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A R T I C L E I N F O A B S T R A C T

Editor: G.F. Giudice In a pure inverse seesaw framework, achieving a substantial lepton asymmetry that can be converted into the 
observed baryon asymmetry of the Universe is extremely challenging. The difficulty arises primarily due to two 
reasons, (i) partial cancellation of the lepton asymmetries associated with the components of a pseudo-Dirac 
pair, and (ii) strong wash out caused by the inverse decays. In this work we offer two possible resolutions to 
overcome the above mentioned challenges considering a (3,3) ISS framework. Our first proposal is based on 
the assumption of a non-standard cosmological era in the pre-BBN epoch, that triggers a faster expansion of the 
Universe, thereby reducing the washout by several orders of magnitude. The second proposition is an alternative 
of first which considers a quasi-degenerate mass spectrum for the singlet heavy neutrinos, resulting into a larger 
order of lepton asymmetry that survives the impact of strong washout to account for the observed BAU. The 
viable parameters space, as obtained can be tested at present and future Lepton Flavour Violation experiments 
e.g. MEG and MEG II.
1. Introduction

Seesaw mechanisms often provide a natural realisation of generating 
Standard Model (SM) neutrino masses and can also explain the origin of 
baryon asymmetry of the Universe (𝜂𝐵 = (6.04 − 6.02) × 10−10 [1]) via 
leptogenesis. In type I seesaw, a lepton asymmetry is created as a re-

sult of the lepton number and CP-violating out-of-equilibrium decay of 
the heavy right handed neutrinos (RHNs) [2,3] which subsequently gets 
partially converted to baryon asymmetry through the (𝐵 +𝐿) violating 
sphaleron processes. On the other hand, the inverse seesaw mechanism 
(ISS) mechanism [4] having a salient feature of offering the tiny neu-

trino mass at the cost of having a TeV scale heavy sterile states, makes a 
way to get itself verified in the collider experiments. Additionally, from 
theoretical perspective the ISS mechanism renders a large Yukawa cou-

pling for a smaller mass scale of the heavy sterile neutrinos [5] which 
is in contrast to minimal type-I seesaw. Due to the TeV nature of these 
heavy sterile neutrinos present in the (3,3) ISS1, we are allowed to in-

vestigate the flavor effects in leptogenesis [7].

In a TeV scale seesaw (violating the Davidson-Ibarra bound [8]), 
one has to resort to resonant leptogenesis mechanism [7,9] in gen-

erating sufficient amount of asymmetry within the lepton sector that 
gets converted to the observed amount of baryon asymmetry via non-
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1 (2,2) and (2,3) schemes of ISS are also possible, predicting vanishing lightest SM neutrino mass [6].

perturbative sphaleron processes before electroweak phase transition. 
Note that, we are especially interested in the scenario of producing lep-

ton (baryon) asymmetry from heavy sterile neutrino decay in the TeV 
scale seesaw. Other mechanisms e.g. heavy neutrino oscillations, that 
offer a viable scenario of leptogenesis in ISS can be found in [10,11]. 
Leptogenesis in pure ISS2 with democratic or hierarchical structure of 
heavy sterile mass matrix encounters two serious challenges: (i) par-

tial cancellation of lepton asymmetries among the pseudo Dirac states 
and (ii) huge wash out, predominantly induced by inverse decays. The 
partial cancellation of lepton asymmetries between pseudo-Dirac (PD) 
pairs kills the efficacy of resonant enhancement of individual flavor 
asymmetries and along with that, the impact of huge washout always 
make 𝜂𝐵 a few order smaller than its desired value [1]. In fact, the 
work in [12] explicitly states that despite considering resonance effects, 
a pure inverse-seesaw scenario with either degenerate or hierarchical 
heavy sterile neutrino mass spectrum, fails to generate the required lep-

ton (baryon) asymmetry. Motivated by this, in the present article we 
propose two potential pathways to rescue ISS parameter space leading 
to a successful leptogenesis (baryogenesis) in the pure (3,3) ISS set up.

An useful remedy to suppress the strong wash out of the produced 
lepton asymmetry is to make the Universe expand faster than the one 
with conventional radiation domination. This is possible if we assume 
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the early Universe to be dominated by some son-standard fluid 𝜂 hav-

ing equation of state parameter 𝜔 larger than of radiation [13]. Such 
assumptions are legitimate since the dynamics of pre-BBN Universe is 
vastly unknown which cannot be directly tested through experiments. 
In general, the energy density of 𝜂 is parametrised as 𝜌𝜂 ∝ 𝑎−(4+𝑛) with 
𝑛 > 0. The case of 𝑛 = 2 is familiar as kinaton domination or kination 
which is motivated by various cosmological events in the early Universe 
[14]. For 𝑛 > 2, the early Universe encounters a faster than kination 
epoch. Earlier works on leptogenesis [15–18] in such specific kind of 
non-standard cosmological background have reported significant drop 
in the strength of washout and subsequently enhancement of relevant 
parameter space to a large extent, suitable for addressing baryogenesis. 
In the first part of our work, we intend to examine the validity of these 
non-standard cosmological models in order to rescue the ISS parameter 
space for leptogenesis. In another attempt, we consider a deviation from 
the democratic structure of the heavy sterile singlet neutrino mass ma-

trix, which simply assumes a quasi degeneracy among its elements. This 
choice reduces the severity of partial cancellation of the lepton asym-

metries between the pseudo-Dirac pairs and can successfully lead to 
adequate amount of baryon asymmetry, surviving the impact of strong 
washout. The two proposed solutions in order to restore the ISS pa-

rameter space for leptogenesis are independent and infact the second 
approach does not require the involvement of non-standard cosmology. 
Finally we discuss the testability of the obtained parameter spaces cor-

responding to each cases in upcoming high precision experiments on 
lepton flavour violation (LFV) searching for 𝜇→ 𝑒𝛾 decay [19–22] and 
neutrino less double beta decay [23–30].

2. Inverse seesaw

The extended type-1 seesaw mechanism, whose new physics can be 
essentially manifest at the TeV scale is familiar as the ISS mechanism 
proposed in Ref. [31,32]. The key feature of this seesaw realization 
comes through the soft explicit violation of lepton number which assists 
in bringing down the new physics scale to TeV without unnatural tuning 
of associated neutrino Yukawa couplings. The ISS mechanism offers a 
sub-eV ordered neutrino mass at the cost of trading a set of SM gauge 
singlet (denoting as 𝑆) fermions along with the traditional three copies 
of TeV scale RHN (𝑁𝑅). The following Lagrangian describes such mass 
generation mechanism of SM neutrinos under the ISS mechanism.

−L ⊃ 𝜆𝓁𝑖𝜈 𝐿𝓁 𝐻̃ 𝑁𝑅𝑖
+𝑀𝑅𝑖𝑗

𝑁𝐶
𝑅𝑖

𝑆𝑗 +
1
2
𝜇𝑖𝑗 𝑆

𝐶
𝑖
𝑆𝑗 + ℎ.𝑐. (1)

with, 𝐻̃ = 𝑖𝜎2𝐻
∗. The 𝓁, 𝑖 being respectively the flavor and generation 

indices of leptons, RHNs and newly added SM gauge singlet fermions. 
The complete mass matrix constructed from the basis (𝜈𝐿, 𝑁𝐶

𝑅
, 𝑆𝐶 ) with 

the help of Eq. (1) can be written in the following texture:

𝑀𝜈 =
⎛⎜⎜⎝

0 𝑚𝐷 0
𝑚𝑇
𝐷

0 𝑀𝑅

0 𝑀𝑇
𝑅

𝜇

⎞⎟⎟⎠ , (2)

where, 𝑚𝐷, 𝑀𝑅 and 𝜇 are 3 × 3 mass matrices. We have consid-

ered here 𝑀𝑅 and 𝜇 to be diagonal having the structures 𝑀𝑅 =
diag{𝑀1, 𝑀2, 𝑀3} and 𝜇 = diag{𝜇1, 𝜇2, 𝜇3}, indicating minimal lepton 
number violation. A democratic structure of ISS implies 𝑀1 =𝑀2 =𝑀3
and 𝜇1 = 𝜇2 = 𝜇3. The light neutrino mass can be found by performing 
a block diagonalization of 𝑀𝜈 matrix, which leads to the following,

𝑚𝜈 =𝑚𝐷(𝑀𝑇
𝑅
)−1𝜇𝑀−1

𝑅
𝑚𝑇
𝐷
. (3)

The 6 × 6 heavy neutrino mass matrix in the basis (𝑁𝑅, 𝑆) can be put 
into the following form,

6×6
(

0 𝑀𝑅

)

2

𝑀
𝑁

=
𝑀𝑇

𝑅
𝜇

. (4)
Physics Letters B 849 (2024) 138474

For a single generation of 𝑁𝑅 and 𝑆 , the 𝑀𝑁 would be a 2 × 2 matrix. 
In that case, one can write the resulting pseudo-Dirac mass states having 
the following form [12],

𝑀𝑁 = 1
2

(
𝜇 ±
√

𝜇2 + 4𝑀2
𝑅

)
, (5)

with 𝜇 as the same lepton number violating scale which essentially acts 
as the source of tiny non-degeneracy among the final pseudo-Dirac pairs 
in the ISS model.

The extraction of the ISS Yukawa coupling through the CI para-

metrization is obtained as [12],

𝜆𝜈 =
1
𝑣
𝑈PMNS𝑚

1∕2
𝑛 ℝ𝜇−1∕2𝑀𝑇

𝑅
, (6)

where 𝑚𝑛 is the 3 × 3 mass matrices having definitions 𝑚𝑛 ≡ diag(𝑚1,
𝑚2, 𝑚3). Without loss of generality, we assume 𝜇 also to be diagonal. 
Here 𝑈PMNS is the standard PMNS matrix and 𝑣 = 174 GeV represents 
the SM Higgs vacuum expectation value (VEV). In general, 𝑅 is a com-

plex orthogonal matrix i.e. ℝℝ𝑇 = 𝕀. However, one can choose a real ℝ
in order to proceed with minimal number of CP violating sources. Here 
we have worked with the conventional form of ℝ as given by,

ℝ =
⎛⎜⎜⎜⎝
𝑐𝑦𝑐𝑧 −𝑠𝑥𝑠𝑦𝑐𝑧 − 𝑐𝑥𝑠𝑧 𝑠𝑥𝑠𝑧 − 𝑐𝑥𝑠𝑦𝑐𝑧

𝑐𝑦𝑠𝑧 𝑐𝑥𝑐𝑧 − 𝑠𝑥𝑠𝑦𝑠𝑧 −𝑠𝑥𝑐𝑧 − 𝑐𝑥𝑠𝑦𝑠𝑧

𝑠𝑦 𝑠𝑥𝑐𝑦 𝑐𝑥𝑐𝑦

⎞⎟⎟⎟⎠ , (7)

where 𝑐, 𝑠 represent cosine and sine of the rotational angles 𝑥, 𝑦 and 
𝑧, which can be both real or complex. Considering the normal hierar-

chical scenario, we write the mass eigenvalues of SM active neutrinos 
as 𝑚2 =

√
𝑚2
𝑙
+Δ𝑚2

sol and 𝑚3 =
√

𝑚2
2 + Δ𝑚2

atm where we have used the 
best fit values for Δ𝑚2

21 and Δ𝑚2
32 [33] with 𝑚𝑙 , stands for the lightest 

active neutrino mass. We have also set the neutrino mixing angles at 
their corresponding central values [33]. In the 𝑈PMNS we have set the 
neutrino mixing angles at their central values as well.3

2.1. Deviation from unitarity of the 𝑈PMNS

In general, non-unitarity (NU) appears whenever additional heavy 
sterile states mix with the light SM neutrinos similar to the current 
scenario. Note that, the diagonalization of 𝑚𝜈 by 𝑈PMNS does not di-

agonalize the 𝑀𝑅 and 𝜇. One can express the diagonalising matrix of 
𝑀9×9

𝜈 as,

𝑉 =
(
𝑉3×3 𝑉3×6
𝑉6×3 𝑉6×6

)
(8)

with, 𝑀diag
𝜈 = 𝑉 𝑇𝑀𝜈𝑉 . The 𝑉 matrix in the above equation takes the 

following conventional form [34–36],

𝑉 =

(
(13×3 + 𝜁∗𝜁𝑇 )−1∕2 𝜁∗(16×6 + 𝜁𝑇 𝜁∗)−1∕2

−𝜁𝑇 (13×3 + 𝜁∗𝜁𝑇 )−1∕2 (16×6 + 𝜁𝑇 𝜁∗)−1∕2

)(
𝑈PMNS 0

0 𝑉 ′

)
(9)

where 𝑉 ′
6×6 is the unitary matrix that diagonalise the heavy neutrino 

submatrix in 𝑀𝜈 and 𝜁 = (03×3, 𝑚𝐷𝑀
−1
𝑅

) is a 3 × 6 matrix. With the 
assumption of a minimal flavor violation implying 𝑀𝑅 and 𝜇 to be 
diagonal, 𝑉 ′ can be evaluated as,

𝑉 ′ = 1√
2

(
13×3 −𝑖13×3
13×3 𝑖13×3

)
+O(𝜇𝑀−1

𝑅
) (10)

Next we derive the analytical form of each components of 𝑉 in Eq. (8). 
The sub-block 𝑉3×3 is found to be,

3 For the case A we fix Dirac phase (appearing in 𝑈PMNS) as 𝛿CP = 3𝜋∕2, 

whereas we choose a varying 𝛿CP from 𝜋∕6 − 3𝜋∕2 for the case B.
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𝑉3×3 =
(
13×3 + 𝜁∗𝜁𝑇

)−1∕2
𝑈PMNS ≃ (13×3 − 𝜂)𝑈PMNS (11)

in the |𝜁 | ≪ 1 limit. The 𝑉3×3 is the matrix that includes the correction 
of NU over the original PMNS matrix that exactly diagonalises 𝑚𝜈 . The 
quantity 𝜂 ≡ 13×3 −(13×3 +𝜁∗𝜁𝑇 )−1∕2 in Eq. (11) measures the deviation 
from Unitarity. Experimental bound on the elements of 𝜂 can be found 
from [37] as given below.

|𝜂𝑖𝑗 | ≤ ⎛⎜⎜⎜⎝
1.3 ⋅ 10−3 1.2 ⋅ 10−5 1.4 ⋅ 10−3

1.2 ⋅ 10−5 2.2 ⋅ 10−4 6.0 ⋅ 10−4

1.4 ⋅ 10−3 6.0 ⋅ 10−4 2.8 ⋅ 10−3

⎞⎟⎟⎟⎠ . (12)

Thus the emergence of NU in the present set up holds the potential to 
directly serve as a viable tool of testing the relevant model parameter 
space. Also, the non-unitarity matrix elements may leave non-trivial 
roles in the branching of LFV decays.

3. Leptogenesis

In the ISS model the decay of the pseudo-Dirac neutral states trigger 
the generation of lepton asymmetry. These pseudo-Dirac neutral states 
(denoted by 𝑁𝑘) undergo CP violating decay into the SM lepton (𝐿𝓁 ) 
and the Higgs doublet (𝐻) as,

𝜖𝓁
𝑁𝑘

= −
∑ Γ(𝑁𝑘 →𝐿𝓁 +𝐻+, 𝜈𝑙 +𝐻0) − Γ(𝑁𝑘 →𝐿𝓁 +𝐻−, 𝜈𝑐𝓁 +𝐻0∗ )

Γ(𝑁𝑘 →𝐿𝓁 +𝐻+, 𝜈𝓁 +𝐻0) + Γ(𝑁𝑘 →𝐿𝓁 +𝐻−, 𝜈𝑐𝓁 +𝐻0∗ )
(13)

As evident from the above expression, the CP-asymmetry is a measure 
of the difference in decay widths of 𝑁𝑘 to a process and its conjugate 
process. At tree level, these two are the same resulting into vanishing 
CP-asymmetry. Taking into account the one loop vertex and self energy 
diagrams, it is found that non-zero CP-asymmetry arises due to the in-

terference between the tree level and the one loop diagrams. For the 
decaying pseudo-Dirac mass falling in the TeV regime, lepton asym-

metry gets maximum contribution from the self-energy diagram [38]. 
In such scenario, the individual lepton asymmetries are resonantly en-

hanced and can reach even O(1).
In order to compute the 𝜖 and 𝜂𝐵 from the decay of pseudo-Dirac 

eigenstates, one must pursue change-of-basis exercise for the Yukawa 
couplings such that heavy neutrino mass matrix (𝑀6×6

𝑁
in Eq. (2)) is 

diagonal real and positive. We write the modified Yukawa couplings as 
𝑌𝜈𝑖𝑗 , appearing in the complete structure for 9 × 9 neutrino mass matrix 
after the sub-block diagonalisation of 𝑀𝜈 in Eq. (2),

𝑀 ′
𝜈 =
⎛⎜⎜⎝

0 𝑚′
𝐷

0
𝑚′𝑇
𝐷

𝑀𝐸1
0

0 0 𝑀𝐸2

⎞⎟⎟⎠ , (14)

where 𝑚′
𝐷
= 𝑌𝜈𝑣√

2
. The 𝑀𝐸1

and 𝑀𝐸2
are two 3 × 3 diagonal matrices 

with the elements representing the eigenvalues of the physical eigen-

states and their pseudo Dirac partners respectively. As mentioned ear-

lier, flavor-dependent effects of leptogenesis are relevant at low enough 
temperatures (set by the RHN mass) such that at least one charged 
leptons is in thermal equilibrium. When this condition is met, flavor-

dependent effects are not avoidable as the efficiency factors differ sig-

nificantly for the distinguishable flavors. We use the following standard 
expression for the lepton asymmetry parameter [39],4

𝜖𝓁𝑖 = 1

8𝜋
(
𝑌 †
𝜈 𝑌𝜈

)
𝑖𝑖

∑
𝑗≠𝑖

Im
[(
𝑌 †
𝜈 𝑌𝜈
)
𝑖𝑗

(
𝑌 †
𝜈

)
𝑖𝓁

(
𝑌𝜈
)
𝓁𝑗

]

4 In our work we do not consider the finite temperature effect in the com-

putation of CP asymmetry parameter. In appendix A, we have shown that 
temperature correction leaves very minimal impact on the final baryon asym-
3

metry, even in case of resonant leptogenesis.
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×
⎡⎢⎢⎢⎣𝑓 (𝑥𝑖𝑗 ) +

√
𝑥𝑖𝑗
(
1 − 𝑥𝑖𝑗

)
(
1 − 𝑥𝑖𝑗

)2 + 1
64𝜋2

(
𝑌 †
𝜈 𝑌𝜈

)2
𝑗𝑗

⎤⎥⎥⎥⎦
+ 1

8𝜋
(
𝑌 †
𝜈 𝑌𝜈

)
𝑖𝑖

∑
𝑗≠𝑖

(1 − 𝑥𝑖𝑗 )Im
[(

𝑌 †
𝜈 𝑌𝜈

)
𝑖𝑗

(
𝑌 †
𝜈

)
𝑖𝓁

(
𝑌𝜈
)
𝓁𝑗

]
(
1 − 𝑥𝑖𝑗

)2 + 1
64𝜋2

(
𝑌 †
𝜈 𝑌𝜈

)2
𝑗𝑗

, (15)

with the following definition for the loop function 𝑓 (𝑥𝑖𝑗 ) =
√
𝑥𝑖𝑗

[
1 −

(1 + 𝑥𝑖𝑗 )ln
(

1−𝑥𝑖𝑗
𝑥𝑖𝑗

)]
where, 𝑥𝑖𝑗 =

(
𝑀𝑁𝑗

𝑀𝑁𝑖

)2
.

The set of Boltzmann equations that governs the dynamics of decay 
of the heavy pseudo-Dirac states and yield of lepton asymmetries are 
the following [38]:

𝑑𝜂𝑁𝑖

𝑑𝑧
= 𝑧

H (𝑧 = 1)

[(
1 −

𝜂𝑁𝑖

𝜂
eq
𝑁𝑖

) ∑
𝑘= 𝑒,𝜇,𝜏

Γ𝐷 (𝑖𝑘) − 2
3
∑

𝑘= 𝑒,𝜇,𝜏

𝜂𝑘𝓁 𝜀
𝑘
𝑖

× Γ̂𝐷 (𝑖𝑘)

]
, (16)

𝑑𝜂𝓁

𝑑𝑧
= 𝑧

H (𝑧 = 1)

[ 2∑
𝑖=1

𝜀𝓁𝑖

(
𝜂𝑁𝑖

𝜂
eq
𝑁𝑖

− 1

) ∑
𝛽= 𝑒,𝜇,𝜏

Γ𝐷 (𝑖𝑘)

− 2
3
𝜂𝓁 ,

2∑
𝑖=1

𝐵𝓁
𝑖 Γ̃

𝐷 (𝑖𝓁)

]
, (17)

where we have defined 𝑧 =
𝑀𝑁1
𝑇

. The quantities 𝜂𝑁𝑖
and 𝜂𝑙 are the 

number densities of 𝑖th pseudo-Dirac state, and created lepton asym-

metry normalised to the photon number density, such that one can 
write 𝜂𝑎(𝑧) = 𝑛𝑎(𝑧)∕𝑛𝛾 (𝑧) with 𝑛𝛾 (𝑧) = 2𝑚3

𝑁1
∕𝜋2 × 1∕𝑧3. The R.H.S. of 

Eqs. (16) and (17) in principle should involve various 2 → 2 processes 
in addition to 1 → 2 processes, which are calculated in Ref. [38]. We 
have chosen to neglect the contributions from all 2 → 2 scattering pro-

cesses since their impact on erasing the generated lepton asymmetry 
is negligible compared to the inverse decays [3,38,40,41]. The Hubble 
parameter of the Universe is represented by H in Eq. (16). The total 
decay width Γ𝑁𝑖

of the RHNs is given by

Γ𝑁𝑖
=

3∑
𝑙=1

Γ𝓁
𝑁𝑖

=
𝑀𝑁𝑖

8𝜋

3∑
𝑙=1

𝑌 †
𝜈𝑖𝓁

𝑌𝜈𝑖𝓁 . (18)

The rate for a generic process 𝑋 → 𝑌 and its conjugate counterpart 𝑋 →
𝑌 is defined as 𝛾𝑋

𝑌
. For the 1 → 2 process, 𝑁𝑖 →𝐿Φ or 𝑁𝑖 →𝐿𝐶Φ†, 𝛾𝑋

𝑌
is given by [38]

𝛾
𝑁𝑖

𝐿𝓁Φ
=

𝑀𝑁1
𝑀2

𝑁𝑖
Γ𝓁
𝑁𝑖

𝜋2 𝑧
𝐾1(𝑧

√
𝑎𝑖) , (19)

in terms of the re-scaled variables of Eq. (20) where 𝐾𝑛(𝑧) is an 𝑛th
order modified Bessel function.

𝑧 =
𝑀𝑁1

𝑇
, 𝑎𝑖 =

(
𝑀𝑁𝑖

𝑀𝑁1

)2

, (20)

with 𝑠 being the Mandelstam variable [42]. The following definitions 
are implemented in the aforementioned coupled BEQs. For a detailed 
description one may look into [38].

Γ𝐷(𝑖𝓁) = 1
𝑛𝛾

𝛾
𝑁𝑖

𝐿𝓁Φ

Γ̂𝐷(𝑖𝓁) = 1
(
1 + 4 𝜂Δ𝐿

)
𝛾
𝑁𝑖
𝑛𝛾 21 𝜂Δ𝐿𝓁
𝐿𝓁Φ
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Γ̃𝐷(𝑖𝓁) = 1
𝑛𝛾

(
1 + 4

21
𝜂Δ𝐿
𝜂Δ𝐿𝓁

)
𝛾
𝑁𝑖

𝐿𝓁Φ
(21)

In a standard radiation dominated Universe, the analytically approx-

imated solution of baryon to photon ratio is given by [9,43,44],

𝜂𝐵 ≃ −3 × 10−2
∑
𝓁,𝑖

𝜖𝑖𝓁

𝐾eff
𝓁 min

[
𝑧𝑐,1.25Log (25𝐾eff

𝓁 )
] , (22)

where 𝑧𝑐 =
𝑀𝑖

𝑇𝑐
and 𝑇𝑐 ∼ 149 GeV, [44] is the critical temperature, be-

low which the sphalerons freeze out [45,46]. Here, 𝐾eff
𝓁 = 𝜅𝓁

∑
𝑖 𝐾𝑖𝐵𝑖𝓁 , 

with 𝐾𝑖 = Γ𝑁𝑖
∕𝜁(3)H (𝑧 = 1), denoting the washout factor. Here, 𝐵𝑖𝓁 ’s 

are the branching ratios of the 𝑁𝑖 decay to leptons of 𝓁𝑡ℎ flavor: 

𝐵𝑖𝓁 =
|𝑌𝜈𝑖𝓁 |2
(𝑌𝜈𝑌

†
𝜈 )𝑖𝑖

. Including the Real Intermediate State (RIS) subtracted 
collision terms one can write the factor 𝜅𝓁 as,

𝜅𝓁 =2
∑
𝑖,𝑗𝑗≠𝑖

Re

[
(𝑌𝜈)𝑖𝓁(𝑌𝜈)∗𝑗𝓁

(
𝑌𝜈𝑌

†
𝜈

)
𝑖𝑗

]
+ Im

[((
𝑌𝜈
)
𝑖𝓁 (𝑌𝜈)

∗
𝑗𝓁

)2]
Re[(𝑌 †

𝜈 𝑌𝜈)𝓁𝓁{(𝑌𝜈𝑌
†
𝜈 )𝑖𝑖 +

(
𝑌𝜈𝑌

†
𝜈

)
𝑗𝑗
}]

×
(
1 − 2𝑖

𝑀𝑖 −𝑀𝑗

Γ𝑖 + Γ𝑗

)−1
. (23)

Leptogenesis in the ISS model suffers from it’s incapacity to explain 
the observed BAU primarily due to two reasons. One is the impact of 
huge washout and the second one is inadequate amount of flavor lepton 
asymmetry, generated from a pseudo-Dirac pair (see e.g. [12]). Authors, 
in [12] show that even after encountering resonance it is impossible to 
obtain adequate amount of lepton asymmetry required for achieving 
the observed BAU. As mentioned in the introduction, here we particu-

larly deal with these two challenges in order to evade the competition 
between lepton asymmetry and washout, by two different approaches.

The first approach we adopt here, in order to make the ISS frame-

work viable for leptogenesis involves the modification of the Hubble ex-

pansion rate during lepton asymmetry creation and subsequent washout 
process. The washout factor is mainly determined by comparing the de-

cay rate with the Hubble expansion rate of the Universe at a certain 
temperature T as defined by the parameter 𝐾𝑖 earlier. The Hubble ex-

pansion rate in a radiation dominated universe fails to compete against 
the larger decay width of the heavier pseudo-Dirac states of the ISS 
framework and hence a modification of the standard description of cos-

mology resulting into a faster expansion of the Universe could be useful 
in this regard. In the second approach, the partial cancellation of lepton 
asymmetries between pseudo Dirac pairs can be undone by considering 
non-degenerate diagonal entries of 𝑀𝑅 matrix. For analytic understand-

ing one has to look into the Yukawa texture of the ISS model which 
determines the overall order of lepton asymmetry contributed by the 
decay of the final pseudo-Dirac states.

4. Constraints from 𝝁 → 𝒆𝜸

In this work, we have focused only on the study of the particu-

lar branching ratio (BR) for 𝜇 → 𝑒𝛾 decay process, which presently 
provides the strongest bound in comparison to other variants of LFV 
decay. In the ISS scenario, one can naturally obtain a large branching 
of these LFV decays in comparison to what one obtains in the type-

I seesaw mechanism.5 This large BR (here in particular, BR(𝜇 → 𝑒𝛾)) 
is in practice resulted from the large light-heavy mixing (denoted by 
𝑉𝜇𝑖, and Vei) mentioned in the Eq. (24). The conventional form of 
BR(𝜇→ 𝑒𝛾)) is given by [6,34],

5 As we have seen, the rates of the LFV processes in the canonical type-I 
seesaw model with massive right handed neutrinos are so strongly suppressed 
that these processes are not observable in practice, and one has e.g. BR(𝜇 →
4

𝑒𝛾) ≲ 10−47 [19,47] in a high scale type-I seesaw scenario.
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BR(𝜇→ 𝑒𝛾) =
𝛼3𝑤𝑠

2
𝑤

256𝜋2

𝑚5
𝜇

𝑀4
𝑊

1
Γ𝜇
||| 9∑

𝑖

𝑉 ∗
𝜇𝑖𝑉𝑒𝑖𝐺(𝑦𝑖)

|||2, (24)

where, 𝛼𝑤 = 𝑔2𝑤∕4𝜋 and 𝑠2𝑤 = 1 −(𝑀𝑊 ∕𝑀𝑍 )2 along with the loop func-

tion 𝐺(𝑦) having the following form,

𝐺(𝑦) = −2𝑦3 + 5𝑦2 − 𝑦

4(1 − 𝑦)3
− 3𝑦3

2(1 − 𝑦)4
ln𝑦, with 𝑦𝑖 =

𝑚2
𝑖

𝑀2
𝑊

. (25)

Here, 𝑀𝑊 and 𝑀𝑍 imply the masses of the 𝑊 and 𝑍 bosons that 
participate in the loop diagrams of the flavor violating decay of our 
interest. One denotes Γ𝜇 as the decay width of the relevant decay. In the 
above equation 𝑚𝑖 stands for both the active and all the sterile neutrino 
mass states and 𝑉 being the NU mixing matrix as defined earlier. We 
would like to refer the reader to Sec. 2.1 for the construction of such 
mixing matrix.

5. Results and analysis

In this section, we present our claims regarding the possibilities that 
we have explored in finding the viable parameter space for leptogenesis 
in ISS. As mentioned in the introduction, we have proposed two differ-

ent kinds of resolutions to the issue of not having successful leptogenesis 
in a generic ISS framework. In particular, the two case studies are based 
on (i) reducing the washout effects by a considerable amount, and (ii) 
increasing the total lepton asymmetry contributed by all the pseudo-

Dirac pairs of the ISS framework, to the possible maximum order (O(1)). 
These two approaches involve two sub cases resulted from two different 
choices of the rotational matrix used to extract the Yukawa coupling in 
the CI formalism. One is considering a complex ℝ and the other is with 
a real ℝ matrix, both of which satisfy ℝℝ𝑇 = 𝕀. A complex ℝ assists in 
raising the order of the Yukawa coupling (𝑌𝜈𝑖𝓁 ) as it involves hyperbolic 
function of the rotational angles in the CI parametrisation. Such rise in 
the order of 𝑌𝜈𝑖𝓁 is not expected in case of the real ℝ. On the other hand 
a larger Yukawa generally leads to large values of light-heavy mixing, 
which in turn influences the order of magnitude of branching ratios of 
the LFV channels. As mentioned in Sec. 4 an indirect probe of the lep-

togenesis parameter space is possible in the LFV experiments.

5.1. Case I: reducing the strength of wash-out

The Hubble parameter H , being connected to the total energy den-

sity of the Universe through standard Friedmann equation sets the ex-

pansion rate of the Universe as function of temperature. In conventional 
standard cosmology, it is assumed that the Universe remains radiation 
dominated from the end of reheating epoch till BBN. Non-standard sce-

narios appear due to the presence of a non-trivial fluid that dominates 
the energy density of the Universe having equation of state parameter 
𝜔 ≠ 1

3 at an intermediate stage. For example, an early matter dominated 
epoch arises in the early Universe if the additional fluid has 𝜔 = 0 and 
exceeds the radiation energy density of the Universe at some point of 
time. Alternatively the pre-BBN era could be occupied by a species with 
𝜔 > 1

3 besides the conventional radiation component. The later scenario 
is of our interest in the present analysis which is usually dubbed as fast 
expanding Universe.

For convenience we mark the new species with 𝜂 and write the cor-

responding energy density as 𝜌𝜂 ∼ 𝑎−4(1+𝑛), where 𝑎(𝑡) is the scale factor 
of the Universe. In the limit of entropy conservation per comoving vol-

ume i.e., 𝑠 𝑎3 = const., one can define 𝜌rad(𝑡) ∝ 𝑎(𝑡)−4. Now, in case of a 
faster expansion of the Universe the energy density of 𝜂 field is antic-

ipated to be red-shifted more rapidly than the radiation as realized by 
𝑛 > 0. Utilizing the energy conservation principle, a general form of 𝜌𝜂
can be constructed as:(

𝑔∗𝑠(𝑇 )
)(4+𝑛)∕3(

𝑇
)(4+𝑛)
𝜌𝜂(𝑇 ) = 𝜌𝜂(𝑇𝑟) 𝑔∗𝑠(𝑇𝑟) 𝑇𝑟
. (26)
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Fig. 1. In the first two columns, the evolution of lepton asymmetry yield, 𝜂𝑖 is shown as a function of temperature for BP I considering standard RD Universe and 
nonstandard cosmological scenario respectively. The last two columns show the evolutions of the ratio (Γ𝐷,1∕H ) with temperature for standard and nonstandard 
cosmology respectively.

Table 1

Benchmark choices for the relevant parameters of leptogenesis and the corresponding washout amount (with Γ𝐷,1 =
∑3

𝑙=1 Γ
𝐷(𝑙1) in Eq. (21)) 

which altogether yield the final baryon to photon ratio (𝜂𝐵), considering a real ℝ. The 𝜂𝐵 values for both the benchmark points are evaluated at 
𝑧 = 100 by solving the set of coupled Boltzmann equations. Note that in this case the Dirac CP phase is the only parameter that leads to the CP 
violation. We also mention the estimates of Br(𝜇→ 𝑒𝛾) and 𝑚𝛽𝛽 for the two respective benchmark points. Here we have set 𝑀1 =𝑀2 =𝑀3 = 1
TeV. The last column reveals whether a particular BP is allowed (✓) or disallowed (✗) by the NU constraints.

BP - CA 𝜇 (GeV) 𝑚𝑙 (eV) 𝑥 𝑦 𝑧 𝑛 𝑇𝑟 (MeV) Γ𝐷,1∕H (𝑧 = 1) 𝜂𝐵 Br(𝜇→ 𝑒𝛾) 𝑚𝛽𝛽 (eV) NU

I 2.65 × 10−3 5.94 × 10−4 0.63 3.02 3.05 2 5 9.66 6.02 × 10−10 1.06 × 10−20 0.0019 ✓
II 4 × 10−6 3 × 10−4 0.33 1.44 1.19 3 5 0.16 6.10 × 10−10 8.50 × 10−15 0.0017 ✓
The temperature 𝑇𝑟 is an unknown parameter (> 𝑇BBN) and can be 
safely assumed as the point of equality of two respective energy den-

sities: 𝜌𝜂(𝑇𝑟) = 𝜌rad(𝑇𝑟). To keep the success of BBN intact, the energy 
component 𝜌𝜂 must be subdominant compared to 𝜌𝑅 before BBN takes 
place. This poses a bound on 𝑇𝑟 as 𝑇𝑟 ≳ (15.4)1∕𝑛 [13].

Next, we specify the total energy density at any temperature (𝑇 >

𝑇𝑟) as [13]

𝜌(𝑇 ) = 𝜌𝑟𝑎𝑑 (𝑇 ) + 𝜌𝜂(𝑇 ) (27)

= 𝜌𝑟𝑎𝑑 (𝑇 )

[
1 +

𝑔∗(𝑇𝑟)
𝑔∗(𝑇 )

(
𝑔∗𝑠(𝑇 )
𝑔∗𝑠(𝑇𝑟)

)(4+𝑛)∕3(
𝑇

𝑇𝑟

)𝑛
]

(28)

From the above equation, it is evident that the energy density of the 
Universe at any arbitrary temperature (𝑇 > 𝑇𝑟), is dominated by 𝜂
component. Now, the Friedmann equation, connecting the Hubble pa-

rameter with the energy density of the Universe is given by H 2 = 𝜌

3𝑀2
Pl

with 𝑀Pl = 2.4 × 1018 GeV being the reduced Planck mass. At tem-

perature higher than 𝑇𝑟 with the condition 𝑔∗(𝑇 ) = 𝑔̄∗ which can be 
considered to be some constant, the Hubble rate can approximately be 
recasted into the following form

H (𝑇 ) ≈
𝜋𝑔̄

1∕2
∗

3
√
10

𝑇 2

𝑀Pl

(
𝑇

𝑇𝑟

)𝑛∕2
, (with 𝑇 ≫ 𝑇𝑟), (29)

= H𝑅(𝑇 )
(

𝑇

𝑇𝑟

)𝑛∕2
,

where H𝑅(𝑇 ) ≃ 0.33 𝑔̄
1∕2
∗

𝑇 2

𝑀Pl
, the standard Hubble rate for a radiation 

dominated Universe. In case of SM, 𝑔̄∗ can be identified with the total 
SM energy degrees of freedom 𝑔∗(SM) ≃ 106.75 at temperatures above 
100 GeV. In the present analysis we anticipate that if non-trivial dom-

ination of 𝜂 species persists till late time at early Universe, it might 
be possible to delay the inverse decays and subsequently reduce the 
amount of washout. It is worth to mention here, that for a non-standard 
cosmology, the analytical expression of 𝜂𝐵 in Eq. (22) does not hold 
and one needs to solve the full set of BEQs as given in Eq. (16) and 
Eq. (16) in order to find a correct prediction of the final amount of lep-
5

ton asymmetry. Importantly, the Hubble parameter H (𝑇 ), present in 
Eq. (16) and Eq. (16) takes the form of Eq. (29) while we solve the 
BEQs considering non-standard cosmology.

First, in Table 1, we tabulate two benchmark points (for real ℝ) that 
successfully yield the observed baryon asymmetry of the Universe, sat-

isfying the neutrino oscillation data at the same time. For BP-CA I, we 
have assumed the presence of kination domination (𝑛 = 2) prior to BBN 
era while in BP-CA II, presence of a fluid (𝑛 = 3) in early Universe is 
considered which redshifts faster than kinaton. In first two columns of 
Figs. 1 and 2, we have shown the evolution of 𝜂𝐵−𝐿 as a function of tem-

perature for both the benchmark points considering standard and non-

standard cosmology respectively. In standard case (𝑛 ≃ 0), the produced 
lepton-asymmetry gets substantially suppressed due to strong wash out 
effects, predominantly from inverse decay. The impact of huge wash-

out in reducing the produced lepton asymmetry is evident from bottom 
last two columns of Figs. 1 and 2 where the ratio of thermally averaged 
decay (inverse decay) rate and Hubble parameter is plotted as a func-

tion of temperature. Interestingly, the strength of wash-out gets heavily 
diluted (see bottom right panel of Figs. 1 and 2) when we consider the 
presence of non-standard cosmology in form of kinaton or faster than ki-

naton dominated Universe. Such suppression in the amount of washout 
owing to the presence of non-standard cosmology assists in obtaining 
the right order of baryon asymmetry abundance. Considering a com-

plex ℝ, we also provide two suitable benchmark points (BP-CA III and 
BP-CA IV, see Table 2) that obey the neutrino oscillation data. Similar 
to the case with a real ℝ, here also we have considered the presence 
of 𝜂 fluid at early Universe with different set of (𝑛, 𝑇𝑟) values. Despite 
BP-CA III being consistent with the bounds from NU and Br(𝜇 → 𝑒𝛾)
constraints, it falls short in providing the desired amount of 𝜂𝐵 due to 
insufficient suppression of washout strength. In fact, we have observed 
that the 𝑛 = 2 case for a complex ℝ does not work in rescuing the ISS 
parameter space for leptogenesis regardless of the value of 𝑇𝑟 and thus 
we refrain from discussing this particular case further.

Next, we proceed to perform a random scan over the relevant param-

eters that are involved in controlling the value of 𝜂𝐵 . For the purpose, 
we fix the following ranges,

5 × 10−7 GeV ≤ 𝜇 ≤ 10−2 GeV,
10−5 eV ≤𝑚𝑙 ≤ 10−2 eV,
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Fig. 2. In the first two columns, the evolution of lepton asymmetry yield, 𝜂𝑖 is shown as a function of temperature for BP II considering standard RD Universe and 
nonstandard cosmological scenario respectively. The last two columns show the evolutions of the ratio (Γ𝐷,1∕H ) with temperature for standard and nonstandard 
cosmology respectively.

Fig. 3. In the left estimate of 𝜂𝐵 is shown as a function of the lightest neutrino mass (𝑚𝑙) (first left) and 𝜇 (second left) considering ℝ real. Right column shows the 
prediction for Br(𝜇→ 𝑒𝛾) w.r.t. the same parameters as in the left. Here we have set (𝑛, 𝑇𝑟) = (2, 5 MeV). The grey horizontal line in left and right columns indicate 
the experimentally observed value of 𝜂𝐵 and the present limit on Br(𝜇→ 𝑒𝛾) by MEG [48] respectively. The red dots are viable points that give rise to correct amount 
of baryon asymmetry, without violation of Br(𝜇→ 𝑒𝛾) and non-Unitarity bounds.

Table 2

Benchmark choices for the relevant parameters of leptogenesis and the corresponding washout amount which altogether yield the final 𝜂𝐵 , considering a complex ℝ. 
Unlike the real ℝ case of Table 1, here CP violation is driven by the phases present in 𝑅 in addition to the Dirac CP phase. Here also, we have set 𝑀1 =𝑀2 =𝑀3 = 1
TeV.

BP - CA 𝜇 (GeV) 𝑚𝑙 (eV) 𝑥 𝑦 𝑧 𝑛 𝑇𝑟 (MeV)
Γ𝐷,1

H
(𝑧 = 1) 𝜂𝐵 Br(𝜇→ 𝑒𝛾) 𝑚𝛽𝛽 (eV) NU

III 7 × 10−7 3 × 10−3 -0.93 + 0.26 𝑖 -1.24 0.22 𝑖 -0.15 + 0.33 𝑖 2 5 1.23 × 105 2.46 × 10−13 1.47 × 10−3 0.004 ✓
IV 7.98 × 10−7 1.81 × 10−3 −1.73 + 0.96 𝑖 -1.84-0.31 𝑖 −1.45 + 0.75 𝑖 3 5 57.84 6.1 × 10−10 5.98 × 10−13 0.002 ✓

Fig. 4. Same as in Fig. 3. Here we have set (𝑛, 𝑇𝑟) = (3, 5 MeV). The grey horizontal lines in the left and right columns indicate the observed value of 𝜂𝐵 [1] and the 
present sensitivity on Br(𝜇→ 𝑒𝛾) set by MEG [22,47,49] respectively. The red dots are viable points that give rise to correct amount of baryon asymmetry, without 
violation Br(𝜇→ 𝑒𝛾) and non-unitarity bounds.
−4𝜋 ≤ |𝑥|, |𝑦|, |𝑧| ≤ 4𝜋 , (30)

and set 𝑀1 =𝑀2 =𝑀3 = 1 TeV.

We first consider ℝ as real and attempt to find out the parameter 
space that can generate adequate amount of baryon asymmetry in the 
6

Universe. In the first two columns of Fig. 3 and Fig. 4, we have shown 
the obtained values for 𝜂𝐵 as function of 𝑚𝑙 and 𝜇 respectively. In the 
last two columns of Fig. 3 and Fig. 4 the predictions for Br(𝜇 → 𝑒𝛾)
are presented as with respect to 𝑚𝑙 and 𝜇 respectively along with cur-

rent sensitivity of MEG [22,47,49]. As earlier stated, a faster expansion 

of the Universe, characterised by suitable choices of (𝑛, 𝑇𝑟) assists in 



Physics Letters B 849 (2024) 138474A. Mukherjee and A.K. Saha

Fig. 5. Viable parameter space for complex ℝ when 𝑛 = 3. In first two columns, we show the estimate of 𝜂𝐵 as function of 𝜇 and 𝑚𝑙 respectively. Last two columns 
display the estimate of Br(𝜇 → 𝑒𝛾) w.r.t. 𝜇 and 𝑚𝑙 respectively. The cyan coloured points show the yield for baryon asymmetry and the branching ratio after 
imposition of NU constraints. The red dots in the right columns show the relevant ranges of 𝜇 and 𝑚𝑙 which satisfy the baryon asymmetry criteria.

Fig. 6. The left two columns show baryon to photon ratio for real ℝ as a function of the LNV scale (𝑚𝑙) and the lightest neutrino mass (𝜇) when the heavy RHN 
states are non-degenerate, keeping 𝑀1 = 1 TeV, 𝑀2 = 1.01 TeV, 𝑀3 = 3 TeV. Here we have varied 𝛿CP from 𝜋

6
to 3𝜋

2
. The right columns correspond to the respective 

branching ratio w.r.t. 𝜇 and 𝑚𝑙 . For the real ℝ the ISS parameter space offering leptogenesis is not restricted by non-Unitarity of lepton mixing. The gray band in 
the left plots reports the PLANCK bound on 𝜂𝐵 , whereas the one in the RHN plots indicate the present sensitivity on the Br(𝜇→ 𝑒𝛾) reported by MEG. The magenta 
points in the right columns represent those which satisfy PLANCK bound on 𝜂𝐵 .
suppressing the strength of washout process. This feature facilitates 
in rescuing part of the ISS parameter space where the PLANCK 2018 
bound on the baryon asymmetry can be satisfied which is otherwise not 
possible in a conventional radiation dominated Universe. In Fig. 3, the 
non-standard cosmological parameters are set as (𝑛, 𝑇𝑟) = (2, 5 MeV). 
Indeed there exists a few viable points (marked by red dots in last two 
column of Fig. 3), that yield the expected amount of baryon asymme-

try with 𝜇 ∼ O(10−3) − O(10−2) keV. Note that for a real nature of 
ℝ, 𝛿CP being the only source of CP violation, the non-Unitarity con-

strains does not restrict the parameter space. Also, the prediction for 
Br(𝜇 → 𝑒𝛾) comes out to be much smaller than the present sensitiv-

ity of MEG experiment. We repeat the same analysis in Fig. 4 for a 
non-standard Universe (𝑛 = 3, 𝑇𝑟 = 5 MeV) dominated by a fluid that 
redshifts faster than kinaton. We notice that such choice of (𝑛, 𝑇𝑟) re-

sults into a somewhat enhanced parameter space preferring relatively 
lower 𝜇 ∼ O(1) −O(10) keV. Due to the preference over smaller 𝜇, here 
the estimate of Br(𝜇 → 𝑒𝛾) turns out to be relatively closer to the MEG 
experimental sensitivity compared to the earlier case.

We have clarified earlier that for a real ℝ, the Dirac CP phase (𝛿CP) 
is the only CP violating parameter that leads to ample amount of rem-

nant baryon asymmetry in the Universe. When ℝ is complex, one has 
additional CP violating sources. We analyse the case for 𝑛 = 3 for a 
complex ℝ in Fig. 5. We notice that such choice of (𝑛, 𝑇𝑟) results into a 
few allowed points (marked by red dots in last two columns of Fig. 5), 
favoured for explaining the observed value of 𝜂𝐵 , surviving the strong 
non-Unitarity and Br(𝜇 → 𝑒𝛾) bounds. We also observe that the satis-

faction of PLANCK 2018 bound prefers O(1) keV ≲ 𝜇 ≲ O(10) keV. Due 
to the preference over smaller 𝜇, the estimate of Br(𝜇→ 𝑒𝛾) for baryon 
asymmetry satisfied points turns out to be closer to the MEG experi-
7

mental sensitivity.
5.2. Case B: increasing lepton asymmetry

As mentioned in Sec. 3, the ISS parameter space for the survival 
of final lepton asymmetry can be retrieved by lifting the degeneracy 
among the elements in the 𝑀𝑅 matrix. In this section we present 
such investigation subject to both real and complex choices of ℝ. For 
the computation of lepton asymmetry we have considered two set of 
choices, 𝑀1 = 1 TeV, 𝑀2 = 1.01 TeV, 𝑀3 = 3 TeV and 𝑀1 = 1 TeV, 
𝑀2 = 2 TeV, 𝑀3 = 3 TeV respectively. Like the previous cases, we have 
varied here the LNV scale of ISS model as 𝜇 = 10−6 − 10−2 GeV and 
the lightest neutrino mass (𝑚𝑙) from 10−5 − 10−2 eV. We have shown 
the corresponding results in Figs. 6, 7, 8, and 9 respectively associ-

ated with the real and complex ℝ cases and the two choices made for 
(𝑀1, 𝑀2, 𝑀3) as earlier specified. Inclusion of non-degeneracy in 𝑀𝑅, 
corresponding to different generations of heavy sterile states helps to 
avoid the partial cancellation between the lepton asymmetries associ-

ated with the pseudo-Dirac states forming a pair. This in turn leads to a 
sufficient yield of total lepton asymmetry contributed by all the pseudo-

Dirac states. The reason behind the aforementioned choice of two sets 
of (𝑀1,2,3) is to see the influence of the appropriate amount of degener-

acy in saving the ISS parameter space. For a better clarity on this issue, 
in Table 3 and 4 we mention the benchmark points and the correspond-

ing outcomes, relevant to the case B. The respective Yukawa coupling 
matrices obtained for each individual benchmark points mentioned in 
Table 3 have been presented in Table 4. The corresponding mass inputs 
for the pseudo-Dirac states are 𝑀1 = 1 TeV, 𝑀2 = 1.01 TeV, 𝑀3 = 3
TeV. Considering a real ℝ, in the left columns of Fig. 6 we show baryon 
to photon ratio as a function of 𝜇 and 𝑚𝑙 for the first set of RHN mass 
states mentioned above. In the right columns we present the branching 

ratio for 𝜇→ 𝑒𝛾 w.r.t. 𝜇 and 𝑚𝑙 .
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Fig. 7. Same as in Fig. 6 with exception complex ℝ. For complex ℝ, a part of the ISS parameter space is ruled out by simultaneous imposition of baryon asymmetry 
and NU criteria. The viable parameter space satisfying these two constraints is shown by green points. The magenta coloured points in the right columns indicate 
those which satisfy both 𝜂𝐵 and NU constraints simultaneously.

Table 3

Benchmark points (I) and (II) representing the parameter space subject to Fig. 7 and Benchmark points (III) and (IV) Fig. 6.

BP-CB 𝜇 (GeV) 𝑚𝑙 (eV) 𝑥 𝑦 𝑧
∑6

𝑖=1 𝜖
𝑒
𝑖

∑6
𝑖=1 𝜖

𝜇
𝑖

∑6
𝑖=1 𝜖

𝜏
𝑖 𝜂𝐵 Br(𝜇→ 𝑒𝛾) 𝑚𝛽𝛽 (eV) NU

I 0.0098 0.006 3.92 + 4.34𝑖 1.9 + 2𝑖 2.85 + 0.1𝑖 −0.001 0.004 −0.003 5.9 × 10−10 8.59 × 10−13 0.006 ✓
II 0.009 0.006 3.49 + 4.2𝑖 3.5 + 2𝑖 2.7 + 0.1𝑖 −6.4 × 10−7 1.4 × 10−5 −1.3 × 10−5 2.12 × 10−10 3.97 × 10−13 0.006 ✓
III 6.4 × 10−5 0.0059 3.55 2.44 3.82 2.6 × 10−5 −2.19 × 10−5 −4.7 × 10−6 5.27 × 10−10 1.3 × 10−17 0.006 ✓
IV 2.2 × 10−6 0.0078 3.2 2.89 2.66 −8.2 × 10−6 3.5 × 10−6 4.6 × 10−6 5.7 × 10−10 1.17 × 10−14 0.007 ✓
Fig. 7 represents the baryon to photon ratio (left) and branching 
ratio for 𝜇 → 𝑒𝛾 (right) same for the complex ℝ with the first choice 
of RHN mass states. For this case we notice that the some of the green 
points which satisfy NU constraints along with the desired baryon asym-

metry, also yield the Br(𝜇→ 𝑒𝛾) which is close to the present and future 
sensitivity. However, the final points allow only larger value of 𝜇 and 
the lightest neutrino mass. On the other hand we show these results for 
the second choice of RHN masses in Fig. 8 and Fig. 9 respectively for 
the real and complex ℝ. From these four figures it is clearly evident 
that an adequate degeneracy among the RHN mass states are crucial 
to retrieve the ISS parameter space for successful leptogenesis. From 
Fig. 8 and Fig. 9 we learn that, a larger hierarchy among the RHN 
mass states can change the leptogenesis prediction of ISS model signif-

icantly. Similar conclusion can also be drawn from Fig. 6 and Fig. 9. 
For a hierarchical spectrum of RHNs the number of points crossing 
the PLANCK bound on baryon to photon ratio is very less, as it is evi-

dent in the respective figures. The reason being, for strictly hierarchical 
RHN mass states it is difficult to generate adequate amount of lepton 
asymmetry which can finally compete against the huge washout (with 
𝐾 ∼ O(107)). While investigating this case we imposed relevant con-

straints associated with the non-Unitarity of the lepton mixing. This is 
evinced especially in Fig. 7 and Fig. 9, by the orange points, which are 
excluded by the bounds on non-Unitary mixing. The NU mixing matrix 
elements are controlled by several electro-weak interaction observables 
mentioned in [37]. The exclusion of ISS parameter space, in terms of 
𝜇 has taken place even through the NU constraint, in addition to the 
baryon asymmetry criteria. It is because of the complex ℝ structure 
which has hyperbolic dependency on the mixing angles, thus making 
the light-heavy mixing very large. Which, however is not the case for 
real ℝ. For the real case, thus NU does not restrict the ISS parameter 
space, whether complex ℝ does as evident in Fig. 7 and Fig. 9. There-

fore the green points are the final representative parameter space of ISS 
offering successful leptogenesis which can be indirectly probed through 
LFV search.

It is important to note here that, in all the sub cases of case B the 
branching ratio obtained here is of very much improved order which is 
pretty close to the present sensitivity set by MEG [22] on Br(𝜇 → 𝑒𝛾). 
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For complex ℝ and first choice of RHN mass values one can notice the 
Table 4

Yukawa coupling matrices associated with BPs mentioned in 
Table 3.

BP-CB 𝑌 6×3
𝜈

I 10−3

⎛⎜⎜⎜⎜⎜⎜⎜⎜⎝

0.07 − 0.12𝑖 −0.45 − 0.58𝑖 −0.089 − 0.86𝑖
−0.12 − 0.074𝑖 −0.58 + 0.45𝑖 −0.86 + 0.089𝑖
−1.96 + 2.96𝑖 26.81 + 0.97𝑖 26.9 + 22.72𝑖
−2.9 − 1.96𝑖 −0.97 + 26.8𝑖 −22.7 + 26.9𝑖
5.92 + 3.92𝑖 1.96 − 53.5𝑖 45.4 − 53.8𝑖
3.92 − 5.92𝑖 −53.5 − 1.96𝑖 −53.8 − 45.4𝑖

⎞⎟⎟⎟⎟⎟⎟⎟⎟⎠

II 10−3

⎛⎜⎜⎜⎜⎜⎜⎜⎜⎝

0.012 − 0.026𝑖 −0.52 + 0.58𝑖 −0.87 + 0.16𝑖
0.026 + 0.012𝑖 −0.58 − 0.52𝑖 −0.16 − 0.87𝑖
2.74 + 5.53𝑖 −19.7 + 52.𝑖 −54.5 + 27.7𝑖
5.53 − 2.7𝑖 52.9 + 19.7𝑖 27.7 + 54.5𝑖

−8.29 + 4.11𝑖 −79.4 − 29.7𝑖 −41.6 − 81.8𝑖
4.1 + 8.29𝑖 −29.7 + 79.4𝑖 −81.8 + 41.62𝑖

⎞⎟⎟⎟⎟⎟⎟⎟⎟⎠

III 10−3

⎛⎜⎜⎜⎜⎜⎜⎜⎜⎝

−0.33 − 1.1𝑖 −0.1 − 1.68𝑖 −0.11 − 1.51𝑖
−1.10 + 0.33𝑖 −1.68 + 0.1𝑖 −1.5 + 0.11𝑖
0.15 − 0.26𝑖 −0.02 + 1.6𝑖 −0.03 − 0.02𝑖
−0.26 − 0.15𝑖 1.6 + 0.02𝑖 −0.025 + 0.03𝑖
−0.72 + 1.48𝑖 0.15 − 2.1𝑖 0.17 − 4.82𝑖
−1.48 − 0.72𝑖 2.17 + 0.15𝑖 4.8 + 0.17𝑖

⎞⎟⎟⎟⎟⎟⎟⎟⎟⎠

IV 10−3

⎛⎜⎜⎜⎜⎜⎜⎜⎜⎝

0.68 + 0.25𝑖 −0.02 + 0.027𝑖 −0.027 − 6.19𝑖
0.25 − 0.68𝑖 0.027 + 0.024𝑖 −6.19 + 0.027𝑖
0.34 − 9.61𝑖 0.94 − 9.56𝑖 1.06 + 5.42𝑖
9.61 + 0.34𝑖 9.56 + 0.94𝑖 −5.42 + 1.06𝑖
8.24 + 0.70𝑖 −0.069 − 38.38𝑖 −0.078 − 40.06𝑖
0.70 − 8.24𝑖 −38.38 + 0.069𝑖 −40.06 + 0.078𝑖

⎞⎟⎟⎟⎟⎟⎟⎟⎟⎠
green points, allowed by NU lepton mixing restricts the LNV scale from 
10−3 − 10−2 GeV. We also notice a lower bound on the lightest neu-
trino mass for NH to be around 10−4 eV. However for real ℝ, a large 
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Fig. 8. Same as in Fig. 6 with hierarchical RHN masses, e.g. 𝑀1 = 1 TeV, 𝑀2 = 2 TeV, 𝑀3 = 3 TeV. The magenta coloured points in the right columns indicate those 
which satisfy both 𝜂𝐵 and NU constraints simultaneously.

Fig. 9. Same as the caption of Fig. 7 with hierarchical RHN masses, e.g. 𝑀1 = 1 TeV, 𝑀2 = 2 TeV, 𝑀3 = 3 TeV. Here, we do not get any points which simultaneously 
satisfy the constraints from baryon asymmetry and NU. The green points which respect the NU bounds do not yield the observed baryon to photon ratio.
branching for (𝜇 → 𝑒𝛾) demands a smaller 𝜇 scale which is close to 
the traditional 𝜇 scale of ISS. Also we do not get such lower bound on 
the lightest neutrino mass for the consideration of real ℝ. From the re-

sults of this section it is quite understandable that, the ISS parameter 
space yielding an order smaller Br(𝜇→ 𝑒𝛾) than the present bound can 
be probed by MEG II [50] with an improved sensitivity. Neutrino-less-

double-beta decay (NDBD) is potentially connected to baryon asymme-

try. Since the baryon asymmetry criteria has imposed restriction on the 
range of lightest neutrino mass, it is instructive to study the effective 
neutrino mass parameter space which influences the half-life of NDBD 
amplitude [51]. The effective neutrino mass governing the NDBD [52]

can be computed using the following prescription.

𝑚𝛽𝛽 =
∑
𝑖

|||𝑈2
𝑒𝑖𝑚𝑖
||| , (31)

where, 𝑖 = 1, 2, 3, 𝑈 being the lepton mixing matrix. In this frame-

work, the effective mass would not receive any contribution from the 
Majorana phases as they are assumed to conserve the CP symmetry. In 
Fig. 10 we have shown the variation of effective neutrino mass with the 
lightest neutrino mass. The figure demonstrates that the suggested sen-

sitivity established by nEXO [53] has the capability to explore a certain 
region of the parameter space for leptogenesis that is associated with 
the lightest neutrino mass.

The angle of light-heavy mixing serves as a crucial factor that im-

pacts both the generation of the baryon asymmetry of the universe 
(BAU) and the control of production rates for Right-Handed Neutrinos 
(RHNs) at colliders. Unlike the Standard Model (SM) particles, these 
RHNs are not electrically charged and therefore exhibit highly sup-

pressed direct interactions with SM fields. Their production can only 
occur through mixing with SM neutrinos [54,55]. We have determined 
9

the magnitude of the light-heavy mixing element, denoted as |𝑉𝜇𝑁1,2
|2, 
to be approximately 10−7 to 10−4 within the parameter space that 
corresponds to the observed BAU. This range of |𝑉𝜇𝑁1,2

|2 values can 
potentially be explored in forthcoming muon collider experiments, as 
discussed in a recent publication [56] and its references. Several dis-

tinct signatures of heavy RHNs, dependent on the extent of light-heavy 
mixing, can be found in references [55–58] in the context of future 
lepton colliders, and in references [59–61] with regards to LHC exper-

iments. At this stage we can be a little optimistic about the validity of 
our results for ISS parameter space for leptogenesis w.r.t. two comple-

mentary searches namely the rare leptonic decay 𝜇 → 𝑒𝛾 and searches 
at Muon Collider.

6. Conclusion

We have proposed the possible scenarios which can account for the 
observed baryon asymmetry of the Universe in a pure ISS framework. 
This proposal is based on two independent methods, one by minimiz-

ing the huge washout and the other by increasing the order of lepton 
asymmetry. In both of these cases our conclusion on the success of ISS 
leptogenesis remains the same. We want to emphasize that ISS param-

eter space alone can yield the observed baryon to photon ratio through 
leptogenesis. In order to execute the first approach we have considered 
non-standard thermal history of the Universe, so that the Hubble ex-

pansion rate during leptogenesis can well compete with the large decay 
rate for leptogenesis. In this case we noticed that, the parameters (𝑛, 𝑇𝑟) 
representing the non-standard thermal history of the Universe are able 
to rescue the ISS parameter space (in terms of 𝜇) which offers suc-

cessful leptogenesis. Next, we consider the second approach where we 
assume degeneracy among the RHN mass states associated with each 
generation. This assumption helps us avoid potential cancellations be-
tween the lepton asymmetries associated with the PD states of each 
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Fig. 10. Shows the effective neutrino mass predicted w.r.t. the constrained lightest neutrino mass. The figures provide explanations of the implications associated 
with various colour codes, enabling a clear differentiation between each case. The lightest neutrino mass gets restriction from the criteria 𝜂𝐵 = (6 −6.18) ×10−10. The 
grey band indicates the limit on 𝑚𝛽𝛽 set by the KamLAND-ZEN experiment [62], which falls in the range 61 − 165 MeV. The black dashed horizontal line indicates 
the future sensitivity set by nEXO [53] on 𝑚𝛽𝛽 = 0.007 eV.
generation. In most of the cases studied here we have obtained testable 
parameter space of leptogenesis w.r.t. the LFV search e.g. 𝜇 → 𝑒𝛾 . To 
the best of our knowledge, these results are novel and have not been 
reported earlier. We have found a favourable case for the case A, as-

signed with 𝑛 = 3 both for real and complex rotational matrix ℝ. We 
have also noticed in case B that, an adequate amount of the aforemen-

tioned degeneracy is crucial for the final baryon asymmetry to survive. 
An important research endeavour would involve exploring the uncon-

ventional leptogenesis in ISS framework which can be found elsewhere.
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Appendix A. Finite temperature effects on resonant leptogenesis

We revisit here a generic case of resonant leptogenesis by including 
finite temperature correction in a type I seesaw framework with O(1)
TeV RHN masses. We introduce three RHNs and consider the mass ma-

trix of the same as diagonal with entries {𝑀1, 𝑀2 =𝑀1 + Δ, 𝑀3}. We 
assume quasi degeneracy ( Δ

𝑀1
≪ 1) among the first two RHNs and make 

the third one substantially heavier for simplicity. This allows to check 
for any possible finite temperature effects on resonant leptogenesis sce-

nario from both 𝑁1 and 𝑁2 decays.

A detailed discussion on the influence of thermal effects on the final 
baryon asymmetry for low and high scale leptogenesis can be found in 
refs. [63–65]. The Flavoured CP asymmetry ([66,67]) in presence of 
thermal effects is given by [64,65],

𝜖𝛼𝑖 =
∑
𝑖≠𝑗

sgn(𝑀𝑖 −𝑀𝑗 )𝐼𝑖𝑗,𝛼𝛼
2𝑥(0)𝛾(𝑧)

4 Γ22
Γ𝑗𝑗

(𝑥(0) + 𝑥𝑇 (𝑧))2 +
Γ𝑗𝑗
Γ22

𝛾2(𝑧)
, (A.1)

where,

𝐼𝑖𝑗,𝛼𝛼 =
Im
[
𝑌 †
𝑖𝛼
𝑌𝛼𝑗
(
𝑌 †𝑌

)
𝑖𝑗

]
+ 𝑀𝑖

𝑀𝑗
Im
[
𝑌 †
𝑖𝛼
𝑌𝛼𝑗
(
𝑌 †𝑌

)
𝑗𝑖

]
(
𝑌 †𝑌

)
𝑖𝑖

(
𝑌 †𝑌

)
𝑗𝑗

. (A.2)

In Eq. (A.1) the quantity 𝑥(0) ≡ Δ𝑀 (0)∕Γ22, Δ𝑀 (0) being the 𝑁2 −
𝑁1 mass splitting at zero temperature. Thermal corrections to the 𝑁2 −
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𝑁1 mass splitting, Δ𝑀𝑇 , with the total mass splitting given by Δ𝑀 =
Δ𝑀 (0) + Δ𝑀𝑇 , is present in the expression for 𝜖𝛼(𝑖) and are accounted 
for by the term 𝑥𝑇 (𝑧) [65]:

𝑥𝑇 (𝑧) ≡
Δ𝑀𝑇 (𝑧)

Γ22
≃ 𝜋

4𝑧2

√√√√(1 − Γ11
Γ22

)2
+ 4
|Γ12|2
Γ222

. (A.3)

The function 𝛾(𝑧) in Eq. (A.1) determines the thermal effects to the 𝑁1,2

self-energy cut [64] and can be expressed as 𝛾(𝑧) ≡
⟨

𝑝𝜇𝐿
𝜇

𝑝𝜈𝑞
𝜈

⟩
. For further 

details, see ref. [63].

The following set of coupled differential equations (taken from ref. 
[65]) have been numerically solved to find the evolution of temperature 
dependent asymmetry.

𝑑𝑁𝑁𝑖

𝑑𝑧
= −
(
𝐷𝑖

)
(𝑁𝑁𝑖

−𝑁
𝑒𝑞

𝑁𝑖
), (A.4)

𝑑𝑁Δ𝛼

𝑑𝑧
=
∑
𝑖

[
−𝜖𝛼𝑖 𝐷𝑖(𝑁𝑁𝑖

−𝑁
𝑒𝑞

𝑁𝑖
) −𝑊 𝐷

𝑖 𝑝𝑖𝛼𝑁Δ𝛼

]
. (A.5)

In the above 𝑝𝑖𝛼 =
||𝑌𝛼𝑖||2𝑣2
2𝑚̃𝑖𝑀𝑖

, with 𝑚̃𝑖 ≡ (𝑌 †𝑌 )𝑖𝑖𝑣2∕2𝑀𝑖. 𝑝𝑖𝛼 is the flavour 
dependent projection probabilities with 𝑝𝑖𝛼 , 𝑖 = 1, 2, 𝛼 = 𝑒, 𝜇, 𝜏 . The 
quantity 𝑊 𝐷

𝑖
implies the contribution of inverse decay to the final 

amount of wash out and 𝐷𝑖 = denotes the decay term. Importantly, 
both 𝐷𝑖 and 𝑊 𝐷

𝑖
contain thermal masses of RHNs and final state lep-

tons and Higgs boson (taken from Ref. [68]). Here, 𝑁𝑖 and 𝑁Δ𝛼
are 

respectively the number density of ith RHN and the value of the asym-

metry, both scaled by 𝑛𝛾 .

We present a benchmark scenario to show the impact of thermal 
effects in the CP asymmetry parameter and final amount of baryon 
asymmetry. We set,

𝑀1 = 1TeV, Δ𝑀 = 10−7 GeV

𝑥 = 4.18 + 1.68𝑖, 𝑦 = 1.95 + 1.68𝑖, 𝑧 = 4.0 + 1.45𝑖 , (A.6)

where 𝑥, 𝑦 and 𝑧 are the elements of ℝ in Eq. (7).

Next, we compute the CP asymmetry (𝜀𝑒1) associated with the elec-

tron flavor from 𝑁1 decay and show the same as a function of tempera-

ture in the left panel of Fig. 11 using Eq. (A.1). In the relativistic (𝑧 > 1) 
limit, the CP asymmetry is found to be a decreasing function of temper-

ature while it almost merges with the zero temperature value (Eq. (15)) 
at 𝑧 > 1 with very negligible difference not exceeding more than 1%. 
Similar behaviour of the CP asymmetry with temperature has been also 
observed in ref. [63].

In the right panel of Fig. 11, we estimate the 𝜂𝐵 , incorporating the 
temperature correction (Eq. (A.1)) and compare it with evolution of the 
same without including temperature effect. We utilise the benchmark 

point as listed in Eq. (A.6). We notice that the final amount of baryon 
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Fig. 11. Shows the evolution of CP asymmetry (left) and 𝜂𝐵 (right) with (blue) and without (orange) temperature correction with respect to z =𝑀∕𝑇 .
asymmetry remains more or less the same with or without the inclu-

sion of temperature corrections. Although at high temperature regime 
(𝑧 ≪ 1), the 𝜂𝐵 evolution for both the cases seem to be largely differ-

ent, the final baryon asymmetry is mainly determined only by the later 
stages of the evolution at relatively small temperatures when the decay-

ing RHN is non-relativistic and thus the corresponding CP asymmetry 
parameters (with and without temperature corrections) almost matches. 
Temperature effect might turn crucial for a framework where the RHN 
mass scale is lower than the EWPT temperature as can be found in [65]. 
In that case, without temperature correction to the RHN mass, it is not 
possible to generate lepton asymmetry that can be converted to the ob-

served baryon asymmetry via standard sphaleron process.
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