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Abstract

Taking into account the recent progress in the understanding of the lepton
flavour effects in leptogenesis, we investigate in detail the possibility that the
CP-violation necessary for the generation of the baryon asymmetry of the Uni-
verse is due exclusively to the Dirac and/or Majorana CP-violating phases in
the PMNS neutrino mixing matrix U, and thus is directly related to the low
energy CP-violation in the lepton sector (e.g., in neutrino oscillations, etc.). We
first derive the conditions of CP-invariance of the neutrino Yukawa couplings
A in the see-saw Lagrangian, and of the complex orthogonal matrix R in the
“orthogonal” parametrisation of A\. We show, e.g. that under certain conditions
i) real R and specific CP-conserving values of the Majorana and Dirac phases
can imply CP-violation, and ii) purely imaginary R does not necessarily imply
breaking of CP-symmetry. We study in detail the case of hierarchical heavy
Majorana neutrino mass spectrum, presenting results for three possible types
of light neutrino mass spectrum: i) normal hierarchical, ii) inverted hierarchical,
and iii) quasi-degenerate. Results in the alternative case of quasi-degenerate in
mass heavy Majorana neutrinos, are also derived. The minimal supersymmetric
extension of the Standard Theory with right-handed Majorana neutrinos and
see-saw mechanism of neutrino mass generation is discussed as well. We illus-
trate the possible correlations between the baryon asymmetry of the Universe
and 1) the rephasing invariant Jep controling the magnitude of CP-violation in
neutrino oscillations, or ii) the effective Majorana mass in neutrinoless double
beta decay, in the cases when the only source of CP-violation is respectively
the Dirac or the Majorana phases in the neutrino mixing matrix.
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1 Introduction

Baryogenesis through Leptogenesis [I] is a simple mechanism to explain the observed baryon
asymmetry of the Universe. A lepton asymmetry is dynamically generated and then con-
verted into a baryon asymmetry due to (B + L)-violating sphaleron interactions [2] which
exist within the Standard Model (SM). A simple scheme in which this mechanism can be
implemented is the “seesaw” (type I) model of neutrino mass generation [3]. In its minimal
version it includes the Standard Model (SM) plus two or three right-handed (RH) heavy
Majorana neutrinos. Thermal leptogenesis [4] [5, [6] can take place, for instance, in the case
of hierarchical spectrum of the heavy RH Majorana neutrinos. The lightest of the RH Ma-
jorana neutrinos is produced by thermal scattering after inflation. It subsequently decays
out-of-equilibrium in a lepton number and CP-violating way, thus satisfying Sakharov’s
conditions [7]. In grand unified theories (GUT) the masses of the heavy RH Majorana
neutrinos are typically by a few to several orders of magnitude smaller than the scale of
unification of the electroweak and strong interactions, Mgyt = 2 x 10'% GeV. This range
coincides with the range of values of the heavy Majorana neutrino masses, required for a
successful thermal leptogenesis.

Compelling evidence for existence non-zero neutrino masses and non-trivial neutrino
mixing have been obtained during the last several years in the experiments studying os-
cillations of solar, atmospheric, reactor and accelerator neutrinos [8, @, 10, 11, 12]. The
currently existing data imply the presence of 3-neutrino mixing in the weak charged-lepton

current (see, e.g., [13]):

3
v, = ZUU viL, l=e,u,T, (1)
j=1

where 17, are the flavour neutrino fields, v;y, is the field of neutrino v; having a mass m;
and U is the Pontecorvo-Maki-Nakagawa-Sakata (PMNS) mixing matrix [14]. The existing
data, including the data from the *H (3-decay experiments [I5], show that the massive
neutrinos v; are significantly lighter than the charged leptons and quarks B. The see-saw
mechanism of neutrino mass generation [3] provides a natural explanation of the smallness
of neutrino masses: integrating out the heavy RH Majorana neutrinos generates a mass
term of Majorana type for the left-handed flavour neutrinos, which is inversely proportional
to the large mass of the RH ones.

Establishing a connection between the low energy neutrino mixing parameters and high
energy leptogenesis parameters has received much attention in recent years [I8] 19, 20,
21, 22, 23, 24, 25, 26, 27, 28, 29]. These studies showed, in particular, that the number
of phenomenological parameters of the seesaw mechanism is significantly larger than the
number of quantities measurable in the “low energy” neutrino experiments.

In the present article we investigate the link between the high energy CP-violation
responsible for the generation of baryon asymmetry through leptogenesis and the leptonic

2The data from the *H (-decay experiments [I5] imply m; < 2.3 eV (95%C.L.). More stringent
upper limit on m; follows from the constraints on the sum of neutrino masses obtained from cosmologi-
cal/astrophysical observations, namely, from the CMB data of the WMAP experiment [I6] combined with
data from large scale structure surveys (2dFGRS, SDSS) (see, e.g., [IT]).



CP violation at low energy, which can manifest itself in non-zero CP-violating asymmetry in
neutrino oscillations and, in an indirect way, in the effective Majorana mass in neutrinoless

double beta ((8(3)o,-) decay, [(m)| (see, e.g., [30, B1]).

It was concluded in a large number of studies of leptogenesis performed in the so-called
“one-flavor approximation”, that no direct link exists between the leptogenesis CP-violating
parameters and the CP-violating Dirac and Majorana phases in the PMNS neutrino mixing
matrix, measurable at low energies. In particular, the future observation of leptonic low en-
ergy CP-violating phases would not automatically imply a nonvanishing baryon asymmetry
through leptogenesis in the one-flavour case. This conclusion, however, does not universally
hold [32] 33], [34]. Moreover, as was shown in [35] (see also [36]) and will be discussed in de-
tail in the present article, the low-energy Dirac and/or Majorana CP-violating phases in U,
which enter into the expressions respectively of the leptonic CP-violating rephasing invari-
ant Jep [37], controling the magnitude of the CP-violation effects in neutrino oscillations,
and of the effective Majorana mass |(m)| [38] 31 B9] can be the CP-violating parameters
responsible for the generation of the baryon asymmetry of the Universe. Consequently, the
leptogenesis mechanism can be maximally connected to the low energy CP-violating phases
in U: within the scenario under discussion, the observation of CP-violation in the lepton
(neutrino) sector would generically ensure the existence of a baryon asymmetry.

The possibility of a direct connection between the high-energy leptogenesis and the low-
energy leptonic CP-violation is based on the fact that a new ingredient has been recently
accounted for in the leptogenesis mechanism, namely, the lepton flavour effects [32] [33] [34].
As we have indicated above, the dynamics of leptogenesis was usually addressed within
the ‘one-flavour’ approximation. In the latter, the Boltzmann equations are written for the
abundance of the lightest RH Majorana neutrino, /Ny, responsible for the out of equilibrium
and CP-asymmetric decays, and for the total lepton charge asymmetry. However, this ap-
proximation is rigourously correct only when the interactions mediated by charged lepton
Yukawa couplings are out of equilibrium. Supposing that leptogenesis takes place at tem-
peratures T' ~ My, where M is the mass of Ny, the ‘one-flavour’ approximation holds only
for T ~ M; 2, 10'2 GeV. For M; 2 10'? GeV, i.e., at temperatures higher than 10'? GeV,
all lepton flavours are indistinguishable - there is no notion of flavour. The lepton asym-
metry generated in N; decays is effectively “stored” in one lepton flavour. However, for
T ~ M, ~ 10'2 GeV, the interactions mediated by the 7-lepton Yukawa couplings come into
equilibrium, followed by those mediated by the muon Yukawa couplings at T ~ M; ~ 10°
GeV, and the notion of lepton flavour becomes physical.

The impact of flavour in thermal leptogenesis has been recently investigated in detail in
[32], B3], 341, 29] (see also [40]) including the quantum oscillations/correlations of the asym-
metries in lepton flavour space [32]. The Boltzmann equations describing the asymmetries
in flavour space have additional terms which can significantly affect the result for the final
baryon asymmetry. The ultimate reason is that realistic leptogenesis is a dynamical pro-
cess, involving the production and destruction of the heavy RH Majorana neutrinos, and
of a lepton asymmetry that is distributed among distinguishable lepton flavours. Contrary
to what is generically assumed in the one-single flavour approximation, the AL = 1 in-
verse decay processes which wash-out the net lepton number are flavour dependent, that



is the lepton asymmetry carried by, say, electrons can be washed out only by the inverse
decays involving the electron flavour. The asymmetries in each lepton flavour, are therefore
washed out differently, and will appear with different weights in the final formula for the
baryon asymmetry. This is physically inequivalent to the treatment of wash-out in the
one-flavour approximation, where the flavours are taken indistinguishable, thus obtaining
the unphysical result that, e.g., an asymmetry stored in the electron lepton charge may be
washed out by inverse decays involving the muon or the tau charges.

When flavour effects are accounted for, the final value of the baryon asymmetry is the
sum of three contributions. Each term is given by the CP asymmetry in a given lepton
flavour [, properly weighted by a wash-out factor induced by the same lepton number
violating processes. The wash-out factors are also flavour dependent. Performing a detailed
analysis of the indicated flavour effects in leptogenesis we show that the low energy Dirac
and/or MajoranaC P-violating phases in U can be responsible for the generation of the
baryon asymmetry of the Universe. In particular, we will study in detail the correlations
between the physical low energy neutrino observables and the baryon asymmetry.

The paper is organized as follows. In Section 2 we briefly review the existing data
on the neutrino mixing parameters and the phenomenology of the low energy Dirac and
Majorana CP-violation in the lepton sector. We note, in particular, that searching for
CP-violation effects in v- oscillations is the only practical way to get information about the
CP-violation due to the Dirac phase in the neutrino mixing matrix U (Dirac CP-violation),
and that the only feasible experiments which at present have the potential of establishing
the Majorana nature of light neutrinos v; and of providing information on the Majorana
CPYV phases in U are the the neutrinoless double beta decay experiments searching for the
process (A, Z) — (A, Z+2)+e~ +e . In Sections 3-7 we present a detailed discussion of the
possible connection between the CP-violation at high energy in leptogenesis and the CP-
violation in the lepton sector at low energies. We first derive the conditions of CP-invariance
of the see-saw Lagrangian, i.e. of the neutrino Yukawa couplings, taking into account that
the light and heavy neutrinos with definite mass are Majorana particles, and thus have
definite CP-parities in the case of exact CP-symmetry (Section 3). We review briefly the
arguments, based on the “one-flavour” approximation, leading to the conclusion that the
connection between leptogenesis CP-violating parameters and the CP-violating phases in
the PMNS matrix generically does not hold. We next discuss the conditions under which
the lepton flavour effects in leptogenesis become important and present a brief summary
of the results obtained recently on these effects, which are used in our analysis (Section
4). In Sections 5, 6 and 7 we investigate the possibility that the CP-violation necessary
for the generation of the baryon asymmetry of the Universe is due exclusively to the Dirac
and/or Majorana CP-violating phases in the PMNS matrix, and thus is directly related to
the low energy CP-violation in the lepton sector (e.g., in neutrino oscillations, etc.). The
case of hierarchical heavy Majorana neutrino mass spectrum is studied in detail in Section
5, where we present results for three possible types of light neutrino mass spectrum: i)
normal hierarchical, ii) inverted hierarchical, and iii) quasi-degenerate. In Section 6 results
in the alternative case of quasi-degenerate in mass heavy Majorana neutrinos are derived,
while in Section 7 we discuss how the results on leptogenesis in Section 4 - 6 will be



modified in the minimal supersymmetric extension of the Standard Theory with right-
handed Majorana neutrinos and see-saw mechanism of neutrino mass generation. Section
8 represents Conclusions.

2 Neutrino Mixing Parameters and Low Energy Dirac
and Majorana CP-Violation

We will use the standard parametrisation of the PMNS matrix:

0

C12C13 S$12€C13 S13€
i5 i5 : il %8
U= —S812C23 — C12523513€ C12C23 — S12523513€ $23C13 diag(l,e'2,¢e"27) (2)
) i
512523 — C12C23513€" —C12523 — $12C23513€" C23C13

where ¢;; = cosb,j, s;; =sinb;;, 6;; = [0,7/2], 6 = [0, 27] is the Dirac CP-violating (CPV)
phase and and as; and ag; two Majorana CPV phases [41] [42]. We standardly identify
AmZ=Am3, = mj —mi > 0, where Am2 drives the solar neutrino oscillations. In this
case |Am3 |=|AmZ, | = |Ami,|, O3 = 0s and 015 = O, |Am%|, 04 and O being the v-mass
squared difference and mixing angles responsible respectively for atmospheric and solar
neutrino oscillations, while ;3 is the CHOOZ angle [43]. The existing neutrino oscillation
data, including the recent results of the MINOS experiment [44], allow us to determine
Am?2, |Am3], sin? @1, and sin? 26,3 with a relatively good precision and to obtain rather
stringent limits on sin® 63 (see, e.g., [45, 46], 47]). The best fit values and the 95% C.L.

allowed ranges of Am?, sin® 015 |Am3| and sin® 203 read:

(JAm2|)pr = 2.5 x 1072 eV? 2.1 x 1072 eV? < |Am3| < 2.9 x 1073 eV?, (3)
(Am2)pr = 8.0 x 107° eV?, 7.3 x 107° eV? < Am2 < 8.5 x 107° eV?, (4)
(sin? 015)gr = 0.31, 0.26 < sin® 5, < 0.36 (5)

(sin? 2093)pr = 1, sin? 203 > 0.90.. (6)

A combined 3-v oscillation analysis of the global neutrino oscillation data gives [45] [40]
sin? 013 < 0.027 (0.041) at 95% (99.73%) C.L. (7)

The neutrino oscillation parameters discussed above can (and very likely will) be measured
with much higher accuracy in the future (see, e.g., [13]).

Depending on the sign of Am% = Am32, = Am3, which cannot be determined from
presently existing data, the v-mass spectrum can be of two types:
— with normal ordering m; < my < mz, Am3 = Am3, > 0, and
— with inverted ordering ms < my < ma, Ami = Amj, <0, m; > 0,
where we have employed the standardly used convention to define the two spectra. De-
pending on the sign of Am%, sgn(Am3), and on the value of the lightest neutrino mass
(i.e., absolute neutrino mass scale), min(m,;), the v-mass spectrum can be



— Normal Hierarchical: m;<< my <ms, m2_(Am®) ~ 0.009 eV, m3_|AmA|2~ 0.05 eV;
— Inverted Hierarchical: ms < my < mg, Wlth my g = |AmA|2 ~ 0.05 eV;
— Quasi-Degenerate: my = my = mg = m, m? > |AmA| m z 0.10 eV.

Determining the nature of massive neutrinos, obtaining information on the type of v-
mass spectrum, absolute v-mass scale and on the status of CP-symmetry in the lepton
sector are among the fundamental problems in the studies of neutrino mixing [13].

2.1 CP and T Violation in Neutrino Oscillations

Searching for CP-violation effects in v- oscillations is the only practical way to get infor-
mation about Dirac CP-violation in the lepton sector, associated with the phase § in U. A
measure of CP- and T- violation is provided by the asymmetries [48, [4T} [49] 37]:

Agfl;) = P(l/l — I/l/) — P(l?l — Dl/), A(” (I/l — l/l/) — P(I/l/ — l/l) s l 7é l, =6, u, T
(8)

For 3-v oscillations in vacuum, which respect the CPT-symmetry, one has [37]:

AW = AT — A0 = o F ALY = ALY 9)

Jep = Im{UelUHQ 1} = sm 26015 sin 2055 cos® O3 sin O3 sin J (10)
Am? Am? Am?

P — sin< 2”;21 L) +sm< 2E32L) +sin( 2”;1%) . (11)

Thus, the magnitude of CP-violation effects in neutrino oscillations is controlled by the
rephasing invariant associated with the Dirac phase d, Jop [37]. The existence of Dirac CP-
violation in the lepton sector would be established if, e.g., some of the vacuum oscillation
asymmetries A ) etc. are proven experimentally to be nonzero. This would imply that
Jop # 0, and, Consequently, that sin fy3sind # 0B. One of the major goals of the future
experimental studies of neutrino oscillations is the searches for CP-violation effects due to

the Dirac phase in U (see, e.g., [13], 51]).

2.2 Majorana CP-Violating Phases and (3()y,~Decay

As is well-known, the theories with see-saw mechanism of neutrino mass generation [3] of
interest for our discussion, predict the massive neutrinos v; to be Majorana particles. We
will assume in what follows that the fields v;(x) satisfy the Majorana condition:

Clr)" =vy, §=1,2,3, (12)

3 Let us note that the oscillations in matter, e.g., in the Earth, are neither CP- nor CPT- invariant [50]
as a consequence of the fact that the Earth matter is not charge-symmetric (it contains e~, p and n, but
does not contain their antiparticles). This complicates the studies of CP-violation due to the Dirac phase
d in v-oscillations in matter (Earth) (see, e.g., [5I]). The matter effects in v-oscillations in the Earth to a
good precision are not T-violating [37], however. In matter with constant density, e.g., Earth mantle, one

has [37): A" = JmF™ | JB, = Jop Rep, where the function Rop does not depend on a3 and 6.



where C'is the charge conjugation matrix: C~'v,C' = —75, CcT=-C,Cct=C 1.

Determining the nature of massive neutrinos is one of the most formidable and pressing
problems in today’s neutrino physics (see, e.g., [13,52]). If v; are proven to be Majorana
fermions, getting experimental information about the Majorana CPV phases in U, g
and ag1, would be a remarkably difficult problem. The oscillations of flavour neutrinos,
v, — vy and 1 — vy, Il = e, p, T, are insensitive to the phases ag; 3 [41, 50]. The
Majorana phases of interest ;31 can affect significantly the predictions for the rates of
(LFV) decays p — e+, T — p+ 7, etc. in a large class of supersymmetric theories with
see-saw mechanism of v-mass generation (see, e.g., [53]).

In the case of 3-v mixing under discussion there are, in principle, three independent CP
violation rephasing invariants. The first is Jcp - the Dirac one, associated with the Dirac
phase 0, we have discussed in the preceding subsection. The existence of two additional
invariants, S; and S, is related to the two Majorana CP violation phases in U. The
invariants S; and S, can be chosen as [l [54), 55, 31]:

51 = Im{Uﬁl UTQ} s SQ = Im{U:Z U7—3} . (13)

The rephasing invariants associated with the Majorana phases are not uniquely deter-

mined. Instead of S; defined above we could have chosen, e.g., S = Im{U,U%

or §7 = Im{UﬂlU;Q}, while instead of Sy we could have used S) = Im{U. U}, or

5 = Im {UMQ U;3}. The Majorana phases as; and gy, or ag; and azy = (a3 — o),
can be expressed in terms of the rephasing invariants thus introduced [31]: cosag =
1 — (51)%/(|UUes|?), etc. The expression for cosas; in terms of S; is somewhat more
cumbersome (it involves also Jep) and we will not give it here. Note that CP-violation due
to the Majorana phase ag; requires that both S; = Im {UU%} # 0 and Re {UU%,} # 0.
Similarly, Sy = Im{U*U.3} # 0 would imply violation of the CP-symmetry only if in
addition Re {U*,U,3} # 0.

The only feasible experiments which at present have the potential of establishing the
Majorana nature of light neutrinos v; and of providing information on the Majorana CPV
phases in U are the experiments searching for the neutrinoless double beta ((53)o,-) decay,
(A, Z) = (A, Z+2)+e +e (see, e.g., [30,52 B9]). The (85)q,-decay effective Majorana
mass, |(m)| (see, e.g., [30]), which contains all the dependence of the (33)q,-decay amplitude
on the neutrino mixing parameters, is given by the following expressions for the normal
hierarchical (NH), inverted hierarchical (IH) and quasi-degenerate (QD) neutrino mass

spectra (see, e.g., [39]):

[(m)| = ‘\/Amé sin 015€°2 + \/ Am3 sin? 013¢ @312y <« my < mg (NH),

(14)
[(m)| = +/|Am3| ‘0052 015 + €21 gin? 912} , mg << my <msy (IH), (15)
[(m)| = m ’COS2 015 + €' sin® 012} , Mgz =mz0.10eV (QD). (16)

4The expressions for the invariants S; o we give and will use further correspond to the Majorana con-
ditions ([I2)) for the fields of neutrinos v;, which do not contain phase factors, see, e.g., [31].
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Obviously, |(m)| depends strongly on the Majorana CPV phase(s): the CP-conserving
values of ap; = 0, £7 [50], for instance, determine the range of possible values of |(m)] in the
cases of [H and QD spectrum, while the CP-conserving values of (a3; —a91) = ags = 0, £,
can be important in the case of NH spectrum. As is well-known, in the case of CP-invariance
the phase factors

Mot = €92 = £1, gy = € = 41, 13y = "2 = +1 | (17)

have a very simple physical interpretation [56] B0]: 7 is the relative CP-parity of Majorana

neutrinos v; and vy, ng = (V) nrcr, 77@’.’(%13 + 4 being the CP-parity of v;y).

As can be shown, in the general case of arbitrary min(m;), |(m)| depends on the two
invariants S; and Sy [31]. In the chosen parametrisation of the PMNS matrix, Eq. (2,
|(m)| depends also on Jep.

The (63)q,-decay experiments of the next generation, which are under preparation at
present (see, e.g., [52]), are aiming to probe the QD and TH ranges of |(m)|. If the (353)q,-
decay will be observed in these experiments, the measurement of the (33)q,-decay half-life
might allow to obtain constraints on the Majorana phase ao; [31], B8] [57].

3 The CP-Invariance Constraints

In the next Section we will summarize the arguments leading to the conclusions that the
leptogenesis CPV phases, responsible for the generation of the baryon asymmetry, can
indeed be directly connected to the low energy CPV phases in U and, correspondingly, to
CP violating phenomena, e.g., in neutrino physics. The starting point of our discussion is
the Lagrangian of the Standard Model (SM) with the addition of three heavy right-handed
Majorana neutrinos N; (i = 1,2, 3) with masses M3 > M, > M; > 0 and Yukawa couplings
Aii- It will be assumed (without loss of generality) that the fields N; satisfy the Majorana
condition:

C(N)"=N;, j=1,2,3. (18)

We will work in the basis in which the Yukawa couplings for the charged leptons are
flavour-diagonal. In this basis the leptonic part of the Lagrangian of interest reads:

Elep(az) = ﬁcc(x) + Ey<l’) + Eﬂ(az) s (19)

where Loc(x) and Ly(z) are the charged current (CC) weak interaction and Yukawa cou-
pling Lagrangians, while £[() is the mass term of the heavy Majorana neutrinos N;:

Lo = —%E(x)%yw(x)wa*(x)+h.c., (20)
Ly(z) = XaNig(w) H'(2) i (x) + by H(2) g (x) i () + e, (21)
i) = — 5 MNo) Nio) (22)

Here 1y, and [r denote respectively the left-handed (LH) lepton doublet and right-handed
lepton singlet fields of flavour I = e, u, 7, ¥ = (v 11), W(z) is the W*-boson field,
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and H is the Higgs doublet field whose neutral component has a vacuum expectation value
equal to v = 174 GeV. Obviously, Ly(x) + LY () includes all the necessary ingredients of
the see-saw mechanism. At energies below the heavy Majorana neutrino mass scale My, the
heavy Majorana neutrino fields are integrated out and after the breaking of the electroweak
symmetry, a Majorana mass term for the LH flavour neutrinos is generated:

my, =N MTIN=U"mU", (23)

where M and m are diagonal matrices formed by the masses of N; and v;, M =
Diag(My, My, Ms), m = Diag(my,me, ms), M; > 0, my > 0, and U is the PMNS ma-
trix. The diagonalisation of the Majorana mass matrix m”, Eq. (23]), leads to the relation
() between the LH flavour neutrino fields v, and the fields v;;, of neutrinos with definite
mass and, correspondingly, to the appearance of the PMNS neutrino mixing matrix in the
charged current weak interaction Lagrangian Loc(x).

In what follows we will often use the well-known “orthogonal parametrisation* of the
matrix of neutrino Yukawa couplings [58]:

A:%VMRJEW, (24)

where R is, in general, a complex orthogonal matrix, R R = RT R = 1.

Before discussing the leptogenesis and the violation of CP-symmetry associated with it,
it proves useful to analyze the constraints which the requirement CP-invariance imposes
on the Yukawa couplings A;;, on the PMNS matrix U and on the matrix R.

If CP-symmetry is unbroken, the Majorana fields N; and v, have definite CP-parities (see,

e.g., B0 B6]) nNF = +i, ny®" = +i, and transform in the following way under the
CP-symmetry transformation:
Ucp Nj(@) Ulp = 0Ty Nj(@'), 0" = ipfl = +i, (25)
Ucp k() Uép = TIZCP Yo vk(2) TIZCP = ipy = £i. (26)

The sign factors pj-v and py, and correspondingly, the CP-parities of the heavy and light
Majorana neutrinos N; and v, are determined by the properties of the corresponding RH
and LH flavour neutrino Majorana mass matrices [30]. They will be treated as free discrete
parameters in what follows.

Obviously, the mass term £Y(7), Eq. ([22), is CP-invariant. The requirement of CP-
invariance of the Lagrangian Ly(x), Eq. (1), leads, as can be shown, to the following
constraint on the neutrino Yukawa couplings:

No= X (X gt i =1,2,3 l=e,p,T, (27)

where n' and nf are unphysical phase factors which appear in the CP-transformations of
the LH lepton doublet and Higgs doublet fields, ¢, (z) and H (z), respectively. These phase
factors do not affect any of the physical observables and, for convenience, we will set them



to i and 1: 5! =4, nf = 1. Thus, in what follows we will work with the constraint (27) in
the form
No=Xupl, pf =1, j=1,23, l=e,p,T, (28)

where we have used Eq. (23]). Note that if the CP-parity of a given heavy Majorana neutrino
Nj; is equal to (—1), i.e., if pj-v = —1, the elements \j;, [ = e, i, 7, of the matrix of neutrino
Yukawa couplings A will be purely tmaginary.

It follows from Eqs. (23) and (28) that if CP-invariance holds, the Majorana mass matrix
of the LH flavour neutrinos generated by the see-saw mechanism is real (in the convention
for the various unphysical phase factors employed by us): m”* = m”. This leads to the
following CP-invariance constraint on the PMNS matrix U [30]:

Ul?':Ulj/);n j:1,2,3,l:€,,u,7'. <29)

In the parametrisation (2) we are using these conditions imply that the Dirac phase § =
mq, ¢ = 0,1,2,..., and that the Majorana phases should satisfy: as = n¢’, az; = 7¢”,
q,¢"=0,1,2,....

Using Eqs. (23), 28) and (29) it is easy to derive the constraints on the matrix R
following (in the convention we are using) from the requirement of CP-invariance of the
“high-energy” Lagrangian of interest (I9):

R: = Ry pl oty kb =1,2,3. (30)

Obviously, this would be a condition of reality of the matrix R only if pév pr = 1 for any
7,k =1,2,3. However, we can also have p§v p; = —1 for some j and k and in that case the
corresponding elements of R will be purely imaginary.

The preceding results lead to the following (perhaps obvious) conclusions.
i) If CP-invariance holds at “high” energy, i.e., if the neutrino Yukawa couplings satisfy (in
the convention used) the constraints (28]), it will also hold at “low” energy in the lepton
sector, i.e., the elements of the PMNS matrix will satisfy (in the same convention) Eq.
29).
ii) If the CP-symmetry is violated at “low” energy, i.e., if the PMNS matrix does not satisfy
conditions (29) and the CC weak interaction is not CP-invariant, it will also be violated
at “high” energy, i.e., the neutrino Yukawa couplings will not satisfy Eq. ([28) and the
Lagrangian Ly (z) will not be CP-invariant. Obviously, it is not possible to use the matrix
R in order to render the Yukawa couplings CP-conserving.
iii) If CP-invariance holds at “low” energy, i.e., if the CC weak interaction (20) is CP-
invariant and the PMNS matrix satisfy conditions (29)), it can still be violated at “high”
energy, i.e., the neutrino Yukawa couplings will not necessarily satisfy Eq. (28) and the
Lagrangian Ly (x) will not necessarily be CP-invariant. The CP-violation in this case can
be due to the matrix R.

As we will see, of interest for our further analysis is, in particular, the product

Pjimi = R Rjn, Upj, Upyyy s kb # M (31)
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If CP-invariance holds, we find from Eqs. (29) and B0) that P}y, is real:
et = Pitmt (057 (00)? (04)* = Pt s Im(Pju) = 0. (32)

Let us consider next the case when conditions (29) are satisfied and Re(U*.U,,) = 0,
k < m,ie., U5 U, is purely imaginary. This can be realised, as Eqs. ([2)) and (29) show,
for 0 = mq, ¢ = 0,1,2,..., and p{pl, = —1, i.e., if the relative CP-parity of the light
Majorana neutrinos vy and v, is equal to (—1), or, correspondingly, the Majorana phase
QO =7(2¢' +1), ¢ =0,1,2,.... If Jop = 0 and both Re(U* U,2) = 0 and Re(U%,U,3) = 0,
CP-invariance holds in the lepton sector at low energies. In order for CP-invariance to
hold at “high” energy, i.e., for Pj,; to be real, the product R;;R;,, in the case under
consideration, has also to be purely imaginary, Re(R;Rj,,) = 0. Thus, purely imaginary
= Uem # 0 and purely real Rjy Ry # 0, ie., Re(USUrp) = 0, Im(RjxRjm) = 0, in
particular, imply violation of the CP-symmetry at “high” energy by the matriz R.

4 Leptogenesis and the Baryon Asymmetry

In this Section we will repeat briefly the arguments leading to the conclusion that the
connection between leptogenesis CP-violating parameters and the CP-violating phases in
the PMNS matrix generically does not hold. We will therefore first restrict our discussion
to the “one-flavour” approximation. Then, we will review the recent results on leptogenesis
which take into account the lepton flavour effects [32] [33], [34]. In this case, the baryon
asymmetry depends explicitly on the parameters of the lepton mixing matrix U.

4.1 The One Flavour Case

We assume that the heavy Majorana neutrinos N; have a hierarchical mass spectrum,
M3 > M, so that studying the evolution of the number density of N; suffices. The
final amount of (B — L) asymmetry can be parametrized as Yp_; = ng_r/s, where s =
272, T3 /45 is the entropy density and g, counts the effective number of spin-degrees of
freedom in thermal equilibrium (g, = 217/2) in the SM with a single generation of right-
handed neutrinos). After reprocessing by sphaleron transitions, the baryon asymmetry is
related to the (B — L) asymmetry by [59] Y = (12/37) (Ys_1).

One defines the CP asymmetry generated by N; decays as

o= 2l = HO) = T(N — HO)| 1 3 Im [(AAN)] (%f)
"7 OSUID(N, — HE) + (N, — HE)] 8t AT, M2

(33)
i#1
The wavefunction plus vertex contributions are included giving g(x) ~ —%5 for z > 1.

Notice, in particular, that €; denotes the CP asymmetry in the total lepton charge (i.e.,
trace over the lepton flavour index).

Besides the CP parameter €, the final baryon asymmetry depends on a single parameter,

(7)==

(34)
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where H(M;) denotes the value of the Hubble rate evaluated at a temperature 7' = Mj,
m. ~ 3 x 1073 eV and
— (AAD)0?
mp = Tl
is proportional to the total decay rate of the heavy RH Majorana neutrino N;. Notice
again that m; is obtained by computing the total decay rate of the /Ny, that is by summing
over all the flavours.

(35)

The asymmetry in the total lepton charge is then given by

Y, ~ %n (im) (36)

where 71 (m;) accounts for the washing out of the total lepton asymmetry due to inverse
decays.

The final baryon asymmetry in the “one flavour approximation” depends always upon
the trace of the CP asymmetries over flavours, €1, times a function of the trace over flavours
of the decay rate of the RH neutrino /V;. This is an unexpected result because it suggests,
in particular, that the lepton asymmetry, say, in the electron lepton number can be washed
out by inverse decays involving the second and/or the third family (which erase only the
muon and/or tau lepton charges).

Let us turn now to the issue of the connection between the CP violating parameters
in leptogenesis and the low energy CP-violating phases in the lepton sector, i.e., in the
PMNS matrix U. The CP asymmetry €; can be written in terms of the diagonal light and
heavy Majorana neutrino mass matrices introduced earlier, m = Diag(mq,ms, m3) and
M = Diag(M;, M5, M3), and the orthogonal complex matrix R:

1/23/27 14
30, Im (Elﬁpm,@/ mp/ UwUszmRm)
16702 > 5Mp |Ryis|°

sy, I (S, miAt,)
16702 > 5Ms |R16|2

: (37)

where we have summed over all lepton flavours | = e, u, 7. In particular, if the elements
of the matrix R satisfy CP-invariance condition @B0), i.e., if Ry,, p = 1,2,3, is real or
purely imaginary, the leptogenesis CP-asymmetry e; = 0. In the top-down approach,
working in the basis in which the matrix of charged lepton Yukawa couplings and the RH
neutrino Majorana mass matrix are diagonal, the matrix of neutrino Yukawa couplings can
be written as A = V};Diag()\l, A2, A3)V, and the low energy leptonic phases can arise from
the phases in V7, i.e. in the left-handed (LH) sector, in Vg, i.e. in the RH sector, or from
both Vi, and V. However, from A = V/Diag(A\2, A3, \3)Vz = MYV2RmRIM'/? /v?, one
sees that the phases of R are related to those of Vz. This means that in the “one-flavour”
approximation a future possible observation of CP-violating phases at low energies in the
neutrino sector does not imply the existence of a baryon asymmetry. Indeed, low energy
CP-violating phases might stem entirely from the LH sector, i.e. V7, and hence be irrelevant
for leptogenesis which would be driven by the phases in R, i.e. of the RH sector.
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4.2 Taking the Flavour Effects into Account

As we mentioned in the Introduction, the ‘one-flavour’ approximation rigorously holds only
when the interactions mediated by the charged lepton Yukawas are out of equilibrium, that
is at T ~ M; 2 10'2 GeV. In this regime, flavours are indistinguishable and one may
indeed perform a rotation is flavour space to store all the asymmetry in a single flavour.
At smaller temperatures, though, this operation is not possible. The 7 (1) lepton doublet
is a distinguishable mass eigenstate for T~ M; < 10 (10?) GeV. Flavoured Boltzmann
equations may be written down for the asymmetry Y, in each flavour A; = B/3 — L,
[32, 33| [34]. For the case of hierarchical RH neutrinos, they readd

dY}\/1 —Z YN1
B =) | yea — 1 38
dz smMM%+%M”(mg ) (38)
dYAL —z YN1 ’)/lD I 25 AleAm
= _ 1)y (2
dz sHMﬂAQWD+%ALﬁ(Yﬁ 5 T war=1 Yo , (39)

where z = M, /T, T being the temperature, and there is no sum over [ in the last term in the
right-side of Eq. (89). In the above equation Yy, is the density of the lightest right-handed
neutrino Ny with mass M;. Ya, are defined as YA, = Yp/3 — Y7, where Yy, are the total
lepton number densities for the flavours | = e, i, 7 and Y} is the total baryon density. One
has to solve the Boltzmann equations for Y, instead of for the number densities Y; of the
lepton doublets ¢, since (A; = B/3 — L;) is conserved by sphalerons and by the other SM
interactions. Furthermore, all number densities Y, normalization to the entropy density s
is understood and Yy! and Y, stand for the corresponding equilibrium number densities;
vp is the thermally averaged total decay rate of N; and g ar—1 represents the rates for
the AL = 1 scattering processes in the thermal bath. Notice, in particular, that ygaz—1
contributes to the asymmetry, as was recently pointed out in [34]. The corresponding
flavour-dependent rates for wash-out processes involving the lepton flavour [ are 44, (from
inverse decays involving leptons ¢;) and 7€/V, aL—1, While AL = 2 scatterings may be safely
neglected. The matrix A, which appears in the wash-out term connects the asymmetries
in the lepton doublets to the asymmetries in the charges A; by Y, = > A}, Ya,,. The
values of its elements depend on which interactions, in addition to the weak and strong
sphalerons, are in thermal equilibrium at the temperatures where leptogenesis takes place.
Below 10° GeV in the SM, A is given by [34]

—151/179  20/179  20/179
A= 25/358 —344/537 14/537 | . (40)
25/358  14/537  —344/537

Between 10° and 10'2 GeV in the SM, regarding the leptons only the interaction mediated
by the 7 Yukawa coupling is in equilibrium, and the lepton asymmetries and B/3 — L;

5The equations of motion should include the terms accounting for the quantum oscillations among the
different flavours [32]. They become relevant only in the proximity of the transition between the one-single
flavour and the two-flavour state when the 7 flavour becomes distinguishable.

13



asymmetries in the e and p flavour can be combined to Y3 = Y.y, and YA, = YA, 4a,. In
this temperature range, A is given by [34]

[ —920/580  120/589
A_( 30/589 —390/589)' (41)

Above 10'? GeV, all asymmetries can be combined to Yp_y, and A is given by A = —1.

The asymmetry in each flavour is given by

1/2 3/27 14
3M, Im <Eﬁpmﬁ/ mp/ UlﬁUszmRm)
1671'1]2 25 mg ‘RW‘Q

€ = , l=e u,T. (42)

Obviously, the trace over the flavours of ¢ coincides with €;. It should be clear from Eq.
([@2)) that we can have ¢ # 0 even if, e.g., R is a real matrix and R # 1. If, however, R
is a diagonal matrix, e.g., if R = 1, all three lepton number asymmetries vanish: ¢ = 0,
l=e,pu,T.

Similarly, one has to define a “wash-out mass parameter” for each flavour [ [32] 34]:

( my ) (Vi — HI)

3% 10 3eV H(M,)
2
[ MuFe?
mlE% = 'Zlemi/zUl’; , l=epu,T. (43)
1
k

The quantity m; parametrizes the decay rate of N; to the leptons of flavour [. The trace
>,y coincides with the m; parameter defined in the previous section.

What is more relevant is that the total baryon asymmetry is the sum of each individ-
ual lepton asymmetry. In the rest of the paper we will be concerned with temperatures
(10° S T ~ M, S 10'2) GeV. In this range only the interactions mediated by the 7 Yukawa
coupling are in equilibrium and the final baryon asymmetry is well approximated by [34]

12 A7 390
Vi o~ — it (2w, 44
5= 7374, (6277 <589 mQ) e <589m )) (44)

where €, = €. + €, my = m, + m,, and

~ 1 _ ~1.16 \ !
N my 0.2 x 1073eV
~ - . 4
n (1) <<8.25 % 103 eV) - ( m ) ) (45)

Notice that the wash-out masses my and m, in Eq. (44]) are multiplied by some numerical
coefficients which account for the dynamics involving the lepton doublet asymmetries and
the asymmetries stored in the charges A, = (1/3)B — L; [34].

From the generic expression for the baryon asymmetry, we deduce that the CP asym-
metry in each flavour is weighted by the corresponding wash-out parameter. Therefore, the
total baryon number is generically not proportional to ;.
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The dependence of ¢; on the PMNS matrix elements is such that nonvanishing low energy
leptonic CP-violating phases imply, in the context of leptogenesis and barring accidental
cancellations, a nonvanishing baryon asymmetry. In the general case of complex matrix
R, the low energy phases in the neutrino mixing matrix U could stem from the phases in
the left-handed sector, in the RH sector, or in both sectors. This result only follows when
the lepton flavour effects are correctly taken into account in the Boltzmann equations. In
previous analyses of leptogenesis ignoring the flavour effects, the observation of low energy
CP violation did not automatically imply the existence of a baryon asymmetry, since the
possibility existed that the low energy phases could stem exclusively from the left-handed
sector and hence be irrelevant for leptogenesis.

This conclusion is by itself already quite interesting. However, we can go even further.
Let us consider, for instance, the case in which the CP parities of the heavy and light
Majorana neutrinos are such that pY = p; = 1forall i,j = 1,2,3. In such a case,
CP invariance corresponds to having all the elements of the matrix R real, see Eq. (30)
and 6 = ag; = ag; = 0 (mod 27)d. In the top-down approach, a real matrix R would
correspond to the class of models where CP is an exact symmetry in the RH neutrino sector.
The reason for this can be more easily understood working in the basis where the charged
lepton Yukawa coupling and the RH mass matrix are diagonal, so that the neutrino Yukawa
matrix is the only coupling in the leptonic Lagrangian that violates CP. More specifically,
since the neutrino Yukawa coupling can be written in its singular value decomposition,
A= V}%Diag()\l, A2, A3)Vp, CP violation in the RH neutrino sector is encoded in the phases in
Vi, that can be extracted from diagonalizing the combination A = ViDiag(\?, A2, A2) V.
On the other hand, as we have seen, using the parametrization of the Yukawa coupling (24]),
this same combination of matrices can be written as AT = MY2RmRM'/? /v?. Comparing
the two expressions it is apparent that R is real if and only if Vjy is real, i.e. when there
is no CP violation in the RH sector. It has been recently pointed out the case of a real
R matrix is naturally realized within the class of models based on sequential dominance
[60]. In the case of R real, the flavour CP asymmetries and the baryon asymmetry depend
exclusively on the phases of the left-handed sector, that are in turn uniquely determined by
the low energy phases. Consequently, for real matrix R # 1, the leptogenesis mechanism
is directly connected to the low energy CP-violating phases in Upyns. This connection is
more apparent from the expression of the flavour CP asymmetries in the parametrization

@4):
aar, 1 (S Vs RS S, /MR, Us

© T T i6m? >Ry P
_ 3M; 26 Zp>6,/m5mp(mp—mﬁ)RlﬁRlpIm (UZ}UIP) (46)
167v? >, My Ry | '
If RigRy, is purely imaginary, RigRi, = =£i|RigRi,|, we would get £(m, +

mg)|RigR1,|Re(UpU,) instead of (m, — mg)RigRi,Im(UjpU,) in Eq.  (@6). Purely

6 Alternatively, one may consider the case in which the CP parities of the heavy and light neutrinos
are such that CP invariance is realized for the elements of the matrix R purely imaginary and § = 0,
a1 = agy =7 (mod 27).
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imaginary R, and real (Uj3U;,) implies violation of CP-invariance. In order for the
CP-symmetry to be broken at low energies, we should have both Re(Uj3U,) # 0 and
Im(Uj3U;,) # 0.

In the next Section we will study in greater detail the possibility that the baryon
asymmetry stems only from the low energy measurable CP violating phases in the neutrino
mixing matrix U.

5 Baryon Asymmetry from Low Energy CP-Violating
Dirac and Majorana Phases in Upyng: RH Neutrinos
with Hierarchical Mass Spectrum

In what follows we shall assume that the matrix R has real and/or purely imaginary
elements and that the heavy Majorana neutrinos possess a hierarchical mass spectrum,
M, < My < Ms, with M; having a value in the interval of interest, 10° GeV < M; < 102
GeV. We will investigate the case when the RG running of m; and of the parameters in U
from My to M is relatively small and can be neglected. This possibility is realised (in the
class of theories under discussion) for sufficiently small values of the lightest neutrino mass
min(m;) [61], e.g., for min(m;) < 0.05 eV. The latter condition is fulfilled for the normal
hierarchical (NH) and inverted hierarchical (IH) light neutrino mass spectrum. Under the
indicated condition mj;, and correspondingly Am3 and Am?2, and U in Eqs. (@6) and
Egs. @3) can be taken at the scale ~ My, at which the neutrino mixing parameters are
measured.

Taking into account that in the case under discussion e; = €. + €, = —¢,, we can cast
Eq. (@) in a somewhat more convenient form:
12 €, 390 _ 417
Yo =— — Tonllr | — Ton ) 47
B=737 (77 (589m ) 1 (589m2)) (47)

where my = m, +m,, and m; and n(m;) are given in Eqs. (£3) and (43]).

5.1 Normal Hierarchical Light Neutrino Mass Spectrum

Given the inequalities m; < mo < m3, we will assume that the terms oc \/m; give sub-
leading contributions to the lepton flavour asymmetries ¢;, Eq. ({6]), and to the mass param-
eters my related to the wash-out effects, and we neglect them with respect to those o V23
giving the dominant contribution. This requires that \/my|Rii| < /ma|Ria|, /M| Ris|.
In the indicated approximation we find using Eq. (@8] and the fact that my = /Am?2,
ms = \/AmA:

6 ~ — 3Mi/Am3 (1 B Am%) (Amé i |Ria Ry
N 16702 Am?2 Am3 Am?2 3
A (&) |Ri2|? + | R13|?

2
Amz

16



. 2/ Am? .
x [Im (e U U3) + 2 Im (% Re (ULU , 48
[ ( 12 13) \/AmQA—\/Amé ( ( 2 l3)) ( )
. 3M1\/Ami (Amé)% |R12R13‘
T 16me? Am?3 Am2 \ 2
® R 2_|_ R 2
(5o ) Rl + s
VAMZ\ s VAmZ\ |
xIm |1 Y28 ) ¢t DIm (UU) + 14+ Y=z | ¢ Re (UjyUis)| (49)
Amy Vv Amy

where (53 = 12+ 013 = arg(Ri2Ra3), 1 = arg(Ry;). The phase (53 parametrises the effect
of CP-violation due to the matrix R in the asymmetry ¢;,. In the case of CP-invariance,
Ba3 = 0 or 7T/2E| depending on whether Im(Uj5U;3) = 0 or Re(Uj,Uss) = 0, respectively, and
g=0,l=e,u,r.

From Eq. (@), it is straightforward to obtain Im(e®?2U},U;3) and Im(e®»Re(Uj,Uys)).
The expressions, e.g., for Im(e"#23U},Uy3) read:

Im (6“323 U:2U53) = —512€13513 51N (5 - (% + ﬁ23>) ) (50)
i . [ . o
Im (6Z623 U;:Qng) = —C13 [—023823012 Slﬂ(% + 523) - 3%3512313 s <5_ <% + ﬁ23>):| ;
(51)
i . « . «
Im (e UiUrs) = —cig [023523012 sin (% + 523) — (33512513 Sin (5— (% + 523)>] ;
(52)

where a3y = a1 — ag;. Thus, ¢ depend on the same Majorana phase difference (or phase)
on which the effective Majorana mass in (3(3),-decay, [(m)|, depends (see Eq. (IH)). It
follows from Eq. (£9)) that, as could be expected, for real or purely imaginary R;5 and Ri3
we have €. +¢, + ¢, = 0.

We are interested in the case in which the CP-violating phases in U play the role of
leptogenesis CP-violating parameters. It follows from the preceding discussions that one
has to consider two cases: i) (23 = 0 (or more generally, o3 = 7q, ¢ = 0,1,2,...), and ii)
fa3 = m/2 (or more generally, fo3 = (2¢ + 1)7/2, ¢ = 0,1,2,...). We have to remember
that if Im(UU;3) # 0 (Re(UjUis) # 0) but Re(UjUis) = 0 (Im(UjyUsis) = 0), the case of
Baz = 0,7 (a3 = 7/2,371/2) corresponds to violation of the CP-symmetry by the matriz R.

Consider first the possibility of Fy3 = 0 (7). It is quite remarkable that, as it follows from
Eqgs. (@) and ([52), for fe3 = 0 () the asymmetry €, depends on the rephasing invariant Sy,
Eq. (@3): we have e, oc Im (U*,U,3) = Sy. The requirement of a nonzero asymmetry, €, # 0,
implies Sy # 0, and correspondingly ass # 27wk and/or (6 — ase/2) # wk/, k, k' = 0,1, ....
In order to reproduce the observed value of the baryon asymmetry, |sin(ass/2)| and/or
| sin 015 sin(0 — az2/2)| have to be sufficiently large (see further). Since in the case under
study (a3 = 0 or m, the sign of €, is not uniquely determined by the sign of Im (U,U,3).

"More precisely, in the case of CP-invariance we have a3 = mq or (2¢ + 1)7/2, ¢ = 0,1,2, ....
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In the alternative possibility of a3 = 7/2 (37/2) we have |e.| o< |Re(U%Ur3)|. Now
e, # 0 provided ass # m(2k + 1) and/or (6 — ase/2) # (7/2)(2K' + 1), k, k' =0,1,.... In
this case | cos(ase/2)| and/or |cos b3 cos(d — asa/2)| have to be sufficiently large in order
for leptogenesis to be successful. The sign of €, is again not uniquely determined by the
sign of Re (U%U.3).

The maximal value of |[Im (e U*,U.3)| and of |e.], is reached for oz = 0; 7 (S =
7/2; 31/2) atf as, = m(2k+ 1) and § = 27k (g =27k and d = w(2k + 1)), k =0,1,...:

max ‘Im (6i523 U:QUTg)‘ — (C923C13 (823012 + 023812813) s 047, 523 = gq ,q = 0, ]_, 2, ceey

(53)
where we have used the best fit values of sin? 26,3 and sin® #, given in Eq. (&) and the upper
limit s13 < 0.2 (see Eq. ([@)). For s13 = 0 we get [Im(e"sU%U,3)| S 0.42 |sin(azy/2)| <
0.42 while if azy = 0, one obtains [Im(e#U%U,3)| = 0.27 |s13sind| S 0.054. Thus, the
effect of the term o< |s3sind| in |Ss|, and correspondingly in |e,|, can be significant only if
| sin(az2/2)] S 0.20. Note that for Ba3 = 0; 7 (o3 = 7/2; 37/2) max (|Im(e?PU*,U,3)|)
corresponds to Re(UjyU;s) = 0 (Im(UjUis) = 0), L = e, p, 7, i.e., to CP-conserving values of
ase and 6. Nevertheless, in this case we still have |e.| # 0 as a consequence of the violation
of the CP-symmetry by the matrix R.

We turn next to the dependence on the parameters in R. Taking into account that R
is, in general, complex orthogonal matrix, we get for the elements of R of interest, Ry,
7 =1,2,3, obeying the CP-invariance constraints:

(1R o + [Rual” o + | Rus|? p5) pY = 1. (54)
The CP-asymmetry |e,| is proportional to the factor r:

|R12R13|
A2\ ¢ '
(A;n,g) | R12|? + [ Ri3]?

It is clear that as long as |Rjs| ~ |Ri3|, r will not act as a suppression factor for the
asymmetry |e.|; the latter can be suppressed if, for instance, |Ris| < |Ri3| or |Riz| <
1
(AmZ /AmZ)1|Ria|.
We now focus on the wash-out effects. The mass parameters m; related to the wash-out
effects for the three lepton number asymmetries read:

m; =/ Am3

Using the unitarity of the PMNS matrix U we obtain:

1
L Am?2 )\ 2
Me +my, +m; =/ Amj ( ®> |Rig|? + | Ris|?

2
Amy
8Note that for fa3 = 7/2; 37/2 we have [Im(e®®22U*,U,3)| = |Re(U*,U,3)|, and the maximum of
[Tm(e?23U*,U,3)| coincides with the maximum of |[Re(U,U,3)|.

(55)

ﬁ
Il

Am2\ i
( ?) RioUp+ RisUs| , l=ep, 7. (56)

Amy

. (57)
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Since m; > 0, | = e, u, 7, each of the individual wash-out mass parameters is limited from
above by the expression in the right-hand side of Eq. (51).

Except for strong fine tuning, the contribution due to sin#,3 is subdominant and can
be neglected at first order. Therefore, for simplicity, we take sin#y3 = 0 in the following
analysis and we get:

1
—~ AQ AméQR 21_22 R22 58
ma = LN A2 | Raa|*( ClaSa3) + [R13]°s33 (58)
A
A 2 i «
+ 2 (A—TTZJ%) |R12R13| §23C23C12 COS((BL‘% - ﬁlQ - %)) )
—~ SN T Amé : 2.2 2 2.2
m, ~ AmA( ﬁ |R12| 012523 + |R13| 023 (59)
My
1
Am2 1 (@
-2 (A—m%) ‘R12R13‘ §23C23C12 COS((BI?) - 512 - %)) :

It follows from Eq. (@) that the baryon asymmetry |Yp| can be zero if |n(0.66m,) —
n(0.71my)| = 0, although |e;| # 0 and |e. + €, # 0. This corresponds to the physical case
when the asymmetries generated in the lepton doublet charges 7 and (e + p) are equal in
magnitude, but have opposite signs. Such a possibility can occur if the following relation

holds: 200 e
One solution is given by:
iy = 90 5 0,935, (61)
PTarT T

For fixed |Ry2|? and | Ry3]?, Eqgs. (B7) and (61]) determine the value of m, for which we can

have |Yg| = 0:
1
__ v/ Am> Am2 )\ 2
A ( ?) |312|2+|Rls|2

- . 62
T 10935 |\ Amd (62)

Since m,, is calculated from Eq. (B8], given the neutrino oscillation parameters and |Rys|
and |Ry3|, the requirement that the value of m, obtained from Eq. (Bf) coincides with
that determined by Eq. (62)) leads to a combined constraint on the quantities |U,|* and
2Re(R12U, R;4 Uys) which depend on the phases 6 and agy. The phase factors associated
with the latter vary only between (—1) and 1. Therefore it is not guaranteed that condition
(1)) can be satisfied and we can have |Yp| = 0 with |e.| # 0 and |e.+€,| # 0 for any possible
values of Rjs and Ry3. Taking for simplicity (13 — f12 — a32/2) = /2, a solution is given
by:

5 COS 2053 — 0.06953,

1 —2.069¢%,s3,

which holds for 2.069¢,s3; # 1 and (cos 2023 —0.069s35) /(1 —2.069¢3,s35) > 0. For example,
if ¢2, = 0.69, it is satisfied for s2; < 0.48.

|Ris|? = 0.94|Ry3|

(63)
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A general solution of Eq. (60) can also be found and is given by:

2
5892 y—1 27
iy 107° eV? [ ———¢"® 64
M= k00 417 ¢ (yl-lﬁ Y (64)

where y = (417/390)m2/mT If, for instance, 813 — B12 — ai32/2 = 7/2 and |Ry3|* dominates
in m, and my, y does no depend on the parameters in R and we can solve Eq. (64):

10%ev: 1 5892 y—1 %\ 1
Rys| ~ ( 0-08) )~ 025, 65
g ( Am3 33534390 417 \y116 — 17 (65)

We analyse the dependence of the baryon asymmetry on the parameters in R. For sim-
plicity, we take the values of aze and of B1213 = 0, 7/2 which maximize the CP-asymmetry
in Eq. (Z9). The wash-out parameters read:

__ Am?
i =y (|| SRR = ) + usfshs) (66)
__ Am
i\ Jamd (| Tor |Rm|2c12523+|&3|2c§3). (67)

Case A: Strong wash-out. This case is realized if my, > 2 x 107 eV. The latter
condition is satisfied for |Ry2|? > 2 x 1073V /(\/AmZ ciys33) = 0.64, and/or for |Ri5|* >
2 x 1072 eV/(y/Am3 c3;) = 0.08. The baryon asymmetry can be approximated as:

V|~ C | Rio|| Rus)| <5892 x 1074 eV)116 (589 2 x 1074 eV)116 (68)
B Am2 390 m, 417 s '
() |Rial? + | Fro
AmQA 12 13
The constant C is defined as
OM —— /Ami\%
C= m Ami (Am;:) S1n 2923C12 s (69)

and is given by C ~ 1.1x 1078 (M;/10* GeV) for the present best fit values of the oscillation
parameters.

If the |Rj3/? term in the wash-out factors dominates, i.e. if |Ris]?/|Ri3]*? <
1/2
<Am2A/Amé) s3,/(1 — c3y82,) = 4.3, the dependence on the R parameters becomes:

| R1o

Y| ~27x103C ——=
| B‘ \Rls|3'3265332

(0
417 523

(70)
For maximal atmospheric neutrino mixing there is a strong cancellation and the resulting
baryon asymmetry has an additional suppression factor ~ 0.075:

| R1o
|R13|3.32 :

Y| ~4.5x107*C (71)
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Taking into account the dependence of €, on sin 263, we find that for sin® fy3 = 0.34 (0.66)
Y| is larger by a factor of 9 (11). Notice that the asymmetry changes sign when sin? f,3 in-
creases from 0.34 to 0.66. Thus, there is also a value of sin? 3 from the interval [0.34,0.66],
for which Yz = 0 (up to corrections ~ sy3). The asymmetry decreases very rapidly with
| R3] and therefore the maximal asymmetry should correspond to relatively small | Ry3|.

In the alternative case when |Rj3|* dominates in m, o, which is realised for |Ryp|* >
7.9 |Ri3]?, the asymmetry |Y3| is proportional to:

—1.16 417 —1.16
(ashs) = (35501 —chst)

In this case, |Yp| is not suppressed for maximal atmospheric neutrino mixing. Varying the
solar and atmospheric angles within their 95% C.L. ranges induces a factor of a few in
the predicted baryon asymmetry. Also in this case the baryon asymmetry is a decreasing
function of | Ryal.

Ami) 1.08 \Rls| (72)

Vil ~ 2.7 x 1073 C (
‘ B| ‘312‘3.32

2
Am®

Case B: weak wash-out. For sufficiently small values of |Ry5| and |R;3|, one enters the
weak wash-out regime. The asymmetry is given approximately by:

| Ria|| Ras]

1

Am?
(328 1

390 m, 417 Mo
589 8.25 x 103 eV 589 8.25 x 103 eV

[Yp| ~C

(73)

If the term o< |Ry3)? dominates in m, 5, we can have again a partial cancellation between
the two leading terms in |Yp| for maximal atmospheric neutrino mixing, o3 = 7/4:

27
‘YB| ~ 4.0 C |R12HR13| %833

COS 2923 — ~(0.12C |R12||R13| . (74)

The asymmetry |Yp| is bigger by approximately a factor of 10 if the atmospheric mixing
angle assumes the values sin? 6,3 = 0.34, 0.66. The asymmetry has opposite sign for these
two values, indicating that |Y3| goes through zero (up to corrections ~ sy3) when sin? s
is varied from 0.34 to 0.66.

If the term o |Ri5|? is the dominant one in m;, o, one finds:

Am®

Vil ~ 4.0 05—

417 27
|R12||R13| ( 252 ) ~ 0.14C |Ry2|| R3] - (75)

390 ' 390 12°%

We notice that in the case of weak wash-out one finds that the asymmetry increases with
the values of |Rys| or |Rys].

On the basis of the above discussion, we can conclude that more than one local max-
imum of |Yp| is present and that the absolute one is found, in general, in a regime which
interpolates between the weak and strong wash-out regimes. However, it is possible to show
that in this region Yz can be even zero if Eq. (60) is satisfied.
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5.2 The case of N3 decoupling

We will assume further for simplicity that |Ry1|* < [|Ri2|* £ |Ri3]?|. This corresponds to
the case of “decoupling” of the heaviest Majorana neutrino N3 [62, [63, 28]. For 33 = 0; 7
(Bag = m/2; 3mw/2), which implies php§ =1 (—1), we get:

|Ris|* 5| Rus|* = 0 o1 - (76)

Obviously, if a3 = 0; 7 we have |Ry2|? + |Ry3|* = 1, while for (o3 = 7/2; 37/2, one finds
|Ri2|> — |Ry3]* = 1. Tt is not difficult to find the maximal value of r for p p¥ = 1:

1
1 /Am3A\* " T
== ~1.2 Y =1 =—k,k=0,1,2, ... 7
maxr 9 (Amé) » P2 P ) 523 2 ) y Ly 4y ( )

The maximum is reached when Boy = 0; 7 at |Ria|* = (1 + /Am?2//Am2)™! = 0.85,
while for By = 7/2; 37/2 it corresponds to |Ria|? = (1 — \/AmZ /\/Am3)™! = 1.22. In
the latter case |Ris|* — [R13]* = 1 and |Ry,|, |Rys|, in general, are not limited from above

. However, it is not difficult to convince oneself that we can have successful leptogenesis
only if |Ry2| and |Ry3| are not exceedingly large, namely for |Ris|, |Ri3| < 10. Indeed,
barring accidental cancellations, the wash-out mass parameters m;, [ = e, u, T, increase
with the increasing of |Ris| (|Ri3|> = |Ri2|* — 1), and for |Rys| ~ |Ry3| ~ 10, one would
typically have m; ~ 1 eV. The corresponding efficiency factors would be exceedingly small
and [ (28m,) — n (252m) | ~ 107 (extremely strong wash-out regime), which makes it
impossible to reproduce the observed value of the baryon asymmetry for M; < 10'2 GeV.
The preceding rather qualitative analysis can obviously be refined to obtain more precise
upper limits on |Ri5| and |Ry3] satisfying |Ris]? — |Ri3]* = 1.

If Bo3 = 7/2; 37/2 and pypl¥ = —1, one always has r < 1. In this case |Ri5|* < |Ru3)*.
For |Rys| < |Ry3| we have r < 1 and the asymmetry |e,| will be suppressed by the r-factor,
Eq. (B3). We will not analise this case further.

Given the fact that \/Am3 2 0.05 eV, \/Am2 /\/Am] 2 0.18, r £ 1.2, Eq. (1), and
IIm(U%,U3)| < 0.47, we obtain for the maximal value of the asymmetry |e,| in the cases of
interest (|Rya|? (f)|R13|2 =1, fog = (7/2)k, k=0,1,2,...):

2
< 3M, v/ Amiy (1(+) M) [Tm (e UpUss) | (7%)

e 32m0? A2
3Mi\/Am3 Am3 M,
< 0.19 (0.27) /Y —"A ~19(2.7) x 1078 A 79
9(0:27) =50 9(2.7) > 10 (0.05 eV) <1o9 GeV)’ (79)

where the minus (plus) sign and the value 0.19 (0.27) correspond to o3 = 7k, k =0, 1,2, ...
(Bog = (m/2)(2k+ 1), k=0,1,2,...).

9Note that if |[R12|? + |R13/> = 1, one can obviously use the parametrisation Ri2 = cosw, Rj3 = sinw,
while in the case of |R12|?> — |R13|? = 1, we have Rj2 = cos(iw) = coshw, Ri3 = sin(iw) = isinhw, w being
a real parameter.
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Let us note that although for the values of the parameters we have used the asymmetry
le-| has a maximal value, the baryon asymmetry |Ypz| does not necessarily has a maximum
since the maximum of |e,| does not correspond, in general, to a maximum of the effective
wash-out factor |n(0.66m.,) — n(0.71my)| in the expression for |Yp| (see Eq. ([@])). As can
be shown and Figs. [l and 2 illustrate, however, for real Ris and Ry3 (23 = 0; 7) satisfying
|Ri2|> + |Ri3]* = 1, the maximum of |e,| with respect to the parameter R, practically
coincides for § =0 (§ = 7k, k =0, 1,...) and CP-violation due only to the Majorana phase
(39, with the maximum of |Yg|. In the case of CP-violation generated only by the Dirac
phase § (g2 = 0), the maximum of |Yz| occurs for G5 = 0 at slightly smaller value of | Ry,
namely at |Rj2| = 0.86, compared to the value of |Ri2| = 0.92 at which the maximum of
e, | takes place. We will work for convenience with Rj5 and R;3 maximising |e.|, for which
we have simple analytic expressions in terms of the ratio AmZ /Am3. In most of the cases
we will discuss these values of Ry and R;3 maximise also |Yp|.

Consider next the wash-out parameters my, [ = e, i, 7. In the case of real Ri3 and Ri3
we have B3y3 = 0; 7 and |Rys|* + |Ry3)*> = 1. Taking into account this constraint we get

from Eq. (57) [28, [62]:
\AmE < e+, + me <\ JAmy (80)

The maximum and the minimum are reached respectively for |Rj|*> = 0 and | Ry3|> = 0, and
in both cases |e.| = 0. If B3 = 7/2; 37/2, we have |Rys|*—|Ry3|? = 1 and for m.+m, +m,
we get the same lower bound as in Eq. (80), but no upper bound, in general, since |Rys|?
is not limited from above. The requirement of successful leptogenesis leads to an upper
bound roughly of the order of 1 eV. For |Ri5|* = (1 7, VAm2 /\/Am3)~!, corresponding

to the maximum of 7 and of |e,|, we find

Am2)\ 2
1 (Amg) ] >~ (.30 (0.44) \/Am? . (81)

In what follows we will analyse the case of real Ri5 and R;3. For real Ri5 and R;3 we
have (93 = 0; 7 corresponding to sgn(RiaRy3) = +1; (—1).

i + iy + 171y = 21/ Am?2

5.2.1 Leptogenesis due to Majorana CP-Violation in Upyg

We shall consider first the interesting possibility of CP-symmetry being violated by the

Majorana phase ags in U, and not by the Dirac phase . To be concrete, we choose
§ = 0 and real Ry and Ry3 (823 = 0; 7) which maximise r, |e.| and |Yp|, i.e., |Ri2]? =
(1 + /AmZ /y/AmA)™! = 0.85, |Ri3]* = 1 — |Riaf*> = 0.15. For age = 0; 2, the CP-
symmetry is not violated. If a3y takes the CP-conserving value of agy = m, CP-symmetry
is violated by R and |e.| # 0. It should also be noted that the terms o sinf;3 in the
expressions for e, and the wash-out mass parameters m; are sub-dominant in the case
being studied.
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With the choices for §, Ry» and R;3 made we get using Eqs. (@), (52) and (B6):

i * .« 1 e
}Im (61623U72U73)} = (93 C13 (S23C12 + C23512513) |sin %’ = B (c12 + 512513) [sin % )
(82)
— AmQ % s o30 ’
m; = Am3 Am?) |Ria| (S23C12 + C23512513) €2 — K |Rig| cas (83)
A
1 v/ Am> Q
= 5 ‘2 T [1 + (012 + 812813) (012 + S$12513 — 2 K COS %)] , (84)
2
1+ (Amg)
Amg
_ — 2/ Am> —
my = me+m, = L7 mr, (85)

1
Am3 \?
-+ (5)
where £ = 72 = sgn(R3R13) = £1 and we have set s93 = Cp3 = 1/\/5, used |Ryz| and
| R3] specified above and neglected the terms oc s%; in Eqgs. (82) and (84).

It follows from Egs. ([@9), (82)) and (83) that in the case under discussion the following
relations hold: |e,(as2)| = |6-(2m — a2)|, and my(ase, Faz = 0) = m (271 — ase, Fag = ). As
a consequence we have from Eq. [@4): |Yg(as2, B2z = 0)| = |YB(27 — asg, f23 = m)|. Thus,
we will consider values of ags in the interval [0, 27] and limit our discussion to 23 = 0 (i.e.,

k = sgn(R2Ry3) = 1). After fixing the value of 3 the only free parameter left in the
problem being studied is the Majorana phase ass.

For ay = 0; 2, obviously |e.| = 0 and therefore |Yg| = 0. We can have |Yz| = 0 also
even if |e.| # 0, provided the efficiency factor in the expression for |Yz|, Eq. (44), is zero,
i.e., if he condition given in Eq. (&1l) is fulfilled. For the values of | Ri5| and |R;3| considered
and sy having a value in the interval [0, 27], this condition is satisfied for ass = 1.27. Thus,
in this case we have |e;| # 0 but |Yg| = 0 for az, = 1.27.

The absolute maximum of the baryon asymmetry |Ypg| as a function of ass is reached
close to agy = /2. We have at the absolute maximum for s;3 =0 (0.2):

Am? M
|~ 12x10°8 A ! 86
e-| X <o.o5 ev> (109 GeV) ) (86)
Am? M
Yu| =2 2.0(2.2) x 10712 A ! . 7
Vel 0(2.2) x <0.05 ev> (109 GoV (87)

As we have already indicated, the values of |Ry3| and |Ry3| we have chosen in this analysis
maximise not only €., but also |Yz|. Thus, the observed baryon asymmetry having a value
in the interval 8.0 x 107! < |Yp| < 9.2 x 1071, can be reproduced for M; 2 3.6 x 10°
GeV. A second (local) maximum of |Yg| occurs close to agy = 37/2 (at agy = 1.77m). At
this maximum the value of |Yp| for s;3 = 0 (0.2) is approximately by a factor of 3 (1.8)
smaller than that at the absolute maximum in Eq. (87). Given the fact that the flavour
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effects of interest can be substantial for values of M; up to M; ~ 10'? GeV, leptogenesis
can be successful even for rather small values of the Majorana phase azs, or more precisely,
of |sin(asy/2)|. If, for instance, M; ~ 5 x 10" GeV, the observed baryon asymmetry can
be generated for |sin(aga/2)| = 0.15.

The results obtained in this subsection are illustrated in Figs. [l and 2] we have already
discussed, and in Figs. BI- B, where the dependence of the baryon asymmetry |Yz| on the
Majorana phase asgs is shown for M; ~ 5 x 10'° GeV in the case analised above: § = 0,
real Ry and Rj3 which maximise |Yz|, i.e., |Ria] = 0.92 and |Ri3| = 0.39, and 53 = 0, i.e.,
k= sgn(RyaRy3) =1 (Figs. Bland Bl), and (o3 = 7, i.e., K = —1 (Fig. ). The figures have
been obtained using the best fit values of the oscillation parameters Am3, Am2, sin? O3
and sin?#,. Results for two values of sin 5 are presented: sinfh3 = 0; 0.20. Figure
shows, in particular, that in the case being studied, the predicted baryon asymmetry |Yp|
exhibits very weak dependence on sin 6,3 for aszy S 7. If sinf3 has a value close to the
existing upper limit, the effect of sin#;3 ~ 0.2 can be noticeable in the region of the local
maximum of |Yp| at agy = 1.77: it can lead to an increase of |Ypg| by a factor of 1.7. For
M; = 10 GeV, for instance, we can have successful leptogenesis for 7/4 < azs < 0.97,
and, if s13 ~ 0.2, also for 1.47 < asy < 1.97. In order to illustrate the dependence of |Yjp|
on Rjs and Ry3, we show in Fig. [ the baryon asymmetry |Yp| as a function of asy for
s13 = 0 and two sets of values Ryg13: |Ri2| = 0.92, |Ry3] = 0.39, and |Ry2| = 0.86 and
|R13| = 0.51. Figure [l together with Figs. [ and 2 show, in particular, that the predicted
value of |Yp| exhibits a relatively strong dependence on the elements of the matrix R.

It follows from the results obtained in the present subsection that as long as | sin(ass/2)]
is not exceedingly small ['9 and M; 2 3.5 x 10 GeV, we can have successful leptogenesis
even if |sy3sind| = 0 (Jep = 0) and the only CP-violating parameter is the low energy
Majorana phase ass.

5.2.2 Dirac CP-Violation in Upyng and Leptogenesis

The next question we would like to address is under what conditions we could have a
successful leptogenesis if the only CP-violating parameter is the Dirac phase in U, i.e., if,
e.g., Bag = 0,7, the Majorana phase agy takes a CP-conserving value and sin(agy/2) = 0
, so that agy = 27k, k = 0,1,.... We choose for concreteness again real Rio and Ri3
which for azy = 0 (27) and 3 = 7 (0) maximise |e,| and |Yg|, ie., |Rip/*> = (1 +
VAMZ /\/Am3)! = 0.85, [Ris)? = 1 — |Ripf* = 0.15. We will present results for the
baryon asymmetry |Yz| also for the values of Ry and R;3 which maximise |Yz| in the case
of azg = 0 (27) and Ba3 = 0 (1), |Ry2|? = 0.75 and | Ry3]? = 0.25. For § = wq, ¢ = 0,1,2, ...,
the CP-symmetry is not violated and |e,| = 0.

00bviously, ass should have a value sufficiently different from the “special” one for which |1(0.66m,) —
n(0.71ma)| = 0.

1 By imposing the condition sin(asz/2) = 0 we exclude the possibility of ass taking the CP-conserving
values aizo = 7, 3w, in which case the term associated with the violation of CP-symmetry due to the matrix
R will dominate in |Im(U,U-3)|, and correspondingly in |e,|. If 825 = 7/2,37/2, the indicated possibility
would be avoided if ago takes a CP-conserving value and |sin(agz2/2)| = 1.
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For the chosen CP-conserving values of ags and (a3 we get from Eqs. (@), (52) and (B0):

[Im (U Urs)| = ¢35 512 513 [sind] | (88)
Am? i
— m 4 _
mr = AmQA (A QQ) |R12| (523012 + 23512513 ew) —# |R13| C23 C13
my
AmS3

2K = Pt = 11 (89)

2 1 ‘<C23013 — K S23¢12) + 23512513 e’
2
1+ (ﬁmﬁ*)
me
where in Eq. (89) we have used the values of |Ry5| and |R;3| specified earlier. Taking into
account that [Im(e”U%,U,3)| = 0.027|s13sin §|, we find from Eq. (79):

i 5| Am2 M1
~ 99 x 1070 (2180 A .
€] <10 ( 0.20 0.05 oV ) \10° Gev (90)

Thus, the maximal asymmetry |e,| in the case of CP-violation due only to the Dirac phase
0 in Uppns is approximately by a factor of 6 smaller than the maximal asymmetry due to
violation of the CP-symmetry by the Majorana phase ass of Upyins.

Given m,, one can determine my from Eq. (8H). It follows from Eqs. (89) and (@0)
that |Yp(d)| = |Y(27r — 6)|. One has to analyze the cases of k' = e(@2/2+62) = 41
(0432/2 +523 = 271']{3, k = 0,]_,) and K = —1 (0432/2 +ﬁ23 = 7T(2k’ + ].), k = 0,1,2,...)
separately.

For k¥ = —1 we find m, = 0.25v/Am3 > my = 0.05\/Am3. For the values of the
parameters employed in this analysis (chosen, in particular, to maximise |e,| and |Yg|), m,
and my exhibit weak dependence on sinf;3 (and therefore on §), which can be neglected.
This implies that the maximum of the baryon asymmetry |Yz| as a function of the Dirac
phase 0, will take place at values of § = (7/2)(2k + 1), k = 0,1, ..., for which || also
has a maximum. Using Eq. (45) to calculate the relevant efficiency factors (0.66m,) and
n(0.71my), we get from Eq. (@4):

~ =13 &3 &) M,
V| 2 2.8 x 10712 | sin | (0.2 (109 GeV) . (91)

12

The asymmetry of interest is predominantly in the lepton number L. + L,. Thus, in order
to reproduce the observed baryon asymmetry, taken to lie in the interval 8.0 x 1071 <
Y| < 9.2 x 1071, sy3]sind| and M, in the case analised, should satisfy

. 513 M,

Given that sp3|sind| < 0.2, the lower bound in this inequality can be satisfied only for
M, 2 2.9 x 10" GeV. Recalling that the flavour effects in leptogenesis of interest are fully
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developed for M; <5 x 10'' GeV, we obtain a lower bound on the values of |si3siné| and
s13 for which we can have successful leptogenesis in the case considered:

|sin 63 sind| £ 0.11, sinf3 2 0.11. (93)
The lower limit (@3]) corresponds to
|Jep| 2 2.4 x 1072, (94)

where we have used the best fit values of sin 2015 and sin 2653. Values of s13 in the range
given in Eq. (@3)) can be probed in the forthcoming Double CHOOZ [64] and future reactor
neutrino experiments [65]. CP-violation effects with magnitude determined by |Jcp| satisfy-
ing (O4]) are within the sensitivity of the next generation of neutrino oscillation experiments,
designed to search for CP- or T- symmetry violations in the oscillations [66]. Actually, since
in the case under discussion the wash-out factor |ng| = |[(0.66m,) — n(0.71m3)| in the ex-
pression for |Yp| practically does not depend on s;3 and 6, while both |Yg| o |s13sin |
and |Jep| o |s13sind|, there is a direct relation between |Yg| and |Jep| for given neutrino
oscillation parameters, Ris, Ry3 and M;:

V5|

~30x 1078 ~13x 107
M1/<1011 GGV) 3.0 x 10 ‘nBHJCP‘ 3 x 10 |Jcp‘, (95)

where we have used the best fit values of the neutrino oscillation parameters, |Ryo| = 0.92,
|Ri3| = 0.39 and k' = —1.

For k' = +1, the maximum of |Yp| as a function of |Rjs| (|R13|) takes place in the
case being investigated at |Ris| = 0.86 (|Ry3] = 0.51) and we will employ this value of
|R12| (|Ry3|) in the remaining part of the current analysis. If " = +1, a strong cancellation
between the terms in the round bracket in Eq. (89) takes place and we have typically m, <
my. Indeed, for s93 = co3 = 1/v/2, 519 = 0.2 and § = 7/2 one finds m, = 2.5 x 1072\/Am?2
and my = 0.284/Am3. Using Eq. (@A) to calculate the corresponding efficiency factors,
we get from Eq. ([@T) for the baryon asymmetry:

~ —13 | o3 513 M,
V5| 22 3.6 (0.38) x 1013 sin 4| (0'2> <109 Ge\/) . (96)

The numerical factor in the round brackets corresponds to the value of |Ry5| = 0.92 (| Ry3| =
0.39) which maximises |e.|, but does not maximise |Yz|.

The result we get for the maximal value of |Yg/, i.e., for |Rys| = 0.86 (|Ry3] = 0.51), are
quite similar to those we have obtained in the case of k' = —1, the only difference being
that now the generated lepton asymmetry is predominantly in the tau lepton charge. The
observed baryon asymmetry lying in the interval 8.0 x 107" < |Y3| < 9.2 x 107!, can
be reproduced if M; 2 2.2 x 101 GeV. For the flavour effects to fully develop one must
have M; < 5 x 10'* GeV, which, together with the requirement of successful leptogenesis,
implies |s13sin d| 2 0.09, sin 613 2 0.09. This lower limit corresponds to |Jep| 2 2.0 x 1072
where we have used again the best fit values of sin 26, and sin 26,3. The ranges of values
of sin#3 and of |Jep| we find in the case being studied are also within the sensitivity
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respectively of the planned ;3 reactor neutrino experiments [64, [65] and of the neutrino
oscillation experiments on CP- (T-) violation [66].

It is interesting to note that, as it follows from Eq. (@fl), for |Ris| = 0.92 and |Ry3| =
0.39, which maximise |e,| but do not maximise |Yz|, the predicted baryon asymmetry |Yjp|
is smaller by approximately one order of magnitude in spite of the fact that the indicated
values of |Rjs| and |Ry3| are rather close to the values |Ri2| = 0.86, |Ri3] = 0.51 which
maximise |Yg|. As |Rjs| increases beyond 0.86, |Yp| rapidly decreases, as is also clearly
seen in Fig. [l Actually, for |Ri3| = 0.92 and |Ry3| = 0.39, the observed baryon asymmetry
cannot be reproduced for M; < 10 GeV and sinfy3 < 0.20: we get |Yp| < 4 x 1071
Figures [l and 2 show also that for real Ry» and Ry3, satisfying |Rys|? + |Ri3]* = 1, and CP-
violation generated only by the Dirac phase in Upyns, we can have successful leptogenesis if
both sin 013 and |Ry3| have relatively large values: the observed baryon asymmetry cannot
be reproduced if | R, < 0.6 and/or sin 3 < 0.1.

The results obtained in the present subsection are illustrated in Figs. [l and 2 as well
in Fig. [@l In Fig. [6] we show the dependence of |Yp| on the Dirac phase 6 which was varied
in the interval [0, 2], for s;3 = 0.1; 0.2, M; = 5 x 10! GeV and for # = +1 and &' = —1.
The correlation between the rephasing invariant Jcp which controls the magnitude of the
CP-violation effects in neutrino oscillations and the baryon asymmetry Yp is illustrated in
Fig. [@for s;3 = 0.2, M; = 5 x 10! GeV and ' = +1. Both figures are obtained for real
Ry and R;3 which maximise |Yjp|.

In conclusion of the present subsection we note that one can treat in a similar way the
alternative possibility of o3 = 7/2 (37/2). In this case we have e, x Re(U,U,3). The CP
symmetry will be violated at low energies if both Re(U%U,3) # 0. and Im(U*,U.,3) # 0.
Maximal asymmetry |e,| is obtained for cos(ass/2) = %1, and, if s13 is non-negligible, for
cos(d —aza/2) = £1. These conditions are satisfied for the CP-conserving values of a3y and
d: aze = 0; 2w, 6 = 0; m. The CP-symmetry is broken by the matrix R (323 = 7/2 (37/2)).
It is easy to convince oneself that the expression for the asymmetry |¢|, | = e, pu, T, for
fa3 = m/2 or 3w/2, azy = 0 (27) and 0 = O( 7), coincides with the expression for the
same asymmetry in the case respectively of fy3 = 0 or 7, ago = 7 (37/2) and § = 0 (2m).
Although, for fy3 = 7/2; 37/2 we also have max(r) = 1.2, the maximum of 7 corresponds
to |Ria|? = (1—/Am2 /\/Am3) ™! 2 1.22, |Ri3/? = |Ri2|*—1 =2 0.22. Therefore the wash-
out factors m,; will differ from those in the case of fo3 = 0; ™ and maximal asymmetry |e,|.
The values of |Ry2| and | R3] which maximise |e;| are not guaranteed to maximise also the
baryon asymmetry |Yp|. Further investigation of this case is, however, outside the scope of
the present study.

5.3 Inverted Hierarchical Light Neutrino Mass Spectrum

Given the inequalities m3 < m; < msg, it seems natural to assume that the terms oc \/m3
are sufficiently small and give negligible contributions to the lepton flavour asymmetries ¢
and to the wash-out mass parameters m;. In the “one-flavour” approximation this case was
studied in [28]. Tt was found that the lepton asymmetry is strongly suppressed by the factor
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Am?2 /Am3 and leptogenesis can produce the observed value of the baryon asymmetry only
if the lightest heavy Majorana neutrino N; has a relatively large mass: M; 2 7 x 10! GeV.
Using Eq. (8] and the fact that in the case of interest we have m;, = /Am3j and
(mo —my) = Am2/(2y/Am3), it is not difficult to obtain the conditions under which
the indicated terms oc /mg3 in ¢ can be neglected. The latter depend on whether the
Ri1Ris = €12 Ry Ryy| is real or purely imaginary. In the case of 81 = ¢, ¢ = 0,1,2, ...,
we get:

3 2 2
ms AmA)4 ‘R13|
2 <1, fp=mq q=0,1,2,.... 97

< Amé) <Amé [ Bazu)| ’ o

Since 2(Am3 / Amé)% 2 26.4 > 1, this inequality suggests two possibilities.

i) Equation (@7) holds and the terms o /mgz in ¢ and my; are indeed negligible. The
simplest realisation of this possibility corresponds to [28] setting R;3 = 0, which in turn
implies the decoupling of the heaviest RH Majorana neutrino Nj.

ii) The alternative possibility is that terms oc \/mg in ¢ and m; are dominant in spite of
the fact that ms < my, my. This would require the ratio in the left-hand side in Eq. (O1)
to be much bigger than 1. A possible simple realisation corresponds to setting Ry; = 0 or
R15 = 0. Since in the latter case || o< y/mg3/ma, the asymmetry |¢| will not be suppressed
only if mg is sufficiently large. The latter condition is satisfied for values of ms in the

interval 107y/AmZ < my < 0.5y/AmZ), for which we still have mz < mq».
If, however, 1o = 1/2(2¢+ 1), ¢ =0,1,2, ..., i.e., if Ry R12 = £i |R11 Ry, we obtain a
very different condition:

* IR
W) sl 1 = eat ), a=002 (99
Amy ‘312(11)‘

For mg < my 5, this condition can be naturally satisfied if |R;3] is sufficiently small and,
in particular, if |Ry3| = 0.

5.3.1 The case of Real R;;R;» and N3 Decoupling (R;3 = 0)

The terms o /m3 in ¢ and m; are negligible and we get:

¢ ~ 3M1 \V AmQA Amé Amé E |R11R12| Im (elﬂm U, ) l=¢ .
' T 3m? \Am2 ) \&amZ) [RuP+ Rl 1U) | T
(99)

where 315 = arg(R1; R12). The phase (315 parametrises the effect of CP-violation due to the
matrix R in the asymmetries ¢;. In the case of CP-invariance, 315 = 0 or /2 depending on
whether Im(U};U;2) = 0 or Re(Uj;Uj;2) = 0, respectively, and ¢, = 0, [ = e, u, 7. Note that
the asymmetries ¢ are suppressed by the factor Am2 /(2Am3) = 1.6 x 107* with respect
to the asymmetries ¢; we have obtained in the case of NH light neutrino mass spectrum.
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From Eq. (@) we get for the quantity Im(e?2U* U,,) of interest:

i * i i%2L is —i8
Im (6 Pz UT1U7—2) = —Im [6 iz et (012823 T S12C23513 € ) (512523 — C12C23513 € )] )

(100)
where ap; is the Majorana phase which enters also into the expression for |(m)| in (33)g,-
decay. The wash-out mass parameters m; for the three lepton asymmetries read:

’I/”rvll = Ami |R11 Ul*l + R12 le*2|2 ) [ = U, T . (101>

Using the unitarity of the PMNS matrix U we obtain:

Me + My, + M, =/ Amj (|Rl1|2 + |R12|2) : (102)

In what follows we limit our discussion to the case of real Ry, and Ri2. In this case we
have |Ry1)? + |Ri2]?> = 1, and (15 = 0; 7 which correspond to sgn(Ry1Ri2) = +1; (—1).
Obviously, the values of |Ry;| = |Ri2| = 1/v/2 maximise the asymmetries €. As can be
shown, for generic values of the phases ay; and ¢, these values of |Ry;| and |R2| maximise

also |Yg|. Now we have
Me 4+ My, +m,; = \/ Amj . (103)

Using the best values of the neutrino oscillation parameters sin? 26,3, sin” 6o, Am? and
Am?%, given in Eq. (B) and the upper limit s;3 < 0.2, we get maximal |e,| and |Yp| as can
be shown, for ay; = 7/2, § = m and B = 0:

Am? M
| ~15x%x 1071 A ! 104
€] 8 (0.05 ev> <109 GeV ) (104)
Am? M
Yp| 22.2x 1071 A ! . 1
¥l <10 (0.05 ev> (109 GeV (105)

Clearly, for M; < 10'2 GeV for which the flavour effects in leptogenesis can be substantial,
it is impossible to reproduce the observed baryon asymmetry in the case of IH light neutrino
mass spectrum, Ri3 = 0 and real Ry and Rys, |Ry1|* + |Ri2|* = 1. The main reason for
this result lies in the fact that the lepton asymmetries ¢, are suppressed by the factor
Am?2 /(2Am3) = 1.6 x 1072, while the wash-out effects are rather large owning to the

constraint (T03]).

5.3.2 Generating Yz Compatible with the Observations

Consider next the case of f19 = (7/2)(2¢ + 1), ¢ = 0,1,2,.... Now the product Ry;Ris
is purely imaginary: Ry Ris = ir|Ry1Ris|, ik = €2, k = £1. We shall assume further
that condition (O8) holds and thus the terms o /m3 in ¢ and m; are negligible. A simple
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realisation of this scenario corresponds to Ry3 = 0 (N3 decoupling), and to |Ry|? —|Ry2|? =
1. Under the indicated conditions we have:

3M1\/TTT?J2A 2 |R11R12‘ \Re ( * U )| |l =¢ W, T (106)
16702 |R11‘2+|R12|2 T1Y712)] > s H

€] ~

where

[Re (U71Un)| =

012512333 cos % — (93823513 [cé cos (% — 5) — 532 cos (% + 5)] ’ ,

(107)
and we have neglected the term o s?;c19812¢5; in the expression for |Re(U’,U,)|. The
maximal value of the factor v’ = 2|Ry; Ria|/(|R11|* + |Ri2|?) is ' = 1 and is reached for
|Ry1|* > 1. However, even for |Ry1|*> = 1.5 and |Ry3|*> = 0.5, 1’ is rather close to its
maximal value: 7' = v/3/2 = 0.87. Numerical calculations we have performed show that
the maximal value of the baryon asymmetry |Yz| in the case under discussion corresponds
to |Ri1|* = 1.1—1.4 (see Fig. R) and we will use these values of |R1;]? and the corresponding
values of |Ry2|? = 0.2 — 0.4, in our further analysis.

In the case of purely Majorana or Dirac CP-violation from the PMNS matrix we obtain:

|Re (U:1Ufr2)| = S93 (012 512 523 + S13 C23 COS 2012)

COS%’ , 0=0,m2mr, (108)

|[Re (U Ur2)| = S13Co3 93 [sind] COS% =0. (109)

In what follows we first set s;3 = 0. The CP-symmetry is violated by the Majorana
phase g only. Both |e,| and |Yp| vanish for ag; = m(2¢ + 1), ¢ = 0,1, .... The wash-out
parameters m, and msy are given by

_ e
m, =/ Am3 [5%2 Soa | R11|? + €1y 555 | Ria|® + 2 K ¢12 812 553 | R11 Ry sin % , (110)
7/7\)/3: @/AmZA (|R11‘2+|R12‘2) —77/\1_7/— (111)
Obviously, we have |e;(az21)| = |6-(2m — @91)], mr(q91) = m (27 — @), and therefore

|Yp(co1)| = |YB(2m — ag1)|. The results we obtain for |Yp| depend strongly on whether
k=+1orkx=-—1.

For k = +1 and |Ry;|*> = 1.1 — 1.4, one has m,,my > 2 x 1072 eV, which corresponds
to a strong wash-out regime. The baryon asymmetry is maximal for ag; = 2mq, ¢ = 0,1, ...,
for which both |e;| and the efficiency factor |ng| = |n(0.66m,) — 1n(0.71mz)| are maximal
(| cos(a1/2)] = 1). Numerical studies show that the absolute maximum of |Yp| for k = +1
is reached at |Ry;|*> = 1.1 (Figs. B and [).

In the case of K = —1 and values of |Ry;|? indicated above, which maximise |Yp|, there
is a strong partial compensation between the three terms in m,. As a consequence, the
efficiency factor |ng| and the asymmetry |Yz| are for, e.g., as; = /2 and the values of
|Ry1|* which maximise |Yp|, approximately by a factor of 5 bigger than the values they
have in the case of £ = +1. Moreover, the maximum of Y| takes place at |Ry;|? = 1.4 and
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o1 = 27/3; 47 /3 (Figs. Rland [[0), rather than at |Ry;[* = 1.1 and ay = 27q, ¢ =0, 1, ....
In both cases of kK = +1 and kK = —1 we have |Yg| = 0 for g, = 7(2¢ + 1).

We get for the maximal baryon asymmetry (i.e., at |Ry;|> = 1.1 and as; = 0; 27 for
k=+1, and at |Ry;|*> = 1.4 and g = 27/3; 47/3 for k = —1, see Figs. 10 - 13):

Yp| = 1.5 (0.5) x 107" < Ami) ( M ) , k=—1(k=+1). (112)

0.05 eV 109 GeV

It follows from the preceding analysis that the observed value of the baryon asymmetry
Y| 2 8 x 107! can be reproduced in the case being studied for M; 2 5.3 x 10'° GeV if
k = —1, and for M; 2 1.6 x 10!* GeV when x = +1. Since both the baryon asymmetry
|Yp| and the effective Majorana mass in (33)g,-decay, |(m)| depend on the Majorana phase
a1, for given values of the other parameters there exists a direct correlation between the
values of |Yg| and |(m)|. The latter is illustrated in Fig. [l

One can treat in a similar manner the case of s;3 # 0 and CP-violation generated only
by the Dirac phase § in Upyns, ase = m(2k+ 1), k = 0,1,.... In this case the asymmetry
le;| o< |s13sind| and is suppresses by si3. However, the eficiency factor |ng| is larger than
in the case of Majorana CP-violation discussed above and for, e.g. s13 = 0.1, kK = +1 and
§ = m/3, one can reproduce the observed value of |Yg| for M; 2 1.5 x 10* GeV. The
asymmetry satisfies the relation |Yg(6,k = +1)| = |Yp(27n — ),k = —1)|. The results in
the case under discuission are illustrated in Figs. 2 and In Fig. [2we show the baryon
asymmetry Yp as a function of |Ry;| for 06 = 7/2, while Fig. exhibits the dependence
of |Yg| on the Dirac phase § for the value of |Ry;| from the interval |Ry;| = (1.05 — 1.1),
which maximises |Yg|. The results presented in both figures are for s13 = 0.1; 0.2, aze = 7,
k=41, k=—1and M; =2 x 10" GeV.

As we have indicated at the beginning of this subsection, the observed value of the
baryon asymmetry can be reproduced in the case of real R;;, j = 1,2,3, if the terms
x /mz in ¢ and m; are dominant in spite of the fact that ms < mq,mo. A simple
realisation of this possibility corresponds to having Ry;; = 0 or Ris = 0, and sufficiently
large mj still obeying the inequality ms < m; 3. The latter conditions can be satisfied for
ms possessing a value in the interval 107%\/AmZ < ms < 0.5\/Am?%. A more detailed
discussion of this case will be presented elsewhere.

5.4 Quasi-Degenerate Light Neutrino Mass Spectrum

We turn now to the QD spectrum, for which my ~ my ~ mg > /Am2, /Am3 and we
take as conventional lower limit on the masses m; 2 0.1 eV. In this case the contribution
of all the masses to the CP-asymmetry e, needs to be taken into account. We study
the two cases in which the products of the parameters in R entering in the asymmetry,
Ry; Ry, are either real or purely imaginary. This corresponds to having B;; = B1; + f1; =
2km/2,(2k+1)/2, k = 0,1, ...., respectively. We consider first the case of Ry;R;; real and
equal to =|Ry;Ry;|. The CP-asymmetry can be written as:

3M, 1
167TU2 Zz |R1i|2

(m2 — ml)‘R11R12|€iBHIm< :1U7—2>

erl =
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+(m3 — m1)|R11R13\ei313Im( :1U7—3) + (m3 - mQ)\ngng\eiB%Im( :2U7—3> s (113)
3M1 1 Amé ‘B
~ Ry Ruole ™I (U7, U2
]_671'2}2 Zz |R1i|2 2m1 | 1 12|6 m 71 2
Am2 4 Am? -
+ A |R11R13|623131m< :1U7—3> + A ‘R12R13‘613231m( :QUTg) s (114)
2m1 27711

where we have neglected terms of order Am2 /Am3. The signs + in Eq. (IT4)) refer to the
quasi-degenerate spectrum with a normal or inverted hierarchy. This information could
not be obtained in experiments which are sensitive to the overall neutrino mass scale, as
neutrinoless double beta decay or direct neutrino mass searches. However, by exploiting
matter effects, long baseline neutrino oscillation and atmospheric neutrino experiments
might be able to establish if the spectrum is with normal or inverted hierarchy. Neglecting
the terms proportional to AmZ,, we can further simplify the expression in Eq. ([14):

3M1m1 1 Ami
16702 > |Ryi|? 2m3

e’ C . [t e C 4o
‘R11‘<812 sm% —C122813 S11 (ﬂ —5)> ZE‘R12| (- C12 sm% —8122813 S11 (% —5>)’(7115>

593 2 593

e, | = S23Ca3C13| Ry

X

where + refer to the case of £ = (12 and (12 = km + (i, k = 0,1,..., respec-
tively. Notice that, in general, the asymmetry is suppressed by Am3/m?. For compar-
ison with the NH case studied in Section 5.1l we can have a mild suppression of order
(Am3)%*/(my(Am2)Y*) ~ 0.2 (1 eV/my) for large values of my. If Ry is negligible (N;
decoupling), the dominant contribution is proportional to AmZ2 which amounts to an ad-
ditional suppression factor of Am?2/Am3 ~ 0.03 [28]. Typically, we get a CP-asymmetry
of order:

M1 0.1 eV
A o~ 1.2x107° Ri3R
e x 101 GeV my [ Frs o
% |0.55 i 22— 01728 in (221 §) — 0.845in 22 — 0.11°2 sin (@ - 5) ’ (116)
2 027"\ > 0.2 2

where we have taken for definiteness Riy = Ry and Y, |Ry;|> = 1. The asymmetry
decreases linearly with m; and we have evaluated it for the minimal value of m; which is
allowed for the QD spectrum. Notice that, as far as as;, asp is not too small, sin %+ >
0.1 (s13/0.2), the contribution of the ¢ phase will be subdominant. The phases ag; and as;
enter in the effective Majorana mass parameter for neutrinoless double beta decay. For the
QD light neutrino mass spectrum, we have

[(m)] =my }C%QC%B + 5%2033&&21 + 5%36“&31_2&) . (117)

The dependence on the phase difference (a3; — 20) is suppressed by s?; and can be ne-
glected. In principle, the phase as; can be measured in future neutrinoless double beta
decay experiments if a sufficient precision will be achieved in the measurement of |(m)| and
of the masses, and if the problem of the computation of nuclear matrix elements will be
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solved [57]. The prospects of measuring the other Majorana phase a3; are far beyond the
sensitivities of the present and future planned experiments.

In the case of Ry; Ry, purely imaginary, i.e. 8y;4+01; = (2k+1)7/2, k =0, 1, ..., in general,
there is no suppression as the masses enter in the CP-asymmetry via the combination
m; +m;. We get
3M1m1 1

87TU2 ZZ‘RM‘Q
x|+ |R11R12|R6(U:1U7—2) + |R11R13|R6( :1U73) + |R12R13|R€( :2U7—3) s (118)

erl =

where the +(—) refer to 5y, + 81, = 7/2(37/2). The expression in Eq. (I18) is rather
lengthy but can be simplified if we neglect 6y3. In this case it reads:
3M1m1 1

8mv? EZ‘RMP

X | B Ba| (51210833 cos %) & | Ri1 Ris| (512523023 cos %) & | Ri2 Ris|(—c12823023 COS %{}*19)

|€T| =

As we have neglected the terms o< si3, there is no dependence on the phase 6. However,
both the Majorana phases enter in the expression for €.

Let’s now turn to the wash-out factors. Using the unitarity condition on U, we find:

My + My =my Y | R’ (120)
k

Therefore, we can expect that the wash-out mass parameters will typically be much larger
than 3 x 1072 eV, leading to a strong suppression of the baryon asymmetry. More specifi-
cally, m, is given by:

ﬁsz = m |R11U:1 + ngU:Q + ngU:3|2 . (121)
We will study first the case of real R;;. Taking, for example, Ry; = Ri2 = Ry3, we

obtain m; = 0.053 my, for as; = m and a3; = 7. In this case the strong wash-out regime
formulas apply and we have

0.1 eV)1-16

my

1(390/580 1) = 3.3 x 1072 ( (122)

resulting in a baryon asymmetry which substantially smaller than the observed one.

A larger efficiency factor can be achieved in the regime interpolating between the ones
of strong and weak wash-out effects. However, it should be notice that n(m,) and €, depend
on the same parameters and they cannot be maximized independently. In fact, for real R
we can rewrite the CP-asymmetry as:

K

3M1m1 Ami
327TU2 m% El ‘R1¢|2

3M1m1 Ami 77/\1_7/—
7 RysUss 123
32mv? m3 > |Rul? \| my [ R Urs| (123)
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Therefore, while the efficiency factor n(m,) increases when m, decreases as the wash-out
regime changes from strong to weak, |e;| decreases accordingly. In the strong wash-out
regime in the 7 flavour and m,; < my, the baryon asymmetry has an upper bound:

12 3Mym, AmA 0.2 x 1073 eV 589\ "'°
Y R _—— . 124
V5] < 37g. 32mv2 m3 [ Fisleas m1 m, 390 (124)
Conversely, for weak wash-out in the 7 flavour, we have
12 3Mym; Am3 mT m, 390
Y, R _ . 125
Yl < 37g, 32102 m2 [ Faseas 0.2 x 1073 eV 589 (125)

Thus, the maximal baryon asymmetry is obtained for intermediate wash-out effect. For
definiteness we can estimate the upper bound on Yz at m, ~ 3 x 1073 eV. For the smallest
allowed value of m; for the QD spectrum, m; = 0.1 eV, we get:

M,
101 GeV -~
Requiring that m, < m; imposes a fine tuning on the values of the parameters Ry;.

For simplicity, we search for the solution of the equation m, ~ 3 x 1072 eV ~ 0, which
corresponds to:

Y| £5x 107 Ryg|——— (126)

RH‘U7—1|—R12|U7—2‘COS( 2 )+R13|UT3|COS( B )_O (127)

R12‘U7—2‘S11’l( 5 ) R13‘U7—3|Sln( 231) 0. (128)

If o1 (ai31) [aze] = 0, we have that Ry3 (Rys) [R11] = 0 as well. Otherwise, the solution of

(I27) and (I28)) is given by:

Co3 sin a32/2 Co3 sin Q31/2

RH = R13 and R12 = R13 (129)

S12523 sin 0621/2 C125923 sin a21/2 )

Another possibility consists in having m, ~ m; and small my. However, also in this
case the baryon asymmetry is suppressed due to the values of the CP-violating phases
required to have my < my, namely, agq, a3, ~ 0, 7. In conclusion, for real R, it might be
possible to reproduce the observed baryon asymmetry, but only for relatively large values
of M; > 10" GeV and small values of m;. A careful and detailed analysis should be
performed on a case by case basis. A measurement of m; in the upper end of the range of
allowed values [0.1eV,2.3eV] in the quasi-degenerate spectrum would strongly disfavour,
if not rule out, the possibility of having leptogenesis due uniquely to the low energy CP-
violating phases, for hierarchical RH neutrinos and real R.

For Ry;Ryj = +i|Ry;Ry;|, the CP-asymmetry is enhanced by a factor 4m?/Am3. Also in
this case an upper bound on |Yg| can be derived, and it depends on m,. A sufficiently large
baryon asymmetry might be obtained for relatively large values of M;. A more detailed
analysis of this case is beyond the scope of the present study.
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6 Baryon Asymmetry from Low Energy CP-Violating
Dirac and Majorana Phases in U: the Case of Quasi-
Degenerate RH Neutrinos

In this Section we extend our previous findings to the case in which the RH neutrinos are
quasi-degenerate in mass, M, ~ My ~ M3 and the matrix R is real. We therefore consider
the case in which the CP parities of the heavy and light Majorana neutrinos are such that
pN = pj = 1Lforall i,j = 1,2,3. In such a case, indeed, CP invariance corresponds to
having all the elements of the matrix R real, see Eq. [B0), and 0 = a9 = ag; = 0. The
degenerate pattern for the RH neutrino masses may arise if, for instance, there is a slightly
broken SO(3) symmetry in the RH sector. The baryon asymmetry receives a contribution
from the decay of all three RH neutrinos. The CP asymmetry in a given flavour [ generated
by the decay of the RH neutrino N; (i = 1,2,3) is dominated by the one-loop self energy
contribution [67] and reads

M, T AN M M,
l ! _ J o 2
€& = _gM]w]Sz]Izja PJ_#’()\)\)ii_F;msz’
J
M2AM?2
Sij = 2j2 ”227AMZ'23‘:MJ‘2_M1'2’
(AME)™ + MPTS
1 1 M; M ¥
I = on oo ot 2 (RueRyeme) > v/, Ry RyuTm (UuUy) - (130)
(X 77 Y/ ts

Notice, in particular, that [ lj = — ji and S;; = —Sj;. The CP asymmetry ¢ is resonantly
enhanced when I'; = AM? /M;. At the resonance

M, M,
Si; ~ ~ —r e~ —= Z (131)
J J#z

The washing out of a given flavour [ is now operated by the AL = 1 scatterings involving
all three RH neutrinos. Therefore, the parameter m; is given by

A
m; o~ Z | ﬂ‘ Z my |Uld (132>

where we have set the nearly equal masses of the RH neutrinos approximately equal to M.
If the resonance operates for all three RH neutrinos, the CP asymmetry in the flavour [ is

¢ =2 Z do_ Z 7 22i<j >oas Rielje Ry Rjsmev/mgmelm (Ui Upy) .

i<j U i<j 7 (Zp m, R?p) (Zq m, qu) e
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It does not depend upon the mass of the RH neutrinos (if the running of the parameters
is neglected). The elements of the matrix R can be parametrized by introducing a real
antisymmetric matrix A [53]

1 —cosr sin r
R=et =14 —r 24+ 20y, r= /A% + A2, (134)
where 1 is the 3 x 3 unity matrix and A;; = —Aj; are the elements of the matrix A. In the

limiting case where the RH neutrinos are exactly degenerate, one can perform an orthogonal
rotation on the RH neutrino states which leaves the mass matrix of the RH neutrinos
proportional to the unity matrix and defines a physically equivalent reparametrization of
the RH neutrinos. This amounts to saying that for M; = M, = M3, the real matrix R can
be set equal to the unity matrix (or Ajp = Ayz = Ay3 = 0). The flavour asymmetries in Eq.
(I30) vanish if R = 1 which reflects the fact that no baryon asymmetry can be obtained
in the exactly degenerate case. On the other hand, if the degeneracy is slightly broken,
the elements of the matrix A are expected to be tiny, but not all vanishing and the baryon
asymmetry is typically different from zero. We are now ready to study all three possible
cases for the spectrum of the light neutrinos. We will restrict ourselves to the case in which
the resonant condition is not satisfied for all couples of RH neutrinos and work under the
condition that M; ~ M, S Mj; the flavour asymmetries are generated resonantly only by
the decays of Ny and Ny and we will set I3 ~ I53 ~ 0.

We find
¢ o~ —Z[ sRis (Am2)"* — Ry R, (Amé)”z}
=
X :(Ri?’Rj? — RipRj3) (Amé)”“ (Am )1/4 Im (UIZUzg)}
< [(am2)'? R+ (and) 7]
< am2) ' B+ (amd) P R
T (Am) P Ul + (AnR)"? U (135)

in the normal hierarchical case;

Am?
2 [ hefin (e >/RRW]
X :(Ri2Rj1 — Ry Rj) (Ami)l/2 Im (UMU[E)}
x[(am3)" R+ (am3) " Ry
< J(am3) R + (amd) 2 R
o= (Amd) Ul + (Am3) " U] (136)
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in the inverted hierarchical case and, finally,

12

€

1 1
> 55 [~ Rk (Am}) — RaRjy (Am?)]

Com2 =

[(Ri2Rj1 — RinRj2) Im (Un U)

(RiBRj2 - Rz‘2Rj3) Im (UpUps)

(RisRj1 — RaRj3) Im (UnUps)]

m (137)

+ + x

my

12

in the degenerate case. In this latter case, since the washing-out factors are approximately
same, the expressions for the baryon asymmetries may be simplified if R is real. Indeed,
the total asymmetry €; vanishes and, if (10° S My S 1012) GeV, the flavour asymmetry
€y = —e, while msy ~ 2m ~ 2m.,. One finds

12222

374177
In Fig. 4] we show the correlation of the baryon asymmetry with the effective Majorana
mass in neutrinoless double beta decay for the case of quasi-degenerate RH neutrinos
and QD spectrum of light neutrinos. A number of projects aim to reach a sensitivity
to [(m,)| ~ (0.01 —0.05) eV [68 and can certainly probe the region of values of [(m,)]
for successfull baryon asymmetry from the PMNS phases only. In particular, a direct
information on the Majorana phase a; may come from the measurement of (m,), m, and

SiIl2 2912,
2
y 1
sinZ% ~ (1 _ iml ) (139)

. b
m2 sin® 261

Yp ~ (138)

and might tell us if enough baryon asymmetry may be generated uniquely from the PMNS
Majorana phases.

7 Extension to the MSSM

The extension to our findings to the supersymmetric version of the SM, the so-called Min-
imal Supersymmetric Standard Model (MSSM) is rather straightforward [29]. One has to
consider the presence of the supersymmetric partners of the RH heavy neutrinos, the so-
called sneutrinos N; (i = 1,2, 3), which also give a contribution to the flavour asymmetries,
and of the supersymmetric partners of the lepton doublets, the so-called slepton doublets.
Since the effects of supersymmetry breaking may be safely neglected, the flavour CP asym-
metries in the MSSM are twice those in the SM and double is also the possible channels by
which a lepton flavour asymmetry is reproduced. However, the AL = 1 scatterings washing
out the asymmetries are also doubled and the number of relativistic degrees of freedom is
almost twice the one for the SM case. As a result, introducing new degrees of freedom
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and interactions does not appreciably change the flavour asymmetries with respect to the
values obtained within the SM.

There are however two other and important differences with respect to the SM case.
First, in the MSSM, the flavour-independent formulae can only be applied for tempera-
tures larger than (1 + tan? ) x 102 GeV, where tan 3 indicates the ratio of the vacuum
expectation values of the two Higgs fields of the MSSM. Indeed, the squared charged lepton
Yukawa couplings in the MSSM are multiplied by (1 + tan® 3). Consequently, charged p
and 7 lepton Yukawa couplings are in thermal equilibrium for (1 + tan? 8) x 10° GeV <
T < (1+tan? 3) x 10° GeV and all flavours in the Boltzmann equations are to be treated
separately. For (1+ tan?3) x 10° GeV < T < (1 + tan? 3) x 10'2 GeV, only the 7 Yukawa
coupling is in equilibrium and only the 7 flavour is treated separately in the Boltzmann
equations, while the e and p flavours are indistinguishable. This implies that the range
of the RH (s)neutrino masses where flavour is relevant in leptogenesis is greater than the
one in the SM by the factor (1 + tan? 3) which is large even for moderate values of tan /3.
This is crucial, for instance, if the spectrum of the RH (s)neutrinos is hierarchical and the
spectrum of light neutrinos respects the inverted hierarchy. This is well illustrated in Fig.
I3 where we plot the baryon asymmetry versus the quantity Jep for the IH spectrum of
light neutrinos in the supersymmetric case for a given set of parameters. The reader should
be also warned that, for values of tan 3 2 30, radiative corrections to the physical neutrino
parameters should be accounted for [61].

Secondly, the relation between the baryon asymmetry and the lepton flavour asym-
metries has to be modified to account for the presence of two Higgs fields. Between
(1 + tan? 8) x 10° and (1 + tan? 3) x 10'? GeV, the relation is

10 541 494
YMSSME— ~ oot ~ o 14
B 319, \ 2\ 76172) T\ 761" ) ) (140)

where the hat superscripts indicates that the flavour lepton asymmetries are computed
including leptons and sleptons. Notice that if the spectrum of RH (s)neutrinos is quasi-
degenerate as well as that of the light neutrinos, the wash-out factor are also the approx-
imately same and the expressions for the baryon asymmetries may be simpliflied if R is
real. Indeed, the total asymmetry e; vanishes and one of the flavour asymmetries may be
expressed in terms of the others. Other these circumstances, one finds

104474 nissw
31988 7

Finally, in the case of supersymmetric leptogenesis one should also face the problem arising
from the so-called gravitino bound. The latter is posed by the possible overproduction of
gravitinos during the reheating stage after inflation. Being only gravitationally coupled to
the SM particles, gravitinos may decay very late jeopardising the successfull predictions of
Big Bang nucleosynthesis. This does not happen, however, if gravitinos are not efficiently
generated during reheating, that is if the reheating temperature Ty is bounded from above,
Trr S 10Y° GeV [69]. The severe bound on the reheating temperature makes the generation
of the RH neutrinos problematic (for a complete study in the one-flavour case see [4]), if

MSSM
Yg ~

(141)
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the latter are a few times heavier than the reheating temperature, rendering the thermal
leptogenesis scenario difficult. There are, though, two possible ways out to this problem.
First, leptogenesis might occur in a non-thermal way, that is the RH neutrinos might be
generated not through thermal scatterings, but by other mechanisms, e.g. at the preheating
stage [70]. Alternatively, and maybe more interestingly, as we have previously seen if the
two lightest RH neutrinos are quasi-degenerate in mass, the final baryon asymmetry does
not depend upon their common mass. The latter, therefore, might be smaller than the
largest possible reheating temperature and thermal leptogenesis might take place without
any limitation from the gravitino bound.

8 Conclusions

In this paper we have systematically investigated the connection between the leptogenesis
and the low energy CP-violation in the lepton (neutrino) sector. Our study was stimulated
by the recent progress in the understanding of the imporatnce of lepton flavour effects in
leptogenesis. It lead to the realization that these effects can play a crucial role in the
leptogenesis scenario, both from the quantitative and the qualitative point of view. When
the lepton flavour effects are taken into account, the final baryon asymmetry is the sum
of three different contributions given by the CP asymmetries generated in each flavour
(lepton charge), properly weighted by the corresponding wash-out factor. In the one-
flavour approximation, which holds only if leptogenesis is taking place at a temperature
higher than about 10'2 GeV, the final baryon asymmetry is proportional to the total baryon
CP asymmetry (summed over the three flavours) and weighted by a single wash-out factor
(obtained by summing the wash-out factor of the three lepton flavours).

There are many differences between the predictions for the baryon asymmetry Yy ob-
tained in the one-flavour approximation and in the case when the flavour effects are ac-
counted for. The baryon asymmetry Yg, derived in the one-flavour approximation, vanishes
if the light neutrinos are degenerate in mass. Correspondingly, Yy has to be proportional
to a difference of masses of the light neutrinos. In the “flavour” case this suppression can
be absent even when the leptogenesis CP violation is due entirely to the low energy phases
in the PMNS matrix. Furthermore, in the one flavour approximation, there is no direct
connection between the leptogenesis CP-violating parameters and the CP-violating param-
eters - Dirac and Majorana phases, present in the lepton (neutrino) sector. In particular, a
possible future observation of CP violation in neutrino oscillations would not automatically
imply, within the “one-flavour” leptogenesis scenario, the existence of a baryon asymmetry.
In the “flavoured” treatment of leptogenesis, however, this conclusion does not universally
hold and the observation of CP violation in the lepton (neutrino) sector would generically
imply a nonvanishing baryon asymmetry. Including the effects of lepton flavour, therefore,
allows to build a new bridge between the CP violation in leptogenesis and the observables
depending on the CP-violating Dirac and Majorana phases in the PMNS neutrino mixing
matrix, such as the CP violating rephasing invariant Jcp which controls the magnitude of
CP-violation effects in neutrino oscillations, the effective Majorana mass |(m)| in neutri-
noless double beta decay, etc. The study of such a connection has been the main subject
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of our paper.

We have first derived the constraints the requirement of CP-invariance imposes on
the neutrino Yukawa couplings A and on the elements of the complex orthogonal matrix R
appearing in the “orthogonal” parametrisation of \. The CP-parities of the light and heavy
Majorana neutrinos, which take the values 4, play a special role in these constarints. The
CP-invariance constraints are useful for understanding the source of CP violation generating
the CP asymmetries in the heavy Majorana neutrino decays. One example is the case of real
matriz R and specific CP-conserving values of the Majorana and Dirac phases in the PMNS
neutrino mizing matriz, which corresponds to violation of CP-symmetry at high energy
in leptogenesis, leading to the generation of non-zero baryon asymmetry. The indicated
constraints help to clarify also under which conditions the leptogenesis CP-asymmetries
are due entirely to the low energy CP-violating phases of the PMNS matrix.

Taking into account the lepton flavour effects in leptogenesis, we have subsequently
investigated in detail the possibility that the CP-violation necessary for the generation of
the baryon asymmetry of the Universe is due exclusively to the Dirac and/or Majorana
CP-violating phases in the PMNS matrix, and thus is directly related to the low energy
CP-violation in the lepton sector (e.g., in neutrino oscillations, etc.). We have derived
results for two types of spectrum of the heavy RH Majorana neutrinos: i) hierarchical, in
which the lightest RH neutrino N; is much lighter than the other two RH neutrinos, and
ii) quasi-degenerate, in which the two lightest RH neutrinos N; 5 are almost degenerate in
mass and have masses which are smaller than the mass of the third one. For each of the two
cases, we have presented predictions for the baryon asymmetry for three types of spectra
of the light Majorana neutrinos: normal hierarchical (NH), inverted hierarchical (IH) and
quasi-degenerate (QD). In all numerical calculations we have used the best fit values of the
solar and atmospheric neutrino oscillation parameters, Am3, Amé, sin? 0,3 and sin? 6,
given in Section 2.

For hierarchical RH neutrino mass spectrum, the lepton flavour effects are relevant in
leptogenesis for M; < x10'2 GeV. The predicted baryon asymmetry Yy depends linearly
on M;. In order to reproduce the observed baryon asymmetry, generically values of M; 2
3 x 10'° GeV are required. We have shown that if the light neutrinos have a NH spectrum,
the requisite baryon asymmetry can be produced if the only source of CP violation is either
the Majorana phases or the Dirac phase in the PMNS matrix, Upyns (Figs. 0-[). When the
only CP-violating parameter is the low energy Majorana phase azs = aig; — a1, we can have
successful leptogenesis as long as | sin(ass/2)| is not exceedingly small and M; 2 3.5 x 100
GeV. If the only source of CP violation is the Dirac phase § in Upyns, he observed baryon
asymmetry can be reproduced provided M; 2 2 x 10 GeV and |sin6;3sind| 2 0.1, 63
being the CHOOZ angle. This condition leads to the inequality sinf;3 £ 0.1 and to the
following lower bound on the CP-violating rephasing invariant Jcp, associated with the
Dirac phase in the PMNS matrix: |Jep| 2 2.0 x 1072, Values of sinfy3 2 0.1 can be
probed in the forthcoming Double CHOOZ and Daya Bay reactor neutrino experiments.
CP-violation effects with magnitude determined by |Jcp| 2 2.0 x 1072 are within the
sensitivity of the next generation of neutrino oscillation experiments, designed to search
for CP- or T- symmetry violation in the oscillations. Moreover, since in this case both
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|Yg| o |siné3sind| and |Jep| o |sinfy3sind|, given the other parameters on which |Yg|
and |Jcp| depend, there exists a correlation between the rephasing invariant Jcp, which
controls the magnitude of the CP-violation effects in neutrino oscillations, and the baryon
asymmetry Yp (Fig. [).

In the case of IH light neutrino mass spectrum and negligible lightest neutrino mass
mg, the observed baryon asymmetry cannot be reproduced if the product of the elements
of the matrix R, RjjRys, is purely real: the generated baryon asymmetry is generically
small, being suppressed by the additional factor Am?2 /Am3. However, if Ry Ry, is purely
imaginary (and CP-conserving), a sufficiently large baryon asymmetry compatible with the
observations can be obtained both when the only source of CP-violation is the Majorana
phase agy, or the Dirac phase 4, in Upyns (Figs. B - 03). In the case of Majorana CP-
violation, depending on the sgn(Im(Ry; Ry2)), values of M; 2 5 x 101° GeV or somewhat
larger (e.g., My 2 1.6 x 10! GeV) are required. Since both the baryon asymmetry |Yz| and
the effective Majorana mass in ((/3)g,-decay, |(m)|, depend on the Majorana phase oy, for
given values of the other parameters there exists a direct correlation between the values of
Y| and |(m)| (Fig. ). We have shown that one can have successful leptogensis in the
case under discussion also if s13 # 0 and the CP-violation is generated only by the Dirac
phase 0 in Upyns (Figs. and [[3)). The anslysis we have performed showed that if the
light neutrinos have QD spectrum, the baryon asymmetry is generically too small mainly
due to the large wash-out suppression factor.

For heavy RH Majorana neutrinos with QD spectrum, leptogenesis takes place through a
resonance effect. The main new feature is that the final baryon asymmetry does not depend
on the mass of the RH neutrinos. This property is crucial, allowing the generation of a
sufficiently large baryon asymmetry even in the case of QD light neutrino mass spectrum.
In the latter case the predicted baryon asymmetry is correlated with the effective Majorana
mass in the neutrinoless double beta decay (Fig. [I4)).

Finally, we have discussed how the results on leptogenesis we have obtained will be
modified in the minimal supersymmetric extension of the Standard Theory (MSSM) with
right-handed Majorana neutrinos and see-saw mechanism of neutrino mass generation. We
have noticed, in particular, that for hierarchical heavy Majorana neutrino mass spectrum,
the range of the lightest RH neutrino mass M; for which the lepton flavour effects are
relevant in leptogenesis is greater than the one in the non-supersymmetric case by the factor
(1+tan?8), M; < (1+tan? 8) x 10'2 GeV, tan 3 being the ratio of the vacuum expectation
values of the two Higgs fields of the MSSM. This can have important implications especially
in the cases when the generation of the baryon asymmetry in the non-supersymmetric case
is strongly suppressed. We have also stressed that a quasi-degenerate spectrum of the
heavy RH Majorana neutrinos is welcome in the case of supersymmetric leptogenesis since
it renders the gravitino bound harmless.

The results obtained in the present article underline the importance of understanding
the status of the CP-symmetry in the lepton sector and, correspondingly, of the experiments
aiming to measure the CHOOZ angle 6,3 and of the experimental searches for Dirac and/or
Majorana leptonic CP-violation at low energies.
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Figure 1: The baryon asymmetry Yg as a function of R in the case of real Ry and Ry3,
sign (R12Ri3) = +1 (B3 = 0), R%, + R, = 1, s13 = 0.20, hierarchical RH neutrinos and
NH light neutrino mass spectrum and a) Majorana CP-violation (blue line), § = 0 and
aze = 1/2 (k = +1), and b) Dirac CP-violation (red line), 6 = 7/2 and azy = 0 (k' = +1),
for My = 5 x 10" GeV. The neutrino oscillation parameters Am2, sin? 0y, Am?% and
sin? 26,3 are fixed at their best fit values.

0F
60

(Yg/10')
= N w S Ul
(a»] (@») o o (a»)

o

H‘w

0 0.2 04 0.6 038
Ri2
Figure 2: The same as in Fig. [ but for sign (R12R13) = —1 (23 = 7) and a) Majorana

CP-violation (blue line), § = 0 and as; = 7/2 (k = —1), and b) Dirac CP-violation (red
line), 0 = 7/2 and az, =0 (k' = —1).
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Figure 3: The baryon asymmetry as a function of the Majorana phase ags varying in the
interval agy = [0, 2] in the case of Majorana CP-violation, hierarchical RH neutrinos and
NH light neutrino mass spectrum, for 6 = 0, real Ry and Ry3, |Ris| = 0.92, | R3] = 0.39,
sgn(RiaRy3) = +1 (B3 = 0, k = +1), My = 5 x 10 GeV, and two values of si3: s13 = 0
(blue line) and 0.2 (red line).
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Figure 4: The same as in Fig. but for real R;» and R;3 having opposite signes,

sgn(RiaR13) = —1 (s = m, kK = —1), |Riz] = 0.92, |Ry3] = 0.39, and two values of
s13: $13 = 0 (red line) and s13 = 0.1 (blue line).
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Figure 5: The same as in Fig. Bl but for s;3 = 0 and two sets of values of R and R
(sen(RioR13) = +1, k = +1) satisfying R%, + R3; = 1: |Rya| = 0.92, | R3] = 0.39 (blue

line) and |R1a| = 0.86, [Ri3| = 0.51 (red line).
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Figure 6: The baryon asymmetry |Yp| as a function of the Dirac phase § varying in the
interval 6 = [0, 27| in the case of Dirac CP-violation, ass = 0; 27, hierarchical RH neutrinos
and NH light neutrino mass spectrum, for M; = 5 x 10! GeV, real R, and R,3 satisfying
|Ri2|* + |Ri3|* = 1, |Ra] = 0.86, |Ry3| = 0.51, sign (R12Ry3) = +1, and for i) azy, = 0
(k" = +1), s13 = 0.2 (red line) and s;3 = 0.1 (dark blue line), ii) az, = 27 (k' = —1),
s13 = 0.2 (light blue line).
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Figure 7: The correlation between the rephasing invariant Jcp (in blue) and the baryon
asymmetry Y when varying the Dirac phase ¢ = [0,27], in the case of hierarchical RH
neutrinos and NH light neutrino mass spectrum and for s;3 = 0.2, ago = 0 (27), |Ria| =
0.86, |Ry3| = 0.51, sign (RiaRy3) = +1 (=1) (B3 = 0 (), & = +1), My =5 x 10" GeV .
The red region denotes the 20 allowed range of Yg.
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Figure 8: The baryon asymmetry Yz as a function of |Rj;| in the case of hierarchical
RH neutrinos and IH light neutrino mass spectrum, Majorana CP-violation, § = 0 and
aze = /2, purely imaginary Ry Ris = ik|R11 Ri2| and k = 41 (fa3 = m/2, dark blue and
red lines), k = —1 (B3 = 37/2, light blue and green lines), |Ry2|* — |Ry3/* = 1, and for
M; = 2 x 10! GeV and two values of s13: s13 = 0.2 (green and red lines) and s;3 = 0 (light
and dark blue lines).
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Figure 9: The baryon asymmetry as a function of the Majorana phase a3, varying in the
interval agy = [0, 27] in the case of Majorana CP-violation, hierarchical RH neutrinos and
[H light neutrino mass spectrum, for 6 = 0, purely imaginary Ry; Ris = ik|R11 Ria|, k = +1
(Bra = m/2), |R11)? — |Ri2|*> = 1, |R11| = 1.05, M7 = 2 x 10! GeV, and two values of s;3:
s13 = 0 (blue line) and 0.2 (red line).
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Figure 10: The same as in Fig. @ but for k = —1 (812 = 37/2) and |Ry;| = 1.2.
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Figure 11: The baryon asymmetry |Yp| versus the effective Majorana mass in neutrinoless
double beta decay, |(m)|, in the case of Majorana CP-violation, hierarchical RH neutrinos
and TH light neutrino mass spectrum, for 6 = 0, s;3 = 0, purely imaginary Rj; Ry =
iH‘Rllng‘, k=-+1 (ﬁ12 - 7/2), |R11|2 — ‘R12‘2 = 1, |R11| = 1.05 and M1 =2 X 1011 GeV.
The Majorana phase ag; is varied in the interval [—7/2, 7/2].
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Figure 12: The baryon asymmetry Y as a function of |Ry;| in the case of hierarchical RH
neutrinos and IH light neutrino mass spectrum, Dirac CP-violation, 6 = 7/2, azs = 7, and
purely imaginary Riy Ri» = ik| Ry Rio| satisfying |Rys|* — |Riz|*> = 1, for k = +1 (red and
dark blue lines), k = —1 (light blue and green lines), M; = 2 x 10! GeV and two values
of s13: s13 = 0.2 (red and light blue lines) and s;3 = 0 (dark blue and green lines).
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Figure 13: The baryon asymmetry as a function of the Dirac phase ¢ in the case of
hierarchical RH neutrinos and IH light neutrino mass spectrum for as; = m, M; = 2 x 10!
GeV, purely imaginary Ry Ris = i k |Ri1 Rio| satisfying |Ryi|* — |Ryz|* = 1 with k = +1
(green and light blue lines ) and k = —1 (red and dark blue lines), and two values of sy3:
s13 = 0.1 (light and dark blue lines), sy3 = 0.2 (red and green lines).
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Figure 14: The baryon asymmetry versus the (3(3)q,-decay effective Majorana mass |(m,,)|
in the case of QD RH neutrinos and QD light neutrino mass spectrum, and for 6 = 7/3,
s13 = 0.01, M; = 10'° GeV and m = 0.1 eV. The Majorana phase a3, is varied in the
interval [0, 7/3].
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Figure 15: The quantity Jep versus the baryon asymmetry varying 6 between 0 and 27
for the case of supersymmetric hierarchical RH neutrinos and IH for light neutrinos for
Qg9 = 7T/4, S13 = 01, ng = 086, ng = 05, Sign (R12R13) =+1 and M1 =6 X 1012 GeV.
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