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1. Introduction

Leptogenesis [1, 2] can be regarded as a bridge between the physics of the early Universe and
neutrino physics. On one side it aims at establishing a new important stage in the history of the
Universe solving the problem of the origin of the matter-antimatter asymmetry. On the other side it
can be regarded as a complementary phonemenological tool, sensitive to those high energy see-saw
[3] neutrino parameters that escape conventional tests from low energy neutrino experiments.

One would ideally like to answer two important questions: The first one is whether with lepto-
genesis we can understand the existing information on neutrino masses and mixing and hopefully
predict the unknown parameters; Vice-versa one would like also to understand whether low energy
neutrino experiments could be sufficient to test leptogenesis.

In the LHC era typical answers to these questions are negative (in both cases) and one needs
actually to lower the scale of leptogenesis in order to have a testable model with signatures at the
LHC or in (charged) lepton flavour violating processes or with enhanced electric dipole moments
of electron or neutron or other kinds of phenomenological new connected prediction.

Should one then completely give up the possibility of a traditional high energy scale model of
leptogenesis? This question is particularly appropriate now considering on one hand the negative
results from the first stage of the LHC and from all other efforts to find new physics at the TeV (or
lower energy) scale (including Dark Matter searches that might be directly or indirectly related to
low scale models of leptogenesis) and on the other hand the discovery of a non-vanishing reactor
neutrino mixing angle that has opened the door to a completion of the measurements of the leptonic
mixing matrix parameters increasing the opportunities for models that do not necessarily predict
new observables beyond the low energy neutrino parameters. From this point of view one should
also include the great efforts and improved upper bounds on the absolute neutrino mass scales that
make quite plausible the detection of a signal within next ten years especially from cosmology.

Current low energy neutrino experiments measure three mixing angles within the following
30 ranges [4]

013 = 7.6°—9.9° and 7.7° — 9.9°, (1.1)
01> = 30.6° —36.8° and 30.6° — 36.8°,
6y = 37.7°—52.3° and 38.1° — 52.3°,

respectively for so called normally ordered (NO) and inversely ordered (I0) neutrino mass schemes
that we are going to explain in a moment. At 30 any value of the Dirac phase ¢ is still allowed,
though global analyses tend to favour within 20 values with sin§ < 0. Neutrino oscillation exper-
iments are not sensitive to the nature of neutrinos and so there is currently no information whether
neutrino are Majorana or Dirac and therefore there is no information not only on value of the
Majorana phases but even if these can be physically observable at all.

At the same time neutrino oscillations experiments also fix two mass squared differences that,
for historical reasons, are called the solar mass squared difference AmgOl and the atmospheric mass
squared difference Am2,, > Amgol. If we label the three neutrino masses in a way that m; < mjp <
m3, then there are two possibilities: either Amgo1 = 501

m3 —m3 and AmZ,, = m3 —m7. The solar neutrino mass scale is then defined as mgo = |/ Am? | ~

2 2 2 .2 2
m5 —my and Amgy, = m5 —m5 or Am
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+Am?,_ ~0.05eV. Since

0.0087eV while the atmospheric neutrino mass scale My = 1/ Am? I

sol
Mam == 5 Mo, in the first case one has that for m; < my,) the neutrino masses are hierarchical with
ms3 > my > mj, while in the second case, in the limit m < m,, one has m3 ~ my > m; so called
inverted hierarchy. Neutrino oscillations do not give any information on the absolute neutrino
mass scale and in particular on the lightest neutrino mass m; and, therefore, more generally the
first case should be called normal ordering (NO) and the second case inverted ordering (10). If
m < mgo) neutrinos are hierarchical (normally or inverted) while if 7| >> mym, the neutrino masses
are necessarily quasi-degenerate with m; ~ my ~ ms3.

The most stringent upper bound on the absolute neutrino mass scale is placed today by cos-
mological observation. The Planck collaboration has recently set an upper bound on the sum of the
neutrino masses Y; m; < 0.23eV (95%C.L.) [5], that combined with neutrino oscillation experi-
ments translates into m; < 70meV, both for NO and for IO.

2. The minimal scenario of leptogenesis

The minimal scenario of leptogenesis is based on the type I see-saw mechanism and on a
thermal production of the heavy right-handed (RH) neutrinos whose (out-of-equilibrium) decays
are responsible for the generation of the asymmetry. The SM Lagrangian is augmented by the
introduction of RH neutrinos with Yukawa coupling and a Majorana mass term M. After sponta-
neous symmetry breaking a Dirac mass term mp is generated by the Higgs vev. In the see-saw
limit, M > mp, the spectrum of mass eigenstates splits into a light set of three (almost exactly)
left-handed (LH) neutrinos with masses given by the see-saw formula,

diag(my,my,m3) = U mpM ' mb U™, 2.1

and into a heavy set of (almost exactly) RH neutrinos with masses M| < ... < My (almost exactly)
coinciding with the Majorana mass matrix eigenvalues. The minimum number of RH neutrinos N
is 2 in order for the see-saw formula to be able to reproduce correctly the experimental data since
these indicate so far, as we have seen, the existence of at least two mass scales (the solar and the
atmospheric). There is in principle no maximum number but for definiteness we will refer to the
case N = 3 that, as we will see, is nicely justified by SO(10)-inspired models.

Importantly, both the heavy and the light neutrino eigenstates are predicted to be Majorana
neutrinos. Therefore, one expects that Ov3 8 neutrino decay can indeed occur even though, for the
NO case, its rate might not be necessarily large enough to be detected by any future experiment. If
Tg 2 (2-5) M;, then the RH neutrino are produced thermally in the early Universe if the Yukawa
couplings are not too small. In this case the RH neutrinos decay in general with a different rate into
leptons and anti-leptons in way to generate a B — L asymmetry in the form of a lepton asymme-
try. For T 2 100GeV the B — L asymmetry sphalerons processes are in equilibrium in a way that
the part of the B — L asymmetry, approximately one third, is converted into a baryon asymmetry.
Therefore, leptogenesis predicts an initial temperature in the early Universe many order of magni-
tudes above that one required by Big Bang Nucleosynthesis (~ MeV). If one translates the final
B — L asymmetry Ngi ;. produced by leptogenesis into the usual baron-to-photon number ratio 7
this is given by 1)p ~ agpy NL /Ny, where agpn =~ 1/3 is the fraction of B — L asymmetry ending
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up into a baryon asymmetry due to the sphaleron conversion, while N, is the number of photons
at the recombination time into a certain portion of co-moving volume properly chosen. The ratio
does not depend on this particular choice. The value of np calculated in leptogenesis has then to
be compared with the observed valued that from CMB temperature anisotropies is very accurately
and precisely measured, n§™8 = (6.1+£0.1) x 10717 [5].

In general, the see-saw mechanism contains too many parameters to be tested in a model
independent way (eighteen in the case N = 3). The reason is that the high energy parameters
related to the properties of the heavy neutrinos are inserted by hand into the see-saw Lagrangian if
this is not embedded within a model. From this point of view the leptogenesis bound can provide
a phenomenological tool sensitive to the properties of the heavy RH neutrinos and hopefully able
to over-constraining the see-saw parameter space producing predictions on the lo energy neutrino
parameters. Clearly however just one constraint does not seem sufficient to fix the nine parameters
associated to the properties of the three RH neutrinos. One has then to introduce some additional
conditions able to reduce the number of parameters. The set of conditions specifies the specific
leptogenesis scenario that can hopefully produced some predictions on the low energy neutrino
parameters.

So called vanilla leptogenesis [2] provides a traditional example of a scenario where the re-
duction of the number of parameters allows to get an experimental testable prediction. This is the
set of the assumptions: (i) the final asymmetry unaffected by the flavour compositions of leptons
produced in the decays of the RH neutrinos; (ii) hierarchical RH neutrino spectrum M, 3 2 3M;;
(iii) strong lightest RH neutrino wash-out; (iv) absence of fine tuned cancellations in the see-saw
formula; (v) validity of simple Boltzmann equations for the calculation of the symmetry. Under
these conditions the final asymmetry is dominated by the contribution of the lightest RH neutrino
N, in way that the baryon-to-photon number ratio can be simply calculated as Nz ~ 0.01 & k'(K))
[6], where & is the lightest RH neutrino total CP asymmetry and Kf(K 1) is the (final value of the)
efficiency factor that gives the number of RH neutrinos decaying out-of-equilibrium. It takes into
account not only how efficiently RH neutrinos are produced but also what fraction decays out-of-
equilibrium, i.e. whose decays are not balanced by inverse processes.

It depends only on the total decay parameter K, the ratio between the lightest RH neutrino
decay width and the expansion rate of the Universe at the time when the RH neutrinos become
non-relativistic. i.e. when 7'~ M. It is a crucial parameter since it sets the strength of the wash-
out: for K; 2 1 the wash-out is strong and cannot be neglected, for K; < 1 it is weak and can be
neglected. Interestingly K| can be written as a linear combination of the light neutrino masses,

16752 /g, V?
3v5  Mp

is the so called equilibrium neutrino mass and |Q;| = &'(1) in the absence of fine tuned cancella-

K = Zﬂ |Qi|?, where m, = ~1.08eV, (2.2)
my

k

tions in the see-saw formula. It is quite impressive that given the solar and atmospheric neutrino
mass scales the value of K, typically lies in the range 10-50 corresponding to a wash-out that is
strong but not strong enough to repent successful leptogenesis.

Actually such a middy strong wash-out is also ideal since, without spoiling successful lepto-
genesis, it also guarantees an independence of the initial conditions of the final asymmetry both of
the initial RH neutrino abundance and of the initial value of the asymmetry. Indeed, if one assumes
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that prior to the onset of leptogenesis some external mechanism (e.g. Affleck-Dine baryogene-
sis, gravitational baryogenesis, GUT baryogenesis, ...) produced a large pre-existing asymmetry
NE' |, this is efficiently wash-out in way that its final relic value is exponentially suppressed as

NBf — e FKND (2.3)
This optimal window for K| indicated by the low energy neutrino data is one of the most encour-
aging features of leptogenesis that somehow established its attractiveness among the many models
of baryogenesis.
Within this picture one is also able to place an upper bound on the CP asymmetry [7]

M m
< —6 1 atm
axlo <1010GeV> mi+ms’ @4

that gives rise to a lower bound M; 2 10°GeV [7, 8] (translating into a similar lower bound on
Tx [7, 8]) and to an upper bound m; < 0.1eV [9, 6], showing how it is possible, thanks to the
reduction of the parameters operated by the set of the assumptions of the vanilla scenario, to obtain
a testable prediction. It is quite interesting that such a prediction has been now positively tested by
the cosmological observations. However, within a pure generic vanilla scenario, it is impossible
to go beyond such a prediction. In particular all the parameters in the leptonic mixing matrix
cancel out in the total CP asymmetry and, therefore, within vanilla leptogenesis there is no hope
to establish any link between the matter-anti matter asymmetry and the parameters in the leptonic
mixing matrix.

3. Flavour effects

The unflavoured assumption in the vanilla leptogenesis scenario holds only if M; > 10'?GeV.
Much below this particular value of the mass, the tauon lepton interactions are strong enough to
measure the tauon component of the quantum lepton states produced by the decays of the RH
neutrinos. For M; < 10° GeV also the muon interactions are strong enough and the final lepton
quantum states have to be described by an incoherent mixture of electron, muon and tauon states.

In this way for M| > 10'>GeV one has a one-flavoured regime, for 101> GeV > M; > 10° GeV
one has a two-flavoured regime and for M; < 10° GeV one has a three-flavoured regime [10, 11, 12].

It is important that one can show that there is still a lower bound My, Tg = 10°GeV for the
produced asymmetry to be able to reproduced the observed one. In the two-flavour regime now the
final asymmetry is given by

1
Nt =2¢e k' (K)+ EApm (K'(Kio) — KM (K 1)) . 3.1

The first term is nothing else that almost the same contribution (just doubled) that we discussed in
the unflavoured regime. The second term however is intrinsically very different and can dominate
on the the first in many situations. One can even have £, = 0 and still the second term can reproduce
the observed asymmetry [13]. The great interest of this term is that it explicitly depends on the
leptonic mixing matrix parameters. This is true not only for the additional contribution to the total
CP asymmetry Apiq but also for the flavoured decay parameters Kjq. In this way one can hope to
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be able to have some connection on the leptonic mixing matrix parameters. Apparently it seems
that through this formula one can really give a positive answer to the two questions asked in the
introduction. Unfortunately the simultaneous presence of the untested high energy parameters acts
in a way that for any choice of the low energy neutrino parameters one can always chose the high
energy parameters in a way that the correct asymmetry is obtained. In this way even though the
low energy neutrino parameters influence the final asymmetry, without a knowledge of the high
energy neutrino parameters this influence cannot be experimentally revealed, at least not within the
general model independent picture we are discussing.

Therefore, not only flavour effects seem to be a missed opportunity for leptogenesis but they
also seem to spoil part of the successes of the vanilla leptogenesis scenario. First of all they relax the
upper bound on the neutrino masses to a level that is still undetermined. However, this relaxation
does not seem to be that severe and likely a precise calculation should confirm this expectation.

At the same time flavour effects spoil the feature of vanilla leptogenesis to be easily indepen-
dent of the initial conditions (it was enough to have Kj >> 1 and this occurs naturally as we have
seen). The reason is that a pre-existing asymmetry now finds easily a way to escape the RH neutrino
wash-out, even when more than one RH neutrino species is included. Suppose indeed that the the
asymmetry is produced with a certain flavour composition to a temperature much above the mass
of the heavier thermalised RH neutrino N;. When T ~ M; the wash-out from »; inverse processes
start to become effective but the important thing is that it acts only on that component of the asym-
metry along the flavour direction #;, the flavour of leptons produced by the RH neutrino decays, the
so called heavy neutrino flavour. RH neutrino decays cannot wash-out the orthogonal component
that, therefore, escapes the wash-out. [10] If all three RH neutrino masses are above 10'2GeV and
they are hierarchical, then the asymmetry wash-out is sequential and the only way how a generic
pre-existing asymmetry (i.e. whose flavour composition does not coincide with one of the three
¢;) is washed-out completely is that the three heavy lepton flavours ¢; form an orthogonal basis.
However, then in this case the three RH neutrinos do not interfere and all CP asymmetries vanish.
The mass pattern where all three RH neutrinos are in the three-flavoured regime (M; > 10'>GeV)
cannot realise successful leptogenesis and independence of the initial conditions at the same time
[14]. If RH neutrinos are assumed to be hierarchical there is only one mass pattern that can still
satisfy simultaneously successful leptogenesis and at the same time guarantee independence of the
initial conditions. This is the so called N,-dominated scenario [15].

In this scenario the asymmetry is not produced by the lightest RH neutrinos but by the next-to-
lightest RH neutrinos. The lightest RH neutrino mass M; < 10° GeV is indeed too light to produce
a sizeable asymmetry. However its washout occurs in the three-flavoured regime and in this way
it does not suppress the asymmetry just along the ¢; direction but along all three charged lepton
flavours directions e, i, 7. In this was the wash-out of an asymmetry Np, (&t = e, U, T), where
Aq = B/3 — Lg, is described by a wash-out factor exp[—3 7 K /8], where now the flavoured decay
parameters K| = p1¢ K1, with pj4 giving the probability that the lepton #; is measured as a charged
lepton of flavour . Clearly in this way the wash-out along the charged lepton flavour directions is
decreased and it can well happen that one K < 1. This flavour has to be the tauon flavour in a way
that the tauon asymmetry produced by the N, RH neutrinos can survive and reproduce the observed
asymmetry. This implies that M> > 10°GeV. On the other hand it is necessary that K., K] p>1
in a way that the electron and muon pre-existing asymmetries (together with the possible electron
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and muon asymmetry produced by N,) are washed-out. The pre-existing tauon asymmetry has to
be washed-out by the N, wash-out processes and for this reason one also needs M, < 10!2GeV in
way that the tauon component of the pre-existing asymmetry is measured by the tauon interactions.
Notice that N> wash out processes cannot wash-out in general the electron and muon asymmetries
since these are still stored in coherent e 4+ i quantum superpositions. Therefore, the simultaneous
request of successful leptogenesis and of independence of the initial condition, the so called strong
thermal leptogenesis condition, necessarily singles out a tauon N,-dominated scenario [14].

4. SO(10)-inspired leptogenesis

Flavour effects so far seem to have introduced more troubles than provided solutions. How-
ever, there is an important consequence of flavour effects that represents a way to solve a problem
that is present in the vanilla scenario offering at the same time a way to realise the seemingly
contrived tauon N,-dominated scenario, able to satisfy ST successful leptogenesis.

One of the main theoretical frameworks that is candidate to embed the see-saw mechanism
are grand-unified SO(10) models. Within these models the neutrino mass Dirac mass matrix is
typically related to the mass matrices of the other fermions. For example one relation that is
realised in a very simple version of SO(10) models is to have mp = m,,, where m, is the up quark
mass matrix. More generally one can say that the eigenvalues of the Dirac mass matrix are not
exactly equal to the up quark masses as in the simple case, but are somehow equal within &'(1)
factors. At the same time the matrix V;, that acts on the left-handed neutrinos realising the passage
from the Yukawa basis where mp is diagonal to the flavour basis, where the charged lepton mass
matrix is diagonal, is not too different from the analogous CKM matrix in the quark sector. In
particular the mixing angles are very small and the largest one is of the order of the Cabibbo angle.

Under these assumptions one can show that the RH neutrino masses are described by the
following very simple expressions,

2
m
]V[]ﬁﬁmm2 M, ~

Mee * nmymams3 |(m;1)‘m|

2
m m -
D2 © ocm? My~ miby |(my ) er| o< m? 4.1)

where mp; are the eigenvalues of mp. In particular it comes out that typically unless m,, and
(m,')¢; are very small, the RH neutrino masses realise exactly the N>-dominated scenario. In
addition the flavoured CP asymmetries of the next-to-lightest RH neutrinos are also highly hier-
archical in a way that & > &, > &,. This results into an asymmetry that at the N,-production
is tauon dominated while the electron and the muon asymmetries are not large enough to repro-
duce the final asymmetry even at the production. The only way to explain the final asymmetry
is then that K1, < 1, in a way that the tauon asymmetry produced by the N, decays survives and
explains the final asymmetry realising just a tauon N,-dominated scenario that, as we have seen, is
potentially able to satisfy ST successful leptogenesis.

The formula for the final asymmetry can be expressed analytically in terms of the light neutrino
mass matrix [16]. Imposing the leptogenesis bound one finds some constraints on all low energy
neutrino parameters. Interestingly, for NO, there is both a lower bound on the lightest neutrino
mass m; 2 1meV like also an upper bound m; < 50meV. For values m; ~ 10meV one also has
an upper bound on the atmospheric mixing angle 8,3 < 45°, so that the first octant is certainly
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favoured. It is also interesting that the effective Ov3 B neutrino mass is higher that in general and in
particular for m; = 10meV one has m,, = 8 meV, testable by next generation experiments. The 10
case is only marginally allowed. There is a very limited allowed regions for 10 < m; < 50meV and
for 6,3 2 46°. The 10 case would then be completely ruled out if 8,3 is found in the first octant.

Very interestingly SO(10)-inspired successful leptogenesis can also respect the ST leptoge-
nesis condition for a subset of the solutions. In this case one obtains very definite constraints.
The 10 case is completely ruled out. In the NO case the lightest neutrino mass has necessarily
to lie within a very narrow range 10 < m; < 30meV testable with cosmology (it corresponds to
75meV < Y m; < 125meV).

It is interesting that this ST SO(10)-inspired solution has correctly predicted a non-vanishing
reactor mixing angle. This is visible in the left panel of Figure 2 where the ST allowed region
is represented in dark blue. The solution also predicts 0 in the fourth quadrant for 6,3 > 38°.
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Figure 1: SO(10)-inspired leptogenesis solution: constraints on different planes from scatter plots. The
yellow (orange) regions correspond to the case when only successful leptogenesis condition is imposed and
I <V <Vegy (Vp =1). The dark (light) blue regions correspond to the case when also ST lepton genesis
condition is imposed for an initial pre-existing asymmetry Ngf L= 103 (from [16]).

Interestingly current global analyses seem to indicate sind < 0. Finally the solutions requires
strictly m,, = 8 meV so that it predicts a signal in next generation OV 3 3 experiments.

~

Table 1: Summary of the constraints from the ST SO(10)-inspired leptogenesis solution.

ORDERING NORMAL
mi (10-30) meV
013 2°-12°
S/n ~0.5-0
623 < 43°
e (0.7-0.9)m; = (7-27) meV
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5. Summary

We discussed scenario of thermal leptogenesis at a high energy scale much above the ac-
cessible scales at colliders. In this case low energy neutrino experiments are currently the only
possibility to test these scenarios. In particular within SO(10)-inspired models one has different
predictions that become quite sharp when a ST condition is also imposed the main features of
this ST SO(10)-inspired leptogenesis solutions are summarised in the table. During next year low
energy neutrino experiments will be able to fully test this solution that in any case it provides an
example of how also high energy scale scenarios can be testable, though this requires condition that
relate the high energy parameters to the low energy ones. It will be exciting to see whether the ex-
periments will gradually more and more support the ST SO(10)-solution or whether they will rule
it out. In particular the NOva experiment should soon provide some initial interesting indications
in this sense.
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