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The CP-violation necessary for the generation of the baryonasymmetry of the Universe in the

“flavoured” leptogenesis scenario can arise from the “low energy” PMNS neutrino mixing ma-

trix and/or from the “high energy” part of neutrino Yukawa couplings, which can mediate CP-

violating phenomena only at some high energy scale. The possible interplay between these two

types of CP-violation is discussed. The type I see-saw modelwith three heavy right-handed Ma-

jorana neutrinos having hierarchical spectrum is considered. The analysis shows that there exist

regions in the leptogenesis parameter space where the relevant “high energy” phases have large

CP-violating values, but the purely “high energy” contribution to the baryon asymmetry plays a

subdominant/suppressed role in the production of baryon asymmetry compatible with the obser-

vations and one can have successful leptogenesis if the requisite CP-violation is provided by the

Majorana phase(s) in the neutrino mixing matrix.
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We discuss thermal “flavoured” [1] leptogenesis [2] in the general framework in which the
CP-violation required to reproduce the experimental value [3] of the matter-antimatter asymmetry
of the Universe,YB, is provided both by the “low energy” Majorana and/or Dirac CP-violating
phases in the neutrino mixing matrix and by the “high energy” phases which can be present in
the matrix of neutrino Yukawa coupling,λ , and can mediate CP-violating processes only at some
“high” energy scale. The scheme which we consider is the non-supersymmetric type I see-saw
model [4] with three heavy right-handed (RH) Majorana neutrinos,N j, having massesM j with
hierarchical spectrum,M1 ≪ M2 ≪ M3. In the thermal leptogenesis scenario, the CP-violating
asymmetry relevant for leptogenesis in the case of hierarchical heavy Majorana neutrino masses, is
generated in out-of-equilibrium decays of the lightest RH neutrino,N1. The latter is produced by
thermal scattering after inflation. The results presented are based on [5,6].

In the basis in which the Majorana mass matrix of the RH neutrinos and the matrix ofthe
charged lepton Yukawa couplings are diagonal, the only source of CP-violation in the lepton sector
is the matrix of neutrino Yukawa couplingsλ . The orthogonal parametrization ofλ [7], involving
a complex orthogonal matrixR, allows to relate in a simple wayλ with the neutrino mixing matrix
U : λ = (1/v)

√
M R

√
mU†, whereM andm are diagonal matrices formed by the massesM j > 0

andmk ≥ 0 of N j and of the light Majorana neutrinosνk respectively,j,k = 1,2,3, andv = 174
GeV is the vacuum expectation value of the Higgs doublet field. This parametrization permits
to investigate the combined effect of the CP-violation due to the “low energy” neutrino mixing
matrix U and the CP-violation due to the “high energy” matrixR in the generation of the baryon
asymmetry in “flavoured” leptogenesis. The PMNS matrixU is present in the weak charged lepton
current and can be a source of CP-violation in, e.g. neutrino oscillations at “low” energiesE ∼ MZ.
The matrixR does not affect the “low” energy neutrino mixing phenomenology. The two matrices
U andR are, in general, independent. It should be noted, however, that in certain specific cases (of,
e.g. symmetries and/or texture zeros) of the matrixλ of neutrino Yukawa couplings, there can exist
a relation between (some of) the CP-violating phases inU and (some of) the other CP-violating
parameters inλ (see, e.g. [8–10]).

We have analyzed certain aspects of the possible interplay between the “lowenergy” CP-
violation due to the Dirac and/or Majorana CP-violating phases in the PMNS matrixU , and the
“high energy” CP-violation originating from the matrixR, in “flavoured” leptogenesis. We have
looked for regions of the leptogenesis parameter space where the relevant (high energy) phases of
R (R−phases) have large CP-violating values, but the purely “high energy” contribution inYB plays
a subdominant role in the production of baryon asymmetry compatible with the observations. The
requisite dominant term inYB can arise due to the “low energy” CP-violation in the neutrino mixing
matrixU .

We work in the “two flavour” regime [1], in which theτ flavour interactions are in thermal
equilibrium and the Boltzmann evolution of the CP-asymmetry in theτ lepton charge,ετ , is dis-
tinguishable from the evolution of the (e + µ)-flavour asymmetryε2 ≡ εe + εµ . This regime is
realized at temperatures 109 GeV<∼ T ∼ M1 <∼ 1012 GeV. In this study we neglect the effects of
the lightest neutrino mass in thermal leptogenesis [11] and we work for simplicityin a regime in
which the heaviest RH neutrino is almost decoupled. Both the normal hierarchical (NH) [5] and
inverted hierarchical (IH) [5,6] light neutrino mass spectrum is analyzed in detail. In the following
we concentrate on the case in which the light neutrino mass spectrum has inverted hierarchy. In
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Figure 1: The dependence of the “high energy” term|Y 0
B AHE| (blue line), the “mixed” term|Y 0

B AMIX | (green
line) and of the total baryon asymmetry|YB| (red line) on|R12| in the case of IH spectrum, CP-violation due
to the Majorana phaseα21 andR-phases, forR13 = 0, α21 = π/2, M1 = 1011 GeV andi) |R11| = 0.7 and
(−s13 cosδ ) = 0.15, 0.17, 0.20 (left panel);ii) |R11| ∼= 1 ands13 = 0 (right panel). The light-blue curve in
the right panel represents the dependence ofYB on |R12| for the given PMNS parameters and CP-conserving
matrix R, withR11R12≡ ik|R11R12|, k =−1 and|R11|2−|R12|2 = 1. The horizontal lines indicate the allowed
range of|YB|, |YB| = [8.0,9.2]×10−11.

this regime, the baryon asymmetryYB can be written [6] as a function ofετ only, like in the case of
the matrixR satisfying the CP-invariance constraints [12]:

YB = −12
37

ετ

g∗

(
η

(
390
589

m̃τ

)
− η

(
417
589

m̃2

))

≡ Y 0
B (AHE +AMIX ) (1)

whereAHE(MIX ) ≡CHE(MIX )(η(0.66m̃τ)−η(0.71m̃2)), η(0.66m̃τ) andη(0.71m̃2)) being the effi-
ciency factors for the asymmetriesετ andε2 (see [1]), and

Y 0
B
∼= 3×10−10

(
M1

109 GeV

) 


√
∆m2

A

5×10−2 eV


 , (2)

CHE = G11 sin2ϕ̃11
[
|Uτ1|2−|Uτ2|2

]
, (3)

CMIX
∼= 2G12 sin(ϕ̃11+ ϕ̃12)Re(U∗

τ1Uτ2) , (4)

whereG11 ≡ |R11|2/(|R11|2 + |R12|2), G12 ≡ |R11R12|/(|R11|2 + |R12|2) . In Eq. (1),Y 0
B AHE is the

“high energy” term which vanishes in the case of a CP-conserving matrixR (R1 j real or purely
imaginary [12]), whileY 0

B AMIX is a “mixed” term which, in contrast toY 0
B AHE, does not vanish

whenR conserves CP: it includes the “low energy” CP-violation,e.g. due to the Majorana phase
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α21 in the neutrino mixing matrix. In order to have CP-violation due to the Majorana phaseα21,
both Im(U∗

τ1Uτ2) and Re(U∗
τ1Uτ2) should be different from zero.

Using the formalism described above, we have analyzed in detail the interplay between the
CP-violation arising from the “high energy”R−phases and the “low energy” CP-violating Dirac
and/or Majorana phases in the neutrino mixing matrix, as well as the relative contributions of the
“high energy” and the “mixed” termsY 0

B AHE andY 0
B AMIX in YB. We have found that there exist large

regions of the corresponding leptogenesis parameter space where the “high energy” contribution
to YB is subdominant or even strongly suppressed. Some results are illustrated inFig.1. Strong
suppression ofYHE can arise thorough the factor(|Uτ1|2 − |Uτ2|2) (independently of the values
of the other leptogenesis parameters) provided(−sinθ13cosδ ) >∼ 0.15 (Fig.1 left panel). This
result is valid in all the parameter space compatible with successful leptogenesis, where the “high
energy” CP-violating phases are not necessarily small, but reproducing the observed value of the
baryon asymmetry is problematic (or can even be impossible) without a contribution due to the
CP-violating phases in the PMNS matrix. The “high energy”contribution can be subdominant also
in the case of sinθ13 = 0 (Fig.1 right panel). This possibility can be realised for values of the
Majorana phase in the PMNS matrix 0< α21 <∼ 2π/3 and roughly in half of the parameter space
spanned by the relevant elements of theR matrix. In both cases the observed value of the baryon
asymmetry can be reproduced for values of the lightest RH Majorana neutrino mass lying in the
interval 5×1010 GeV<∼ M1 <∼ 7×1011 GeV.

The results obtained in [5,6] show that in the “flavoured” leptogenesis scenario, the contribu-
tion toYB due to the “low energy” CP-violating Majorana and Dirac phases in the neutrino mixing
matrix, in certain physically interesting cases can be indispensable for the generation of the ob-
served baryon asymmetry of the Universe even in the presence of “highenergy” CP-violation,
generated by additional physical phases in the matrix of neutrino Yukawa couplings.
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