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ABSTRACT: This paper investigates non-thermal leptogenesis from inflaton decays in the
minimal extension of the canonical type-I seesaw model, where a complex singlet scalar ¢
is introduced to generate the Majorana masses of right-handed neutrinos (RHNs) and to
play the role of inflaton. First, we systematically study non-thermal leptogenesis with the
least model dependence. We give a general classification of the parameter space and find
four characteristic limits by carefully examining the interplay between inflaton decay into
RHNs and the decay of RHNs into the standard-model particles. Three of the four limits
are truly non-thermal, with a final efficiency larger than that of thermal leptogenesis. Two
analytic estimates for these three limits are provided with working conditions to examine
the validity. In particular, we find that the strongly non-thermal RHNs scenario occupies
a large parameter space, including the oscillation-preferred K range, and works well for a
relatively-low reheating temperature Ty > 103 GeV, extending the lower bound on the RHN
mass to 2 x 107 GeV. The lepton flavor effects are discussed. Second, we demonstrate that
such a unified picture for inflation, neutrino masses, and baryon number asymmetry can be
realized by either a Coleman-Weinberg potential (for the real part of ¢) or a natural inflation
potential (for the imaginary part of ¢). The allowed parameter ranges for successful inflation
and non-thermal leptogenesis are much more constrained than those without inflationary
observations. We find that non-thermal leptogenesis from inflaton decay offers a testable
framework for the early Universe. It can be further tested with upcoming cosmological and
neutrino data. The model-independent investigation of non-thermal leptogenesis should be
useful in exploring this direction.
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1 Introduction

The Standard Model of particle physics (SM) provides the best description of particle
interactions and has been successfully tested at an impressive accuracy. There are several
reasons to believe that the SM is only an effective field theory at the electroweak scale. The
mass of the neutrino is solid evidence. The neutrino oscillation phenomenon indicates that
neutrinos have a tiny mass. The two squared-mass differences are measured to be [1]

Am3y = (7425035) x 107" V2, Am3) = (2515 0.028) x 107% V2 (1.1)

for the normal ordering of neutrinos. The tiny neutrino mass can be nicely explained through
the seesaw mechanism. In the simplest type-I seesaw, at least two heavy right-handed
neutrinos (RHNs) are introduced and have a Yukawa coupling to the light neutrinos. After
the RHNs are integrated out, the light neutrinos get a small mass. Interestingly, including
the RHNs can help to solve another beyond SM question: the origin of the baryon asymmetry
of the Universe (BAU).

The fact that the Universe consists only of matter and the consideration that the Universe
should start with an equal amount of matter and anti-matter trigger the question of the
origin of BAU. The current value of the baryon asymmetry precisely measured in CMB can

be expressed in terms of the baryon-to-entropy ratio as [2]
Yy = OB = (8.72+0.08) x 10711, (1.2)
5

where ng is the baryon number density and s is the entropy density. Leptogenesis is one
of the mechanisms generating the BAU dynamically (for reviews, see, e.g., refs. [3-8]). In



leptogenesis [9], the CP and lepton-number-violating decay of the RHNs generates a lepton
asymmetry, which is converted to a baryon asymmetry by the electroweak sphaleron processes.
Leptogenesis works closely with neutrino physics. On the one hand, the heavy RHNs help to
understand the small active neutrino mass through the type-I seesaw mechanism. On the
other hand, the CP-violating phases as probed in neutrino oscillation or neutrinoless double
beta decay experiments can be the source of CP violation needed in leptogenesis [10-17].
Consequently, leptogenesis has been investigated in many neutrino models (for a few examples,
see, e.g., refs. [18-25]). Most literature focuses on thermal leptogenesis, which refers to the
cases in which the RHNs are in or produced in thermal equilibrium first, then decay out
of equilibrium. In the former case, the RHNs have an abundance following the thermal
distribution, while in the latter case, a zero one such that they are produced in the thermal
bath by scattering with other SM particles. The RHNs can be produced non-thermally,
i.e., the so-called non-thermal leptogenesis. The idea of non-thermal leptogenesis was first
proposed in ref. [26] following inflaton decay.

There is growing evidence that the early Universe undergoes an exponentially-accelerated
expansion era, i.e., inflation, which solves the flatness and the horizon problem [27]. More
importantly, the quantum fluctuations during inflation seed the anisotropy as observed in
cosmic microwave background (CMB) and the baryon acoustic oscillations (BAO) measure-
ments (for reviews, see, e.g., refs. [28, 29]). There is a consensus that inflation did happen,
but a standard inflation model is still missing. In the simplest realization of inflation, i.e.,
the single-field slow-roll models, the accelerated expansion happens when the Universe is
dominated by the potential energy of a scalar field, i.e., the inflaton, which rolls slowly
towards its potential minimum. A few parameters usually characterize the dynamics of these
models. Consequently, these models are being actively tested with the CMB and the BAO
data, and some of them have been ruled out.

Non-thermal leptogenesis naturally (but not necessarily) connects to inflation. There
are many studies connecting inflation and non-thermal leptogenesis. For example, non-
thermal leptogenesis is discussed in supersymmetric hybrid inflation models [30-39], chaotic
inflation [40—44], hilltop inflation [45], Coleman-Weinberg potential [46, 47], supersymmetric
SO(10) models [48-50], and various neutrino models [51-54]. Ref. [55] investigates constraints
from non-thermal leptogenesis on inflationary observables. Generic studies can be found in
refs. [56, 57]. Ref. [56] discusses non-thermal leptogenesis compared to thermal and preheating
cases and provides analytical estimates. Ref. [57] focuses on the case that M; ~ Ty where
M, is the lightest RHN mass and Tyy; is the reheating temperature.

Given the situation that the inflationary models are being tested and we also have the
BAU and neutrino data, we consider one simple but intriguing possibility that inflaton couples
to RHNs and the RHNs decay reheats the Universe through their subsequent decays to SM
particles. Non-thermal generation of RHNs is crucial to connect the inflation observational
constraints to BAU and oscillation data. This work presents the first systematic study of the
whole parameter space in non-thermal leptogenesis. We give a general classification of the
parameter space and find four characteristic limits. The dynamics of the limits are examined
both analytically and numerically. We identify the working conditions for analytic estimates
and check the intermediate scenarios numerically. Flavor effects in non-thermal leptogenesis



are considered for the first time. We find the previously overlooked “strongly non-thermal
RHNs” limit is quite relevant in non-thermal leptogenesis. We give two examples of inflation
models fulfilling the connection. In both models, we find viable parameter space satisfying
the constraints in eq. (1.1) and eq. (1.2), as well as inflationary constraints, indicating that
such a connection is valid and worthy of further study.

There are several reasons to motivate such a study. First, the ingredients (inflation,
type-1 seesaw, leptogenesis) are well-motivated physics themselves, offering simple and elegant
solutions to important questions in cosmology and particle physics. Second, the connection
appears natural and economical. The same physics can be addressed without introducing other
degrees of freedom. Third, the connections offer additional constraints compared with treating
them separately. Only non-thermal leptogenesis with the memory of initial conditions allows
such a combined constraint. With growing cosmological and neutrino data, we can test this
path toward the early Universe, completing our understanding of the physics of the Universe.

This paper is organized as follows. In section 2, we perform a systematic investigation
of the non-thermal leptogenesis dynamics on a general basis. Analytical estimates of the
final baryon asymmetry are given in section 2.2, where four characteristic scenarios with
conditions to distinguish them are proposed. A numerical investigation of the Boltzmann
equations is given in section 2.3. Following that, we discuss the final efficiency (section 2.4),
the lower limit of the RHN mass (section 2.5), and the flavor effect (section 2.6) and then give
a summary in section 2.7. In section 3, we give the results when concrete inflation models
and observations are included. In section 3.1, we consider the inflaton to be the real part of o
and acquire a Coleman-Weinberg potential. In section 3.2, the inflaton is the imaginary part
of the o, i.e., the Majoron, and has a natural inflation potential. We conclude in section 4.

2 Non-thermal leptogenesis

In this section, we perform a general study on non-thermal leptogenesis from inflaton decay
without identifying inflaton. We assume that the inflaton couples only directly to the RHNs.
The following discussion can be readily adapted to the cases where the inflaton decays to
the RHNs with a branching ratio Bjy. Our discussion corresponds to By = 1.

After inflation, inflaton oscillates coherently around its potential minimum. As it couples
directly to the RHNs, once its decay rate I', exceeds the Universe’s expansion rate, it
will decay effectively into the RHNs. Eventually, the RHNs will undergo CP and lepton-
number-violating decays into charged leptons and Higgs, which generate a non-zero lepton
asymmetry converting to a non-zero baryon asymmetry when electroweak sphaleron processes
are effective. We are interested in clarifying the processes between inflaton decay and the
baryon asymmetry generation. Our main objective in this section is to answer the following
two questions: (i) What characteristic evolution processes can we have? (ii) What are the
most relevant quantities characterizing the processes?” The answers to these questions are
not straightforward. For example, one may expect an RHN matter-dominated era; does
it happen for both strong and weak Yukawa interactions? The answer to the second one
is even more tricky.

Without loss of generality, we assume that the RHNs are hierarchical, and thus only the
lightest one with mass M, is relevant for leptogenesis. Extending to other possible RHN mass



spectra will be similar to thermal leptogenesis. In the following, we perform a systematic
study and then present our answers to these two questions in section 2.7.

2.1 Relevant quantities

We start with introducing relevant quantities. The inflaton decay rate is

M
Ty =yx oo (2.1)

where y, is the coupling of inflaton ¢ with RHN and M, 618 the inflaton mass. Defining the
reheating temperature Ty to be the temperature at the beginning of the radiation-dominated
era and assuming that the RHNs decay instantly,’ Tgy can be calculated from H(Tgy) =T ¢ 88

1
45 \1 T

where g, is the effective degrees of freedom in the thermal radiation bath and my, is the Planck
mass. We use the Hubble parameter in the radiation-dominated era H = \/4m3g, /45T?/ my.
Notice that during reheating, there might have a higher temperature than this [56], but
during that period, the Universe is not radiation dominated. If there is an RHN or other
matter-dominated period after inflation, but before radiation domination, the reheating
temperature should be defined according to that decay rate. For definiteness, we will always
use Tiy as defined by the inflaton decay rate. This definition relates I', and Ty, and it
allows us to parameterize the coupling y, in terms of Tgy;.

The RHN decay rate in its rest frame reads

~ Y]Y,

I'y= % M. (2.3)
8T

When leptogenesis is concerned, one should include a thermally-averaged Lorentz dilation

factor which takes into account the RHN distribution and enables a z = M /T dependence,

(2.4)

where K, (z)/Ky(z) is the thermally-averaged dilation factor with K, K, being modified
Bessel functions and z = M, /T. It is useful to parameterize the decay rate as [57]

K (z)
KQ(Z)7

Iy =H(M)K (2.5)

!This assumption is to assure consistency. In case the RHNs decay for some time, a more accurate treatment
should define H(Try) = I'y with 'y being the RHN decay rate.



where K is the decay parameter and is defined as K = Ty/H(M,) = (YJYV)H

M,/ [87H (M,)])?, which relates closely to the Yukawa couplings and effectively characterizes
the strength of the wash-out processes, as will be specified later. Let I'y, = H(T),), we
introduce the decay temperature

T, = VKM,. (2.8)

The final baryon asymmetry originating from the RHNs decay can be expressed as

C €
Yp = "B b ny, (2.9)

S S

where s = g,(272/45)T? is the entropy density, Coph = 28/79 is the B—L to B converting
factor in sphaleron processes with B being the baryon number and L being the lepton number,
€ is the CP asymmetry generated by RHNs decay, it quantifies the lepton number generated
per RHN decay, ng is the baryon number density and n, is the RHN number density that
converts to a net L number. The main task is determining n,; that generates a net L number.

Our considered system includes {¢, N, R} where R denotes the radiation generated by
RHNs decay. The evolution of this system, and consequently, n, we are interested in, is
dictated by a set of Boltzmann equations. Analytical estimations apply to some limits,
providing useful insights into physics. In what follows, we first work in the analytic limits
and then resort to the Boltzmann equations.

2.2 Analytical estimations and classifications of the scenarios

We consider first the K < 1 limit, which is the typical non-thermal limit since the Yukawas
are so weak that the Yukawa interactions cannot thermalize the RHNs (we neglect other
interactions). Consequently, the generated lepton number asymmetry from the RHN decay all
survives, and we can infer the n, without resorting to the Boltzmann equation system. The
key task for this limit is to determine the time (temperature) when the RHNs actually decay.

For inflaton decays to RHNs to be kinetically allowed, M, > 2M,; should be satisfied.
Depending on the relative magnitudes of M P and M, the RHNs can be produced relativisti-
cally or non-relativistically. If there is a hierarchy of the inflaton mass and the RHN mass,
Le., My > M, the RHNs are produced relativistically, with energy Ey ~ My/2. As the
Universe cools down, the RHNs become non-relativistic at a temperature

Ik = TruM, /Ey;, (2.10)

2In literature, K is also defined as the ratio of two quantities with mass dimension and comparable to the
light neutrino mass, i.e., K = m,/m, with

(YIY,),,v*  smv?~
= Iy, (2.6)

M, M2 N

2

mq =

where v is the vacuum expectation value (vev) of the SM Higgs.



and dominate the energy density of the Universe as matter.® We call it a “RHN-dominated”
case.

The RHNs decay at the decay temperature when T, < Tyr < TRy. The final baryon
asymmetry in this RHN-dominated case is evaluated by equating pp, = pp to get ny at T, as
3 T,

EcSphEE (211)

~ 0.26\/Ee.

YB —

The last approximation allows a quick assessment of the generated baryon asymmetry. For
observed Yy at O(10711), we need vKe at O(10710). It means ¢ ~ 1079 for K ~ 102, which
is much smaller than that typically required by thermal leptogenesis (¢ ~ 107%). Following
a similar argument, if the RHNs are produced non-relativistically, we have Ty ~ Tiy-
As long as T, < Ty holds, the same expression in eq. (2.11) applies for evaluating the
baryon asymmetry.

When the RHNs decay instantly, i.e., I'yy > T° ¢ OF equivalently, T, > Txy, the RHNs
decay out before they dominate the Universe, which means instantaneous reheating. The
RHN number density is evaluated at Tgy when they are produced with ny = 2n, =
(72/15)g, Tiy /M. s The final baryon asymmetry in this scenario is

3 Tiy
YB = icSpheﬁ(b‘ (212)

The K > 1 limit indicates the Yukawas are strong. In this limit, on the one hand,
it is possible to bring the RHNs into thermal equilibrium, although they are produced
non-thermally. The implicit condition for this scenario is that T, < Txp. This condition is
stronger than M, < Tiy; which is taken as a necessary condition for RHN thermalization [58].*
On the other hand, there is also a possibility that the RHNs decay instantly when they are
produced, leaving no time for them to form a thermal bath. It happens when T, > Try.
We can use a simpler but stronger criterion M; > Tz to make a quick assessment. This
criterion also implies smaller RHN number density given the same M; and M e which adds
to our understanding that, in addition to having no time to thermalize, the RHN number
density is also smaller, providing extra reasoning for not thermalizing in this scenario. In
this case, the final baryon asymmetry is evaluated at Ty via eq. (2.12).

To sum up, we have the following four characteristic limits for RHNs evolution.

o The “RHN dominance” scenario: characterized by K < 1 and T, < Tyg. Tyg is
evaluated as in eq. (2.10). For RHNs produced non-relativistically, Tyg ~ Tgry. For
RHNSs produced relativistically, one generally expects T, < Tyg < Try- So we can

3Tt only happens for the RHNs are the only decay product of the inflation. In a more general setup, where
the inflaton also decays to other particles (presumably as radiation), the RHNs coexist with the radiation
bath before they decay. When the RHNs become non-relativistic in this scenario, their energy density will
redshift like matter and, eventually, dominate the energy density of the Universe if they did not decay before.

“Only M, < Tgy is thought to be relevant for thermal leptogenesis because it avoids a Boltzmann
suppression of the RHN number density in equilibrium (otherwise, the thermalized RHNs are too rare to
generate enough lepton asymmetry when they freeze out).



conclusively rewrite the second criterion as T, < Txry. Depending on whether the RHNs
are produced relativistically or not, there will be a radiation-dominated phase before
RHN-matter dominated phase or just an RHN-matter-dominated phase. The final
baryon asymmetry can be estimated at 7, as in eq. (2.11).

o The “instantaneous reheating” scenario: characterized by K < 1 and T, > Ty, where
the latter condition is equivalent to I'y, > T7,. Although the Yukawa interactions are
weak in this scenario, the inflaton-RHN coupling is even weaker. Thus the RHNs decay
when they are produced. The final baryon asymmetry can be estimated at Try as in
eq. (2.12).

o The “thermalized RHNs” scenario: characterized by K > 1 and T, < Try. In this
scenario, the strong Yukawa interactions bring the RHNs into thermal equilibrium, so
it belongs to the thermal leptogenesis. The final baryon asymmetry generally requires
solving the Boltzmann equations.

o The “strongly non-thermal RHNs” scenario: characterized by K > 1 and T, > Txy.
A necessary condition M; > Ty can be used to make a quick assessment. Although
the Yukawa interactions are strong in this scenario, the RHN decay rate is so high
that there is no time for the RHNs to thermalize. As mentioned, the RHN number
density is also lower, contributing to another obstacle to thermalization. The final
baryon asymmetry is evaluated at Ty via eq. (2.12).

Note that the four limits do not cover all the possibilities. There are cases with an intermediate
K, for which a Boltzmann investigation is necessary before anything can be said.

2.3 Boltzmann equations and numerical results

In this subsection, we investigate the evolution processes in the four limits by numerically
solving the Boltzmann equations. Throughout this subsection, we will assume that the
RHNs are produced as non-relativistic particles. This assumption does not affect leptogenesis
— for the RHNs produced relativistically, decay to Higgs and leptons only happen when
they are redshifted to non-relativistic particles. The Boltzmann equations for the inflaton
energy density p,, the RHN energy density py, the radiation energy density pp and the
B—L number density ng_; read [3, 57

po=—3Hps =Ty (ps—13").
py =—3Hpy +T (p¢ —p;q> — (Cn + 2T g5 +4Ts) (on — PN) 5
pR = —4HpR + (FN +2FSS +4FSt) (pN - p?\(fl)’

. P
np_1, = —3Hng 1 — Ly (ny —ny) — (WID + Fssp% + 2FSt> NB_L, (2.13)
N

where I'g_, I'g, represent AL = 1 scattering rates involving the top quark and gauge
bonsons (summed in s— and ¢— channels respectively), Wip denotes the washout contribution
from the RHN inverse decay, Wi = I'jp/2 = T ynit/n;?/2 with n%' and nj? being the RHN



equilibrium number density and the lepton doublet equilibrium number density. We include
the inverse decay term for the inflaton, which can be neglected if the reheating temperature
is smaller than the inflaton mass, so the inflaton cannot enter thermal equilibrium.

We neglect AL = 2 scattering processes as they are subdominant for the considered
scale. There are inflaton-RHN scattering processes induced by the inflaton-RHN coupling.
A detailed study on such scalar-RHN scatterings and their effect on leptogenesis is given in
ref. [59]. We check that these scattering rates are quite suppressed if the scalar is heavier
than the RHNs, which is our considered cases.

In practice, it is convenient to scale out the expansion effect. We follow the literature [56,
57] and introduce

Ey=pga’, Ex = pya®, Np_y, =np_ra’, Bp = pga’, (2.14)

where a is the scale factor. We further define y = a/a; and choose the initial value of the
scale factor as a; = 1. With these quantities, the Boltzmann equations can be rewritten into

dE r,
T _ o
2= 2 (By— B,
dBy _ Ty 1
dE 1
dNg 1, 'y 1 P
=— N — N®9) — Wip + Tgy~oe +2Tg; | Ng_p.. 2.15
dy iy | )=y o e 2 Mo e

The Hubble expansion rate is determined from the Friedmann equation assuming a
zero curvature,

8 8
H? = 32 (P¢+PN+PR) = W(EqserENerER)- (2.16)
pl pl

Temperature is defined once there is a thermal ensemble of radiation and is expressed as

30 /41
T = <E ) -, 2.17
29, )y (2.17)

where we use pp = (72/30)g, T* = Egp/a* and a; = 1.

For our numerical studies, we use {K, M, M & Trput as inputs and adjust their values
such that they meet the conditions defining each of the four scenarios. The decay parameter
K characterizes the strength of the Yukawa interactions and also the washout effects given M,
and can be viewed as a measure of efficiency. Tiyy is the physical reheating temperature when
the RHNs decay instantly, and it parameterizes the strength of the inflaton-RHN coupling.

The final baryon asymmetry can be expressed in terms of ng_y /n5? as [4, 5]

C, n
Yy ~ —oph TB-L 2.18
B 7.04f nSt (2.18)
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Figure 1. The evolution of the rescaled energy densities (left column) and the interaction rates
(right column) as a function of the rescaled dimensionless scale factor y = a/a; in the cases with
K = 0.01. The energy densities are normalized to the initial inflation energy Eg. We fix |e| = 1076.
The horizontal gray dashing lines are the analytic estimates.

where f = 2387/86 is the dilution factor from the onset of leptogenesis till the recombination,

copn accounts for the B—L to B conversion, and 7.04 ~ s/n,, evaluated at present. The last

factor ng_p /nSt relates to the Np_; (and Ey) calculated in the Boltzmann equations as
3/4

gy _ 77%g /

. 2.19
nyl 2 x 303/4¢(3) B (219)

3/4NB Ls

where ng1 = (2¢(3)T%)/n?, and we use T in eq. (2.17). To generate an observed value of the

baryon asymmetry, i.e., Yg = (8.72 + 0.08) x 107 [2], ng_; /nS% should be around O(107%).

2.3.1 K < 1 scenarios

We show the numerical results in the two K < 1 scenarios in figure 1. The four input
parameters are arranged to meet the conditions T, < Ty or T, > Tiry. We find the evolution



processes as expected: in both scenarios, the RHNs do not enter the thermal equilibrium; the
Np_r, lines are rather flat, indicating the washout effects are small for K < 1.

The two rows of figure 1 are calculated with the same initial values, and the only difference
in input is the values of Ty We start with the same amount of E and vanishingly small
other quantities. As Txy characterizes L'y, a larger Txy leads to a sooner inflaton decay,
resulting in an earlier generation of RHNs and hence radiation. E} is mainly a reflection
of thermal bath temperature given the same M. The noticeable differences in Ey! result
from the difference in Ep, from which we define the thermal bath temperature in eq. (2.17).
We also observe the higher Ty scenario experiences a slightly stronger washout as a result
of the slightly higher thermal bath temperature.

We draw the analytical estimates in these benchmark scenarios with gray dashing lines
in the left column plots of figure 1 for comparison. They roughly agree with the numeric
results. The analytic estimates from eq. (2.11) and eq. (2.12) give Yy ~ 2.6 x 1078 and
Yp ~ 8.9 x 107 in the two scenarios, while the numeric results render Y ~2.3 x 108 and
Yp ~ 1.0 x 10~8. The slightly larger Yy in the instantaneous reheating scenario is caused by
the small initial values we set for the Boltzmann system and is not physical.

2.3.2 K > 1 scenarios

We also show the numerical results in the two K >> 1 scenarios in figure 2. The value of K = 40
is chosen as follows. From eq. (2.7), one has m, ~ 1.1 x 1073 eV. Setting 7, to be in the
range given by the two squared-mass differences, i.e., [0.0086,0.05] eV, one finds K € [7.8,45].

The general evolution processes fit our expectations. In T, < Ty case, we find Fy
follows closely to E, indicating that the RHNs enter thermal equilibrium. In T, > Ty
case, the RHNs decay before they can enter the thermal equilibrium. They decay out almost
at the same time the inflaton decays out.

Regarding inputting variables, the two benchmark scenarios differ in Tiy;. Again, we
see that a higher T leads to sooner inflaton decay, an earlier generation of the RHNs and
the radiation, and a higher thermal bath temperature that leads to a stronger washout. The
analytic estimation from eq. (2.12) gives Y5 ~ 1.8 x 10~8, which is shown with a gray dashing
line in comparison with the numeric result Yz ~ 2.1 x 1078.

2.4 Final efficiency

We introduce the final efficiency factor £, to parameterize the contribution to the baryon
asymmetry that is independent on the CP asymmetry €, in the same way as was done for
thermal leptogenesis [4] to allow for an easy comparison

np_L 3

i G2 (2.20)

where the factor 3/4 comes from njy/n? and the deviation to the thermal number density
is parameterized in x;. The final efficiency factor 7 Is independent of the CP asymmetry
but depends on all the four input parameters {K, M, M # Tryu}- As we consider only non-
relativistically produced RHNs, we fix M, = 3M; for definiteness. Eq. (2.2) allows us
to re-express the inflaton-RHN coupling y, in terms of Txy and M,. As a result, the

,10,
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upper bound of Ty for a given M, ®

perturbativity bound on the inflaton-RHN coupling y, < 47 can be translated into an

Assuming M s = 3M, eq. (2.21) can be re-written as a lower bound on M; given Ty

for Tpyy = 1012 GeV.

45 1/4
TRH < \/47T (47‘(39*> ,/M(bmpl.

1/2
1 [4n3g

My > — *

L2 Ton

45

2
TRH

(2.22)
For examples, the bounds are Ty < 5.2 X 1015 GeV for M, = 102 GeV; M, > 3.7 x 104 GeV
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Figure 2. The evolution of the rescaled energy densities (left column) and the interaction rates
(right column) as a function of the rescaled dimensionless scale factor y = a/a; in the cases with
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Figure 3. The final efficiency factor as a function of the decay parameter K with different Tpy.
Also shown are the thermal initial abundance case (gray solid line) and zero initial abundance case
(gray dotted line) for comparison. The two squared-mass differences observed in neutrino oscillation
experiments give the two vertical dashed lines. We fix M = 3M; and M, = 10'2 GeV.

Including the s F— K plot to compare with thermal leptogenesis directly is informative.
We numerically investigate the effects of varying Ty and show the results in figure 3.5A
direct observation tells that non-thermal leptogenesis generally has a larger efficiency factor.
The four limits lie on the left and right sides, say, K < 0.01 and K > 10. On the left, the blue
lines from the top correspond to the RHN dominance scenario with T, < Tizyy. The few dark
blue lines right above the thermal line are the instantaneous reheating scenario with T, < Txy.
On the right, the dark red lines feature T, < Ty and become identical to the thermal line
for large enough K, indicating the RHNs in this scenario can thermalize. From blue to dark
blue lines, we see the final efficiency first grows, then decreases with a growing M, /Ty. The
growing period actually corresponds to the intermediate cases. If the Yukawa interactions
are stronger, they can be brought into equilibrium. The decreasing period corresponds to the
true strongly non-thermal RHNs scenario, where the RHNs cannot be thermalized even if K
gets stronger. Featuring a relatively low reheating temperature, the inflaton decay is delayed
in this strongly non-thermal RHNs scenario, leading to an RHN density (hence the radiation
density) not large enough to be thermalized. As such, the lower the reheating temperature,
the smaller the final efficiency factor. The intermediate range of K, i.e., 0.01 < K < 10,
generally has a larger efficiency factor than the thermal case to a maximum of f\max ~ 70.

The instantaneous reheating scenario (K < 1,T, > Tyry) and the strongly non-thermal
RHNs scenario are represented by the same rather flat lines in the & F— K plane. The
larger T, /Tgy, the flatter the lines are. The final baryon asymmetry in both scenarios
can be evaluated through eq. (2.12), where K dependence is implicit in €. As a result, we
conclude that as long as T, > Ty hold, one can use eq. (2.12) to estimate the baryon

5In calculation here, we neglect the scattering processes as their contributions are subdominant compared
with the decay and inverse decay.

— 12 —



asymmetry, regardless of the K value. On the other hand, when T, < Ty, only a small K
limit gives a non-thermal scenario, i.e., the RHN dominance limit, that analytic estimate in
eq. (2.11) works. For other values of K, a Boltzmann investigation is necessary to evaluate
the final baryon asymmetry.

2.5 Neutrino mass bound and the reheating temperature

There exists an upper bound on the CP asymmetry generated by the RHNs decay, i.e.,
the Davidson-Ibarra bound [60],

3 Mlmatm

< -
lea] < 160 02

, (2.23)
where Mt is the root of the squared-mass difference measured first in atmospheric oscillation

experiments. This bound can be transformed to a lower bound on the RHN mass [4, 57]

Y 0.05 eV
8 B —1
M, > 6 x 10° GeV <8><10—11)< )ﬁf (K)

0.05 eV) ), (2.2

atm

> 6.28 x 108 GeV (

Matm

where in the last inequality we use the 30 range of the observed Yy in eq. (1.2) [2].

With the & = K relation determined in the previous subsection, we can find the lower
bound on the RHN mass M;. We show the results in figure 4, where the thermal initial
abundance line (orange dashed) and zero initial abundance line (gray dashed) are adopted
from ref. [3], and the red solid line is given by including flavor effect (to be discussed in the
next subsection). All the region above the black (red) solid line is viable for the unflavored
(flavored) non-thermal leptogenesis. The right-handed side of the blue dashed line is allowed
only when M; > Ty, and the left-handed side can happen for both. Compared with the
cases that the RHNs can thermalize, the strongly non-thermal scenario opens up parameter
space at the large K region greatly, which is also the oscillation-preferred region. We
find M; > 107 GeV for non-thermal leptogenesis in general and M; > 2 x 107 GeV in the
oscillation-preferred region. The results are compatible with literature [3, 57].

The reheating temperature in thermal leptogenesis gets a similar lower bound to that
of M, since we need it to be higher or equal to M, such that the RHNs can be in thermal
equilibrium with a not-suppressed abundance. In thermal leptogenesis, the RHNs are not
required and even encouraged to deviate from equilibrium so Tyy; is not constrained given
the lower limit of M;. We have seen in figure 3 that when M; = 100734 in the whole
K range, non-thermal leptogenesis has a final efficiency larger than that of thermal one.
Noticeably, when M; > Ty, the final efficiency is insensitive to K so we can estimate the
final baryon asymmetry with eq. (2.12). For a CP asymmetry ¢ ~ O(107%), one can have
enough baryon asymmetry for M, /Tpy ~ 10*. Put the lower limit on M, in, we see that
Try can be lowered to 10% GeV.

2.6 Flavor effects

When the charged lepton Yukawa interactions enter equilibrium, flavor basis matters, and
the unflavored treatment may be inappropriate. To be definite, let us consider only the 7
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Figure 4. The lower limit on M; as a function of the decay parameter K for the unflavored treatment
(the black solid line) and the two-flavored one (the red solid line) in non-thermal leptogenesis.
The dashed blue line markers the boundary of whether the non-thermally produced RHNs can be
thermalized. On the right of the dashed blue line, the RHNs cannot be thermalized, and this region
only works for M, > Ty Also shown are the thermal initial abundance case (orange dashed line)
and zero initial abundance case (gray dashed line) adopted from ref. [3] for comparison. The two
squared-mass differences observed in neutrino oscillation experiments give light green bands.

Yukawa interaction entering the equilibrium to illustrate the flavor effect. The interaction
rate is I, ~ 5 x 1073h2T with h, being the 7 Yukawa coupling constant. Similar to thermal
leptogenesis, when I' . > I'T > H, the 7 flavor is distinguishable and one should separate the
Np_1, equation into two with different flavor contributions. When non-thermal leptogenesis
is considered, there is also the possibility that I"'. > H > I'fp, we will check the effect in this
regime. We work in the two-flavored regime and write the Boltzmann equations as

dE Tr
¢ _ _~ ¢ _ g
dy  Hy (E E¢)’
dEN I eq I‘N eq
Ty:Fy<E¢—E¢)—Fy(EN—EN),
dE, Ty o
—h - N (g, — B
(Tgfz—T}LT;V(N—NQQ)—TH—;D 3" CroNa,.,
a=7,71
dN, e I P W
dyTL T T;‘IyN (N = N*) — T}—[yID Z CTLaNAa’ (2.25)
a=7,71

where the charge asymmetry in single flavor is A, = B/3 — L, and 7 is a combination
of the e and u flavor with P, = |(I;|l,)|? projecting the charged lepton generated by RHN
decay (l;) into flavor basis (I,). The total asymmetry is Ng_ = N5 _+ N, . The CP

asymmetry in flavor « is

(Pa+P,)e+ %APa, (2.26)

N | —

601:
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Figure 5. The evolution of the rescaled energy densities (left column) and the decay (inverse decay)
rates (right column) as a function of the rescaled dimensionless scale factor y = a/a; when flavor
effects are included. The energy densities are normalized to the initial inflation energy Eg.

where P, is the antilepton corresndance of P, and AP, = P, — P,. AP, = 0 at the tree
level and is nonzero when loop effects are included. This term is crucial to get deviations
from the unflavored treatment [61, 62]. In our numeric treatment, we use P, /e x /K, /K,
where K, = P, K [5]. The C matrix relates the asymmetry in each charged lepton flavor
NAza with the charge asymmetry in the flavor N, , NAza =25 CocﬁNAﬁ- Here we use the
one including both the sphaleron-induced lepton flavor mixing and the Higgs asymmetry,
which is given by [62]

581 104
o | 389589 | (2.27)
194 614

589 589

We perform a parameter space scan and present the results in figure 4. The lower bound
on M, is lowered maximally to 6 x 105GeV when 0.1 < K < 3, whereas in the other region,
identical to the unflavored treatment. For K < 0.1, the inverse decay rates in both flavors
are much lower than the Hubble expansion rate. It corresponds to I, > H > I'[,,. Since the
inverse decay rates in both flavors are negligible, working in the flavor basis will not make
much difference compared with the unflavored basis. For K > 3, there exist two possibilities.
If M, < Ty, the RHNs will be thermalized eventually and the M;-K line resume the thermal
one. If M; > Tgy, the RHNs are not abundantly produced due to the delayed inflaton
decay. The number of RHNs and hence the radiation is insufficient to bring the RHNs into
equilibrium, and the M;-K line resumes the non-thermal line in the unflavored treatment.
We also find that the lower limit of M, is insensitive to the value of P,. In other words, for
any value of P,, the lower limit of M, can be achieved if we allow other parameters to vary.

We plot the evolution of the various densities in figure 5 for one of the points approaching
the lower limit of M;. We see that the total B—L density Ng_; follows NgiL while the
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Figure 6. The classification of non-thermal leptogenesis. The four characteristic limits are shown in
grey area with working conditions to identify them. They belong to two general categories. Analytic
estimates are given for the three of them that the RHNs are not thermalized.

other flavor contribution Nf_; is negligible. The RHNs dominate the energy for a while,
indicating that we are in the RHN dominance scenario. Looking from the rate plot on
the right, we see a similar situation to the case that maximizes k¢, i.e., Y = Yout = Ymax

for FITS = 2WIT5 = 2P, Wip, where y;,, Yo, mark the time (scale) FITS enters and leaves

equilibrium, y, .. denotes the time (scale) Ffs reach its maximal value.

2.7 Summary

Returning to the two questions we proposed at the beginning of section 2, we summarize
the answers in the tree diagram in figure 6. There are in general two categories. The one
with I'yy > T, features an instantaneous RHN decay, which instantly reheats the Universe.
The other one with I'yy < I'; features a delayed RHN decay, and an RHN dominance follows.
We prefer not to use the name “instantaneous reheating” for I'y > I'j as we save it for
the subcategory. We put the four characteristic limits under these two categories and also
list the working conditions and the analytic estimations that apply. For intermediate cases,
a Boltzmann investigation is necessary.

Several comments are in order.

¢ The characteristic evolution process is the appearance of an RHN matter-dominated era.
It happens when T, < Ty for both a large and a small K. In the case of a large K,
the RHN matter dominance happens before they go to thermal equilibrium. For a small
K, the RHN matter dominance happens as long as the RHNs become non-relativistic
since their energy redshifts slower than the radiation.
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» Regarding the characteristic quantities, I'y versus I', working in combination with
different limits of K allow us to identify the four scenarios. In practice, it is convenient
to use the working conditions expressed in terms of T, and Ty for each scenario to

make a quick estimation.b

o Three of the four limits (except the thermalized RHNs limit) have larger final efficiency
factors than that of thermal leptogenesis. Analytical estimates for the final baryon
asymmetry for all three non-thermal limits exist. As discussed in section 2.4, eq. (2.12)
hold for all values of K in the T, > Ty limit. While when T, < Ty, only a small K
gives the analytic estimate in eq. (2.11). For the rest scenarios, Boltzmann equations
are needed.

e The strongly non-thermal RHNs scenario is very interesting as it seems counter-intuitive
at first sight. “Strong” refers to large K, which implies strong Yukawa for given M;.
In thermal leptogenesis, when K > 1, the Yukawa interactions are strong to bring the
RHNs into thermal equilibrium. The premise that the RHNs are in or produced in
thermal equilibrium makes all the differences. Although Yukawa interactions are strong
in our considered scenario, the RHNs decay also fast. In the meantime, the RHNs are
produced in low number density, indicating that they cannot interact quickly enough to
thermalize. Additionally, this non-thermal limit contains the K range that is preferred
by neutrino oscillation experiments and has a relatively large final efficiency - larger
than the thermal one with the same K. Contrary to the thermal leptogenesis situation
with M; > T to be Boltzmann suppressed and neglected, this strongly non-thermal
RHNs limit occupies a large parameter space and is quite relevant.

e The lower limit for M, is examined in both unflavored and two-flavored treatments.
In the unflavored case, the lowest value of M, generating a large enough baryon
asymmetry is 107 GeV. Flavor effects further lower this value to 6 x 10 GeV. This bound
is M; > 2 x 107 GeV in the oscillation preferred range. The reheating temperature can
be lowered greatly, and a conservative estimate gives Ty > 103 GeV.

In this section, we present a general investigation of non-thermal leptogenesis from
inflaton decay with least model-dependence. Partially the same subject has been investigated
in refs. [56, 57]. Non-thermal leptogenesis compared to thermal and preheating cases is
presented in ref. [56] with a focus on scenarios that the analytical estimates apply. Ref. [57]
mainly focuses on the case that M; ~ Txy. Discussions in this section complete the studies
in refs. [56, 57]. We present the first systematic analysis of non-thermal leptogenesis to our
knowledge. We give a general classification that is closely related to thermal leptogenesis and
find four characteristic limits. The dynamics of the limits are examined both analytically
and numerically. We also give the x K relation in comparison with thermal leptogenesis
and discuss the lower limit of M, and Ty;. We find the strongly non-thermal RHNs scenario
particularly interesting. It opens up parameter space greatly in the range of K that is

5According to the definition of T, in eq. (2.8), converting I'y versus Iy relation to T, versus Try hold
for negligible dilation factor. This approximation works well for M /T > 1, while for M; /T ~ ©(0.01), the
approximation causes an error at 0(0.1) [4].
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preferred by the neutrino oscillations. Additionally, we investigate the effects of flavor and
find the lower limit of M, can be further lowered to 6 x 10% GeV in the range 0.1 < K < 3.

3 Connecting to inflation through LNSB

The discussion in the previous section is largely general, with the only assumption that the
inflaton couples directly to the RHNs. It effectively puts no constraints on inflation except
allowing a low reheating temperature. The inflaton mass can be any value satisfying the
kinetic bound. To find a fully consistent picture with both the baryon asymmetry and inflation
observations, one has to identify the inflaton and its potential to check the inflation dynamics.
We consider the simplest scenario for inflation dynamics: a scalar field rolling down toward
its potential minimum drives inflation. Such single-field slow-roll models are characterized by
the inflaton potential, from which the observables can be derived. The slow-roll dynamics
are described by the slow-roll parameters, which are calculated from the potential,

M2 [V ,\? v
Evzpl< w) 7 my = M3 b0 (3.1)

2 |4 |4

where M, is the reduced Planck mass, V, = dV/d¢.

Inflation models are tested by the CMB anisotropy measurements, i.e., the spectral tilt
ng of the scalar power spectrum and the tensor-to-scalar ratio r, which can be expressed
in terms of the slow-roll parameters as

ng =1 — 6ey + 2y, r = 16ey,. (3.2)
The Planck 2018 release determines the ng and r at the pivot scale & = 0.002 Mpc ™! to be [63]
n, = 0.9649 £ 0.0126,  r < 0.056, (95% C.L.). (3.3)

The inflation scale gets constrained by the scalar power spectrum amplitude A, and r from

372 X 4
V.= %ASTMSI < (1.6 x 10 Gev) (3.4)
where * means it is evaluated at the horizon crossing, and the last inequality is obtained
with current constrained A, and r at a 95% confidence level [63].
We consider the most general type-I seesaw extension of the SM with three RHNs N, (for
i =1,2,3) and one complex scalar o. The relevant Lagrangian adding to the SM Lagrangian is

L > NigN + (0"0")(9,0) — LY, HN — yyoN°N — V(H,0) + h.c., (3.5)

where L is the SM lepton doublet, H is the Higgs doublet and H = ioyH*, Y, is the Yukawa
coupling matrix of the light and the heavy neutrinos, y, is the coupling of the singlet
scalar to the RHNs. We assign the lepton number L = 1 for N, and L = —2 for . This
framework features lepton number conserving and the RHNs become massive once o gets a
vev. The lepton number spontaneously breaking (LNSB) is known as the singlet Majoron
model [64, 65]. We leave aside the dynamics of LNSB but focus on non-thermal leptogenesis
and its connection to inflation. One of the degrees of freedom will be identified as the inflaton
¢, with a potential to be specified in the following.
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Figure 7. The projection of the parameter space in the M, - K plane when the inflaton ¢ = Re(o)
takes a Coleman-Weinberg potential. Also shown are the values of Y with the red dashed line marking
the observed value of Y. The viable parameter space generating a large enough baryon asymmetry
and compatible with inflation observation is the region above the red dashed line and below the solid

black line at the top.

3.1 ¢ = Re(o): Coleman-Weinberg potential

In the case that the inflaton corresponds to the real part of o, we take its potential to be
the Coleman-Weinberg potential [66—68], i.e.,

o\ 1] 1,
= At In[ =) -=|+-4 .
V(6) = Ao [n<% 1|+ g (3.6)
where v, = (¢), V(0) = iAvé is the vacuum energy at origin. The inflaton mass is

My = 2\/Zv¢.

We take the benchmark point A = 2.41 x 10_14,% = 22.1M, from ref. [68] where
M, = mp1/V/8m is the reduced Planck mass. This point gives n, = 0.964,7 = 0.036
compatible with the Planck 2018 constraints [63] and My = 1.65 x 10 GeV. The value
of M » also implies an upper limit on the reheating temperature Ty < 1.21 x 10'6 GeV
considering the perturbativity bound of y,. From eq. (3.5), the RHN mass My = yyv » can
vary from the lower bound 107 GeV to roughly M ® /2 ~ 103 GeV, corresponding to different
values of the coupling y,. It further allows us to relate the reheating temperature to the
RHN mass directly, Tgy =~ 1.8 x 107°M .

Regarding leptogenesis, the system has only two free parameters: M; and K. The
Tru-My relation implies T, > Txy. As a result, it is instantaneous reheating for the small
K end and strongly non-thermal RHNs for the large K end. The final baryon asymmetry
can be evaluated in both limits through eq. (2.12). We show the results on the M, - K
plane in figure 7. We find that although inflation puts no constraints on the RHN mass, the
requirement that generating a large enough baryon asymmetry in connection to this inflation

model constrains 2.0 x 101t < M, (GeV) < 8.3 x 10'2.
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Figure 8. The projection of the parameter space in the M; - K plane when the inflaton ¢ = Im(o)
takes a natural inflation potential and f = 5M,). Also shown are the values of Yy with the red dashed
line marking the observed value of Y. The viable parameter space generating a large enough baryon
asymmetry and compatible with inflation observation is the region above the red dashed line and

below the solid black line at the top.

3.2 ¢ =Im(o): natural inflation potential

We consider the possibility that the pseudoscalar associated with lepton number spontaneously
breaking is the inflaton. A natural choice of its potential is of the natural inflation form [69, 70]

V(ip) =A(1+coso/f), (3.7)

where A is the inflation scale and f is the lepton-number breaking scale. This potential is in
close analog with the effective axion potential after chiral symmetry breaking. It possesses
a quasi-shift symmetry that ¢ — 27 f¢ leaves the potential invariant.

From eq. (3.4), one obtains roughly A < 10'® GeV for the Majoron potential in eq. (3.7).
Regarding the slow-roll dynamics, this potential involves only one parameter f to be con-
strained by ng and r. The natural inflation model is at odds with the Planck 2018 results in its
original form. However, if other effects are taken into consideration, there will be no problem
for this model predictions compatible with observation. Several studies provide different
methods, among which we list a few: in quadratic gravity [71, 72], allowing a nonminimal
coupling to the Ricci scalar together with a non-canonical kinetic term [73], with dissipative
effects [74], only with a nonminimal coupling to Ricci scalar [75], with a coupling to the
trace of energy-momentum tensor [76], in f(R,T) gravity [77]. Different methods lead to
a different range of f that is compatible with observation. Generally, inflation observation
favors a super-Planckian value of f as in the original model and also in refs. [71, 72, 74-78].
For methods involving modified gravity, usually the Einstein frame potential will be modified.
But the modifications are small - constrained by the success of General Relativity and the
inflation observation - leading to negligible modifications for investigating the inflaton mass.
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One can determine the inflaton mass from the potential in eq. (3.7) as

AR AN 55)
dg? i = g2 |
which is related to f through the inflation energy scale A. As A is constrained by observation
to be A < 10'9GeV, a super-Planckian f > 10 GeV requires M, < 10'3 GeV. For the
fixed super-Planckian value of f, a lower inflation energy scale means a lower inflaton
mass, a lower RHN mass, and a lower Ty, We fix M, = 10'3 GeV for definiteness. Since
(o) = f, the RHN mass is My = yyf, which is translated into Ty ~ 6 x 107°M, for
[ =5M,,. Similar to the previous case, we still have in general T, > Ty and the final baryon
asymmetry can be evaluated from eq. (2.12). We plot f = 5M,, results in figure 8. We find
a slighter larger range of M, that generates a large enough Yy and agrees with inflation:

6.6 x 1010 < M, (GeV) < 4.1 x 10'2, corresponding Ty in [4.1 x 105,2.6 x 10%] GeV.
Alternatively, with the method introduced in ref. [73], f can be arbitrarily low with no
additional requirement for the inflaton mass. y, can be O(1) in this case. Meanwhile, the
reheating temperature is generally larger than M, allowing the RHNs to be thermalized
when K > 1 and the M, - K relation takes the form of the blue-dashed line in figure 8.

4 Conclusions

This work considers connecting inflation and neutrino physics through non-thermal lepto-
genesis from inflaton decay. Assuming a direct inflaton-RHN coupling, we present the first
systematic investigation on non-thermal leptogenesis. We give a general classification of the
parameter space and find four characteristic limits with working conditions to identify them
(see figure 6). Three of the four limits are truly non-thermal, with a final efficiency larger
than that of thermal leptogenesis (see figure 3). Two analytic estimates (egs. (2.11) and (2.12)
work for these three limits. We find the lower limit of M, in the oscillation-preferred region
is 2 x 107 GeV. When flavor effects are included, it can be lowered to 6 x 10° GeV. The
reheating temperature can be as low as 103 GeV.

Then we assume a simple and natural connection of inflaton with the RHNs through LNSB
by identifying either the real or the imaginary part of the complex field o responsible for LNSB
to be the inflaton. We consider the inflaton possesses either a Coleman-Weinberg potential
(for the real part of o) or a natural inflation potential (for the imaginary part of o) and find
viable parameter space satisfying constraints from inflation, BAU, and neutrino data, which is
more constrained than considering non-thermal leptogenesis alone (see figures 7 and 8). LNSB
suppresses the inflaton-RHN coupling greatly, leading to a low Tj; and resulting non-thermal
leptogenesis belongs to intantaneous RHN decay category in both models, in the strongly
non-thermal RHNs limit for large K and in the intantaneous reheating limit for small K.

We find the strongly non-thermal RHNs scenario particularly interesting. Although
Yukawa interactions are strong, the RHNs produced in low number density decay very fast
to avoid entering thermal equilibrium. It features a low reheating temperature and occupies
a large parameter space, including the oscillation-preferred K range.

Non-thermal leptogenesis from inflaton decay offers a testable framework for the early
Universe. This framework contains well-motivated ingredients (inflation, type-I seesaw,
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leptogenesis) and offers simple and elegant solutions to important questions in cosmology and
particle physics. It can be further constrained and tested with upcoming cosmological and
neutrino data. The two examples we show with LNSB connection are only illustrative. The
model-independent investigation of non-thermal leptogenesis should be useful in exploring
this direction in the future.
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