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The linear seesaw (LSS) model provides a natural framework for generating small neutrino masses at
low energy scales, thereby offering promising testability prospects. However, in generic LSS models, the
exact mass degeneracy (before the electroweak symmetry breaking) between the two sterile neutrinos that
form a Dirac pair precludes the generation of CP asymmetries from their interplay, posing a significant
challenge to explaining the observed baryon (or lepton) asymmetry of the Universe via the leptogenesis
mechanism. In this work, we explore two well-motivated approaches to generate a suitable mass splitting
for the two sterile neutrinos that form a Dirac pair, and consequently naturally realize a resonantly enhanced
generation of baryon (and lepton) asymmetry. First, we demonstrate that the renormalization group
evolution effects can naturally induce the desired mass splitting for the sterile neutrinos, resulting in a
successful generation of the observed baryon asymmetry of the Universe. Second, motivated by the recent
result from the EMPRESS Collaboration that indicates the possible existence of a large lepton asymmetry
of the Universe, we explore the possibility that a large lepton asymmetry might naturally follow from the
electroweak symmetry breaking, which automatically induces the desired mass splitting for the sterile
neutrinos.
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I. INTRODUCTION

The origin of the baryon-antibaryon asymmetry of the
Universe, which is quantified as [1]

YB ≡ nB − nB̄
s

≃ ð8.68� 0.06Þ × 10−11; ð1Þ

where nB (nB̄) denotes the baryon (antibaryon) number
density and s is the entropy density, remains one of the
major unresolved puzzles in particle cosmology. Among
various theoretical explanations, the leptogenesis mecha-
nism [2–6] stands out as an elegant and compelling
scenario. In this mechanism, a lepton asymmetry YL ≡
ðnL − nL̄Þ=s (defined in the same way as YB) is first
generated from the CP-violating and out-of-equilibrium
decays of right-handed neutrinos (RHNs) NI (for
I ¼ 1; 2;…), which are typically introduced in the type-I
seesaw extension of the Standard Model [7–11]. The lepton
asymmetry is subsequently partially converted to the
observed baryon asymmetry via the sphaleron processes:

YB ≃ −1=3YL. It should be noted that the sphaleron
processes only maintain equilibrium within the temperature
range of ½132; 1012� GeV [12].
The type-I seesaw model thus provides a unified explan-

ation for both the smallness of neutrino masses and the
baryon asymmetry of the Universe. However, it faces a
significant challenge in terms of experimental testabil-
ity: the newly introduced particle states (i.e., RHNs) are
too heavy to be directly accessed by foreseeable experi-
ments. On the one hand, in order to naturally generate
eV-scale neutrino masses, the RHN masses need to be
around Oð1013Þ GeV. On the other hand, in order to
generate the observed baryon asymmetry, the RHN
masses usually need to be above Oð109Þ GeV [13],
unless they are nearly degenerate (in which case the
resonant leptogenesis scenario [14,15] can be realized
and successfully reproduce the observed baryon asym-
metry at low energy scales). This inherent tension
between naturalness and testability motivates the explo-
ration of alternative mechanisms that are capable of
generating the neutrino masses and observed baryon
asymmetry at low energy scales.
The linear seesaw (LSS) model [16–18] provides an

alternative framework, which introduces extra singlet
fermions SI (for I ¼ 1; 2;…) in addition to the RHNs.
The relevant Lagrangian terms contributing to the neutrino
mass generation are given by
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− Lmass ⊃ ðYνÞαILα H̃ NI þ ðYLSÞαILα H̃ ScI

þ ðMRSÞIJNc
IS

c
J þ H:c:; ð2Þ

where Lα (for α ¼ e, μ, τ) and H (for H̃ ¼ iσ2H�, with σ2
being the second Pauli matrix), respectively, denote
the lepton and Higgs doublets, and the superscript c
denotes the charge-conjugated fields. Yν, YLS, and MRS
are Yukawa and mass matrices in the flavor space. After
the Higgs field acquires the vacuum expectation value
v ¼ 174 GeV [i.e., the electroweak symmetry breaking
(EWSB)], the Yukawa couplings will lead to some
mass terms connecting the left-handed neutrinos να to
both RHNs and SI: ðMDÞαI ¼ ðYνÞαIv and ðMLSÞαI ¼
ðYLSÞαIv. In the ðνcα; NI; ScI Þ basis, the complete neutrino
mass matrix takes the form

MνNS ¼

0
B@

0 MD MLS

MT
D 0 MRS

MT
LS MT

RS 0

1
CA: ð3Þ

In this model, the lepton number is violated by the
Yukawa couplings in YLS, so the latter can be naturally
small (i.e., the lepton number symmetry would get
restored in the limit of YLS → 0). Under the natural
condition of MLS ≪ MD ≪ MRS, block diagonalization
of Eq. (3) yields the light neutrino mass matrix as
follows:

Mν ≃ −½MDðMLSM−1
RSÞT þ ðMLSM−1

RSÞMT
D�: ð4Þ

This shows that the smallness of neutrino masses can
naturally follow from small values of MLS, rendering
superheavy sterile neutrinos no longer necessary and a
direct detection of them possible [19]. Without loss of
generality, we work in the basis that MRS is diagonal
as MRS ¼ diagðM1;M2;M3Þ.
On the other hand, the RHN and SI singlets (collectively

referred to as sterile neutrinos) form Dirac pairs. A Dirac
pair can be thought of as two exactly degenerate Majorana
sterile neutrinos with opposite CP phases: diagonalization
of the sterile neutrino mass matrix [i.e., the bottom-right
submatrix of Eq. (3), denoted as MNS] yields the mass
eigenvalues −M1;−M2;−M3;M1;M2, and M3, which
means that N1 and S1 (and similarly for N2 and S2, and
N3 and S3) form a Dirac pair. Unfortunately, the exact mass
degeneracy between the two sterile neutrinos that form a
Dirac pair precludes the generation of CP asymmetries
from their interplay, posing a significant challenge to
explaining the observed baryon (or lepton) asymmetry of
the Universe via the leptogenesis mechanism. But, just as a
coin has two sides, such a feature of the LSS model can
serve as a unique starting point for the realization of
resonant leptogenesis scenarios [14,15]: if the sterile
neutrino masses receive certain corrections so that their

degeneracy is lifted to an appropriate extent,1 then the
resonant leptogenesis scenario will be naturally realized,
thereby enabling successful leptogenesis at low energy
scales.
In this work, we explore two well-motivated approaches

to generate the desired mass splitting for the two sterile
neutrinos that form a Dirac pair: the renormalization group
evolution (RGE) effect and the EWSB (see Secs. III and IV
for details). These two approaches have the following three
common merits. 1) The mass splittings for the sterile
neutrinos such generated are typically tiny, which are just
suitable for triggering resonant leptogenesis. 2) These two
effects are spontaneous and unavoidable. 3) These two
effects are minimal in the sense that they do not need to
introduce additional parameters. But there exists a crucial
difference between the two approaches: when the latter
approach begins to take effect (at T ≃ 156 GeV), the
sphaleron processes will freeze out almost at the same
time (at T ≃ 132 GeV [12]). This means that the lepton
asymmetry generated from the latter approach probably
will not get converted into a baryon asymmetry of the same
order of magnitude. We make use of such a feature of the
LSS model to give a tentative explanation for the possible
existence of a large lepton asymmetry as indicated by the
recent result from the EMPRESS Collaboration (see
Sec. IV B), without contradicting the observed baryon
asymmetry.
The remaining parts of this paper are organized as

follows. In the next section, we recapitulate some basic
formulas of leptogenesis as a basis of our study. In Sec. III
we demonstrate that the RGE effects can naturally induce
the desired mass splitting for the sterile neutrinos, result-
ing in a successful generation of the observed baryon
asymmetry of the Universe. In Sec. IV we show that the
observed baryon asymmetry of the Universe can also be
naturally generated through the EWSB, which induces the
desired mass splitting for the sterile neutrinos shortly
before the sphaleron freeze-out. Furthermore, motivated
by the recent result from the EMPRESS Collaboration that
indicates the possible existence of a large lepton asym-
metry of the Universe, we explore the possibility that the
EWSB-induced mass splitting may generate a large lepton
asymmetry after the sphaleron freeze-out. For these
scenarios, we also investigate the consequences of the
model with respect to the charged lepton flavor-violation
processes. Finally, a summary of our main results is given
in Sec. V.

II. SOME BASIC FORMULAS OF LEPTOGENESIS

In this section, we recapitulate some basic formulas of
leptogenesis as a basis of our study.

1After a Dirac pair of sterile neutrinos receive a small mass
splitting, they are called a pseudo-Dirac pair [20–23].

YAN SHAO and ZHEN-HUA ZHAO PHYS. REV. D 112, 115033 (2025)

115033-2



For temperatures of the Universe below ∼109 GeV, the
three lepton flavors (for α ¼ e, μ, τ) are effectively
distinguishable. Therefore, in the low-scale (TeV or so)
leptogenesis regime relevant to our study, it is necessary to
treat the lepton asymmetries stored in each flavor separately
[24,25]. In the meantime, the contributions of the nearly
degenerate sterile neutrinos to the final baryon asymmetry
are on equal footing and should be taken into consideration
altogether [14,15]. For these reasons, the final baryon
asymmetry can be expressed as

YB ¼ cYL ¼ cr
X
α

εακα; ð5Þ

where c ≃ −1=3 is the conversion efficiency from the
lepton asymmetry to the baryon asymmetry via the spha-
leron processes, r ≃ 4 × 10−3 measures the ratio of the
equilibrium number density of sterile neutrinos to the
entropy density, and εα is a sum over the sterile neu-
trinos (i.e., εα ¼

P
I εIα) of the CP asymmetries for their

decays. To compute the flavor-specific CP asymmetries
εIα, we work in the mass basis of sterile neutrinos, where
the effective Yukawa coupling matrix is defined as
hν ¼ ðY 0

ν; Y 0
LSÞ, with Y 0

ν and Y 0
LS denoting the 3 × 3

Yukawa matrices in the mass basis of sterile neutrinos
[see the discussions around Eq. (17)]. In the resonant
leptogenesis regime, the CP asymmetries for the decays of
the Ith sterile neutrino are given by [14,15]

εIα ¼
X
J≠I

εIJα

¼
X
J≠I

1

8πðh†νhνÞII
Im

�
ðh�νÞαIðhνÞαJððh†νhνÞIJ

þ MI

MJ
ðh†νhνÞJIÞ

�
· fIJ;

with fIJ ≡ MIMJΔM2
IJ

ðΔM2
IJÞ2 þM2

IΓ2
J
; ð6Þ

where ΔM2
IJ ≡M2

I −M2
J, and ΓJ ¼

P
α ΓJα ¼P

αðh†νhνÞJαMJ=8π is the decay rate of the Jth sterile
neutrino. Last but not least, κα are the flavor-specific
efficiency factors that take account of the washout effects
due to the inverse decays of sterile neutrinos and various
lepton-number-violating scattering processes.
In general, the strengths of washout effects are governed

by the following flavor-specific washout parameters:

Kα ¼
X
I

KIα ¼
X
I

ΓIα

HðT ¼ MIÞ
; ð7Þ

where ΓIα has been defined below Eq. (6) and HðTÞ ¼
1.66

ffiffiffiffiffi
g�

p
T2=MPl is the Hubble rate, with T being the

temperature of the thermal bath, g� the number of

relativistic degrees of freedom, and MPl ¼ 1.22 ×
1019 GeV the Planck mass. However, in seesaw models
with approximate lepton number conservation (such as the
LSS model considered here), the usually ignored interfer-
ence term involving different sterile neutrinos may become
essential [26]. This motivates the definition of an effective
washout parameter [26]

Keff
Iα ≡ KIα ·

δ2

1þ ffiffiffi
a

p
δþ δ2

; ð8Þ

where δ≡ jΔMj=Γ, with ΔM being the mass splitting
within each pair of pseudo-Dirac sterile neutrinos, and
a ¼ ðΓ=MÞ2. This additional factor arises from the fol-
lowing observations. On the one hand, in models with
approximately conserved lepton number such as the LSS
model considered here, washout effects (which inherently
violate the lepton number) vanish in the limit where the
lepton-number-violating parameters (specifically, YLS)
approach zero. On the other hand, the mass splitting
within each pseudo-Dirac sterile neutrino pair is also
controlled by these same lepton-number-violating param-
eters (again, YLS, as discussed in Secs. III and IV).
Consequently, the effective washout parameter decreases
to zero as the mass splitting ΔM tends to zero, in
accordance with Eq. (8) [26].
The overall impact of washout processes is determined

by the total effective washout parameter for each flavor,
i.e., Keff

α ¼PI K
eff
Iα . Depending on its magnitude, the

efficiency factor κα exhibits two qualitatively distinct
behaviors, corresponding to the strong and weak washout
regimes. In the strong washout regime where Keff

α ≥ 1, the
generated lepton asymmetry is significantly suppressed by
inverse processes. The efficiency factor can be approxi-
mated by

κα ≈
2

zBKeff
α

h
1 − e−

1
2
zBKeff

α

i
; ð9Þ

where zB is well approximated by [27]

zB ≈ 1þ 1

2
ln

�
1þ πKeff

α
2

1024

�
ln
3125πKeff

α
2

1024

�
5
�
: ð10Þ

In the weak washout regime where Keff
α < 1, the generated

lepton asymmetry is less affected by inverse processes.
And the final efficiency depends on whether Kα is larger
or smaller than 1, leading to the following two distinct
cases [28]:

κα ≈

8><
>:

1
4
Keff

α

�
3π
2
− zB

�
ðKα > 1Þ;

9π2

64
Keff

α Kα ðKα < 1Þ:
ð11Þ
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III. RENORMALIZATION GROUP EVOLUTION
ASSISTED LEPTOGENESIS

In this section, we study the scenario that the desired
mass splitting for the sterile neutrinos that form a Dirac pair
is generated from the RGE effect.

A. Consequence for leptogenesis

In the Standard Model framework, the one-loop RGE
equations of the neutrino sector parameters are given
by [29]

16π2
dYν

dt
¼
�
αν −

3

2
YlY

†
l þ

3

2
ðYνY

†
ν þ YLSY

†
LSÞ
�
Yν;

16π2
dYLS

dt
¼
�
αν −

3

2
YlY

†
l þ

3

2
ðYνY

†
ν þ YLSY

†
LSÞ
�
YLS;

16π2
dMR

dt
¼ ðY†

νYνÞMR þMRðY†
LSYLSÞT;

16π2
dμn
dt

¼ ðY†
νYLSÞMT

R þMRðY†
νYLSÞT;

16π2
dμs
dt

¼ ðY†
LSYνÞMR þMT

RðY†
LSYνÞT; ð12Þ

where t ¼ ln ðμ=ΛÞ has been defined, with μ being the
renormalization scale, and αν is defined as

αν ¼ trð3YuY
†
u þ 3YdY

†
d þ YlY

†
l þ YνY

†
ν þ YLSY

†
LSÞ

−
9

20
g21 −

9

4
g22: ð13Þ

Here g1 and g2 are, respectively, the U ð1ÞY and SU ð2ÞL
gauge coupling constants, and Yu;d;l are, respectively, the
Yukawa matrices for up-type quarks, down-type quarks,
and charged leptons. A particularly important consequence
of RGE in the LSSmodel is the dynamical generation of the

mass terms μn and μs [see the last two equations of
Eq. (12)], which originally vanish at the tree level. They
play a crucial role in breaking the mass degeneracy of
sterile neutrinos that form a Dirac pair, thereby enabling the
resonant enhancement necessary for a successful lepto-
genesis. After including these terms, the sterile neutrino
mass matrix is modified into the following form:

M0
NS ¼

�
μn MRS

MRS
T μs

�
: ð14Þ

To facilitate the leptogenesis calculation, it is convenient
to transform to the sterile neutrino mass basis, in which
M0

NS becomes real, positive, and diagonal. For this purpose,
one can diagonalize it with the help of a unitary trans-
formation V as follows:

VTM0
NSV≈

0
BBB@
VT
1

h
−MRSþμsþμn

2

i
V1 0

0 VT
2

h
MRSþμsþμn

2

i
V2

1
CCCA;

ð15Þ

with

V ≈
1ffiffiffi
2

p
 

1þ ðμs−μnÞM−1
RS

4
1 − ðμs−μnÞM−1

RS
4

−1þ ðμs−μnÞM−1
RS

4
1þ ðμs−μnÞM−1

RS
4

! 
V1 0

0 V2

!
;

ð16Þ

where V1 and V2 are the unitary matrices for diagonalizing
−MRS þ μsþμn

2
and MRS þ μsþμn

2
, respectively. After this

unitary transformation, the complete neutrino mass matrix
becomes

M0
νNS ≃

0
BBBB@

0 vY 0
ν vY 0

LS

vðY 0
νÞT VT

1

h
−MRS þ μsþμn

2

i
V1 0

vðY 0
LSÞT 0 VT

2

h
MRS þ μsþμn

2

i
V2

1
CCCCA; ð17Þ

where Y 0
ν and Y 0

LS correspond to the rotated 3 × 3 Yukawa matrices [mentioned above Eq. (6)] that couple the sterile
neutrinos to the SM leptons, and they can be analytically expressed as follows [26]:

Y 0
ν ≃

1ffiffiffi
2

p
v

�
MD −MLS þ

ðMD þMLSÞðμs − μnÞM−1
RS

4

�
V1;

Y 0
LS ≃

1ffiffiffi
2

p
v

�
MD þMLS −

ðMD −MLSÞðμs − μnÞM−1
RS

4

�
V2: ð18Þ

To ensure consistency of our parameter choices with the neutrino oscillation data (see the global-fit results for the
neutrino-oscillation experiments in Refs. [30,31]), we employ the following modified Casas-Ibarra parametrization [32] as
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applicable to the LSS model [33]2 to reconstruct the Dirac
neutrino mass matrix MD:

MD ¼ −UD1=2
ν RD1=2

ν UTðMT
LSÞ−1MT

RS; ð19Þ

where Dν ¼ diagðm1; m2; m3Þ, with mi being three light
neutrino masses, andU is the Pontecorvo-Maki-Nakagawa-
Sakata neutrino mixing matrix [35]. The matrix R takes the
form

R ¼

0
B@

1
2

a b

−a 1
2

c

−b −c 1
2

1
CA; ð20Þ

where a, b, and c are generally complex parameters.
Now we are ready to perform the numerical calculations.

In this paper, we consider the scenario that the three sterile
neutrino mass parametersM1,M2, andM3 are hierarchical,
and thus only need to consider the contributions of the
lightest pseudo-Dirac pair of sterile neutrinos (formed by
N1 and S1) to leptogenesis. In Figs. 1(a) and 1(b) [for the
normal ordering (NO) and inverted ordering (IO) cases of
light neutrino masses, respectively] we show the allowed
values of YB as functions of OðMLSÞ (the order of
magnitude of MLS) for the benchmark values of M1 ¼ 1
and 10 TeV. These results are obtained for the following
parameter settings. For the neutrino mass-squared dif-
ferences and mixing angles, we adopt the values from
global-fit analyses [30,31]. The mass of the lightest
neutrino (either m1 in the NO case or m3 in the IO case)
is varied over the range 0.001–0.1 eV. The CP-violating
phases in the neutrino mixing matrix are allowed to vary
freely between 0 and 2π. For the entries of the matrixMLS,
we permit their absolute values to fluctuate within 0.5 to 2

times the reference scale OðMLSÞ. Similarly, the elements
a, b, and c of the matrix R are varied within the interval
[0.5, 2]. The initial energy scale Λ for RGE is set with
the benchmark ratio Λ=M1 ¼ 100. In practice, the depend-
ence of the final results on this choice is weak, as the
RGE effects depend on Λ only logarithmically. To be
consistent with the core idea of the LSS model (namely,
MLS ≪ MD ≪ MRS), we impose the constraint that MLS is
at least 2 orders of magnitude smaller than MD, and MD is
in turn at least 2 orders of magnitude smaller than MRS.
The results indicate that the observed value of YB can be
successfully reproduced in both the NO and IO cases. For
example, in the NO case with M1 ¼ 1 TeV, the observed
value of YB can be achieved when OðMLSÞ falls within the
range ∼102– ∼ 103 eV, which corresponds to OðMDÞ
values between 109 and 108 eV.

B. Charged lepton flavor violation

In the context of our model, the Yukawa interactions
responsible for generating neutrino masses also give rise to
charged lepton flavor violation. Among various possible
charged lepton flavor violation channels, the radiative
decay lα → lβγ is the most widely studied one, as it
provides the most stringent experimental limits and is
expected to exhibit the largest branching ratios.
According to the MEG Collaboration [36], one has the
experimental limit BRðμ → eγÞ < 4.2 × 10−13. Therefore,
the evaluation of branching ratios for these decays within
our framework not only acts as a key consistency check
of the model, but also establishes a direct connection
between the neutrino mass generation mechanism and
experimentally accessible low-energy signals.
Within our framework, BRðlα → lβγÞ can be calculated

according to [33]

BRðlα → lβγÞ ¼
α3Ws

2
W

256π2
m5

lα

M4
W

1

Γlα

jGW
αβj2; ð21Þ

FIG. 1. For the scenario studied in Sec. III A, in the NO (a) and IO (b) cases, we show the allowed values of YB as functions ofOðMLSÞ
for some benchmark values of M1. The horizontal line stands for the observed value of YB.

2For a full parametrization of the neutrino flavor mixing matrix
for the LSS model in terms of 36 rotation angles and 36CP-
violating phases, see Ref. [34].
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where

GW
αβ ¼

X9
i¼1

K�
αiKβiGW

γ

�
M2

i

M2
W

�
;

GW
γ ðxÞ ¼

1

12ð1 − xÞ4 ð10 − 43xþ 78x2 − 49x3

þ 18x3 ln xþ 4x4Þ: ð22Þ

Here αW ≡ g2W=ð4πÞ denotes the weak fine-structure con-
stant constant, s2W ¼ sin2 θW , with θW being the Weinberg
angle, MW is the W-boson mass, and mlα and Γlα are the
mass and total decay width of the decaying charged lepton
lα. Finally, one has the matrix K ¼ ðKL;KHÞ with

KL ¼
�
I −

1

2
ðMD;MLSÞ�ðM0−1

NS Þ�M0−1
NS ðMD;MLSÞT

�
U0�;

KH ¼ ðMD;MLSÞ�ðM0−1
NS Þ�V: ð23Þ

Now we investigate the consequences of the model
with respect to the μ → eγ process. In Figs. 2(a)
and 2(b) (for the NO and IO cases, respectively), we show
the allowed values of BRðμ → eγÞ as functions ofOðMLSÞ.
With the same parameter settings as in Sec. III A, these
results are obtained within the parameter space that
allows for a successful reproduction of the observed
baryon asymmetry of the Universe, with M1 varying in
the range from 1 to 10 TeV. The results show that the
parameter range of OðMLSÞ≲ 300 eV is excluded by the
constraint from the μ → eγ process, leaving us with
300≲OðMLSÞ=eV≲ 3000.

IV. BARYON/LEPTON ASYMMETRY AFTER
ELECTROWEAK SYMMETRY BREAKING

In this section, we study the scenario that the mass
splitting for the two sterile neutrinos that form a Dirac pair

naturally arise from the mass terms existing in MD and
MLS, which are generated after the EWSB. Given that there
exists a narrow interval between the EWSB (≃159 GeV)
and sphaleron freeze-out (≃132 GeV), according to the
temperature where leptogenesis takes place, there are two
distinct scenarios: in the first scenario, leptogenesis takes
place between the EWSBand sphaleron freeze-out, inwhich
case the generated lepton asymmetry can get converted into
the baryon asymmetry via the sphaleron processes; in the
second scenario, leptogenesis takes place after the sphaleron
freeze-out, in which case the generated lepton asymmetry
will not get converted into a baryon asymmetry.

A. Leptogenesis before sphaleron freeze-out

We first study the scenario that leptogenesis takes place
between the EWSB and sphaleron freeze-out temperature,
in which case the generated lepton asymmetry can get
converted into the baryon asymmetry via the sphaleron
processes.
Before the EWSB, there only exist the Yukawa inter-

actions between active and sterile neutrinos (as well as the
Higgs field) but not the mass terms relating them. When the
Higgs field acquires the vacuum expectation value, these
interactions produce the mass terms in MD and MLS [as
mentioned below Eq. (2)]. These mass terms will make
corrections to the sterile neutrino mass matrix after the
seesaw diagonalization of the full neutrino mass matrix. To
be specific, the effective mass matrix for the sterile neutrino
sector is modified to [37]

M0
RS ¼ MRS þ

1

2
½ðM−1

RSÞ�ðMD;MLSÞ†ðMD;MLSÞ
þ ðMD;MLSÞTðMD;MLSÞ�ðM−1

RSÞ��: ð24Þ

Like the RGE effects considered in Sec. III, these correc-
tions will lead to nonzero mass terms μn and μs [as shown
in Eq. (14)],

FIG. 2. For the scenario studied in Sec. III A, in the parameter space that allows for a reproduction of the observed value of YB, we
show the allowed values of BRðμ → eγÞ as functions ofOðMLSÞ in the NO (a) and IO (b) cases. The horizontal line stands for the current
upper bound on BRðμ → eγÞ.
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μn ¼
1

2
½ðM−1

RSÞ�ðM†
LSMDÞ þ ðM†

LSMDÞTðM−1
RSÞ†�;

μs ¼
1

2
½ðM−1

RSÞ†ðM†
DMLSÞ þ ðM†

DMLSÞTðM−1
RSÞ��; ð25Þ

which just can break the exact mass degeneracy between
the two sterile neutrinos that form a Dirac pair. These terms
are of the order OðMDMLS=MRSÞ, which are just compa-
rable to the light neutrino masses in magnitude. In spite of
their smallness, μn and μs play a crucial role in enabling
resonant enhancement of the CP asymmetry in the decays
of sterile neutrinos.
Although the temperature window between the EWSB

and sphaleron freeze-out is narrow, leptogenesis occurring
within this interval can still efficiently generate the desired
baryon asymmetry. To get the resulting values of YB, we
solve the relevant Boltzmann equations by employing the
ULYSSES package [38] and follow the dynamical evolution
down to the sphaleron freeze-out temperature. For the
present scenario, Figs. 3(a) and 3(b) (for the NO and IO

cases, respectively) show the allowed values of YB as
functions of OðMLSÞ for the benchmark value of
M1 ¼ 150 GeV. These results are obtained for the same
parameter settings as in Sec. III A. The results indicate that
the observed value of YB can be achieved when OðMLSÞ
falls within the range ∼102– ∼ 104 eV in both the NO and
IO cases. For this scenario, we also investigate the
consequences of the model with respect to the μ → eγ
process. The results are shown in Figs. 4(a) and 4(b) (for
the NO and IO cases, respectively). It turns out that, for the
parameter space consistent with the observed value of YB,
the allowed values of BRðμ → eγÞ are well below the
current upper bound.
In fact, the contributions of the RGE effects and the

EWSB to the mass splittings for the sterile neutrinos may
coexist. The contributions of the RGE effects to their mass
splittings are on the order ofOðMDMLSMRS ln ðΛ=M1Þ=v2Þ,
which are also comparable to the light neutrino masses
when the sterile neutrinos are around the electroweak
scale. But as the sterile neutrino masses decrease, these

FIG. 3. For the scenario studied in Sec. IVA that only the EWSB contributes to the mass splittings for the sterile neutrinos, in the NO
(a) and IO (b) cases, we show the allowed values of YB as functions of OðMLSÞ for the benchmark value of M1 ¼ 150 GeV. The
horizontal line stands for the observed value of YB.

FIG. 4. For the scenario studied in Sec. IVA that only the EWSB contributes to the mass splittings for the sterile neutrinos, in the
parameter space that allows for a reproduction of the observed value of YB, we show the allowed values of BRðμ → eγÞ as functions of
OðMLSÞ in the NO (a) and IO (b) cases. The horizontal line stands for the current experimental limit on BRðμ → eγÞ.
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contributions become subdominant compared with those
from the EWSB. For completeness, taking into account both
the contributions of the RGE effects and the EWSB to the
mass splittings for the sterile neutrinos, we show the allowed
valuesofYB as functionsofOðMLSÞ inFigs.5(a) and5(b) (for
the NO and IO cases, respectively). It is found that the
parameter space that allows fora reproductionof theobserved
value ofYB is very similar to that shown in Fig. 3, where only
the contributions of the EWSB to the mass splittings for the
sterile neutrinoswere considered.The reason is that, although
the combinedEWSBandRGE effects increase the total mass
splittings for the sterile neutrinos and thereby enhance theCP
asymmetries for their decay processes, they also strengthen
the washout effects, which have the opposite effect, as
described by Eq. (8).

B. Leptogenesis after sphaleron freeze-out

Then, we study the scenario that leptogenesis takes place
after the sphaleron freeze-out, in which case the generated
lepton asymmetry will not get converted into a baryon
asymmetry. In this connection, we explore the possibility
that a large lepton asymmetry may arise (while a baryon
asymmetry of comparable magnitude will not arise).
Our motivation for considering such an intriguing

possibility is partially inspired by recent cosmological
observations that indicate the possible existence of a large
lepton asymmetry in the early Universe; recently, the
EMPRESS Collaboration reported a new determination
of the primordial 4He abundance [39]

Yp ¼ 0.2370þ0.0034
−0.0033 ; ð26Þ

which is below the prediction of standard big bang
nucleosynthesis by about the 3σ level. A natural explan-
ation for this discrepancy invokes a lepton asymmetry
YL ∼ 5 × 10−3, which is much larger than the observed
baryon asymmetry of the Universe [40,41]. While such an
indication is only suggestive at the present stage and it may

disappear with future observations, it is still tantalizing to
explore the possibility that there exists a large primordial
lepton asymmetry for the following three reasons (for a
review see, e.g., Ref. [42]). 1) Although a lepton asym-
metry may leave observable imprints on the evolution
history of the Universe, and thus can be constrained by
cosmological observations for big bang nucleosynthesis,
the cosmic microwave background, and large-scale struc-
ture (for recent studies see, e.g., Refs. [43,44]), current
constraints on it are weaker than the baryonic measurement
by many orders of magnitude, so it is in principle allowed to
be much larger than its baryonic counterpart. 2) A large
lepton asymmetry has the potential to alleviate some
cosmological tensions (e.g., the infamous Hubble tension
[45]) [46–50]. 3) A large lepton asymmetry can also
facilitate the resonant production of sterile-neutrino dark
matter via the Shi-Fuller mechanism [51].
Intuitively, it is natural to expect that lepton and baryon

asymmetries would be comparable in size, given the role of
sphaleron transitions in the early Universe [see Eq. (5)]. In
fact, various theoretical frameworks have been developed
where the final lepton asymmetry could be significantly
larger than its baryonic counterpart. In such scenarios, a
large lepton asymmetry is typically produced at temper-
atures below the sphaleron freeze-out (i.e., T ≃ 132 GeV
[12]), via resonant leptogenesis [52], freeze-in leptogenesis
[53,54], the Affleck-Dine mechanism [55–58], the decay of
topological defects [59], Q-ball decays [60,61], or decays
of dark matter [62]. Interestingly, in Refs. [63–65], by
introducing temperature-dependent masses for sterile neu-
trinos, it became possible to realize two distinct phases of
leptogenesis occurring at separate temperature scales. One
phase takes place prior to sphaleron freeze-out, enabling it
to generate the observed baryon asymmetry of the
Universe; the other occurs after sphaleron freeze-out,
thereby allowing for the production of a large lepton
asymmetry. Furthermore, there are scenarios where sig-
nificant flavor-specific lepton asymmetries are generated

FIG. 5. For the scenario studied in Sec. IVA that both the RGE effects and the EWSB contribute to the mass splittings for the sterile
neutrinos, we show the allowed values of YB as functions of OðMLSÞ in the NO (a) and IO (b) cases. The horizontal line stands for the
observed value of YB.
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prior to sphaleron freeze-out, although the total lepton
asymmetry is effectively zero [66–69].
In the following, by making use of the observation that in

the LSS model the EWSB automatically induces the
desired mass splitting for the two sterile neutrinos that
form a Dirac pair (so that a large lepton asymmetry may
naturally arise from the resonant leptogenesis scenario) and
the sphaleron processes freeze out almost at the same time
(so that a baryon asymmetry of comparable magnitude will
probably not arise), we give a tentative explanation for the
possible existence of a large lepton asymmetry. As dis-
cussed above, since the RGE effect is subdominant below
the electroweak scale, we will not include the RGE effects
in this scenario.
For the present scenario, Figs. 6(a) and 6(b) (for the NO

and IO cases, respectively) show the allowed values of YL
as functions of OðMLSÞ for the benchmark values of
M1 ¼ 10 and 100 GeV. These results are obtained for
the same parameter settings as in Sec. III A. The results
show that in both the NO and IO cases, a large lepton
asymmetry can be generated. In particular, for the NO case
with M1 ∼ 100 GeV, one obtains a maximum achievable
lepton asymmetry of Ymax

L ∼ 1.8 × 10−3. In the IO case with
M1 ∼ 100 GeV, the maximum achievable lepton asymme-
try turns out to be Ymax

L ∼ 1.3 × 10−3. Although the
maximum lepton asymmetry achievable in this scenario
is somewhat smaller than the value suggested by the
EMPRESS results (which remains indicative at this stage),
the framework nonetheless offers a natural mechanism for
producing a substantial lepton asymmetry that is consistent
with the observed baryon asymmetry. Moreover, if the
requirement of a strong hierarchy between MLS and MD is
relaxed, the resulting lepton asymmetry can be further
enhanced, in particular when they are of comparable scales.

V. SUMMARY

The type-I seesaw model provides an elegant framework
that simultaneously explains the smallness of neutrino

masses and the origin of the baryon asymmetry of the
Universe via the leptogenesis mechanism. However, in
order to naturally generate the small neutrino masses and
observed baryon asymmetry, the RHNs it introduces are
typically required to be extremely heavy (≳109 GeV),
placing them far beyond the reach of any foreseeable
experimental detection. In this connection, the linear see-
saw model offers a promising alternative, which introduces
additional singlet fermions SI. It can naturally accommo-
date relatively low (TeV or so) sterile neutrino masses
(while the smallness of neutrino masses can be attributed to
a slight breaking of lepton number conservation), thereby
enhancing their prospects for experimental accessibility.
However, in generic LSS models, the sterile neutrinos
typically arrange themselves in Dirac pairs with exact mass
degeneracies, which precludes the generation of CP asym-
metries from their interplay. But such a feature of the LSS
model can serve as a unique starting point for the realization
of resonant leptogenesis scenarios: if the sterile neutrino
masses receive certain corrections so that their degeneracy is
lifted to an appropriate extent, then the resonant leptogenesis
scenario will be naturally realized, thereby enabling suc-
cessful leptogenesis at low energy scales.
In this paper, we have explored two well-motivated

approaches to generate the desired mass splitting for the
two sterile neutrinos that form a Dirac pair: the RGE effect
and the electroweak symmetry breaking. These two
approaches have the common merits that they are sponta-
neous and do not need to introduce additional parameters.
However, when the latter approach takes effect, the
sphaleron processes will freeze out at almost the same
time. This means that the lepton asymmetry generated from
the latter approach probably will not get converted into a
baryon asymmetry of the same order of magnitude. We
have just made use of such a feature of the LSS model to
give a tentative explanation for the possible existence of a
large lepton asymmetry as indicated by the recent result
from the EMPRESS Collaboration, without contradicting
the observed baryon asymmetry.

FIG. 6. For the scenario studied in Sec. IV B, in the NO (a) and IO (b) cases, we show the allowed values of YL as functions ofOðMLSÞ
for some benchmark values of M1. The horizontal line stands for the value of YL indicated by the EMPRESS results.
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In the first scenario, we took advantage of the RGE
effects to generate the desired mass splitting for the two
sterile neutrinos that form a Dirac pair, naturally realizing
the resonant leptogenesis. Figures 1(a) and 1(b) demon-
strate that in both the NO and IO cases, the observed value
of YB can be successfully reproduced. For example, in
the NO case with M1 ¼ 1 TeV, the observed value of YB
can be achieved when OðMLSÞ falls within the range
∼102– ∼ 103 eV. For this scenario, we also investigated the
consequencesof themodelwith respect to theμ → eγ process.
The results show that the parameter range of OðMLSÞ ≲
300 eV isexcludedbytheconstraint fromtheμ → eγ process,
leaving us with 300≲OðMLSÞ=eV≲ 3000.
In the second scenario, the mass terms arising from the

EWSB induce tiny mass splittings within each pair of
pseudo-Dirac sterile neutrinos, thereby enabling resonant
leptogenesis after the EWSB. If leptogenesis happens to
take place within the temperature window between the
EWSB (≃159 GeV) and sphaleron freeze-out (≃132 GeV),
the generated lepton asymmetry can still get efficiently
converted into a baryon asymmetry. As shown in Figs. 3(a)
and 3(b), the observed value of YB can be successfully
reproduced in both the NO and IO cases for OðMLSÞ in the
range ∼102– ∼ 104 eV. On the other hand, if leptogenesis
takes place after the sphaleron freeze-out, the generated
lepton asymmetry will not get converted into a baryon

asymmetry. By making use of this fact, we explored
the possibility that a large lepton asymmetry may arise
(while a baryon asymmetry of comparable magnitude will
not arise). Figures 6(a) and 6(b) show that for M1 ∼
100 GeV in the NO (IO) case, one obtains a maximum
achievable lepton asymmetry of Ymax

L ∼ 1.8 × 10−3

(1.3 × 10−3). Although these results are somewhat smaller
than the value suggested by the EMPRESS results (which
remains indicative at this stage), the framework nonetheless
offers a natural mechanism for producing a substantial
lepton asymmetry that is consistent with the observed
baryon asymmetry.
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