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Abstract

We consider sub-TeV scale flavoured resonant leptogenesis within the minimal type-I seesaw scenario
with two right-handed singlet neutrinos N » forming a pseudo-Dirac pair, concentrating on the case of
masses of the pseudo-Dirac pair having values M1 3 < 100 GeV. The case when the CP violating asymme-
tries in the individual lepton charges L;, [ = e, u, 7, and in the total lepton charge L of the Universe are
generated in 1 <> 2 decay processes is investigated. We show that successful leptogenesis is possible for
M, 5 lying in the interval M| 2 = (0.3 — 100) GeV. Our results show also, in particular, that for vanishing
initial N > abundance, flavour effects can play an important role in the generation of the baryon asymme-
try, leading to an enhancement of the asymmetry by a factor up to ~ 300 with respect to the “unflavoured”
leptogenesis scenario.
© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.

1. Introduction

Understanding the origin of the excess of matter over antimatter - the matter-antimatter or
baryon asymmetry - in the Universe remains one of the fundamental problems in particle physics
and cosmology. The asymmetry can be parametrised by the baryon-to-photon ratio, np, which is
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defined as

np—ng
np=——->, M
y
where ng, n and n,, are the number densities of baryons, anti-baryons and photons, respectively.
The value of p can be determined using the data on the Cosmic Microwave Background (CMB)

radiation [1]:

npems = (6.02 —6.18) x 107'°, 95% C.L. )

A very attractive mechanism of generation of the baryon asymmetry is leptogenesis associ-
ated with the type-I seesaw scenario of neutrino mass generation [2—8]: it links the existence and
smallness of neutrino masses to the existence of the baryon asymmetry. Integral to this mecha-
nism are the RH neutrinos v;g (RH neutrino fields v;g(x)). They can be added to the Standard
Model (SM) as SU(2);, x U(1)y,, singlets without modifying any of the fundamental features
of the SM. The minimally extended SM with two RH neutrinos is the minimal scheme in which
leptogenesis can be realised. The RH neutrinos are assumed to possess a Majorana mass term
as well as Yukawa type coupling Ly(x) with the Standard Model lepton and Higgs doublets,
Y1 (x) and ®(x), respectively. In the basis in which the Majorana mass matrix of RH neutrinos
and the charged lepton mass matrix are diagonal, Ly (x) and the Majorana mass term have the
form:

_ 1 __
Lymx)=— (Yivip(x) it ®*(x) Nig(x) +h.c.) — 3 M; Ni(x) N (x), (3

where Yj; is the matrix of neutrino Yukawa couplings (in the chosen basis) and N; (N;(x)) is the
heavy Majorana neutrino? (field) possessing a mass M; > 0.

In what follows we will consider the “freeze-out” and “freeze-in” flavoured leptogenesis sce-
narios in which the Yukawa couplings in Eq. (3) are not CP conserving and the different rates
of the decays of the Majorana neutrinos N;, N; < It + o), Nj <17 + &™) and of the
Higgs boson, ®(7) — [~ + Nj, O - 1t 4+ N, generate CP violating (CPV) asymmetries in
the individual lepton charges L;, and in the total lepton charge L, of the Universe. These lepton
asymmetries are converted into a baryon asymmetry of the Universe (BAU) by (B — L) con-
serving, but (B + L) violating, sphaleron processes which exist in the SM and are effective at
temperatures 7 ~ (132 — 10'2) GeV.

The scale and spectrum of masses of the Majorana neutrinos N; determine the scale of lepto-
genesis. In GUT scale leptogenesis N; have masses a few to several orders smaller than the scale
of unification of the electroweak and strong interactions, Mgyt =2 X 1016 GeV. If the heavy
neutrinos N; have hierarchical spectrum, My <« M, < M3, the observed baryon asymmetry can
be reproduced provided the mass of the lightest one satisfies M; = 10° GeV [9]. Moreover, quan-
titative studies in which flavour effects in leptogenesis [10—12] (see also [ 13—15]) were taken into
account have shown that the CP violation necessary for the generation of the observed baryon
asymmetry can be provided exclusively by the Dirac and/or Majorana phases in the Pontecorvo,
Maki, Nakagawa, Sakata (PMNS) neutrino (lepton) mixing matrix Upmns [16—23]. More recent
analyses revealed [24,25] that in the case of heavy Majorana neutrino mass spectrum with mild
hierarchy, M, ~ 3M, M3 ~ 3M>, 1) successful leptogenesis can take place for M| = 10° GeV,

2 Within the present study the term “heavy Majorana neutrinos” should be understood to mean Majorana neutrinos
with masses larger than 100 MeV.
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and that ii) also in this case the required CP violation can be provided exclusively by the Dirac
or Majorana CPV phases of the neutrino mixing matrix. In [26] this was confirmed to be the case
as well in the so-called “Neutrino Option” seesaw scenario [27] in which the mass term in the
Higgs potential, responsible for the electroweak symmetry breaking in the Standard Theory, is
generated at one loop level by the neutrino Yukawa coupling in Eq. (3). In the “Neutrino Option”
scenario with two Majorana neutrinos N 2, successful leptogenesis was shown to be possible
only in the so-called “resonant regime” [28-30], with Ny, forming a pseudo-Dirac pair [31,32]
with masses M = (M + M>)/2 ~ (1 — 8) x 10° GeV and splitting between them, which is of
the order of the Ny > decay widths Iy 2: AM /T2~ 1, AM/M = (My — M)/ M ~ 108,

One attractive feature of Resonant Leptogenesis (RL) is that the baryon asymmetry can be
produced at relatively low scales, e.g., at the TeV scale. Studies have shown that it is possible to
have successful RL at scales exceeding approximately 100 GeV (see, e.g., [33] and references
quoted therein) or even at smaller scales if thermal effects are taken into account leading to
the possibility of CPV Higgs decays into Nj 2 plus a lepton [34]. Scenarios with low scale RL
typically lead to predictions that potentially can be tested at colliders (LHC or future planned)
and/or at low-energy experiments (see, e.g., [33,34]).

In the present article we consider sub-TeV scale flavoured RL within the minimal type-I see-
saw scenario with two (RH) singlet neutrinos Ny ; forming a pseudo-Dirac pair. We concentrate
on the case when the masses of the pseudo-Dirac pair have values M > < 100 GeV and consider
scenarios in which the baryon asymmetry is generated in CP violating Higgs and Nj > decays.
We do not consider in this study the “freeze-in” scenario [35,36] in which the BAU in leptoge-
nesis is generated via N1 <> N oscillations during the epoch when N 7 are out of equilibrium,
which has been extensively studied (see, e.g., [37—46] and references quoted therein).3

Our study differs from the study performed in [34], in which the Higgs decay scenario has first
been considered, in two aspects: i) we use the improvements in accounting for thermal effects
in the processes of interest, which have appeared in the literature since the basic study [47] the
results of which were employed in [34], and ii) we take into account the flavour effects, which
were not accounted for in [34]. We find, in particular, that flavour effects can play very important
role in RL of interest especially in the case of zero initial abundance of the heavy Majorana
neutrinos.

Our work differs also from the studies reported in [48,49]. In [48] the authors investigated
the generation of the baryon asymmetry by both the Higgs decay and the “freeze-in” oscillation
mechanisms without separating the contributions of each of the two mechanisms. The aim of our
work is, in particular, to identify just the Higgs decay contribution to the generation of BAU. In
[48] flavour effects are taken into account, but the enhancement of the range of the Higgs decay
contribution due to thermal effects (the collinear emissions of soft gauge bosons (see further)), is
not. In our study the latter effects are accounted for. We have considered also two different types
of initial conditions for the two heavy Majorana neutrinos: thermal initial abundance (TIA) and
vanishing (zero) initial abundance (VIA). In [48] only the case of VIA has been investigated.

In [49] the authors also studied the generation of the baryon asymmetry by both the Higgs
decay and the “freeze-in” oscillation mechanisms including the flavour effects, but without sepa-
rating the contributions of each of the two mechanisms. Only the VIA case has been considered.

3 In the “freeze-in” N 1 — N3 oscillation scenario [35] the generation of the baryon asymmetry proceeds, as was shown
in [36], principally via a lepton number conserving (LNC) terms involving fourth power of the neutrino Yukawa cou-
plings. In the scenario considered by us the baryon asymmetry is generated predominantly by lepton number violating
(LNV) terms (involving also fourth power of the neutrino Yukawa couplings).
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In addition the masses of Nj » were constrained to lie in the interval M > =5 — 50 GeV. In our
study the minimal M > is determined by the requirement of reproducing the observed value of
BAU varying all other parameters in the problem. We find, in particular, that in the VIA case the
minimal M > is by more than a factor of 10 smaller than the value assumed in [49].

In the relatively recent article [50] the authors presented a unified framework of generation
of the baryon asymmetry at the sub-TeV scale via the neutrino oscillations (‘“freeze-in”) and the
decay RL mechanisms within the scenario with two Majorana neutrinos N ». They have shown
that i) the observed baryon asymmetry can be generated for all experimentally allowed values of
the Majorana neutrino masses M1 » 2 100 MeV and up to M 2 ~ 1 TeV, and that ii) leptogenesis
is effective in a broad range of the relevant parameters, including mass splitting between the two
Majorana neutrinos as big as (M — M1)/(0.5(M2 4+ M1)) ~ 0.1, as well as couplings of Ny 7 in
the weak charged lepton current large enough to be accessible to planned intensity experiments
or future colliders. The results are presented in [50] without separation of the contributions of
the “freeze-in” neutrino oscillation mechanism and the decay mechanism in the VIA case. In the
TIA case the separation of interest is made only in Fig. 2 and we find similar lower bound on
M > as reported in [50], with the region of the parameter space of successful RL reported in
[50] being somewhat larger than that we found in our work. As we have already emphasised, we
have concentrated in our work on the decay mechanism of baryon asymmetry generation. We
wanted to identify the parameter space in which the observed value of BAU could be generated
via the decay mechanism. Thus, effectively we explore part of the parameter space explored
in [50].

We should add finally that in [48-50] the authors use the density matrix formalism for the
calculation of the baryon asymmetry, while we use a system of Boltzmann equations with a
proper source term for the treatment of the resonance effects in leptogenesis based on the decay
mechanism and take into account the flavour and thermal effects in the decay mechanism. In
the strong wash-out regime, in which the results of our study are obtained, we expect the results
based on the two approaches and obtained within the decay mechanism to be largely compatible,
with differences that should not exceed a factor of ~ (2 — 3) in the value of the generated baryon
asymmetry. For the reasons explained earlier it is impossible at present to make a comparison
between our results and those obtained in [48—50] in the VIA case; in the TIA case a comparison
is possible to a certain degree with the results reported in [50] (see Section 3.3).

The paper is organised as follows. In Section 2, we summarise the basics of the type I seesaw
scenario and the conventions we will employ throughout. In Section 3 we introduce the equations
relevant for RL at scales 7 < 10° GeV of interest. Then we proceed to show results in two
possible scenarios by which the BAU can be produced. They correspond to two different “initial
conditions”, i.e., Nj > initial abundances: i) Nj > thermal initial abundance (TIA), and ii) Ny 2
vanishing (zero) initial abundance (VIA). We conclude in Section 4 with a brief summary of our
results.

2. Seesaw, neutrino masses and mixing

In the present Section we set the notations and review some of the elements of the seesaw
theory that will be used in our further analysis (see, e.g., [51]).

In the basis in which the charged lepton Yukawa couplings and mass matrix are diagonal but
the Majorana mass term of the RH neutrinos v is not, the Lagrangian Ly m(x) has the form:

L 1 —
Lym(x) ==Yy (x) it ®*(x) vyr(x) — 3 v () (M) virg(x) +hee., “4)

4
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where Y is the matrix of neutrino Yukawa couplings in the considered basis, (¥ LNt =
(UITL (x) lz x)),l =e,u, 7, vip(x) and I (x) being the left-handed (LH) flavour neutrino and
charged lepton fields, (®(x))T = (®) (x) @@ (x)), v (x) = C (Wr(x))T, C being the charge
conjugation matrix, and My is the Majorana mass matrix of v;g (x), M{, = My . When the elec-
troweak symmetry is broken spontaneously, the neutrino Yukawa coupling in Eq. (4) generates
a Dirac mass term, (Mp); viL (x) vpyr(x) + h.c., with Mp = (v/\/i)?, v =246 GeV being the
Higgs doublet vacuum expectation value (VEV), and the neutrino mass Lagrangian takes the
form:

_ 1—
LY =—=vr(Mp)vrg — zvj (My)rvpg +hee. =

2 )
__ L = ( Oup (MD)ap)<VER>
=5 “KL)<<M,§)Kﬁ Mn)ep ) \ o ) 71

where vg r=C(pg )7 and «, B = e, u, T; in the case of three right-handed neutrinos we can

choose? «, p =e, i, t. The two matrices Mp and My are complex, in general.
The diagonalisation of the mass term under the condition that M p is much smaller than M| N
leads to the well-known effective Majorana mass (term) for the LH flavour neutrinos [4-8]:

my = —MpMy' (Mp)" =Um, U, 6)

where m, = diag(m;, my, m3), m .3 being the masses of the light Majorana neutrinos v 7 3,
m; < 0.5eV, and U is a 3 x 3 unitary matrix. The flavour neutrino fields are related to the fields
of light and heavy neutrinos v;(x) and N;(x) with definite mass m; and M, m; < M, via

viL(x) =Z(1 +mUijvj(x) + (RV);;NjL(x). (N
J

Here v (x) and Ny (x) are the left-handed components of v;(x) and N;(x), R = MpM _1,

1 1
n=-— ERRJr =— E(R V)(RV) and V is a unitary matrix which (to leading approximation in

Mp/Mpy) diagonalises the Majorana mass matrix of the RH neutrinos My . The heavy neutrinos
N; are mass-eigenstates of My. The constants (RV);; represent the weak charged and neutral
current couplings of the heavy Majorana neutrinos. There exist stringent upper limits on the
elements of 1, and thus on the elements of RV, from electroweak data and data on flavour
observables [52,53]. For M; = 500 MeV, depending on the element of 7, they are in the range of
1073 — 10~* at 20 C.L. For M; larger than the electroweak scale, the constraint on 7, = 7 is
even stronger: |7, < 1.2 x 1075.

The PMNS matrix (in the diagonal charged lepton mass basis employed by us) has the form:

Upmns =1 +nU. (8)

Thus, the matrix n parametrises the departure from unitarity of the PMNS matrix. Given the
existing limits on the elements of 7, we have to a very good approximation: Upmns = U. We
will use in what follows the standard parametrisation of the PMNS matrix U [54]:

4 The labelling of the right-handed neutrinos does not need to coincide with the labelling we use for the left-handed
neutrinos; we can choose the indices « and p to take, e.g., the values x, p =€, it, T, ..., 0.
5 More precisely, the condition requires that the elements of M p are much smaller than the eigenvalues My of M.
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Table 1

The best fit values and 3o ranges for the parameters of the PMNS matrix U and the square mass
differences in the Normal Ordering (NO) and Inverted Ordering (IO) cases [56]. Notice that the
30 range for the Dirac phase § is quite large, so we will treat it as an unmeasured parameter.

NO 10
Best fit 30 Best fit 30
012 (°) 33.44 [31.27,35.86] 33.45 [31.27,35.87]
013 (°) 8.57 (8.20,8.93] 8.60 [8.24,8.96]
023 (°) 49.2 [40.1,51.7] 493 [40.3,51.8]
8% 197 [120, 369] 282 [193,352]
Am3; (1073 eV?) 7.42 [6.82,8.04] 7.42 (6.82,8.04]
Am3 3, (1077 eV?) 2517 [2.435,2.598] —2.498 [—2.581, —2.414]
c12€13 _ 512€13 o ospe?
U= —si2ex3 —ciosoasize’  craens —siososie®®  saens
s12823 — crae3s13€” —ciaso — sipeassize’®  cazen
I 0 0
iayy
x| 0 e 0 1. €))
iaz)
0 0 e

where ¢;j = cosb;j, s;j = sin;;, 6 is the Dirac CP violation (CPV) phase, and a1 and a3; are
the two Majorana CPV phases [55].

As is well-known, the mass spectrum of neutrinos vy 2 3 can be with normal ordering (NO),
m] < my < m3, or with inverted ordering (10), m3 < m| < m> (see, e.g., [54]). In what follows
we will concentrate on the case of NO neutrino mass spectrum.

As we have already indicated, we will consider the type-I seesaw scenario with only two
“heavy” (singlet) Majorana neutrinos Ny . This is the minimal scenario compatible with the
oscillation data [54]. In this case the lightest of the three neutrinos vj 3 is massless at tree

and one-loop level, m; = 0 (NO spectrum) and we have: my = ,/Am%l, m3 = Am%l, where

Amiz = ml2 — m?2. The neutrino mass spectrum is normal hierarchical (NH): m; <« my < m3.

Of the two Majorana phases, oz and «31, only the phase difference oy — @31 = 23, is physi-
cal.® Technically, we will use the formalism employed for the presence of three heavy Majorana
neutrinos N1 2 3 in which, however, m; = 0 and N3 is decoupled.

In our numerical analyses we will use the values of the three neutrino mixing angles 617, 623
and 013, and the two neutrino mass squared differences obtained in the global neutrino oscillation
data analysis performed in [56] and quoted in Table 1.

Equation (6) allows to relate the matrix of the neutrino Yukawa couplings ¥ and the PMNS
matrix U [57]. In the diagonal mass basis of the heavy Majorana neutrinos, which is convenient
to use in the leptogenesis analyses, we have:

~ 2 ~
Y:YV*:iiU\/ﬁzUOT\/M, (10)
v

where O is a complex orthogonal matrix, 07 O = O O = I. In the case of interest with
two active “heavy” Majorana neutrinos Nj and the formalism employed by us, we have

6 We will call 93 “Majorana phase” in what follows.
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M= diag(M1, M>, M3), but with m1 = 0 and the form of the O matrix given for the NH spec-
trum below, the mass M3 of the third decoupled heavy Majorana neutrino does not play any role
in our analysis:

0 co§9 sinf o0k 0 1 —i 0ot 0 1' i
O=10 —sinf cosb | = > 0 i 1 |+ > 0o —i 1], (11)
1 0 0 1 0 O 1 0 O

where 6 = w + i&, w and & being two real parameters.’ The parameters w and & play important
roles in the leptogenesis scenario we are going to consider next. For large values of &, such that
¢ > e~ the first term of the above expression dominates, being enhanced by the exponential.
The RV-matrix too is enhanced by large values of & and the sum of the square modulus of its
entries reads (NH):

2 1 2¢
D IRV 2 oo ma + m)e™. (12)
l,i

The O-matrices in Egs. (11) have det(O) = 1. In the literature, the factor ¢ = =1 is sometimes
included in the definition of O to allow for the both cases det(O) = 1. We choose instead to
work with the matrix in Egs. (11) but extend the range of the Majorana phases a1(31) from
[0, 2] to [0, 4], which effectively accounts for the case of det(O) = — 1 [21], so that the same
full set of O and Yukawa matrices is considered.

3. Flavoured resonant leptogenesis at sub-100 GeV scales

In this study we solve the Boltzmann system of equations for the Nj > and BAU abundances
taking into account both 1 <> 2 decays and inverse decays and 2 < 2 scatterings including the
thermal effects. In the case of three-flavoured RL of interest it has the form (see, e.g., [10,58,
59])8:

dNy,

d—ZM:—(Di+SI.’+Sf)(NN,- — Ny (13)

dNAa ; NNi

= > [_ef;g D;(Ny; — Ny — (W,P ++W + WW"S> PiaNAa:| ; (14)
i Ni

where z =M /T, M| » = M. The quantities Ny, and N, are respectively the number of heavy
neutrinos N; and the value of the asymmetry A, = %B — Ly, =e, i, T,inacomoving volume,
normalised to contain one photon at z =0, i.e., N;,‘f (0) = 3/4. This normalisation within the
Boltzmann statistics is equivalent to using N;Z () = %zng (z), where K, (z),n =1, 2, .., are the

modified n™ Bessel functions of the second kind.
Equations (13) and (14) are an excellent approximation to the density matrix equations of
[58], which reduce to Egs. (13) and (14) for T < 107 GeV (the case in which all lepton flavours

7 With m1 = 0, the form of the matrix O in Eq. (11), as can be easily checked, corresponds to the case of decoupled
N3.

8 These equations approximate the results of [29,30] for RL. The latter results should agree with those of [60] to within
a factor ~ 2 [61] in the nearly degenerate mass regime considered in this article.
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are fully decohered). We note that they do not include relativistic corrections and also they are
written under the assumption of kinetic equilibrium.

The term p;, which multiplies the wash-outs, is the projection probability of heavy neutrino
mass state i on to flavour state o and is given by

|Yeil® v
o= —, 15
Pia =500 as)
with 7i; = (YTY);;v%/2M;. The projection probabilities p;, i = 1,2, a = e, u, T, are strongly
flavour dependent.

We use the following conversion from the B — L number density to the baryon-to-photon
ratio:

28 1
= =—_—(N N N , 16
nB =ng, + 18, + 1B, 7927( A+ Na, +Na,) (16)
where 28/79 is the SM sphaleron conversion coefficient and the 1/27 factor comes from the
dilution of the baryon asymmetry by photons.

3.1. The decay and scattering terms

The terms D; and W,.D are due to the 1 <> 2 decays and inverse decays, while

St = [slgmes y sma] (17)
) :sgg;;“ge) + S}Zﬂ“k)] : (1%
= [ i) "
WS =2 :iji?”ge) + ng:am] ’ 0)

account for scattering processes. The terms Sffﬁuge) ( Wlf‘gt?uge)) and S;gsl‘:.uge) (Wlff_?uge)) are con-
tributions respectively from 7- and s-channel 2 <> 2 scattering processes (AL = 1) involving the
SM gauge fields [47]. Similarly, S ;‘}tjark) (Wl(glilark)) and § ;?:.ark) (W;gl;axk)) are contributions from
t- and s-channel 2 < 2 scattering processes (AL = 1) involving the top quark.

For the total contributions of the 2 <> 2 processes involving the SM gauge fields and the top

quark to the production of N; and to the wash-out terms we get from Eqs. (17) - (20):

SHENES) — 4 glEae) 4 o g(EEe), 1)
SN = g g 4o piaued 22)
WEED) = 4 W ENED) g Wy Eee) (23)
WA = gy a0 g e 24)

We take into account the thermal effects in the production of N 7 in Egs. (13) and (14) using
the results derived in [62] for D;, S,.(gauge) and Sl.(quark) in the relevant case of relativistic Ny ».
As was shown in [62], the indicated three contributions vary little in the interval of temperatures
of interest, T ~ (100 — 1000) GeV, and we have approximated them as constants equal to their
respective average values in this interval. Adapting the results obtained in [62] to the set-up
utilised by us we get:
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=0232——— (25)
2K2 (2)’
sk _ g 102 (26)
' 2K2 (2)°
(gauge)
S: =0.218—4—— 27
' 2K2 (2)’ @7
where the parameter «; is the ratio between the total decay rate of N; at zero temperature,
Ty = (YY) M; /87, (28)
and the Hubble expansion rate (H) at z = 1. It proves convenient to cast x; in the form:
ki=, (29)
ny
with m, = (872v%/3M ,)/(g+7)/5 ~ 1073 eV, Mp being the Planck mass.
Using the generic relations for the wash-out terms,
2
wpP = 5D,~ Ny, (30)
Wt = 2gr Ny 31
i § i @D
we get:
WP =0.058 «;, (32
WA = 0.0255 i, (33)
W B — 0.0545 ;. (34)

The sum of the three terms is compatible with the result obtained in [63].

We stress that Eqs. (25) - (27) and (32) - (34) are valid only for z < 1. Moreover, as 22K (z) ~
2 for z <« 1, all the terms given in Egs. (25) - (27) and (32) - (34) are basically constant at 7 < 1.
The behaviour at z > 1 is not relevant for our analysis as we are considering M < 100 GeV, so
that the production of the baryon asymmetry stops at zgpn < 1.

3.2. The CP violating asymmetry

We define the CP violating (CPV) asymmetry with the inclusion of thermal effects as in [34],
but taking also into account the flavour effects, namely [29,30,331°:

, 2xOy(z)
6&2 = Z sgn(M; — M;) Iij o - 35)
Iy 42 (O 4 x7(2) + r“ 2)
where
il T M; T
L m [¥iYes (Y7Y),; [+ fem | v ve; (YY) ;] -
ij,oao = (YTY)ii (YfY)jj

9 The CP-asymmetry is defined with two flavour indices because in the quantum treatment and in certain regimes (e.g.,
GUT scale leptogenesis) the off-diagonal terms are also relevant (see, e.g., [24]).

9
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In Eq. (35) the quantity x©@ = AM© /Ty, AM© being the N — Ny mass splitting at zero
temperature.'” The term that multiplies sgn(M; — M) I;j ao in Eq. (35) is due to heavy-neutrino
mixing effects.'! Thermal corrections to the N, — Ny mass splitting, AM7, with the total mass
splitting given by AM = AM© 4+ AM7, are relevant in the denominator of the expression for

60(,2 only and are accounted for by the term x7(z) [34]:

AMr(z) INTRCE N
="~ [(1-— 4 , 37
XT (Z) F22 412 ( F22 > + l—w%2 ( )

where T';; = XYy, i/ MiM;/8m. The function y(z) in Eq. (35) quantifies the thermal effects
to the Ny 2 self-energy cut [34] and is determined by

LH
y(z)z(’;“qv>. (38)

Here p and g are the charged lepton and heavy Majorana neutrino four-momenta respectively, L
is defined in [64] and the angular brackets indicate a thermal average.

The function y (z) depends on the masses of the Higgs boson My (T'), charged leptons M;(T)
and heavy Majorana neutrinos M1 = M, = M (it does not depend on the mass splitting AM).
At T > Tgw = 160 GeV, Tgw being the temperature at which the electroweak phase transition
(EWPT) sets in [65], the Universe is in the symmetric phase and the Higgs vacuum expectation
value is zero. The Higgs boson and the charged leptons possess only thermal masses.'” For the
charged lepton thermal masses we use the expression given in [66]:

1
M(T) = 73 g2+ ()T, (39)

where g = 0.65 and g’ = 0.35 are respectively the Standard Model SU (2);, and U (1)y,, gauge
coupling constants. At T < Tgw, the Higgs VEV v(T) grows approximately as (see, e.g.,
[34,651): v}(T) = (1 — T?/ T3y) v2O(Tew — T), where v = v(T = 0) = 246 GeV is the VEV
value at zero temperature. Correspondingly, the charged lepton mass M; receives a non-zero con-
tribution M;(v(T)) in the interval Typh < T < Tgw due to v(T) # 0: M} = M7 (v(T)) + MA(T),
I =e, u, . The EWPT contribution under discussion M;(v(T)) is proportional to the zero tem-
perature experimentally determined mass m; of the charged lepton /: M;(v(T)) = m;v(T)/v.
It is not difficult to convince oneself that for 7 in the interval Tgph < T < Tgw one has
Ml2(v(T)) <M lz(T). Thus, for T > Tpp of interest the charged lepton masses are given by
their thermal contributions specified in Eq. (39).

For the Higgs mass My (T) we employ the results obtained from the thermal effective poten-
tial given, e.g., in [67,68], which takes into account the effects of the EWPT in the interval of
temperatures Tson S T S Tew, Tsph = 131.7 GeV being the sphaleron decoupling temperature

10" The first term in the numerator of the expression in Eq. (36), as can be shown, is lepton number violating (LNV),
while the second term is lepton number conserving (LNC). Our numerical analyses show that under the conditions of the
“freeze-out” leptogenesis mechanism we are studying, the dominant contribution in the generation of the baryon asym-
metry compatible with the observations is given by the LNV term, with the LNC term giving typically a subdominant
contribution; in certain specific cases the LNC contribution is of the order of, but never exceeds, the LNV one.

1 1f the CPV asymmetry e(% is produced in Nj » decays one has to include in e,;ia), also the effect of heavy-neutrino
oscillations [30,33] (which is different from the effect dominating the oscillation leptogenesis scenario [35,36]). Here we
consider the case when the CPV asymmetry e‘gfo), is generated in the Higgs decays, o) 5+ Ny, o) 1+ 4 N;.
12 The thermal corrections to the masses of the heavy Majorana neutrinos Np » are negligibly small [47,66].
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Fig. 1. The function y(z). The blue line is obtained by taking into account the thermal masses of the Higgs boson and
charged leptons as in Eq. (41), while the red line shows the effect of accounting for the collinear emissions of soft gauge
bosons (present in the thermal bath) in the Higgs decays of interest. See text for further details. (For interpretation of the
colours in the figures, the reader is referred to the web version of this article.)

[65]. The discussion of the behaviour of My (T') in the interval of temperatures of interest is out-
side the scope of the present study; it can be inferred from the aforementioned EWPT effective
potential. We give here only the expression for the thermal contribution to the Higgs mass:

1
pthem () Z\/3gz+(g/)2+4h,2+8n. (40)

Here h, and A are the top Yukawa coupling and the Higgs quartic coupling, respectively. In the

numerical analysis which follows we use #; = 0.993 and A = 0.129, which correspond to the top

and zero temperature Higgs masses of 172.76 GeV and 125 GeV and Higgs VEV of 246 GeV.
With the chosen values of the couplings we have

M;(T)=0.29T, Myx(T)=0.632T. 41)

It is easy to check using M;(T) and My (T) given in the preceding equation that for the values
of z lying approximately in the interval 0.34 < z < 0.93 the Higgs and heavy Majorana decay
processes are kinematically forbidden [34,66]. For z < 0.34 the only allowed processes are Higgs
decays to heavy Majorana neutrinos and charged leptons, whereas at larger z = 0.93 only the
heavy Majorana neutrino decays are allowed. This is reflected in the behaviour of the function
y (z) shown in Fig. 1: for 0.34 < 7 <0.93 one has y(z) = 0. We find also that for z < 1, y (z) =
23.5andforz>»> 1, y(z) = 1.

For T > Typn of interest, the charged lepton masses satisfy My (T) > 0.296T,n = 39 GeV.
This implies that in order for the decays of the heavy Majorana neutrinos N > to be in principle
kinematically possible at T’ > Tpp, the masses of Ny,» must satisfy My 2 > My (Tspn) = 39 GeV.
Taking into account also the Higgs mass leads obviously to a larger lower bound on M| 7 (see,
e.g., [34)).

We note further that in the interval of temperatures Tsph < T < Tgw, the thermal contribution
to the masses of the SM top quark, Higgs, W* and Z bosons are all of the order of T, &
being one of the SM couplings g, g’, #; and A, and that the contribution to these masses of the
non-zero temperature dependent Higgs vacuum expectation value v(T"), determined earlier, is of
the same order. At the same time, the momenta of the particles in the thermal bath are of the
order of w7 and are much larger than the masses, so all the particles relevant for our discussion

11
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are ultrarelativistic at the temperatures on interest [69]. This implies also, in particular, that the
expressions for the decay and scattering terms introduced in the preceding subsection are valid
actually for T > T,p = 131.7 GeV.

When collinear emissions of soft gauge bosons, present in the thermal bath of the Universe at
the epoch of interest, are also included in the decay processes, the disallowed region discussed
earlier becomes accessible to the Higgs decays due to the increased range of kinematic possi-
bilities [66]. In the calculations performed by us we estimate the effects of these emissions by
adding an interpolation of y (z) across the “gap” interval 0.34 < z < 0.93.'3 This is illustrated
in Fig. 1 showing y(z) as a function of z. For a given value of M, the behaviour of y(z) at
2> Zsph = M/ Teph (or at T < Typp) is not relevant and should be ignored since the sphalerons
decouple at Tpp.

We note that at high temperatures y (z) is sensitive to precise values of Higgs and charged
lepton thermal masses. As we have indicated, in our numerical analysis we use Higgs and charged
lepton thermal masses in agreement with that of [66]. We estimate that a different choice of
thermal masses, as well as a different interpolation of y (z), would only affect our final results by
an insignificant factor.

In the absence of thermal effects, namely setting y(z) = 1 and x7(z) = 0, the second term
in Eq. (35) is maximised for x© ~ 0.5. This is the “resonant” behaviour typical to RL without
thermal corrections. When thermal corrections are taken into account, it is not possible to choose
one value of x@ for which we have resonance at all temperatures. For this reason, the results we
will show further are given for different values of x©@.

For /8! > 1%l the term involving the Yukawa couplings given in Eq. (36) is proportional to
sin(Qw)e 2!, Hence, large values of || suppress the CPV asymmetry, while w = 2n + 1)77/4
maximises it (in absolute value). For |§| < 1, a slightly different dependence on w appears in both
the Yukawa coupling term (in the denominator) and in the mixing term of Eq. (35), so that the
maximal value of the CPV asymmetry is actually reached for different values of w (depending
on £). We find, however, that a more precise choice of w would not lead to significant differences
in the BAU. Therefore, in obtaining our results we set @ = 7 /4 or 37 /4 (to match the sign of the
BAU) in order to maximise the CPV asymmetry at large values of |& |.14 In the analysis which
follows we consider only values of £ > 0 since the results are symmetric for the corresponding
& <O.

Throughout we use the ULYSSES [70] Python package for numerical solutions of the Boltz-
mann equations. We will present results of the numerical analysis for the Majorana phase o3 set
to zero, adding comments in certain cases on how the results change for ap3 having a non-zero
value in the interval 0 < a3 < 4.

3.3. Thermal initial abundance

Consider the case of thermal initial abundance (TIA) of the heavy Majorana neutrinos,
Ny, (z0) = Nf\,'f (z0). We can set the ratio NNI./N;,? =1 in the r.h.s. of Eq. (14) since under

the indicated initial condition the deviations of Ny, from valf for any z > zq of interest for our

13 The effects of collinear emissions of soft gauge bosons are included also in the decay terms D; and WiD given in
Eqgs. (25), (31) and (32), as discussed in the preceding section.

14 For such choice of » and provided AM/M « 1, we find that T"'y1 /T2 ~ 1 for any £. Given this and summing the
CPV asymmetry in Eq. (35) over flavours and RH neutrino indices, we get the same form of the asymmetry used in [34],
with a factor of 2 that accounts for the two RH neutrinos present in our analysis.

12
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Fig. 2. The evolution of the lepton flavour and baryon asymmetries, of INf\,q, — Ny; | and of the corresponding decay,
scattering and washout rates that govern the evolution of the asymmetries in Eqgs. (13) and (14) in the case of TIA of N ».

The figure is obtained for § =37 /2, M = 10 GeV, x© =100 and & = 2.05. The vertical grey line is at z;p, = 0.076
and is the endpoint of evolution of the baryon asymmetry ng. The horizontal grey line at 2 is roughly indicating where
the different processes get into equilibrium. See text for further details.

analysis are sufficiently small and can be neglected. For the sum of three wash-out factors, W;,
in this case we get:

WA =wP +w!+wp (42)
— WP 4 WA w0 = 0,138 ;.. 43)

The flavoured washout terms in Eq. (14) are given by Wiy = pio WA, Due to the projection
probability p;, the wash-out terms exhibit strong flavour dependence.

In what follows we discuss the results of our numerical analysis. Fig. 2 shows the evolution of
the lepton and baryon asymmetries, the difference |N;;f — Ny, |, the decay, scattering and wash-

out rates for § = 37 /2, M = 10 GeV, x© = 100 and & = 2.05 — the maximal value of & for which
we can have successful leptogenesis for M = 10 GeV — and x© = 100. The baryon asymmetry
np; originates from the CPV asymmetry in the lepton charge (flavour) L; (I), l = e, i, 7. Thus,
the total baryon asymmetry is ng = npe + 1y + 1. The figure illustrates the typical scenario
of “freeze-out” leptogenesis, namely, the case when the departure from equilibrium of Ny, (z) is
what drives the generation of the lepton (and baryon) asymmetry. The total baryon asymmetry, to
which all flavour CPV asymmetries contribute, freezes at zspp, = M/ Typp = 0.076, Typp = 131.7
GeV being the sphaleron decoupling temperature, which is marked by the vertical grey line in
the figure.

For the choice of parameters in the figure, the asymmetries |1, | and |np| exhibit almost
identical evolution for z < zyp; and are by a factor ~ 100 larger than |ng.|. This difference
reflects the difference between efjl)L €y and €. Thus, in this case, ng = 7 Bu + nBc. The
fact that |ng, | = Inp<| > Inpe| can have important implications in what concerns the possibility
of wash-out of the baryon asymmetry by lepton number non-conserving effective operators of
dimension higher than four that might be “active” at the energy scales of interest [71,72]. For z >
Zsph» and therefore after sphaleron freeze-out, the asymmetry |7 .| converges to the asymmetries
[nBul and |np:|. Qualitatively similar behaviour is seen for a range of x© and M values, with
the main difference being the overall scale of the asymmetry evolution.

To understand the impact of flavour effects, we compare the obtained results with the results in
the unflavoured case. The unflavoured approximation is equivalent to taking in Eq. (14) pjq =1

13
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Fig. 3. The allowed region (white) in the & — M plane, for which we can always have successful RL by varying x©@,
w and/or the CPV phases in the PMNS matrix, in the case of TIA. For values in the blue region the baryon asymmetry
is always too small compared to that observed today. The solid contours correspond to the maximal value of & and
x©@ =10% (red), 10? (blue), 10? (green), 10 (magenta), 1 (cyan) and 0.1 (brown), for which the predicted asymmetry
coincides with the observed one. The figure is obtained for § = 37 /2. See text for further details.

for every o and then sum over all the flavours. It roughly corresponds to taking the total asym-
metry to be the asymmetry in the dominant flavour (either muon or tauon in the considered case).
As it is then clear from Fig. 2, this approximation would only lead to a O(2) difference in the
value of np. A more detailed analysis shows that flavour effects in the TIA case lead, in general,
to a moderate enhancement by a factor of ~ (2 — 3) of the baryon asymmetry.

We show in Fig. 3 the maximal values of &, for which we can have successful RL as a func-
tion of the mass scale M. We recall that to the maximal values of & there correspond maximal
values of > |(R V)% (see eq. (12)). The curves of different colours correspond to the contours
at different x(©) for which the maximal baryon asymmetry coincides with the present observed
value of ~ 6 x 10710, In the blue region, the baryon asymmetry is too small compared to the
observed value. In the white region instead, we can always vary x©,  and/or the CPV phases
in the PMINS matrix so to get the correct value for np.

In the considered scenario, for a given x© | the lower the mass, the less is the time for the
system to depart from equilibrium before zp5, and so greater must be the CPV asymmetry, and
slower the processes keeping N; in equilibrium, so that the baryon asymmetry freezes at the
observed value. Correspondingly, by lowering the mass, the maximal value of £ for which we
can have successful RL decreases. This leads to a lower bound on the mass M that depends on
x© for which RL can be successful. In the region of small & the dependence on & of the CPV
asymmetry and wash-out terms is less trivial and strongly dependent on the leptonic CPV phases,
leading to the growth with the mass, as shown in Fig. 3.

As long as @ < x7(z), the CPV asymmetry grows with z and x(@, whilst for x(@ > x7(z)
the asymmetry is constant (y (z) is constant at z < 1) and is suppressed by large values of x©.
As a consequence of this behaviour, we find that the minimal lower bound on the mass M for
having successful flavoured RL is reached for x© =~ 103 and reads M = 5 GeV.

Given the mass M of the heavy Majorana neutrinos Ny o (M2 =M, My —M; =AM K M),
the values of the parameter £ determine, as we have already indicated, the magnitude of the
charged and neutral current couplings of Ny, (RV);, in the weak interaction Lagrangian. To
the maximal values of & there correspond maximal values of Z,,i [(RV)|? (see eq. (12)). For
the maximal value of & in the TIA case we find & = 3.3. It is reached for M = 100 GeV and
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x©@ =1 —10. In the case of M =20 GeV we get max(&) = 2.5. Thus, for M = 20 (100) GeV
we find max (3", ; [(RV);i|*) £2.2 x 10719 (2.2 x 10719).

The results presented in Fig. 3 have been obtained for the Majorana phase o3 = 0. We have
investigated numerically how these results change when a3 # 0. For this purpose we have ob-
tained versions of Fig. 3 for § = 270° and ap3 = 90°, 180°, 270°, 360°, 450°, 540° and 630°.
Comparing the results for ap3 = 0 shown in Fig. 3 with those derived for o3 7% 0 we do not
find any significant dependence on the value of the Majorana phase 3. We can conclude, in
particular, that:

i) the minimal lower bound on the mass M for having successful flavoured RL is practically the
same, namely, M >~ 5 GeV, for all values of a3 considered;

ii) the maximal value of £ is the same as found for ar3 = 0, namely, & = 3.3, and similarly to the
a3 = 0 case, is reached for M = 100 GeV;,

iii) for the maximal value of & reached at M = 20 GeV we find & = 2.63 at a3 = 360°;
it is somewhat larger than the value of & = 2.55 found for a3 = 0 and corresponds to
max (>, ; [(RV);i|*) ~2.8 x 10719,

Our detailed analysis showed that the wash-out factor for the asymmetry in the e-lepton charge
and the related baryon asymmetry np. exhibit weak dependence of o3, while the wash-out
factors for the asymmetries in the w- and t-lepton charges and, correspondingly, the flavour
baryon asymmetries 1p, and 1p., change significantly with as3. However these changes are
“anti-correlated” in the sense that the sum npg,, + np, remains practically constant when a3 is
varied. As a consequence, also the total baryon asymmetry ng = 1. +npg, + np: does not show
any noticeable dependence of a»3.

We compare next briefly the results obtained by us with those derived in [50] in the TIA
case. The results in the decay scenario in the TIA case obtained in [50] are indicated graphi-
cally in Fig. 2 in [50]. The minimal value of M ~ 5 GeV for successful leptogenesis we find in
our analysis is similar to the value of ~ 7 GeV found in [50]. In what concerns Zl,i [(RV);;i |2
(which is equivalent to the parameter |U RE Fig. 2 in [50]), for the maximal value of this im-
portant for the phenomenology parameter at M = 10, 20 and 100 GeV we find, respectively,
max (Y, ; [(RV);i|*) ~ 2.1 x 10719, 2.8 x 1079 and 2.2 x 1079, while, according to their
Fig. 2, the authors of [50] get ~ 5 x 10_10, ~1.0x102and ~ 1.2 x 1079, Thus, our results for
the maximal value of the observable (Z,’ i [(RV)y; %) at M = 10, 20 and 100 GeV are somewhat
smaller than those obtained in [50] and thus can be considered as more conservative.

For completeness we summarise our results for the observables max(zl’i [(R V)1i|2) and
min(zl’i |(RV)1,~|2) for a large set of values of M = 10, 20, 30, 40, 50, 60, 70, 80 and 85
GeV: max(}_; ; [(RV )i 12) x 10102208, 2.83, 2.50, 2.68, 2.78, 2.83, 2.74, 2.59 and 2.49, while
min(zl’i [(RV);i %) x 1012 = 5.89, 2.94, 1.96, 1.47, 1.18, 0.98, 0.84, 0.735 and 0.692. They

correspond to o) =27 and § = 37 /2. The quoted values of min(zl’i |(RV);;|?) are in perfect
agreement with the values reported in [50].

3.4. Vanishing initial abundance

We analyse next the case of a vanishing initial abundance (VIA) of N 2, i.e. Ni2 (z9) =0.
For the wash-out terms, we assume on the basis of the results reported in [47] that

(gauge) ~ yy,(gauge)

Wai =W . (44)
(quark) ~_ (quark)

Wy =Wy, - (45)
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Fig. 4. The evolution of the lepton-flavour and baryon asymmetries, of |N;ﬁ — Ny; | and of the corresponding decay,
scattering and washout rates that govern the evolution of the asymmetries in Eqgs. (13) and (14) in the case of vanishing
initial abundance (VIA) of Ny 5. The figure is obtained for § =0, M = 15 GeV, x(? = 10° and & = 1.53. The vertical
grey line at z;p, = 0.114 is the endpoint of the evolution of the baryon asymmetry np. The horizontal grey line at 2
is roughly indicating where the different processes get into equilibrium. At z < zgpp, the asymmetry [np,| (solid red
curve) is smaller in magnitude than the asymmetries |, | and [np.|. However, the weaker washout of 1, results in it
dominating g, and ng; by the time of sphaleron decoupling and in g = 1 p,. See text for further details.

Under these conditions'” the wash-out term in Eq. (14) in the case of interest has the form:
Ny,

eq
Ny,

WiVIA = W[D + Wil‘ + Wis
(46)
Ny,
Ny

=10.1113 4 0.0267

Ki.

The flavoured washout terms in Eq. (14) are given by Wi = piq Wl.VIA.

In Figs. 4, 5 and 6 we show the evolution of the leptonic asymmetries Ny respectively for
i) 8 =0, M =15 GeV (z;pn = 0.114), x@ = 10° and maximal & = 1.53, i) § = 300°, M = 20
GeV (z5pn =0.15), x©@ =10 and £ = 1.33, and iii) § = 37/2, M = 16 GeV (zspn = 0.121),
x@ = 10° and maximal & = 2.18, respectively. Also shown is the growth of Ny towards the
evolving equilibrium distribution vaq (z), governed by the combination D; + S! + S;. The
sphaleron transition occurs at z,,, marked by the vertical grey line after which the baryon asym-
metry np is “frozen” and remains constant at the value at z,p;,. Sharp dips in the asymmetries
correspond to sign changes as we always plot absolute values.

As is seen in Fig. 4, the asymmetries np, and 1 g, which are generated by the CPV u- and
r-flavour asymmetries, are strongly suppressed in the interval 0.07 < z < zyp, due to the rela-
tively large wash-out factors. This is reflected in the sudden dips of the corresponding curves as
they are driven through zero by the wash-out effects. As a consequence, by the time of sphaleron
decoupling most of the baryon asymmetry is due to the lepton CPV asymmetry residing in the
electron flavour, np = np,. Since np, was mostly generated during the production of RH neutri-
nos, i.e., before Ny; reached N eql., this case corresponds to the “freeze-in” scenario of generation
of baryon asymmetry.

15 We have checked that choosing different relations between W/gg’?u‘ge) and W/gg::uge), and between W](;][l;ark) and
W[(Jq:}ark), does not lead to significant change of the results obtained using Eqs. (44) and (45).
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Fig. 5. The same as in Fig. 4 but for § = 300°, M = 20 GeV, x(© = 10° and & = 1.33. The vertical grey line at
zsph = 0.15 is the endpoint of the evolution of the baryon asymmetry np. The horizontal grey line at 2 is roughly
indicating where the different processes get into equilibrium. In this case ng = ng. + ng; + npc- See text for further
details.
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Fig. 6. The same as in Fig. 4 but for § =37/2, M = 16 GeV, x©@ = 10% and & = 2.18. The vertical grey line at
Zsph = 0.12 is the endpoint of the evolution of the baryon asymmetry np. The horizontal grey line at 2 is roughly
indicating where the different processes get into equilibrium. The figure illustrates a case of ng = npg;, + npg¢- See text
for further details.

We highlight the fact that, in contrast to the TIA case, in the VIA scenario illustrated in Fig. 4
flavour effects are crucial. Here, the “dominant flavours™ are the muon and tauon, in the sense

that both respective CPV asymmetries e,(j,l and ei’? and projection probabilities p;, and p;;

are greater than the electron flavour ones, eéie) and pj,: |em , |e§i,)| > |6£ie)|, Diw»> Dit > Die- The
unflavoured approximation would then neglect the electron CPV asymmetry and consequently
nBe, Which actually contributes most in the flavoured scenario. In this particular case, flavour
effects lead to a O(300) enhancement with respect to the unflavoured case.'®

We find that the enhancement of the baryon asymmetry due to flavour effects depends strongly
on the CPV phase §. This is illustrated in Fig. 5, which shows a “freeze-in” scenario of lepto-

genesis for § = 300°, in which, in contrast to case with § = 0 reported in Fig. 4, the flavour

16 The enhancement can also come with a peculiar difference in sign, which reflects the fact that in this intermediate
regime the unflavoured scenario may correspond to the “freeze-out” type leptogenesis, while the flavoured one — to the
“freeze-in” type. The correct sign can always be recovered by switching w from 7 /4 to 37 /4, or vice versa.
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Fig. 7. The allowed region (white) in the £-M plane for which we can always have successful resonant leptogenesis by
varying x©, & and/or the CPV phases in the PMNS matrix, in the case of VIA. For values in the red region the baryon
asymmetry is always too small compared to that observed today. The solid contours correspond to the maximal value of
& and x©@ =107 (blue), 100 (red), 105 (green) 104 (magenta), 103 (orange), 102 (cyan), 10 (brown), and 1 (black), for
which the predicted asymmetry coincides with the observed one. The figure is obtained for § = 37 /2. See text for further
details.

enhancement of the baryon asymmetry is approximately by a factor of 60. The results presented
in Fig. 5 show also that, depending on the values of leptogenesis parameters, all three lepton CPV
asymmetries residing in the electron, muon and tauon flavours can give significant contributions
to the baryon asymmetry so that ng =ng. + ng, + 1p<-

The features reported in the preceding discussion can be obtained for other choices of the
parameters and we find, in general, that in the mass range of interest, varying x*) and § accord-
ingly, flavour effects can lead to enhancement of the generated baryon asymmetry by a factor
ranging from a few to a few hundred.

In Fig. 6 instead, the final baryon asymmetry is generated after all the three lepton flavour
CPV asymmetries, initially generated during the production of RH neutrinos, are fully erased
by the washout processes. Therefore this corresponds to the “freeze-out” RL case. Since the
dominant lepton flavour related asymmetries are np,, and np; and ng = np, + 1<, the flavour
effects are not significant in this scenario. However, it is quite remarkable that in the case of
the same initial condition — zero initial abundance of N;, the “freeze-in” mechanism of baryon
asymmetry generation can transform into “freeze-out” mechanism for different choices of the
parameters.

In Fig. 7, we show in the £ — M plane the region of successful RL in the VIA case. With
respect to the TIA case, the region of successful RL extends to lower masses. In particular, we
find that the minimal lower bound on the mass is reached for x () ~ 10° and reads M ~ 0.3 GeV.

It follows from Fig. 7, in particular, that the maximal value of £ in the VIA case is § = 3.3
and is obtained, like in the TIA case, for M = 100 GeV and x© = 1 — 10. In the case of M = 1
GeV we get max(§) = 2.5. This corresponds to max(ZM [(RV);i |2) ~4.4x%x107°.

As in the TIA case, we do not find any significant dependence of the results shown in Fig. 7
on «p3 when o3 is varied in the interval (0, 47]. More specifically,

i) the lower bound on M is always at M ~ 0.3 GeV and is reached for x©@ =10°;

ii) max(£) ~ 3.3 takes place at M = 100 GeV and x© = 1 — 10 for any choice of a3;
iii) at M =1 GeV, max(§) =~ 2.5 practically for any o3;

iv) at M =20 GeV, max (&) >~ 2.55 (2.63) for ap3 =0 (2x).
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We notice that the curves corresponding to fixed values of x® > 10* show some dependence on
an3. However, this has a minor effect on the full white region in Fig. 7, corresponding to values
of the parameters for which we have successful leptogenesis.

The values of the observables max(}_; ; [(RV )y [2) and min(3_, ; [((RV); 12) for M = 10, 20,
30, 40, 50, 60, 70, 80, 85 GeV we find in the VIA case are the same as those reported for the TIA
case at the end of Section 3.3. This is in agreement with the fact that in the freeze-out leptogenesis
we are analysing, in which the observed BAU is generated in the strong wash-out regime, there
is no dependence on the initial conditions.

We emphasise that our analysis does not include the N1 — N3 oscillation mechanism proposed
in [35,36], and thus our results rely purely on 1 <> 2 decay and 2 < 2 scattering processes in the
RL case.

4. Conclusions

In the present article we have considered sub-TeV scale flavoured resonant leptogenesis (RL)
within the minimal type-I seesaw scenario with two (RH) singlet neutrinos Nj > forming a
pseudo-Dirac pair. We concentrated on the case when the masses of the pseudo-Dirac pair have
values M2 < 100 GeV, (M2 — M) = AM <« M 2, and have considered temperatures in the
interval T ~ (100 — 1000) GeV. The change of the baryon asymmetry np during the generation
process “freezes” at the sphaleron decoupling temperature T,, = 131.7 GeV and the value of
np at this temperature should be compared with the observed one. We have not analysed in this
study the scenario [35,36] in which the BAU in leptogenesis is generated via N1 <> N; oscilla-
tions, which has been extensively studied by many authors.

We have investigated and presented results for two possible scenarios by which the BAU can
be produced. They correspond to two different “initial conditions”, i.e., Nj 7 initial abundances
at Ty >> Typp: 1) Ny thermal initial abundance (TIA), and ii) N;> vanishing (zero) initial
abundance (VIA). In our analyses we took into account both the relevant 1 <> 2 decays and
inverse decays and 2 <> 2 scattering processes including the thermal effects.

In the case of TIA the baryon asymmetry is produced via the so-called “freeze-out” mecha-
nism, i.e., by out-of-equilibrium processes when N > essentially coincides with their respective
thermal abundances (Figs. (2) and (3)). We find that in this case successful RL is possible for
M5 as low as 5 GeV, M = 5 GeV. The flavour effects are not so relevant in the generation of
the baryon asymmetry leading only to a moderate enhancement approximately by a factor of 2-3
of the asymmetry.

Our results show that in the VIA case one can have a successful leptogenesis for M » lying in
the interval M = (0.3 — 100) GeV (Figs. 4, 5, 6 and 7). For the values of M in this interval
and depending on the values of the other leptogenesis parameters, the baryon asymmetry can be
generated i) either during the production of the heavy Majorana neutrinos Nj » corresponding to
the “freeze-in” leptogenesis scenario (Figs. 4 and 5), or ii) after the produced N; , abundance
reached the thermal equilibrium value, corresponding to the “freeze-out” leptogenesis scenario
(Fig. 6). It is quite remarkable that in the case of the same initial condition — vanishing (zero)
initial abundance of N; (VIA), one can have a successful leptogenesis by both the “freeze-in”
and the “freeze-out” mechanisms, each of the two scenarios being operative in different regions
of the relevant parameter space.

We have shown also that in the VIA case the flavour effects, in general, play a particularly
important role for having successful leptogenesis. In certain cases they can lead to an enhance-
ment of the baryon asymmetry by a factor of a few hundred (Fig. 4) with respect to asymmetry
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produced by neglecting the flavour effects, i.e., within the unflavoured leptogenesis scenario. The
magnitude of the flavour enhancement exhibits strong dependence on the value of the Dirac CPV
phase §.

Our results show further that, depending on the values of the leptogenesis parameters, the
dominant among the three flavour components of the baryon asymmetry, ng,, np, and np,,
generated by the corresponding CP violating (CPV) e-, u- and t-flavour (lepton charge) asym-
metries, could be the 1p,, or the sum np, +np, orelse the contribution from all three components
can be significant. Thus, the total baryon asymmetry, np can originate either from the CPV e-
flavour asymmetry, g = np,, or from the CPV p- and t-flavour asymmetries, ng =1 B, + 1B,
or else from all three the CPV flavour asymmetries, ng = ng, +ns, + 15, -

To summarise, we have shown that RL can be successful across the whole of the experimen-
tally accessible region of M; > = (0.3 — 100) GeV. Furthermore, we have found that leptogenesis
at the considered sub 100 GeV scales is compatible with values of the charged and neutral current
couplings of Nj > in the weak interaction Lagrangian, whose squares for, e.g., M1z = (10 — 85)
GeV are in the range of 3 x 10710 — 10712, This may pose challenges for testing the considered
leptogenesis scenario in low-energy experiments. A large part, if not all, of the indicated range,
however, can be probed in the experiments at the discussed future FCC-ee facility [73,74].
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