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We briefly review the main aspects of leptogenesis, pointing out the main reasons that draw at-
tention to the so-called N>-dominated scenario. We consider the conditions that arise when the
final asymmetry is required to be fully independent of the initial conditions. We show that in
this scenario, called strong thermal leptogenesis, when barring special cancellations in the see-
saw formula and in the flavoured decay parameters, a lightest neutrino mass m; = 10 meV for
normal ordering and m; = 3 meV for inverted ordering are favoured. We shortly comment on the
inclusion of corrective effects such as flavour coupling. We then focus on the SO(10)-inspired
leptogenesis models that naturally realise N>-dominated leptogenesis. We show that in this sce-
nario, and even more in combination with the strong thermal leptogenesis conditions, important
predictions on the neutrino parameters are obtained. We finally point out that these predictions
will be in the reach of forthcoming experiments, thus enabling us to test SO(10)-inspired and
strong thermal SO(10)-inspired leptogenesis.
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1. Introduction

Leptogenesis is a particularly attractive way for producing the baryon asymmetry of the Uni-
verse, since it can be realised within the seesaw mechanism, in turn able to explain the observed
neutrino masses and mixing.

We focus here on the standard type-I seesaw, with the inclusion of heavy right-handed (RH)
Majorana neutrinos, Ng;, that couple to the lepton doublets via Yukawa interactions:

N
L = ZLsm — YpailLoaNri® — EN;QI-DMiNRi +h.c., (1.1)

where Yp are the RH neutrinos Yukawa couplings and Dy, is the diagonal Majorana mass matrix.
When the RH neutrinos mass scale is much higher than the electroweak scale (the so called seesaw
limit), the neutrino mass spectrum splits into two sets. The first one is made of light, Majorana,
active neutrinos v; whose mass matrix is given by

my = —mp Dy,  mp, (1.2)

where mp = vYp is the Dirac neutrino mass matrix, proportional to the Higgs vacuum expectation
value v. The eigenvalues of m, can be obtained as D,, = —U m, U* by means of the PMNS
matrix U. Due to the interplay between the electroweak scale v ~ 200 GeV and the heavy Majorana
neutrinos scale M >> v, the active neutrinos masses m1, o v2 /M turn out to be suitably small, without
the need for artificially tuned Yukawa couplings.

The second set is composed of heavy Majorana neutrinos N;, whose mass matrix basically coincides
with Dy, up to negligible corrections.

This elegant way of generating small neutrino masses has however some drawbacks. The
addition of heavy RH neutrinos introduces new free parameters to the model. For instance, if
we assume, as we will always do in what follows, the presence of 3 RH neutrinos, the seesaw
model depends on 18 free parameters that split into the 9 so-called low-energy neutrino parameters,
probed in experiments, and a further 9 describing the high-energy scale of the heavy neutrinos. The
seesaw mechanism on its own does not provide any explanation nor prediction on their values. In
this regard, we can then either seek further theoretical input, or turn to an apparently unrelated
phenomenology such as the baryon asymmetry of the Universe. This can be done by means of
leptogenesis.

2. Leptogenesis

Leptogenesis [1] can be realised within a standard type-I seesaw model with the inclusion of
at least 2 RH neutrinos. As already mentioned, in this work we shall consider 3 RH neutrinos.
Their Majorana nature automatically ensures lepton-number violation. The presence in the see-
saw lagrangian of Yukawa couplings to the left-handed lepton doublets allows the heavy neutrinos,
through their RH component, to decay into leptons and antileptons. Due to complex Yukawa cou-
plings and the interference between tree-level and one-loop diagrams, the heavy neutrinos decays
are CP-violating.
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CP-violation is estimated by the CP-asymmetry factors
r o — 1:‘ioc
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2.1
where I';, (I'jq) are the zero-temperature decay rates of the heavy neutrino N; into leptons (antilep-
tons) of flavour ¢. Decays are also regulated by the so-called flavoured decay factors
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2.2)

where H(T = M;) is the value of the Hubble parameter when N; becomes non-relativistic. The
decay factors Kj, do not only measure whether decays are in equilibrium at that epoch, but also
give an estimate of the efficiency of the inverse decays, responsible for the production of N;. Inverse
decays are also the main source of washout of the generated asymmetry, therefore K, are a measure
of the washout strength too.

When occurring out of equilibrium, heavy neutrino decays can produce a net lepton asym-
metry. If this takes place at temperatures 7 = 100 GeV, electroweak sphaleron processes are able
to partly convert the lepton asymmetry into the baryon sector. Since both the baryon and lep-
ton numbers are violated, but their difference B — L is conserved by the sphaleron processes, we
can quantify the asymmetry produced by leptogenesis as Np_j, which can then be related to the
baryon-to-photon ratio 1np as

N ~0.96 x 10 2 Np_. (2.3)

Current CMB anisotropies measurements [2] precisely estimate the baryon-to-photon ratio as
ngMB = (6.140.1) x 10710, (2.4)

2.1 The N,-dominated scenario

We focus, now, on a particular hierarchical heavy neutrino spectrum with
My <10°GeV <My <102 GeV < Ms. (2.5)

Since Nj is the heaviest neutrino, it is either non-thermalised or its CP-asymmetry is too low,
therefore its contribution to the asymmetry is negligible. Similarly for N;, which is too light. For
this reason, the final asymmetry is mainly produced by the next-to-lightest heavy neutrino and this
scenario takes the name N,-dominated [3]. If flavour interactions are completely neglected, heavy
neutrinos decay into a coherent superposition of flavour eigenstates, producing an (unflavoured)
asymmetry

NP~ g k(Kp)e T (2.6)

Here x(K3) is the efficiency factor at the production [4]. The final value of the asymmetry is
exponentially suppressed by N;’s washout. Only when K; < 1 the model can produce the observed
asymmetry. A numerical analysis shows that this is realised in only ~ 0.2% of the parameter
space [5, 6].

This picture improves by taking account of flavour interactions. Considering that T-interactions
are efficient for 7 < 10'> GeV, and muonic ones for 7 < 10° GeV, and given the heavy neutrino
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spectrum as in eq. (2.5), N, decays in a two fully-flavoured regime, while the washout due to
N; takes place in a three fully-flavoured regime. Around the transition temperatures, the be-
haviour cannot be described by Boltzmann equations and a full density matrix formalism must
be adopted [7]. Avoiding these regions, N;’s washout acts separately on each flavour @ = e, u, 7,
exponentially suppressing the asymmetry by the relative flavoured decay parameter K, [8]. We
have

lep.f K> K> o
N;EL = : &t K(K2ri> + | &2e— : Sy K.(KZTL /2) e 8 K
[{212l 2 2 KZT2L 2 2

K K N
+ iSZ‘CL K'(KZTL)—F 82/4 _ iSZ‘L'L K(KQTL/Z) e—%Km
K27:2L 2 2 K27:2i 2 3
+erek(Kac)e TKs, @.7)

where &, L =8 + &y, and similarly K, . L= K>, + K>y, As can be noticed, it is sufficient that only
one K is smaller than 1 in order to have enough asymmetry produced. This is found to happen
in ~ 30% of the parameter space, showing that thanks to flavour effects the N>-dominated scenario
can represent a viable model of leptogenesis.

The second term in each square bracket in eq. (2.7) is the so called phantom term. These
are effects due to the different flavour compositions of the lepton |¢;) and anti-lepton |f,) states
produced by the decay of N, and give a correction to the final asymmetry. For convenience, we
have neglected this effect in the rest of this work.

3. Strong thermal leptogenesis

The final baryon asymmetry depends in general on the initial conditions. Moreover, the high
reheating temperatures Try = 10'>GeV required by this scenario of thermal leptogenesis, see
eq. (2.5), allow several mechanism (e.g. GUT- [9], gravitational- [10], Affleck-Dine- [11] baryo-
genesis) to produce a rather high asymmetry. This asymmetry is produced before the onset of
leptogenesis, and is referred to as initial pre-existing asymmetry, N};’iL. At lower temperatures,
leptogenesis takes place and in general it modifies this asymmetry to a final value Ng’f .- We can
require

NPT < NPT~ NEMB, 3.1)

namely that the final pre-existing asymmetry is negligible in comparison to the asymmetry pro-
duced by leptogenesis, Ny”1, which therefore genuinely constitutes the amount of asymmetry
measured today. In this way, full independence of the initial conditions is ensured and leptoge-
nesis is said to satisfy the strong thermal condition [13]. It has been shown [13] that strong thermal
leptogenesis can be realised with hierarchical heavy neutrino spectra!, but only in a two-stage pro-
cess where the heavy neutrinos show a spectrum as in eqs. (2.5). This is one of the main reasons
why the N>-dominated scenario is important. The final value of the pre-existing asymmetry is given

! As for degenerate heavy neutrino spectra, a computation with full density matrices is needed to clarify if strong
thermal leptogenesis can actually be realised.
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by [13, 14]
p.f 2e g K51 2e 22K},
Ny~ ~< [(1—=ppe) Ppe) % 24 (1=ppey ) | 1 +Appe| €3
275 275
[{2/J 8 Mok 2“— 3n 1
+ | (1= ppr) Port ¢ 2 +(1—ppf;) 1 +Appu | e BT
o 275
+(pps + Appr)e” ¥ KKl LB (3.2)

where py; and p; . are the fractions of the pre-existing asymmetry in the T and 75~ components
respectively. The terms Appq, with Y, Appg = 0, describe the possible different flavour composi-
tion of the initial pre-existing asymmetry. In this scenario, N, decays in the two-flavoured regime
and efficiently washes out the T component of Ng’_i ; with a large K>;. On the other hand, N; de-
cays in the three-flavoured regime, separately erasing the e and y components of Ngf 1» While the
asymmetry produced by N, survives in the T flavour. This translates into a set of conditions on the
relevant decay parameters

Kie, Ky, Kor>1, Kir S 1. (3.3)

When these conditions are imposed on the requirement of successful leptogenesis (i.e. nllgep o~
ngMB) a precise analytical lower bound on the absolute mass scale m; appears [15]. Adopting the
Casas-Ibarra parameterisation [ 16], we introduce a complex orthogonal matrix Q = D,;l/ ‘U Tmp D;,Il/ 2,
that links the low-energy (neutrino masses and mixing) and the high-energy (heavy neutrinos) pa-
rameters. In this way, the expression for the decay parameters becomes

T
Yo/ Uaj Qi
jV

where m, ~ 1.1 x 10 3¢V is the equilibrium neutrino mass. Considering low values of m1, that is

2

Kig = , 3.4)

my < mygo), we can simplify the expression for K

m m nm
Ky >~ ' 1Ua1.Q“—|—\/HUa2.Q21+“ athoc3-QSl
\V my m

Specifying oo = 7, we obtain

”mathﬂ Q31 = —/ @Uﬂ Qi1 —4/ Ml Uy Qo1 + VK%, (3.6)
M M my

and substitute it in the expression for Ky, with y = e, 1l

- mj Un 0 gy
Kiy= ‘Qllw/m* <Uyl - UT3Uy3> +1/Kiye

Here K?y = Kyy(m; = 0), so that

; Mol U»L-Q Uyg ;
VK e =Qop [ =2 (Up— =2 ) + L2 VK e 3.8
1y€ 20 T \ U + Uss 1z€ (3.8)

2

(3.5)

2
3.7
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Figure 1: (a) Scatter plot of successful strong leptogenesis models. Initial pre-existing asymme-
tries are Ng’iL =0.1,0.01, 0.001 respectively in red, green and blue. The solid line is the 95%
confidence level analytical lower bound. (b) Distribution of probability of m; from the scatter plot,
colour code as in (a). The red diamond marks the analytical lower bound. These models have
Mg =2 [15].

We can take the size of the entries of the orthogonal matrix to be in general ‘Qi ; ‘2 < Mg. Usually
Mg = O(1), so that the seesaw mechanism truly relies on the interplay between the electroweak
and the Majorana scales, rather than on fine-tuned cancellations. This way, the maximum values of
K, are obtained for

2
Url 0,max
Kmax M. Uy — — + K> , 3.9
( Q\/n: " U Ya“ 1 .
with
KIS = g, [Ty Y)Yl (3.10)
ly — m " U Uz '

The strong thermal leptogenesis conditions in eq. (3.3) can be specified by using the general
relation in eq. (3.1). For each flavour we must have N2 < ¢N\P', with { < 1, where N2 is the
fraction of pre-existing asymmetry in the flavour «. Since the washout takes place exponentially,
we can define

iy _ 3 1008 i i
K (V3) = — [in (NI%B) +In NGy || = 184085 (In g +In|NES ). 3.11)
and so we must require for each flavour y=e¢, u
Kiy 2 Ka(NY, ) (3.12)
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This in turn implies K7™ > K (N, ) namely

2
U .
(Mg,/;“ Uy — ﬂU,@‘—i—\/K?)’,maX) > Ka(Ngy). (3.13)

Solving with respect to m;, we finally obtain

\/ Kst Np1 \/ KO max
my > m'P = , (3.14)
4 Uy — UT3 Uﬂ’
when
KD < Ky(NRy). (3.15)

For normal ordering, the maximum value is obtained for Y = e. Moreover, by imposing the other
strong thermal condition, i.e. Kj; < 1, the condition in eq. (3.15) can be satisfied and a lower bound
on m; can actually be found. Considering Mg = 2, Ngf 1 = 0.1, taking the experimental values of
the mixing angles and 0 = 0 we have mllb ~ 0.7meV. In fig. 1(a) we show the scatter plot of
points corresponding to successful strong thermal leptogenesis models able to efficiently washout
a pre-existing asymmetry Ng’i . = 0.001, 0.01, 0.1 respectively in blue, green and red points. These
models all have Mo = 2. The solid red band is the analytical lower bound as in eq. (3.14), at 95%
confidence level on the mixing parameters.

This analytical lower bound holds similarly for inverted ordering, but in this case it is generally
much looser, due to the replacement mgo — ma,. More precisely, an analytical lower bound on 1,
holds for IO only when Mg < 0.9 and is therefore much looser than for NO.

From a statistical analysis of the simulations, we have noticed that the actual analytical lower
bound is hardly saturated. On the contrary, strong thermal leptogenesis models tend to prefer rather
high values of the absolute neutrino mass scale. The distribution of probability of m; corresponding
to a model with Mg = 2 (as in the scatter plot in fig. 1(a)) is shown in fig. 1(b). In general, for natural
values of Mg (i.e. Mg < 4), around 99% of models have m; = 10meV in NO, while for IO the
statistical limit is looser and 99% of models show m; 2 3meV.

This result is particularly interesting since it provides us with a precise prediction that makes
leptogenesis, in its strong thermal version, testable at future experiments. It can face many evi-
dences from cosmological observations, however, the sensitivity is not yet sufficient to reasonably
discriminate from the hierarchical (m; = 0) limit. This scenario will improve in forthcoming ex-
periments, if a precision 8(} my,) < 10meV is reached [17]. In this case, measurements of the
sum of the neutrino masses will be able to either support or severely corner strong thermal lepto-
genesis. It must be noticed that it is particularly important that long-baseline neutrino oscillation
experiments determine the ordering. As we have seen, NO and IO show rather different features
and, in particular, the lower bound for 1O is much looser.

It can be convenient to point out once again how the simple requirement of full independence
of the initial conditions can lead us to interesting constraints on the absolute neutrino mass scale,
thus putting strong thermal leptogenesis within the experimental reach.
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3.1 Strong thermal leptogenesis and flavour coupling

In egs. (2.7) and (3.2) the evolution of the asymmetries in each flavour is totally independent.
This is actually an approximation, because in reality the different flavour asymmetries are linked
to each other by means of the asymmetries stored in the quark sector and in the Higgs doublet
[12]. This effect is called flavour coupling and, when taken into account, makes strong thermal
leptogenesis more stringent.

We can distinguish two kinds of flavour coupling: the flavour coupling that modifies the asym-
metry at the production, i.e. at N,’s decay, and the one that influences the washout by Nj. It turns
out that when strong thermal leptogenesis is considered, the most important effect is due to the
flavour coupling at N;’s washout, while the coupling at the production can be safely neglected. In
this case the produced asymmetry is given by [18]

M@f:(r—d?grﬁns%mkﬁk’%mn (3.16)

where ng is the matrix that couples the different flavour asymmetries in the three fully-flavoured
regime. We have, in the end, that the final produced asymmetry is reduced by around 40% with

respect to the uncoupled one, as can be seen in fig. 2. Flavour coupling also strengthens the strong

-8 .
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Figure 2: Plot of the baryon-to-photon ratio 0 1(;) computed in flavour-coupled strong thermal lep-

togenesis versus 771(;”) computed from the same setup, but in the uncoupled regime. The initial
pre-existing asymmetry required to wash out is Ng’i L= 1073, Blue dots indicate models in which
strong thermal leptogenesis is successful only in the uncoupled (u) regime, while red points denote
models in which strong thermal leptogenesis is realised both in the uncoupled and in the coupled
regimes. The solid line represents néc) = 171(3"), while the dashed line 771(;) =(1- Cg) — CELST) ) 1(9“).
The part if the plot corresponding to 1) l(g”) < 5.8 x 1079 has been hatched away.
thermal conditions, requiring K2T2L > 1 and Kj; < 1. This is due to the suppression of those
asymmetry along e and  that try to escape N;’s washout in the T component.

As aresult of flavour coupling, the analytical lower bound in eq. (3.14) is unchanged, however

the statistical bounds are much stronger. The ratio between the mass bound realised in 99% of the
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coupled models to that obtained in uncoupled models is always around a factor 2 ~ 3 for different
values of Ng’lL [18].

4. SO(10)-inspired leptogenesis

As already mentioned, the attractive features of the seesaw mechanism rely on the addition
of extra particles. These particles are somehow added by hand to the SM lagrangian and so is
their high mass scale. A more elegant origin of the RH neutrinos and their mass scale can be
found in Grand Unified Theories (GUT). In particular, it can be noticed that models based on
SO(10) as unification group [19], naturally include three RH neutrinos in the same irreducible
representation together with quarks and leptons. RH neutrinos precisely fit in the 16-dimensional
spinor representation of SO(10) and their mass scale is linked to low-energy parameters, such
as the Dirac neutrino mass matrix mp and the PMNS mixing matrix U. With this in mind, it
can be interesting to apply some conditions, that are directly inspired to SO(10) GUT models, to
leptogenesis. In particular:

e diagonalising the Dirac mass matrix as mp = VLT Dy, Ug, the diagonal matrix is set to
D,,,, = diag (oymy, 0pme, 0zmy), 4.1
where m,,, m., m, are the up-quark masses at the leptogenesis scale,
e the proportionality constants are fixed to be 0.1 < o < 10,

e the unitary matrix Vy is set to be 1 < V. < Vekwm, where Vg is the Cabibbo-Kobayashi-
Maskawa quark mixing matrix.

Barring special crossing-level solutions, we have that the heavy neutrino spectrum is hierarchical
and the scenario is N>-dominated. By imposing these relations, several precise predictions on the
heavy neutrino mass spectrum and the low-energy neutrino parameters can be obtained. These are
strengthened if the strong thermal leptogenesis conditions in eq. (3.3) are taken into account at the
same time. Considering strong thermal SO(10)-inspired leptogenesis, numerical simulations [14]
have pointed out the following list of results.

i) The ordering of the active neutrino spectrum must be normal,
ii) the absolute neutrino mass scale is m; ~ 20meV,

iii) the neutrinoless double-beta decay (0v38) effective neutrino mass is found to be
Mee = |Myee| >~ 0.8m; ~ 15meV,

iv)? a lower bound on the reactor mixing angle is found 6;3 > 2°(0.5°) for Ng’iL =10"1(1072),
v) an upper bound on the atmospheric mixing angle is found 6,3 < 41°(43°) for Ng’i L, =1071(1072),

vi) the Dirac CP-violating phase must take values 0 € [—7/2, m/5] for NgiL = 10!, while for
N§', =1072 we have § ¢ [0.4,0.7]r,

2This lower bound was found in [20], before the measurement by DayaBay [21].
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Figure 3: Scatter plot of successful SO(10)-inspired, strong thermal leptogenesis models in the
plane (my, ), fig. (a), and (my, 623) in (b). Yellow, blue, green and red dots correspond to
N§', =0,1072,1072, 10~ !. Notice the predicted values of m;, § and 63 for Np', = 0.1 [14].

vii) the Majorana phases tend to cluster around (o, p) ~ (0.8 +n, 1.25+n)mor (o, p) ~ (0.74+n,0.75+n)m,
with n = 0, 1.

In general, we can notice that prediction (ii) is consistent with the lower bound in eq. (3.14) from
strong thermal leptogenesis.

Most importantly, SO(10) is responsible for the upper bound on 6,3, that is then constrained
to the value in (v) by strong thermal conditions. This prediction is particularly interesting, together
with the value of § given by (vi), and are shown in fig. 3. They both provide us with definite values
that can be tested at the experiments. The value in (vi) is intriguingly in very good agreement
with the current central value of the neutrino global fits [22, 23] and will be tested in long-baseline
neutrino oscillation experiments (e.g. NOVA). On the other hand, the octant of 6,3 is still very
unstable.

A detailed study of SO(10)-inspired leptogenesis [24] analytically derived the bounds on the
low-energy neutrino parameters coming from SO(10) and strong thermal conditions, and confirmed
all the results already obtained numerically [14].

We shall first consider plain SO(10)-inspired leptogenesis, analysing the impact of the strong
thermal condition later.

It can be shown that for V; = 1 and order unity values of ¢, the N, CP-asymmetries follow a
hierarchical pattern as

2.2
2 Gmy oymy,

. . 2.2..2 2. 2
&1 &y & = Q3my I 0GmM L O M “4.2)

“opme ogm2’

so that the final asymmetry is generally T-dominated. This is certainly true for V;, = 1 and NO,
while for V;, # 1, and especially in IO, this hierarchy is slightly modified and there can be solution
with |82,J‘ ~ |&z|. Avoiding this particular situation, a fully analytical expression for the final

10
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asymmetry in the N;-dominated scenario is obtained when V;, = 1

-1
lep.f 3 azzmz |mvee| (’m;gT’2+|m‘7‘]”|2> ‘m;}r 2 .

Nptp ~ sin oy,
B=L = 161 2 my myms ‘m;ﬁr‘z
—112 2
3

X K mimypms3 |mV ‘71 exp _l |mV€T’ 7 (4.3)

. ‘mvee mvrr‘ 8 mi[mye|

where

ap = arg [mye.] —2arg [m;:w] —2(p+o0)+m, 4.4)

is the effective leptogenesis phase. This phase determines the sign of the final asymmetry. From
eq. (4.3), it is possible to notice that the asymmetry is independent of o and a3 and that the neu-
trinos double-beta decay effective mass m,, = |my..| cannot be zero if a non-vanishing asymmetry
is required. This equation is valid both in normal and inverted ordering, as long as the relevant
parameters are specified accordingly. However, a modification is necessary to take into account IO
solutions in which the y asymmetry happens to be significant.

From eq. (4.3), it is possible to derive several bounds on the low-energy neutrino parameters,
different in NO and in IO, which directly come from the SO(10)-inspired conditions.

As for normal ordering, the absolute neutrino mass scale m; must lie between two definite
bounds
2.5"2 % 10% ogm?

1927w V2

5\ 2
0.08 meV <> Smyp S my [
(05

while there exists an upper bound on the atmospheric mixing angle

] < 52meV, 4.5)

6,3 < arctan [m"‘““ —MsolSiy 813 ] <65°. (4.6)
Msol +M1  C12512

It is also important to point out that a link between the sign of the asymmetry and the Dirac CP

phase 0, which is forced to lie mainly in the fourth quadrant, can be derived. In general, the sign of

the asymmetry influences the values of the phases, constraining also the Majorana phases p and ©.
When imposing the strong thermal leptogenesis conditions, the bounds on the low-energy

parameters become even more stringent. In particular, requiring eq. (3.12) on Kj, we directly

obtain a lower bound on the effective OV 3 decay mass. Indeed we have

> , 4.7

which shows that, despite neutrino masses being NO, next generation Ovf3 3 experiments should

pii
Ae

find a signal. This lower bound gives a lower bound on the absolute neutrino mass scale

) , (4.8)

> 75meV, which will be

~

pii
Ae

that translates into a lower bound on the sum of the neutrino masses ) ; m;
tested by future cosmological observations.

11
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The absolute neutrino mass scale is also tightly connected to the atmospheric mixing angles, so
that the minimum value of 6,3 implies an upper bound on m;. For Ng’; = 1073 we have 63 < 40°,
thus giving m; < 20meV, which is in good agreement with the numerical results (see blue points
in fig. 3).

Imposing the strong thermal condition on K;, would imply m; 2 30meV, for Ng’; =103 and
013 = 0°. Clearly this is incompatible with the previous upper bound, therefore, strong thermal
leptogenesis necessarily requires a non-vanishing reactor mixing angle. For 63 > 0° the bounds
obtained from K, and Ky, are reconciled. We can conclude that strong thermal solutions predict
nonzero reactor mixing angle [25], as now firmly established by experimental results and global
analyses.

5. Conclusions

We have presented the results obtained in type-I seesaw, thermal leptogenesis when additional
conditions are imposed. In the first part we have studied the impact of the strong thermal lepto-
genesis conditions on the low-energy neutrino parameters, also discussing some corrective effects
such as flavour-coupling. In the second part we have analysed the leptogenesis scenario when con-
ditions inspired to SO(10) grand unification theories are considered, also in combination with the
strong thermal condition. In both cases, interesting results on the low-energy neutrino parameters
are obtained, representing predictions that can be tested in the future experiments.

We have shown that the theoretical request of full independence of initial condition is able to
constrain the parameters space and give interesting results on neutrino masses and mixing. This
goes in the direction of the need for “testable” leptogenesis models. It is evident that the restriction
to a minimal scenario of leptogenesis, like that provided by type-I seesaw, is not enough to get solid
predictions, even when asking for successful leptogenesis. This can be avoided when strong ther-
mal leptogenesis is required. This condition focuses the attention on the so-called N,-dominated
scenario, with the heavy neutrino spectrum as in eq. (2.5). This scenario is often neglected when
dealing with leptogenesis, because one may expect that the washout by the lightest neutrino totally
erases the lepton asymmetry generated by the next-to-lightest. However, it can be shown that this
is not true when flavour effects are considered, so that the asymmetry can survive N;’s washout in
some flavour directions, along which the washout is mild. This must not be regarded as fine-tuned,
since successful leptogenesis can be produced by a flavoured N>-dominated scenario in around
30% of the parameter space [5, 6].

Moreover, in this scenario, favourable values of the absolute neutrino mass scale are found
for NO, m; = 10meV and 10, m; = 3 meV. In NO a further analytical lower bound is found for
natural choices of Q (Mg < 4), see eq. (3.14), while in TO the analytical threshold is obtained only
for Mg < 0.9. These constraints on m; allow the future cosmological observations, together with
the determination of the neutrino mass ordering, to test strong thermal leptogenesis. The inclusion
of corrective effects such as flavour coupling further constrains the statistical bound on m;.

When SO(10)-inspired conditions are taken into account, a much richer landscape of predic-
tions arises. These predictions, first obtained numerically, have all been confirmed and proved
analytically. SO(10)-inspired leptogenesis implies interesting bounds on the absolute neutrino
mass scale and on the atmospheric mixing angle 6,3. When strong thermal leptogenesis is con-
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sidered on top of the SO(10)-inspired conditions, the bounds are even strengthened. In particular,
inverted ordering is ruled out, fourth-quadrant values of the Dirac CP-violating phase, § ~ —n /4,
are favoured and first-octant atmospheric mixing angle, 6,3 < 41°, are predicted.

All these predictions fall within the reach of future experiments or cosmological observations,
therefore strong thermal SO(10)-inspired leptogenesis will be almost completely tested during the
next years. The results from the NOVA experiment [26] and the T2K constraints on § and 6,3 [27]
will allow to test the low-energy predictions of strong thermal SO(10)-inspired leptogenesis. At
the same time, cosmological observations will be able to test the narrow window 75meV < Y. m; <
125meV allowed by this solution. Moreover, in a more distant future, also Ov3 3 experiment will
be able to study the range predicted by this solution and centred around m,., >~ 15meV. Only the
Majorana phases p and o will remain out of the testability reach.

This shows that the requirement of full independence of the initial conditions (strong thermal
leptogenesis), together with the conditions inspired to SO(10) grand unification theories, enable
us to seriously put to test leptogenesis and the seesaw mechanism, thus casting more light on the
origin of neutrino masses and mixing.
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