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We study the freeze-in scenario of leptogenesis via oscillations within the type-I seesaw model with
two quasidegenerate heavy Majorana neutrinos N1;2 having masses M2 > M1 ∼ ð0.1–100Þ GeV,
ðM2 −M1Þ=M1 ≪ 1, focusing on the role of the CP-violation provided by the Dirac phase δ of the
Pontecorvo-Maki-Nakagawa-Sakata lepton mixing matrix. We find that viable leptogenesis can be due
solely to CP-violating values of δ and that the N1;2 total mixing squared Θ2 ¼ P

α Θ2
α needed is within the

reach of future experiments, Θα parametrizing the coupling to the charged lepton α ¼ e, μ, τ. Furthermore,
the required parameter space differs from that associated with additional Casas-Ibarra sources of
CP-violation. Future determination of δ, Θ2 and/or the ratios Θ2

τ∶Θ2
μ∶Θ2

e would provide a critical test
of the considered scenario.
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Introduction. In the present observable Universe there is an
overabundance of matter over antimatter. The asymmetry in
baryons, or the baryon asymmetry of the Universe (BAU),
can be parametrized by the baryon-to-photon ratio ηB.
Observations of the cosmic microwave background aniso-
tropies and the abundances of light primordial elements
agree on the present value of ηB ≃ 6.1 × 10−10 [1,2]. An
early mechanism to generate the BAU is referred to as
baryogenesis (see Ref. [3] for a recent review), but it is
unfeasible within the Standard Model (SM) of particle
physics and new physics is required.
An alternative attractive mechanism is that of baryo-

genesis via leptogenesis (LG) [4], consisting of an early
generation of a lepton asymmetry, which is then converted
into the present BAU by the SM sphaleron processes [5].
The simplest scenario of LG is realized within the type-I
seesaw extension of the SM [6–10], which also provides a
mechanism for the generation of the light neutrino masses
by augmenting the SM with right-handed sterile neutrinos.
The type-I seesaw extension with two right-handed neu-
trinos and, correspondingly, with two heavy Majorana
neutrinos N1;2 with definite masses M1;2 > 0, is the

minimal setup in which LG can be realized, while being
also compatible with current data on light neutrino masses
and mixing.
Many realizations of LG within the type-I seesaw

extension are possible depending on the mass scale
[4,5,11–15], through lepton number, C- and CP-violating,
out-of-equilibrium processes involving the heavy Majorana
neutrinos, the Higgs and left-handed lepton doublets, which
satisfy the necessary Sakharov’s conditions [16]. In this
work, we are focused on the “freeze-in” mechanism
proposed in [13,14] and extensively studied [17–33], in
which the oscillations of the right-handed neutrinos during
their out-of-equilibrium production are crucial for the
generation of the BAU. This scenario of LG via oscillations
can be successful for heavy Majorana neutrinos mass scales
as low as 100 MeV, thus being accessible to low-energy
searches of heavy neutral leptons [34,35].
Among the type-I seesaw model parameters, there

are multiple CP-violating phases that could provide the
CP-violation necessary for successful LG. Up to a change
of basis, the CP-violating phases can be recast inside the
matrix Y of the Yukawa coupling between N1;2, the Higgs
and the left-handed lepton doublets. Under the widely
adopted Casas-Ibarra parametrization [36], the Yukawa
matrix can be written as

Y ¼ �i

ffiffiffi
2

p

v
U

ffiffiffiffiffiffi
m̂ν

p
OT

ffiffiffiffiffiffiffiffi

M̂N

q

; ð1Þ

where U is the Pontecorvo-Maki-Nakagawa-Sakata
(PMNS) lepton mixing matrix, m̂ν ≡ diagðm1; m2; m3Þ,
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with 0 ≤ m1;2;3 ≪ M1;2, is the diagonal mass matrix for the
light neutrinos, and M̂N ¼ diagðM1;M2Þ. The complex
Casas-Ibarra matrix O, in the case of two heavy Majorana
neutrinos, is 2 × 3 with orthonormal rows and it can be
parametrized in terms of an arbitrary complex angle, thus
containing CP-violating phases. With Y written as in
Eq. (1), there is an explicit distinction between the
CP-violating Dirac and Majorana phases of the PMNS
matrix, which are associated to low-energy phenomeno-
logy, and those of the Casas-Ibarra matrix, which can
manifest themselves in physical processes involving the
heavy Majorana neutrinos.
A physically interesting possibility is when the requisite

CP-violation in LG is only due to the phases of the PMNS
lepton mixing matrix [37–48]. In this case, there would be a
direct link between the BAU and CP-violating phenomena
in low-energy neutrino physics, such as, e.g., in neutrino
oscillations or in neutrinoless double beta decay (see
e.g., [49]). At present, only indications of CP-violation
in neutrino oscillations involving the Dirac phase δ exist.
However, δ is determined in the global analyses with
relatively large uncertainties [50–52] and CP-conserving
values are not yet excluded. Current experiments such as
T2K [53] and NOνA [54] will be able to provide additional
information in the next future, potentially reaching ∼3σ for
hints of CP-violation. The experiments DUNE [55], and
T2Hyper-Kamiokande (T2HK) [56], currently under con-
struction, will have much stronger sensitivity, aiming at a
5σ discovery of leptonic CP-violation for a large fraction of
the possible values of δ.
Within the type-I seesaw extension, the phases of the

PMNS matrix are the unique sources of CP-violation in
the neutrino sector when the Casas-Ibarra matrix is CP
conserving [37,38]. This condition corresponds to
specific classes of seesaw models in which the elements
of the matrix O are either real or purely imaginary and
it can be realized, for instance, in flavor models based
on sequential dominance [57] or with residual CP sym-
metries [58,59].
It is possible that the Dirac phase δ is the only source

of CP-violation in the lepton sector. LG with Dirac
CP-violation has been shown to work in the thermal
high-scale scenarios [38,42–44,46–48], emerging as one
of the motivations for the current and future neutrino
oscillation experimental program. As great attention is
being put to the searches of heavy neutral leptons at the
GeV scale [34,35], the question on whether low-scale
LG via oscillations can be successful with low-energy
CP-violation solely from the Dirac phase should be
answered also in this context. In this paper, we examine
this physically interesting possibility with particular atten-
tion to the related low-energy phenomenology. This could
serve as further motivations for neutrino oscillation experi-
ments and suggest new directions for heavy neutral lepton
searches.

The framework. We consider the minimal version of the
type-I seesaw extension of the SM with two heavy
Majorana neutrinos N1;2 having masses M2 > M1 ∼
ð0.1–100Þ GeV and a mass splitting ΔM ≡M2 −M1 ≪
M1 in the range ΔM=M1 ∼ ð10−11–10−4Þ. In the
type-I seesaw, after the neutral component of the Higgs
doublet acquires a nonvanishing vacuum expectation
value v ¼ 246 GeV, one gets the well-known relation
ðmνÞαβ ≃ −ðv2=2ÞPj¼1;2 YαjYβjM−1

j , α; β ¼ e, μ, τ, for
the entries of the tree-level light neutrino mass matrix mν,
where Yαj is the Yukawa coupling of Nj with the Higgs and
left-handed lepton doublet of flavor α. The matrix mν

can be diagonalized as m̂ν ¼ U†mνU�, where m̂ν ≡
diagðm1; m2; m3Þ and U represents the PMNS lepton
mixing matrix. We adopt the standard parametrization
for U [49] in terms of three neutrino mixing angles θ12,
θ23 and θ13, the Dirac phase δ, and two Majorana
phases α21 and α31 [60]. In the case of two heavy
Majorana neutrinos, the lightest neutrino is massless at
tree and one-loop levels and the light neutrino mass
spectrum is hierarchical with either normal ordering
(NO) m1 ≃ 0 ≪ m2 < m3, or inverted ordering (IO)
m3 ≃ 0 ≪ m1 < m2. In the numerical analysis that follows,
we consider the best-fit values of θ12, θ23 and θ13, and the
two neutrino mass squared differences obtained in [51,52],
but treat δ as a free parameter due to the relatively large
uncertainty in its determination. The Majorana phases α21
and α31 cannot be constrained by the neutrino oscillation
experiments [60] and are undetermined at present. In
the studied case, only the combination α23 ≡ α21 − α31
(the phase α21) is physical in the hierarchical NO (IO) case.
We treat α23ð21Þ as free parameters. For reasons that will be
clearer throughout the text, we concentrate the analysis
mostly on the light-neutrino mass spectrum with NO and
leave the IO case for a future longer work. Global analyses
including data from atmospheric, reactor and long-baseline
neutrino experiments give a mild preference for NO against
the spectrum with IO [50,51].
We consider the Casas-Ibarra (CI) parametrization for

the Yukawa matrix [36], which we rewrite explicitly
as Yαj ¼ �ið ffiffiffi

2
p

=vÞPa¼1;2;3Uαa
ffiffiffiffiffiffi
ma

p
Oja

ffiffiffiffiffiffi
Mj

p
. The arbi-

trary CI matrix O has entries O11ð13Þ ¼ O21ð23Þ ¼ 0,
O23ð22Þ ¼ φO12ð11Þ ¼ φ cos θ and O13ð12Þ ¼ −φO22ð21Þ ¼
φ sin θ in the NO (IO) case, with θ≡ ωþ iξ, ω and ξ
being free real parameters and φ ¼ �1. We choose to work
with φ ¼ þ1 but extend the range of the Majorana phases
α23ð21Þ from ½0; 2π� to ½0; 4π�. In this way, the same full sets
of CI and Yukawa matrices are considered [61].
The SM flavor neutrinos also mix with the heavy

Majorana neutrinos. The mixing Θαj ≃ ðv= ffiffiffi
2

p ÞYαj=Mj
sets the coupling between Nj and the charged lepton α
(να) in the weak charged (neutral) current, thus being
important for low-energy phenomenology. For instance,
direct searches at colliders, beam-dump and kaon
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experiments are sensitive to Θ2
α ≡P

2
j¼1 jΘαjj2 and

Θ2 ≡P
α¼e;μ;τ Θ2

α. The same quantities are crucial in LG
as they determine the strength of the wash-out processes.

Low-energy CP-violation. Within the considered CI para-
metrization, the CP-violating matrices can be either U, O
or both. In the case of low-energy CP-violation (LECPV)
we are interested in, the only CP-violating matrix is U,
with the CI matrix being CP conserving. LECPV can be
achieved [38] either by setting (i) ξ ¼ 0 and ω ≠ 0, with
real CI matrix; or (ii) ω ¼ kπ, k ¼ 0; 1=2; 1; :::, and ξ ≠ 0,
so that O12O13 (O11O12) in the NO (IO) case is purely
imaginary. Case (ii) is associated with relatively large
values of the mixings Θ2

a and Θ2, as the condition jξj ≫
1 leads to an overall exponential enhancement. Since we
are interested in connecting with experimental searches of
heavy Majorana neutrinos, we focus the analysis on the
case with ω ¼ kπ and ξ ≠ 0. We stress that the condition
ω ≠ kπ when ξ ≠ 0 would result in a CP-violating CI
matrix (CICPV) [38].
To have LECPV, the phases in the PMNS matrix should

be CP-violating, i.e., δ ≠ 0; π, and/or α21 ≠ k21π and/or
α31 ≠ k31π, k21 ¼ 0; 1; 2;…, k31 ¼ 0; 1; 2;…. It is also
possible, however, that CP is violated even when U and O
are CP conserving, but Y is not [38]. In this case, CP is
broken due to an interplay between the PMNS and CI
matrices in the CI parametrization of the Yukawa matrix.
When ξ ≠ 0 and ω ¼ kπ, this can be realized for the
CP-conserving values of the PMNS phases satisfying,
additionally, α23 ≠ �ð2n þ 1Þπ (α21 ≠ ð2n þ 1Þπ),
n ¼ 0, 1, in the NO (IO) case [38]. For the purpose of
studying the case of LECPV uniquely from δ, we shall
consider α23ð21Þ ¼ π or 3π.

CP-violation in leptogenesis. All theCP-violating physical
observables are expected to depend upon specific basis-
independent quantities written in terms of the flavor param-
eters of themodel, the so-calledCP-violating invariants. For
instance, the magnitude of CP-violation in να → νβ and
ν̄α → ν̄β oscillations (α ≠ β) is determined by the rephasing
invariant JCP ¼ ℑ½Uμ3U�

e3Ue2U�
μ2� [62], analogous to the

Jarlskog invariant in the quark sector [63–65]. Several CP
invariants can be derived in the type-I seesaw extension
of the SM starting from the Yukawa and heavy Majorana
neutrino mass matrices [66–71], and those that are relevant
toLG (at leadingorder and in the case of twoquasidegenerate
in mass heavy Majorana neutrinos) can be constructed
out of the following two building blocks (see Ref. [31]
for a recent derivation): JLNCα ¼ ℑ½Y�

α1Yα2ðY†YÞ21� and
JLNVα ¼ ℑ½Y�

α1Yα2ðY†YÞ12�. At leading order, the BAU aris-
ing in LG is proportional to a combination of JLNCα and JLNVα

weighted over the lepton flavors [30,31,72–75]. For LECPV
with ω ¼ kπ and ξ ≠ 0, we have that JLNCα ¼−JLNVα ∝
ℜ½U�

α3ð2ÞUα2ð1Þ�sinhð2ξÞcosð2kπÞ in the NO (IO) case.

ForM1 ≳ 100 GeV, outside the mass range of interest to
this study, low-scale LG has been shown to reconnect with
the resonant freeze-out mechanism [29,30]. In the resonant
LG scenario and within the Boltzmann equations formal-
ism, the lepton asymmetry of flavor α is proportional to the
sum of the two invariants [30,72,73,76,77] JLNCα þ JLNVα ∝
sinð2ωÞ up to corrections of the order of OðΔM=M1Þ,
which vanishes when ω ¼ kπ contrarily to what happens in
the low-scale LG scenario via oscillations. This highlights
the importance of the oscillation mechanism in the con-
sidered framework.
We further note that, in the IO case, ℜ½U�

e2Ue1� ∝
cosðα21=2Þ, so that, when α21 ¼ π; 3π, JLNCe ¼ JLNVe ¼ 0,
JLNCμ ¼ −JLNCτ and JLNVμ ¼ −JLNVτ . In this case, higher
order CP invariants can be relevant to LG, making the IO
case more involved.

Results. We perform a numerical scan of the parameter
space of viable LG. To calculate the BAU in the scenario of
interest, we solve the momentum-averaged density matrix
equations [13,14,18,23,26,28–30,75,78–80] for the
evolution of the lepton asymmetries and heavy Majorana
neutrino abundances. We consider the equations as
in [28,31,33] and make use of the latest version of the
ULYSSES PYTHON package [81,82]. We list in what follows
the results of our numerical analysis.

(i) We show in Fig. 1 the region in the Θ2 −M1 plane
where LG with LECPV from δ is successful in
reproducing the observed value of the BAU. For
illustrative purposes, we choose δ ¼ 3π=2, α23 ¼ π
and ω ¼ 0, vary ΔM=M1 in the range ½10−11; 10−4�
and focus on the NO case. A qualitatively similar
figure for the same choice of parameters is obtained
in the IO case, but not shown here.

The upper (lower) solid black line in the plot is the
curve of maximal (minimal) mixing Θ2 compatible
with viable LG. The shaded blue area between the
two black lines corresponds to successful LG for
certain choices of ΔM=M1 and δ. We paint in darker
(lighter) blue the regions of successful LG corre-
sponding to larger (smaller) values of ΔM=M1. We
find that the extreme values of Θ2 can be obtained
for ΔM=M1 ≲ 10−6, while, for larger splittings, the
viable region reduces in size, with the maximal
(minimal) allowed mixing taking smaller (larger)
values.

TheLGparameter space is bounded frombelowby
the requirement of reproducing the light neutrino
masses (lower gray region) and from above by the
experimental limits on the couplings of the heavy
Majorana neutrinos to the electron [83–93], the
muon [83–90,92–96] and the tauon [83–85,97–99]
flavor. Numerous planned and proposed experiments
aim at improving the sensitivity to these couplings
further [34,100–110]. The total mixing is also
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constrained by the big bang nucleosynthesis (BBN)
[111,112]. The reported limits and projections onΘ2,
however, are currently based on the assumption that
only themixing in a particular flavor α is nonzero, i.e.
Θ2 ¼ Θ2

α for either α ¼ e, μ or τ. In Fig. 1, as long as
large mixings are considered, i.e. jξj ≫ 1, we find
that LG is compatible with the condition Θ2

τ > Θ2
μ >

Θ2
e (see further). For this reason, we only consider the

bounds on Θ2
τ when showing the region excluded

from past and present searches [83–85,97–99] (upper
gray region) andBBN [111,112] (yellow).Moreover,
we project the expected sensitivities on Θ2

τ of
upcoming and proposed experiments [34,35,100–
106] (purple dot-dashed line). The prospective sen-
sitivity on Θ2 of the discussed FCC-ee [113,114] is
also reported (green dashed line).

(ii) The maximal allowed values of Θ2 compatible with
viable LG with LECPV from δ depend on the value
of the Dirac phase. For the case in Fig. 1 with
δ ¼ 3π=2, these are Θ2 ≃ 9 × 10−6; 5 × 10−7; 6 ×
10−9; 9 × 10−12 whenM1 ¼ 0.1; 1; 10; 100 GeV, re-
spectively. By fixing δ ¼ 195°ð345°Þ, we find
Θ2 ≃ 2 × 10−6ð1.5 × 10−5Þ, 9 × 10−8ð1.5 × 10−6Þ,
2 × 10−9ð1.2 × 10−8Þ, 6 × 10−12ð4 × 10−11Þ at
M1 ¼ 0.1, 1, 10, 100 GeV. We compare these results
with the case of CICPV fixing ω ¼ π=4 or 3π=4,
δ ¼ 3π=2 and α23 ¼ π, so to maximize the CP
asymmetry and the maximal allowed mixing (see,
e.g., [24,30,80]). We get Θ2 ≃ 3 × 10−5, 3 × 10−6,
2.5 × 10−8, 4 × 10−11 at M1 ¼ 0.1, 1, 10, 100 GeV

(see also the results of [29,30] for comparison).
We note, however, that the maximal allowed
values of Θ2 in the case of CICPV do not
exhibit strong dependence on δ and α23. The
differences in the values obtained with LECPV
from δ and from CICPV reveal a separation between
the parameter spaces of successful LG in the two
cases. The magnitude of this gap depends on δ
and M1.

(iii) We show in Fig. 2 the possible values of the mixing
ratios Θ2

α=Θ2 in a ternary plot. The four triangular
regions in the plot are obtained for α23ð21Þ ¼ π and
ω ¼ 0, and by marginalizing over δ in the range
½0; π�, (or, equivalently, ½π; 2π�), with the green and
blue (yellow and red) triangles corresponding re-
spectively to ξ ≥ 0 and ξ ≤ 0 in the NO (IO) case. In
such triangular regions, we find viable LG with
LECPV from δ. For jξj ≫ 1, the triangles reduce to
the shorter solid edges, while the intersection points
correspond to ξ ¼ 0. The larger and fainter blue
(red) region, overlapping with the triangles associ-
ated to LECPV, is obtained by varying δ, α23ð21Þ and
ξ within their entire allowed ranges of possible
values, and here LG is viable with additional sources
of CP-violation from the Casas-Ibarra matrix and/or
the Majorana phases. In the NO case, one has
Θ2

μ;τ > Θ2
e, and, depending on whether ξ ≫ 1, ≪

−1 or ∼0, either Θ2
μ > Θ2

τ , Θ2
τ > Θ2

μ or Θ2
τ ∼ Θ2

μ.

FIG. 1. The parameter space of viable LG with LECPV solely
from δ, in the NO case, for ω ¼ 0, α23 ¼ π and δ ¼ 3π=2. The
lower gray area is forbidden in the type-I seesaw mechanism of
light neutrino mass generation. The upper gray region is a
combination of current constraints on Θ2

τ [83–85,97–99], the
yellow one is excluded by BBN [111,112]. The dot-dashed
purple line represents the expected sensitivities of several
upcoming and proposed experiments [34,35,100–106], while
the green dashed one is that of FCC-ee [113,114].

FIG. 2. A ternary plot illustrating the ratiosΘ2
e=Θ2 (lower axis),

Θ2
μ=Θ2 (right axis), and Θ2

τ=Θ2 (left axis). The triangular regions
correspond to: ξ > 0 and NO (green), ξ < 0 and NO (blue), ξ > 0
and IO (orange), and ξ < 0 and IO (red). The other parameters are
α23ð21Þ ¼ π for theNO (IO) case, and δ varied in the range ½0; π� (or,
equivalently, ½π; 2π�). The fainter blue (red) region represents the
results obtained by varying ξ, δ, α23ð21Þ over their entire ranges of
allowed values (note thatΘ2

e;μ;τ=Θ2 do not depend on ω norM1;2).
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(iv) Concentrating on the NO case, we scan the LG space
over δ across the entire ranges of masses and
splittings considered. We find the results to be
symmetric under the simultaneous change δ → δ�
π and ξ → −ξ. Moreover, the present ηB can be
reproduced with the correct sign only for (i) ξ > 0
and 0 < δ < π, or (ii) ξ < 0 and π < δ < 2π. When
large mixings are considered, i.e. jξj ≫ 1, the above
two cases correspond respectively to
(i) Θ2

μ > Θ2
τ > Θ2

e with 0.005≲ Θ2
e=Θ2 ≲ 0.12,

0.69≲Θ2
μ=Θ2≲0.76 and 0.19≲Θ2

τ=Θ2≲0.24;
(ii) Θ2

τ > Θ2
μ > Θ2

e with 0.005≲Θ2
e=Θ2≲0.12,

0.13≲Θ2
μ=Θ2≲0.16 and 0.75≲Θ2

τ=Θ2≲0.83.
The situation is more involved for the IO

spectrum: a shift of sign in ξ changes promi-
nently the mixings and the leading order CP
invariant in the electron flavor vanishes for
LECPV from δ. The IO case will be discussed
in more details elsewhere.

The results were obtained for ω ¼ 0 and α23ð21Þ ¼ π.
Everything would be the same for ω ¼ π; 2π, while setting
α23ð21Þ ¼ 3π would imply equivalent results provided that
the overall sign of ξ is changed. An overall sign shift can be
obtained by choosing ω ¼ π=2; 3π=2.

Conclusions. The results we have found indicate quite
remarkably not only that LG with low-energy CP-violation
solely from δ is viable in the mass range 0.1 ≤
M1=GeV ≤ 100, but also that it is compatible with rather
large values of Θ2. As the sensitivity reaches of proposed
experiments enter inside the region of viable LG in the
entire considered mass range, they could potentially probe
the parameter space of the LG scenario discussed in this
work. Moreover, we find viable LG for broad ranges of δ
values within 0 < δ < π and π < δ < 2π. Qualitatively
similar results hold in the IO case as well.
We have found a correspondence between the sign of the

BAU and that of sin δ in the NO case, which is reflected in
the differences in the flavor hierarchies. More specifically,
LG with LECPV from δ is successful in reproducing the
positive BAU for either 0 < δ < π (π < δ < 2π) and Θ2

μ >
Θ2

τ > Θ2
e or π < δ < 2π (0 < δ < π) and Θ2

τ > Θ2
μ > Θ2

e

for ω ¼ 0; π; 2π (π=2; 3π=2). As the physical observables
at direct searches of heavy neutral leptons depend on the
ratios Θ2

τ∶Θ2
μ∶Θ2

e, the above cases are phenomenologically
different. Possible future signatures favoring a certain
flavor hierarchy and a measurement of δ establishing
whether 0 < δ < π or π < δ < 2π could discriminate
between the scenarios considered in this work.
Additionally, if experiments suggest a flavor structure
outside the green and blue (yellow and red) triangles of
Fig. 2 in the NO (IO) case, but still inside the light-blue
(light-red) regions, LG would necessitate additional
sources of CP-violation, either from the Majorana phases
and/or the Casas-Ibarra matrix.
Finally, we have shown that there is a gap between the

parameter spaces of LG with LECPV and CICPV, with the
separation depending on δ andM1. A measurement of δ and
Θ2 at a certain mass scale in the associated gap would
indicate the necessity of having additional sources of CP-
violation other than δ.
Overall, our results show that high-precision measure-

ments of δ, Θ2 and/or the ratios Θ2
τ∶ Θ2

μ∶Θ2
e will be crucial

for understanding whether, within the scenario of LG we
are considering, the Dirac CP-violating phase of the PMNS
matrix can be the unique source of CP-violation, or
additional sources coming from the Casas-Ibarra matrix
and/or the Majorana phases are required in order to explain
the presently observed BAU.
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