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neutrinos. We show that this can lead to a successful reheating of the Universe after in-
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masses and mixings through the seesaw mechanism, predicting at least one massless neu-
trino, and also the observed baryon asymmetry via thermal leptogenesis.
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1 Introduction

The inflationary paradigm, developed in the 1980’s [1-3], with an introduction of an early
phase of accelerated expansion prior to the radiation domination epoch, is expected to
solve the major problems of Standard Cosmology, in particular the flatness, horizon and
the large scale structure puzzles. The early period of accelerated expansion would flatten
the universe and stretch the initial small inhomogeneities to superhorizon scales, that later
evolved into the present large scale structures. In addition, the initial causal contact
between regions that are presently too far to have interacted with each other would be
ensured, reconnecting the theory to the almost perfect isotropy of the Cosmic Microwave
Background (CMB). However, this solution is yet to be reconciled with the Standard
Model (SM) of particle physics.

Similarly, a common problem to both particle physics interactions and the cosmological
behavior is the energy budget of the Universe. Only around 25% of the Universe is made of
matter [4, 5], and only about 15% of this is accounted for by the SM particles [6], leaving
the remaining part, referred to as dark matter, to be described by new physics (see e.g. [7]).

From experimental results with neutrino oscillations, we know neutrinos to be mas-
sive, but the mechanism for mass generation is unknown [8]. The SM only includes left-
handed neutrinos, with three generations of them, as opposed to the other fermions, which
have also a right-handed component. Going beyond the SM, though without violating
its structural symmetries, and allowing for the existence of right-handed neutrinos, also
in three generations, could explain the mass appearance through what is known as the
seesaw mechanism [9, 10]. Another important open question in cosmology is the observed
asymmetry between particles and anti-particles [11-13]. Assuming an inflationary evolu-
tion, diluting any initial asymmetry in the Universe, the observed asymmetry should have



been generated dynamically after inflation. Such mechanisms must follow the conditions
derived by Sakharov [11], but within the SM no mechanisms are able to generate the
required amount of asymmetry [12], again requiring extensions to new physics. Neverthe-
less, the introduction of right-handed neutrinos presents a viable way to solve this puzzle
through leptogenesis.

Expecting both the inflaton and dark matter to be weakly interacting neutral fields,
and outside the reach of the present framework of the SM, it is interesting to speculate
whether the same field can describe both at different epochs. Scalar fields, depending on the
kinematical regimes, may behave as fluids with different equations of state. For example,
in a regime of a slowly varying field, $?/2 < V(¢), it acts as an effective cosmological
constant, whereas while oscillating about the minimum of the potential it may behave as
either nonrelativistic matter or as relativistic matter for quadratic and quartic potentials,
respectively. Since these regimes are commonly present in an inflationary description, a
unification model seems plausible. The general problem in an unified picture lies in the
connection to the standard cosmological evolution before the light elements generation in
Big Bag Nucleosynthesis (BBN). Although an effective reheating must be ensured, it may
be possible to have an incomplete inflaton decay, leaving room for a stable remnant that
mimics dark matter behavior, as discussed in several examples in the literature [14-27].
It would also be interesting if such a unification scenario could be embedded within the
simplest required extension of the SM including right-handed neutrinos, allowing for light
neutrino masses and leptogenesis.

In this work, we develop an inflationary model, regulated by a non-minimal coupling
between gravity and the inflaton scalar field, where the latter may decay only into two
fermions, which we identify with two of the right-handed neutrinos.! By imposing a discrete
symmetry in the inflaton-right-handed neutrino sector, along the lines originally proposed
in [30], we ensure that no other inflaton decays are possible, such that when the decay into
right-handed neutrinos becomes kinematically forbidden one is left with a stable inflaton
remnant that can account for the present dark matter abundance. We thus refer to this
scenario as the v-Inflaton Dark Matter (vIDM) model.

The introduction of right-handed neutrinos, as decay products of the inflaton, and their
interaction with the SM particles through Yukawa couplings then allows for the generation
of the observed light neutrino masses and mixings through the seesaw mechanism. The
remnant scalar field may survive as an oscillating condensate or evaporate into thermal-
ized inflaton particles in equilibrium with the cosmic plasma, depending on the scattering
rate with the radiation bath particles. In the latter case inflaton particles will follow a
decoupling-freeze out dynamics typical of Weakly Interacting Massive Particles (WIMP),
and in both scenarios the inflaton remnant will behave as pressureless, non-relativistic or
cold dark matter (CDM). Finally, we analyze how the observed baryon asymmetry may be
generated through thermal leptogenesis, namely via the decays of the third right-handed
neutrino, which does not result directly from inflaton decay but may nevertheless be ther-
mally produced during/after reheating.

1For other examples of scenarios where neutrinos are coupled to the dark sector, see e.g. [28, 29].



This work is organized as follows. In the next section we introduce our model by
detailing the imposed symmetry, its properties and consequences, the model’s Lagrangian
and its most important features. In section 3 we explore the consequences of the imposed
discrete symmetry on the light neutrino masses and mixings. The dynamics of our model
is detailed in section 4, where we describe inflation, the reheating period, and the evolution
of the scalar inflaton particles as WIMPs or as an oscillating condensate, depending on the
parametric regime. Finally, in section 5 we embed a thermal leptogenesis scenario in our
model scenario. In section 6 we summarize and discuss our main results.

2 vIDM model description

We consider a real scalar field, the inflaton field ¢, with a potential energy V(¢) and a
non-minimal coupling to gravity of the form ¢¢?R/2. The inflaton interacts with two right-
handed neutrinos, N; and Ns, through standard Yukawa interactions, with an imposed
discrete interchange symmetry Cy C Zg X S3, under which the inflaton field and the fermion
fields transform as:

¢ —0, Ny < Ny. (2.1)

We also consider an additional right-handed neutrino, N3, that does not interact with the
inflaton, so as to match the number of fermion generations in the SM. All three right-
handed neutrinos are SM singlet Weyl fermions, allowing for Majorana mass terms, and
interact with the Higgs and lepton doublets through standard Yukawa interactions, which
allows for a seesaw mechanism to generate light neutrino masses as we detail below.

The complete Lagrangian for our model is the following:

L =Ly + LnKin + LN Mass + LsMeN (2.2)

in addition to the SM Lagrangian. The inflation sector describes the scalar field kinetic
and potential terms as well as its non-minimal coupling to gravity, along with the Einstein-
Hilbert gravitational term:

M? + £¢? 1

Liat = == R = 50,00"6 ~ V(©), (2.3)

where M is a mass parameter, R is the Ricci scalar and ¢ is a dimensionless coupling.
Notice that if £ = 0 we have the standard minimal coupling to gravity and M = Mp, the
reduced Planck mass. The parameter £ turns the effective Planck mass into a dynamical
quantity. We consider the most general renormalizable scalar potential compatible with
the Zo reflection symmetry ¢ <> —¢:

V(9) = gmid + A" (2.4)

Although both a quadratic and a quartic potential are in tension with the state-of-the-art
Planck limits [31] on the scalar spectral index, ns, and tensor-to-scalar ratio, r, it is well
known that the inclusion of a non-minimal coupling to gravity makes the Einstein-frame
scalar potential effectively plateau-like and akin to the Starobinsky inflationary model



based on the addition of R? terms to the Einstein-Hilbert action [32], in which case both
ns and r can be in very good agreement with Planck data [31].2

As we will see, the quartic term is expected to be dominant during inflation since
A > 10719 and mi < 1 TeV in the interesting parametric range, with the inflaton taking
superplanckian values during inflation. However, with just a quartic term the field would
be massless at the origin and could not behave as cold dark matter at late times, which
justifies the inclusion of both quadratic and quartic terms.

The second term on the right-hand side of the Lagrangian includes the kinetic terms
of the three right-handed neutrinos and their Majorana mass terms are given by the third
term, which also includes the Yukawa interactions with the inflaton field:

1 1 1
LN Mass = —§(M1 + h¢) N1 Ny — §(M2 — h¢)Na2 N5 — §M3N3N36- (2.5)

Note that the interchange symmetry imposes M; = M, and that the inflaton couples
equally to N1 and Ny, although with an opposite sign, which is crucial for ensuring its sta-
bility at late times. Notice, in addition, that in the light neutrino mass generation through
the seesaw mechanism, which occurs after the spontaneous breaking of the electroweak
gauge symmetry, the inflaton field will lie close to the minimum at the origin, leaving only
the bare masses in the Majorana mass matrix.

Finally, there are the Yukawa interactions

Lsmen = yieNJH L +hec., (2.6)

involving the three right-handed neutrinos, the Higgs doublet and the SM left-handed
lepton doublets. In the Higgs mechanism, the Higgs fields acquires a vacuum expectation
value, (H) = % (0,1)", thus generating a Dirac mass term for the neutrinos. Restrictions
coming from neutrino oscillation experiments will then constrain our model and limit its
allowed parametric range.

The imposed discrete symmetry plays a major role in the reheating period and in
ensuring that a stable inflaton remnant is left at late times. In particular, it forbids all
linear couplings of the inflaton to any fields apart from N; and N, such that at the
minimum of the potential at ¢ = 0 (assuming no spontaneous breaking of the symmetry),
the only possible inflaton decays are into Ni and Ny pairs. Thus, for My > mg/2 the
inflaton is stable at the minimum. However, while the inflaton oscillates about the origin
the Zy symmetry is broken and the effective Majorana masses My = |M; + h¢| can take
values below mg/2, such that the decay into Ny and N pairs is permitted for a range of
field values. This then allows for a successful reheating after inflation while making the
inflaton decay incomplete, as we will analyze in detail in section 4.

Note the importance of the imposed symmetry for blocking inflaton decay modes in-
volving off-shell right-handed neutrinos, thus allowing for a stable inflaton remnant below
the kinematic threshold. In particular, as illustrated in figure 1, the contributions of virtual
N1 and Ny modes to the inflaton decay into other light particles cancel each other, due to
their opposite sign coupling to the inflaton field.

2Note that other inflationary scenarios may also accommodate a quartic scalar potential in agreement
with Planck data, as in the case of warm inflation (see e.g. [33, 34]).
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Figure 1. Examples of inflaton decay channels forbidden by the discrete interchange symmetry.
For clarity, we represent the light Higgs and neutrino fields in blue and the inflaton and right-handed
neutrinos in black.

3 Seesaw mechanism in the vIDM scenario

Before we discuss the dynamics of the model, let us consider the impact of imposing the
discrete interchange symmetry on the spectrum of light neutrino masses at late times, when
the inflaton is lying close to the minimum, ¢ < M;j/h. The relevant Lagrangian for the
seesaw mechanism is thus:

1 1 1
Linass = —§M1N1Nf — §M2N2N28 — §M3N3N§ + yingH vy + h.c. (31)

with ¢ = e,u,7 and ¢ = 1,2,3, and the interchange symmetry imposes M; = M> and
Y1 = Yau-
Let us look at the resulting mass matrices. Since we have the freedom to consider a

diagonal Majorana mass matrix, then

My 0 0
Mrp=1| 0 M 0 |. (3.2)
0 0 Ms

As a result of the Ny <> N symmetry, the Dirac mass matrix after electroweak symmetry
breaking can be written as:

Yie Yip Yir abec
v v
mp = 75 | vre Yo vor | = 7 abcel, (3.3)
Y3e Y3u Y3r de f

where we have defined:

a = Yle = Y2e b:ylu:y2u7 C=Yir = Y2r,

d= Y3e €= y3u7 f = Y3r. (34)

Upon diagonalization, the light neutrino mass matrix can then be written as [9, 10]:

d? 202 de 2ab df 2ac
— v (M5 T
— - _ ae zab  e” 20”7 €] =bc
M, = —mpMp mp == | i+ 35 T oo A | (3.5)
df ef | 2bc f

2ac 2¢?
M AL Mz My WG T

It is then easy to check that, as a result of the interchange symmetry, det M, = 0 and at
least one of the light neutrinos must be massless.



On the other hand, since the flavour basis charged lepton mass matrix is diagonal, the
mass matrix of the light neutrinos, in the same basis, is diagonalized by Upnng through

M = Ubyins My Upnins - (3.6)
Thus, we obtain
My, = Upnins My U pys - (3.7)
where
mi 0 0
MI=| 0 mge 2o 0 . (3.8)
0 0 mge_%‘é2

As a first approximation, we will not consider the Majorana phases and, using neutrino
oscillation data on Amiy = |m? — m3| ~ 107° eV? < Am3, [8], we may consider my ~ my
to leading order. As discussed in the literature (see e.g. [9]), the tribimaximal mixing matrix
yields a very good approximation to the experimental data on neutrino mixing angles:

e V2 0
Upvns ~ Utm = 7 -1 V2 V3. (3.9)
\1-v2v3

Thus, we have in the tribimaximal approximation:

mo 0 0
M,=1] 0 mz-gm:s _m2;m3 . (3.10)
0 —m2—ms ma+ms
2 2

Matching the two light neutrino mass matrices we may then obtain conditions on the
parameters of the model. Using equations (3.5) and (3.10) we obtain two distinct solutions.
The first corresponds to a spectrum with inverted hierarchy:

(Ui + 2u7,)0°

mlzmQ:—Ml , m3 =0
1 Y3e 1
Yie = Ty3u72 . Yiu = ¢7872 . Yir = —Yin (3.11)

where i = 1,2,3 and v = M;/Ms, which clearly exhibits a pu <> 7 symmetry, such that
interactions with v, have an opposite sign to interactions with v;.
Using now the experimental value for m3 ~ Am3; = (2.44+0.06) x 1073 eV?, we find:

M; = 1.21 x 10" 42%; GeV, (3.12)

where we have defined ygﬂ => y%z. In the second solution, we find a normal neutrino
hierarchy:

2y3 3
~ =0 2 M M
m1 ~mgo =20, m3 ="v <M1 + 7M3

Yie = 0; Yir = Yip (3.13)



which again exhibits a p < 7 symmetry, that is in fact a feature of the tribimaximal
mixing. Due to Upyns = Urpm and since mg ~ my = 0 there are no Yukawa interactions
with v, i.e. they should be very suppressed once deviations from tribimaximal mixing are
taken into account.

In this second scenario we cannot write the non-vanishing neutrino mass only in terms
of parameters related to N1 and No, which are directly involved in the reheating process.
Nevertheless, provided that the contributions of N1 and N3 to the eigenvalue ms are com-
parable, a relation of the form (3.12) will also hold up to O(1) numbers after imposing the
experimental value for m% ~ Am3, as in the first case.

In our analysis of the cosmological dynamics, we will then use eq. (3.12) to relate
the Majorana mass M; and the effective Yukawa coupling gy so as to obtain an experi-
mentally consistent neutrino mass spectrum at low energies, up to small deviations from
tribimaximal mixing that will not significantly affect our discussion.

4 Cosmological dynamics of the vIDM scenario

4.1 Inflation

As mentioned earlier, the simple quadratic and quartic potentials cannot give an obser-
vationally consistent description of the inflationary period, which may be overcome by
considering a non-minimal coupling to gravity as we review in this subsection.

Writing the action with the already presented inflation Lagrangian, eq. (2.3)

2 2
sy= [atev=g [M;’S‘bR — 50606~ V(9)] . (4.1)

we see that the non-minimal coupling turns the effective Planck mass into a dynamical
quantity. The present Planck mass is equal to the mass parameter M, since (¢) = 0 at
late times.

The inflationary dynamics is better analyzed in the Einstein frame, which can be
obtained by performing a conformal transformation of the form:?

G = @145 4.2
Guv =38 Guu, = +M7]23. ()

The Einstein frame Ricci scalar is then given by
R=0? [R—(s (v2 nQ + (Van)Q)] . (4.3)

This transformation leads to a non-minimal kinetic term for the inflaton field. To obtain
the canonical form it is convenient to perform a field redefinition ¢ — x such that:

ax \/ 02 4 66242 /M2 (4.4)

db 0l

3See e.g. [35] for a discussion on the equivalence of using the Jordan and Einstein frames for studying

the inflationary dynamics.



After this redefinition, the action in the Einstein frame becomes
A M2 . 1
Sp= [ day =4 |—R—50x"x~UX)| , (4.5)
where U(x) is just a conformal rescaling of the Jordan frame potential:

Ux) ="V (9). (4.6)

If V(¢) is dominated by the quartic term, we then obtain a nearly flat plateau at large field
values, ¢ > Mp/\/€, with U(x) ~ AM3} /€2 Having written the action in the canonical
Einstein-Hilbert form allows for a standard analysis of inflation in the slow-roll regime,
with the slow-roll parameters and number of e-folds of inflation given by:

2 (U0 a2V 1 UK
Mp<U(x)> =M NQ‘MJ%A ()

where x, and . denote the field value when the relevant CMB scales exit the horizon during

c— % (4.7)

€

inflation and at the end of inflation, respectively. Neglecting the quadratic contribution at
large field values, we then obtain:

B 8Mp
PP+ 60e] )
_ 12MP + AMPEE(L +12€6)¢” — SMPE(1 + 6€)¢* (4.9)
82 [M} +€(1 + 66027 | |
o
1 [(1+6€)¢? 1+ 6)¢3
Ne =g (]\éw—Gln[M%Jr@Q]} ¢2(8M§¢- (4.10)

To generate the observed amplitude for the spectrum of scalar curvature perturbations
A% =2.2x1079, we obtain the condition U/e, = (0.0269Mp)* [36]. This yields a relation
between the non-minimal coupling and the inflation self-interaction:

A~ 4 x 1071062, (4.11)

The scalar to tensor ratio, r, and the scalar spectral index ng are given by:

_l6(1+68) 12

~ N.+8N2¢ N2

—3 4 Ne — 186 — 40N £ + 16 N2E — 192N,.£2 — 128 N2¢2 + 64N3¢2
Ne + 16N2¢ + 64N3¢2

r = 16¢

ng =1—06e+4+2n=

2
—
|

— 4.12
o (1.12)
where in the last expressions we give the leading results for large &, which coincide with the
predictions of the Starobinsky model [32] and Higgs inflation [36]. In figure 2 we illustrate
the predictions for this model in the (ns, ) plane as a function of &, for N, = 50— 60 e-folds
of inflation.
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Figure 2. Observational predictions for an inflaton non-minimally coupled to gravity with a quartic
potential for 50-60 e-folds of inflation. The red contours correspond to the 68% and 95% C.L. results
from Planck.

The Planck data thus imposes a lower bound on the non-minimal coupling and con-
sequently, through eq. (4.11), on the inflaton self-coupling. In particular, the 1-o bound
gives, for N, = 60, £ > 0.008 and A > 3 x 10714,

At the end of the slow-roll regime, when € ~ 1, we have ¢, ~ Mp/+/E, which implies
that the effects of the non-minimal coupling become sub-dominant right after inflation and
the inflaton will start to oscillate about an essentially quartic potential. As we will see in
more detail below, the inflaton’s energy density begins to redshift as radiation and its decay
eventually leads to a bath of relativistic particles that become the dominant component
in the Universe. Hence, until matter-radiation equality the Universe is always dominated
by a fluid redshifting as radiation, thus yielding R ~ 0 so that we may safely neglect the
effects of the non-minimal coupling to gravity in the field’s dynamics. In addition, after the
inflaton remnant takes over once again as cold dark matter, the field amplitude is already
well below Mp/+/€. We will thus neglect the effects of the non-minimal coupling to gravity
in our analysis of the post-inflationary dynamics of the inflaton field.

4.2 Reheating

After the inflation period, we must have first a radiation dominated epoch, in which light
nuclei are genereated in what is known as Big Bang Nucleosynthesis, and then the matter
domination phase. Therefore, the reheating process assumes a crucial role in the theory.
There is also the possibility of a transition due to non-perturbative effects, mostly in the so
called preheating phase. Nevertheless, such processes are in general not sufficient to reheat
the Universe, i.e. to convert most of the energy in the inflaton field into radiation, and for
this reason we will leave them out of this discussion (see also [30]).

Once the field exits the slow-roll regime, it will start oscillating about the origin,
initially with a large amplitude ~ Mp/+/€ that will redshift with expansion. This means
that reheating will occur while the potential is dominated by the quartic term, and only
when its oscillation amplitude falls below ~ m/ VA will it oscillate in an approximately



quadratic potential. Nevertheless, the analysis of the reheating period is very similar to
that performed in the generic model of [30] for a quadratic potential.

The inflaton begins oscillating once its effective mass, meg = 1/12X¢2, becomes larger
than the Hubble parameter, its equation of motion being given by:

G+ 3Ho+Tyod+4rp> =0, (4.13)

where I'y denotes the inflaton decay width into the right-handed neutrinos Ny and Nj. Let
us assume that inflaton decays result in a bath of nearly thermalized relativistic particles,
an hypothesis that we discuss in more detail below. The radiation energy density will
then follow:

pr+4Hp, = F¢¢32 ) (4.14)

along with the Friedmann equation

30+ 20 + py

H? =
3M32

(4.15)

The inflaton decay I'y is regulated by the imposed interchange symmetry. Far from the
origin, the discrete symmetry is broken, leading to a mass splitting between the two right-
handed neutrinos:

My = |M; £ ho| . (4.16)

Thus, for sufficiently large ¢ values the inflaton may decay into the two right-handed
neutrinos while it oscillates about the minimum. In particular, the kinematic condition:

M, + he| < % (4.17)

implies that inflaton decay is only possible for field oscillation amplitudes = Mj/h. The
associated decay width is given by:

~ 167 12202

2\ 3
LT v <14(Mlih¢)) . (4.18)

A numerical solution of the coupled inflaton and radiation equations of motion is presented
in figure 3.

As can be observed in figure 3, after the first few oscillations the inflaton energy density
decreases as t_%, thus behaving as dark radiation as expected for oscillations about a
quartic potential. In this region the inflaton decays into N7 and Ns in short bursts during
each oscillation and redshifts with the Hubble expansion.

Before it decays significantly, the inflaton’s evolution is approximately described by a
damped harmonic oscillator with varying frequency:

¢+3Hd+uw’d=0, (4.19)

where w depends on the amplitude of field oscillations, ®. Numerically, we find that w ~
V3A®2 provides a very good approximation, in good agreement with the exact solution for

~10 -
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Figure 3. Numerical solution of the coupled inflaton and radiation equations of motion for M; =
5x 1075Mp, h = 1 and A = 1073, In the left plot we show the time evolution of the inflaton
and radiation energy density, the dashed green line representing the analytical behaviour derived in
eq. (4.26). In the right plot we give the comparison between the Hubble parameter and the inflaton
decay width, the dashed line giving the maximum value of the decay width per oscillation period.
Results are given in Plank units.

the Klein-Gordon equation for a homogeneous field with a quartic potential (see e.g. [37]).

6(1) ~ B(t)sin(wi + ), () = <i> @ , (4.20)

where « is a phase depending on the initial conditions and w varies in time as the field’s

Thus, we obtain:

amplitude decreases with expansion.

We now consider the radiation energy density equation (4.14). In each oscillation
period, 7, = 27 /w, the kinematic condition for inflaton decay |M; & h¢| = %2 is valid in
two occasions for each right-handed neutrino during a time At < 74 and the average decay
width over the oscillation period is ~ %, where ' ax denotes its maximum value. The

right-hand side of the radiation equation can then be written as

i r w -
[y =2 29 At — ¢ . 4.21
o 5 27T<z5 (4.21)

The maximum decay width is obtained for field values ¢ = M;/h and the field velocity is
(ﬁ ~ w®. We can then compute the field values for which the kinematic decay condition fails:

2
M, + 6h) = LZW , (4.22)

and use (4.20) to obtain the time At for which decays are possible during each oscillation,

yielding:
M
At~ ———V12)\. 4.2
wh?® (4.23)
Thus, we have
P2 9 23,243 gt/ 5/4 71271 7r3/2,—3/2

- 11 -



The Hubble damping term in (4.14) can be written as

4H p, = %pr : (4.25)

We may now solve (4.14) to obtain

37/4

_ 3vV3N2ME M,
25/212],

5/4nr2ar3/2,—-1/2 _
NIMEMPPEY2 = =0 :

Pr (4.26)

which provides a good approximation to the numerical solution as can be seen in figure 3,
where this analytical solution is represented by the dashed green line.

In this calculation we assumed that the right-handed neutrinos Ni and Ns redshift as
radiation, but this is no trivial assumption. When produced, the right-handed neutrinos
are approximately massless, but their mass quickly increases with the oscillations of ¢,
My = M; + h¢, becoming non-relativistic particles. On the one hand, if N; and Ns
decay efficiently while non-relativistic, the thermal bath will be essentially made of their
decay products, i.e. relativistic Higgs bosons and light neutrinos. If, on the other hand,
their decay rate cannot yet compete with expansion, they will redshift as matter rather
than radiation.

Although a detailed analysis of the dynamical evolution of all particle species would
give a more rigorous picture of the inflaton decay, we note that the above analysis can be
performed for a generic equation of state parameter, w, for the fluid made up of the right-
handed neutrinos and their decay products. This would only change the result in eq. (4.26)
by a factor 6/(4 + 6w), which is O(1) for either radiation or non-relativistic matter, such
that it does not significantly affect our analysis.

Radiation will then become the dominant component in the Universe, p,. > pg, when
the amplitude of inflaton oscillations falls below:

3v/3\2 M2M,

(1)3
< 4m2h

(4.27)

Since this must occur before the decay into right-handed neutrinos becomes kinematically
forbidden, i.e. for ® > %, we obtain an upper bound on the right-handed neutrino mass:

3vVBAREM,

M, < 5 ~ 6.6 x 101%¢h? GeV (4.28)
47

where we have used eq. (4.11). From the above results we may also compute the reheating
temperature, i.e. the radiation temperature at the point of inflaton-radiation equality,

100 —1/4 M, 2/3
Tp~4 == 1 5/6p=1/3 T 4.2
, <9*R> (Tev) /013 Ty, (4.29)

where g, is the number of relativistic degrees of freedom at this stage.

yielding:

Despite the above result showing that the reheating temperature can easily be above
10 MeV, such that radiation dominates before Big Bang Nucleosynthesis (BBN) is supposed
to take place in the standard cosmological model, we must ensure that quarks, leptons and
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gauge bosons are produced before BBN, which implies that the right-handed neutrinos
must decay efficiently at sufficiently high temperatures.

Through the interaction term in eq. (2.6), that after spontaneous symmetry breaking
generates the Dirac neutrino mass, the right handed neutrinos may decay into the Higgs
and lepton doublets, with a decay width:

o My

FD:F(NLQ—)HL)—FF(NLQ—)HI/) :yeﬂ‘87-

(4.30)
It is important to note that the physical right-handed neutrino, i.e. the heavy neutrino
mass eigenstate, as mentioned in the introduction, is a Majorana fermion, therefore being
its own antiparticle, Ny = N;. This will be an important detail when we study CP violation
in leptogenesis.
For a significant part of the right-handed neutrino’s energy density to be transferred
into the SM degrees of freedom we must ensure that
F£ . \/90 _1/2 2 MlMP

H g9 Vet T

>1. (4.31)

Using the relation between the effective Yukawa coupling and the light neutrino masses
obtained in (3.12), we obtain:

r 19, Mpm,, [ M;\> , M\ 2
Lo _ V90 172y Mpmy <1> ~ 102g; /2 (1) (4.32)

H 82 2 T

If the reheating temperature exceeds the right-handed neutrino mass threshold, Tr > Mj,
we will have an initial thermal bath made up of relativistic N; and Ny neutrinos, and
the above result shows that they will decay into SM particles before they become non-
relativistic. If T < M the right-handed neutrinos decay before inflaton-radiation equality,
and at reheating the thermal bath already included the SM fields. Hence, we must require
My, Tr Z 100 MeV to ensure a successful cosmological synthesis of light elements.

4.3 WIMPlaton dark matter scenario

We have seen that the inflaton scalar field becomes stable at late times, since its decays
are blocked kinematically and off-shell decay modes are forbidden by the interchange sym-
metry. Since the scalar field exhibits a non-relativistic behavior while oscillating around
the minimum, the inflaton becomes a stable dark matter candidate. However, we must
take into account that the produced right-handed neutrinos, as well as their decay prod-
ucts, may scatter off the low-momentum inflaton particles in the oscillating condensate,
promoting them to higher momentum states. If sufficiently fast compared to the Hubble
rate, such scattering processes may eventually lead to a thermalization of inflaton particles
with the overall cosmic plasma. These will eventually decouple from the latter and their
abundance will “freeze-out” as in the standard WIMP models. As in the original generic
inflaton dark matter model of [30], we refer to this as the “WIMPlaton scenario”.

In figure 4 we illustrate the basic processes that can be responsible for the evaporation
of the oscillating inflaton condensate, with (¢) denoting a low-momentum inflaton particle
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Figure 4. Dominant Feynman diagrams for evaporation processes.

in the condensate and ¢ a higher momentum mode after scattering. Evaporation may thus
proceed through tree-level scatterings off the right-handed neutrinos or by 1-loop processes
with either Higgs bosons or light neutrinos in the external states.

There is a possibility that condensate evaporation occurs while the inflaton field is still
the dominant component in the energy density of the Universe. In this scenario, the scatter-
ing processes would, nevertheless, thermalize the condensate and convert it into radiation,
thus effectively yielding a successful reheating. As a consequence, reheating would hap-
pen earlier and at temperatures higher than the reheating temperature computed above.
Hence, we may take the result in eq. (4.29) as a lower bound on the reheating temperature,
and consider in more detail the case where evaporation occurs only after reheating.

Let us first consider the case where the reheating temperature is larger than mg and
M;. Proceeding as in [30], we may compute the scattering rate of low-momentum inflaton
particles by right-handed neutrinos in the thermal bath, as in figure 4 (diagram on the
left), assuming equilibrium distributions for the latter and also the scattered inflaton par-
ticles. The net condensate evaporation rate, including both direct and inverse processes,
is given by

4
1 d3p;
r<N>:/||12w454 +po — ps — pa) IM[?
cvap = - i:1(27r)32Ei( )" 6% (1 +p2 = p3 — pa) IM|

X [frfo (L4 f3) (1= fa) = fafa (14 f1) (1 — f2)] , (4.33)

where M is the scattering amplitude for the processes and f; are the phase space distri-
butions for all the species involved in the initial and final states. We may take f; > 1 for
the low-momentum inflaton particles in the oscillating condensate, thus yielding to leading
order for T' > mg, M4:

M~ RO (1 + log <T>> T (4.34)
vap T 1273 meg ) ’

Apart from the logarithmic term, this result (originally derived in [30]) corresponds es-
sentially to the usual rate I' ~ n (ov) for the scattering of particles with a center of mass

energy of the order of the ambient temperature, such that (ov) oc A*T~2 and n o T3.
In the radiation era, the evaporation rate is thus expected to catch the Hubble expan-
sion rate, thus leading to an efficient evaporation. However, if the right-handed neutrinos
become non-relativistic, the interaction rate becomes Boltzmann suppressed. Thus, evap-
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oration must happen for T' 2 M, imposing the condition:

@)

evap

1ja (1 TeV
~ 1013p4g; 1/ <Me> >1. (4.35)
T=DM; 1

This evaporation rate is similar to the rate of other four body interactions, as inflaton and
fermion annihilation. We therefore expect that, for a sufficiently large Yukawa coupling
h, the condensate degrees of freedom are thermalized, therefore destroying the boson con-
densate. This conversion will increase the radiation energy density and its temperature,
leading to a maximum value of the order

1/4 1/2
T — (ig) / g A/ Mp My = 8.5 x 100,714 (1]\1{;\/> / GeV, (4.36)
which corresponds to the limiting case where evaporation occurs right after the beginning
of the inflaton oscillations as discussed previously.

After annihilation and elastic scattering processes become inefficient, the thermalized
inflaton particles will decouple from the thermal bath and their abundance will freeze out, as
for a standard WIMP. We expect that, at this stage, both the right-handed neutrinos and
the scalar particles are non-relativistic, yielding an annihilation (t-channel) cross section,

given by
h4
~ . 4.37
T ] (4.37)
Following the standard computation of the thermal relic abundance for a decoupled species
we obtain 12
Q 0h2 g«F 1/4 XF —3/4
~ 1452 2200 (L) (7) T 4.
mg = 1.4h ( 0.1 ) 10 25 eV, (4.38)

where g, corresponds to the number of relativistic degrees of freedom at freeze-out and
TR =mg /Tr, with Tr being the freeze-out temperature.

We can now relate equations (4.35) and (4.38) to obtain a restriction on the right-
handed neutrino mass in order to obtain the measured dark matter relic abundance:

Q¢0hg 1/2 . 1/2 T 3/1 7‘[1 1/2
> — 'g

Let us now consider evaporation through scatterings off the SM degrees of freedom, taking
as example the scattering with the Higgs boson, represented in figure 4. The corresponding
loop diagram can be roughly estimated as yielding an effective four-point interaction with
coupling ¢’ ~ \;‘% up to O(1) factors. The resulting cross section, for a center of mass

energy /s ~ T, corresponds to

Yz
~ 4.40
7" = 9567312 (440
Using the number density of relativistic Higgs bosons, ng = %C (3)T3, and that Pevap =~
ng (ov), the scattering rate can be estimated as
oo SB) o9
Fgw)),p — Wh yeffT' (441)
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Note that, at one-loop order, scattering with the left-handed neutrinos, present in the
thermal bath, could also contribute to the evaporation process, as represented in figure 4.
However, the effective interaction term, ¢>21/£2, is a dimension-5 operator, meaning that
the effective coupling has an M| 1 suppression factor, leading to a ~ T2 /M? suppression
of the cross section as compared to the Higgs scattering cross section. This leads to
Fé’;&p oc T3/M? and, as a result, the evaporation rate drops faster than the Hubble rate,
having no impact on the evaporation process.

In order to have an effective evaporation before electroweak symmetry breaking,
such that relativistic Higgs particles are still present in the cosmic bath, we then obtain

the condition:

Fgg%p ¢(3) —1/2Mp

= Sy = 10M g PRy 2 1 4.42
H 17=100 GeV 128\/907r6‘q* T |t Yett 9x Yett < (4.42)

In the case T > M, evaporation of the inflaton condensate may thus proceed through
scatterings with both the right-handed neutrinos and the Higgs boson, such that egs. (4.35)
and (4.42) must be taken into account. If, however, Tr < M, at reheating right-handed
neutrinos are already non-relativistic and have already decayed into SM particles as we have
seen above. In this case evaporation of the condensate is dictated by inflaton scatterings
off Higgs bosons, its efficiency being dictated by (4.42).

In this discussion we have obtained relations and constraints on the vIDM model
parameters. The model is defined by six parameters’ — the couplings &, A\, h and yeg,
and in addition the inflaton and right-handed neutrino Majorana masses, mg and M,
respectively. The three relations in equations (4.11), (4.38) and (3.12) then reduce the
number of independent parameters to three. These relations then simplify the kinematical
and evaporation constraints in equations (4.28), (4.39) and (4.42), which can be written as:

3v/3 Az Mymy

mg
5 <M < 2TV (4.43)
M, 1/2
>4.9x%x107° 4.44
mg 2 4.9 x 10 <1GeV> GeV, (4.44)
me 2 1.7 % 108 <G6V> GeV. (4.45)
1

where we have also taken into account the kinematical condition for the incomplete decay
of the inflaton field discussed above, M; > my/2.

Taking into account that all couplings should lie in a regime where perturbation theory
is valid, we represent these constraints in figure 5 for fixed values of & (\).

As one can see in this figure, reheating temperatures are always well above the BBN
temperature. We have thus obtained a broad range of parameters where all of the above
mentioned constraints are satisfied. On the one hand, scenarios with large values of the neu-
trino Majorana mass generically imply larger values of the inflaton mass, with my S1TeV,

4There is an additional parameter Ms in the case with normal light neutrino hierarchy, but here we will
consider only the case where N; and N3 give similar contributions to the non-zero mass eigenvalue ms.
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Figure 5. Constraints on model parameters for ¢ = 0.1, 1, and 10, taking g, = 100. The shaded
blue regions correspond to parameter values satisfying all constraints in the WIMPlaton scenario.
Orange lines represent different values for the reheating temperatures and the dashed line, M7 = T},
limits the evaporation conditions. Condition (4.43) defines the “complete decay” and “no reheating”
regions and conditions (4.44), (4.45) limit the “no evaporation” region.

as well as larger Yukawa couplings h and yeg. These are also the scenarios with the largest
values of the reheating temperature. On the other hand, we may also have consistent
WIMPlaton models with sub-GeV inflaton and Majorana masses, although these typically
require very small values of the neutrino effective Yukawa coupling.

Although there are scenarios with sufficiently small values of the inflaton Yukawa cou-
pling, h, within the allowed parametric regions in figure 5, there are also regimes with large
Yukawa couplings, up to h ~ 1. Since these may lead to significant radiative corrections to
the inflaton self-coupling A, one may worry that large Yukawa couplings are incompatible
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with the parametrically small values of A required by the amplitude of the primordial spec-
trum of curvature perturbations, which depends on the value of the non-minimal coupling
¢ as discussed earlier. We may, of course, accept some degree of fine-tuning in the model,
but an alternative (and arguably more natural) possibility would be to consider super-
symmetric versions of the ¥YIDM model, where radiative corrections from the right-handed
neutrinos Ny and N> can be partially cancelled by those of their scalar superpartners.
Although a detailed supersymmetric extension of the model is outside the scope of this
work, we note that the addition of right-handed sneutrinos, which are charged under the
discrete interchange symmetry, will only make the inflaton decay more efficiently, guaran-
teeing nevertheless its stability at late times and thus preserving the fundamental features
of the vYIDM model.

The analysis above also shows that there are regions in parameter space where the
evaporation conditions are not satisfied, but for which nevertheless one may obtain an
efficient reheating of the Universe along with an incomplete decay of the inflaton field
that leaves a stable remnant. This thus motivates looking for scenarios where condensate
evaporation is inefficient and the inflaton remains as an oscillating scalar field in all the
post-inflationary cosmic history, as we discuss below.

4.4 Oscillating scalar field dark matter scenario

As we have discussed above, the inflaton decays until this becomes kinematically blocked

for field amplitudes below:

M,
If evaporation processes are inefficient, while the quartic term dominates the inflaton po-
tential the condensate will behave as a dark radiation (DR) fluid. This lasts until the

quadratic term becomes dominant, when the oscillation amplitude becomes smaller than

¢com =\ 5~ > (4.47)

after which the oscillating inflaton field starts behaving as cold dark matter (CDM). At
this stage, the ratio ny/s becomes constant until the present day, and we can relate it to
the measured dark matter density:

_ Pgo _ MgNgo _  M4S0 (”¢>)

O = = = — . 4.48
7 oo 3H{M? 3HEZM3E: \ s /com (4.48)
Using that, between ¢pr and ¢cpu, the inflaton field behaves as a radiation fluid and that

Tor =~ Tgr, we have:
¢oor TR

o~ . 4.49
¢com  Tepm (4.49)
Now, the inflaton number density-to-entropy ratio is given by:
1 2
(%) _ ( P > _ 3M¢PEpm (4.50)
= = 5 : .
5 /CDM mes ) opm e geeomT e
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Using egs. (4.29), (4.49), (4.50), and s¢g = %Q*OTS’ in eq. (4.48), we then obtain

2\3/4 3/4

0 0= (5) 71'7/2 gﬂ{? 9x0 Tg)mﬁle (4 51)

Y7 27 % 3U4 \ gcpm | NARZHZME ‘
and for Hy = 107*2hy GeV, gy = 3.91 and Ty = 2.4 x 1073 GeV this yields:
3/4
1 m M1
Qgoh ~ 3 x 1070 [ J£ ( ¢ > . 4.52
om0 (g*CDM A3/4h2 \ GeV? (4.52)

The inflaton mass yielding the measured dark matter abundance in this oscillating scalar
field scenario is thus given by:

_ Quoh2\ [ GeV
my =~ 3.2g.comg ) h2E3? (8010) ( i ) GeV. (4.53)

Similarly to the previous subsection, we can study the allowed parameter space using
the relations (4.11), (3.12) and (4.53), imposing the kinematical bound (4.28) and the
reciprocal of the efficient evaporation conditions (4.39) and (4.42), such that the inflaton
remnant survives as an oscillating scalar field. We then find:

mg 7.7 x 100 Mymy,

M 4.54
o SIS TNAGey (4.54)

1/2
my S 0.14 (Cj&v> A3/t GeV, (4.55)

1
2

mg < 4.9 x 101 (GW) A4 GeV . (4.56)

1

In this case, we impose in addition that all couplings, in particular the inflaton Yukawa
coupling, h, remain within the limits of a perturbative analysis, and that Topy > Teq
and Tr > TN, where Teq = 0.79 €V is the temperature at matter-radiation equality and
TeeN =~ 10 MeV.

We represent the resulting parameter space in figure 6, where one can see that the
conditions for avoiding the evaporation of the inflaton condensate generically lead to smaller
values of the inflaton mass, in the sub-GeV range, as well as lower values of the Majorana
mass and Yukawa couplings. This is, in fact, typical of dark matter candidates that never
thermalize with the cosmic plasma, as other oscillating scalar fields such as axions (see
e.g. [38]) or Higgs-portal scalar field models [39-43]. The resulting reheating temperatures
are also much lower than for the WIMPlaton scenario, since the smaller values of the
couplings make the reheating process much less efficient.

5 Thermal leptogenesis in the vIDM model

One of the most important consequences of the seesaw mechanism, introduced to account
for the observed lightness of neutrino masses, is a lepton number violation. At the same
time, this generation of a neutrino mass generally requires new CP violating phases in
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Figure 7. Feynman diagrams contributing to the CP asymmetry e.

Yukawa interactions and new heavy singlet neutrinos that may decay out of equilibrium.
Thus, all three Sakharov conditions seem to be satisfied within such a mechanism [11]. The
challenge is then to assess whether such a scenario can actually account for the observed
baryon asymmetry.

In this section, we will embed a thermal leptogenesis scenario within the vIDM model,
via a thermal production of the third right-handed neutrino, N3, assuming it is lighter
than the ones produced by the inflaton decay, M3 < Mj. A lepton asymmetry may then
be generated in N3 decays, and this may later be converted into a baryon asymmetry by
the B 4 L violating electroweak sphaleron processes (see e.g. [44]). We will restrict our
analysis to the WIMPlaton scenario, where sufficiently high reheating temperatures for
thermal leptogenesis can be attained, as we discuss below. Here we will describe only the
basic features of such a leptogenesis scenario, and the reader is referred to the literature
for a more detailed description [13, 45].

The baryon asymmetry resulting from the decay of an initial thermal population of rela-
tivistic right-handed neutrinos N3 and subsequent sphaleron processing is given by [13, 45]:

"N 135¢(3)
s . = Uantg, )€ 5.1
AB < 5T>>M3> sphal7]€ < irlg, sphal7]€ ; (5.1)

where Cgphal represents the dilution of the lepton asymmetry by electroweak sphaleron
processes, 0 < n < 1 parametrizes the efficiency of the lepton number violating interactions,
taking into account washout processes such as inverse decays, and e quantifies the amount
of CP-violation in N3 decays. The latter is given by:

 T(Ns— HL)—T (N3 — HL) -
‘T T(Ns— HL)+T (Ns — HL)’ (5:2)

where L and H represent the lepton and Higgs doublets and N3 = N3, since the heavy
neutrino is a Majorana particle.

This asymmetry results from the interference of tree-level and one-loop amplitudes [13]
corresponding to the following Feynman diagrams:

The value of the CP-asymmetry is bounded from above, as originally shown by David-
son and Ibarra [46] (see also e.g. [13, 45]):
3M3mmax

82

where mpax denotes the largest light neutrino mass eigenvalue. From here one may ob-

le] < , (5.3)

tain a lower bound on M3 and consequently on the required reheating temperature as we
discuss below.
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The non-equilibrium condition necessary for leptogenesis is ensured by the expansion
of the Universe. With the decrease of the Hubble parameter, after reheating and while in
a radiation dominated Universe, interactions rates will change from faster to slower than
H [13] so that N3 may decay out-of-equilibrium.

As we have seen above, in the vYIDM model the radiation bath after inflaton-radiation
equality may include the right-handed neutrinos N1 and Ny resulting from inflaton decay,
as well as their decay products if T < 10g, L 4M1. If the reheating temperature exceeds
the mass of the third and lightest right-handed neutrino, Tr > M3 and if the latter is
produced faster than expansion, I'yoq > H, a thermal population of N3 particles may
be generated. Since there is no direct decay from the inflaton into the third right handed
neutrino, its production channels are through inverse decays and in 2-2 scatterings involving
the electroweak gauge bosons and the top quark. We can estimate such a rate as [13]

2 2
/
Tprod ~ 3 Yi 1Ysel. Ef Cr (5.4)
¢

Since y; ~ 1, this exceeds the N3 decay width I'p = {yuyi} 5 Ms/(8m) for T > Ms. We
may then ensure that a thermal population of N3 is produced for I'p > H. In the radiation

era, we have

T'p ~1/2 o Mp

I 0.2 g, Beff T > (5.5)

where y3 s = >, lys¢|*. Tmposing that T'p > H at temperatures 7' > 10M3, we obtain the
following lower bound on the effective N3 Yukawa coupling:

Yaeg > 1.7 x 107 oV

(5.6)
Using the results obtained in section 3 for the light neutrino mass spectrum, namely
egs. (3.11) and (3.13), and the experimental values for the neutrino squared mass dif-

ferences, we have
Ms
GeV'’

for an inverted mass hierarchy, and a similar result should apply up to O(1) factors for

Yaeg ~ 1.6 x 10717

(5.7)

a normal hierarchy, provided that the contributions of Nj2 and N3 to the non-zero mass
eigenvalue m3 are comparable. We thus conclude that the light neutrino mass spectrum is
consistent with the thermal production of an N3 population without imposing additional
constraints on the model.

Interactions that are faster than H impose chemical and kinetic equilibrium conditions
on the involved particles and in this scenario the total lepton asymmetry Y7 ~ 0. Although
a lepton asymmetry may arise in N3 decays, any asymmetry is washed out by processes
like inverse decays or scatterings between the leptons and the Higgs or the leptons and Nj.

An asymmetry will only arise once, for instance, inverse decays become inefficient:

Iin(HL — Ng) ~Tpe Ms/T < | | (5.8)
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At T, the inverse decay rate becomes smaller than H, blocking the production of N3,
and the remaining N3 density becomes Boltzmann suppressed, making these right-handed
neutrinos decay out-of-equilibrium.

The N3 decay violates lepton number, since no consistent attribution of a lepton num-
ber can be assigned to the right-handed neutrinos with the presence of both Majorana
and Yukawa mass terms. The heavy neutrino mass eigenstate, being a Majorana particle
and hence its own anti-particle, can decay into both LH and LH. With an asymmetry in
the decay rates, a net lepton asymmetry will be generated. The conversion to a baryon
asymmetry is obtained through (B + L)-violating non-perturbative processes existent in
the SM.

The renormalizable SM Lagrangian conserves baryon number and the three lepton
flavour numbers L,. However, due to the chiral anomaly, there are non-perturbative pro-
cesses that violate the combined total lepton number and baryon number, B + L. At
zero temperature such gauge field configurations are called instantons and have highly
suppressed rates, resulting in negligible B + L violations [13, 47]. In the leptogenesis pic-
ture, where temperatures are well above the electroweak phase transition, the dominant
(B + L)-violating processes are called sphalerons and have an approximate rate [48]

I B+ Lviolation ~ 2500y T (5.9)

Between the temperatures of the electroweak phase transition and 10'? GeV this rate is
faster than Hubble expansion. Thus, the lepton asymmetry produced in the N3 decay, or
the B — L asymmetry, will be converted into a final baryon asymmetry following

12
YAB =~ %YA(B—L) ; (5.10)
where YA(p_p) is the B — L asymmetry divided by the entropy density.
Putting everything together, with equations (5.1) and (5.10), we have

Yap ~ 10 3en. (5.11)

Washout processes have been shown to result in an efficieny 0.01 < 7 < 0.1 [13], and thus
to account for the observed Yap ~ 10719 we need |¢| = 107° — 1075, The Davidson-Ibarra
bound (5.3) and the light neutrino mass spectrum of the »IDM model then impose a lower
bound on the N3 Majorana mass:

81 v?

Ms 2 —

3 Mmax

le| ~ 10° GeV . (5.12)

Hence, to ensure that a population of relativistic N3 right-handed neutrinos can be pro-
duced at reheating, we must require Tr = 10Ms3, i.e.

Tr > 10'° GeV. (5.13)

In figure 8 we show the regions in parameter space where sufficiently large values of the
reheating temperature can be obtained within the VIDM model, in the WIMPlaton scenario
where the inflaton condensate evaporates.
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Figure 8. Constraints on model parameters for £ = 2,10, taking g, = 100. The shaded blue regions
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As one can see, thermal leptogenesis is only realizable for £ 2 2 and in the region where
Tr < M, due to the high reheating temperature required. Moreover, thermal leptogenesis
can only occur in the upper limits for the parameters h, mg and yeg, excluding parameters
in the “no-evaporation” regime.

We note that this analysis assumes that condensate evaporation occurred after inflaton-
radiation equality, but as we have mentioned above larger values of the reheating tempera-
ture can be attained if evaporation precedes reheating, thus possibly enlarging the available
parameter space for thermal leptogenesis within the vIDM scenario.

Although we have considered only the case of thermal leptogenesis, other means of
generating a lepton asymmetry could be available, for instance, through a non-thermal
production of the right-handed neutrinos [46, 49]. In the vIDM model, the N7 and N
right-handed neutrinos are, in fact, produced non-thermally by the decays of the inflaton
field, so it would be interesting to investigate whether a lepton asymmetry can be generated
in this case.

6 Conclusions
In this work, we have developed a unified model where we describe, using the same scalar

field, both inflation and cold dark matter, due to an incomplete decay of the inflaton field
into right-handed neutrinos. The introduction of right-handed neutrinos also allows for
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the generation of light neutrino masses through the seesaw mechanism and of the observed
cosmological baryon asymmetry via thermal leptogenesis.

Based on the description of the incomplete decay of the inflaton originally proposed
in [30], we have constructed a model where the inflaton can only decay into two of the three
right-handed neutrinos, imposing a discrete interchange symmetry that forbids additional
inflaton decay channels. We further imposed that inflaton decay is kinematically blocked
at the minimum of the potential, for ¢ = 0, thus allowing for a stable inflaton remnant at
late times. Nevertheless, oscillations of the right-handed neutrino masses due to Yukawa
couplings to the inflaton field allow the latter to decay until its oscillation amplitude falls
below a threshold value, thus providing a successful reheating of the Universe after inflation.

We have considered the simplest renormalizable form of the inflaton potential com-
patible with the discrete symmetry, including both a quadratic mass term and quartic
self-interactions, as well as a non-minimal coupling to gravity that flattens out the po-
tential at large field values. This allows for a successful “plateau”-like period of slow-roll
inflation compatible with the measured temperature and polarization CMB spectrum, ac-
cording to Planck data, for a non-minimal coupling £ > 0.008, corresponding to an inflaton
quartic self-coupling A > 3 x 10714,

Since inflation occurs for large ¢ values, the quartic potential dominates during the
reheating period following inflation. By analyzing the dynamics of inflaton decays in this
period, we have shown that a successful reheating, leading to a graceful-exit into the
standard cosmological era, provided that the Majorana mass of the right-handed neutrinos
M1 S

estimate analytically the reheating temperature, ensuring that it is parametrically above

6.6 x 10'26h2 GeV, allowing for parametrically large values. We were also able to

the required temperatures for BBN. The right-handed neutrinos may decay into SM degrees
of freedom before or after reheating, depending on the parametric regime, and in general
they decay before becoming non-relativistic.

Both the right-handed neutrinos N; and N, as well as their decay products, can
scatter off low-momentum inflaton particles in the oscillating condensate and lead to its
evaporation and thermalization. If this occurs, inflaton particles will later decouple and
their abundance will freeze-out as standard WIMP-like candidates, which constitutes the
“WIMPlaton scenario”. Otherwise, the inflaton remains as an oscillating condensate until
the present day.

We have analyzed both scenarios taking into account the conditions for incomplete
decay, successful reheating and evaporation of the condensate, as well as the light neutrino
mass spectrum and concluded that there is a broad range of inflaton and right-handed
neutrino masses and couplings for which the inflaton can successfully account for all of the
observed cold dark matter abundance. The WIMPlaton scenario typically involves larger
mass scales and couplings, as well as larger values of the reheating temperature, than the
oscillating scalar field scenario, the latter requiring sub-GeV inflaton masses.

Furthermore, we have shown that thermal leptogenesis can be naturally incorporated
within our unified inflaton-dark matter scenario, through the L- and C' P-violating decays of
the right-handed neutrino N3, which although decoupled from the inflaton field due to the
underlying interchange symmetry may nevertheless be thermally produced in the reheating
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process. This implies reheating temperatures T > 10'° GeV, which can only be attained
in the WIMPlaton scenario and for values of the non-minimal coupling to gravity £ = 2.

From the low energy perspective, the vIDM model makes a very concrete and in
principle testable prediction — the underlying interchange symmetry N <> N» implies that
one the light left-handed neutrinos is exactly massless, and within the tribimaximal mixing
approximation we may have either m; ~ mg = 0 (normal hierarchy) or ms = 0 (inverted
hierarchy). Further testing of this scenario may, however, be challenging in the near future,
since the seesaw mechanism implies either Majorana masses within the kinematical reach
of collider experiments such as the LHC but which couple very weakly to SM particles,
or significant Yukawa couplings but too heavy right-handed neutrinos. Nevertheless, the
model makes a very concrete prediction that dark matter is made of scalar particles that
only coupled directly to two of the right-handed neutrinos and, moreover, couples equally
to N7 and Nj, albeit with couplings of opposite signs. Hence, even if directly testing the
vIDM model is beyond the reach of current technology, the model should yield distinctive
signatures that, hopefully in a not too distant future, may be probed in the laboratory.

We have thus developed one of the simplest and economical extensions of the SM
that can simultaneously address the problems of inflation, dark matter, neutrino masses
and the cosmological baryon asymmetry, adding only a single scalar field and three Weyl
fermions. As mentioned above, it would be interesting, and in some cases even desirable, to
embed this construction within a supersymmetric framework, and we hope that this work
motivates further exploration of this and possibly other related ideas towards constructing
a complete model of the early Universe.
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