism for baryogenesis. However, this is beyond the scope of
the present study and we leave it for future work.
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A Interaction rate
DM can be produced in the early universe via scattering of
Higgs bosons mediated by the s-channel exchange of inflatons.
The annihilation cross section for: χ̄χ → H † H is given
by
σ (s) 

1
8π

yχ2 λ212
(s − m 2φ )2 + m 2φ

2

,



∞

4m 2χ

ds s

3/2

(A.2)

where K 1 is the modified Bessel function of order 1. Several useful approximations can be implemented for different
ranges of T , such that

γ (T ) 

yχ2 λ212
64π 4

×

m 2φ

T

⎪
 K1
⎪
⎪
⎩ mφ T 2


for T  m φ ,
 mφ 
T

ain
ain  R
pin =
pin
a0
aeq m


gs (Teq ) 1/3 Teq  R m φ
mφ
 3 × 10−14
=
GeV,
gs (Trh )
Trh m 2
Trh
(B.1)

p0 =

where pin  m φ /2 is the mean initial momentum at production (i.e., at T = Trh ), Teq and aeq correspond to the
temperature and the scale factor at the matter-radiation equality, respectively. Additionally, we have used Teq  0.8 eV,
 R  5.4 × 10−5 and m  0.315 [9,74]. A lower bound
on the DM mass can be obtained from the upper bound on
a typical velocity of warm dark matter (WDM) at present.
Taking vχ  1.8 × 10−8 [101] for m WDM  3.5 keV [102],
one gets
mχ
mφ
,
2
keV
Trh

(B.2)

which by using Eq. (5.11), implies an upper bound on the
branching ratio
Br  10−4 .

(B.3)
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