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Abstract

We consider the possibility of simultaneously addressing the baryon asymmetry of the Uni-

verse, the dark matter problem and the neutrino mass generation in minimal extensions of the

Standard Model via sterile fermions with (small) total lepton number violation. Within the

framework of Inverse and Linear Seesaw models, the small lepton number violating parameters

set the mass scale of the active neutrinos, the efficiency of leptogenesis through a small mass

splitting between pairs of sterile fermions as well as the mass scale of a sterile neutrino dark

matter candidate. We provide an improved parametrization of these seesaw models taking into

account existing experimental constraints and derive a linearized system of Boltzmann equations

to describe the leptogenesis process, which allows for an efficient investigation of the parameter

space. This in particular enables us to perform a systematic study of the strong washout regime

of leptogenesis. Our study reveals that one can have a successful leptogenesis at the temperature

of the electroweak scale through oscillations between two sterile states with a natural origin of

the (necessary) strong degeneracy in their mass spectrum. The minimal model however requires

a non-standard cosmological history to account for the relic dark matter. Finally, we discuss the

prospect for neutrinoless double beta decay and for testing, in future experiments, the values of

mass and different active-sterile mixings required for successful leptogenesis.
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1 Introduction

The generation of the baryon asymmetry of the Universe (BAU) is one of the major puzzles of

modern particle physics and leptogenesis is among the most popular solutions. One of the simplest

realizations of leptogenesis is the so called “thermal leptogenesis” [1] , which relies on the out-of-

equilibrium decay of heavy right-handed (RH) neutrinos and in which baryogenesis is in general

tied to the seesaw mechanism for the light neutrino mass generation [2–6].

At low seesaw scales, thermal leptogenesis is however very fine-tuned and difficult to implement,

and one must consider alternatives to generate any lepton asymmetry. An interesting alternative is

the so-called “ARS” mechanism, first proposed by Akhmedov, Rubakov and Smirnov [7], in which a

lepton asymmetry is produced by the CP-violating oscillations of a pair of heavy sterile neutrinos.

This mechanism was then implemented in the ν-MSM [8–10] with the aim of simultaneously

addressing the issues of i) neutrino mass generation, ii) the BAU, and iii) of providing a viable

dark matter (DM) candidate. In this approach, three RH neutrinos N1,2,3
R were added to the

Standard Model (SM), the lightest of them (with mass at the ∼ keV scale) is almost sterile -

in the sense that its mixings to the active light neutrinos and to the other sterile fermions are

negligible - playing thus the role of the DM candidate. The two other (heavier) RH neutrinos are

responsible for the generation of the light neutrino masses and of the lepton asymmetries, both at

early times, giving rise to the BAU, and at later times, enabling the production of the correct relic

DM abundance [11]. The strong condition in order to achieve all these tasks simultaneously is that

the heavier two RH neutrinos are almost degenerate in mass. Variants of this scenario capable of

achieving a successful BAU while accommodating neutrino data, in some cases without in addition

providing a DM candidate, have also recently been considered in [12–18].

Remarkably, the crucial condition of degeneracy in the heavy spectrum can find a natural origin

in scenarios in which the smallness of light neutrino masses is due to a small violation of the total

lepton number (LNV) [19]. This can be achieved when, for instance, the Inverse Seesaw mechanism

(ISS) [20, 21] is embedded into the SM. Here the light neutrino masses mν are proportional a

Majorana mass parameter µ = ξΛ, which violates lepton number by two unites (∆L = 2). The

seesaw scale Λ sets the mass scale of the additional heavy SM singlets. In the limit ξ → 0 lepton

number conservation is restored and mν → 0 (coining the name ’inverse’ seesaw). This is achieved

by introducing at least two additional sets of SM singlet fermions (referred to RH neutrinos and

sterile fermions) with opposite lepton number assignment. These combine into pseudo-Dirac pairs

with masses of O(Λ) and mass differences of O(µ), and depending on the realization, may also

result in a sterile fermion with a mass scale µ, which can account for the relic DM abundance, see

for example, [22–24]. The available neutrino data is accommodated within the ISS for large values

of the Yukawa couplings and a comparatively low seesaw scale Λ, which renders this mechanism

phenomenologically appealing. A second low-scale seesaw mechanism based on a small LNV is the
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Linear Seesaw (LSS) [25,26], which also requires the introduction of two types of fermionic singlets

(RH and sterile) with opposite lepton number assignment, and in which the smallness of neutrino

masses is also linked to the small ∆L = 2 violation of the total lepton number. The difference with

respect to the ISS is that the LNV arises from additional small Yukawa couplings of the ‘sterile’

fermions to the left-handed (LH) neutrinos. The resulting light neutrino mass scale is linearly

dependent on these Yukawa couplings, coining the name for this mechanism.

In a previous study [17] we investigated the generation of the BAU in low energy realizations

of the LSS and ISS models. The analysis conducted in [17] was mostly focused on a minimal

phenomenological model based on adding two singlet fermions with opposite lepton number to the

SM, which are almost degenerate in mass and form a pseudo-Dirac pair. Their mass splitting, as

well as the masses of the light neutrinos, are determined by two small parameters, a Majorana

mass term and a LNV Yukawa coupling, violating the total lepton number by two units; this

scenario essentially resembles an ISS realization extended by a LSS mass term, model we refer to as

“LSS-ISS”. Ref. [17] included a detailed analysis of leptogenesis in the region of parameter space

satisfying the “weak washout” condition, i.e. where the Yukawa couplings are sufficiently weak to

strongly suppress any erasing of the generated asymmetry. In the “strong washout” regime, the

lack of an efficient method to calculate the baryon asymmetry restricted the analysis to a proof

of existence of viable solutions. While successfully accounting for the observed baryon asymmetry,

the solutions in the weak washout regime predicted active-sterile mixing angles which are too small

to be detectable in current and upcoming experiments. The analysis of [17] further included the

ISS(2,2) model, the most minimal realization of the ISS, which requires the addition of two RH

neutrinos and two steriles to the SM, leading to two pseudo-Dirac pairs in the heavy sector, as

shown in [22]. In this case we found that existing neutrino data forces the mass splitting within

the two pseudo-Dirac pairs to be too large to achieve successful leptogenesis in the weak washout

regime.

The present work aims at refining the analysis and extending the results presented in [17]; the

distinctive new aspects of the present study are summarized below. We have derived a systematic

perturbative expansion of the set of coupled Boltzmann equations (BE) describing the generation of

the lepton asymmetry, which is particularly suited to efficiently describe the strong and intermediate

washout regime.1 Moreover, in addition to the production and decay of heavy neutrinos through top

quark radiation considered in [17], we include the production via gauge boson radiation through

the exchange of a lepton doublet in the t-channel. In the limit of vanishing leptonic chemical

potentials the rate of these gauge-mediated processes was found to exceed the one associated to

the top quark by about a factor of three [28, 29]. To include these processes in the current study,

1We point out the complementary method presented in Ref. [27], which provides an analytical solution deep in

the strong washout regime.
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we re-derive the kinetic equations including all scattering processes considered in [28,29], which we

re-evaluate in the presence of small leptonic chemical potentials. We thus complete our previous

derivation [17] and correct the source term for sterile neutrinos by taking into account thermal

effects of gauge boson interactions in the set of coupled BE, estimating their impact in generating

the BAU (see also [18,27] for similar studies); we further take into account the effect of “spectator

processes”. Throughout this paper, we have consistently used the Fermi-Dirac statistic rather

than the Maxwell-Boltzmann one used in [17]. Our improved treatment allows, for the scenarios

considered in [17], a full coverage of the parameter space corresponding to the “strong washout”

regime, where we find that not only the LSS-ISS model provides successful leptogenesis, but also

the ISS(2,2). Moreover, we find that the strong washout regime allows for solutions with sufficiently

high active-sterile mixings to be experimentally observable in the near future. Furthermore, we

extend our study to the ISS(2,3) model, where in addition to two pseudo-Dirac pairs (already

present in the ISS(2,2) model), a lighter mostly sterile state is present in the mass spectrum, which

under suitable conditions can play the role of the DM component. We investigate whether viable

leptogenesis could be simultaneously compatible with the existence of this stable state and with a

solution to the DM problem.

Finally, in these extensions of the SM with extra neutrinos (RH or steriles), the effective mass

in neutrinoless double beta decay (0νββ) is modified and incorporates the additional CP-violating

phases and the extra mixing angles. It has been shown in [30–32] that if sterile neutrinos are

present, a signal in 0νββ does not necessarily imply an inverted hierarchy (IH) for the light neutrino

spectrum. Part of this project is devoted to study the impact of the additional neutral fermions

considered in our minimal scenarios (LSS-ISS , ISS (2,2) and (2,3)) on the effective mass in 0νββ

when leptogenesis is at work.

The remainder of this paper is organized as follows. Section 2 introduces the minimal Inverse

and Linear Seesaw models as well as the observational constraints on neutrino mas models. The

derivation and simplification of the BE responsible for leptogenesis is given in Section 3, additional

intermediate results can be found in App. A. Section 4 is dedicated to the results of the numerical

parameter scans, including also our approach to parameterizing the above seesaw models in view

of existing neutrino data. An analytical approach to understanding these results in the context of

the DM problem is given in App. B. We conclude in Section 5.

2 Lepton number violation in minimal low-scale frameworks

Adding new neutrinos to the Standard Model leads to a broad range of new phenomenology.

Depending on the mass scale of these neutrinos, they may address open questions in cosmology

(leptogenesis, dark matter,..) or lead to interesting signals in laboratory experiments (beam-dump

experiments, neutrino-less double beta decay,..). In this study, we focus on minimal low-scale seesaw
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frameworks [22] which can account for the observed neutrino masses and mixing with the masses

of the neutrinos responsible for generating the BAU not exceeding about 50 GeV. In the following,

we will first recall the relevant constraints in this mass range and then turn to the explicit seesaw

models. This will lead to the introduction of new fermion fields belonging to two categories: (i) RH

neutrinos, which in the interaction basis feature Yukawa interactions with the SM Higgs and lepton

doublets and (ii) sterile neutrinos, which have no such couplings. In a slight abuse of notation,

we will also apply this categorization to the LSS, in which case the ‘sterile’ neutrinos in fact have

(very suppressed) couplings to the SM. Most of our analysis will be however carried out in the mass

basis, where the new states are in general a mixture of the RH and sterile (and active) components.

We will thus more generally refer to states dominated by RH and/or sterile components as (SM)

singlets. In all minimal scenarios considered here, the lightest active neutrino will be massless.

2.1 Constraints

Beside complying with neutrino oscillation data [33,34], the extension of the SM by singlet fermions

(RH or sterile ones) is subject to important constraints, which strongly constrain their masses as

well as the active-sterile mixing. We will briefly summarize in this subsection the constraints

adopted throughout all our analysis.

Perturbative unitarity [35–40] requires
Γνi
mνi

< 1
2 (i = 1, N).2 Additional bounds arise from

electroweak precision tests [41–44] and non-standard interactions [45–47]. Sterile fermions can also

induce potentially large contributions to charged lepton flavor violating (cLFV) observables, such

as charged lepton flavor violation at low energy like in µ − e conversion in nuclei, radiative and

three-body decays (µ → eγ, µ → eee) [48–56], as well as cLFV at high energy in Higgs [57–62]

and neutral Z boson decays [63–66]; sterile fermions can also impact leptonic and semi-leptonic

meson decays [44,67–70]. They may further contribute to lepton flavor conserving but CP-violating

observables (due to the additional CP violating phases) such as the charged lepton electric dipole

moments [71–73]. We moreover take into account negative results from searches for monochromatic

lines in the spectrum of muons from π± → µ±ν decays [69, 74] as well as those from searches at

the LHC [60–62]. It is worth stressing that particularly severe constraints arise from the violation

of lepton universality in leptonic meson decays [44,67,68,70]. In the near future, neutral fermions

with masses in the GeV range can be searched in experiments such as NA62 [75], SHiP [76, 77],

FCC-ee [78] and LBNF/DUNE [79].

2Noticing that the leading contribution to Γνi is due to the charged current term, the perturbative unitarity

condition translates into the following bounds:

m2
νi Cii < 2

M2
W

αw
(i ≥ 4) , (1)

where αw = g2w/4π, and Cii =
∑3
α=1 U

∗
αi Uαi , U being the lepton mixing matrix.
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The presence of source(s) of LNV in the considered frameworks may also induce consequences

on the effective mass in the amplitude of the neutrinoless double beta decay rate [80], which is

defined, in the case where the SM is extended by N sterile fermions as [81]:

m0νββ '
N∑
i=1

U2
ei p

2 mi

p2 −m2
i

, (2)

where p2 ' −(125 MeV)2 is the virtual momentum (an average estimate over different decaying nu-

clei) of the propagating neutrino. Notice that the additional mixings and possible new CP-violating

Majorana phases might enhance the effective mass, potentially rendering it within experimental

reach, or even leading to the exclusion of certain regimes due to conflict with the current bounds

- the most recent results on neutrinoless double beta decay have been obtained by the EXO-200

experiment [82] and by KAMLAND-Zen [83].

The final constraint is of cosmological origin. The neutrinos involved in the low-energy seesaw

cannot be too light, otherwise their lifetimes would be of the same order as the timescale of Big Bang

Nucleosynthesis (BBN). Their decays into SM states at this time would have severe consequences

on the synthesis of the light nuclei. To avoid this possibility, we will assume a conservative lower

bound of 100 MeV [84] on the masses of the new states and impose that their life times do not

exceed 1 second.3

2.2 Minimal particle content: the LSS-ISS model

The type-I seesaw mechanism provides a simple explanation for the light neutrino masses: Intro-

ducing RH neutrinos with a Majorana mass MN and which share a Dirac mass mD with the active

neutrinos, the diagonalization of the mass matrix yields the light neutrino masses mν = mDM
−1
N mD

which are inversely proportional to the heavy Majorana mass scale. The introduction of additional

sterile fermions changes this picture, and depending on the underlying GUT breaking mechanism

and the model parameters, different seesaw contributions tomν may be dominant, allowing for small

active neutrino masses mν despite lowering the mass scale of the additional SM singlet fermions. In

this section we introduce the LSS-ISS model, which is a phenomenological low-scale seesaw model

with minimal particle content, based on the introduction of the two small LNV parameters found

in the Linear [25,26] and Inverse [20,21] Seesaw models.

The SM spectrum is extended by two RH neutrinos N1
R, N

2
R at the mass scale Λ with opposite

lepton number, more specifically +1 for N1
R and −1 for N2

R. In the interaction basis the new states

are coupled to the active sector via Yukawa couplings Yα and εY ′α, respectively. With |Y ′| ∼ |Y | and

ε� 1, the latter couplings violates lepton number by a small amount. The second LNV parameter

is introduced as a Majorana mass µ = ξΛ for the sterile neutrinos. The assignment ε, ξ

3Except for the potential DM candidate in the ISS(2,3), whose life time exceeds the age of the Universe.
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1 is technically natural, since lepton number is restored in the limit of ε, ξ → 0. The neutrino global

mass term of Lagrangian reads

−Lmν = nTL C M nL + h.c., (3)

where

nL ≡
(
νeL, ν

µ
L, ν

τ
L, N

1 c
R , N2 c

R

)T
, and C = iγ2γ0 , (4)

and with the full mass matrix of the neutrino sector

M(ν) = Λ



0 0 0 1√
2
Y1v/Λ

1√
2
εY ′1v/Λ

0 0 0 1√
2
Y2v/Λ

1√
2
εY ′2v/Λ

0 0 0 1√
2
Y3v/Λ

1√
2
εY ′3v/Λ

1√
2
Y1v/Λ

1√
2
Y2v/Λ

1√
2
Y3v/Λ 0 1

1√
2
εY ′1v/Λ

1√
2
εY ′2v/Λ

1√
2
εY ′3v/Λ 1 ξ


, (5)

where v is the Higgs boson vacuum expectation value.

To illustrate the structure of Eq. (5), let us consider a toy model with a single generation for

the active neutrinos. In this case the mass matrix has the following form,

M(ν) =


0 Y v/

√
2 εY ′v/

√
2

Y v/
√

2 0 Λ

εY ′v/
√

2 Λ ξΛ

 , (6)

which can be decomposed as

M(ν) =M0 + ∆MISS + ∆MLSS . (7)

The lepton number conserving mass matrix M0 is given by

M0 =


0 1√

2
Y v 0

1√
2
Y v 0 Λ

0 Λ 0

 , (8)

and its diagonalization gives rise to the mass spectrum

mν = 0 , M1,2 =

√
|Λ|2 +

1

2
|Y v|2 . (9)
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The perturbation of the latter matrix by two sources of lepton number violation encoded in ∆MISS

(proportional to the LNV parameter ξ) and ∆MLSS (proportional to the LNV parameter ε) leads

to the matrix of Eq. (6). Considering only the perturbation ∆MISS leads to the Inverse Seesaw

pattern [20, 21] while considering the second perturbation, ∆MLSS , leads to a Linear Seesaw

pattern [26].4 Allowing both ξ 6= 0 and ε 6= 0 leads to a mixed Linear and Inverse Seesaw mechanism,

a model we refer to as “LSS-ISS”. Compared to Eq. (9), the mass scale mν of the lightest neutrino

and the mass splitting ∆m2
PD between the two heavy neutrinos are now non-zero,

mν ' 2ε
m2
D

Λ
, ∆m2

PD = M2
2 −M2

1 = 2ξΛ2 , (10)

where mD = Y v/
√

2 ' Y ′v/
√

2. This structure immediately generalizes to the full mass matrix

of Eq. (5): the mass scale of the active neutrinos is set by the LNV parameter ε, whereas the

second LNV parameter ξ controls the small mass splitting within the heavy pseudo-Dirac pair - a

crucial parameter for ARS leptogenesis. Further details of this model, including the perturbative

diagonalization of the full matrix (5), can be found in Ref. [17]. This neutrino mass model can

account for the observed neutrino oscillation data, a suitable parametrization of the remaining free

parameters will be introduced in Sec. 4.1.1.

2.3 Minimal realizations of the Inverse Seesaw: ISS(2,2) and ISS(2,3)

Next we turn to the pure Inverse Seesaw mass generation mechanism [20, 21]. Compared to the

previous subsection, this implies ε = 0 and we will moreover allow for an independent number of

RH and sterile neutrinos (#νR 6= 0 and #s 6= 0). In the case of #s = 0, one recovers the usual

type I seesaw realization, which could account for neutrino masses and mixings provided that the

number of right-handed neutrinos is at least #νR = 2.

The neutrino mass term has the same structure as in Eq. (3), with

nL ≡
(
νeL, ν

µ
L, ν

τ
L, νR,i

c, sj
)T

, (11)

where νcR,i (i = 1, ..#νR) and sj (j = 1, ..#s) are RH neutrino fields and additional fermionic gauge

singlets, respectively. The neutrino mass matrix in Eq. (3) has the form,

M≡


0 d 0

dT 0 n

0 nT ξΛ

 , (12)

4 A non-vanishing value of the (2, 2) entry of the matrix Eq. (6), M(ν)
22 = ξ′Λ, would correspond to an additional

LNV violation by two units, which does not generate neutrino masses at tree level but does it only at loop level [30,85].

These loop corrections will be relevant only if ξ′ & 1, meaning for regimes of a large lepton number violation. However,

as in our approach to leptogenesis we focus on models with an approximate lepton number conservation, we will not

pursue this option any further here.
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where d, n, ξΛ are complex mass matrices. The Dirac mass matrix d arises from the Yukawa

couplings to the SM Higgs boson, H̃ = iσ2H,

dαi =
v√
2
Y ∗αi, L 3 Yαi`αLH̃ν

i
R + h.c., `αL =

 ναL

eαL

 , (13)

while the matrix ξΛ, instead, contains the Majorana mass terms for the sterile fermions sj . This

is the only LNV parameter in the ISS models. The sub-matrix n is #νR ×#s matrix with entries

of order Λ. By assigning a opposite leptonic charge to νcR and s, one ensures that the off-diagonal

terms are lepton number conserving, while sTCs violates the lepton number by two units. The

feature of the ISS is that the entries of the matrix ξ can be made small in order to accommodate

for O(eV) masses of (mostly) active neutrinos, while having large Yukawa couplings. This is not

in conflict with naturalness since the lepton number is restored in the limit of ξ → 0 and all along

this work we impose the above matrices to fulfill a naturalness criterion, |ξΛ| � |d| < |n| [22].

Concerning the singlet fermions, νR and s, since there is no direct evidence for their existence

(and because they do not contribute to anomalies), their number is unknown. In [22] it was shown

that it is possible to construct several distinct realizations of the ISS, reproducing the correct neu-

trino mass spectrum while complying with the constraints listed above, thereby strongly preferring

a normal ordered active neutrino spectrum. More specifically, it was shown that, depending on

the number of additional fields, the neutrino mass spectrum obtained for each ISS realization is

characterized by either 2 or 3 mass scales, corresponding to the light neutrino mass scale mν , the

mass scale of the heavy pseudo-Dirac pair(s) mPD and, only if #s > #νR, an intermediate scale

mDM:

mν ' ξΛ
d2

n2
=
ξ(Y v)2

2mPD
, mPD ' n ' Λ , mDM ' ξΛ . (14)

The mass splitting within the pseudo-Dirac pair(s) is given by

∆m2
PD ' 2 ξ m2

PD . (15)

This allows to identify two truly minimal ISS realizations [22], the ISS (2,2) model, which corre-

sponds to the SM extended by two RH neutrinos and two additional sterile fermions, and the ISS

(2,3) model, where the SM is extended by two RH neutrinos and three sterile states. In agree-

ment with the discussion above, the physical mass spectrum of both models presents two pairs

of pseudo-Dirac neutrinos. The ISS(2,3) features, in addition, an intermediate mass scale mostly

sterile neutrino. As extensively discussed in [22, 23], this additional state can have mass both in

the eV range, possibly accommodating a 3+1-mixing scheme at low energies which can be used to

interpret the short baseline (reactor/accelerator) anomalies [86], or in the keV range. In this case

the mostly sterile neutrino could be a DM candidate providing interesting phenomenology related

8



to structure formation [87–94] and to indirect detection [95–97]. Related to this last point, it is

worth mentioning the hint (not confirmed) of the detection of an X-ray line at approximately the

energy of 3.5 keV [98,99]. In view of more recent analyses both the hints related to reactor anoma-

lies and to the X-ray line appear increasingly disfavored. The reference to them is only intended

to highlight the rich phenomenology of the scenario under study. A suitable parameterization of

the ISS models, taking into account observational constraints, will be introduced in Sec. 4.2.1. We

finally remark that in the ISS(2,3) the mass of the intermediate sterile state, relevant in our work

mostly for DM phenomenology, is tightly related to the mass splitting of the pseudo-Dirac pairs.

As will be discussed more extensively in the following this is a key parameter for the achievement

of a viable BAU.

3 Leptogenesis

The neutrino mass models of the previous section feature one (or several) pair(s) of pseudo-Dirac

neutrinos, whose mass splitting(s) is (are) governed by a small LNV parameter, and whose overall

mass scale can be set to the GeV - TeV range. These are the crucial ingredients to implement

leptogenesis through neutrino oscillations [7]: Starting from a negligible abundance of these heavy

neutrinos in the early Universe, a pseudo-Dirac pair is thermally produced just before the elec-

troweak (EW) phase transition. Due to the small mass splitting, rapid oscillations of the neutrinos

within the pseudo-Dirac pair occur, entailing a CP-violating background for the active neutrinos.

The active neutrinos hence experience an effective CP-violating potential, similar to the MSW

effect of matter [100]. This induces a lepton asymmetry in the active species, which in turn back-

reacts to the pseudo-Dirac pairs, further enhancing the CP asymmetry of this sector. This way a

lepton asymmetry is generated both in the sector of the SM states and in the sector of the new

SM singlet fermions. For simplicity we will label, here and in the next sections, these two sectors

as active and singlet sectors, respectively. Note that the leptogenesis process occurs in the highly

relativistic regime for the new neutrinos. Their Majorana mass terms are negligible and we can

extend the usual definition of lepton number to their different helicity states. For the same reason,

the total asymmetry summed over both the active and singlet sectors must vanish. The asymme-

tries produced in the active and singlet sector are hence of equal value, but have opposite sign.

However, sphaleron processes act only on the asymmetry in the SM sector, (partially) converting

it into the baryon asymmetry we observe today. In this way, leptogenesis occurs even if the total

lepton number is (approximately) conserved. In this section, we first summarize the key equations

describing these processes following a series of earlier studies [8–10,13,14,16–18,27,101] which have

lead to an improved understanding of many aspects in recent years. Some technical details are

relegated to Appendix A. In Section 3.1 we summarize the results of our earlier work [17] on the

weak washout regime, before developing a new method of solving the differential equations in the

9



full parameter space of interest, including the strong washout regime, in Section 3.2.

The processes sketched above can be described in the density matrix formalism by two differ-

ential matrix equations, one for the singlet neutrinos N and one for the active species L [84],

dρN
dt

= −i [HN , ρN ]− 1

2

{
ΓdN , ρN

}
+

1

2

{
ΓpN , I − ρN

}
, (16)

dρL
dt

= −i [HL, ρL]− 1

2

{
ΓdL, ρL

}
+

1

2

{
ΓpL, I − ρL

}
. (17)

Here ρN,L denote the density matrices of the singlet and active species, Γp,dN,L are the respective

production and decay rates and HN,L are the corresponding Hamiltonians, containing a vacuum

part H0
N,L describing the propagation and oscillations, as well as, an effective potential VN,L. All

quantities are functions of the wave numbers kN,L, the temperature T (or equivalently the cosmic

time t) and the chemical potential µL of the active flavors (arising in a CP-violating background).

The equations for the corresponding anti-particles are obtained by substituting: L ↔ L̄, N ↔ N̄ ,

F ↔ F ∗ and µL ↔ −µL. Here FαI , contained in the production and decay rates, denotes the

Yukawa coupling of the singlet neutrinos in their mass eigenbasis,

FαI = Yαi UiI , (18)

with U denoting the unitary matrix which diagonalizes (M(ν))†M(ν). Here α and i run over the

active and SM singlet neutrino flavors, respectively, while I runs over the heavy mass eigenstates.

Due to the unitarity of the matrix U ,
∑

α,I |FαI |2 '
∑

α,i |Yα,i|2.

These equations can be significantly simplified by taking the active species to be in thermal

equilibrium with a chemical potential µL, ρL(kL, T, µL) = ND fF (kL/T, µL) I, with fF (kL/T, µL) =[
exp

(
kL
T − µL

)]−1
denoting the Fermi-Dirac distribution function with momentum kL and chem-

ical potential5 µL, computed at the thermal bath temperature T .

We further note that the system studied here contains two small parameters which may be

exploited for a perturbative analysis: the entries of the Yukawa matrix FαI and the chemical

potentials µLα. The latter are directly related to the generated baryon asymmetry, which is why

they are expected to be small for all viable parameter points.

Performing these expansions and after some additional manipulations detailed in Appendix A,

the production and destruction rates of the singlet neutrinos can be rewritten, to first order in µL,

as:

ΓpN = f0
F (yN )γ0

NF
†F + δγpNF

†µLF ,

ΓdN = (1− f0
F (yN ))γ0

NF
†F + δγdNF

†µLF , (19)

5Below we will perform a perturbative expansion with respect to the chemical potential; for this reason it is

appropriate to define it as a dimensionless quantity by reabsorbing the temperature factor.
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where yN = kN/T and where we have defined f0
F (yN ) ≡ fF (yN , 0). Moreover,

γ0
N =

T 3

64π3k2
N

Σ(yN ) , (20)

δγpN = − T 3

64π3k2
N

(
f
′
F (yN )Σ(yN ) + f0

F (yN )Ψ(yN )
)
, (21)

δγdN =
T 3

64π3k2
N

(
f
′
F (yN )Σ(yN ) + (1− f0

F (yN ))Ψ(yN )
)
, (22)

where Σ(yN ) and Ψ(yN ) are integrals containing the matrix element of the interaction process,

(their formal expression is provided in Appendix A), while f
′
F =

df0F (y)
dy .

The corresponding decay and production rates of the active species (describing the exact same

processes from the point of view of these particles), can be related to Eqs. (20) - (22) by exchanging

the order of integration in the integrated decay rates:

∫
d3kL
(2π)3

ΓdL(kL)fF (kL/T, µL)

=
1

ND

∫
d3kN
(2π)3

f0
F (kN/T )γ0

NF (I − ρN (kN ))F † + δγpNµLF (I − ρN (kN ))F † ,∫
d3kL
(2π)3

ΓpL(kL)(1− fF (kL/T, µL))

=
1

ND

∫
d3kN
(2π)3

(1− f0
F (kN/T ))γ0

NFρN (kN )F † + δγdNµLFρN (kN )F † . (23)

The expressions above show that, in general, one has to solve a system of coupled integro-

differential equations. It can be however reduced to a system of ordinary differential equations by

assuming that the heavy neutrinos fulfill the weaker condition of kinetic equilibrium, ρN (kN , T )IJ =

RN (T )IJfF (kN/T, µL = 0). ND = 2 is an SU(2) factor. With this we can factor out the

momentum-independent variable RN (T ) in the integrals above, and replace the integrated rates

with thermally averaged destruction and production rates:

〈γ(T )〉 =

∫
d3p γ(p, T )f0

F (p/T )∫
d3p f0

F (p/T )
. (24)

Additionally substituting the lepton number densities by an equation directly for the chemical

potential, ∫
d3kL
(2π)3

[fF (kL/T, µL)− fF (kL/T,−µL)] ≈ −2µL

∫
d3kL
(2π)3

f
′
(kL/T ) =

T 3

6
µL (25)

→ µLα =
6

T 3

∫
d3kL
(2π)3

(ρL − ρL̄)αα
1

ND
, (26)
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we obtain to first order in µL

dRN
dt

=− i [〈H〉, RN ]− 1

2
〈γ(0)〉

{
F †F,RN − I

}
− 1

2
〈γ(1b)〉

{
F †µLF,RN

}
+ 〈γ(1a)〉F †µLF , (27)

dµLα
dt

=
9 ζ(3)

2ND π2

{
〈γ(0)〉

(
FRNF

† − F ∗RN̄F T
)
− 2〈γ(1a)〉µLFF †+

+ 〈γ(1b)〉µL
(
FRNF

† + F ∗RN̄F
T
)}

αα
, (28)

with

µL = diag(µLα) , γ(0) ≡ γ0
N , f0

F (kN/T ) γ(1a) ≡ δγpN , γ(1b) ≡ δγpN + δγdN . (29)

Note that the off-diagonal elements of ρL, ρL̄ do not enter Eq. (27), and hence it is sufficient to

solve Eq. (28) for the diagonal components only, implying that the commutator in Eq. (17) can

be dropped. The leading order decay rate γ(0) was recently re-evaluated in Ref. [29], taking into

account, not only scattering processes involving the top quark, but also processes involving soft

gauge bosons of the thermal plasma. This work was extended to account for a finite chemical

potential in Ref. [18], thus determining γ(1a),(1b) (there labeled γ(1),(2), respectively.). The resulting

thermally averaged rates are found to be

〈γ(i)〉 = Ai

[
c

(i)
LPM + y2

t c
(i)
Q + (3g2 + g′2)

(
c

(i)
V − ln(3g2 + g′2)

)]
, (30)

where g, g′ denote the (temperature-dependent) SM SU(2) and U(1) gauge couplings, yt is the top

Yukawa coupling, and

A0 = 2A1a = −4A1b =
πT

2304 ζ(3)
. (31)

The numerical values of c
(i)
LPM,Q,V are reported in Tab. 1 of Ref. [18]. Both c

(i)
Q and c

(i)
V are found

to be T -independent, the temperature dependence of c
(i)
LPM is so mild that we will neglect it in the

following, using c
(i)
LPM (T = 104 GeV) as a reference value.

So far, we have focused on interactions between the various active and singlet neutrino species

which are mediated by the Yukawa coupling F and which modify µα, i.e. the total lepton number

of the active sector. However, as pointed out in Refs. [102,103], a further important role is played

by the so-called spectator processes. Before the EW phase transition, sphaleron and SM Yukawa

mediated processes distribute the asymmetry among the various species of the thermal bath, thereby

conserving B − L but violating B + L. A simple way to incorporate these processes is to work

directly with the differential equation for B − L. The production and decay terms for the lepton

doublet on the right-hand side of Eq. (28) (now producing L = −(B−L)) are in fact the only terms

which change B − L. Labeling the chemical potential associated with B − L as µ∆, this yields

dµ∆α

dt
=− 9ζ(3)

2ND π2

{
〈γ(0)〉

(
FRNF

† − F ∗RN̄F T
)
− 2〈γ(1a)〉µLFF †

+ 〈γ(1b)〉µL
(
FRNF

† + F ∗RN̄F
T
)}

αα
, (32)
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with µL and µ∆ related [27,104] through

µLα = Aαβµ∆β , A =
1

711


−221 16 16

16 −221 16

16 16 −221

 , (33)

for T . 105 GeV. The conversion of the B − L asymmetry to the observed baryon asymmetry

finally introduces the usual sphaleron conversion factor 28/79.

The above simplifications preserve a crucial consistency feature of the framework: the total

asymmetry generated in both the active and singlet sectors vanishes, i.e.

0 =

(
dnN
dt
− dnN̄

dt

)
− Tr

[
dn∆α

dt

]
=

∫
d3kN
(2π)3

f0
F (kN )Tr

[(
dRN
dt
− dRN̄

dt

)
αα

]
+ 2ND

∫
d3kL
(2π)3

f
′
(kL)Tr

[
dµ∆α

dt

]
. (34)

We can now distinguish two phenomenologically different regimes. The weak washout regime,

obtained for |FαI | . 10−7, is characterized by RN � 1 and µL ≪ 1, which allows for a perturbative

analytical solution of Eqs. (27) and (28) [17]. For larger values of |FαI |, RN grows from initially

small values to |RN | ∼ 1, inducing sizable washout effects on the final asymmetry. Consequently,

the asymmetry µL reaches a peak value at intermediate time-scales before washout-processes reduce

the value to the one observed today. We find that µL is still small enough to serve as an expansion

parameter, however the larger values we find here compared to the weak washout regime require a

more careful and rigorous treatment of the expansion.

3.1 Weak washout regime

The weak washout regime was studied in detail in Refs. [9, 10, 17]. Starting from Eqs. (27) and

(28), an iterative process allows a fast determination of the final baryon asymmetry: in a first step,

Eq. (27) is solved in the limit µL → 0, RN � 1; this is inserted into Eq. (28) (neglecting again

the terms proportional to µL on the right-hand side); the resulting expression for µLα is finally

re-inserted into Eq. (27), now evaluated to first order in µL. As long as µL is sufficiently small,

this decoupling of the equations is justified and the resulting asymmetry matches the asymmetry

obtained in the full system to good accuracy. Moreover, this procedure allows for an analytical

estimate of the final asymmetry (see Appendix A.2):

Y∆B =
n∆B

s
=

2835

5056

1

π17/6 Γ(5/6)

1

gs
sin3 φ

M0

TW

M
4/3
0(

∆m2
PD

)2/3 Tr [F †AαβδβF] , (35)

where ∆m2
PD is the difference between the squared masses of the nearly-degenerate heavy neutrinos,

TW = 140 GeV is the temperature of the EW phase transition, gs counts the degrees of freedom
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in the thermal bath at T = TW, M0 ≈ 7 × 1017 GeV, sinφ ∼ 0.004 and δ = diag(δα) is the CP

asymmetry in the oscillations defined as:

δα =
∑
i>j

Im

[
Fαi

(
F †F

)
ij
F †jα

]
. (36)

Equation (35) has an analogous functional form as found in [17]. To facilitate the comparison of [17]

with the results presented here, we highlight the three most important refinements of the present

work: Firstly, we are here working with the full Fermi-Dirac distribution function whereas Ref. [17]

uses the Maxwell-Boltzmann distribution, which leads to a different overall factor in Eq. (35).

Secondly, we are now taking into account soft scatterings of gauge bosons of the thermal plasma

on the production and decay rates, whereas Ref. [17] estimated these rates based on top-quark

scattering only. These changes are encoded in the definition of sinφ, which hence takes a different

numerical value here compared to [17]. Thirdly, we take into account the re-distribution of the

asymmetry in the active sector through spectator processes. Taking the Maxwell-Boltzmann limit

of Eqs. (27) and (28), keeping only the top-quark contribution to the scattering rates and taking

A→ I in Eq. (33), one recovers precisely the system of equations used in Ref. [17].

3.2 Beyond the weak washout regime

To solve Eqs. (27) and (28) outside the weak washout regime, we will linearize these equations in

the small parameters µLα and (∆RN )ij = (RN − RN̄ )ij , which parametrize the asymmetry in the

system.

Zeroth order

Let us first consider the equation for the singlet states, Eq. (27). We will first solve it at zeroth

order in µα, which will provide some useful insight on how to treat the linearized system:

dR
(0)
N

dt
= −i

[
〈H〉, R(0)

N

]
− 1

2
〈γ(0)〉

{
F †F,R

(0)
N − I

}
. (37)

We can now conduct a series of simplifications. First, we perform a change of variables, namely

t→ x ≡ TEW/T . Second, we note that

〈VN 〉 =
NDT

16
F †F

∫
dyN yNf(yN )∫
dyN y2

Nf(yN )
=
NDT

16

4π2

3 ζ(3)

1

24
F †F =

〈γ(0)〉
2φ(0)

F †F , (38)

with

φ(0) =
3 · 48ζ(3)

NDπ2T
〈γ(0)〉 (39)

=
1

16π

[
c

(0)
Q h2

t + c
(0)
LPM + (3g2 + g 2)

(
c

(0)
V + log

(
1

3g2 + g′ 2

))]
. (40)
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Third, we perform a change of basis to absorb the oscillations induced by the vacuum Hamiltonian

and in order to simultaneously diagonalize all remaining operators on the right-hand side of Eq. (37):

R
(0)
N 7→ S(0) = V †αR

(0)
N Vα . (41)

The derivation and explicit form of the x-independent unitary matrix Vα is given in Appendix A.

It is of the form

Vα =

eiαf11 eiαf12

f21 f22

 , (42)

where fij are time-independent combinations of the absolute values of the matrix elements of F †F ,

and α denotes the phase of the matrix element (F †F )12.

With this, Eq. (37) can be expressed as

dS0(x)

dx
= S0(x)

(
(i− φ(0))Y + x2D

)
−
(

(i+ φ(0))Y + x2D
)
S0(x) + 2φ(0)Y , (43)

where Y = M0/(T TEW)V †α〈VN 〉Vα and D is defined in Appendix A. Both D and the diagonal

matrix Y are x-independent. Equation (43) is moreover invariant under F ↔ F ∗, i.e. in this

basis, particles and anti-particles are described by the same quantity S0 (to 0th order in µα). This

makes this basis highly suitable for linearizing our system of differential equations. Note that the

expressions for R
(0)
N and R

(0)

N̄
in the original basis however differ, as encoded in the transformation

matrix V̄α(α) = Vα(−α), see Eq. (42).

First order

We now turn to linearizing the full equation for RN,N̄ in this basis, see Eq. (41). To expand around

the 0th order solution, we moreover change variables to

S+ = SN + SN̄ = 2S0 + ∆S+ , S− = SN − SN̄ = ∆S− , (44)

where SN,N̄ = V †α(±α)RN,N̄Vα(∓α) and ∆S± denote the contributions arising due to the presence

of the terms proportional to µL in Eq. (27). With this,

d∆S−
dx

= −x2[D,∆S−]− i[Y,∆S−]− φ(0){Y,∆S−}+ φ(1a)Oµ +
φ(1b)

2
{Oµ, S0}+O(µL∆S−) ,

(45)
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with

φ(1a) ≡ −9 · 16ζ(3)

π2T
γ(1a)

=
1

16π

[
c

(1)
Q h2

t + c
(1)
LPM + (3g2 + g 2)

(
c

(1)
V + log

(
1

3g2 + g′ 2

))]
, (46)

φ(1b) ≡ −9 · 16ζ(3)

π2T
γ(1b)

=
1

32π

[
c

(2)
Q h2

t + c
(2)
LPM + (3g2 + g 2)

(
c

(2)
V + log

(
1

3g2 + g′ 2

))]
, (47)

and

Oµ =
1

16

π2

9ξ(3)

M0

TEW
V †α [F †µLF + Φ∗F TµLF

∗Φ]Vα , (48)

where Φ = diag(exp(−2iα), 1).

Similarly, the equation for the asymmetry in the active sector can be cast as

16NDTEW

M0

dµ∆α(x)

dx
=φ(1a)(FF †)ααµLα(x)− φ(0)(FVα∆S−(x)V †αF

†)αα (49)

+
φ(1b)

2
(FVαS

0(x)V †αF
†)ααµLα(x) +O(µL ×∆S) . (50)

Note that the equation for ∆S+ decouples from the equations for ∆S− and µ at linear order. It

is thus sufficient to solve Eqs. (43), (45) and (50). In total this enables a strong simplification of

the system of differential equations, empowering a fast numerical solution and thus allowing to use

this framework for a numerical scan of the parameter space.

The final asymmetries Yx = (nx − nx̄)/s are then obtained by evaluating the solutions of

Eqs. (43), (45) and (50) at T = TEW:

YN =
1

s

∫
d3kN
(2π)3

f0
F (kN )Tr[∆R] =

3

8

45ζ(3)

π4gs
Tr[Vα∆S−V

†
α ] , (51)

YB−L =
ND

s

∫
d3kL
(2π)3

(fL − fL̄) = −2ND

s
Tr[µ∆]

∫
d3kL
(2π)3

f
′
F (kL/T ) =

45ND

12π2gs
Trµ∆ , (52)

YB =
28

79
YB−L , (53)

where s = 2π2gs
45 T 3 is the entropy density. With Eq. (34), one immediately sees that YN = YB−L.

The time evolution of the above system is depicted in Fig. 1 for two benchmark points dis-

tinguished by the value of the Yukawa coupling F . The first benchmark, characterized by |F | =

1.5× 10−7, is essentially a weak washout scenario. Once the neutrino oscillations become effective,

the asymmetries of both singlet and active sector grow monotonically until T = TEW is reached.

The second benchmark solution, given a higher value of the Yukawa coupling, |F | = 1.4 × 10−6,

shows the characteristic behavior of strong washout. After reaching a peak asymmetry of O(10−8)

around x ' 0.4, the asymmetry is subsequently reduced by washout processes by about an order of

magnitude. The final asymmetry is nevertheless sizable enough to comply with the observed value.
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Figure 1: Asymmetries in the active and singlet sectors for different values of the Yukawa coupling |F |. Left panel:

B−L asymmetries in the three active flavors (colored) and total asymmetry (black). Right panel: asymmetries

of the two singlet flavors (colored) and the total asymmetry (black). Since lepton number is conserved, the black

curve in the left column identical to the black curve in the corresponding right panel. The values for the norm of the

Yukawa coupling are (top to bottom) are |F | = 1.5 × 10−7 and 1.4 × 10−6. Both examples fulfill all the low-energy

neutrino constraints within the LSS-ISS setup.
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4 Numerical analysis and results

In this section we perform a numerical analysis of the parameter space of the models presented

in the Section 2, taking into account available constraints (discussed in Section 2.1) and requiring

successful leptogenesis (Section 3). In the case of the LSS-ISS scenario, our results represent a

direct extension of the analysis conducted in [17], which was limited to the weak washout regime.

In contrast, our numerical study in this section is focused on the strong washout scenario. As

already anticipated in [17], in this case the correct baryon asymmetry is obtained for relatively

large mixing angles between the heavy and the active neutrinos, testable with future experiments

such as NA62 [75], SHiP [76, 77], FCC-ee [78] and LBNF/DUNE [105]. We will then extend our

analysis to the more refined models ISS(2,2) and ISS(2,3). Also in these cases our study will be

focused on the strong washout regime since it was already found in [17] that viable leptogenesis

cannot be achieved in the weak washout regime for these models. Although the two ISS setups

feature a similar outcome in terms of allowed masses and mixing angles of the neutrinos responsible

for the leptogenesis process, the ISS(2,3) receives additional constraints due to the presence of a

potential DM candidate.

To ease the notation, we will refer to the mass scale of the pseudo-Dirac pair involved in

leptogenesis as m2
PD, ∆m2 referring to the splitting between the two squared masses of this pair

and ∆m ≡
√

∆m2. If a second (heavier) pseudo-Dirac pair is present (as in the case of the ISS),

we denote the corresponding mass scale as MPD.

4.1 The LSS-ISS model

To analyze our parameter space, we proceed in two steps. In the first one, we generate parameter

points within the LSS-ISS neutrino mass model which reproduce the low-energy neutrino observ-

ables, i.e. the mass splittings and mixing angles observed in neutrino oscillations. We also impose

the bounds from direct and indirect searches for singlet neutrinos discussed in Section 2.1. In a

second step, we calculate the resulting baryon asymmetry, based on the differential equations given

in Section 3. Here we briefly outline both procedures.

4.1.1 Parameter space

For the LSS-ISS case, we adopt the parametrization of Ref. [106]. For a normal-ordered hierarchy

among the active neutrinos, the six Yukawa couplings in Eq. (5) are obtained as

Yα =
y√
2

[
U

(ν) ∗
α3

√
1 + ρ+ U

(ν) ∗
α2

]
, (54)

Y ′α =
y′√

2

[
U

(ν) ∗
α3

√
1 + ρ− U (ν) ∗

α2

]
+
k

2
Yα , (55)
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with U
(ν)
αi denoting the entries of the 3× 3 PMNS matrix6 and

ρ ≡
√

1 + r −
√
r√

1 + r +
√
r
, r ≡

|∆m2
solar|

|∆m2
atm|

, k ≡ ξ

ε
. (56)

y and y′ are two positive real parameters characterizing the size of the Yukawa couplings, which in

the spirit of this model we will assume to be of similar size. In the case of an inverted hierarchy

among the active neutrinos, one needs to replace

ρ 7→
√

1 + r − 1√
1 + r + 1

, U
(ν)
α3 7→ U

(ν)
α2 , U

(ν)
α2 7→ U

(ν)
α1 . (57)

This parametrization conveniently encodes the observed mixing angles in the PMNS matrix. Since

one of the active neutrinos remains massless, we can directly associate the masses of the active

neutrinos,

m1 = 0 , m2 =

∣∣∣∣εyy′(1− ρ)v2

2Λ

∣∣∣∣ , m3 =

∣∣∣∣εyy′(1 + ρ)v2

2Λ

∣∣∣∣ , (58)

with the measured mass splittings, eliminating a further parameter. The masses of the two heavy

neutrinos are given by m4,5 ' mPD(1 ∓ ξ) with mPD = |Λ|. In this parametrization, the Dirac

phase δCP and the Majorana phase α(ν) appear in Y and Y ′, whereas the third ‘high-energy’ phase

is assigned to Λ.

With this we perform a systematic scan covering the parameter ranges

100 MeV ≤ mPD ≤ 50 GeV , (59)

10−7 ≤ y, y′ ≤ 10−4 , (60)

10−7 ≤ k ≤ 1 . (61)

Here the range of Λ is bounded from below by the requirement that the singlet neutrinos should

decay before BBN and from above by the assumption that the singlet neutrinos are ultra-relativistic,

implying that lepton number is approximately conserved. The range of y and y′ selects the strong

washout regime (|F | & 10−7) where we omit too large Yukawa couplings since in this case the strong

washout processes will erase all the previously produced asymmetry.7 The range of k reflects that

on the one hand, we expect ε and ξ to be of similar size (both violate lepton number by two units)

while on the other hand, a mild hierarchy ξ < ε is preferred to simultaneously reproduce the light

neutrino mass scale and obtain a sufficiently small mass splitting between the singlet states. Note

6Similar to the unitary matrix U , the PMNS matrix U (ν) is obtained by diagonalizing the neutrino mass matrix,

however in this case after integrating out the SM singlet states.
7Note that within the framework of two heavy neutrinos and small LNV parameters presented here, we will

typically obtain at most a moderate hierarchy between Yukawa couplings to different active flavors, Ye ∼ Yµ ∼ Yτ .

This provides a contrast to Ref. [16], where significant hierarchies were considered. This constraint does not apply

to the hierarchy between the Yukawa couplings associated with the two different singlet states, which is governed by

the parameter ε.
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that the case k � 1 (and k � ξ2) corresponds to the limit of the pure Inverse Seesaw, which

will be discussed below.8 For each parameter point the three CP phases are chosen randomly. All

parameter points are furthermore checked for consistency with the bounds from direct and indirect

searches for singlet neutrinos discussed in Section 2.1.

Considering the parameters relevant for leptogenesis, the choice of small LNV parameters ε

and ξ has interesting consequences for the matrix Vα introduced in Eq. (42). Recall that Vα is

the unitary matrix diagonalizing the operators in the 0th order differential equation for the singlet

neutrinos, i.e. diagonalizing F †F . Let us investigate the properties of Vα in a toy model with a

single active neutrino, where the neutrino mass matrix is given by Eq. (6). In the limit where

ε, ξ → 0, the matrix U diagonalizing the symmetric matrix M(ν), UTM(ν)U = mdiag, is given by9

U =


1 0 0

0 ieiβ/2/
√

2 e−iβ/2/
√

2

0 −i/
√

2 1/
√

2

 . (62)

Here β is the phase of Y ′, whereas Y can be taken to be real and positive without loss of generality.

The columns of U are the eigenvectors of (M(ν))†M(ν), and the requirement of mdiag > 0 determines

the phase of these vectors (up to an ambiguous unphysical sign). With this, we can determine the

Yukawa couplings in the mass eigenbasis as

FαI = YαjUjI = e−iβ/2Y/
√

2 (±i , ±1) . (63)

We can now determine the unitary matrix Vα which diagonalizes F †F . Parameterizing Vα as

Vα =

−eiα cos θ eiα sin θ

sin θ cos θ

 , (64)

we can immediately identify α = π/2 and θ = π/4. Thus, in the limit of vanishing LNV parameters,

the eigenvectors of the effective potential VN are maximally mixed combinations of the degenerate

mass eigenstates, and the associated CP-phase indicates maximal CP-violation; the two Majorana

states pair form a massive Dirac particle. The same conclusion can be shown to hold in the full

model with 3 active neutrino species.

Switching on ε and ξ in the full model with 3 active neutrino species enables a deviation from

the above results α = π/2 and θ = π/4. However, we stress that for small LNV parameters, values

8Swapping the labels of the fourth and fifth column in the mass matrix corresponds to ε 7→ 1/ε, i.e. k → ξ2/k. In

this sense, k � ξ2 also corresponds to the pure ISS limit.
9In the limit ε = ξ = 0, M(ν) has two degenerate eigenvalues and U is not unique. The solution presented here is

distinguished since it continuously maps to the solution for small but finite ε and ξ.
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Figure 2: Characteristic properties of the relevant parameter space in the LSS-ISS model. Left panel: Norm of the

2×3 Yukawa matrix compared to the relative mass splitting. Right panel: The mixing angle θ and the CP-violating

phase α describe the transition from the mass eigenbasis to the eigenbasis of the effective potential for the singlet

neutrinos. For small LNV parameters, these are pushed to α ' ±π/2 and θ ' π/4. In the right panel, we distinguish

between normal hierarchy (blue) and inverted hierarchy (red) in active neutrino mass spectrum. Quantities insensitive

to this distinction (as in the left panel) are shown in black.

of α ' π/2 and θ ' π/4 are the generic expectation. To avoid entering into too fine-tuned regions

of the parameter space, we will thus impose the additional restriction that α and θ must lie within

10% of the values derived above.

In Fig. 2 we demonstrate some of the key properties of this parameter space, focusing on the

parameters which will be relevant for leptogenesis. In the left panel, we show the dependence of

the overall scale10 of the Yukawa coupling on the relative mass splitting between the two heavy

neutrinos. Small relative mass splittings, which render leptogenesis through neutrino oscillations

particularly efficient, are obtained for large Yukawa couplings - this emphasizes why the strong

washout regime is of particular interest for this scenario. The depicted dependence can be easily

understood from Eq. (10): The ratio |F |2/mPD ' |Y |2/Λ is fixed by the light neutrino mass up to

a factor of ε (for k < 1). The relative mass splitting above the EW phase transition is determined

by ξ, leading to |F | '
√

2 kmνmPD/(v∆m/mPD). Taking into account the ranges of k and mPD

in Eqs. (59) and (61), this explains the depicted relation between |F | and ∆m/mPD. Finally,

the right panel of Fig. 2 illustrates how for small LNV parameters, the parameters of the mixing

matrix in the heavy neutrino sector are pushed to α ' ±π/2 and θ ' π/4. This effect is especially

pronounced in the case of the inverted hierarchy.

Additional singlet neutrinos may lead to observable effects not only in direct and indirect

searches (described in Section 2.1) and in leptogenesis (described below), but also in neutrinoless

double beta decay. Notice however that the contribution to the neutrinoless effective mass m0νββ

10Here we define |F | (norm of F ) as the largest singular value of the matrix F .
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Figure 3: Dependence of the generated baryon asymmetry on the mass splitting and on the norm of the Yukawa

couplings in the LSS-ISS model. The horizontal orange line denotes the observed baryon asymmetry, YB = 8.6 ×
10−11 [111].

from a pseudo-Dirac pair is characterized by two terms which are similar in modulus but opposite

in sign (see Eqs. (2) and (62)), with an exact cancellation realized in the limit of vanishing LNV

parameters (when the pseudo-Dirac pair reduces to a lepton number conserving Dirac state). For

that reason, in the LSS-ISS setup discussed in this paper, we find no significant enhancement of

the SM contribution to neutrinoless double beta decay in any part of the parameter space; see also

the discussions in Refs. [22, 107,108,108,109].11

4.1.2 Leptogenesis in the LSS-ISS

We now turn to the baryon asymmetry in this model, implementing the procedure described in

Section 3. In particular, we numerically simultaneously solve the differential equations (43), (45)

and (50), starting from vanishing abundances of the singlet neutrinos at x = 0.5 × 10−3 and then

evolving the system until the EW phase transition at x = 1. We stress that the simplifications

discussed in Section 3 are crucial to speed up the numerical computation, which can now easily be

performed on an ordinary desktop computer.

In Fig. 3 we show the resulting asymmetry as a function of the relative mass splitting and of

the norm of the 2 × 3 Yukawa matrix. We find a preference for a relative mass splitting around

∆m/mPD ∼ 10−4 − 10−3 and for |F | . 10−5. Larger relative mass splittings render leptogenesis

through neutrino oscillations inefficient. Smaller relative mass splittings come with larger Yukawa

11Ref. [14] recently pointed out that an enhancement of the 0νββ decay rate due to two additional heavy neutrinos

can be achieved in a specific corner of the parameter space, characterized by relatively small mPD, large ∆m and

very different mixings of the two heavy neutrinos to νe. Moreover, note that under the addition of three singlet

neutrinos, successful leptogenesis via neutrino oscillation and a sizable enhancement of the neutrinoless double beta

decay rate are simultaneously possible [109]. This can be traced back to the observation that in the case of three

singlet neutrinos, leptogenesis is possible without a high degree of mass degeneracy [14]. While this is surely a very

attractive scenario, in this case the connection to (small) LNV is lost. See also [18,110] for related analyses.
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Figure 4: Generated baryon asymmetry in the LSS-ISS model in terms of the relative mass splitting in the heavy

neutrino pair and the norm of the corresponding Yukawa couplings. The orange (purple, blue) points mark values of

the asymmetry larger than 10−8 (10−9, 10−10).

couplings (see Fig. 2), resulting in a too efficient washout of the generated asymmetry before the

EW phase transition. These results confirm that the parameter ranges specified above indeed cover

all the parameter space relevant for leptogenesis in the strong washout regime.

These results are further emphasized in Fig. 4, where the different colours indicate the level of

asymmetry achieved in different parts of the parameter space. The depicted region is bounded to

the bottom left by the lower bound on k and mPD in Eqs. (59) and (61), see Fig. 2. To the right,

the relative mass splitting becomes too large to yield effective leptogenesis, whereas from above,

too large Yukawa couplings impose a too strong washout of the generated asymmetry.

In Fig. 5 we depict the mixing between the active and the singlet sector as a function of the

heavy neutrino mass scale - for the parameter points which yield successful leptogenesis. Here we

consider any parameter point leading to |YB| > Y obs
B as a viable parameter point for leptogenesis,

since for any given parameter point, we can always modify the phases δCP, α(ν) and arg(Λ) to

reduce the asymmetry (YB → 0 if the CP-violating phases vanish) or to flip its sign. This mixing is

parametrized by the corresponding element UαI in the unitary matrix U which diagonalizes the total

neutrino mass matrixM(ν). Here we show the mixing between the lightest of the singlet neutrinos

(I = 4) and the electron (α = e) / muon (α = µ) neutrino. For comparison we show the reach

of future experiments such as NA62 [112], SHiP [76, 77], FCC-ee [78] and LBNF/DUNE [79]. We

note that a sizable part of the parameter space can be probed by these experiments, in agreement

with earlier studies, see e.g. [27,113]. This result is in contrast with what was found in the case of

the weak washout regime in [17], where the mixing angle were found to be too small to be probed

experimentally. Upcoming experiments hence have the potential to discriminate between the weak

and strong washout regimes in the context of the LSS-ISS model.
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Figure 5: Mixing between the active and singlet neutrino sector in the LSS-ISS model for viable leptogenesis solutions.

The black line denotes the existing bounds discussed in Section 2.1, the colored lines refer to the sensitivity curves

of the planned experiments NA62, LBNF/DUNE, FCC-ee and SHiP. For comparison, the dashed gray line indicates

the largest mixing found in the weak washout regime in Ref. [17]. As in Fig. 2, the blue (red) points correspond to

normal (inverted) hierarchy. The difference between inverted and normal hierarchy is most evident in the mixing

with the electron neutrino, here the inverted hierarchy leads to a significantly larger mixing.

4.2 The Inverse Seesaw

4.2.1 Parameter space

To perform the numerical exploration of the parameter space of the minimal Inverse Seesaw models

discussed in Sec. 2.3 we adopt a parametrization inspired by the Casas-Ibarra one [114], but adapted

for the ISS(2,2) and ISS (2,3) models. In the framework of a generic ISS mechanism, the low-energy

effective neutrino mass matrix mν is given by the relation

d
(
n−1

)T
ξ Λ
(
n−1

)
dT = mν = U∗m̂νU

†, (65)

where m̂ν is a diagonal matrix containing the physical neutrino masses and U is a unitary matrix,

which approximately coincides with the PMNS mixing matrix U (ν) measured in experiments.12 By

working in a basis in which the sub-matrix ξ Λ in Eq. (12) is real and diagonal, it is possible to

rewrite Eq. (65) as

UTd
(
n−1

)T √
ξ Λ︸ ︷︷ ︸

K

√
ξ Λ
(
n−1

)
dTU︸ ︷︷ ︸

KT

= m̂ν , (67)

where we have defined a complex (3 × 2)-dimensional matrix K. The relation
∑

i=1,2KαiKβi =

δαβmα, with the additional constraint mα = 0 for α = 1 (α = 3) for normal (inverted) hierarchy

12The two matrices are related by

U (ν) =

(
1− 1

2
ΘΘ†

)
U +O(Θ3), (66)

where the matrix Θ parametrizes the deviation from unitarity of the PMNS matrix. Given the strong experimental

constraints on it, Θ can be neglected in the present discussion.
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(we recall that in the ISS (2,2) and (2,3) models, the lightest neutrino is massless) provides 10

independent conditions for the entries in K, leaving only 2 free parameters. Consequently the

matrix K can be parametrized as

KN,I =
√
m̂ν RN,I , (68)

where the “orthogonal” matrix R reads

RN =


0 0

cos γ sin γ

− sin γ cos γ

 , RI =


cos γ sin γ

− sin γ cos γ

0 0

 , (69)

for normal and inverted hierarchy, respectively, and where γ is a complex angle. By inverting the

definition for K in Eq. (67), it is possible to parametrize the Dirac (and hence the Yukawa) matrix

d as

d(2,2) = U∗
√
m̂ν RN,I

√
(ξ Λ)−1nT . (70)

Equations (68-69) ensure the relation in Eq. (67) to hold for arbitrary values of γ. However, the

imaginary part of γ cannot be too large, since in the present parametrization the Yukawa couplings

are linearly proportional to the functions cos γ and sin γ, and large Yukawa entries can violate the

perturbativity of couplings, or the seesaw condition ||d|| << ||n|| (interpreted as a condition on

the magnitude of the entries in the d and n matrices, see Eq. (12)), rendering in either case the

relation in Eq. (65) not suitable to account for low energy phenomenology in neutrino experiments.

We thus conduct our scan in the range

0 ≤ ρ ≤ 2π, 0 ≤ φ ≤ 2π, with γ = ρeiφ, (71)

and we perform a consistency check on each realization of the model, explicitly diagonalizing the full

(7× 7) mass matrices constructed with the present parametrization, and verifying their agreement

with neutrino data.

For the (2,3) ISS model an analogous parametrization can be derived: in this case, however,

since n is not squared the matrix n−1 is not well defined, and a more general version of Eq. (65)

holds:

d a dT = mν = U∗m̂νU
†, (72)

where a is the (2× 2)-dimensional submatrix defined as

M−1 =

 a2×2 · · ·
...

. . .

 , with M =

 0 n

nT ξ Λ

 . (73)
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By diagonalizing a with the help of a unitary matrix W , a = W ∗âW †, we obtain

UTd W ∗
√
â︸ ︷︷ ︸

K(2,3)

√
â W †dTU︸ ︷︷ ︸
KT

(2,3)

= m̂ν , (74)

from which, analogously to the derivation of eq. (70), we can write

d(2,3) = U∗
√
m̂ν RN,I

√
â−1 W T . (75)

To efficiently explore the full parameter space of interest we perform a grid-based numerical

scan: for each phenomenologically relevant parameter in the model we chose physically motivated

upper and lower bounds, and divide the resulting interval in a number of steps, equally distributed

on a logarithmic scale.

The mass scales of the model can be easily linked to the order of magnitude of the sub-matrices

in the full ISS mass matrix: the first (second) row of the submatrix n determines the mass scale

for the lightest (heavier) pseudo-Dirac pair, while the submatrix ξ Λ determines the mass splittings

within the pseudo-Dirac states, as well as the mass scale for the lightest sterile state in the ISS(2,3).

For each point in the sampling of the parameter space of the model, we fix a value for each of these

three parameters and generate, in the corresponding sub-matrices, random entries; these entries

are of the same order of magnitude than the reference parameter in the scan of the ISS(2,2). As

will be discussed extensively in the following, the ISS(2,3) requires a certain amount of hierarchy in

the entries of the submatrix n in order to accommodate viable active neutrino-DM mixing angles;

we will thus consider, in its scan, random entries that span up to 3 orders of magnitude around the

reference parameter. Once the sub-matrices n and ξ Λ are generated in this way, the submatrix d

is determined following Eqs. (70) or (75). We scan over the following range of masses:

mPD ∈ [0.1− 40] GeV,

MPD ∈
[
125− 106

]
GeV,

mDM ∈ [0.1− 50] keV, (76)

where mPD (MPD) represent the mass of the lightest (heavier) pseudo-Dirac pair and mDM ' ∆m

corresponds to mass splitting in the pairs, or equivalently the mass of the DM candidate in the

ISS(2,3). Here the range of mPD is determined as in Eq. (59), while MPD is bounded from above by

the perturbative unitarity condition, see Eq. (1), and from below by requiring that the generated

lepton asymmetry is not washed out by the heavier pseudo-Dirac pair (see below). Finally for the

intermediate scale mDM, we concentrate on the viable mass range for sterile neutrino DM found in

Ref. [23].
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Figure 6: Mass scales for the lighter (blue) and heavier (orange) pseudo-Dirac pair in the ISS(2,2) as a function of the

leptogenesis temperature TL. Orange points below the dashed line TL = MPD would lead to a too strong washout of

the generated asymmetry.

4.2.2 Leptogenesis in the ISS(2,2)

Ref. [17] demonstrated that the minimal ISS models are not capable of reproducing the observed

baryon abundance in the weak washout regime. This can be understood by considering a toy model

with one active flavor and one heavy pseudo-Dirac pair with mass scale mPD and mass splitting ∆m.

In this case, the mass scale of the active neutrino and the mass splitting within the pseudo-Dirac

pair are given by Eqs. (14) and (15), implying a relative mass splitting of

∆m

mPD
' 0.6

(
10−7

|F |

)(mPD

GeV

)1/2 ( mν

0.05 eV

)1/2
. (77)

In the weak washout regime, |F | . 10−7, this is much larger than mass splitting ∆m/mPD ∼
10−6 − 10−2 required for successful leptogenesis, see Fig. 3. Ref. [17] generalized this argument to

realistic models of more active and singlet neutrino flavors, confirming the above naive reasoning

also in these cases. However, Eq. (77) also illustrates that these difficulties may be overcome in

the strong washout regime with |F | � 10−7. In this section we demonstrate how indeed low-scale

leptogenesis can be successfully implemented within the minimal realistic ISS framework.

The minimal ISS mechanism which can reproduce the observed neutrino masses and mixings

is the ISS(2,2), containing two additional pairs of pseudo-Dirac neutrinos [22]. In this section

we focus on the possibility that the lighter pseudo-Dirac pair generates the lepton asymmetry as

described in Section 3, whereas the mass scale of the second pseudo-Dirac pair is taken to be

much heavier, so that it effectively decouples during leptogenesis. This will set the stage for the

following section, where in the context of the ISS(2,3), we consider the possibility of simultaneously

accounting for (a fraction of) dark matter in the form of sterile neutrinos. We point out that one

could also consider the case in which the generation of the baryon asymmetry is accounted by only

the heavier pseudo-Dirac pair or by both pairs. We postpone the discussion of these cases to a

future study.
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Figure 7: Dependence of the produced baryon asymmetry in the ISS(2,2) on the mass splitting and on the magnitude

of the Yukawa couplings of the lighter pseudo-Dirac pair. The horizontal orange line indicates the observed asymmetry.

Focusing on leptogenesis through the lighter pseudo-Dirac pair requires nevertheless control over

the washout rates induced by the heavier pair. Typically, the heavier pair will come with larger

Yukawa couplings, thus thermalizing earlier, and its interactions with the SM thermal bath can wash

out any asymmetry generated by the lighter pair. If however the heavier pair is non-relativistic,

its abundance and accordingly the washout processes are exponentially Boltzmann suppressed.

Specifically, we will require that at the characteristic leptogenesis temperature TL (representing

in good approximation the temperature at which most of the asymmetry is produced, even if

eventually depleted by washout at later times (see also Appendix A)),

TL =

(
π2

54 ζ(3)
M0 mPD ∆m

)1/3

, (78)

the number density of the lighter pair is larger than that of the heavier one,

1 ≥ max{R11
N , R

22
N } > exp(−MPD/T ) at T = TL . (79)

In Fig. 6 we show the masses of the heavier pair (in orange) and of the lighter pair (in blue) in

terms of the corresponding leptogenesis temperature TL. The dashed line denotes TL = MPD,

orange points below this line will not obey Eq. (79). This sets the lower bound for the range of

MPD in Eq. (76).

Restricting ourselves to points which do obey the condition (79) and for which the washout due

to the heavier pair is thus negligible, we proceed as in Section 4.1.2 to calculate the resulting baryon

asymmetry, applying the formalism of Section 3 to the lighter pseudo-Dirac pair. In Fig. 7 we show

the resulting asymmetry as a function of the mass splitting and the Yukawa coupling. Compared to

the LSS-ISS model of Fig. 3, we note that the mass splitting and the Yukawa couplings are pushed

to larger values, reducing the generated asymmetry. While we still find points which produce a

sufficient amount of baryon asymmetry, this is more difficult than in the LSS-ISS case. This is the
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Figure 8: Generated baryon asymmetry in the IS(2,2) in terms of the relative mass splitting in the lighter pseudo-

Dirac neutrino pair and the absolute value of the corresponding Yukawa coupling. The blue (cyan, green) points

mark values of the asymmetry larger than 10−10 (10−11, 10−12).

result of the restriction schematically given by Eq. (77) together with the observation that too large

Yukawa couplings lead to a too strong washout. Figure 8 summarizes these results in the Yukawa

coupling versus mass-splitting plane.

As a result of this tension (Eq. (77) prefers |F | � 10−6, the preferred range for leptogenesis

is 10−7 < |F | < 5 · 10−6), we find a preference for parameter points which feature a (mildly)

hierarchical Yukawa spectrum with respect to the active flavor index α. A typical example of this

type is depicted in Fig. 9. While the Yukawa coupling to the τ -flavor is relatively large, well in the

strong washout regime, the coupling to the µ-flavor is much smaller, experiencing only marginal

washout (green curve in the left panel). Since the total asymmetry summed over both sectors always

vanishes, the asymmetry stored in the active µ-flavor induces asymmetries in the singlet flavors

as well as in the other active flavors. This is similar to the situation in flavored leptogenesis [14].

For the parameter point depicted in Fig. 9, we find a mass splitting of ∆m/mPD ' 0.01 and an

asymmetry of |YB| ' 5.7 · 10−10.

In analogy with Fig. 5, Fig. 10 illustrates the mixing between the lighter pseudo-Dirac pair and

the active sector, compared to the corresponding expected sensitivities of NA62, LBNF/DUNE,

FCC-ee and SHiP (the heavier pseudo-Dirac pair is not visible in these experiments). Notice that,

since the region of viable leptogenesis in the ISS covers a smaller range of masses and mixings with

respect to the LSS-ISS case, future experiments can probe almost the all of this space. The lower

abundance of points associated with the inverted hierarchy is due to the observation that the ISS

setup for neutrino mass generations generally disfavors the inverted hierarchy [22].

The effective mass in the amplitude of neutrinoless double beta decay, see Eq. (2), is shown in

Fig. 11. Contrary to the LSS-ISS model, the ISS framework in principle allows for the possibility

of sizable contributions, detectable in upcoming experiments [22]. However we do not observe

this enhancement here for several reasons: firstly, for the contribution of the pseudo-Dirac pairs, an
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Figure 9: Asymmetries in the active and singlet sector in the ISS(2,2), here for an example with a sizable hierarchy

in the Yukawa couplings |F |, |Fτ,i| ' 1.2 · 10−6 > |Fe,i| � |Fµ,i| ' 1.2 · 10−7. Left panel: B−L asymmetries in the

active flavors e, µ, τ (red, green, blue) and total asymmetry (black). Right panel: asymmetries in the two sterile

flavors of the lighter pseudo-Dirac pair (colored) and the total asymmetry (black). For this parameter point, the

total baryon asymmetry is found to be |YB | = 5.7 · 10−10.

Figure 10: Mixing between active and singlet neutrino sector in the ISS(2,2) for viable leptogenesis solutions. The

black line denotes the existing bounds discussed in Section 2.1, the colored lines refer to the sensitivity curves of

the planned future experiments NA62, LBNF/DUNE, FCC-ee and SHiP. Solutions corresponding to the normal

(inverted) hierarchy are shown in blue (red).
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Figure 11: Effective mass parameter of neutrinoless double beta decay in the ISS(2,2) (left panel) and ISS(2,3) (right

panel) in terms of the generated baryon asymmetry. Blue (red) points denote solutions corresponding to the normal

(inverted) hierarchy. The shaded bands denote the corresponding SM contributions, the horizontal line the current

experimental upper bound [82, 83]. In the right panel, the condition of a cosmologically viable DM abundance has

been imposed.

analogous cancellation to the one already discussed in the framework of the LSS-ISS model is at play.

In addition the Inverse Seesaw strongly prefers a normal ordering for the light neutrinos, which,

together with a massless state, results in the minimal possible contribution of active neutrinos to

the effective mass m0νββ. In the ISS(2,3) the contribution of the isolated light sterile state could be

sizable, however cosmological constraints strongly limit the allowed values for its mixing with the

active sector (see Sec. 4.2.3) in the keV mass range, resulting again in a suppressed contribution

to m0νββ.

4.2.3 Leptogenesis and dark matter in the ISS(2,3)

Having established that the Inverse Seesaw mechanism can account for a neutrino spectrum suitable

for leptogenesis, while simultaneously agreeing with all low-energy neutrino data, we now turn to

the question if the Inverse Seesaw mechanism can (simultaneously) account for dark matter in the

form of sterile neutrinos. To this end, we consider the minimal ISS realization which can account

for the low-energy neutrino data and also provides a dark matter candidate, the ISS(2,3), see

Sec. 2.3. Here the ISS(2,2) mass spectrum is extended by an additional, mostly sterile state at an

intermediate mass scale which can constitute (a fraction of) dark matter [22]. The mass of this

state is directly linked to the mass splitting within the lighter pseudo-Dirac pair, which is one of

the key parameters determining the generated baryon asymmetry. For what concerns the analysis

of the viable parameter space for leptogenesis, the ISS(2,3) closely resembles the ISS(2,2) model of

the previous sections. Here we hence focus on the role played by the additional intermediate scale

sterile state.

Any stable new physics neutrino state with a non-vanishing mixing to the active neutrinos
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will be produced through active - sterile neutrino conversions according to the so-called Dodelson

- Widrow (DW) mechanism [115]. The resulting abundance is proportional to the active-sterile

mixing and can be expressed as [116,117]:

ΩDMh
2 = 1.1 · 107

∑
α

Cα(mDM) |Uα4|2
(mDM

keV

)2
, α = e, µ, τ

' 0.3

(
sin2 2θDM

10−8

)( mDM

10 keV

)2
. (80)

where the coefficients Cα can be determined numerically and are found to be of order 0.5 [116].

Here U is the unitary mixing matrix introduced below Eq. (18) and Uα4 parametrizes the mixing

between the DM candidate and the active sector, sin2 2θDM = 4
∑

α=e,µ,τ |Uα4|2.

The range of viable DM masses is restricted to 0.1 keV . mDM . 50 keV. Smaller masses

are forbidden by the Tremain-Gunn bound [118] (derived by comparing the observed size of dwarf

galaxies with a Fermi sphere of DM fermions, see also [119,120]) while above 50 keV, the DM can-

didate is no longer cosmologically stable. Taking into account additional observational constraints

on the active sterile mixing, the DW mechanism can account for about 30% of the total dark matter

density today [22]. In particular, to avoid overproduction of dark matter, the active-sterile mixing

angle is required be very small, sin2 2θDM < 10−(7÷10).

The generic value of the active-sterile mixing is given by sin2 2θDM = O(Y 2v2/Λ2), leading to

an overproduction of DM in a wide range of the parameter space. This mixing angle is however

suppressed if the entries of the submatrix n in Eq. (12) feature a significant hierarchy, see appendix

B. This is illustrated in the left panel of Fig. 12. Here the yellow points avoid the overproduction

of dark matter, typically requiring a hierarchy within the n submatrix entries of about two orders

of magnitude. While not a generic feature of the ISS, this part of the parameter space can be

motivated by anthropological arguments to avoid the overclosure of the Universe.

The right panel of Fig. 12 depicts the distribution of the generated baryon asymmetry in terms

of the mixing angle θDM. We note that the small mixing angles required for reproducing the correct

abundance of DM tend to generate a too small baryon asymmetry. This may be traced back to the

tension between the preferred ranges for the mass splitting ∆m/mPD and the Yukawa couplings

(see Fig. 7) and the relation (77). For small mixing angles with a strongly hierarchical structure of

the submatrix n in Eq. (12), the eight-neutrino ISS(2,3) model effectively reduces to a toy model

with only one RH and two sterile neutrinos, in particular there can be no cancellations in the matrix

equations related to the sterile sector. In this case, Eq. (77) becomes an exact relation, implying

that it is difficult to simultaneously obtain a suitable mass splitting, Yukawa coupling and heavy

neutrino mass scale mPD. Both this analytical argument, as well as the numerical scan resulting

in Fig. 12, suggest that while there may be a tuned region in parameter space which can generate

both the correct DM abundance and baryon asymmetry, generically the ISS(2,3) cannot account

for the baryon asymmetry of the Universe and its DM content simultaneously. We emphasize that
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Figure 12: Mixing angle θDM between the DM candidate and the active neutrinos. The blue points comply with all

the constraints mentioned in Sec. 2.1 and provide a DM candidate in the suitable mass range, the yellow points in

addition satisfy the DM related constraints of Ref. [23]. Left panel: Mixing angle versus hierarchy of the submatrix

n in Eq. (12). Right panel: Generated baryon asymmetry versus mixing angle.

the ISS(2,3) generically overproduces DM when successful leptogenesis is imposed, hence without

any additions to its cosmological history, the ISS(2,3) with a DM candidate in the keV range cannot

be considered a successful setup for leptogenesis through neutrino oscillations.

Related work on the simultaneous explanation of the baryon asymmetry and DM of the Uni-

verse has been performed in the context of the νMSM [8,9], see e.g. [13] for a recent analysis. After

producing the observed baryon asymmetry through neutrino oscillations, a second phase of lepto-

genesis is triggered at temperatures well below the EW phase transition. This generated lepton

asymmetry is not transferred into the baryon sector, but instead strongly enhances the production

of DM sterile neutrinos in the keV range. This production mechanism is dubbed resonant produc-

tion or Shi-Fuller mechanism [10,11,121]. It allows for an efficient DM production for small enough

mixing angles with the active neutrinos to comply with experimental limits. The Shi-Fuller mech-

anism requires a very efficient late time production of a lepton asymmetry and hence an extreme

degeneracy for heavy RH neutrinos, corresponding in our notation to ∆m/mPD ∼ 10−14 [13]. This

mechanism is however not be at work in our framework, since these extremely small mass splittings

cannot be generated within the ISS. Note that, given the systematically too large mixing-angles

in the parameter region favored by leptogenesis, a Shi-Fuller production, if active, would further

worsen the already severe issue of DM overproduction. For analogous reasons the freeze-in produc-

tion mechanism suggested in [23, 122–124], sourced by the decay of heavy sterile states, is not a

viable option in our setup.

A possible solution to the DM problem could be a late time entropy injection [125]13 diluting

13Notice that DM is produced through the DW mechanism at temperatures of the order of 100 MeV. Entropy

injection should occur at lower temperatures and, consequently, much later than leptogenesis.
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the DM abundance. This solution is however somewhat contrived since entropy injection would

have analogous effect also on the baryon asymmetry. As shown in the right panel of Fig. 12, the

baryon asymmetry of the upper most points exceed the observed value by about two orders of

magnitude, however only few blue points can be brought into the cosmologically viable region by

reducing sin2(2θDM) by two orders of magnitude. Alternatively, one could consider the case in which

the DM is driven to thermal equilibrium, for example by additional gauge interactions [126, 127].

Thermal keV Dark Matter would also be overabundant; however the amount of entropy injection

needed to set the current abundance is more moderate and still potentially compatible with the

correct amount of baryon asymmetry (notice however that the extra interactions thermalizing the

DM could also affect the leptogenesis process). A further option might be to suppress the DM -

active neutrino oscillations in the early Universe by introducing a temperature-dependent neutrino

mass term [128]. A full analysis of these possibilities is beyond the scope of this paper.

5 Conclusion

A central piece of this work is a new linearized formulation of the set of Boltzmann equations

describing the generation of the baryon asymmetry of the Universe from CP-violating oscillations

of nearly mass degenerate neutrino pairs with a GeV mass scale. The small mass splitting at the

origin of the leptogenesis mechanism naturally emerges in extensions of the SM involving extra

sterile/right-handed fermions, based on a small violation of lepton number. The refined system of

Boltzmann equation allows to study leptogenesis beyond the weak washout regime, extending and

completing the results presented in [17].

Our study was conducted in the framework of i) a minimal extension of the SM by two SM singlet

fermions, the LSS-ISS, providing a natural explanation of their strong mass degeneracy based on

two LNV parameters; ii) the Inverse Seesaw in its most minimal realization, the ISS (2,2), which

features two pseudo-Dirac neutrino pairs beyond the SM states; iii) the ISS (2,3), which leads

to a similar spectrum with an additional sterile state with mass around the keV, a possible DM

candidate.

We present the parametrization and derivation of the new linearized kinetic equations based on

Fermi-Dirac statistical distributions, including the impact of soft scatterings of gauge bosons in the

thermal plasma and the presence of small leptonic chemical potentials. We also take into account

the re-distribution of the asymmetry in the active sector through spectator processes. This new

treatment enables a strong simplification of the system of differential equations, empowering a fast

numerical solution, allowing in particular a full coverage of the parameter space in both the strong

and weak washout regimes.

In the case of the LSS-ISS model, we find that the parameter space relevant for viable leptogenesis

in the strong washout regime shows a preference for a relative mass splitting between the heavy
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neutrinos of about ∆m/mPD ∼ 10−4 − 10−3 and for Yukawa couplings . 10−5. Contrary to the

case of the weak washout regime which was the focus of [17], the viable model points in the strong

washout regime lie within the expected sensitivity of planned future facilities like SHiP, FCC-ee

and LBNF/DUNE. These experiments hence have the potential to discriminate between weak and

strong washout regimes within this model.

In the case of the ISS, we focus on the possibility that the lighter pseudo-Dirac pair generates the

lepton asymmetry, whereas the mass scale of the second pseudo-Dirac pair is taken to be much

heavier, so that it effectively decouples during leptogenesis. In this setup we find similar results

as in the LSS-ISS model, however the range of viable masses for the neutrino pair responsible of

the generation of the lepton asymmetry is sensitively reduced. This is due to a tighter relations

between the masses of the new neutrinos and their Yukawa couplings in the ISS framework. Larger

masses correspond to larger Yukawa couplings, implying too strong washout effects.

In the final case of the ISS(2,3) model, viable leptogenesis is achieved in analogous regions of the

parameter space as in the ISS(2,2). In addition, this model features the intriguing possibility of

addressing at the same time the DM puzzle. This possibility appears however disfavored in this

minimal realization of the ISS since the DM candidate is generically overproduced, implying an

overclosure of the Universe unless the standard cosmological history is altered. Given the high

dimensionality of the parameter space, we can however not exclude the existence of fine-tuned

parameter combinations which might nevertheless achieve this task.
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Cosmological Physics and the L’Oréal - Unesco program ‘For Women in Science’. M.L. acknowl-

edges support by the Fonds de la Recherche Scientifique - FNRS under Grant n◦ IISN 4.4512.10.

35



A Some useful formulas for simplifying the kinetic equations

This Appendix collects technical details and useful formulas supporting the derivations in Section 3.

A.1 Decay rates

The generic expression for the production process a(E1) + b(E2) → c(E3) + N(pN ) involving one

vertex associated with the Yukawa coupling F is given by:

ΓdN =
1

2kN
F †

∫  3∏
f=1

d3pf

(2π)3

 (2π)4δ(p1 + p2 − p3 − pN )|M |2fa(E1)fb(E2)(1± fc(E3))

F ,

(81)

where ff=a,b,c are Fermi-Dirac (fF ) or Bose-Einstein (fB) distributions. The destruction rate is

given by:

ΓpN =
1

2kN
F †

∫  3∏
f

d3pf

(2π)3

 (2π)4δ(p1 + p2 − p3 − pN )|M |2(1± fa(E1))(1± fb(E2))fc(E3)

F .

(82)

By using the following properties

fB(E1)fB(E2) = fB(E1 + E2)(1 + fB(E1) + fB(E2)) ,

fB(−E1) = −(1 + fB(E1)) ,

fF (E1) = −fB(E1 + iπT ) , (83)

the products of Fermi-Dirac and Bose-Einstein distributions in Eqs. (81-82) can be rewritten:

fa(E1)fb(E2)(1± fc(E3)) = fF (xN ,±µ)f̂ f̃ , (84)

(1± fa(E1))(1± fb(E2))fc(E3) = (1− fF (xN ,±µ))f̂ f̃ . (85)

Notice that f̂ and f̃ are also functions of the chemical potential. The functions Σ and Ψ defined in

the main text represent the coefficients of the expansion of Eq. (84) with respect to the chemical

potential µ. By using the expression of the amplitudes given in [28] and expanding Eq. (84), we

obtain:

Σ(xN ) =
(

6h2
tF

q (0)
s (xN ) + (3g2 + g

′ 2)
(
F V (0)
s (xN ) + F

V (0)
t1

(xN ) + F
V (0)
t2

(xN )
))

,

Ψ(xN ) = (3g2 + g
′ 2)
[
(δF Vt1,a − δF

V
t1,b) + (δF Vt2,a − δF

V
t2,b)− (δF Vs,a − δF Vs,b)

]
− 6h2

t δF
q
s (xN ) , (86)

where:

F q (0)
s (xN ) =

∫ ∞
xN

dχ+

∫ xN

0
dχ−

(
f0
B(χ0) + f0

F (χ0 − xN )
)

(
χ+ 2

(
log(1− exp(−χ+))− log(1 + exp(χ−))

))
, (87)
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F V (0)
s (xN ) =

∫ ∞
xN

dχ+

∫ xN

0
dχ−

(
f0
B(χ0 − xN ) + f0

F (χ0)
)

{
χ

2
− 1

χ

[
(xN − χ+)

(
log(1− exp(−χ+))− log(1 + exp(−χ−))

)
+(xN − χ−)

(
log(1− exp(−χ−))− log(1 + exp(−χ+))

)]
− 1

χ2
(χ0 − 2xN )

[
Li2(exp(−χ+))− Li2(exp(−χ−))−

Li2(− exp(−χ+)) + Li2(− exp(−χ+))
] 1

1

}
, (88)

F
V (0)
t1

(xN ) =

∫ xN

0
dχ+

∫ 0

−∞
dχ−

(
1 + f0

B(xN − χ0)− f0
F (χ0)

)
{

1

χ
(xN − χ−)

[
log(1 + exp(−χ+))− log(1− exp(−χ−))

]
1

χ2
(2xN − χ0)

[
−Li2(exp(−χ+))− Li2(exp(−χ−))

]}
, (89)

F
V (0)
t2

(xN ) =

∫ xN

0
dχ+

∫ 0

−∞
dχ−

(
1 + f0

B(χ0)− f0
F (xN − χ0)

)
{

1

χ
(xN − χ+)

[
− log(1 + exp(−χ+)) + log(1− exp(χ−))

]
1

χ2
(2xN − χ0)

[
Li2(exp(−χ+))− Li2(− exp(−χ−))

]}
, (90)

where χ0 = χ+ + χ− and χ = χ+ − χ−. Furthermore,

δF Vs,a =

∫ ∞
xN

dχ+

∫ xN

0
dχ−f

′
F (χ0)

{
χ

2
− 1

χ

[
(xN − χ+)

(
log(1− exp(−χ+))− log(1 + exp(−χ−))

)
+(xN − χ−)

(
log(1− exp(−χ−))− log(1 + exp(−χ+))

)]
− 1

χ2
(χ0 − 2xN )

[
Li2(exp(−χ+))− Li2(exp(−χ−))

−Li2(− exp(−χ+)) + Li2(− exp(−χ+))
] 1

1

}
, (91)

δF Vs,b =

∫ ∞
xN

dχ+

∫ xN

0
dχ−

(
f0
F (χ0) + f0

B(χ0 − xN )
)

{
− 1

χ
f0
B(χ+)f0

B(χ−)
[
(xN − χ+) exp(χ−) + (xN − χ−) exp(χ+) + exp(χ)(χ0 − 2xN )

]
− 1

χ2
(χ0 − 2xN ) log

[
−1 + exp(χ−)

−1 + exp(χ+)

]}
, (92)

δF Vt1,a =

∫ xN

0
dχ+

∫ 0

−∞
dχ−f

′
F (χ0){

1

χ
(xN − χ−)

[
log(1 + exp(−χ+))− log(1− exp(−χ−))

]
1

χ2
(2xN − χ0)

[
−Li2(exp(−χ+))− Li2(exp(−χ−))

]}
, (93)
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δF Vt1,b =

∫ xN

0
dχ+

∫ 0

−∞
dχ−

(
1 + f0

B(xN − χ0)− f0
F (χ0)

)
{

1

χ

[
f0
F (χ−)(χ− − xN )− χ+

χ
(χ0 − 2xN )

]
1

χ2
(χ0 − 2xN ) log(1 + exp(χ+))

}
, (94)

δF Vt2,a =

∫ xN

0
dχ+

∫ 0

−∞
dχ−f

′
B(χ0){

1

χ
(xN − χ+)

[
− log(1 + exp(−χ+)) + log(1− exp(χ−))

]
1

χ2
(2xN − χ0)

[
Li2(exp(−χ+))− Li2(− exp(−χ−))

]}
, (95)

δF Vt2,b =

∫ xN

0
dχ+

∫ 0

−∞
dχ−

(
1 + f0

B(χ0)− f0
F (xN − χ0)

)
{

1

χ
f0
F (χ−) exp(−χ−)(χ− − xN ) +

1

χ2
(χ0 − 2xN ) log(1 + exp(−χ−))

}
. (96)

To rephrase the differential equations in terms of thermally averaged decay rates and to compare

with earlier works based on the Maxwell-Boltzmann distribution fB, some useful relations are∫
d3k

(2π)3
f0
F (k/T ) =

3T 3ζ(3)

4π2
,

∫
d3k

(2π)3
f ′F (k/T ) = −T

3

12
,

∫
d3k

(2π)3

f0
F (k/T )

k
=
T 2

24
,∫

d3k

(2π)3
f0

B(k/T ) =
T 3

π2
,

∫
d3k

(2π)3
f ′B(k/T ) = −T

3

π2
. (97)

A.2 Weak washout limit

In this subsection we will briefly present the derivation of the expression in Eq. (35) for the baryon

asymmetry in the weak washout regime. The procedure substantially coincides with the one already

discussed in [17]. Differently to this reference we will adopt the Fermi-Dirac distributions for

neutrinos and active leptons and include in the interaction rates the processes relying on gauge

interactions.

The weak washout limit solution is obtained through a perturbative expansion of the system

of Eqs. (27-28). As a first step, the equation for the neutrino density is solved at the lowest order,

i.e. neglecting the chemical potential and approximating RN − I ≈ I:

dRN
dt

= −i [〈H〉, RN ] + 〈Γ0〉F †F . (98)

Eliminating the oscillation term through the transformation RN = E(t)R̃NE
†(t), the equation is

straightforwardly solved for:

R̃N =

∫ t

0
dt1〈Γ0〉(t1)E(t1)F †FE(t1) . (99)
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This solution is substituted in the leading order equation for the chemical potentials which read,

taking again the lowest order contributions:

dµ∆α

dt
= − 9ζ(3)

2ND π2
〈Γ0〉

(
FRNF

† − F ∗RN̄F T
)
. (100)

This can be directly integrated:

µ∆α = − 9ζ(3)

2NDπ2

∫ t

0
dt1〈Γ0〉(t1)

∫ t1

0
dt2〈Γ0〉(t2)

[
FE(t1)E(t2)†F †FE(t2)E(t1)†F †

−F ∗E(t1)E(t2)†F TF ∗E(t2)E(t1)†F T
]
αα

= − 9ζ(3)

2NDπ2
δα

∫ t

0
dt1〈Γ0〉

∫ t1

0
〈Γ0〉(t2) sin

(∫ t1

t2

dt3E2(t3)− E3(t3)

)
, (101)

where ∫ t3

t2

dt3E2(t3)− E3(t3) = z(T1)− z(T2) , (102)

with

z(T ) =
T 3
L

T 3
, TL =

(
1

12

π2

9ζ(3)
M0∆M2

)1/3

. (103)

Using this last result, we find

µ∆α = −9

2

ζ(3)

NDπ2
δα

(
M0

TL

)2( π

1152ζ(3)

)2

J̃32

(
TL
T

)
, (104)

where

J̃32(x) =

∫ x

0
dx1c0(x1)

∫ x1

0
dx2c0(x2) sin

(
x3

1 − x3
2

)
,

c0(x) = c
(0)
Q h2

t + c
(0)
LPM +

(
3g2

(
π
TL
x

)
+ g

′ 2

(
π
TL
x

))
×c(0)

V + log

 1

3g2
(
π TLx

)
+ g′ 2

(
π TLx

)
 .

(105)

The last step is the solution for the asymmetry ∆R in the sterile neutrinos:

d∆RII
dt

= 2〈Γ(1)〉
(
F †Aαβµ∆βF

)
II

, (106)

which again can be directly integrated,

(∆R)II = −9
ζ(3)

NDπ2

(
π

2304ζ(3)

)3(M0

TL

)3 (
F †AαβδβF

)
II

∫ x

0
dx1c1(x1)J̃32(x) , (107)

with

c1(x) = c
(1)
Q h2

t + c
(1)
LPM +

(
3g2

(
π
TL
x

)
+ g

′ 2

(
π
TL
x

))

×

c(1)
V + log

 1

3g2
(
π TLx

)
+ g′ 2

(
π TLx

)
 . (108)
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Assuming negligible variation with the temperature of the functions c0 and c1, and defining(
c2

0 c1

)1/3
2304

=
sinφ

8
, (109)

the result simplifies to:

(∆R)II (T ) = − 9π7/6

512 ζ(3)4/3 Γ(5/6)

M0

T

M
4/3
0

∆m4/3
sin3 φ

(
F †AαβδβF

)
II

, (110)

so that the baryon abundance is given by:

YB =
nB
s

=
28

79
YN0

∑
I

(∆R)II (TEW) , (111)

with YN0 = 0.022 [17].

A.3 Diagonalization of the equation for the sterile sector

In this subsection, we derive the expression for the unitary matrix Vα, which describes a basis in

which the equation (37) for the sterile sector is greatly simplified. We first perform a change of

basis to absorb the oscillations induced by the vacuum Hamiltonian H0
N :

R
(0)
N 7→ R̃

(0)
N = E†(x)R

(0)
N E(x) , (112)

with

E(t) = exp

(
−i
∫ t

ti

〈H0
N 〉(t′)dt′

)
, (113)

where the vacuum Hamiltonian of the sterile neutrinos is given by (H0
N )ij =

√
k2
N +M2

i δij . Clearly

this removes the vacuum commutator containing the vacuum Hamiltonian from Eq. (27):

dRN
dt

=
d

dt

(
ER̃NE

†
)

(114)

= −i〈H0
N 〉ER̃NE† + E

(
d

dt
R̃N

)
E† + iER̃NE

†〈H0
N 〉† (115)

= E

(
d

dt
R̃N

)
E† − i

[
〈H0

N 〉, RN
]
, (116)

where we have exploited [〈H0
N 〉, E] = 0. In the ultra-relativistic limit, H0

N is given by

H0
N →

1

2kN
diag(0,∆M2) , (117)

where we have omitted a contribution proportional to the unity matrix as this drops out in the

commutator. After performing the thermal average,

〈H0〉 =
xπ2

36ζ(3)TEW
diag(0,∆M2) , (118)

40



we find

E(x) = diag
(
1, exp(−ir3x3)

)
, r = TL/TEW , (119)

with

T 3
L =

π2

108ζ(3)
M0∆M2 . (120)

All remaining operators on the right-hand side of Eq. (37) are now of the structure E†(x)F †FE(x).

We can thus perform a second change of basis by the unitary matrix V (x) which diagonalizes

all these remaining operators. After removing the remaining ambiguity in the choice of V (x) by

requiring the second row to be real and positive, V (x) can be calculated explicitly. It is of the form

V (x, α) =

ei(α−x
3r3)f11 ei(α−x

3r3)f12

f21 f22

 , (121)

where fij are time-independent combinations of the absolute values of the matrix elements of F †F

and α denoting the phase of (F †F )12. We see that in the total basis transformation by the matrix

E·V , the time (or equivalently temperature) dependence reduces to a global phase and hence cancels

out in the unitary matrix transformation. We may thus replace E(x)V (x, α) 7→ Vα = V (x = 0, α).

Finally, exploiting

V †
df

dx
V =

d

dx

(
V †fV

)
+

[
V †

dV

dx
, V †fV

]
, (122)

which holds for any function f(x) and unitary matrix V (x), we arrive at Eq. (43) quoted in the

main text. As mentioned in the main text, this introduces the matrix D, which is defined by

V †V̇ = x2D . (123)

B The parameter space for DM in the ISS(2,3)

In Section 4.2.3, we observed that a small mixing angle between the active sector and the DM

candidate (required to avoid overproducing DM in the DW mechanism), can be achieved by allowing

for a sizable hierarchy within the submatrix n of Eq. (12). In this Appendix we explain this result

analytically by considering a minimal toy model with one active flavor, one right-handed neutrino

and two sterile fermions:

M =



0 1
2Y v 0 0

1
2Y v 0 n1Λ n2Λ

0 n1Λ ξ1Λ 0

0 n2Λ 0 ξ2Λ


. (124)
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For simplicity we will take all parameters to be real in the following. To leading order in Y and

ξ1,2, this mass matrix is diagonalized as

UTMU = diag(0,mDM,mPD −mDM,mPD +mDM) , (125)

with mPD =
√
n2

1 + n2
2 Λ and mDM =

n2
1ξ2+n2

2ξ1
n2
1+n2

2
Λ. In this basis, the DM-active mixing is de-

termined by the entry U12, i.e. by the first component of the (correctly normalized) eigenvector

corresponding to the second eigenvalue in Eq. (125):

sin2(2θDM) = 4U2
12 '

2n2
1n

2
2(ξ1 − ξ2)2

(n2
1 + n2

2)(n2
1ξ

2 + n2
2ξ1)2

v2Y 2

Λ2
. (126)

If n1,2 are order one parameters, this yields sin2(2θDM) = O(v2Y 2/Λ2) = O(10−10 − 10−4) for

Y = O(10−7 − 10−4). If on the other hand n1 � n2 (or vice versa), the mixing angle (which

depends on the product of both entries) is suppressed, whereas the mass eigenvalues (dependent

on the sum of both entries) are governed by the larger entry.
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