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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

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 M1 ≳ 109 GeV [17]. While this
keeps canonical leptogenesis models out of reach from
terrestrial experiments, it is possible to bring the scale of
leptogenesis toTeVscalevia resonant enhancementwith 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 neutrinomass 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)

*Contact author: b.disha@iitg.ac.in
†Contact author: dborah@iitg.ac.in
‡Contact author: surujjd@gmail.com
§Contact author: okadan@ua.edu

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI. Funded by SCOAP3.

PHYSICAL REVIEW D 113, 075025 (2026)

2470-0010=2026=113(7)=075025(13) 075025-1 Published by the American Physical Society

https://orcid.org/0009-0002-0871-8538
https://orcid.org/0000-0001-8375-282X
https://orcid.org/0000-0002-4144-1799
https://orcid.org/0000-0002-3798-773X
https://ror.org/0022nd079
https://ror.org/01an3r305
https://ror.org/00y0zf565
https://ror.org/03xrrjk67
https://crossmark.crossref.org/dialog/?doi=10.1103/7q6t-2qbc&domain=pdf&date_stamp=2026-04-20
https://doi.org/10.1103/7q6t-2qbc
https://doi.org/10.1103/7q6t-2qbc
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/


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.1

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 PLANCK2018 constraints keep a large part
of the parameter space allowed from the requirements of
neutrinomass, 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. IV.
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 η playing the role of inflaton can give rise to another
active neutrino mass via radiative seesaw. The scalar
potential has a Z2 symmetry preventing η from acquiring
a vacuum expectation value (VEV), provided the condition

m2
η þ

1

2
ðλ3 þ λ4Þv2 > 0

is satisfied. We assume this to hold in our setup. The
Yukawa Lagrangian, however, breaks the Z2 symmetry.
The relevant part of the Yukawa Lagrangian is given by

−L ⊃ YαL̄αη̃N þ yαL̄αΦ̃N þ 1

2
MNNcN þ H:c:; ð1Þ

where L, Φ denote the lepton and SM Higgs doublet,
respectively. The Z2 symmetry of the scalar potential can be
retained in the Yukawa Lagrangian involving η by
assigning both η and right-handed neutrino N to be Z2

odd, while all SM fields remain Z2 even. With this
assignment, the Yukawa interaction YαLαη̃N is Z2 even

and therefore does not break the symmetry. As a result,
Z2-violating linear or trilinear η terms are not generated at
one-loop from these couplings. However, the additional
Yukawa interaction yαL̄αΦ̃N involving the SM-like Higgs
doublet Φ and SM leptons introduces a mild Z2 breaking.
This interaction can induce terms odd in η at one loop, but
its magnitude is suppressed by the small type-I seesaw
Yukawa couplings. Consequently, the induced η VEVafter
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 η field has
already decayed before electroweak symmetry breaking,
making the impact of any such loop-inducedVEV-dependent
decays insignificant. We also check the possibility of m2

η

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 η
mass-squared term becomes negative only in regimes where
the right-handed neutrino mass is much larger than mη.
Because of our considerationmη ≳MN , the η mass squared
term remains positive at all energy scales, in agreement with
Ref. [30]. A complete treatment of such Z2-breaking effects
via RGE corrections [31] is beyond the scope of this present
work and is left for future studies. TheUð1ÞL or global lepton
number charges of the BSM fields η 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 Z2-sym-
metric scalar potential is

Vðη;ΦÞ ¼ m2
ηjηj2 þ

λ2
2
jηj4 þ μ2ϕjΦj2 þ λ1

2
jΦj4

þ λ3ðη†ηÞðΦ†ΦÞ þ λ4ðΦ†ηÞðη†ΦÞ

þ λ5
2
½ðΦ†ηÞ2 þ H:c:�; ð2Þ

whereΦ is the SM Higgs doublet. The Z2-symmetric scalar
potential keeps the two Higgs doublets in the alignment limit
[32,33]. The scalar fields Φ and η can be parametrized as

Φ ¼ 1ffiffiffi
2

p
�

0

ϕþ v

�
; η ¼

 
η�

ðH0þiA0Þffiffi
2

p

!
: ð3Þ

When the neutral component ofΦ acquires a nonzeroVEV v,
one of the light neutrinos acquire mass via type-I seesaw

ðmI
νÞαβ ¼ −

yαyβv2

2MN
: ð4Þ

Another light neutrino acquires mass at the one-loop level
with η, N in the loop. The corresponding mass is given by

1A 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.
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ðmloop
ν Þαβ ¼

YαYβMN

32π2
½Lkðm2

H0Þ − Lkðm2
A0Þ�; ð5Þ

where the function Lkðm2Þ is defined as

Lkðm2Þ ¼ m2

m2 −M2
k

ln
m2

M2
k

: ð6Þ

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 ¼
ffiffiffiffiffiffiffiffi
X−1
M

q
R

ffiffiffiffiffiffiffiffiffiffi
mdiag

ν

q
U†; ð7Þ

whereR is an arbitrary complex orthogonalmatrix satisfying
RRT ¼ 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
Y is

Y ¼
 
Y1×3
α

y1×3α

!
; ð8Þ

and XM is given by

XM ¼
�−X1 0

0 X0

�
; X1 ¼

MN

32π2
ðLkðm2

H0Þ−Lkðm2
A0ÞÞ;

X0 ¼
v2

2MN
: ð9Þ

The R matrix for two heavy neutrino scenarios is given by
[40]

R ¼
�
0 cos z1 � sin z1
0 − sin z1 � cos z1

�
; ð10Þ

where z1 ¼ aþ ib is a complex angle. The diagonal
light neutrino mass matrix, assuming normal hierarchy, is
given by

mdiag
ν ¼

0
BB@

0 0 0

0
ffiffiffiffiffiffiffiffiffiffiffiffi
Δm2

sol

p
0

0 0
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Δm2

atm þ Δm2
sol

p
1
CCA: ð11Þ

For inverted hierarchy, mdiag
ν is

mdiag
ν ¼

0
BB@

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Δm2

atm − Δm2
sol

p
0 0

0
ffiffiffiffiffiffiffiffiffiffiffiffiffi
Δm2

atm

p
0

0 0 0

1
CCA: ð12Þ

The PMNSmixing parameters andmass 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 thegeneration of lepton asymmetry. In the scalar
potential given in Eq. (2), the λ5 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, theUð1ÞL breaking λ5 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 η and the SM Higgs Φ
[27,41],with nonminimal couplings to gravity of the form [42]

fðjΦj; jηjÞ ¼ ξ1jΦj2 þ ξ2jηj2: ð13Þ
Here, ξ1;2 are dimensionless couplings of the respective scalar
doublets to gravity. Earlier works on a common origin of
inflation and baryogenesis or leptogenesis via the ADmecha-

nism can be found in [24,43–57]. ConsideringΦ≡ ð 0
1ffiffi
2

p ρ1eiθ1 Þ
and η≡ ð 0

1ffiffi
2

p ρ2eiθ2
Þ, in order to realize the inflationary trajectory

in the large field limit, following the analysis of
Refs. [25,27,41], we have

ρ1
ρ2

≡ tan α ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
λ2ξ1 − ðλ3 þ λ4Þξ2
λ1ξ2 − ðλ3 þ λ4Þξ1

s
≃

ffiffiffiffiffiffiffiffiffi
λ2ξ1
λ1ξ2

s
; ð14Þ

where, from nowon,we consider λ3, λ4 to be small enough for
simplicity, without any loss of generality. The inflation can
now be described in terms of a single field φ, such that

ρ1 ¼ φ sinα; ρ2 ¼ φ cosα; ξ¼ ξ1 sin2 αþ ξ2 cos2 α:

The potential can then be written as2

2While 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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Vðφ; θÞ ¼ m2

2
φ2 þ 1

4
λφ4 þ 2λ̃5 cos 2θφ4; ð15Þ

with λ ¼ 1
2
ðλ1sin4αþ λ2cos4αÞ, λ̃5 ¼ λ5

8
sin2α cos2α,

θ ¼ θ2 − θ1, and m2 ¼ m2
η cos2 αþ μ2ϕ sin

2 α.
Going to the Einstein frame through the conformal

transformation,

g̃μν ¼ Ω2gμν; Ω2 ¼ 1þ ξφ2=M2
P; ð16Þ

results in the following Einstein frame Lagrangian:

Lffiffiffiffiffiffi−gp ¼ −
M2

P

2
R −

1

2
gμν∂μχ∂νχ −

1

2
fðχÞgμν∂μθ∂νθ

−Uðχ; θÞ; ð17Þ

where

fðχÞ≡ φðχÞ2cos2α
Ω2ðχÞ ; Uðχ; θÞ≡ VðφðχÞ; θÞ

Ω4ðχÞ ; ð18Þ

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

dχ
dφ

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
6ξ2φ2=M2

P þ Ω2
p

Ω2
: ð19Þ

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

UinfðχÞ ¼
3

4
Λ2M2

P

�
1 − e−

ffiffi
2
3

p
χ

MP

�
2

; ð20Þ

where Λ ¼
ffiffiffiffiffiffiffi
λM2

P
3ξ2

q
and MP is the reduced Planck mass.

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

ϵV ≡M2
P

2

�
V 0

V

�
2

; ηV ≡M2
P
V 00

V
; ð21Þ

where 0 indicates derivative with respect to the conformal
field χ. At the end of inflation, we have ϵVðχendÞ ¼ 1, which
gives

χend ¼ MP

ffiffiffi
3

2

r
ln

�
1þ 2ffiffiffi

3
p
�
: ð22Þ

Now, the total number of e-folds starting from the epoch
when the CMB pivot scale (∼0.05 Mpc−1) exits the horizon
during inflation until the end of inflation can be written as

N� ¼
Z

χ⋆

χend

1ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2ϵVðχÞ

p dχ
MP

; ð23Þ

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

(i) Amplitude of scalar perturbation: As ¼ 1
24π2ϵV

V
M4

P
,

(ii) Scalar spectral index: ns ¼ 1–6ϵV þ 2ηV ,
(iii) Tensor-to-scalar ratio: r ¼ 16ϵV .
The measured value of As ¼ 2.1 × 10−9 [19] fixes Λ.

The parameters N�; r; χ�;Λ can be expressed as functions
of ns as follows [58]:

N� ≃
2

1 − ns
þ 3

4
lnð1 − nsÞ þ 0.47þOð1 − nsÞ; ð24Þ

r ≃ 3ð1 − nsÞ2 þ
9

2
ð1 − nsÞ3 þO½ð1 − nsÞ4�; ð25Þ

χ� ≃
ffiffiffi
3

2

r
MP ln

�
7þ 4

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4 − 3ns

p
− 3ns

3ð1 − nsÞ
�
; ð26Þ

Λ ≃ πMP

ffiffiffiffiffi
As

6

r
ð1þ 2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4 − 3ns

p
− 3nsÞ: ð27Þ

B. Reheating dynamics and constraints

The relation between the fields φ and χ 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

χ

MP
≈

8>>>>><
>>>>>:

φ
MP

for φ
MP

≪ 1
ξffiffi

3
2

q
ξ
�

φ
MP

�
2

for 1
ξ ≪

φ
MP

≪ 1ffiffi
ξ

pffiffi
3
2

q
lnΩ2 ¼

ffiffi
3
2

q
ln
h
1þ ξ

�
φ
MP

�
2
i

for 1ffiffi
ξ

p ≪ φ
MP

:

ð28Þ

The potential during these regimes can be approximated as
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UðχÞ ≈

8>>>>>>>><
>>>>>>>>:

1
2
m2χ2 for χ

MP
≪

ffiffi
2
λ

q
m
MP

ðmatter-like 2Þ
1
4
λχ4 for

ffiffi
2
λ

q
m
MP

≪ χ
MP

≪ 1
ξ ðradiation-likeÞ

1
2
Λ2χ2 for 1

ξ ≪
χ
MP

≪ 1 ðmatter-like 1Þ
3
4
ΛM2

Pð1 − e−
ffiffi
2
3

p
ðχ=MPÞÞ2 for 1 ≪ χ

MP
ðinflationÞ:

ð29Þ

Since we are interested in perturbative reheating, we
consider ξ ≃ 30, to avoid the nonperturbative regime
[59]. In such a case, the equation of state parameter w
changes from w ¼ −1 to w ¼ 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

field χ decreases further, at some point the quadratic term
starts dominating, and we have a matterlike era with w ¼ 0.
The reheating temperature can be related to the infla-

tionary observables, particularly ns, 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 ¼ 1=3. We
can write the e-folding number from the end of inflation to
end of reheating as

Nre ¼ ln

�
are
aend

�
≃ ln

�
ard
aend

aeq
ard

are
aeq

�
¼ ln

�
ard
aend

�
þ 1

3ð1þ w1Þ
ln

�
ρrd
ρeq

�
þ 1

3ð1þ w2Þ
ln

�
ρeq
ρre

�

¼ C þ 1

3ð1þ w1Þ
ln

�
ρrd
ρeq

�
þ 1

3ð1þ w2Þ
ln

�
ρeq
ρre

�
: ð30Þ

In the above, aend; ard; aeq; are
3 denote the scale factor at the

end of inflation, beginning of the radiation-dominated
potential with w ¼ 1=3, matterlike 2-radiation equality,
and end of reheating, respectively, while ρ indicates the
corresponding energy densities. To be more precise, we
include the factor C ¼ lnð ardaend

Þ from our numerical calcu-
lations, which takes into account the effect of the changing
equation of state from w ¼ −1 to w ¼ 1=3, as discussed
earlier. Considering ξ ¼ 30 as explained above and fixing λ
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
ρrd ≃ 8 × 10−18M4

P. aeq indicates the scale factor when
the quadratic term starts to dominate the potential energy
with energy density ρeq ¼ 2m4=λ. Also, in our case, we
have w1 ¼ wRD ¼ 1=3; w2 ¼ wMD ¼ 0, but in the follow-
ing, we keep w1, w2 to make the results more general.
Now, since at the horizon exit we have k ¼ akHk with

ak, Hk being the corresponding scale factor and Hubble

parameter, respectively, we can write

ln

�
k

akHk

�
¼ ln

�
k

a0Hk

aend
ak

are
aend

a0
are

�
¼ 0

⇒ ln

�
k

a0Hk

�
þ N� þ Nre þ ln

�
a0
are

�
¼ 0;

ð31Þ

where a0 denotes the present value of the scale factor. Hk
indicates the Hubble at horizon crossing which can be
determined using the definition of r ¼ Ph

Pζ
, where Ph ¼ 2H2

π2M2
P

is the amplitude of tensor perturbations, while Pζ represents
the corresponding amplitude of scalar perturbations. Thus,

we have Hk ¼ πMP

ffiffiffiffiffi
Asr

pffiffi
2

p .

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

a3reg�sT3
RH ¼ a30

�
2T3

0 þ 6
7

8
T3
ν0

�
; ð32Þ

where TRH is the reheating temperature, T0 ¼ 2.73 K is the
present temperature, and Tν0 ¼ ð 4

11
Þ1=3T0 indicates the

temperature of neutrinos. Hence, we can write

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 ¼ 1=3); “eq” indicates the matterlike 2-radiation
equality point; and “re” corresponds to the end of reheating.
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are
a0

¼
�

43

11g�s

�
1=3 T0

TRH
¼
�

43

11g�s

�
1=3
�
π2g�T4

0

30ρre

�
1=4

: ð33Þ

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

ρre ¼ exp ð−3N0
reð1þ w2ÞÞ

�
ρrd
ρeq

�1þw2
1þw1

ρeq; ð34Þ

where we define N0
re ¼ Nre − C. Note that the above

expression reduces to the one with a single equation of
state [60–65], in the limit w1 ¼ w2. Equation (33) can be
rewritten as

ln
are
a0

¼ 1

3
ln

�
43

11g�s

�
þ 1

4
ln

�
π2g�
30

�
þ 3

4
N0

reð1þ w2Þ

þ 1

4
ln

�
ρeq
ρrd

�1þw2
1þw1 þ 1

4
ln

�
T4
0

ρeq

�
: ð35Þ

Using the above expression in Eq. (31), we get

N0
re ¼

4

3w2 − 1

�
N� þ

1

3
ln

�
11g�s
43

�
þ 1

4
ln

�
30

π2g�

�

þ ln

�
k

a0T0

�
−
1

4
ln

�
ρeq
ρrd

�1þw2
1þw1

−
1

4
ln

�
π4M4

PA
2
sr2

4ρeq

�
þ C
�
: ð36Þ

Note again, that in the limit w1 ¼ w2, the above relation of
Nre 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

TRH ¼ ρ1=4eq

�
30

π2g�

� 1
1−3w2

�
ρrd
ρeq

� 1þw2
ð1þw1Þð1−3w2Þ

×

�
11g�sk3

43a30T
3
0

� 1þw2
1−3w2
�
π4M4

PA
2
sr2

4ρeq

� 3ð1þw2Þ
4ð3w2−1Þ

× exp
�
3ð1þ w2Þ
1 − 3w2

ðN� þ CÞ
�
: ð37Þ

Here, ρeq ¼ 2m4=λ and k=a0 ¼ 0.05 Mpc−1 is the CMB
pivot scale. Thus, the reheating temperature can be written
in terms of ns using the expressions relating N�; r;Λ with
ns mentioned before [cf. Eqs. (24)–(27)]. In our case, for
w1 ¼ 1=3, w2 ¼ 0, Eq. (37) gives

TRH ¼ 8ρ1=4eq

�
30

π2g�

��
1

4

ρrd
π4M4

PA
2
sr2

�3
4

�
11g�s
43

�

×

�
k

a0T0

�
3

exp ð3ðN� þ CÞÞ: ð38Þ

On the other hand, considering perturbative reheating from
the decay η → NL, we can also estimate the reheat temper-
ature as

TRH ≈
ffiffiffiffiffiffiffiffiffiffiffiffi
MPΓη

p
; Γη ¼

Y†
αYα

8π
mη

�
1 −

M2
N

m2
η

�
2

∼
Y†
αYα

2π
mη

�
Δm
mη

�
2

: ð39Þ

In the last step of the above equation, we have assumedmη þ
MN ∼ 2mη which is valid for small mass splitting Δm.
Figure 1 shows the variation of reheat temperature TRH

with ns for three different benchmark choices of m. The
pink shaded region at the bottom is disfavored due to the
lower bound on reheat temperature TRH > TBBN ≃ 4 MeV
[66]. The vertical shaded regions correspond to 2σ allowed
values of ns from PLANCK 2018 and PLANCK-ACT (P-
ACT) 2025 data. Clearly, P-ACT 2025 restricts TRH above
a certain lower bound while PLANCK 2018 data allows
TRH as low as a fewMeV. 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 TRH. This is because in the presence of multiple equation
of states during reheating [cf. Eq. (29)], the scaling of
TRH with ns changes in a nontrivial manner [cf. Eq. (37)].

FIG. 1. Variation of reheat temperature TRH with scalar spectral
index ns 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 TRH with ns
(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 χ and θ are derived to be [27]

χ̈ −
1

2
f0ðχÞθ̇2 þ 3Hχ̇ þU;χ ¼ 0;

θ̈ þ f0ðχÞ
fðχÞ θ̇ χ̇þ3Hθ̇ þ 1

fðχÞU;θ ¼ 0: ð40Þ

Here, 0 in f denotes derivative with respect to χ. During
inflation, θ is in the approximate slow-roll phase, during
which we have

θ̇ ≃ −
MPU;θ

fðχÞ ffiffiffiffiffiffiffi
3U

p : ð41Þ

Because of the presence of the Uð1ÞL breaking term,
asymmetry number density nL ∝ φ2θ̇ is generated, which
at the end of inflation is given by

nLjend ¼ QLφ
2
endðχÞθ̇end cos2 α ð42Þ

≃
QLMPU;θΩ2ffiffiffiffiffiffiffiffiffiffiffiffi

3Uend
p

≃
8QLλ̃5 sinð2θendÞffiffiffiffiffi

3λ
p

ξ
M3

P; ð43Þ

where we used Eq. (18) and the slow-roll condition for θ̇
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), QL
denotes the Uð1ÞL charge of the AD field η.
The final asymmetry depends on the details of the

reheating dynamics. To understand this clearly, let us look
into Eq. (40) for θ, which can be rewritten as

d
dt

ða3fðχÞθ̇Þ ¼ d
dt

�
nLa3

QLΩ2

�
¼ −a3U;θ; ð44Þ

where we have substituted θ̇ in terms of nL and used
Eq. (18) for fðχÞ. In addition to the form of the χ potential
during reheating, the asymmetry also depends on the form
of the Uð1ÞL breaking term, which is determined by U;θ.
Now, ifU;θ redshifts faster than a−3 (matterlike), then the

right-hand side of Eq. (44) becomes diminishing over time,

and the quantity nLa3

QLΩ2 remains conserved. After the end of

inflation, the potential during reheating is initially domi-
nated by the quartic term after a few e-folds as discussed
above. Hence, a3U;θ ∝ a3χ4 ∝ a−1 becomes subdominant

with time. When the magnitude of φ ¼ χ reduces to
ffiffi
2
λ

q
m,

the potential energy density behaves like matter. In this
case, we again have a3U;θ ∝ a3χ4 ∝ a−3, which remains

subdominant. Thus, the quantity nLa3

QLΩ2 remains approxi-

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

nLðtreÞ ≃
Ω2ðtreÞ
Ω2ðtendÞ

�
aðtendÞ
aðtreÞ

�
3
�
nLjend −Ω2ðtendÞ

Z
tre

tend

U;θ
a3

aðtendÞ3
dt
�

≃ nLjend
Ω2ðtreÞ
Ω2ðtendÞ

exp ð−3CÞ
�
χðteqÞ
χðtrdÞ

�
3
�
teq
tre

�
2

½1þ c2�: ð45Þ

The constant c2 ¼ −
R tre
tend

ffiffiffiffiffiffiffiffi
3Uend

p
MP

a3

aðtendÞ3 dt indicates the effect
of the source term during reheating and is determined
numerically. Here, we used Eq. (43) to writeU;θ in terms of
nLjend. We find c2 ≃ 55.5. Recall that after the beginning of
radiationlike behavior of the potential, its effect becomes
subdominant, as explained above. teq denotes the time
when the quadratic term in the potential dominates and can
be written as

teq ¼ trd

�
χðtrdÞ
χðteqÞ

�
2

: ð46Þ

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

nLðtreÞ ∼
1.4 exp ð−3CÞg�λ̃5 sin 2θ

ξλ1=4
Ω2ðtreÞ
Ω2ðtendÞ

�
TRH

m

�

×

�
TRH

ρ1=4rd

�
3

M3
Pð1þ c2Þ; ð47Þ

where we used Eq. (43). Recall that C and ρrd 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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YB ∼
exp ð−3CÞλ̃5 sin 2θend

ξλ1=4
Ω2ðtreÞ
Ω2ðtendÞ

�
TRH

m

�
M3

P

ρ3=4rd

ð1þ c2Þ:

ð48Þ

Lepton asymmetry can also be washed out due to L-
violating scattering processes with interactions of the type
ηΦ† ↔ η†Φ or LΦðηÞ ↔ L̄Φ†ðη†Þ. The rates for such
washout processes can be calculated as

Γ1 ¼ ΓðηΦ† ↔ η†ΦÞ ≈ neqη
λ25
T2

; ð49Þ

Γ2 ¼ ΓðLΦ ↔ L̄Φ†Þ ≈ jy†αyαj2
8πM2

N
neqL ; ð50Þ

Γ3 ¼ ΓðLη ↔ L̄η†Þ ≈ jY†
αYαj2

8πM2
N

neqη : ð51Þ

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

WID ¼ 1

4

Γη

HðT ¼ mηÞ
�
mη

T

�
3

K1

�
mη

T

�
; ð52Þ

where K1 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 θ [56,70]. The variance of these fluctuations
is given by [71]

hδθ2i ≃
�
Hk

2π

�
2 1

χ2�
: ð53Þ

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

�
δT
T

�
iso

≃ −
2

5

ΩB

Ωm

δnB
nB

: ð54Þ

Here, ΩB
Ωm

≃ 0.16 [2] is the ratio of the baryon to matter
energy densities. nB is the baryon number density, which in
our case can be found using Eq. (47) as

δnB
nB

≃ 2 cot ð2θiÞδθ: ð55Þ

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

	�
δT
T

�
2



adi
≃

1

20

H2
k

8π2M2
PϵV

; ð56Þ

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

αnon−adi ¼
hðδTT Þ2iiso
hðδTT Þ2iadi

≃
128M2

PϵV
5

Ω2
B

Ω2
m

cot2ð2θiÞ
χ2�

: ð57Þ

Using the upper bound αnon−adi ≲ 2 × 10−2 [74], we arrive
at a lower bound on θi, given by

θi ≳ 0.15

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3ð1 − nsÞ2 þ

9

2
ð1 − nsÞ3

r
; ð58Þ

where we used Eqs. (25) and (26) for our inflationary
predictions in terms of ns. For ns in the range 0.95 to 0.98,
the above bound on θi lies in the range 0.013 to 0.005. As
we see, we have sufficient allowed parameter space for
these values of θi, 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 φ (left panel) and the
asymmetry density nL ∝ φ2θ̇ (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 λ5 coupling, whereas the bottom
panel indicates the effect of varying the initial value of θ
field, namely, θi. As we can see, ϕ trajectories naturally
overlap as the evolutions are very similar for changes in
parameters λ5 and θi, 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 (teq) sooner, and the field χ 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 λ5 and θend (or θi). However, the
subsequent scaling of the asymmetry with time is inde-
pendent of λ5 and θend.
Figure 3 shows the summary of our results in the λ5 −mη

plane with Δm=mη ≡ ðmη −MNÞ=mη 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 Yα and θend, while keeping
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the reheating temperature fixed. We have used θend and θi
interchangeably, as θi is approximately equal to θend,
especially for smaller values of λ5 (10−4 and below). In
this regime, the value of θ remains the same up to two
significant digits. In the evolution plots, we determined the
asymmetry numerically by setting the initial condition θi,

whereas in the summary plots, we used the analytical
expression from Eq. (48) and therefore substituted θend
instead. From Eq. (39), it is clear that Δm=mη should
decrease with mη for fixed Yα and TRH. This pattern is
visible from both the plots shown in Fig. 3. Due to the
choice of a low TRH, the corresponding relative mass

FIG. 2. Evolution of φ (left panel) and the asymmetry density nL ∝ φ2θ̇ (right panel) for three different values of m (top panel), λ5
(middle panel), θi (bottom panel). and choosing ξ2 ¼ 30, ξ1 ¼ 1. The dotted lines in the top right panel denote the scaling of the
asymmetry density as matter, i.e., nL ∝ a−3 ∝ t−2 or radiation, i.e., nL ∝ a−3 ∝ t−3=2, whereas for the middle and bottom right panels the
dotted lines denote the scaling of asymmetry as radiation, i.e., nL ∝ a−3 ∝ t−3=2.
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difference Δm=mη 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 Yα ≳Oð0.1Þ, one
requires phase-space suppression in the decay width of η 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 Γ3 in Eq. (51) is the most dominant one, and
the yellow shaded region in Fig. 3 corresponds to the
parameter space where

Γ3

H

����
T¼TRH

> 1:

The red shaded region is disfavored by the limits on lepton
flavor-violating (LFV) decay BRðμ → eγÞ 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 μ → 3e [77] and
μ → e conversion [78], the corresponding constraints on

the parameter space remain weaker compared to the one for
μ → eγ. However, future sensitivity of PRISM/PRIME to
μ → 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 θend ∼ θi, 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

FIG. 3. Allowed parameter space for successful leptogenesis in λ5 −mη plane for z1 ¼ 0.2 − i0.1, Y ¼ ðPα Y
†
αYαÞ1=2 and TRH ¼

218 GeV (left) and TRH ¼ 2.18 × 104 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 θend, 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 μ → eγ [75]. The cyan colored band corresponds to the parameter space within future sensitivity of MEG II [76], while
the pink colored band indicates future sensitivity of PRISM/PRIME to μ → e conversion [79].

BANDYOPADHYAY, BORAH, DAS, and OKADA PHYS. REV. D 113, 075025 (2026)

075025-10



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 sameparticles taking part in generatingone-loopmass
for one of the neutrinos can also contribute to charged lepton
flavor-violating decays like μ → eγ. 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 μ → eγ is given by

μ → eþ γ;

where the branching ratio is given by

Brðμ → eγÞ ¼ 3ð4πÞ3αem
4G2

F
jADj2Brðμ → eνμνeÞ;

with

F2ðxÞ ¼
1 − 6xþ 3x2 þ 2x3 − 6x2 log x

6ð1 − xÞ4 ;

and

AD ¼ Y�
eYμ

2ð4πÞ2
1

m2
η�

F2

�
M2

N

m2
η�

�
:

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

Brðμ → eγÞ < 3.1 × 10−13;

from the combined analysis of MEG I andMEG II [83] with
the future sensitivity being BRðμ → eγÞ < 6 × 10−14 [76].
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