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Flavor leptogenesis during the reheating era
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Recently, it has been shown that the presence of a noninstantaneous era of reheating can significantly
alter the charged lepton(s) equilibration temperature(s) which plays an important role in flavor lepto-
genesis. In this work, we extend the analysis to a more general situation where right-handed neutrinos
(RHNG5) are also produced from the decay of the inflaton. The presence of these RHNs along with the
thermally generated ones (above its mass equivalent temperature only) redistributes different components
of the energy density of the Universe during this reheating era, thereby affecting the charged lepton
equilibration temperature (in addition to the Hubble effect) as well as the final reheating temperature Try.
Taking both the effects into account, we find that the decay of the lightest RHN in the setup not only
provides a platform to study flavor leptogenesis during reheating, but also an interesting framework of

quasi-thermal leptogenesis emerges.
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I. INTRODUCTION

The existence of nonzero neutrino masses [1-3] and the
origin of baryon asymmetry [4] of the Universe (BAU) are
two of the major issues that the Standard Model (SM)
of particle physics fails to accommodate, indicating the
necessity for the physics beyond the SM. While the issue
of light neutrino mass can be elegantly handled by the
introduction of three heavy SM singlet right-handed
neutrinos (RHNs) having Yukawa interaction with the
SM Higgs and lepton doublets within the so called “see-
saw” mechanism [5-12], the same offers an interesting
explanation of the BAU through leptogenesis [13-15].
Here, a lepton asymmetry is created as a result of the
CP-violating out-of-equilibrium decay of the RHNs which
then are partially converted into the baryon asymmetry
through the (B + L)-violating sphaleron interactions of the
SM at electroweak temperature Tgw = 100 GeV.

In most widely studied framework of “thermal” lepto-
genesis, it is considered that after the Universe enters in the
radiation-dominated era (the beginning of which is marked
by reheating temperature T'ryp), the RHNs can be created by
thermal scattering more specifically via inverse decays and
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2-2 scattering mediated by SM fields. Subsequently, con-
sidering hierarchical RHN masses, the lightest among the
three RHNs (say N; with mass M) starts to contribute to
lepton asymmetry production via its out-of-equilibrium
decay to the SM lepton (/, ) and Higgs (H) doublets
around a temperature 7" < M;. The reheating temperature
obviously satisfies the condition Tgy > M,. The abun-
dance of the RHNs (Yy,) and the produced lepton
asymmetry in a specific flavor direction (A, ) in this
radiation-dominated epoch are connected by the
Boltzmann equations (BE) where, apart from production,
one needs to incorporate all the lepton-number-violating
processes that can potentially erase such asymmetry.

Provided that such decay happens at sufficiently high
temperature (at or above 5 x 10'! GeV), where all the right-
handed charged leptons of different flavors are out of
equilibrium, one can safely use the unflavored approxima-
tion [13-15]. This is because the rate of charged lepton
Yukawa interactions remain weaker compared to that of
RHN Yukawa interactions. On the other hand, if the lepto-
genesis happens at a temperature (7) below 5 x 10'! GeV,
the right-handed tau leptons equilibrate with the thermal
bath and flavor effects [16-24] are inevitable. Once this
tau lepton Yukawa interaction is equilibrated, it tends to
destroy the lepton asymmetry carried by the tau leptons
generated from the decay of RHNs. For the muon and
electron Yukawa interactions, this happens below
10° GeV and 5 x 10* GeV, respectively.

There exists a lower limit on the mass of the RHNs as
M, > 10° GeV (known as Davidson-Ibarra bound [25]) in
order to satisfy the correct baryon asymmetry of the
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Universe via leptogenesis which in turn indicates that
reheating temperature should be higher than this value
for standard thermal leptogenesis. Although it is feasible to
have such a high Ty, there is no such concrete evidence
in support of it too. On the contrary, it can be as low as
few MeV [26-29]. In this context, it is interesting to
investigate the possibility of having reheating temperature
smaller than the mass of the RHNs in view of leptogenesis.
While one such possibility is to have nonthermal lepto-
genesis [30-54], a different possibility opens up where a
noninstantaneous reheating period (extended from Ty,
to Try) can be brought into the picture. It is known that
reheating can actually be a noninstantaneous process
[26,26,55-59] where a maximum temperature Ty, after
inflation can be realized followed by the onset of a
radiation-dominated era indicated by reheating temperature
Try with Ty > Try- In a recent study [60], we have
shown that leptogenesis remains a viable option even if the
decaying RHN mass (lightest and hence responsible for
lepton asymmetry generation) satisfies T,y > M| > Try.

Additionally in [60], we have an important observation
(for the first time) that a prolonged reheating period
modifies the equilibration temperature (ET) of individual
charged lepton Yukawa interactions and hence the study of
leptogenesis, in particular the flavor leptogenesis during
this extended reheating period becomes very rich. Here, the
effective coupling of the inflaton with the SM fermion
fields provides the sole contribution to the radiation
component of the Universe defining the temperature of
the thermal bath. This, in turn, plays a nontrivial role in
controlling the expansion rate of the Universe during the
course of reheating. A not-so-small choice of the effective
coupling leads to a faster expansion of the Universe in the
reheating period which carries the potential to delaying the
era of equilibration of different charged lepton Yukawa
interactions. Once the RHNs are thermally produced from
the bath, and subsequently decay out of equilibrium
(beyond T < M) in the period of this extended reheating,
it is found that the delayed equilibration of the charged
lepton Yukawa interaction can significantly shift the flavor
regimes of the leptogenesis.

In this work, we focus on a more general picture
allowing an additional interaction between the inflaton
and the RHN fields on top of the existing effective coupling
between the inflaton and SM fermion fields, designated
by y4rs coupling, as in [60]. Hence, apart from thermal
scattering, RHNs (N here for simplicity) may also be
produced directly from the decay of the inflaton field. This
new source of RHN production can in principle alter,
depending on the relative strength of the RHN-inflaton
interaction (indicated by y,yy), the individual components
(such as for inflaton, RHNs, and radiation) of energy
density of the Universe during the extended reheating
period. Then, a subsequent effect on the Hubble expansion
not only affects the final reheating temperature but also

modifies the ET of individual charged lepton flavor with
respect to the one observed in [60].

Furthermore, for the lightest RHN mass lies in between
Twmax and Try, We encounter an interesting situation for
leptogenesis here. We have already found that a modified
thermal (flavored) leptogenesis results in this extended
period of reheating due to the absence of radiation domi-
nation as well as shift in the charged lepton ET. This
observation can be visualized as a limiting case of vanishing
inflaton-RHN coupling of the present proposal. In this
general setup, once this inflaton-RHN coupling y,yy is
switched on, injection of the nonthermal RHNs into the
system on top of the thermally generated ones is expected to
enhance the outcome of leptogenesis. However, with not-so-
large inflaton-RHN coupling, the result remains essentially
close to thermal leptogenesis in extended reheating scenario.
However, once y,yy becomes significant enough, say
comparable to or larger than y,.r, the RHNs produced
from inflaton decay along with thermally generated ones
could stay out-of-equilibrium during this reheating period
itself. As a result, these RHNs may effectively decay above
the temperature 7 ~ M and start to produce lepton asym-
metry at 7 > M. Therefore, for such moderate range of
ygnn coupling, we realize a situation which is intermediate
between purely thermal and nonthermal leptogenesis sce-
nario, which we name as quasithermal leptogenesis. Note
that it does not indicate a completely new direction for
leptogenesis, rather it corresponds to a more general and
detailed interplay of thermal and nonthermal contributions of
RHN production toward leptogenesis during an extended
reheating period inclusive of flavor effect (that affects the
thermal and nonthermal contributions differently) in com-
parison to earlier studies [61-63]. It is found that for
sufficiently large y,yy, the presence of accumulated number
density of RHNSs helps relaxing the lower limit of the RHN
mass M, to some extent for which adequate lepton asym-
metry can be produced.

The paper is organized as follows. Below in Sec. II, we
provide a brief overview of the standard thermal lepto-
genesis and importance of flavors while in Sec. III, we
discuss our general setup of quasithermal leptogenesis. We
devote Sec. IV to discuss the outcome of the proposal.
Finally in Sec. V, we conclude.

II. THERMAL LEPTOGENESIS AND EFFECT
OF FLAVOR

A mere extension of the SM by three right-handed
singlet neutrinos (N,_;,3) as suggested by the type-I
seesaw forms the basic setup to discuss leptogenesis, the
Lagrangian of which (in the charged lepton diagonal basis)
is given by

_ - 1—
—Lr, =01, (Y,)HN; +§Nf(MR)iiNi +He., (1)
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where the lepton-number-violating Majorana mass term
for RHNs, Mg, is considered to be diagonal, Mp =
diag(M, M,, M) for simplicity. The neutrino Yukawa
coupling Y, matrix in general contains CP-violating phases.
A Dirac mass term mj = Y,v/v/2 is generated after
spontaneous breaking of electroweak symmetry with
v =246 GeV. In the seesaw limit mp << My, a light
neutrino mass matrix

m, = —mpMz'mp, (2)

results along with three heavy neutrinos. A further diago-
nalization of m, by the PMNS matrix U [64-66] via
U'm,U* = diag (m,, m,, m3), leads to three light neutrino
masses mi:1_2,3.

The same seesaw Lagrangian also provides a natural
explanation of the matter-antimatter asymmetry of the
Universe via leptogenesis [13—15] where the CP-violating
decays of heavy RHNs into SM lepton and Higgs
doublets, N; - ¢; + H, are instrumental. In the early
Universe, provided the temperature (after inflation) was
high enough, these heavy RHNs can be produced from
thermal bath via inverse decay (mediated by the same
neutrino Yukawa interaction) and attain thermal equilib-
rium. Thereafter, as the temperature drops below the
individual mass of a RHN (i.e. T < M;), the decay of
the respective heavy field N; becomes relevant for
generating a CP asymmetry along a particular lepton
flavor () direction parametrized by

(0 I'(N; > ¢, +H)-T(N;, - ¢, +H) )
e, = = —,
‘o S DN = ¢, +H)+T(N; > ¢, +H)

where the denominator corresponds to the total decay rate
of N; at tree level, given by

FN!, :ZF<N’ —)bﬂLa‘i‘H)‘i‘F(Nl—)?La‘FH)

;
_ (YlfYV)ii Mi‘ (4)
87
The out-of-equilibrium condition necessary for lepton
asymmetry production is satisfied when the decay rate
of N; remains smaller than the expansion rate of the
Universe.

A. Unflavored estimate

A nonzero g(f’? would follow due to the interference

between the tree-level and loop-level decay amplitudes.
With hierarchical RHN masses as M| < M, < M3, the
CP asymmetries generated by N, and N3 are however
expected to be washed out by the lepton-number-violating

interactions of N, leaving g(fl) (=ée,, where we omit the

generation index (") henceforth) as the only relevant one for
leptogenesis, given by

_ 1 * T E
e = eI SO 117,008 ()

+Im[(%<Yy>a,<YIYD>,JG(%;f) b 5)

Here F(x) = /X[l + 5+ (1 +x)In(t%)] and G(x) =
1/(1 —x) are the loop functions originated from both
vertex and self-energy corrections to the decay of Nj.
Conventionally the total CP asymmetry is calculated after
having the flavor sum as e, = )", &, which results in a
vanishing contribution to the second term of the rhs of
Eq. (5). However, both the terms remain important for
flavored leptogenesis.

It is shown in [25] that a maximum CP asymmetry,
generated from the N; decay, can be extracted from
Eq. (5) as

| w

M
lec] < U—gl(m3 —my) = ey*~. (6)

oo

T

Such an asymmetry however is washed out partially due to
the lepton-number-violating interactions so as to write
down the final B — L asymmetry including the efficiency
factor x; by

13

7044 )

Ypp=npr/s=-—
where Y, = n,/s represents the number density to entropy
density ratio for x-species. Hence, in case the N respon-
sible for the asymmetry generation was in thermal equi-
librium at the early Universe, the limit on CP asymmetry
as in Eq. (6) leads to an estimate of maximal baryon
asymmetry Y¥® Requirement of Y} > Y3 = 8.718 x
107" [4,67] eventually provides a lower limit on lightest
RHN mass [25,61] as

7.04 8z’ YRT
'0.96 x 1072 3my &,

_6x 10° GeV YyP 005V gy
Tk 8.718 x 1071 my )’

where light neutrino masses are considered to be hierar-
chical and consistent with neutrino oscillation data [65].
An accurate estimate for the final asymmetry or in other
words the efficiency factor k, would however follow if one
solves coupled BEs that correlate the abundance of the
lightest RHN with the lepton number asymmetry produced.
Note that in this case, the reheating temperature
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(considering instantaneous reheating) 7ry should be more
than M, indicating Tgy = 10'° GeV or so.

B. Flavored regime and charged lepton equilibration

In evaluating the final lepton asymmetry above, a flavor
sum is performed. However, it has been found that the
situation can actually be more complicated as soon as
charged lepton Yukawa interactions (Y(,?LuH eg, With eg,
as representative of right-handed electron/muon/tau)
become faster compared to N, — ¢ H interaction [21].
In that case, during the out-of-equilibrium decay process of
the N,, the charged lepton Yukawa interaction for one or
more flavor(s) may enter equilibrium leading to the break-
ing of quantum coherence of the lepton doublet state along
different flavor directions produced from the N; decay
[16,18,19,22,23]. As a result, lepton asymmetry along
individual flavors may start to become distinguishable.
In this case, one needs to look for the evolution of the
individual flavor lepton asymmetries instead of total lepton
number asymmetry by constructing BEs for lepton asym-
metries along individual flavors.

1. Evaluation of equilibration temperature

In order to check whether the charged lepton Yukawa
interaction of a particular flavor « is fast enough at a given
temperature to be in thermal equilibrium, the associated
interaction rate (I',) has to be more than the expansion rate
of the Universe [18]. Since this charged lepton equilibrium
temperature (ET) plays a decisive role in determining
the flavor effect, we elaborate on it in case of thermal
leptogenesis here. In the standard scenario, assuming all
these phenomena are occurring in a radiation-dominated
Universe, the thermally averaged interaction rates of the
SM Higgs doublet decaying to left-handed lepton doublets
and right-handed charged lepton singlets (more specifically
H < ¢ e [68]) can be estimated as [68-70]

3 3
r,) = d’p /(dk

= ] @n)2E, ] (2n)2E,

K f
2% Y (p—k—K 2lr
X/(Zﬂ)32Ek/( ) (p )IM] np’

©)

where p is the 4-momentum of the Higgs while k and k’ are
the 4-momentum of lepton doublet and singlet right-handed
charged lepton, respectively. The thermal distribution of
Higgs f,, and number density n, are taken as

1 _@)r

f,=——+— n, = .
P QBT _1° p 2

(10)

The matrix amplitude squared | M |? for such decay would
be (assuming final state particles have negligible mass)

|IM|? =2Y2kk = Y2M%, a=-e,pu7. (11)

Evaluation of the integrals in Eq. (9) for T > My
yields [68]

Yn
(T) ZWM%/- (12)

Considering the thermal mass of the Higgs to be [71-73]

T :
My = My(T) ﬁz\/&qz +4g +4y7 +84 (13

where g, ¢’ are SM gauge coupling constants and y,, A are
the top Yukawa and the Higgs quartic couplings, respec-
tively, the thermally averaged interaction rate for the decay
processes will become [20] O(5 x 1073)Y2T.

However, thermal corrections for the final state particles
can also be important as they are [71]: my, (T) =
V@BF+HT and m, (T)=1gT for £, and e,
respectively. Though the hierarchy My (T) > m, (T) >
m,, (T) is always maintained for T > Ty, a situation can
be achieved at some high temperature where this Higgs
decay channel may actually be closed with My(T) being
smaller than m, (T) + m,, (T). This happens due to the
decrease of top Yukawa coupling y, with the increase in
temperature [74]. Note that apart from the 1 — 2 decay,
the 2 < 2 scatterings involving the specific Yukawa
interaction Y, (such as XH' = £, eg. ¢, H — Xey etc.
where X = B, W gauge bosons) are also important at high
temperature as their contributions to the interaction rate
falls in the range, (5.19 —4.83) x 1073Y2T [75,76], which
is found to be in the same ballpark of the naive decay
estimate above. Hence, for the purpose of our study, we
consider the interaction rate (I',) associated with the
charged lepton Yukawa Y, to be

(T,) ~5x 1073Y2T. (14)

Comparison between the obtained interaction rates (I';)
with Hubble constant (H = 1.66¢.*T%/M ,, in radiation-
dominated Universe, where M ,; is the Planck mass) will
lead to the ET of right-handed charged lepton singlets.
Figure 1 shows the variation of (I',)/H with respect to
temperature 7' for different lepton flavors: a = e, u, 7.
Note that z Yukawa interaction becomes fast enough

around 7' = T, =5 X 10" GeV (evident from the inter-

section of (I';) /H line in blue with 1) while muon Yukawa
interaction comes to equilibrium at T&”) ~10° GeV as

seen from (I',)/H = 1 point of Fig. 1.
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FIG. 1. Variation of (I',)/H with respect to T in radiation-
dominated phase. Horizontal dashed line denotes (I',)/H =1,
while the vertical dashed lines indicate the ETs of three charged
Yukawa interactions.

2. Effects of flavor and Boltzmann equations

As a result, if a N; decays while staying in out-of-
equilibrium in a temperature range 10° <7 <5 x 10'! GeV,
lepton asymmetry becomes distinguishable along two
orthogonal directions denoted by a = a (specifying a
coherent superposition of e¢ and u lepton flavors) and 7.
Hence contrary to the unflavored case, here we need to study
the evolution of B/3 — L, = A, charges with @« = a and 7.
With a further reduction of the temperature below
T < 10° GeV, the lepton doublets completely loose their
quantum coherence. Hence, at this stage, lepton asymmetry
becomes distinguishable along all three flavor directions e,
u, and z. As a result, evolution of lepton asymmetry along all
three directions becomes relevant to produce final baryon
asymmetry.

Incorporating the flavor effects into account, the evolu-
tion of the abundance of decaying Ns (Yy,) and lepton
asymmetries along individual flavor direction (Y _, )
can be represented by the following sets of flavored
classical BEs (neglecting AL = 1, 2 scattering processes
and subtracting the on-shell contribution from AL = 2
process) [17,18]:

dYy Yy
Hz— M — (M q)y,. 15
sHz— (Yﬁl )yn (15)
dy . Yy
H @ RN
SHZ e {<Y§\?1 )8fa7/D
1 Y
EONICAL AR D

where K9 = W is known as flavor projector [18,22]

and C?, C" matrices connect the asymmetries in lepton and
Higgs sectors to asymmetries in A,, expressed in terms
Of Yag—epr OF Ypq—qr depending on the leptogenesis
scale [18]. Equation (16) can be a set of two (three)
equations if 10° <M, <5x10" GeV (M, < 10° GeV).
Here y, represents the total decay rate density of N;:

T
R (D

YD = n?\‘,]l <FN]>7

where K (z) and K,(z) are the modified Bessel functions.
z=M,/T is a dimensionless quantity, with respect to
which we will look for the evolution of Y. The equilibrium
number density of the N, can be expressed as

M3
i, = 5 Kal). (18)
where ¢ is the number of degrees of freedom of N;.

To study the evolutions numerically, we need to provide
inputs for the neutrino Yukawa coupling Y, matrix the
structure of which can be extracted using Casas-Ibarra (CI)
parametrization [77] as

V2
YD——ITUD\/%RDW, (19)

where U is the Pontecorvo-Maki-Nakagawa-Sakat (PMNS)
matrix [66] which connects the flavor basis with mass basis
for light neutrinos. D s; = diag(\/my, \/n;, \/m3) is the
diagonal matrix containing the square root of light neutrino
mass and similarly D ;; = diag(\/M;, /M,,/M5) rep-
resents the diagonal matrix for RHN masses. R is an
orthogonal matrix satisfying RTR = 1.

Figure 2 depicts a scenario where evolution of 7 and a
lepton flavor become essential as the mass of the lightest
RHN is chosen to be M; = 5 x 10° GeV. While construct-
ing the Y, for this case, we consider a typical hierarchy
among the RHNs as M3 = 100M,, M, = 100M; along
with using the best fit values of solar and atmospheric
mass-squared differences (considering m; = 0) and mixing
angles, and CP-violating phase 6 to define U via Eq. (19).
For such a set of hierarchical RHNs, R can be considered to
have the following structure:

0 cos@p sinfg
R=|0 —sinf; cosby |, (20)
1 0 0

where 6 can be, in general, a complex angle, chosen to be
Or = 2.83 + 0.24i for this case so as to realize the final
asymmetry to be consistent with the correct baryon
asymmetry of the Universe. As can be seen from Fig. 2,
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M;=5x10° GeV, 0 =2.83 + 0.24 i

0.001}
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107 e
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10-1
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10—15 1
0.05 50

FIG. 2. Evolution of various comoving number densities with
respect to z for My = 5 x 10° GeV. Horizontal black dashed line
indicates the observed baryon asymmetry Y3

starting from a symmetric Universe, lepton asymmetries
along a and 7 direction (blue dot and red dashed lines)
start to grow due to out-of-equilibrium decay of lightest
RHN (the corresponding abundance of N, is indicated by
solid blue line) and saturates around z ~ 2. Similar behavior
can be seen for the number density of baryon asymmetry
(magenta line) as well. Because of the sphaleron processes,
produced lepton asymmetries get converted to baryon
asymmetry via the relation Yz =28/79) Y, .
Eventually with large value of z, this baryon asymmetry
saturates to experimentally observed baryon asymmetry:
Y5P = (8.718 £0.012) x 107! [4,67] (dictated by black
dashed lines of Fig. 2). The discussion in this section
embarks on the importance of flavor aspects in thermal
leptogenesis which is now being explored in the context of
noninstantaneous reheating period in this work. Before
that, we discuss the nonthermal leptogenesis in brief.

III. RHNs PRODUCED FROM INFLATON DECAY

We may now turn our attention to a situation where the
RHNs are being produced from inflaton (¢) decay. In case
the inflaton decays solely to N s having decay width 'y,
the radiation component of the Universe arises as a result of
further decay of those RHNs (with decay width I'y,) into
SM lepton and Higgs doublets which thermalize rapidly.
With 'y < Ty, the reheating temperature assuming
instantaneous reheating1 is governed by the condition
I’y =H, given by

45 \1/4
TRH - \/F¢Mp1, (21)

4rg,

'Here contribution from preheating [78—80] is not taken into
account.

where g, represents the effective number of relativistic
degrees of freedom in the SM. In this case, as Try < M|,
the N;s would decay immediately after being produced
from inflaton.

The decay of such nonthermally produced N, also
generates a lepton asymmetry which can be converted to
baryon asymmetry (provided Try > 100 GeV), expressed
as [30,34,43]

28 ng_r B 28 f’lN] 283 TRH

Y, = — — o
B= 779 g 7957

Here we assume ¢ decays to N only. Also, washout by the
lepton-number-violating process turns out to be insignifi-
cant. The additional suppression factor, proportional to
Tru/my is related to the ratio of the number density of
produced N; and entropy s and follows from the equality
py =pr at T =Tgy. Note that, due to the condition
M, > Try, the inverse decay process ¢ + H — N; can
not take place and, consequently, the loss of flavor
coherence is not expected to occur. However, the situation
alters once we consider an extended period of reheating as
we plan to discuss next.

IV. FLAVOR EFFECT DURING
REHEATING PERIOD

As previously discussed, a thermal leptogenesis scenario
with N, mass M, <5x 10'! GeV experiences flavor
effects since the charged lepton Yukawa interactions start
to enter equilibrium below this temperature. An estimate of
such ETs for different flavors is provided in Fig. 1. Note
that the ETs of these Yukawa interactions (associated with
different flavors of right-handed charged leptons) are
calculated assuming that the Universe is already in a
radiation-domination era followed by an instantaneous
reheating after inflation. Obviously, such consideration
leads to Try > M indicating the presence of high reheat-
ing temperature. Now, it is also known that the reheating
might not be an instantaneous process [26,55,58,59].
On top of that, the reheating temperature can be low
enough (though larger than few MeV from Big Bang
Nucleosynthesis (BBN) limit [26-29]).

The era of reheating begins when after inflation, the
inflaton field ¢ starts to decay. Neglecting the possibility
via preheating [78—80], as this field ¢ starts to decay to the
lighter SM degrees of freedoms, the thermalization of
these light decay products helps the Universe to attain a
maximum temperature Ty,,. Subsequently, the temper-
ature of the Universe falls at a rate much slower than the
standard scaling T ~ a~' (a is the Friedmann-Robertson-
Walker scale factor). This continues until a point (defining
Try) where the radiation component becomes the domi-
nating one in the Universe. This nontrivial behavior of
the temperature as a function of scale factor a results due
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to the faster expansion rate compared to the standard
scenario (quantified by Hubble H) during the lifetime of
the inflaton.

As a result of this modified H, a change in the behavior
of (I',)/H is also expected in the period in between Ty,
and T'ry, compared to the standard scenario represented in
Sec. II as estimated in [60] by the present authors. This
prolonged reheating was dictated by the size of the effective
coupling of the inflaton with SM fields. This would be
particularly prominent provided Try falls below T&T) and

T\1ax Maintains a relation Ty, > T(’;(e>. In fact, as a result

of such a delayed entry (due to the modified H for
Tyax > T > Try) of the charged lepton Yukawa inter-
actions into the equilibrium, a shift of the flavor regime(s)
of leptogenesis compared to the standard scenario is
expected in this case of extended reheating period.

If the lepton asymmetry is generated from the out-of-
equilibrium decay of the lightest RHN, then, depending on
the scale of leptogenesis, three possibilities can be realized
in presence of this extended reheating: (A) M; < Tgry,
B) Tyax > M| > Try, and (C) M, > Ty, Case
(A) corresponds to the standard thermal leptogenesis as
by the time the decay of M, becomes effective for lepto-
genesis, the Universe is already in a radiation-dominated
era, so the effect of this extended period of reheating does
not carry any additional impact here. On the other hand,
with case (C), N;s can never be produced thermally. They
can only be produced nonthermally from the decay of
some heavy particle (provided that coupling exists), like
inflaton resembling the case of purely nonthermal lepto-
genesis as discussed in Sec. III where the effect of flavor
does not play any vital role.

The case (B) is however the most interesting one. In [60],
it was shown that the lightest RHN can be produced from
the thermal bath during Ty, > T Z M; while it decays
thereafter (7' < M) into SM lepton and Higgs doublets,
hence generating the lepton asymmetry. Now, during this
extended period of reheating, the shift in the ET of right-
handed charged leptons affects the lepton asymmetry
production. For example, we have shown [60] that with
an effective coupling of inflaton to SM fermions (y, ;) of
order 107, the ET of 7y reduces by almost an order of
magnitude compared to the standard case. Such inflaton-
SM fermion coupling also sets® Ty ~7 x 10! GeV
while Try becomes 4 x 10'° GeV. Consequently, N;s of
mass M, ~ 10'"" GeV can be produced thermally during
reheating (as Ty, ~ 7 X 10" GeV) while it decays around

Note that there exists another parameter 4, involved in the
inflation potential, which also takes part in determining these
Tyax and Try values. However A is fixed so as to have correct
prediction for the normalization of Cosmic Microwave Back-
ground (CMB) anisotropies. The present analysis is also based on
the same inflationary potential considered in [60] as we elaborate
upon soon.

T < M,. The shift in the ET renders the corresponding
leptogenesis as an unflavored case which otherwise falls in
the ballpark of flavored leptogenesis (two flavor regime).

Motivated by the above result, in this work, we further
consider an intriguing extension [in the context of case
(B) itself] where in addition to the inflaton-SM fermion
effective coupling (y,ss) there exists a direct coupling
(ygnn) between the inflaton and N s. Introduction of such a
coupling not only induces N;s in the system from the decay
of the inflaton (in addition to the thermally generated N),
but also opens up the possibility of modifying the Hubble
further, hence affecting Ty as well as the ET depending on
its relative coupling strength compared to inflaton-SM
fermion coupling.

Hence, with a nonzero branching of the inflaton to Ny in
addition to the inflaton-SM fermion one, we expect to have
N, production from inflaton decay as well as thermal
production of it via inverse decay for a temperature range
Tyax > T 2 M. These Nis however find themselves out
of equilibrium as the Hubble H at this temperature regime
remains large enough (¢ dominates). Therefore, Ns would
decay and may contribute to lepton asymmetry generation
even at temperatures above M unless it has been washed
out by inverse decay. In case py, dominates over py, the
washout by inverse decay turns out to be weak so as not to
erase the asymmetry. This particular era of leptogenesis
turns out to be somewhat different from a purely thermal or
nonthermal one since the lepton asymmetry here is gen-
erated from the decay of both the thermally produced N;s
and those produced from inflaton decays in this regime.
We call it as quasithermal leptogenesis. Additionally for
temperatures below T ~ M|, leptogenesis proceeds in the
usual way. However, with a significantly dominant cou-
pling of y,yy over y, ¢, Nys can even be produced beyond
T = M, point. In this case (I' < M), such nonthermally
produced Ns would instantaneously decay and contribute
to lepton asymmetry production similar to the usual non-
thermal leptogenesis scenario.

Following the above discussion, we now construct the
relevant Lagrangian (apart from the SM one) as given by

—L =Yy f + yonn®NSN| + V(9), (23)

in addition to the Type-I seesaw Lagrangian of Eq. (1). Here,
Ygsr is only an effective coupling and f(f) are the SM
fermions. For simplicity, we only keep the coupling of
inflaton with the lightest Ns. Here, V(¢) corresponds to the
scalar potential of inflaton ¢ describing the postinflationary
epoch during which the inflaton field oscillates about the
minimum (origin), relevant for realizing reheating. We have

taken a power-law form for V(¢) about the minima [58] as

"
Mt

V(g) =2 (24)

035029-7



DATTA, ROSHAN, and SIL

PHYS. REV. D 108, 035029 (2023)

where Mp is the reduced Planck mass. The magnitude of
the coupling 4 can be estimated from the CMB observables
such as spectral index and tensor-to-scalar ratio and
depends on the order of the polynomial n. Origin of
such choice of potential near minimum (¢ = 0) can be
traced back to T-attractor models of inflation in no-scale
supergravity [81,82],

Vint(§) = AM% {f6 tanh( ﬁfm) } " (25)

such that the V(¢) of Eq. (24) follows after expanding
the above V() about the origin (¢p < Mp) to the
leading order.

After the end of the inflation, the inflaton starts to
perform damped oscillations about the minima of the
potential and eventually decays to the SM fermion-
antifermion pair as well as to N; following Eq. (23).
Here we ignore any potential contribution that may come
from preheating [33,80]. Consequently, the energy density
of the inflaton field p, satisfies the equation:

dt

2n
" (n n 2) Hpy = —(Lypsr +Tonn)py- (26)

Here the term proportional to H indicates the dilution of
energy density due to the expansion of the Universe while
the term on the right-hand side of the BE represents the
dilution (hence comes with a negative sign) of the energy
density of the ¢ as a result of its decay to N; and SM
fermion/antifermions. In the right-hand side, I'y;s and
[ynn represent the decay widths of inflaton to SM fermions
and N;s, respectively, and are expressed as

2
YNN

Virs

Lorr =, Mo

At this place, it is pertinent to discuss on the inflaton
mass m,. In such setups, the effective inflaton mass m,
(= [03V(¢)]"/* at minimum) of the oscillating inflaton field
¢(1) becomes a function of the inflaton field itself, since

GV (p) = an(n = 1)g" M3 (28)

For n = 2, a definite mass is associated with the inflaton
and a perturbative decay of the inflaton happens naturally
via the y,r and yyyy interactions. We restrict ourselves
with n = 2 in this work. However, for n > 2, though the
inflaton is apparently massless at origin, a condensate of the
oscillating inflaton seems plausible [58,83] for which a
time-dependent effective mass of the oscillating inflaton
can be associated, as

2(4-n) , n=2

my =n(n—1)Mp" Zipj (29)

where p, is the energy density of the inflaton field ¢. This
is obtained after taking average of the equation of motion of
the ¢(¢) field over one complete oscillation under envelope
approximation,” as suggested in [58,84].

The produced fermion-antifermion pairs would interact
quickly among themselves to produce other SM particles
and rapidly thermalizes producing the radiation energy
density component pg. At this stage, we can define the
temperature of the Universe via

30 1/4
T = [ > R} . (30)
g,

On the other hand, the N;s produced from the inflaton
decay further decays to the SM particles which will
eventually contribute to pp too. Additionally, as per our
consideration in case (B), the thermal bath can also produce
back N, particularly for the temperature of the Universe
Tyiax > T 2 M. The BEs for py, and pg can therefore be
written as

dpy,

d[ + 3Hle

= —(pn, —Pzex;ll)<rzvl> +Tynnpy,  (31)

dpr

T 4Hpr = (pn, = PN )(Cn,) + Coprppe (32)
In all the BEs above, H represents the Hubble expansion
rate to be written as

_ Pyt PN PR

H2
3M3

, (33)

since in this epoch Ty, > T > Ty, the energy density of
the Universe comprises the components py, py,, and pg.

The p?\?l is the equilibrium energy density of N as given by

w  MIEKy(2) +1K(2)]
e (34)

where K, K,, and z have already been defined while
explaining Eq. (17). The presence of this term in the above
BEs is related to the existence of the inverse decay from
radiation bath to produce N ;. Equations (26), and (31)—(32)
therefore together represent the most general set of equa-
tions to study the scenario under consideration.

After discussing the N production and the related BEs
to study the respective components of the energy densities
of the Universe, we now turn our attention to construct the
BEs relevant for leptogenesis. As discussed earlier, being

3The envelope approximation can be stated as ¢ (1) = ¢ (£).A(7).
Here ¢y(t) describes the envelope-function representative of
redshift and decay in a longer time scale while A stands for
oscillatory behavior (within the envelope) of it at short time scale
such that p,, = V(o) (for more details, see Refs. [58,83,84]).
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Majorana particle, the decay of the lightest RHN N; is a
lepton-number-violating one and can produce CP asym-
metry, which will eventually generate lepton asymmetry of
the Universe. In order to take care effects of charged lepton
Yukawa equilibration of different flavors, the following
classical flavored BE can be constructed:

()15 o

Z 5+ CH)

The equation remains identical to the one of Eq. (16) except
the fact that H now comprises all the contributions from
inflaton, N;s, and radiation energy densities in line with
Eq. (33). This will certainly influence the lepton asymmetry
production differently compared to the scenario discussed
in Sec. II. The first term (within the first parenthesis) on the
right-hand side of Eq. (35) represents the production of
lepton asymmetry from the decay of lightest RHN N while
the remaining terms denote the washout of the produced
asymmetry along individual lepton directions due to the
inverse decay of the N;. Apart from the flavored setup, a
situation may arise where flavor effects are not that
important in discussing leptogenesis. In that case, an
unflavored scenario exhibits where the evolution of the
B — L asymmetry is governed by the single BE given by

1
—py )+ 5 K5

dl’lA
z + 3HVIAH = 2

dt

ny
eq nA/; (35)
ne

€q

dng_p & ny
E(le —P;?I)+ielan—L .
¢

dt

+3Hnp_p =—(y,)
(36)

Solving Egs. (26), (31), (32), and (35) or (36), simulta-
neously, will lead to the evolution of energy density of
relevant elements of the Universe and produced lepton
asymmetry from the time of the end of inflaton until today.
However, while solving these BEs, it is convenient to use
new variables [26,43] for which we use the following
transformations:

R = pra®,

E¢:p¢a3’ Ey, :pN1a3’

NB—L = I’lB_LCl3, NAa = nAaa3. (37)
Moreover, it is convenient to write the BEs as functions
of the scale factor (a) rather than time (7). More precisely,
we use the ratio of the scale factor to its value at the end
of inflation,

A=1

(38)

Aend

Using the newly introduced dimensionless variables, BEs
in Eq. (26), (31), (32), (35), and (36) will look like

(Tyrr +Tynn)Ey
AH ’

dE 2 E
¢ _ Ly _
dA _3<n—|—2> A (39)

Ty
—:—(ENI—E;?I)—FM, (40)

dA H H
dENl r NNE <FN|> e
dA ¢AH t- ar B = Ew). o (41)
dNs,  (Tw) [er, R B
dA —  AH M, (Ev, —Ey,) +35Ka
eq
X Z(Ca,j + Cﬂ NM] : (42)
dNg_ (Tn,) [ & qu
et = =S [T )+ N @)

Finally, the produced lepton asymmetry can be converted to
baryon asymmetry using the relation:

28 1 28 1
Yo =59 54381 =79 A3Z Bat (44)
V. RESULTS

We now employ the set of BEs Egs. (39)—(41) simulta-
neously in order to estimate the individual components of
energy densities such as py,pg, and py, which are con-
nected to Ey, Eg, and Ey,, respectively, via Eq. (37). By
knowing pp as a function of the scale factor a or the
rescaled one A, the temperature can be defined by Eq. (30).
Then, using Eq. (33), we estimate the shift of the ET if any
from their standard estimate (see Fig. 1) by comparing the
interaction rate of charged lepton Yukawa interaction of
individual flavor (I',) with H. Afterward, depending on
the shift of ET of individual flavor, we proceed for
evaluating the flavored (unflavored) B — L asymmetries
by solving Eq. (42) [Eq. (43)] where we also feed the
solutions of other Egs. (39)—(41).

In order to evaluate the BAU today following the above
strategy, we notice that the mechanism is controlled by the
following independent parameters: (i) y,/; (inflaton-SM
fermion effective coupling), (i) y,yy (inflaton-RHN cou-
pling), (iii) M, (the lightest RHN mass), and (iv)
{Re[Og],Im[0]} (constituents of R matrix to estimate
Y,). We will maintain a typical hierarchy of RHN masses
as My = 10°M, = 10*M, . Furthermore, the dynamics also
depend on the input parameters from the inflaton potential:
{n,2}. As stated earlier, we consider n =2 in V(¢) of
Eq. (24) and, correspondingly, the value of 1 = 2 x 107! is
determined such that the inflationary observables like
spectral index and tensor-to-scalar ratio are found to be
within 95% C.L. of the Planck+BICEP2/Keck constraints.
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M =6 x 10" GeV, yonn =0, yorr =4 x 1077

M =6 x 10" GeV, yonvn =0, yors =4 x 107°

My =6 x 10" GeV, yoxn =0, yorr =4 x 107°
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FIG. 3. Evolution of temperature 7 (left panel) and various energy densities (right panel) with respect to rescaled scale factor for

M, = 6 x 10' GeV and ygyny = 0. In the middle plot we show the dependence of (I',) /H on T for the same choice of M; and y,yy.

For a more detailed discussion, see the Appendix and
Refs. [28,29,58,85]. Like the previous study [60], here also
we confine ourselves by choosing y,r S O(1075-107%)
[58,86] as, above this value, nonperturbative production of
fermions from inflaton decay may start to dominate. As a
result, perturbative prescription for particle production
would be invalid.

In the absence of inflaton-RHN coupling: Note that the
present scenario differs from the previous one due to the
inclusion of y,yy coupling in this work. Hence, a choice of
the parameter y,yy = 0 should reproduce the outcome of
our previous work. We therefore start studying the phe-
nomenology by choosing y,yy = 0 (case I) first and then
turning on y,yy gradually to a value comparable t0 y,rf.
We choose y,rr = 4 X 107 so as to be consistent with the
perturbative limit on it. The left plot of Fig. 3 shows the
variation of temperature (along y axis) with the para-
metrized scale factor A (along x axis) where we use the
solution for the radiation energy density of Eq. (40)
(ignoring the first term in the right-hand side as
ygnn = 0) coupled with Eq. (39) and put it back in
Eq. (30). After inflation, the temperature of the Universe
then attains a maximum value ~Typ,, = 4.45 x 10> GeV
and thereafter falls (having a different slope compared to
the radiation-dominated epoch) to a point where p, = pg
is reached which defined the end of reheating as
TRH =1.67 x 1010 GeV.

Due to such faster expansion and nontrivial scale factor
dependence of temperature during this extended reheating
period Ty, > T > Try, the charged lepton Yukawa inter-
action (particularly for 7y in this case) will come to thermal
equilibrium at a smaller temperature than the standard
radiation-dominated case. To provide a concrete evaluation
of the same, we include middle plot of Fig. 3 where (I',,) /H
evolution (@ = e, u, v with blue, green, and red lines,
respectively) are plotted against temperature 7 variation.
This shift in 7p ET is depicted clearly by the intersection
point of the blue line and the horizontal dashed line

indicating (I';)/H =1 in middle plot of Fig. 3. The
relevant ET in this extended period of reheating turns
out to be 77 = 4.7 x 10'° GeV and is included in Table I
along with values of other parameters. The reheating
temperature being bounded by ~O(10'°) GeV, no change
in up or 7z ET has been found as expected.

With such a shift in the ET of 7z in this particular
case (first row of Table I), flavor leptogenesis would
get affected. In order to have an impact of it on
flavor leptogenesis, we choose a value of N; mass M; =
6 x 10'° GeV which falls intermediate between the asso-
ciated Ty, and Try. First we estimate the evolution of
various energy densities py, pg,py, in this scenario
against A by solving Egs. (39)-(41), simultaneously, as
shown in the rightmost plot of Fig. 3, indicated by red,
blue, and green solid lines, respectively. In evaluating Y,
we consider Re[0g] = 6.03, Im[0g] = 0.22 (the reason
behind such a choice is to have correct BAU finally).
Note that in the absence of y,yy coupling, N;s are
thermally generated during Ty, > 7 > M; from the
thermal bath consisting of SM fields, thanks to radiation
production from inflaton decay via y,¢r. As the Universe
expands, the radiation energy density is being diluted
nontrivially until an equality with inflaton energy density
defining Try (intersection of blue and red lines). Standard
radiation domination follows only beyond this point.

TABLE 1. Values of Tgry, T;, and final BAU Y for different
choices of ygyy. Here we have fixed y,p =4 x 1073 and

M, =6x10'0 GeV. Ty = 4.45 x 10'2 GeV is found to be
constant for all four cases.

Case YoNN TRH (GeV) T: (GCV) YB

I 0 1.67 x 1019 47x 101 872 x 107!
I 1077 1.67x 1019 47x100 872 x 10!
I 105 1.72x 1010 48 %100 352 x 10710
v 4x107°  237x10'0 5x 1019 429 x 10710
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FIG. 4. Evolution of energy density of N; (upper panel) and
produced baryon asymmetry (lower panel) with respect to
rescaled scale factor for different values of y,yy for M, =
6 x 10" GeV and y,;p =4 x 107,

These N;s would effectively decay around 7'~ M; and
produce the lepton asymmetry via leptogenesis. The N,
being thermally produced, this scenario is similar to the
standard flavored thermal leptogenesis scenario, though
impacted by the shift in 75 as seen above. We find
M, > T%; all the charged lepton Yukawa interactions
remain out of equilibrium in this phase. As a consequence,
an unflavored leptogenesis prevails here in case of extended
period of reheating. This is the main difference we

M; =06 x 100 GeV, Yoff = 4x107°

1060 \ yonn = 1077 GeV,
1050 == J
1040 % ]
30 |
o 10
QU 1020 LT P J
1010 =™ PN,
10°F == P
1070 — pg
0—20

10° 102 10* 105 10% 10% 1012 10
A= a/aenq

experience while comparing it with standard flavored
thermal leptogenesis scenario in which with leptogenesis
scale T ~ My, = lepton Yukawa interaction occurs rapidly
(as it is already in equilibrium, see Sec. II) following which
a two-flavor setup must be incorporated (compared to the
unflavored one in present case). The corresponding evo-
lution of lepton asymmetry is shown by a black line in
the bottom portion of Fig. 4 as a function of the modified
scale factor A which saturates to a lepton asymmetry value
that eventually converts to the observed BAU value. To
make the correspondence between py, and the production
of Yp_;, we also incorporate the py, evolution in the top
portion of the figure.

In the presence of inflaton-RHN coupling: We now turn
on inflaton-RHN coupling and observe its impact on the
charged lepton Yukawa equilibration and consequently on
the produced baryon asymmetry during reheating era. Let
us begin with a sufficiently small y,yy = 1077 (tabulated
in Table I as case IT) as compared to y, s chosen. As shown
in Fig. 5, switching on y,yy causes the inflaton to produce
a large number of N;s (indicated by green line) initially.
This can be understood if we compare the py, evolution
(green line in Fig. 5) above temperature 7 = M (indicated
by the vertical black small dashed line) in this case versus
the case with solely thermally produced N;s (see Fig. 3).
However, as the temperature drops, the production of N,
from inflaton decay does not keep up with the Universe’s
expansion rate due to its feeble coupling chosen. As a
result, the energy density of these N;s (as decay products of
inflaton) gets diluted and at some stage the production of
Ns from the inverse decay dominates over it. This is
evident in the left plot of Fig. 5 by the sudden change
of slope of py, just before T = M, which coincides with
the energy density of thermally produced N;s of Fig. 3.

M; =6 x 1040 GeV, Yoff = 4x107°

1060 n YpNN = 10_5 GeV/|
1050 \

1040 L |
30 | |
. 10
QU 1020 L pd)
1090 H— pm ]
100 H == Py, 1
10—10 - — PR |
—20

10° 102 10* 105 10% 10% 1012 10
A =a/aenq

FIG. 5. Evolution of different energy densities with respect to rescaled scale factor for y,yy = 1077 (left panel) and VoNN = 1073
(right panel). Here we set M; = 6 x 10'° GeV and y,q; = 4 x 107°.
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This continues until a point beyond which N, decay starts
to contribute to lepton asymmetry production.

We also notice that due to the dominant decay of ¢ into
SM fermions, the py and pg (mainly contributed from y ¢
coupling) do not alter by a noticeable amount and hence H
remains essentially unchanged compared to the previous
case with y,yy = 0. As a result, together with Ty, and
Try, the 7p ET T remains identical with the thermal case
(see second row of Table I). Hence the present situation
falls in the category of unflavored leptogenesis. The
evolution of the B — L asymmetry for y,yy = 1077 sce-
nario is presented by the red dash-dotted line in the bottom
plot of Fig. 4 which overlaps with the y,yy = 0 case (solid
black line), thereby satisfying the observed baryon asym-
metry of the Universe.

As we further increase the strength of the inflaton-N,
coupling, i.e. y,yvy = 107 (as case III of Table I while
keeping other parameters fixed at their previous values), a
change in py, becomes visible. The right plot of Fig. 5
shows the behavior of the energy densities of different
components of the Universe in this case. Note that contrary
to cases I and II, dominant contribution to py, here follows
from the N;s being decay products of inflaton as it
supersedes the thermally produced ones from inverse
decay. The radiation component (blue line) however still
remains dominant compared to py (green line). Note that
T\pax remains unaffected as it is mainly controlled by y,
coupling (fixed for cases I-IV) responsible for initial
radiation production. However a small shift in the Ty,
as compared to cases I and II, is observed and indicated in
Table 1. This happens as a result of higher y,yy coupling
which causes the inflaton to decay earlier than cases I and II
so that p, = pg defining the Ty is realized at a slightly
higher temperature. Due to the dominance of pp (almost
unchanged compared in cases I and II) over py,, the
temperature evolution above M, remains close to the
two earlier cases. For the same reason, H is also almost
unaffected and this is reflected in the evaluation of 7' (only
a slight change) as included in Table 1. As previously
discussed, here, also, even though we have a slightly higher
value of T’ than the previous cases, the leptogenesis scale
however remains larger with respect to 7. Hence, an
unflavored prescription is still adequate for estimating the
lepton asymmetry.

The evolution of produced lepton asymmetry in this
case III is shown by the blue dash-dotted line in the bottom
panel of Fig. 4. As seen in this plot, the lepton asymmetry
starts to being produced at a stage above temperature
T ~ M. This is related to the fact that Ns produced during
this era of reheating find themselves in out of equilibrium
(H is larger than decay width of N) and would decay.
Additionally, py, being comparable to pg, the inverse decay
process (related with neutrino Yukawa coupling) remains
subdominant compared to the N decay. As a result, lepton

asymmetry (still unflavored though) produced from such
decay of N; would not be washed out completely and a
nonzero asymmetry survives. The amount of asymmetry
production increases until a point where py, ceases to exist.
Beyond it, Yp_; falls to some extent, before attaining its
asymptotic value which is larger than the value of the lepton
asymmetry necessary for the production of observed BAU,
as the produced asymmetry gets diluted due to the increase
of entropy (N, decay produces a sizeable pyp and, hence,
entropy) in the Universe. Note that this phase of lepto-
genesis is different from thermal leptogenesis scenario as
N,s are never in thermal equilibrium. On the other hand,
this is not purely the case of nonthermal leptogenesis which
happens with N, as the decay product of inflaton, finding
itself in an environment with 7 <« M, (so thermal gen-
eration is ruled out), so, here, with case (B), we find a
nonstandard generation of lepton asymmetry as a conse-
quence of extended reheating where the inflaton has a
sizeable coupling with the lightest RHN. As discussed in
the beginning of section, we call it a quasithermal lepto-
genesis as it is neither the case of a purely thermal nor that
of nonthermal leptogenesis. The value of Y5 can be brought
down to the correct BAU by decreasing Im[fg] = 0.031,
while all other parameters/outcomes are unaffected.

Finally, the above discussed effect becomes prominent
if we choose to increase the y,yy coupling further, say,
YgNN = Vg @s included in case IV of Table I. In this case,
we obtain py, = pg. As radiation and N;s contribute
equally to the energy density of the Universe during the
reheating period, the expansion rate of the Universe gets
modified in this scenario, affecting the Tgy; as well as T';. In
this case, we get a larger Try as inflaton decays earlier than
the previous case owing to the larger y,yy coupling. The
related numerical estimates for this case IV are listed in the
fourth row of Table I. In this case also, a larger baryon
asymmetry of the Universe is created which can be settled
to the observed Yjp value without altering any other
parameter/predicted values once we reduce the value
to Im[fg] = 0.02.

In Table I, we have listed a few specific values of y yy
coupling to describe the impact of reheating on lepto-
genesis. In Fig. 6, we provide the estimate of final baryon
asymmetry (via unflavored leptogenesis) once the Yukawa
coupling y,yy is varied (yyny < ygrr)- As already found in
cases I-III, with tiny y,yy coupling (yyyy < 107%), the
final baryon asymmetry Y5 almost remains independent of
ygnn- Thereafter, a rise in ¥ can be seen due to the fact
that the production of RHN N, from the inflaton decay
also becomes significant. This additional production
channel causes a significant rise in the N,’s abundance
pn, which further leads to a larger production of lepton
asymmetry (also the baryon asymmetry). This behavior is
also clear from Fig. 4. A peak in Y is observed when
yonn =2 x 1073 after which Y is reduced once the y vy
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M, =6 x 1010 GeV, Yorf =4 % 107°
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FIG. 6. Variation of final baryon asymmetry Y with respect to
yonn for My =6 x10'° GeV and y,,; =4 x 107>, The points
indicated by “star” represent the cases II-IV from Table I.

is further increased. This fall can be understood by
looking at the third term of Eq. (43) where one notes
that a larger production of asymmetry also results in a
larger washout of the asymmetry.

With dominant inflaton-RHN coupling: So far in the
discussion we have, we find that the gradual increase of
Ygnn coupling not only affects the temperature behavior
and expansion rate of the Universe during reheating period
but also impacts the lepton asymmetry production in this
quasithermal regime. However we have restricted ourselves
with values of couplings associated with the inflaton below
O(1075-107%) so as to keep the analysis consistent with
perturbative reheating era [58,86]. Alongside, we take y ¢/
at a borderline value 4 x 10™ and hence we are unable to
make y,yy larger than y, ., by order(s) of magnitude and
discuss the impact of such consideration. Also, with such
choice of y, ¢, the reheating temperature turns out to be
high enough so as to keep M accordingly large (to realize
scenario [B]).

With an aim to observe the consequence of y vy > yyrr
while keeping things more flexible such as lowering the
scale of leptogenesis impacted by the extended period
of reheating, we now consider three specific situations:
(1) M, is close to Tgxy [BP1], (i) M, is intermediate
between Ty, and Try [BP2], and (iii) M is close to Ty
[BP3] where the mass of the lightest RHN is fixed

at M, =5 x 10° GeV, while Yorr and ygyy are floated
to realize such considerations. We choose the values of
Re[0z] = 2.83 and Im[f] = 0.24 used in thermal flavored
leptogenesis scenario (in two flavor regime) of Sec. II
(see Fig. 2) the result of which is consistent with correct
BAU. The purpose of such a choice is to compare the
outcome of the extended period of reheating on final
baryon asymmetry generation with y,yy > g5y

Note that as inflaton-SM fermion coupling essentially
defines the Ty while y,yy has some role to play in
determining Ty, we first make some appropriate choices
of these two parameters in defining the three benchmark
cases BP-1,2,3. They are listed in Table II. For all these
sets, ygvy remains one order of magnitude larger than y, .,
coupling. In evaluating the temperature evolution during
the reheating, we solve Egs. (39)—(41) as a function of the
rescaled scale factor A simultaneously and, using Eq. (30),
temperature is evaluated. Bottom panels of all three plots of
Fig. 7 represent the temperature variation with A and upper
panels depict the same for energy densities of different
components.

As seen from the plots, immediately after the end of
inflation, the temperature reaches a maximum value T'yy,y.
Then it starts to decrease in accordance with our previous
discussion (in Sec. IV) due to faster expansion of the
Universe during this period of extended reheating.
However, an interesting departure of 7 from this fall is
observed around 7 ~ M. This is related to the emergence
of a new production channel, producing radiation from N,
decay as a result of y;yy dominance. An interplay between
such additional injections of radiation in the bath (which
tries to increase pp) and the depletion of p due to Hubble
expansion, a plateaulike region is formed in 7 evolution
plot. This period however does not last long as eventually
Hubble expansion rate overtakes this radiation production
rate from N, decay (py, decreases sharply beyond a point).
Eventually, radiation dominates over matter beyond Try
and temperature of the Universe drops as A~'. In the upper
panels of Fig. 7, we note that due to choice(s) of smaller
coupling(s) y4 s (Vgnn) in going from BP1 to BP3, inflaton
takes larger time to decay for BP3 (BP2) compared to BP1.
As a result, matter radiation equality shifts at a later epoch
resulting in lower reheating temperature for BP3 (BP2)
relative to BP1.

This nontrivial behavior of temperature along with the
larger expansion rate of the Universe during reheating

TABLEII.  We list three benchmark points (BP) where the leptogenesis scale falls in between Ty, and Try. While BP1 represents the
case where M is closer to Ty, BP2 represents an intermediate scenario, and BP3 indicates a scenario where M lies closer to Tyguy.-
BP1 106 1077 2.23 x 10! 5% 10° 4.2 x 108 2 x 10° 7 x 108 5.67 x 10~
BP2 5% 1077 5x 1078 1.6 x 10! 5% 10° 2.1 x 108 1.5 x 10° 4x108 3.60 x 10~
BP3 1077 1078 7.04 x 10'° 5x10° 4.2 x 107 6 x 108 1.3 x 108 7.28 x 10710

035029-13



DATTA, ROSHAN, and SIL

PHYS. REV. D 108, 035029 (2023)

M, =5 x 10° GeV., [BP3]

M; =5 x 10° GeV, [BP2)]

M, =5 x 10° GeV, [BP1] i
] 10% F -~. 10% F=~
10Y premim - ol T=-s
. == 10 [mmmao s o s
1039 - = =ryew 106 [ SESses=salioal
5 oF - , STaso
&goul _ o B ) A e
1&9‘; PN, '! 19; N ~J
1 :153 PR ‘.' 1100,1:) L = PR
o8 m— i 10,8
- 01_ L
10% [Tty — 1010 F==ar
108 ~ - % 108 _________ -
10° RS IRt e
4 : 4 ~
10. \.\ = 10. S
10% >~ 102 >
100 s P T ‘ 100 R S SO S 10° e X
10° 10> 10* 10° 10% 10% 10'* 10" 10% 0100 102 10* 106 10% 10' 10 10™ 106 10° 10* 10* 10% 10% 10' 10'2 10 10%
A= a’/aCnd A= a/aend A= a/acn(l

FIG. 7.

Evolution of different energy densities (upper panel) and temperature 7' (lower panel) with respect to rescaled scale factor for

BP1 (left panel), BP2 (middle panel), and BP3 (right panel). Here we fix M; =5 x 10° GeV and g = 2.83 + 0.24i.

period affects the ETs of charged lepton Yukawa inter-
actions as can be seen from Fig. 8. For RHN mass
M, =5 x10° GeV, though there is no shift in ET for
right-handed electron, ample amount of change can be seen
for ET for up and 7z compared to the standard radiation-
dominated scenario for all three BPs. This change makes
the charged Yukawa interactions come to equilibrium at a
much lower temperature which are included in Table II.
As a consequence of considerably lower values of T, and
T, we expect the quantum decoherence of the SM lepton
doublet states to take place here at much lower temper-
atures (same as charged lepton ET) compared to the
standard radiation-dominated scenario. Hence, for all three
BPs, lepton asymmetry generation process is not affected
by individual charged lepton doublets at leptogenesis scale
M; =5x10° GeV and an unflavored leptogenesis pre-
vails here. This is a new result as compared with earlier
standard analysis presented in Sec. II, where at this

1012

108

10*

> 10V
=< 107
= 108
10712

10716
—20

—

T

1012 101 108 105 10* 102 10°
T [GeV]

FIG. 8. Variation of (I',)/H with respect to T for M| =5 x
10° GeV and 6 = 2.83 4 0.24i. Here solid lines indicate the
BP1, dashed dotted line represents BP2, and BP3 is denoted by
dashed lines.

leptogenesis scale, 7z was already in equilibrium affecting
the lepton asymmetry generation along 7 direction dis-
tinctively. Accordingly, a two flavor leptogenesis was
incorporated for correct generation of lepton asymmetry.
On the other hand, in this present case, incorporating the
effect of extended reheating (with inflaton-RHN domi-
nance), unfavor approach to evaluate the baryon asymmetry
of the Universe would be enough.

For all three BPs, a different rate of washout during the
reheating period accounts for the main difference in the
produced final baryon asymmetry. Dashed purple line of
Fig. 9 shows that as M is closer to T, for BP3 as a result
of which the produced asymmetry suffers a larger amount
of washout (due to Hubble expansion) contrary to BP1
and BP2. Finally, even with a relatively low M, in this
quasithermal regime, an overproduction of baryon asym-
metry by one to two order(s) of magnitude is observed for
these three BPs relaxing the parameter space even further
with respect to the modified thermal leptogenesis scenario
studied in Sec. V. For the purpose of completeness, we

1077 L

10—9 L

i)

>Dj 10711 L

10—13 L

---- BP3

10715 i i i i | | |
100 102 10* 105 10% 10 10'2 10 10%

A= a/aenq
FIG. 9. Evolution of produced lepton asymmetry with

respect to rescaled scale factor for all the three BPs for M| =
5 x 10° GeV and 0 = 2.83 + 0.24i.
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notice that such final Y values can be brought down to
correct level of BAU by changing 6 without altering
other parameter values or the outcomes such as Ty and 7.
For example, for BP1 (BP2), one needs to set
Im[fg] = 0.002(0.005), while for BP3, Im[0] can be fixed
at 0.02 so that observed BAU can be generated.

VI. CONCLUSION

In this work, we have shown that an extended period
of reheating resulting from inflaton-decay into radiation
together with the lightest RHN can significantly alter the
equilibration temperature of the charged lepton Yukawa
interactions. Consequently, flavored leptogenesis mecha-
nism gets affected. We start with a discussion on how the
equilibration temperature(s) of charged lepton Yukawa
interaction(s) can be estimated in a radiation-dominated
Universe and its impact on lepton asymmetry generation
known as flavored leptogenesis. In such a setup, the
reheating process is generally assumed to be instantaneous
and happens to be higher than the mass of the decaying
RHN whose decay contributes to lepton asymmetry pro-
duction. However, depending on the inflaton coupling to
SM particles, the reheating process may survive a longer
period creating a prolonged era of reheating, from Ty, to
Try- Motivated by our recent finding on the impact of this
extended era of reheating on charged lepton equilibration
temperature and flavored leptogenesis, here we extend the
setup by including additional inflaton-RHN coupling.

We find that with relatively large value of inflaton-RHN
coupling compared to the inflaton-SM fermion effective
coupling, the reheating period gets further modified. While
the inflaton-SM fermion coupling mainly controls the
maximum temperature of the Universe immediately after
inflation, the inflaton-RHN coupling has the potential to
impact the reheating temperature. The production of RHN
and SM bath from the inflaton decay during this period
of prolonged reheating helps the Universe to expand at a
much faster rate (depending on the inflaton-RHN coupling
though) in comparison to the scenario where inflaton
decays directly to radiation solely. As a result of such
faster expansion, along with the modified temperature
behavior, the charged Yukawa interactions enter into
equilibrium in a delayed fashion. We also observe that
such a delayed equilibration of charged lepton Yukawa
interactions can significantly modify the lepton asymmetry
generation compared to what is observed in thermal
leptogenesis. For example, a flavored leptogenesis scenario
found to be in two flavor regime in standard thermal
leptogenesis may emerge as an unflavored one here.

Another interesting outcome of the present scenario is
revealed with a dominant inflaton-RHN coupling with
respect to inflaton-SM fermion effective coupling. Here
we encounter an unusual situation where the lepton
asymmetry starts to be produced at a temperature above
the mass of the lightest RHN without being completely

washed out. In fact, the reheating era produces an
environment where the lightest RHN finds itself out-of-
equilibrium in this regime and its decay therefore contrib-
utes to lepton asymmetry production. In a way, this helps to
reduce the scale of leptogenesis since the inclusion of
inflaton-RHN coupling may inject a large amount of RHN
into the system on top of thermally produced ones (whose
decay also contributes to produce lepton asymmetry)
during reheating thereby resulting an enhanced lepton
asymmetry. The framework however can be extended
beyond our present consideration. In some of the low scale
leptogenesis scenarios, the framework might alter the
prediction as well as allowing the leptogenesis scale to
drop even further opening the possibility to exploring
leptogenesis in collider experiments. The related study is
beyond the scope of this paper and we plan for some more
work in these directions in the future.
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APPENDIX: PREDICTIONS OF INFLATIONARY
OBSERVABLES

The inflation potential in our work follows from super-
gravity framework [81] and is of the form

V() = M5 [\/6 tanh (\@LMP)] y (A1)

It contains free parameters A and n. In order to estimate the
inflationary predictions followed from such a potential, the
slow-roll parameters need to be considered, which are

given by
e_—1M2 Vy? n= M? v
27 P\v )" PNV )

On the other hand, the number of e-folds can be estimated as

1 2% ¢ 1
/ de ~ de,

(A2)

a M%’ Gend 4 PDena \/2_€M P
3 2 ¢.
~ —cosh — , A3
2ncos< 3MP> (A3)

where ¢, corresponds to the crossing horizon value of the
inflaton and ¢,y represents the field value at the end of
inflation.
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Consequently, within the slow-roll approximation, the
inflationary observables such as spectral index (n,) and the
tensor-to-scalar ratio (r) can be expressed as

ng~1—6¢+2n, (A4)
12
re~16e = N (AS)

Finally, the remaining inflationary observable, the ampli-
tude of the curvature power spectrum P, is given by

V3
Py=———. (A6)
1222M4 V"

All these three inflationary observables are to be evaluated
at ¢ = ¢,.

Note that contrary to two other parameters, P, is a
function of normalization constant A [involved in the
potential of Eq. (Al)]. Therefore, using the relation
between ¢, and N from Eq. (A3), P, at ¢, (=P,,) can
be simplified as

6"/2AN?

T (A7)

which helps to determine the value of A for a specific n
since at the Planck pivot scale, k, = 0.05 Mpc~!,
In(10'°P,,) = 3.044 holds [4]. A precise estimate of the
number of e-foldings N would be helpful in determining
these observables. In general, N can be influenced by the
duration of the reheating process which turns out to be
important to consider here as our analysis is intricately
connected to the reheating temperature. A better estimate of
N (considering no additional entropy production between
the end of reheating Tryy and the reentry of the pivot scale
k. to the horizon at a later epoch) follows as [28,87]

V=g [L”;W ot "

1 (2\ /4 (43\ 13 T,
+In|— () (=) 2
56 ()

1 ke : 1
—1In ——In
aoH, 2 9RrH>

(A8)

where (w) is the e-fold average of the equation-of-
state parameter @ during reheating and gry denotes the
effective relativistic degrees-of-freedom at reheating,
taken as the SM value = 106. The present day temperature
and Hubble parameter are 7T, = 2.7255 K and H, =
67.36 kms~' Mpc~!, respectively, following the CMB
observation [4]. The present-day scale factor a, can
be set to unity without loss of any generality. Using
Egs. (A6) and (A7) and an approximated N expression:

0.10 ! ‘ 0.007
—— Planck 18 + BKI8 /
0.08F Planck 18 + BK15 04005 1
0.003 =
0.96154  0.96165
0.06 - - 1
~
0.04 r q
0.02 - ]
O'%9955 0.960 0.965 0.970 0.975 0.980
Uz

FIG. 10. 68% (light patch) and 95% (dark patch) contours in the
r vs. ng plane with Planck 2018 [4] + BICEP/Keck (BK) 2015
data [88] (Planck 2018 4+ BICEP/Keck 2018 [89] data): drawn
in purple [green] patches. Red and brown stars are the (ng,r)
values generated from Table I while BPs from Table II produce
the blue blocks. For a better view, the inset plot provides a
zoomed view of the calculated (ng,r) from Table 1.

N =~ /3/2V(¢,)/[MpV'(¢.)], the value of V(¢,) can be
estimated as V(¢,) ~ 6"/2AM%. The energy density at the
end of inflation, p.,q, can be evaluated using ¢.,q obtained
by setting the slow roll parameters to be one. On the other
hand, pry corresponds to energy density of radiation at
Try- Finally, (@) is determined by identifying it for the ¢
field only ((,)) and that too is estimated over a complete
cycle of inflaton oscillation about origin in postinflationary
reheating phase, which is found to be [58] (@) = 23.

We restrict ourselves with n = 2 in the study. However
the analysis can easily be extended for a more general setup
with the discussion above. Now, with n =2, we use
different values of pry from Tables I and II in the main
text and proceed to solve Eq. (A8) numerically to finally
determine the set of n; and r parameters (from each of the
values of Try values) using Egs. (A4) and (AS) and an
estimate of 1 follows as 2 x 1071, We find ¢,q ~ M p. The
evaluated values of n, and r are plotted in Fig. 10, where
red, brown, and black stars indicate the set of (n;, r) values
generated from cases I, III, and IV of Table I, respectively.
On the other hand, BP1, BP2, and BP3 from Table II
produce the (n, r) values represented by dark blue, blue,
and light blue blocks, respectively. The light and dark
purple (green) patches of the figure represent the allowed
range of (ny,r) obtained from the combined Planck
2018 [4] and BICEP/Keck 2015 analysis [88] (combined
Planck 2018 and BICEP/Keck 2018 analysis [89]) at
68% confidence level (C.L.) and 95% C.L., respectively. As
can be seen from the figure, cases discussed in Table I
produce (ng, r) values which are within the 95% C.L. (or
close to 95% C.L. with updated analysis). On the other
hand, the (n,, r) values produced from the BP1, BP2, and
BP3 of Table II fall within the 68% C.L.
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