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We propose a novel and minimal setup where the observed baryon asymmetry of the Universe and
neutrino oscillation data can be satisfied with only one right-handed neutrino and a second Higgs doublet
with the latter being also responsible for driving cosmic inflation. While inflation is realized via
nonminimal coupling of the Higgs to gravity, baryon asymmetry is generated via Affleck-Dine lepto-
genesis. Due to the presence of only two new fields beyond the standard model (BSM), the proposed setup
remains very predictive with only a small allowed parameter space consistent with the PLANCK 2018 and
ACT 2025 data simultaneously. The preferred mass spectrum of the BSM particles also keeps the detection

prospects alive at terrestrial experiments.
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I. INTRODUCTION

The visible matter content in the present Universe is
highly asymmetric, referred to as the baryon asymmetry of
the Universe (BAU), a longstanding puzzle in particle
physics and cosmology [1,2]. With the standard model
(SM) of particle physics falling short of providing an
explanation, baryogenesis [3,4] as well as leptogenesis [5]
have been the most widely studied beyond standard model
(BSM) frameworks explaining the observed BAU dynami-
cally. In leptogenesis, a nonzero lepton asymmetry is
generated first which later gets converted into baryon
asymmetry by electroweak sphalerons [6]. One interesting
aspect of leptogenesis is its natural realization within
canonical seesaw mechanisms like type-I [7-11], type-II
[11-15], and type-III [16] seesaws proposed to explain
nonzero neutrino mass and mixing, another observed
phenomena which the SM fails to address. Leptogenesis
in such seesaw models typically involve the out-of-equi-
librium CP-violating decay of a heavy particle like heavy
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right handed neutrino (RHN) in the type-I seesaw. In order to
generate nonzero CP asymmetry as well as to explain
neutrino data, at least two copies of such RHNs are required.
Additionally, with the hierarchical RHN spectrum, there
exists a lower bound on the scale of leptogenesis, known as
the Davidson-Ibarra bound M, > 10° GeV [17]. While this
keeps canonical leptogenesis models out of reach from
terrestrial experiments, it is possible to bring the scale of
leptogenesis to TeV scale via resonant enhancement with tiny
mass splitting between RHNs, known as the resonant lepto-
genesis [18].

In addition to providing evidence for baryon asymmetry
of the Universe, the cosmic microwave background (CMB)
observations also suggest that we live in a Universe which
is homogeneous and isotropic on large scales up to an
impressive accuracy [2,19]. Such observations, however,
lead to the so called horizon and flatness problems which
remain unexplained in the description of standard cosmol-
ogy. The theory of cosmic inflation which introduces a
phase of rapid accelerated expansion in the very early
Universe is the leading paradigm solving these problems in
standard cosmology [20-22]. Inflation not only solves
these problems, but also makes unique predictions which
can be tested at present and future CMB observations.

In this work, we propose a novel scenario where lepto-
genesis and neutrino mass can be realized in a minimal setup
with only one RHN and an additional Higgs doublet playing
the role of inflaton. The same Higgs doublet also generates
the desired lepton asymmetry via the Affleck-Dine (AD)
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mechanism [23]. With just two BSM fields, namely, a RHN
and a second Higgs doublet, we show that the model
can satisfy the requirements of generating the correct
baryon asymmetry, neutrino mass, and mixing while being
consistent with inflationary cosmology simultaneously.'
Combination of the two Higgs doublets helps in realizing
the AD leptogenesis and cosmic inflation via nonminimal
coupling to gravity. In addition to constraining the model
from neutrino data, PLANCK 2018 constraints on inflation
[19] and baryon asymmetry, we also scrutinize it in view of
the recently reported Atacama Cosmology Telescope (ACT)
data [28]. While PLANCK 2018 constraints keep a large part
of the parameter space allowed from the requirements of
neutrino mass, successful leptogenesis. and cosmic inflation,
ACT 2025 data disfavor most of the parameter space leaving
a small allowed region. Interestingly, constraints from
cosmology and neutrino data keep the BSM degrees of
freedom around the TeV corner. This allows an additional
probe of the model at terrestrial experiments.

This paper is organized as follows. In Sec. II, we briefly
discuss the model followed by the details of inflationary
dynamics in Sec. III. We then elaborate upon the origin of
baryon asymmetry via Affleck-Dine mechanism in Sec. I'V.
Finally, in Sec. V, we summarize our results and conclude.

II. THE MODEL

We consider a seesaw model with one gauge singlet
right-handed neutrino N which can give rise to one active
neutrino mass via type-I seesaw [7-12,29]. A doublet scalar
field n playing the role of inflaton can give rise to another
active neutrino mass via radiative seesaw. The scalar
potential has a Z, symmetry preventing # from acquiring
a vacuum expectation value (VEV), provided the condition

1
mf, +§(/13 +/14)1)2 >0

is satisfied. We assume this to hold in our setup. The
Yukawa Lagrangian, however, breaks the Z, symmetry.
The relevant part of the Yukawa Lagrangian is given by

_ _ . 1 __
~L 3 Y LN + y,L®N + 5 MyN°N +He., (1)

where L, ® denote the lepton and SM Higgs doublet,
respectively. The Z, symmetry of the scalar potential can be
retained in the Yukawa Lagrangian involving #n by
assigning both # and right-handed neutrino N to be Z,
odd, while all SM fields remain Z, even. With this

assignment, the Yukawa interaction Y,L,jiN is Z, even

'A similar setup but with type-II seesaw was proposed recently
by [24,25] with follow-up studies in [26]. Affleck-Dine Dirac
leptogenesis was studied in [27] with two Higgs doublets and one
massless right-handed neutrino without explaining the origin of
neutrino mass.

and therefore does not break the symmetry. As a result,
Z,-violating linear or trilinear # terms are not generated at
one-loop from these couplings. However, the additional
Yukawa interaction y,L,®N involving the SM-like Higgs
doublet ® and SM leptons introduces a mild Z, breaking.
This interaction can induce terms odd in # at one loop, but
its magnitude is suppressed by the small type-I seesaw
Yukawa couplings. Consequently, the induced  VEV after
electroweak symmetry breaking remains negligibly small
and does not affect the phenomenology discussed in the
paper. Moreover, since the reheating temperature in our
scenario is above the electroweak scale, the # field has
already decayed before electroweak symmetry breaking,
making the impact of any such loop-induced VEV-dependent
decays insignificant. We also check the possibility of m%
turning negative at some energy scales due to large Yukawa
coupling with N. Using the one-loop renormalization-group
evolution (RGE) of the scalar mass parameters we find that 7
mass-squared term becomes negative only in regimes where
the right-handed neutrino mass is much larger than m,.
Because of our consideration m,, 2 M, the 7 mass squared
term remains positive at all energy scales, in agreement with
Ref. [30]. A complete treatment of such Z,-breaking effects
via RGE corrections [31] is beyond the scope of this present
work and is left for future studies. The U( 1), or global lepton
number charges of the BSM fields 7 and N are assigned as
—1 and 0, respectively. Note that the second term in the
above Lagrangian violates lepton number, but it does not
contribute to CP asymmetry from N decay. The Z,-sym-
metric scalar potential is

) )
Vi ®) = il + 2l 1 o + 2 o
+ 23(n'n) (DTD) + A4(@7n) (n' @)

+ %5 (&) + Heel, 2)

where @ is the SM Higgs doublet. The Z,-symmetric scalar
potential keeps the two Higgs doublets in the alignment limit
[32,33]. The scalar fields ® and 7 can be parametrized as

1/ 0 o
(D:ﬁ(¢+v>’ n= (HO\—/}—%A”) . (3)

When the neutral component of ® acquires anonzero VEV v,
one of the light neutrinos acquire mass via type-I seesaw

2
o YaYp¥
(mu>aﬂ = —m- (4)
Another light neutrino acquires mass at the one-loop level
with #, N in the loop. The corresponding mass is given by
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Y, Y My
() oy = LN (L) = L)), (5)

where the function L;(m?) is defined as

m? m?

Lk(mz) :mlnﬁ% (6)
Such a neutrino mass model with a combination of tree level
and radiative contributions arising from one RHN and two
Higgs doublets was discussed originally by Grimus and
Neufeld [34]. Unlike the minimal type-I seesaw with two
RHNS, this model can also explain the neutrino mass
hierarchy naturally, without fine-tuning [35].

In order to incorporate the constraints from light neutrino
masses, we use the Casas-Ibarra parametrization [36] for
the type-I seesaw in combination with the one for the
scotogenic model [37], as done for scoto-seesaw scenarios
in [38,39]. This is given by

Y = /X5 R\ mi* U, (7)

where R is an arbitrary complex orthogonal matrix satisfying
RRT =1, and U is the usual Pontecorvo-Maki-Nakagawa-
Sakata (PMNS) mixing matrix which diagonalizes the light
neutrino mass matrix in a basis where charged lepton mass
matrix is diagonal. The combined Dirac Yukawa coupling

YVis
vy
y - (y;XS >’ (8)

XM:(‘X‘ O), X, = 2N (1 (m20) — Li(m2y),

and X, is given by

0 X, Y
2
v
Xo= . 9
0= 3 ©)
The R matrix for two heavy neutrino scenarios is given by
[40]
0 cosz +sinz
R= < ! ! ) (10)
0 —sinz; =£cosz

where z; =a+ib is a complex angle. The diagonal
light neutrino mass matrix, assuming normal hierarchy, is
given by

=)
o
o

g

. . di .
For inverted hierarchy, m,"® is

Amim—AmZ, 0 0
myE = 0 VAmi, o (12)
0 0 0

The PMNS mixing parameters and mass squared differences
are obtained from [1].

III. AFFLECK-DINE INFLATIONARY DYNAMICS

As mentioned earlier, we consider the Affleck-Dine (AD)
mechanism [23] to generate the visible sector asymmetry. We
adopt a simple nonsupersymmetric setup where baryogen-
esis occurs via leptogenesis. In a typical AD mechanism of
this type, a lepton number (L) carrying field, to be referred to
as the AD field hereafter, breaks L explicitly by virtue of its
quadratic term. The cosmological evolution of the AD field
then leads to the generation of lepton asymmetry. In the scalar
potential given in Eq. (2), the A5 term can be identified as the
explicit L-breaking term relevant for generation of lepton
asymmetry.

In order to generate asymmetry through the Affleck-Dine
mechanism, the U(1), breaking 15 term in the potential given
by Eq. (2) should be effective during the inflationary and
reheating dynamics. Inflation in such a case can be realized by
a combination of the inert doublet # and the SM Higgs ®
[27,41], with nonminimal couplings to gravity of the form [42]

f(@L [nl) = &|@* + &|nl. (13)

Here, &, , are dimensionless couplings of the respective scalar
doublets to gravity. Earlier works on a common origin of
inflation and baryogenesis or leptogenesis via the AD mecha-

El

nism can be found in [24,43-57]. Considering ® = (#?eial )

andn = ( 4 pge,yz ), in order to realize the inflationary trajectory
2
in the large field limit, following the analysis of

Refs. [25,27,41], we have

—=tana = ~ = (14
P2 W& = (A3 + )& & (14)

where, from now on, we consider 13, 44 to be small enough for
simplicity, without any loss of generality. The inflation can
now be described in terms of a single field ¢, such that

P \//1251 — (B +4)E  [hé

py=@sina, py=g@cosa, E=¢ ssin’a+ & cos’a.

The potential can then be written as’

*While radiative corrections to the potential can be important,
we can always tune the scalar couplings at low energy scale
appropriately to get the desired values at the scale of inflation
after incorporating one-loop corrections.
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2

V(p,0) = cp +- ﬂcp + 2J5c0s20¢*,  (15)

2 2

with 2 =1(sina + Leosta), 15 = %sin’a cos’a,

0 = 60, — 0y, and m*> = my cos® a + 3 51n2a.
Going to the Einstein frame through the conformal
transformation,

g;u/ = ngﬂl/’ Q=1 =+ §¢2/M27 (16)

results in the following Einstein frame Lagrangian:

2
\/L—_g N AéPR =59 9x0. = fOr)gf‘”a 09,0
—U(y.0). (17)
where
o =20y VDD )

and R represents the Ricci scalar. The canonical scalar field
x is obtained through the field redefinition given by

\/_TTT—Z
A _6Eg M+ Q7 (19)

dp Q?

In the large field limit, the potential reduces to that of the
well-known Starobinsky inflation, given by

Unni(z) = —/\2M2 (1 —e \/QMP> , (20)

Me and M p is the reduced Planck mass.

where A = 32

A. Inflationary predictions

Here, we briefly review the predictions for the inflationary
observables of Starobinsky inflation, using the slow-roll
formalism. The slow-roll parameters are defined as

M2 V/ 2 V//
eVE_P<_>, =ML )

it
VE(E)

where ’ indicates derivative with respect to the conformal
field y. At the end of inflation, we have ey (yenq) = 1, which

gives
3 2
=Mpy/zIn|{1+—. 22
Xend P\/;n< +\/3—,> ( )

Now, the total number of e-folds starting from the epoch
when the CMB pivot scale (~0.05 Mpc~!) exits the horizon
during inflation until the end of inflation can be written as

Co
N= " d (23)

Hend \/ 2€V()( MP

where y, indicates the field value at the horizon exit. With the
above quantities in hand, the inflationary observables can be
calculated as the following:

(1) Amplitude of scalar perturbation: Ay = 5,—— 4” o A}ﬂ

(ii) Scalar spectral index: n, = 1-6¢y + 21y,

(iii) Tensor-to-scalar ratio: r = 16¢y,.

The measured value of A, = 2.1 x 10~ [19] fixes A.
The parameters N, r, ., A can be expressed as functions
of ng as follows [58]:

+§ln(1 —ng) +047+0(1 —ny), (24)

N, ~
1—-n, 4

ra3(=n)? 45 (1= n) +O[(1=n). (25)

PR \/Mp (”4‘/(41_73”’2) ) (26)

A
A:ﬂMP\IFS(l—I—Z 4 —3n, —3ny). (27)

B. Reheating dynamics and constraints

The relation between the fields ¢ and y given by
Eq. (19), and consequently the potential in Eq. (18) takes
different forms during inflation and the reheating stage after
inflation. Depending on the field values, we have distinct
regimes which determine the background dynamics of the
Universe. From Eq. (19), we get

9 1
for i, <Lz

for é <5n < \/LE (28)

\/§an2 _ \@m [1 +§<M%)2} for Lo <.

The potential during these regimes can be approximated as
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% mQXZ
a4

U()() 1 A2.,2
Ny

_.\/2 2
3AME(1 — e VM)

Since we are interested in perturbative reheating, we
consider £~30, to avoid the nonperturbative regime
[59]. In such a case, the equation of state parameter w
changes from w = —1 to w = 1/3 after a few e-folds (to be
determined explicitly later), passing quickly through the
matterlike 1 era given by the third line in Eq. (29). We
determine the effect of this changing equation of state
numerically, which is explained shortly. Subsequently, the
potential becomes dominated by the quartic term giving
rise to the radiation-dominated era. As the magnitude of the

Are A aeq are) ( (2% > 1 <prd> 1
N, =In xn(———)=Ih(— | +———n|— ) + 77—
* <aend> <aend Arg deg Aend 3(1 + Wl) Peq 3(1 + WZ)

In (lﬁ) .
pre

C+

1 (prd> + 1
— n p— —
3(1+W1) Peq 3(1+W2>

In the above, acyq, drd, deqs are3 denote the scale factor at the
end of inflation, beginning of the radiation-dominated
potential with w = 1/3, matterlike 2-radiation equality,
and end of reheating, respectively, while p indicates the
corresponding energy densities. To be more precise, we
include the factor C = In(z™) from our numerical calcu-

lations, which takes into account the effect of the changing
equation of state from w = —1 to w = 1/3, as discussed
earlier. Considering ¢ = 30 as explained above and fixing A
from the scalar power spectrum, we find C~4.2.
Additionally, the total energy density at the beginning of
radiation-dominated era is determined numerically as
Pra =8 x 1078M}. ag, indicates the scale factor when
the quadratic term starts to dominate the potential energy
with energy density peq = 2m*/A. Also, in our case, we
have w; = wgp = 1/3,w, = wyp = 0, but in the follow-
ing, we keep w;, w, to make the results more general.
Now, since at the horizon exit we have k = a;,H, with
ay, H; being the corresponding scale factor and Hubble

3Throughout this paper, we use the following notation for
subscripts: “end” denotes quantities evaluated at the end of
inflation; “rd” refers to the beginning of the radiation-dominated
phase (with w = 1/3); “eq” indicates the matterlike 2-radiation
equality point; and “re” corresponds to the end of reheating.

5 :
for MLP < \AM”—’P (matter-like 2)

2m o X g1 jation-li
for /%31 <7 <z (radiation-like)

(29)
for ;< <1 (matter-like 1)

for 1 <4 (inflation).

field y decreases further, at some point the quadratic term
starts dominating, and we have a matterlike era with w = 0.

The reheating temperature can be related to the infla-
tionary observables, particularly n;, which places severe
constraints depending on the equation of state w during
reheating. After the end of inflation, the Universe evolves
from w ~ —1 to a radiation background with w = 1/3. We
can write the e-folding number from the end of inflation to
end of reheating as

In (Iﬁ)
pre

(30)

parameter, respectively, we can write

ln< k )zln[ k M&@]:O
aHy apgHy ay aepg Are

k
= ln< ) + N, + N, +1n<@> -0,
aOHk Are
(31)

where a, denotes the present value of the scale factor. H;
indicates the Hubble at horizon crossing which can be

. . .. 2
determined using the definition of r = %, where P), = ﬂzzi

Mj,
is the amplitude of tensor perturbations, while P, represents
the corresponding amplitude of scalar perturbations. Thus,
nMp \/E

N

Using conservation of entropy from the end of reheating
until the present temperature, we have

we have H; =

7
ol = (M 65T0). ()
where TRy is the reheating temperature, 7y = 2.73 Kis the
present temperature, and 7T,y = (5)!/3T, indicates the

temperature of neutrinos. Hence, we can write

075025-5
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ae (A3 N3 Ty [ 43\ (2g, TH VA (33)
ao B 119*3 TRH B 119*& 30pre ‘

Using the above in Eq. (30), we get

14wy

pl‘ T+w
pre = exp (<3N(1 +vw))<pd) e (34)

€q

where we define N, = N,,—C. Note that the above
expression reduces to the one with a single equation of
state [60—65], in the limit w; = w,. Equation (33) can be
rewritten as

a 1 43 1 g 3
In—= =1 —In u Ni(1
o3 (ih) (55 3o
1. [(pe\T2 1. (T
+1n< q> +1n<0>. 35
4 Prd 4 Peq ( )
Using the above expression in Eq. (31), we get
4 1 11g 1 30
N, = N, + -1 w —1In
e () ()

k 1 oo \ T
+m< )_m<pﬁ
apTy) 4 \pu

1. [r*M4A22
——1In P> + C] . 36
4 < 4peq (36)

Note again, that in the limit w; = w,, the above relation of
N,. matches the one with a single equation of state [60—65].
Finally, using Eq. (34), we can express Eq. (36) in terms of
the reheating temperature as

1/4 30 1—31w2 prd %
Tru = peq | >
7Gx Peq

x (119*319)1?:27( 7 MAA2r 2) T2
43a3T3 4peq
3(1+
o <—§—:7§3§2(ﬁw*4-0)), (37)

Here, p., = 2m*/A and k/ag = 0.05 Mpc™" is the CMB
pivot scale. Thus, the reheating temperature can be written
in terms of n, using the expressions relating N, r, A with
n, mentioned before [cf. Egs. (24)—(27)]. In our case, for
wy, = 1/3, wy, =0, Eq. (37) gives

T :8p1/4 30 1 Prd 3 llg*s
RH “ \r2g, ) \4*MEAZ2 43

x(§>%m@wﬁw» (38)

aplo

On the other hand, considering perturbative reheating from
the decay # — NL, we can also estimate the reheat temper-

ature as
Yiy M3\ 2
M

n
YiY, [Am\?
~ m .
27 "\ m

n

(39)

In the last step of the above equation, we have assumed m, +
My ~ 2m, which is valid for small mass splitting Am.
Figure 1 shows the variation of reheat temperature 7Try
with n for three different benchmark choices of m. The
pink shaded region at the bottom is disfavored due to the
lower bound on reheat temperature Try > Ty ~ 4 MeV
[66]. The vertical shaded regions correspond to 2¢ allowed
values of n, from PLANCK 2018 and PLANCK-ACT (P-
ACT) 2025 data. Clearly, P-ACT 2025 restricts Try above
a certain lower bound while PLANCK 2018 data allows
Try as low as a few MeV. In contrast to a single equation of
state (w < 1/3) during the reheating era in Starobinsky
inflation, which is disfavored in light of the recent P-ACT
2025 data as it predicts very high reheating temperatures
[58,64,67-69], our scenario can accommodate lower values
of Try. This is because in the presence of multiple equation
of states during reheating [cf. Eq. (29)], the scaling of
Tgry with n, changes in a nontrivial manner [cf. Eq. (37)].

N*
5 40 45 50 55 60 65 70758085
10 T I T T e L
— m=10°GeV
— m =107 GeV
— m=10° GeV
1010k
PLANCK P-ACT
2 (2018) (2025)
L Lo
T 10°r
S
1 L
BBN bound
095 0955 0.96 0965 097 0.975 0.98
ng
FIG. 1. Variation of reheat temperature Ty with scalar spectral

index n, in our model for three different choices of m. The
corresponding values of e-folding numbers N, are denoted in the
upper x-axis.
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This leads to a decrease in the slope of Ty with g
(cf. Fig. 1), as compared to the case with a single w (see, for
instance, Ref. [58]).

IV. AFFLECK-DINE LEPTOGENESIS

In this section, we discuss the generation of baryon
asymmetry via Affleck-Dine leptogenesis. From the
Lagrangian in Einstein frame given by Eq. (17), the
equations of motion for y and @ are derived to be [27]

7 —lf’(;()éﬂ +3Hy+U, =0,
b+ 1),
f) f()()

Here, ' in f denotes derivative with respect to y. During
inflation, @ is in the approximate slow-roll phase, during
which we have

0y +3HO) +—U,=0. (40)

NE

Because of the presence of the U(1), breaking term,
asymmetry number density n; « @20 is generated, which
at the end of inflation is given by

(41)

N lend = QL(pgnd (Z)gend cos® a (42)

L OMpU 08
B V 3Uend
~ 80, s sin(20en4)

Ve )

3
M3,

nL(tre)

The constant ¢, = dt indicates the effect

f 3 Ucnd a
Tend ten

of the source term durlng reheatlng and is determined
numerically. Here, we used Eq. (43) to write U 4 in terms of
1y |ena- We find ¢, ~ 55.5. Recall that after the beginning of
radiationlike behavior of the potential, its effect becomes
subdominant, as explained above. 7., denotes the time
when the quadratic term in the potential dominates and can
be written as

(40)

where we used Eq. (18) and the slow-roll condition for 0
given by Eq. (41). In the last step, we have taken the quartic
term to be dominant at the end of inflation. In Eq. (43), O,
denotes the U(1); charge of the AD field #.

The final asymmetry depends on the details of the
reheating dynamics. To understand this clearly, let us look
into Eq. (40) for 6, which can be rewritten as

n a3
<QLQ2> =—Us
L

where we have substituted @ in terms of n; and used
Eq. (18) for f(y). In addition to the form of the y potential
during reheating, the asymmetry also depends on the form
of the U(1), breaking term, which is determined by U ,.

Now, if U 4 redshifts faster than a3 (matterlike), then the
right-hand side of Eq. (44) becomes diminishing over time,

( f)0) = (44)

npa®
0,2
inflation, the potential during reheating is initially domi-
nated by the quartic term after a few e-folds as discussed
above. Hence, a*U y x a’y* o« a=! becomes subdominant

remains conserved. After the end of

and the quantity

with time. When the magnitude of ¢ = y reduces to %m,

the potential energy density behaves like matter. In this
case, we again have a*Uy  a’y* o a=3, which remains
npa’
0.Q?
mately conserved, after the start of radiation domination
with the quartic potential.

The lepton number density at the end of reheating can be
obtained by integrating Eq. (44), which gives

subdominant. Thus, the quantity remains approxi-

) (“&’:5))3[ o= 800w [ Vo]

_nL|endQZ((e _30) <X(t )( ) 1+l

(45)

[
Using the above in Eq. (45), we get

1.4exp (—=3C)g.As sin 20 Q*(t,.) (Tru
np(te) ~ 1/4 2 T

5’1 Q (tend) m
T
X ( 5‘:) M3(1 4+ ¢,), (47)

rd

where we used Eq. (43). Recall that C and p,4 are obtained
numerically as explained below Eq. (30). The final baryon
number yield after the decoupling of electroweak sphaler-
ons is obtained as
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% exp (_30)15 sin 2eend Qz(tre) <®>

M
’ 2 @) \ ) i )

Prd
(48)

Lepton asymmetry can also be washed out due to L-
violating scattering processes with interactions of the type
nd" < n'® or Ld(n) <> LO(n"). The rates for such
washout processes can be calculated as

+ 22
[ =THd" < n'd)~ anT—52, (49)
[ =T(L® <« LOT) ~ anq, (50)
My,
_ YoV ,|?
Iy :r(LneL”T)NM q (51)

~ n
2
8aM?,

Another source of washout comes from the inverse-decay
process: NL — 5. The corresponding washout rate in
comparison to the Hubble rate can be approximated as

oty ()5 (3)

where K is the modified Bessel function of the second
kind. We constrain the parameter space in such a way to
keep all these washout processes out of equilibrium.

Finally, we make a rough estimate of the isocurvature
perturbations, which can be induced by the quantum
fluctuations of 8 [56,70]. The variance of these fluctuations
is given by [71]

o= (1) (53)

2n) 2

The isocurvature perturbations can be related to the temper-
ature fluctuations observed in CMB as [72,73]

oT 2Qp0
O ) 22895 (54)
r iso 5 Qm np

Here, %: 0.16 [2] is the ratio of the baryon to matter

energy densities. np is the baryon number density, which in
our case can be found using Eq. (47) as

s
OB 2 cot (26,)56. (55)
np

On the other hand, the adiabatic perturbations can be
written as [72,73]

5T\? 1 H:
— ~— 56
<(T> >adi 208”2M%€v ( )

where ¢y, is the slow-roll parameter defined in Eq. (21). The
ratio of these two perturbations is calculated to be

)i _ 128M3ey QF cot*(26,)

Goon—adi =nny S5 @ g

(57)

Using the upper bound a,o_aqi < 2 x 1072 [74], we arrive

at a lower bound on 6;, given by

9
9,2,0.15\/3(1 —ns)2+5(1 - ny)3, (58)

where we used Egs. (25) and (26) for our inflationary
predictions in terms of n;. For n, in the range 0.95 to 0.98,
the above bound on 6, lies in the range 0.013 to 0.005. As
we see, we have sufficient allowed parameter space for
these values of ;, which could also potentially be inves-
tigated by future CMB experiments. We leave a detailed
numerical calculation of these isocurvature perturbations to
future works.

V. RESULTS AND CONCLUSION

In Fig. 2, we show the evolution of ¢ (left panel) and the
asymmetry density n; « ¢?@ (right panel) for different
choices of relevant parameters. The top panel shows the
variation with respect to m parametrizing the mass of the
inflaton. The middle panel shows the variation with respect
to the L-violating coupling 45 coupling, whereas the bottom
panel indicates the effect of varying the initial value of 6
field, namely, 6,. As we can see, ¢ trajectories naturally
overlap as the evolutions are very similar for changes in
parameters A5 and 6;, and visible differences appear only
when the mass is varied. In the top right panel, we observe
that the initial asymmetry after the end of inflation scales
like radiation for all masses. For a larger mass m, the
scaling later transitions to matterlike behavior, since the
field reaches equality (7.,) sooner, and the field y starts
oscillating as matter. In contrast, smaller m continues to
scale like radiation over the same period. Using Eq. (48),
we see that the asymmetry produced at the end of inflation
is directly proportional to 45 and 6,4 (or 8;). However, the
subsequent scaling of the asymmetry with time is inde-
pendent of A5 and 6,4.

Figure 3 shows the summary of our results in the A5 — m,,
plane with Am/m, = (m, — My)/m, being shown in the
color bar. The shaded regions are disfavored by P-ACT
2025 and PLANCK 2018 data, respectively, whereas the
meshed region in green violates perturbative upper limit on
Yukawa coupling. The contours of different shapes indicate
leptogenesis and neutrino mass satisfying points for differ-
ent choices of Yukawa coupling Y, and 6,4, while keeping
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FIG. 2. Evolution of ¢ (left panel) and the asymmetry density n; o @%@ (right panel) for three different values of m (top panel), s
(middle panel), 8; (bottom panel). and choosing &, = 30, &, = 1. The dotted lines in the top right panel denote the scaling of the

asymmetry density as matter, i.e., n; & a~> « ¢~ or radiation, i.e., 1

dotted lines denote the scaling of asymmetry as radiation, i.e., n; « a”

the reheating temperature fixed. We have used 6.4 and 6;
interchangeably, as 6; is approximately equal to O,
especially for smaller values of A5 (10~ and below). In
this regime, the value of € remains the same up to two
significant digits. In the evolution plots, we determined the
asymmetry numerically by setting the initial condition 6;,

 a=> o t73/2, whereas for the middle and bottom right panels the

3 x t—3/2'

whereas in the summary plots, we used the analytical
expression from Eq. (48) and therefore substituted 6.4
instead. From Eq. (39), it is clear that Am/m, should
decrease with m, for fixed Y, and Tgry. This pattern is
visible from both the plots shown in Fig. 3. Due to the
choice of a low TRy, the corresponding relative mass
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FIG. 3. Allowed parameter space for successful leptogenesis in A5 —m, plane for z; =02 —-i0.1, Y = (3>, ¥ Z,Ya)

“‘\\\‘g\\\\ n '\
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Y =0.50, 0g = 1.00 % 10°
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1/2 and TRH =

218 GeV (left) and Ty = 2.18 x 10* GeV (right). The gray and blue shaded regions are disfavored by P-ACT 2025 and PLANCK
2018 data, respectively. The meshed region in green is disfavored by perturbative upper limit on Yukawa coupling. The isocurvature
bound from CMB given by Eq. (58) rules out the regions with too small ,,,4, which is shown by the purple meshed region. The yellow
shaded region corresponds to the regime of strong washout, whereas the dark red band shows the parameter space disfavored by MEG II
constraints on y — ey [75]. The cyan colored band corresponds to the parameter space within future sensitivity of MEG 1II [76], while
the pink colored band indicates future sensitivity of PRISM/PRIME to u — e conversion [79].

difference Am/m, needs to be fine-tuned as the corre-
sponding Yukawa coupling cannot be made arbitrarily
small due to the constraints from CMB isocurvature as
well as light neutrino mass. Such a small mass splitting is
not technically natural in our minimal setup, and additional
symmetries and nonminimal particle content may be
required to explain such fine-tuning, which we do not
pursue further in this work. Since the reheat temperature is
chosen to the small and Yukawa coupling Y, = O(0.1), one
requires phase-space suppression in the decay width of 7 as
can be noticed from the color bar in Fig. 3. The yellow
shaded portion of these contours indicate the region where
washout effects are dominant, and hence, lepton asymmetry
is likely to get washed out. Due to large Yukawa coupling,
the washout I'5 in Eq. (51) is the most dominant one, and
the yellow shaded region in Fig. 3 corresponds to the
parameter space where

I

H T=Tgy

> 1.

The red shaded region is disfavored by the limits on lepton
flavor-violating (LFV) decay BR(u — ey) from MEG-II
[75] while the cyan shaded region is within future sensi-
tivity [76], details of which can be found in the Appendix.
While there exist other LFV processes like ¢ — 3¢ [77] and
u — e conversion [78], the corresponding constraints on

the parameter space remain weaker compared to the one for
u — ey. However, future sensitivity of PRISM/PRIME to
4 — e conversion [79] remains promising, as indicated by
the pink shaded band. Additionally, the CMB isocurvature
constraint given by Eq. (58) disfavors regions with too
small @,,4 ~ 0;, which is indicated by the meshed purple
region. Clearly, P-ACT 2025 allows only a small region of
parameter space consistent with successful leptogenesis,
neutrino mass, and mixing. On the other hand, a large part
of the parameter space remains consistent with the
PLANCK 2018 data.

To conclude, we have proposed a novel and very
minimal framework for explaining the baryon asymmetry
of the Universe together with neutrino oscillation data by
extending the standard model of particle physics with only
two new fields: one right-handed neutrino and a second
Higgs doublet with the latter also playing the role of cosmic
inflaton. Light neutrino masses arise from a combination of
type-I and radiative seesaws with the lightest neutrino mass
being zero. While canonical leptogenesis from CP-violat-
ing decay is not feasible due to the chosen minimal field
content, we implement the Affleck-Dine mechanism by
identifying the second Higgs doublet as the AD inflaton.
Future data from cosmology and terrestrial experiments
will be able to shed more light into the currently allowed
parameter space of the model. The model also predicts the
vanishingly lightest active neutrino mass which keeps the
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effective neutrino mass much out of reach from ongoing
tritium beta decay experiments like KATRIN [80], while
future data should be able to confirm or refute it.
Additionally, near-future observations of neutrinoless dou-
ble beta decay can also falsify our scenario, particularly for
normal ordering of light neutrinos. While the minimal setup
proposed here does not have any particle dark matter
candidate, one could explore the possibility of forming
primordial black hole dark matter due to Higgs fluctuations
during inflation [81]. We leave exploration of such inter-
esting possibilities to future works.
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APPENDIX: CHARGED LEPTON FLAVOR
VIOLATION

The same particles taking part in generating one-loop mass
for one of the neutrinos can also contribute to charged lepton
flavor-violating decays like 4 — ey. A detailed discussion of
charged lepton flavor violation in THE seesaw model with
one RHN and two Higgs doublets can be found in [82]. The
branching ratio for 4 — ey is given by

H—ety,

where the branching ratio is given by

3(47)3 oy _
Br(u — e7) = 2L 4 ey 00,77,
F

with

Fo) 1 —6x + 3x% + 2x% — 6x° log x

2\X) = 5

6(1 —x)*

and

Yy, 1 M?
Ap=—-L__F, <_N)
2(4n)? mfli mzi

Here, a.,, is the electromagnetic fine structure constant, and
G is the Fermi constant. The current experimental upper
limit is given by

Br(u — ey) < 3.1 x 10713,

from the combined analysis of MEG I and MEG 11 [83] with
the future sensitivity being BR(u — ey) < 6 x 10714 [76].
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