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ABSTRACT: We consider a type-I seesaw framework endowed with a flavour symmetry,
belonging to the series of non-abelian groups A(3n?) and A(6n?), and a CP symmetry.
Breaking these symmetries in a non-trivial way results in the right-handed neutrinos being
degenerate in mass up to possible (further symmetry-breaking) splittings x and A, while the
neutrino Yukawa coupling matrix encodes the entire flavour structure in the neutrino sector.
For a fixed combination of flavour and CP symmetry and residual groups, this matrix
contains five real free parameters. Four of them are determined by the light neutrino mass
spectrum and by accommodating experimental data on lepton mixing well, while the angle
Or is related to right-handed neutrinos. We scrutinise for all four lepton mixing patterns,
grouped into Case 1) through Case 3 b.1), the potential to generate the baryon asymmetry
of the Universe through low-scale leptogenesis numerically and analytically. The main
results are: a) the possible correlation of the baryon asymmetry and the Majorana phases,
encoded in the Pontecorvo-Maki-Nakagawa-Sakata mixing matrix, in certain instances; b)
the possibility to generate the correct amount of baryon asymmetry for vanishing splittings
r and A among the right-handed neutrinos as well as for large s, depending on the case
and the specific choice of group theory parameters; ¢) the chance to produce sufficient
baryon asymmetry for large active-sterile mixing angles, enabling direct experimental tests
at current and future facilities, if O is close to a special value, potentially protected by an
enhanced residual symmetry. We elucidate these results with representative examples of
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flavour and CP symmetries, which all lead to a good agreement with the measured values
of the lepton mixing angles and, possibly, the current indication of the CP phase §. We
identify the CP-violating combinations relevant for low-scale leptogenesis, and show that
the parametric dependence of the baryon asymmetry found in the numerical study can be
understood well with their help.
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1 Introduction

The Standard Model (SM) of particle physics has proven to be of unprecedented success.

However, it fails to explain important observations such as non-vanishing neutrino masses,

the peculiar flavour structure in the quark and lepton sector as well as the baryon asymmetry
of the Universe (BAU), Yp = (8.61 & 0.05) - 10711 [1].
Many mechanisms have been proposed in order to generate neutrino masses, see e.g. [2].

Most of them predict neutrinos to be Majorana particles. In the case of the three different



types of seesaw mechanisms, type-I seesaw, type-11 seesaw and type-I1I seesaw, only one
new species of particles is added to the SM, right-handed (RH) neutrinos, Higgs triplets
and fermion triplets, respectively. The smallness of neutrino masses is usually related to the
heaviness of the new particle species for couplings of order one. It is, however, also plausible
that these particles have masses below the TeV scale, if some of the couplings are suitably
suppressed. An elegant and minimalistic example is the Neutrino Minimal Standard Model
(vMSM) [3, 4] with masses of the heavy neutrinos being (much) smaller than the electroweak
scale. The important advantage of frameworks such as the vMSM is the fact that these
can be comprehensively tested in different types of terrestrial experiments, e.g. colliders,
precision tests of flavour physics observables and fixed-target experiments [5, 6].

Likewise several approaches have been studied to predict the number of fermion
generations and the peculiar flavour structure in the quark and lepton sector, see e.g. [7-10].
A symmetry acting on flavour space, a so-called flavour symmetry, which possesses at
least one irreducible three-dimensional representation can explain (some of) these features.
Several different types of symmetries have been investigated and discrete non-abelian groups
have shown to be most useful in the description of the features of the lepton sector. If such
a symmetry is broken in a specific way, i.e. to residual symmetries in different parts of the
theory (e.g. the charged lepton mass matrix and the matrices responsible for neutrino masses
are governed by different residual groups), this approach turns out to be very constraining
regarding the lepton mixing parameters accessible in neutrino oscillation experiments. The
predictive power can be further enhanced, if a CP symmetry, also acting non-trivially
on flavour space in general, is involved [11-19]. Most successful is the combination of a
non-abelian flavour group Gy and a CP symmetry that are broken to the residual symmetry
G among charged leptons, contained in G, and to G, = Z x C'P, with Z5 in Gy, among
neutrinos. In this approach, the three lepton mixing angles 6;; and the three CP phases, the
Dirac phase ¢ and the two Majorana phases « and /3, only depend on one real parameter, up
to permutations of the rows and columns of the Pontecorvo-Maki-Nakagawa-Sakata (PMNS)
mixing matrix [11]. Suitable candidates of a flavour group are found among the series of
groups A(3n?) [20] and A(6n?) [21], n > 2. The automorphisms of the flavour group then
determine the possible CP symmetries. See [22] for resulting lepton mixing patterns.

The generation of the BAU in the SM could in principle be successful, if the electroweak
phase transition were first order and a sufficient amount of CP violation could be achieved.
Given that this is impossible without an appropriate extension of the SM, e.g. adding
further scalars to the SM, leptogenesis [23] is an interesting alternative. In leptogenesis the
BAU is produced from a generated lepton asymmetry which is converted into a baryon
asymmetry through sphaleron processes [24]. Indeed, many mechanisms leading to neutrino
masses also offer the possibility to have viable leptogenesis, for a review see e.g. [25]. We
focus in the following on low-scale leptogenesis [3, 26-28] in the context of the type-I seesaw
framework with three RH neutrinos.

In this work, we consider the aforementioned framework, endowed with flavour and CP
symmetries.! The three generations of left-handed (LH) lepton doublets and of the RH

!Leptogenesis has been discussed in several scenarios with flavour (and CP) symmetries, see e.g. [29] for
a concise review as well as the following publications for explicit examples [30-38].



neutrinos are assigned to irreducible three-dimensional representations of the flavour group,
whereas the RH charged leptons transform as singlets in order to ensure the possibility
to achieve the hierarchy among charged lepton masses without fine-tuning. The RH
neutrinos are degenerate in mass, since their mass matrix does not break the flavour and CP
symmetry, while the neutrino Yukawa coupling matrix Yp relating LH and RH neutrinos
instead preserves the residual symmetry G, = Z3 x C'P. For fixed Gy and CP as well as
residual groups G; and G, the matrix Yp contains five real free parameters, yr, f = 1,2,3,
01, and Og, which correspond to the three light neutrino masses, the free parameter adjusted
to accommodate well the experimental data on lepton mixing and the free parameter
related to the RH neutrinos. The residual symmetry G; among charged leptons is taken
to be a Zs group, the minimal symmetry which allows to distinguish between the three
generations. Indeed, we can without loss of generality assume that the Z3 group is always
generated by the same element of the flavour group. Depending on the choice of G,, we
obtain different lepton mixing patterns. These can be grouped into four different cases, Case
1) through Case 3 b.1). As is well-known, successful leptogenesis requires a non-vanishing
mass splitting among the heavy neutrinos. One possible source is the (small) breaking of
the flavour and CP symmetry in the RH neutrino mass matrix, either arising from the
symmetry breaking present in the charged lepton sector, encoded in the splitting %, or from
other sources, as exemplified with the splitting A. To calculate the BAU we numerically
solve the quantum kinetic equations from [39], supplemented with the interaction rates
from [40]. Although these equations can in general not be solved analytically, we can gain
significant insight into the parametric dependence of the BAU by identifying and evaluating
the relevant CP-violating combinations that arise when perturbatively solving the equations.
The paper is organised as follows: in section 2 we first discuss the low-scale type-I
seesaw framework and then its extension with flavour and CP symmetries. In section 3
we elaborate on the results for light neutrino masses and lepton mixing, depending on
the residual symmetry in the neutrino sector. Section 4 is dedicated to the numerical
analysis of the lepton mixing parameters for the different cases, Case 1) through Case 3
b.1), characterised by different G,. We give representative examples of the index n of
the flavour group and the parameters describing the CP symmetry which give rise to an
acceptable agreement with experimental data [41] for at least one value of the free parameter
f1,. We scrutinise the possibility to generate a sufficient amount of BAU for a subset of
these representative examples in section 5. In section 6 we discuss analytic expressions for
source and washout terms which are very useful in order to understand the dependence
of the generated BAU on the different parameters of the scenario at hand, e.g. the choice
of the CP symmetry and the size of the splitting « of the heavy neutrino masses. We
show in section 7 that special values of the free parameters 07, and 6 can be related to
an enhancement of the residual symmetry in the neutrino Yukawa coupling matrix Yp.
Section 8 contains the summary of the main results and an outlook. The appendices,
appendix A—G, contain details on the group theory of the flavour symmetries, the form of
the representation matrices of the residual symmetries and of the CP transformations, the
conventions of lepton mixing, neutrino masses and the corresponding experimental data, as
well as supplementary information such as further tables belonging to section 4, additional
plots for section 5 and formulae for the CP-violating combinations found in section 6.



2 Scenario

In this section we first summarise the main features of the low-scale type-I seesaw which we
use as framework. We then endow this framework with flavour and CP symmetries and
define the scenario we investigate in detail. In doing so, we fix our notation and specify the
used symmetries and their residual groups.

2.1 Low-scale type-I seesaw framework

One of the most straightforward and commonly employed explanations for neutrino masses
is the type-I seesaw mechanism [42-47], which requires complementing the SM field content
with RH neutrinos vg. This mechanism is not only appealing because all other fermions
in the SM exist with both chiralities, but also because the CP-violating interactions of
the RH neutrinos in the early Universe can generate a matter-antimatter asymmetry in
the primordial plasma through leptogenesis [23]. In this way, another important question
in cosmology is simultaneously addressed, namely the origin of ordinary matter in the
observable Universe.?

Being SM gauge singlets RH neutrinos can have a Majorana mass term v$, Mg vg. The
implications of the existence of RH neutrinos for particle physics and cosmology strongly
depend on the magnitude of the eigenvalues M; of the Majorana mass matrix Mp [49].
While the original proposals of both the type-I seesaw mechanism and leptogenesis assume
that the seesaw scale is several orders of magnitude larger than the electroweak scale, it
has meanwhile become clear that low-scale seesaw models can successfully explain current
neutrino oscillation data as well as the BAU. This does not only lead to a variety of
leptogenesis mechanisms even in minimal models [50, 51], but also opens up the possibility
to discover the heavy neutrinos — which are often referred to as heavy neutral leptons
— in direct searches at the LHC [6, 52-55], future colliders [6, 56-58] or fixed target
experiments [6, 55], and thus to potentially test the origin of the BAU [5]. For theoretical
motivations of a low seesaw scale see e.g. section 5 of [55].

In the following, we consider the renormalisable Lagrangian

LDiﬁauR—%%MRVR—EYDé‘H*VR—Fh.C., (2.1)
where Mp is the Majorana mass matrix of the RH neutrinos vp (with the index i), Yp the
neutrino Yukawa coupling matrix, H the SM Higgs doublet and [;, are the three LH lepton
doublets (with the lepton flavour index oo = e, pu, 7).

We focus on the case of three generations of RH neutrinos vg;, i = 1,2, 3. Studies of
low-scale leptogenesis in this case [26, 59-65] have been either limited to specific parameter
choices or performed by scanning over all possible values of the elements of the matrices Mg
and Yp that are consistent with current neutrino oscillation data (and constraints on light
neutrino masses). Taking the latter approach leads to a large available parameter space [65]
which does not only pose a practical computational challenge for a complete exploration
of the parameter space due to its high dimensionality (without additional assumptions on

2See e.g. [48] for a detailed discussion of the empirical evidence for a matter-antimatter asymmetry.



their form Mp and Yp encode 18 new parameters in the case of three RH neutrinos), it
also severely limits the predictive power of the framework.? In the present work, the (main)
structure of the matrices Mr and Yp (as well as of the charged lepton mass matrix my) is
determined by the flavour and CP symmetries and their residual groups. This drastically
reduces the number of free parameters, see section 2.2.

Before closing this section we briefly define the quantities necessary to characterise the
mass eigenstates of the neutral fermions and their mixing. After electroweak symmetry
breaking there are two sets of neutrino mass eigenstates, the light neutrinos v; and the
heavy neutrinos N;, which can be described by the Majorana spinors

vi = |Vive - Ufevg + V] v - US0"vg] Ni = |Vivr +0"vf + Vivh + 0] .
(2.2)

.0
(2

Here the matrix 0, 0 = (H) Yp My ! encodes the mixing between LH and RH neutrinos.
(H) is the vacuum expectation value (VEV) of the SM Higgs doublet H, (H) ~ 174 GeV.
The matrix V,,, V,, = (1— %BGT)UI,, is the light neutrino mixing matrix, while the matrix Vy,
Vw=(1- %GTG*)UN, is its equivalent in the heavy neutrino sector. The unitary matrices
U, and Uy diagonalise the matrices

1
my, = ~0Mpd” and My = Mp + 3 (670rir + ME0"0") (2.3)

as UVTmVUj and U]EM ~Un, respectively.* The squared masses of the light neutrinos v; and
of the heavy neutrinos N; are given at tree level by the eigenvalues of the matrices ml,mlT,
and M NM]TV, respectively. The eigenvalues of the matrix My are close to those of Mg, but
in the regime of quasi-degenerate masses discussed in the following, corrections of the order
0(0?) to the splitting between them can impact both, leptogenesis [72] and lepton number
violating (LNV) event rates at colliders [73]. The suppression of the weak interactions of
the heavy neutrinos, relative to those of the light neutrinos, is given by the elements of the
so-called active-sterile neutrino mixing matrix

© = 0U},. (2.4)

For the discussion of event rates at accelerator based experiments it is convenient to
introduce the quantities

U2, = |0, Ul => Uz, Ui=> U2 and U*=> U} (2.5)

3Note that one can strongly constrain the parameter space, if the framework with three RH neutrinos
can not only explain current neutrino oscillation data and leptogenesis, but also provide a Dark Matter
candidate [66, 67]. In this minimal scenario, known as ¥MSM [3, 4], the constraints on the Dark Matter
candidate are so strong [68, 69] that this particle plays practically no role for leptogenesis and the generation
of light neutrino masses. The reduced parameter space of the remaining two heavy neutrinos is then
sufficiently small to be predictive and testable, cf. e.g. [70, 71].

4The matrix U, coincides with the PMNS mixing matrix in eq. (D.1) in appendix D.1 in the charged
lepton mass basis. In this work, we ignore the difference between V,, and U,.



If one were to estimate the expected magnitude of the active-sterile mixing angles from
eq. (2.3) without taking into account the matrix structure in flavour space, the smallness of
the light neutrino masses would constrain these to be extremely small

g2 o V2T g0 GV (2.6)

where m; denote the light neutrino masses and we have ignored the difference between
the eigenvalues of the matrices Mg and My. The estimate in eq. (2.6) is called the naive
seesaw limit and it would strongly constrain the possibility of any direct detection of the
heavy neutrinos in the near future. However, in low-scale seesaw models the smallness of
the light neutrino masses is usually not the result of a suppression by the seesaw scale, but
is explained by an approximate B — L symmetry [74-76], where L is a generalised lepton
number. This, in principle, allows for large active-sterile mixing angles (meaning order-one
Yukawa couplings) and heavy neutrinos with sub-TeV masses without fine-tuning, as the
B — L symmetry dictates cancellations in the product of the matrices in eq. (2.3).

2.2 Type-I seesaw framework with flavour and CP symmetries

In the following, we endow the low-scale type-1 seesaw framework with a flavour and a CP
symmetry. These determine together with their residual groups G, and Gj the form of the
matrices Mg and Yp as well as the charged lepton mass matrix m;. In particular, they lead
to the heavy neutrinos being (almost) degenerate in mass.

In the present study, we impose the flavour and CP symmetries as well as G, and G;
directly on the matrices Mg, Yp and m;. In concrete models, additional motivation for the
choice of a particular flavour and CP symmetry can exist, for example in certain string
theory inspired models, see e.g. [77]. Furthermore, the breaking of these symmetries to the
residual groups G, and G often occurs spontaneously. For this to work, certain flavour
(and CP) symmetry breaking fields are introduced that acquire peculiar VEVs such that G|
and G, remain as residual symmetries [7-9]. Numerous realisations of such a spontaneous
symmetry breaking of a flavour symmetry, belonging to the series of groups A(3n?) and
A(6n?) with n integer, (and CP) to residual groups can be found in the literature, for
examples see [35, 78-85].5

We leave aside these specifications and assume in the following as relevant degrees of
freedom only those mentioned in section 2.1, meaning that additional degrees of freedom
are either sufficiently heavier than the involved scales (electroweak scale, seesaw scale,
temperature during leptogenesis) such that they can be ignored, or their abundances and
strength of their interactions with the SM particles and RH neutrinos are sufficiently small
so that they do not have to be treated dynamically during leptogenesis.°

As flavour symmetry Gy we use a group which belongs to the series A(67n?) with 3 n
(n is not divisible by three) [21]. This group can be generated by four generators, called

® Another option is to consider the (explicit) breaking of the flavour symmetry at the boundaries of an
extra dimension very much like the breaking of the gauge symmetry, see e.g. [86, 87].

6See e.g. [88, 89] for some recent studies that investigate the impact of additional degrees of freedom
on leptogenesis.



a, b, c and d.” They are given in the relevant representations in appendix A. The groups
A(6n?) for n > 2 are interesting, as they possess at least one irreducible, faithful, complex
three-dimensional representation 3.% In the following, we assign the three generations of LH
lepton doublets Iy, o = e, u, 7, to 3. For concreteness, we choose the representation as
31 (1) according to the nomenclature used in [21]. The RH charged leptons are assigned to
the representation 1, the trivial singlet, of Gy, while the three generations of RH neutrinos
VRri, © = 1,2, 3, are unified into an irreducible, in general unfaithful, real representation 3’
of G.% The latter requires the index n of the group A(6n?) to be even, see appendix A for
details. In the nomenclature of [21] the representation 3’ is denoted as 34 (n/2)- Assigning
LH lepton doublets and RH neutrinos to these different three-dimensional representations
of G is crucial, as the assignment [, ~ 3 allows to fully explore the predictive power of
G (and not only of one of its subgroups), while vg; ~ 3’ permits the RH neutrinos to have
a (flavour-universal) mass term without breaking Gy and the CP symmetry. In addition,

)

distinguish the three RH charged leptons er, pug and 7r. These are assigned to 1, w and w?
2mi/3

we assume the existence of a Z3 symmetry, called Z3aux , which is employed in order to

with w =e , respectively, whereas LH lepton doublets and RH neutrinos are invariant
under Zéaux).

The CP symmetry imposed on the theory corresponds to an automorphism of Gy [11-
19], belonging to those studied in [22]. They are represented by the CP transformation
X (r) in the different (irreducible) representations r of G and depend on the parameter(s)
specifying the automorphism. Note that we always choose X (r) symmetric and that it fulfils
X(r) X (r)* = X(r)* X(r) = 1. For completeness, we show the form of the automorphisms
and of X (r) for the relevant representations in appendix C.

Z:,ED), which is the diagonal subgroup of the

The residual symmetry (G is chosen as
group, generated by a of Gy, see appendix A, and the auxiliary symmetry Z?Eaux), while G,
is Zy x C'P, where the Zy symmetry is a subgroup of G¢. Its generator Z is denoted as Z(r)

in the different representations r. The Z5 symmetry and CP commute, i.e. they satisfy
X(r)Z(x)"—Z(r)X(r)=0 (2.7)

for all representations r of Gy. The mismatch of the residual symmetries G; and G,
determines the form of the PMNS mixing matrix, as has been discussed in general in [11]
and, in particular for the groups A(3n?) and A(6n?), in [22] as well as in [90]. It has been
found in [22] that the patterns, potentially compatible with experimental data on lepton
mixing parameters, can be classified according to four types, called Case 1), Case 2), Case
3 a) and Case 3 b.1), that have different features. The form of the PMNS mixing matrix
for the four different types is shown in section 3.

The form of the charged lepton mass matrix m;, the neutrino Yukawa coupling matrix
Yp and the Majorana mass matrix Mg of the RH neutrinos is determined by G; and G, at
least at leading order. In the chosen basis, see appendix A, the mass matrix m; is diagonal

"We could also consider a group of the form A(3n?) [20] in some of the cases. It is, however, contained
in the corresponding group A(6 n2) so that we can stick, without loss of generality, to the latter only.

8For n = 2 the irreducible three-dimensional representations are real.

9Only for n = 2 this representation is faithful.



and contains three independent parameters that correspond to the three different charged
lepton masses. As my is diagonal, there is no contribution to the PMNS mixing matrix from
the charged lepton sector.!® As regards the neutrino sector, we take the neutrino Yukawa
coupling matrix Yp to be invariant under G,, whereas the matrix Mp = M}% does neither
break Gy nor CP. Being invariant under Z3 x C'P, the matrix Yp, in the basis in which
LH fields are on the left and RH ones on the right, fulfils the following relations

Z(3)'YpZ(3)=Yp and X(3)"Yp X(3)=Y}. (2.8)
The form of Yp is thus!!
Yp = Q(3) Ry;(01) diag(y1, y2, y3) Py Riu(—0r) (3)". (2.9)

The matrices ©(3) and 2(3’) are unitary and determined by the form of the CP transfor-
mations X (3) and X (3’) in the representations of LH lepton doublets and RH neutrinos,

i.e. they satisfy
X(3)=23)23)T and X(3') =Q(3)(3")T. (2.10)

As the choice of the CP symmetry and thus the corresponding CP transformation X (3)
and X (3') is in general indicated by natural numbers, see e.g. the parameter s in egs. (3.2)
and (3.3), also the matrices (8) and Q(3’) (can) depend on these parameters. The matrices
R;;(01) and Ry(0r) denote rotations in the (ij)- and (ki)-plane, i,j,k,l = 1,2,3 with
i < j and k < [, through the angles 67, and g, respectively.!? These angles are free
parameters, i.e. not fixed by the residual symmetry G,, and can take values in the range
0 <60 <mand 0 <0 < 2. The planes, in which the rotations R;;(67) and Ry(6r) act,
are determined by the (ij)- and (kl)-subspaces of degenerate eigenvalues of the generator
Z in the representation 3 and 3’, when transformed with the matrices ©(3) and Q(3'),
respectively; for examples see section 3. If the (ij)- and (kl)-planes do not coincide, the
permutation matrix P,g is needed. It acts in the plane which is determined by the two
indices of (ij) and (kl) that are different, e.g. if (ij) = (13) and (kl) = (12) the permutation
matrix P,:g must act in the (23)-plane.’® In addition to the two angles 6 and 0, the

10T principle, the masses of charged leptons could be ordered non-canonically, leading to a permutation
matrix entering the PMNS mixing matrix. However, we assume them to be ordered correctly in the following.
For a complete discussion of mixing patterns, taking also into account such permutations, see [22].

"'We can re-write the conditions in eq. (2.8) using the matrices 2(3) and 2(3’), see eq. (2.10), and find

Q(3)" v Q(3)
is real and can be diagonalised by two rotation matrices from the left and right, respectively,

Q(3)" Yp Q(8') = Ri;(01) diag(ys, y2, y3) P Ria(—0r) -

12We define the rotations R;j, i < j, through the angle 6 in the (ij)-plane as follows

cosf sinf 0 cosf 0 sinf 1 0 0
Ri2(0) = | —sinf cosb 0 | , Ri3(0) = 0 1 0 , Ros(0) = | 0 cosf sinf
0 0 1 —sinf 0 cosf 0 —sin@ cosf

13The permutation matrix P,z{ is only relevant in Case 3 a) and Case 3 b.1).



neutrino Yukawa coupling matrix Yp contains further three real parameters, namely the
couplings y¢, f =1,2,3. This has also been pointed out in [35]. The Dirac neutrino mass
matrix mp is in turn given by

mp =Yp (H). (2.11)

As Mg = MI% leaves Gy and CP invariant, its form is simply

100
Mr=MY=M|[001 (2.12)
010

with M > 0 which sets the mass scale of the RH neutrinos
M, = M. (2.13)

The matrix Mg can be made diagonal with!*

V20 0

Up=-—=| 014 |, ie Mr=ULMgUg. (2.14)
V2 g1

The light neutrino mass matrix m, follows from the type-I seesaw mechanism [42-47],
compare eq. (2.3),
my, = —mp Mzt m} . (2.15)

As the charged lepton mass matrix m; is diagonal, the PMNS mixing matrix arises from
the diagonalisation of m, only. In general, the resulting lepton mixing parameters involve a
combination of all quantities, appearing in Yp. However, if

(hag(yl,yz,yg)fﬁ{faﬂc—93)51(3qTA4§l51(35*1zm(93)(fig)T<hag(y1,y2,y3)iS(nagonaL
(2.16)

see section 3, the lepton mixing parameters only depend on #; and the quantities,

describing the flavour and CP symmetries as well as the residual group G,, i.e. we find

Upmns = Q(3) Rij(0r) Ky (2.17)

which fulfils
Ul pins Mo Upnins = diag (ma,ma, ms) . (2.18)

The mass spectrum of the light neutrinos is determined by the couplings y;, f =1,2,3
(and the angle ). The matrix K, accounts for the CP parities of the light neutrino mass
eigenstates and is a diagonal matrix whose (non-vanishing) elements can take the values +1
and +i. Its explicit form is given for each of the different cases in section 3. As the couplings
yr, f=1,2,3, are not constrained other than being real, the scenario can accommodate

141f the difference between the matrices Mpr and My, see eq. (2.3), is negligible, the matrix Uy can be
identified with Ug.

15\Whether the combination in eq. (2.16) is diagonal or not, does not depend on the presence of the
permutation matrix P,:f .



both neutrino mass orderings, normal ordering (NO) and inverted ordering (I0), as well
as a quasi-degenerate light neutrino mass spectrum. The resulting PMNS mixing matrix
in eq. (2.17) coincides with the PMNS mixing matrix, obtained in a scenario with three
RH neutrinos [35], in which the Dirac neutrino mass matrix mp is invariant under the
entire flavour and CP symmetry, while the Majorana mass matrix Mp of the RH neutrinos
possesses the residual symmetry G,,. The requirement to accommodate the measured lepton
mixing angles well further constrains the index n of Gy and the CP symmetry as well as
the combination of the residual groups G; and G, as discussed in detail in [22] and in
section 4. In section 3 we also comment on situations in which the condition in eq. (2.16) is
not fulfilled and the resulting PMNS mixing matrix depends on the couplings y;, f = 1,2, 3,
and the angle 0r as well.

The form of the neutrino Yukawa coupling matrix Yp in the basis, in which the
Majorana mass matrix Mg of the RH neutrinos is diagonal, is given by

Yp=YpUg. (2.19)

Corrections to the displayed form of the matrices Mg, Yp and m; are expected to arise, at
higher order, in concrete models [7-9]. These can, indeed, be welcome, since the successful
generation of the BAU requires the masses of the heavy neutrinos to be, at least partly,
(slightly) non-degenerate [91]. One way to achieve this is to consider a correction to the
Majorana mass matrix Mg of the RH neutrinos. While the form of such a correction in
general strongly depends on the concrete model, we advocate in the following an instance
in which this correction is invariant under the residual symmetry G;. The generator of G

is given as
100
a3)=[0w 0 (2.20)
00 w?
in the representation 3’ of the RH neutrinos vg;, since these are not charged under the
auxiliary symmetry Zéaux). The correction d M must thus satisfy
a(3)T 6Mpa(3') = 6Mg, (2.21)

meaning that it is of the form

2.0 0
SMp=xM |0 0 —1 (2.22)
0-1 0

with the splitting x being a small symmetry-breaking parameter. The RH neutrino masses
M;, i =1,2,3, acquire a (small) correction

My=M(1+42k) and My = M3z =M (1-k). (2.23)

As one can see from eq. (2.23), the masses of the second and third RH neutrino are still
degenerate. A way to split these as well is to consider a further correction AMpg that is not
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(necessarily) invariant under any residual symmetry. A possible (rather minimal) choice is

000
AMr=AM [010 |, (2.24)
001

where the splitting A is a small parameter, expected to be of the size of k (or smaller). The
Majorana mass matrix My of the RH neutrinos then reads

Mp = MY+ Mg + AMg (2.25)
and we find for the RH neutrino masses
Mi=M1+42k), Mo=M(1—-r+A) and Mzg=M(1—r—\). (2.26)

In general, we expect that such (residual) symmetry-breaking effects also correct the form
of the neutrino Yukawa coupling matrix Yp and of the charged lepton mass matrix m;.
However, we assume in the following that their size is small enough so that they have no
relevant impact on the shown results.

A concrete model incorporating the presented type-I seesaw framework with a flavour
and CP symmetry should, thus, contain means to efficiently control the size and form of
such symmetry-breaking effects, e.g. additional symmetries to suppress these, a judicious
choice of flavour symmetry breaking fields, sufficiently small symmetry-breaking parameters.

3 Residual symmetries, neutrino masses and PMNS mixing matrix

We first present the residual symmetry G, and the form of the corresponding representation
matrices for the different cases, called Case 1), Case 2), Case 3 a) and Case 3 b.1) in [22].
We then discuss additional constraints imposed from light neutrino masses on the choice of
G as well as the constraints on the light neutrino mass spectrum arising from imposing
the condition in eq. (2.16). Furthermore, we mention for each case the form of the PMNS
mixing matrix. In the end, we briefly comment on the possible impact of the splitting &
(and ) among the RH neutrino masses on the light neutrino mass spectrum and the PMNS
mixing matrix.

3.1 Casel)

3.1.1 Residual symmetries

The residual Z, symmetry in the neutrino sector is generated by
Z =c"? (3.1)

which requires the index n of the flavour symmetry to be even. The explicit form of Z in
the irreducible, faithful, complex three-dimensional representation 3 and in the irreducible,
unfaithful, real three-dimensional representation 3’ can be found in appendix B. As we see
in section 3.1.2, due to the form of the generator Z in 3’ for n divisible by four the neutrino
Yukawa coupling matrix Yp becomes singular so that the resulting light neutrino mass
spectrum is not viable. For this reason, we focus in the following on n not divisible by four.
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The CP symmetry corresponds to the automorphism, given in eq. (C.1) in appendix C,
conjugated with the inner automorphism induced by the group transformation abc® d?*
with s =0,1,...,n — 1. The CP transformation X (s) reads in 3

X(s)(3) = a(3) b(3) c(3)* d(3)** Xo(3) (3.2)
and in 3’
X(5)(3") = a(3)b(3') c(3)* d(3")* X((3) (3.3)

with Xo(3) and X(3) representing the CP transformation corresponding to the automor-
phism in eq. (C.1). Their explicit form can be found in appendix C.

The matrix Q(s)(3), derived from X (s)(3), given in eq. (C.3) in appendix C, can be
chosen as

1 0 0
Q(s)(8) = e Upg | 0 e 3% (3.4)
0 0 -1

with Upp describing tri-bimaximal (TB) mixing

V2/3 V130
Urs = | —V1/6 V1/3 V1/2 (3.5)
—/1/6 V1/3 —/1/2

and

The form of Q(s)(8’) only depends on whether s is even or odd

Q(seven)(38') = Urp (3.7)
and
100
Q(sodd)(3)=Urg | 010 | . (3.8)
007

Comparing these forms to the form of Q(s)(3) we see that they have the same structure
and the crucial difference lies in the phase matrix multiplied from the right.
In order to determine the plane in which the rotation R;;(fr) acts, we look at

~10 0
Q(s)3)TZ23)Us)3)=| 010 |, (3.9)
00-1

meaning that the rotation through 6, is in the (13)-plane [11]. Similarly, we can find the
plane in which the rotation Rg;(6r) acts. The representation matrix Z(3’) for n not divisible
by four reads after the transformation with €(s)(8") for both, s even as well as s odd,

-10 0
Q(s)(3) T z@3)s)(3)=| 01 0 |, (3.10)
00-1

meaning that also Ry (0r) acts in the (13)-plane.
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3.1.2 Constraints from and on light neutrino mass spectrum

First, we discuss constraints on the possible choices of the residual symmetry G, arising
from the light neutrino mass spectrum. In order to find these we consider the form of the
neutrino Yukawa coupling matrix Yp fulfilling the conditions in eq. (2.8). For n divisible by
four Z(8') is given by eq. (B.3) in appendix B and we find that the form of Y} needs to be

Y11 Y12 Y13
Yp = | y11 y12 13 (3.11)
Y11 Y12 Y13

with y1; complex, ¢ = 1,2,3. The determinant of Yp vanishes and this matrix has two
zero eigenvalues. As a consequence, the light neutrino mass matrix arising from the type-I
seesaw mechanism, see eq. (2.15), has two zero eigenvalues.'® Furthermore, we can check
that the non-zero eigenvalue has to correspond to the light neutrino mass mao, since it is
always associated with the eigenvector proportional to (1,1, 1)T which can only be identified
with the second column of the PMNS mixing matrix. It is, however, experimentally highly
disfavoured that such a form can be the dominant contribution to light neutrino masses.
We thus do not discuss this case further.

For n not divisible by four the form of the matrix Z(3’) is shown in eq. (B.4) in
appendix B. Again, we can compute the constraints on Yp, arising from imposing the
conditions in eq. (2.8). In particular, we see that the first condition in the latter equation
reduces the number of free (complex) parameters in Yp to five, meaning the other four ones
can be expressed in these, e.g.

Y23 = Y11 + Y12 + Y13 — Y21 — Y22, Y31 = Y12 + Y13 — Y21, (3.12)
Y32 = Y11 + Y13 — Y22 and Y33 = —Y13 + Y21 + Yo2 . (3.13)

The five free complex parameters in Yp are further constrained by requiring that also the
second condition in eq. (2.8) is fulfilled. As a consequence, these parameters are reduced
to five real parameters. This is consistent with the findings in the general case where Yp
contains three real couplings yy, f = 1,2, 3, and two angles 6, and 6g. In general, such a
matrix Yp has a non-vanishing determinant and three different eigenvalues.

Focusing on n not divisible by four we continue with considering the form of the
light neutrino mass matrix and the corresponding mass spectrum. For all choices of s the

TIndeed, if Z(3’) is the identity matrix and Z(3) is any generator of a Zs symmetry contained in SU(3),
i.e. it can be represented by a matrix Z(3) that fulfils V' Z(3) V = diag (1, —1, —1) with V being a unitary
matrix, we can show that

Z(3)'Yp = Vdiag (1,-1,-1) VI Yp = Yp,

meaning we can re-write this condition as
diag (1,-1,-1) [VYp] = [VTvp] .

Consequently, the combination VT Yp must have two vanishing rows, namely the second and the third one.
The determinant of V1 Yp vanishes and the matrix has two zero eigenvalues. Thus, Yp itself must have these
properties. So, in general knowing that Z(3’) is given by the identity matrix is sufficient in order to discard
a case as realistic without corrections which can induce, at least, one further non-vanishing neutrino mass.
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combination in eq. (2.16) is non-diagonal and the (13)- and (31)-elements are proportional
to y1, y3 and sin20g. Thus, in general only the light neutrino mass ms is given as

(3.14)

while the masses m1 and mg are determined by both the couplings y; and y3 as well as 0.
One can achieve a diagonal form of the combination in eq. (2.16) for

(1) y1 = 0 which corresponds to strong NO, i.e. light neutrino masses with NO and the

lightest neutrino mass mg = 0, with

2 H 2
m1 =0 and m3z = y3<]\/[> | cos20R| (3.15)

in addition to ms in eq. (3.14). For a realistic light neutrino mass spectrum mgs has
to be non-vanishing and thus cos26p # 0. The matrix K, is of the form

10 0

K,=1]0%+1 0 (strong NO) (3.16)
00 +44(smod 2)+cp+1

with cg = 0 for cos 2 0 positive and cg = 1 for negative cos 2 0. Since mq vanishes,
the (11)-element of K, is not constrained and is set for concreteness to +1.

(i) ys = 0 corresponding to strong IO, i.e. light neutrino masses with IO and the lightest

neutrino mass mg = 0, with

2 H 2
my = y1<]\4> |cos260r| and mz =0 (3.17)

with mg given in eq. (3.14). For a realistic light neutrino mass spectrum m; has to be
non-vanishing and thus cos2r # 0. The matrix K, is of similar form as in eq. (3.16)
with the roles of the (11)- and (33)-elements exchanged,

44 (smod2)+cr 00
K, = 0 +10 | (strong IO). (3.18)
0 01

(797) sin26p = 0 where no constraints on the light neutrino masses arise. We do not
consider this possibility, as we would like to explore the effect of the parameter 6z on
the various phenomenological aspects of the scenario.

3.1.3 PMNS mixing matrix

For light neutrino masses with strong NO or strong 1O as well as for sin26p = 0, the form
of the PMNS mixing matrix is given by

Upnmns = Q2(s)(3) Ri3(0r) K, (3.19)

as deduced from eq. (2.17).
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In the case in which none of the light neutrinos is massless and the condition in eq. (2.16)
is not fulfilled, we have to take into account an additional rotation in the (13)-plane which
depends on the couplings y; and y3 and the angle 6. Since this rotation is in the same
plane as the rotation induced by the angle 6, the structure of the PMNS mixing matrix in
eq. (3.19) does not change, but the angle 67 becomes replaced by an effective angle 0, that
is the sum of 07, and the additional angle.

In the numerical analysis of lepton mixing data, presented in section 4, we always refer
to the free angle, contained in the PMNS mixing matrix, as 7. Nevertheless, all results are
also applicable in the case of three massive light neutrinos, where the angle 67 has to be
read as gL.

3.2 Case 2)
3.2.1 Residual symmetries

The residual Zs symmetry in the neutrino sector is generated by the same element,
Z=c"?, (3.20)

as in Case 1). Thus, all comments made, in particular the forms of Z(3) and Z(3') in
egs. (B.2)—(B.4) in appendix B, apply.

The CP symmetry is given by the automorphism in eq. (C.1) and the inner automor-
phism A = c¢*d® with 0 < s, < n — 1. In the three-dimensional representations 3 and 3’ the
CP transformation X (s,t) is given by

X (5,1)(3) = ¢(3)*d(3)" Xo(3) and X(s,)(3") = ¢(3')*d(3")" Xo(3") (3.21)

and the explicit forms can be found in appendix C, see egs. (C.6)—(C.10).

In the discussion of the residual symmetries and the corresponding representation
matrices we use s and t as parameters unlike in the phenomenological analysis (e.g. of
lepton mixing in section 4), where it turns out to be more convenient to use the parameters

u and v that are linearly related to s and ¢
u=2s—t and v=3t¢t. (3.22)

According to the findings in [22], a suitable choice of the matrix (s, ¢)(3) is given by

1 0 0
Q(s,1)(3) = Qu,v)(3) = /S Urp Ri3 <_<Z52u) 0 e~i/2 0 (3.23)
0O 0 —
with
Gu="" and ¢y = . (3.24)
n n

The form of the matrix Q(s,t)(8'), derived from X (s,t)(3’), depends like the latter on
whether s and ¢ are even or odd. The explicit form of Q(s,t)(3’), however, does neither

contain s nor ¢ as parameter. For s and ¢ even we can use

100
Q(seven,teven)(3)=Urg [ 010 |, (3.25)
00¢
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for s even and t odd a possible choice is

-3 0 0
Q(seven, todd)(3') = e "/* Urg Ri3 <Z> 0 e /40|, (3.26)
0 0 1
for s odd and ¢ even we can choose
100
Q(sodd,teven)(3')=Urg [ 010 (3.27)
001
and for s and ¢t odd we use
- - 0 0
Q(sodd, todd)(3') = e 3"™/4 U Ry3 (4) 0 ™o | . (3.28)
0 0 1

In order to determine the planes in which the rotations R;;(0r) and Ry (0r), see eq. (2.9),
act, we consider the combination

-10 0
Q(s,t)(3)T Z(3)Us,t)(3)=| 0 1 0 |, (3.29)
00-1

meaning that, like in Case 1), the rotation associated with LH leptons in the representation
3 is always in the (13)-plane, i.e. Ry3(6r). Similarly, we find for all possible choices of s
and t that Q(s,t)(3') and Z(3') for n/2 odd, see eq. (B.4) in appendix B, fulfil

-10 0
Qs,1)(3) 2(3)Q>s,t)(3)=| 0 1 0 | for n/2 odd. (3.30)
00-1

Hence, also for RH neutrinos in 3’ the relevant rotation is in the (13)-plane, namely Ri3(0g).
We remind that we only consider n/2 odd, since it is shown in section 3.1.2 that for n
divisible by four the form of Z(3') enforces Yp to have two vanishing eigenvalues, not
allowing for a realistic light neutrino mass spectrum without corrections.

3.2.2 Constraints from and on light neutrino mass spectrum

Leaving aside the choice n divisible by four, the other admitted choices of n and all possible
choices of the parameters s and t, describing the CP transformation X (s,t), lead to Yp
having five real parameters which can be identified with y;, f =1,2,3, 0, and 0.

Next, we analyse the form of the combination in eq. (2.16), appearing in the type-I
seesaw formula, for the different choices of s and ¢. For ¢t even and all possible values of s
this combination turns out to be diagonal. In particular, for s even it reads

y% 00
2
— 31
M 0 Y5 02 ) (33 )
0 0 w3
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while for s odd we find

~y; 0 0
1 2
Vi 0 y53 O . (3.32)
0 0 —y3
Thus, for t and s both even the matrix K, contains only +1, whereas we have to consider
+: 0 0
K,=]1 0410 for ¢t even and s odd. (3.33)
0 0 %
The three light neutrino masses my are given by
2 H 2
mf:yfjw> for f=1,2,3. (3.34)

As one can see, for these choices of s and t no assumptions on the light neutrino mass
spectrum have to be made in order to achieve a diagonal form of the combination in
eq. (2.16). Instead for t odd the combination contains off-diagonal elements, since the
(13)- and (31)-elements are proportional to y1, y3 and cos26g. Like for Case 1), the light
neutrino mass mg is always directly related to y, via the relation in eq. (3.14), while the
masses my and mg are determined by the couplings y; and y3 and the angle 6r. The
combination in eq. (2.16) becomes diagonal in the following three occasions

(1) y1 = 0 which corresponds to strong NO with

2 H 2
mi; =0 and ms3 = y3<]\4> |sin20R| (3.35)

in addition to mg in eq. (3.14). For a realistic light neutrino mass spectrum ms has
to be non-vanishing and thus sin 2 0r # 0. The matrix K, is of the form

10 0
K,=10 =i 0 (strong NO) (3.36)
00 ii(smod2)+sR+1

with sp = 0 for sin 2 0 positive and sg = 1 for negative sin 2 0. Since m, vanishes,
the (11)-element of K, is not constrained and set for concreteness to +1.

(73) y3 = 0 corresponding to strong IO with

my = y%ij)z |sin26g| and m3 =0 (3.37)
and mgy given in eq. (3.14). For a realistic light neutrino mass spectrum m; has to be
non-vanishing and thus sin 20z # 0. The matrix K, is of similar form as in eq. (3.36)
with the roles of the (11)- and (33)-elements exchanged,

Lilsmod2)+sr g ()
K, = 0 +i 0 | (strong I0). (3.38)
0 01

(797) cos26p = 0 where no constraints on the light neutrino masses arise. We do not
consider this possibility, as we would like to explore the effect of the parameter 6z on
the various phenomenological aspects of the scenario.
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3.2.3 PMNS mixing matrix

If t is even or if ¢ is odd and light neutrino masses follow strong NO or strong IO or
cos20p = 0, the resulting PMNS mixing matrix reads

UPMNS = Q(u, 1))(3) R13(0L) Kl, . (3.39)

For t odd and all three light neutrinos being massive, the form of the PMNS mixing matrix
is still the same. However, the angle 07, has to be replaced by the effective angle 07, that
depends on 61, the couplings y; and y3 and g, as described for Case 1) in section 3.1.3.

3.3 Case 3 a) and Case 3 b.1)
3.3.1 Residual symmetries

In Case 3 a) and Case 3 b.1) the residual Z5 symmetry in the neutrino sector is generated by
Z =bc™d™ with m=0,1,...,n—1. (3.40)

Since Z involves the generator b, Case 3 a) and Case 3 b.1) can only be achieved with
the help of the flavour symmetries A(6n12). We have in general n different choices for the
generator Z. However, as shown in [22], preferred values of m are either around m = 0
and m ~ n for Case 3 a) or m ~ n/2 for Case 3 b.1), as long as the charged lepton masses
are not permuted. The form of Z in the representations 3 and 3’, Z(3) and Z(8'), can be
found in appendix B, see egs. (B.5)—-(B.9).

The CP symmetry, used in Case 3 a) and Case 3 b.1), is induced by the automorphism,
shown in eq. (C.1) in appendix C, conjugated with the inner one, represented by the group
transformation h = bc®*d"°, s = 0,1,...,n — 1. The corresponding CP transformation
X(s) in 3 and 3’ is given by

X(s)(3) = b(3) c(3)" d(3)"~* Xo(3) (3.41)
and
X(8)(3) =b(8")c(3)°d(3")"* Xo(3'), (3.42)

respectively. The explicit forms of X (s)(3) and X (s)(8) can be found in appendix C, see
egs. (C.11)—(C.13).

The form of the matrix Q(s,m)(3), derived from X(s)(3) in eq. (C.11) in appendix C,
can be chosen as [22]

100 1 0 0
Qs,m)(3) =€ [ 0w 0 | Urg | 0 e 3% 0 | Riz(ém) (3.43)
00 w? 0 0 -1
with
bs= 2 and ¢, = 22 (3.44)
n n

The form of the matrix (s)(3’) only depends on whether s is even or odd and is independent
of the choice of the parameter m. In particular, we can use for s even

10 0 100
Qseven)(3)=|0w 0 | Upg |01 0 (3.45)
00 w? 00—1
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and for s odd

100 i 0 0
Qsodd)(3)=]|0w 0 | U |0 -1 0 |. (3.46)
00 w? 00 —i

We note that the form of Q(seven)(3’) coincides with Q(s,m)(3) for the special choices
s =0 and m = 0 as well as that Q(so0dd)(3’) coincides with a special form of Q(s, m)(3),
namely for s = n/2 and m = 0. Since n is always even, the choice s = n/2 necessarily
corresponds to an integer as well.

For all choices of n, m and s the form of the matrix Z(m)(3), see eq. (B.5) in appendix B,
in the basis transformed with Q(s, m)(3) reads

10 0
Q(s,m)(3)T Z(m)(3) Qs,m)3)=[01 0 |, (3.47)
00 -1

meaning that the rotation associated with LH leptons in the representation 3 is always
R12(0p) in the (12)-plane. In order to find the exact form of Ry;(fR), we have to separately
consider the choices m even and m odd. We find for m even

10 0
Q(s)(3) Z(meven)(3)Q(s)(3) =01 0 |, (3.48)
00 -1

i.e. the rotation associated with the RH neutrinos in 3’ is R12(fg). For m odd we have instead

-100
Q(s)(3)" Z(modd)(3)Q(s)(3)=| 0 10 (3.49)
001

corresponding to the rotation Ro3(0g) associated with the RH neutrinos. This rotation acts
thus in a different plane than the one of LH leptons and hence makes the presence of the
permutation matrix P;], see eq. (2.9), necessary, that has to act in the (13)-plane, i.c.

001
P2=P3=|010|. (3.50)
100

Note that egs. (3.48) and (3.49) hold independently of the choice of s.

3.3.2 Light neutrino mass spectrum and PMNS mixing matrix for Case 3 a)

In contrast to Case 1) and Case 2) there are no constraints from the light neutrino mass
spectrum on the choice of the residual symmetries and thus the parameters n, m and s.

In the following, we first focus on Case 3 a) and outline the changes to be made for
Case 3 b.1) afterwards. Like for the other cases, we investigate the combination in eq. (2.16)
for the different choices of m and s. For m and s either both even or both odd we see that
this combination is diagonal and, in particular, reads for both combinations

yi 00
1 2
| 0w 0 |. (3.51)
M 2

0 0 —u3
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Thus, in both these cases we have

2 H 2
mys = yf<]w> for f=1,2,3 (3.52)
for Case 3 a) and the matrix K, is
+1 0 0
K,=|o0+10|. (3.53)
0 0 =+

For the choices m even and s odd as well as m odd and s even the combination in eq. (2.16)

is not diagonal in general. For m even and s odd we have

1 —y? cos20p —y1y2 sin260g 0

| e sin20p Y3 cos20r 0 |, (3.54)
0 0 Y3
meaning that only the light neutrino mass ms is directly related to a coupling
2 2
H
ms = y3]<w> . (3.55)

Like for Case 1) and Case 2), we consider situations in which the off-diagonal elements in

the matrix in eq. (3.54) are zero, i.e.

(1) y1 = 0 which corresponds to strong NO with

2 H 2
mi; =0 and mg = y2<]\/[> | cos 2 0g| (3.56)

in addition to mg in eq. (3.55). For a realistic light neutrino mass spectrum mg has
to be non-vanishing and thus cos 20r # 0. The matrix K, is of the form

1 0 0
K,=|0%i® 0 | (strong NO) (3.57)
0 0 =+1

with cg = 0 for cos 2 0 positive and cg = 1 for negative cos260g. Since my vanishes,
the (11)-element of K, is not constrained and set to +1 for concreteness.

i1) sin2 60k = 0 where no constraints on the light neutrino masses arise. This possibility,
g p Y.
however, we do not consider, since we wish not to constrain the value of 0g.

Note that in contrast to Case 1) and Case 2) for the choice m even and s odd for Case 3

a) strong 10 would not lead to a diagonal form for the combination in eq. (2.16) and that

setting yo» = 0 is not admitted, since it is experimentally known that the light neutrino

mass my cannot vanish. For m odd and s even the combination in eq. (2.16) looks very

similar to the one in eq. (3.54), i.e.

1 —y% COSQQR Y1 Y2 SiHQQR 0

| e sin260g Y2 cos20p 0 | . (3.58)
0 0 Y3
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The discussion of light neutrino masses and the mass ordering, leading to a diagonal form
of the matrix in eq. (3.58), is thus the same as for the combination m even and s odd.

If one of the parameters, m and s, is even and the other one odd, three massive light
neutrinos lead to m, and my depending on both the couplings y; and yo as well as the angle
Or and to an additional rotation in the (12)-plane through an angle, determined by these
three quantities, similar to Case 1) and Case 2). This additional rotation acts in the same
plane as Rj2(0) which appears in the PMNS mixing matrix. Thus, taking into account
this additional angle only results in the replacement of 8y by an effective angle 0, that is
the sum of 07 and the additional angle. The results presented so far lead to lepton mixing
corresponding to Case 3 a), i.e.

Upnmns = Q(s,m)(3) R12(01) K, (3.59)
and where necessary with 0, being read as 0r.

3.3.3 Light neutrino mass spectrum and PMNS mixing matrix for Case 3 b.1)

Results for Case 3 b.1) can be achieved in the simplest way by a different assignment of
the light neutrino masses to the couplings yr, f = 1,2,3, as the form of the PMNS mixing
matrix for Case 3 b.1) is

UPMNS = Q(S, m)(3) R12(0L) PKV (3.60)
where
010
P=1]001], (3.61)
100

as discussed in [22]. Concretely, a mixing pattern belonging to Case 3 b.1) can be achieved
by assigning

and mg = (3.62)

for the choices m and s either both even or both odd. The matrix K, is then given by
PT K, P with K, as in eq. (3.53). For the choice m even and s odd as well as for m odd
and s even we find that setting the off-diagonal elements in the matrix in eq. (2.16) to zero
corresponds to strong 1O for yo = 0 and thus

2 H 2
my = yl(j\/ |cos260g| and mz =0 (3.63)
with ) )
H

when the permutation necessary for a mixing pattern of Case 3 b.1) is taken into account.
The matrix K, then is

+1 0 0
K,=| 0 4i®*1 0 | (strong IO) (3.65)
0 0 1
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with +1 assigned to the vanishing light neutrino mass. As we have already commented, we
do not consider special choices of 0 in order to obtain a diagonal matrix from the one in
eq. (2.16) and we thus omit this possibility.

It is clear that for m and s both even or both odd all light neutrinos can be massive
without changing the results for the PMNS mixing matrix, shown in eq. (3.60), whereas for
either m or s being even with the other one being odd we have to proceed as for Case 3
a) and replace 61, by 61, that is the sum of 6, and the additional angle, depending on the
couplings y; and yo and the angle 0.

Since we consider an example with m even and s odd for Case 3 b.1) in the numerical
analysis in section 5, we mention explicit formulae for the light neutrino masses m; and the
additional angle for this case. The masses read

y3 (H)* <H>2‘
2 M

mp = ———— and ma3 =

M ) cos20p = \/4y2 3 + (57 — 13)° cos? 20|

(3.66)
and the tangent of twice the additional angle (expressed in terms of 6 and §L) is given by

5 2y192
tan2 (60 — 01, ) = — tan26p . 3.67
( ) vt + 3 (367
3.4 Stability of light neutrino masses and PMNS mixing matrix with respect

to RH neutrino mass splitting

Throughout this work, we assume that the splitting x (and \) has a negligible impact on
light neutrino masses and the PMNS mixing matrix. While this is certainly true for very
small mixing between LH and RH neutrinos, i.e. at the seesaw line when y; ~ /M my/(H)
with my being the light neutrino mass, compare eq. (2.15) and e.g. eq. (3.14) for Case 1),
close to special values of the angle Op, e.g. cos20r ~ 0 in Case 1), see egs. (3.15) and (3.17),
at least one of the couplings y; may become large. The smallness of the light neutrino
masses then results from a cancellation between the couplings y; and the trigonometric
functions multiplying them, e.g. m3 oc y2 | cos 20| in eq. (3.15). This cancellation can be
disturbed by other small parameters, such as the splitting x among the RH neutrino masses,
see eq. (2.23). In fact, if we include the leading correction to ms, which is at order O(k),
we find for strong NO in Case 1)

2 H 2
ms ~ y3<]\4>\/@' + cos 20g| . (3.68)

To keep the corrections due to the splitting x small, we should therefore impose
Kk < |cos20p|. (3.69)

Alternatively, we could consider an inverse seesaw-like scenario [92-95], in which the
corrections due to k give the dominant contribution to the light neutrino masses, for
| cos 20| < k. This option would also lead to a (slight) modification of the PMNS mixing
matrix, since k gives rise to off-diagonal contributions in eq. (2.16) that induce not only a
rotation in the (13)-plane for Case 1). In the current analysis, we primarily focus on the
case where k < | cos20g|, and thus neglect contributions to the light neutrino masses and
to the PMNS mixing matrix from the splitting x (and \).

Likewise, we assume corrections, arising from renormalisation group (RG) running, to
both light neutrino masses and the PMNS mixing matrix to be small.
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4 Lepton mixing data

In the following, we present examples of group theory parameters, e.g. the index n, for
each of the cases, Case 1) through Case 3 b.1), that lead to a reasonable agreement with
the global fit data on lepton mixing angles and light neutrino mass splittings, provided by
the NuFIT collaboration (NuFIT 5.1, October 2021, without SK atmospheric data) [41].}7
Note that we do not include any information from the global fit on the value of the CP
phase ¢ in this Ax?-analysis, but instead separately comment on the impact of including
this information for the different cases. All presented examples are taken from the study
performed in [22].

As discussed in section 3, in several occasions the angle 7 becomes replaced by an
angle 61, which is the sum of 6, and an additional angle, depending on the couplings yy,
f=1,2,3, and the angle 6g, if the lightest neutrino mass mg is non-zero. In the following,
we, nevertheless, always refer to the angle, appearing in the PMNS mixing matrix Upymns,
as 07, and comment briefly on the instances in which this has to be read as gL.

4.1 Case 1)

As the analysis in [22] has shown, the three lepton mixing angles only depend on the angle
01, and are independent of the index n as well as of the chosen CP transformation X (s). For

01 ~ 0.183 (0.184) (4.1)

all three lepton mixing angles can be accommodated at the 3o level or better for light
neutrino masses with NO (I10), i.e.

sin? 013 ~ 0.0220 (0.0222),  sin®f1o ~ 0.341,  sin® 63 ~ 0.605 (0.606)  (4.2)

which corresponds to a Ay?-value of Ay? ~ 11.9 for light neutrino masses with NO and of
Ax? ~ 11.2 for a light neutrino mass spectrum with I0.'® We note that sin? #5 is bounded
to be larger than 1/3 for Case 1) and that the atmospheric mixing angle takes a value not
close to maximal mixing.

Two of the three leptonic CP phases, the Dirac phase § and the Majorana phase 3, are
in general trivial. A trivial value of 4, § = 0 or § = 7, is compatible at the 3¢ level and
at the 10 level with the global fit data [41], respectively, for light neutrino masses with
NO, while for IO only § = 0 remains compatible with the data at the 3o level. The only
non-trivial CP phase is the Majorana phase « that is fixed by X(s).!Y The magnitude of
its sine is given by the magnitude of sin 6 ¢s. For analytic formulae of the lepton mixing
parameters we refer to [22].

We remind that the numerical values of the angle 67, given in eq. (4.1) are obtained
under the assumption of strong NO and strong 1O, respectively. If the lightest neutrino
mass my is non-zero, this angle has to be read as 0 1. From the latter, we can then determine

1"See http://www.nu-fit.org/.

18When computing the Ax2-value for 10, we subtract the value Ax? = x7o — X&o = 2.6 which corresponds
to the overall Ax? for IO with respect to NO, that is favoured by current global fit data [41].

9When commenting on Majorana phases, we always refer to the general case in which none of the light
neutrinos is massless and thus both Majorana phases, @ and 3, are physical, as done in the analysis in [22].
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U u=—1 u=20 u=++1

0.146 0.146
0 0.184
L (0.148) (0.148)
sin? 01 0.341 0.341 0.341
9 0.0222 0.0222 0.0222
sin” 613
(0.0224) | (0.0224) | (0.0224)
sin? 6y 0.437 0.5 0.563
Ay2 9.25 10.8 8.27

(112) | (125) | (8.62)

Table 1. Case 2) Results of 07, and lepton mixing angles for n = 14 and the admitted values of the
parameter u. Note that other combinations of u and 6, generated with symmetry transformations,
discussed in [22], as well as considering m — 0, also lead to a viable description of the experimental
data on lepton mixing angles. We additionally show the value of Ay?2, arising from a fit to the
global fit data, provided by the NuFIT collaboration [41]. Results in brackets refer to light neutrino
masses with 10O.

01, for fixed values of the couplings y1 and y3 and of the angle 0g, see also comments
in section 3.1.3.

The smallest value of the index n fulfilling the constraints n > 2 even, 3{n and 4 n is
n = 10. For this choice, the parameter s varies as 0 < s <n — 1 =9. All numerical results
for low-scale leptogenesis are presented for this value of n, see section 5.3.

4.2 Case 2)

As discussed in [22], the lepton mixing angles depend on the ratio u/n (the parameter ¢,,)
and the angle 0. It turns out that small values of u/n (¢,) are required, up to symmetry
transformations shown in [22],2° in order to accommodate the smallness of the reactor
mixing angle 613

—0.1 Su/n <0.12 corresponding to — 0.31 < ¢, < 0.37. (4.3)

The value of 1, should be close to 01, = 0 or 8;, = w. As explained in sections 3.2.2 and 3.2.3,
for ¢ odd and the light neutrino mass mg being non-zero we have to replace 0y, by 61, and
have to compute from the latter 6, for fixed values of the couplings y; and y3 and of the
angle Op. Like for Case 1), sin? f15 is always bounded from below by 1/3. The explicit
formulae for the lepton mixing angles and CP invariants can be found in [22]. Here we only
recall that the Dirac phase § and the Majorana phase 8 depend on ¢,, while the Majorana
phase « is (mainly) determined by ¢, (and thus the choice of ¢, see egs. (3.22) and (3.24)).
Indeed, it turns out that the magnitude of the sine of « is given by the magnitude of sin ¢,.
Detailed numerical results, i.e. tables with examples of n and u as well as v and 0, along
with further explanations, can be found in [22].

20Tn the present analysis we only refer to situations in which there is no contribution from the charged lepton
sector to the PMNS mixing matrix, i.e. in which the charged lepton masses are already canonically ordered.
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Figure 1. Case 2) Impact of constraints on the value of the CP phase § for light neutrino masses
with NO (left plot) and IO (right plot), respectively. We show the areas, leading to an agreement
with the global fit data at the 3 o level or better, in the u/n — 6p-plane. The orange area corresponds
to the case in which only the information on the three lepton mixing angles is taken into account. In
different shades of blue we display the range of the CP phase ¢ at the 1o (dark blue), 20 (blue) and
3o (light blue) level, as preferred by the global fit data. As one can see, this constraint disfavours
certain areas in the u/n — r-plane. When combining it with the information on the lepton mixing
angles, the green area results as favoured at the 3o level. The constraints on the CP phase § have a
moderate impact for light neutrino masses with NO, but substantially reduce the favoured areas in
the case of I0. The specific choices n = 14, u = 0 and w = £1 and their corresponding values of 6,
for 61, small are indicated by yellow stars. Furthermore, we highlight the choice u/n = 0.12 and
01, = 0 with a yellow star.

In the following, we focus on the choice n = 14 for the index, fulfilling all constraints
onn (n even, 31 n and 4 1n). For this value of n, eq. (4.3) is fulfilled by v = 0 and u = +1.
Since we distinguish the different sub-cases according to whether s and ¢ are even or odd,
we list the combinations of s and ¢ which correspond to the values v = 0 and u = %1 for
n = 14. For v = 0 all admitted values of ¢ are even, i.e.

(s,t) =(0,0), (1,2), (2,4), (3,6), (4,8), (5,10), (6,12), (4.4)
while for u = +1 we only have odd values of t, i.e.

u=—1 (s,t) =(0,1), (1,3), (2,5), (3,7), (4,9), (5,11), (6,13)
w=+1  (s,8) = (L,1), (2,3), (3,5), (4,7), (5,9), (6,11), (7,13).

The values of 7, (or 6y, for t odd and my non-zero), leading to results of the lepton mixing
angles in agreement with the global fit data [41] at the 3o level or better, are given in
table 1. These choices of n and u as well as combinations of s and ¢ are mainly used in the
numerical analysis of low-scale leptogenesis, see section 5.4.

As commented, the Dirac phase ¢ only depends on ¢, (and 6;) like the lepton mixing
angles. We can thus visualise the parameter space, preferred at the 3 o level by the global
fit data on the lepton mixing angles, in the u/n — fr-plane and impose the additional
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; 1.93 | 2.00 | 2.40 | [0.0568|0.0404 | 0.0429 [ 0.0737
bl 3107 | [3.09] | [3.03] | 777 [1.07) | [1.20] | [1.18] |[0.957]
sin2 01| 0.305 | 0.305 | 0.305 [0.317| 0.305 | 0.305 | 0.305 | 0.305

A2 | ~0] ~0] ~0]112] ~0 [ ~0 | ~0 | ~0

s 8 | 9 [ 10 [ 11 [ 12 [13] 14 15
; o | 218 196 | 1oa [ 207 [ ] 0.114 [0.0479
o 3.07] | [3.10] | [3.10] | [3.08] | ©°° | [0.740] | [1.14]

sin? 012 (0.342] 0.305 | 0.305 | 0.305 | 0.305 [0.317] 0.305 | 0.305
A2, 851 ~0 | ~0 | ~0 | ~0 [112] ~0 | ~0

Table 2. Case 3 a) Results for the smallest value of the index n, n = 16, and m = 1 together with
sin? f15 =~ 0.0254 and sin® fs3 ~ 0.613. For m = 15 the same results are found up to sin® fag =~ 0.387
and 01, being replaced by ™ — 0, (leaving aside very minor differences due to the fit). We display the
contribution to Ax? arising from the fitting of the solar mixing angle 5, Ax?,, for light neutrino
masses with NO. We write ~ 0 when Ax?, < 1073. The presence of a second best fit value for 6, is
indicated in square brackets.

constraints, arising from the CP phase ¢, in this plane. This is shown in figure 1. In this
plot the choices n = 14, v = 0 and u = *+1 for 6 being small are highlighted by yellow
stars. They correspond to the following values of the CP phase d: sind = —1 for u = 0 and
0, ~ 0.184 and sin§ ~ —0.811 (—0.813) for u = +1 and 6, ~ 0.146 (0.148). The values in
brackets are for light neutrino masses with I10.

4.3 Case 3 a) and Case 3 b.1)

We present numerical examples for both cases, Case 3 a) and Case 3 b.1), which are taken
from the analysis in [22]. Like for Case 2), we choose numerical examples, where the masses
of the charged leptons are not permuted. Compared to Case 1) and Case 2), the dependence
of the PMNS mixing matrix on the flavour and CP symmetries as well as on the residual
symmetry G, is more complicated in Case 3 a) and Case 3 b.1). For this reason, more
combinations of group theory parameters are analysed in order to explore the features of
Case 3 a) and Case 3 b.1). At the same time, we mainly focus on light neutrino masses
with NO, since this mass ordering is (slightly) favoured by current global fit data [41].
Furthermore, examples for the case of a light neutrino mass spectrum with IO are already
studied for Case 1) and Case 2).

4.3.1 Case 3 a)

As shown in [22], the smallness of the reactor mixing angle ;3 is related to small m/n (1 —
m/n). Also the atmospheric mixing angle 23 only depends on this parameter combination.
The smallest viable choice of the index n is n = 16. For this value of n, the two choices of
the parameter m, m = 1 and m = 15, lead to

sin 013 ~ 0.0254,  sin?fy3 ~0.613 (m =1) and sin®f3 ~ 0.387 (m = 15).
(4.5)
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Figure 2. Case 3 a) Impact of constraints on the value of the CP phase § for light neutrino masses
with NO (left plot) and 10 (right plot), respectively. We show the areas, leading to an agreement
with the global fit data on the solar mixing angle 615 and CP phase § at the 3o level or better, in
the s/n — Op-plane. The conventions and colour coding are the same as in figure 1. The impact of
imposing constraints on the CP phase ¢ is only very mild for light neutrino masses with NO, while
adding information on the value of § considerably affects the allowed areas in the s/n — 61-plane in
the case of 10.

The results for 613 and 6,3 are outside the 3 o ranges of the global fit [41], Ax%?) ~ 21.8
for sin? 613 and Ax3; ~ 6.25 (19) for sin? fa3 and m = 1 (m = 15), assuming light neutrino
masses with NO. However, they can be brought into accordance with the experimental
data, if corrections in an explicit model are taken into account, see e.g. [80] for a model
with the flavour symmetry A4 in which the reactor mixing angle is generated with the help
of corrections only. It is worth noting that n has to be even and thus both values of m turn
out to be odd. According to the different choices of s, 0 < s < n — 1 = 15, there are 16
possible CP transformations X (s). All of them give rise to a viable fit to the solar mixing
angle 012. Indeed, for most of them there are two values of 6, (or 6L depending on the
combination of m and s, see section 3.3.2) which allow for such a fit. One of these values is
typically 87, = 0 or 6, ~ m. Hence, both s even and s odd can be studied with this example
numerically, whereas m has to be necessarily odd. In table 2 we list the results for m =1
and for all possible values of s. Those for m = 15 can be obtained with the help of the
symmetry transformations, discussed in [22].

In order to also capture the case m even, we use the choice n = 34 and m = 2 which
gives rise to the same values for the reactor and atmospheric mixing angles as n = 17 and
m = 1, studied in [22], since the ratios m/n coincide and lead to

sin? f13 ~ 0.0225 and  sin? fy3 ~ 0.607. (4.6)

For the value of Axf?) (23) the contribution to Ax? due to sin? 613 (sin?fa3), we find for
this choice Axf?) (23) 0.243 (4.16) for light neutrino masses with NO. Numerical results
for the different values of s, 0 < s <n — 1 = 33, can be found in [22] for s even (using the
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s 1 4 7

o, 1.31 [1.83] |1.31 [1.83]| 1.31 [1.83]
sin? 053 (/0.580 [0.420] 0.5 0.420 [0.580]
sin? 612 0.318 0.318 0.318
sin? 6,3 0.0222 0.0222 0.0221
Ax? 1.48 [5.29] 4.12 5.29 [1.48]

Table 3. Case 3 b.1) Results for a small value of the index n, n = 8, together with m = 4. Note
that not for all admitted values of the parameter s a viable fit to the experimental data on lepton
mixing angles [41] can be achieved. The goodness of the fit can be read off from the value of Ax?
for light neutrino masses with NO. The presence of a second best fit value for 8y, is indicated in
square brackets.

analysis for n = 17 and m = 1) and are repeated for convenience in table 7. For s odd, they
are mentioned in table 8. Both these tables can be found in appendix E. Like for the choice
n = 16 and m = 1, a viable fit to the solar mixing angle is possible for all choices of the CP
transformation X (s) and for most of them for two different values of 67, (or 6y).

The CP phases d, a and g all have in general a non-trivial dependence on the parameters
n, m, s and 0, and formulae for these together with a detailed numerical discussion can be
found in [22]. Here we only highlight a few interesting features. The impact of imposing
constraints on the CP phase 0 from the global fit data [41] can be seen in the s/n — r-plane
in figure 2. This figure is adapted from [22] (see figure 6). Furthermore, we note that the
sine of the Majorana phase « approximately equals in magnitude sin 6 ¢, while the sine of
the Majorana phase [ is suppressed for 67, ~ 0, 7 and has a rather complicated dependence
on ¢ otherwise.

4.3.2 Case 3 b.1)

We mention two numerical examples in order to cover all possible combinations of m and s
being even and odd for Case 3 b.1). As long as we do not consider any permutations arising
from the charged lepton sector, the measured value of the solar mixing angle 615 constrains
m to be

m =

|3

: (4.7)

as shown in [22]. Furthermore, the value of 67, (or 6, depending on the combination of m
and s, see section 3.3.3) has to be close to 7/2 in order to achieve the correct size of 6;3.
The atmospheric mixing angle 023 depends on the choice of the CP transformation X (s).
The CP phases d,  and 3 are in general all non-trivial and depend on the actual values of
the parameters n, m, s and 6;,. They have been studied analytically and numerically in
detail in [22]. Like for the other cases, we focus here on the main features of the CP phases:
we explore the impact of the constraints on 0 from the global fit data [41], see below, and
we note that the sines of both Majorana phases « and 8 are the same in magnitude as
sin 6 ¢, if m = 3.

For a small value of n we use n = 8. Then, the parameter m is fixed to be m = 4.
Regarding the choice of the CP symmetry, i.e. the parameter s, we observe that not all of
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Figure 3. Case 3 b.1) Impact of the constraints on the value of the CP phase § for light neutrino

masses with NO (left column) and IO (right column) for different values of ¢y, ¢m = 3T (n =20
107

and m = 9, plots in the upper row) and ¢,, = 55 (n = 20 and m = 10, plots in the lower row).

We show the areas, leading to an agreement with the global fit data on the lepton mixing angles
and the CP phase § at the 3o level or better, in the s/n — 6 -plane. The conventions and colour
coding are the same as in figure 1. The impact of imposing constraints on the CP phase ¢ is only
mild for light neutrino masses with NO, while adding information on the value of ¢ considerably

affects the allowed areas in the s/n — 0 -plane in the case of I0. The choice s = 4 corresponding

to s/n = 4/20 is represented by a yellow star in all plots. For ¢,, = 10—0” we additionally highlight

2
s = 3 meaning s/n = 3/20 with a yellow star.

them can lead to a viable fit to the experimental data on the lepton mixing angles, see
table 3. Note that for this choice of n and m not only the PMNS mixing matrix has been
discussed in [22], but also the results for neutrinoless double beta decay and for unflavoured
leptogenesis in a high-scale type-I seesaw scenario can be found in [35].

A value of n, fulfilling all constraints and leading to more than one admissible value of
m, is n = 20. According to eq. (4.7) three values of m are admitted, namely m =9, m = 10
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and m = 11, see also [22]. In table 9 we display the results for m =9 and 0 < s <n—1=19.
The results for m = 11 can be obtained from those shown in table 9, using symmetry
transformations of the parameters m, s and 6, as explained in [22]. The results, obtained
for m = 10, are found in table 10 and share some features with those shown for n = 8
(and m = 4). These tables can be found in appendix E. For more details see [22]. In
figure 3 we show the impact of the global fit data for the CP phase ¢ on these results in the
s/n — Or-plane for both m = 9 (plots in the upper row) and m = 10 (plots in the lower
row) for n = 20 for light neutrino masses with NO and 10. We clearly see that adding the
constraints on the CP phase § only mildly affects the results for light neutrino masses with
NO, while it reduces by at least a factor of two the areas, favoured at the 3 o level or better,
in the s/n — @r-plane for light neutrino masses with IO. These plots should be compared to
similar plots shown in [22] (see figure 8; note that in [22] m = 11 has been chosen instead
of m =9). We note that we focus on Case 3 b.1) in the discussion of low-scale leptogenesis,
see section 5.5.

5 Low-scale leptogenesis

This section is dedicated to the analysis of low-scale leptogenesis in the outlined scenario.
The parameter space which is scanned comprises the different cases, Case 1) through Case
3 b.1), the choices of group theory parameters and the angle 61, as well as the parameters
related to the light neutrino mass spectrum and to the RH neutrinos such as their mass scale
M, the splittings « and A and the angle 8r. We take a representative subset of examples
for the group theory parameters and the angle 67, for Case 1) through Case 3 b.1) from the
preceding section.

5.1 Preliminaries

The common thermal leptogenesis scenario (“vanilla leptogenesis”) requires that M; >
10° GeV [96]. Flavour effects can slightly lower this bound [97], but the heavy neutrinos
N; remain out of reach for direct searches. However, there are several options of making
leptogenesis for M; below the TeV scale feasible [98], including i) a degenerate particle
spectrum [99, 100], 74) an approximate conservation of charges or iii) a hierarchy among
coupling constants. Within the low-scale type-I seesaw framework, see eq. (2.1), all three of
them can play a role. One possibility to classify different leptogenesis scenarios is the way
in which the deviation from equilibrium required for baryogenesis [101] is achieved, namely
either in particle freeze-out and decays (freeze-out scenario) or during their approach to
thermal equilibrium (freeze-in scenario). Resonant leptogenesis during heavy neutrino
freeze-out [27, 28] is commonly associated with a degeneracy in the eigenvalues of the
Majorana mass matrix Mg, i.e. option 7). Option i) is realised in the so-called Akhmedov-
Rubakov-Smirnov (ARS) mechanism [3, 26] during heavy neutrino freeze-in, when the
approximate conservation of a generalised lepton number permits the generation of a
sizeable asymmetry in the LH fields by hiding an asymmetry of opposite sign from the
sphalerons in the RH neutrinos.?! Option 4ii) can play a role during both freeze-in and

2The ARS mechanism requires in addition a mass degeneracy when one considers two generations of RH
neutrinos, but this is not needed for more than two, see [3].
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freeze-out. Flavour-hierarchical Yukawa couplings lead to hierarchical equilibration rates,
which can delay the equilibration of one heavy neutrino or lead to flavour-hierarchical
washout [60, 61].

The freeze-out scenario is usually associated with M; above the electroweak scale, while
the freeze-in mechanism has originally been proposed for M; in the GeV range. However,
detailed investigations of the parameter space have shown that the ranges of M; and U gi,
in which both mechanisms operate, widely overlap [39, 65, 102], cf. [102] and references
therein for a detailed discussion. They can be described by the same set of quantum kinetic
equations which are reminiscent of the density matrix equations for light neutrinos [103]

and can be derived from non-equilibrium quantum field theory, cf. [50] for a recent review,

,dnAa . Mo d3k ' B3k _

=2 / WTI" Lol fn (1= fn) +z/ (27)3Tr [Pa (Pn — pN):| . (5.1a)
i Hy, px] — L (Toow — 58} - 32T 2he iy -], (5.1b)
i%v = —[Hn,pn] — %{F,ﬁN —pNt + ;zajfa [2‘3?fN (1- fN)} . (5.1c)

Here pn and py are the momentum averaged density matrices for the two helicities of
the heavy neutrinos, Hpy is an effective Hamiltonian, fn is the Fermi-Dirac distribution
for heavy neutrinos, u, are flavoured lepton chemical potentials, and I, I', and T, are
different thermal interaction rates. The computation of these rates has been an active field
of research [104, 105]. In the present analysis we use the results of [106] combined with
the extrapolation to the non-relativistic regime from [102]. The flavoured lepton chemical
potentials p, are related to the comoving lepton number densities na, by a susceptibility
matrix [107, 108].

We solve the set of equations, given in eq. (5.1), for two types of initial conditions
for the heavy neutrinos N;, vanishing and thermal initial abundances. Vanishing initial
conditions apply in scenarios, in which the reheating temperature is considerably lower than
the scale at which new particles other than the RH neutrinos appear, so that the Lagrangian
in eq. (2.1) describes a valid effective field theory at all relevant energies [109]. A prominent
example of this kind is the ¥MSM [3, 4], which, in principle, could be a valid effective
field theory up to the Planck scale [110]. Thermal initial conditions apply in scenarios,
in which the RH neutrinos have additional interactions at energies below the reheating
temperature. In both cases, we assume that all asymmetries vanish initially, cf. [111] for a
related discussion.

Importance of heavy neutrino mass scale. The overall mass scale of the heavy
neutrinos is one of the most important parameters determining the BAU. There are several
ways in which this mass scale plays a role.

e Interaction rates of the heavy neutrinos in general depend on both the RH neutrino
mass M and the temperature T'. For relativistic neutrinos with M < T', there are
two types of processes that reach equilibrium at different temperatures, which depend
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on the helicity of the produced RH neutrino [106, 112, 113]. If we associate a fermion
number with helicity, these processes can be either fermion number conserving (FNC)
or fermion number violating (FNV). The FNC processes entering the matrices I" and
Hy only depend on the RH neutrino masses indirectly, through the Yukawa couplings.
This leads to a typical equilibration temperature

M Ty (>, mi) M
eq 1 > ., 202G _r
TS ~ s Tr(YDYD) To 2 7 =g Tuoh X 15 e (5.2)
where Ty, =~ 131.7 GeV is the sphaleron freeze-out temperature, Ty = mp % =

T?/H is the comoving temperature in an expanding Universe (with g, ~ 106.75 and
mp; ~ 1.22 x 1019 GeV), and vy ~ 1072 is a numerical coefficient associated with
such processes. Note that the inequality in eq. (5.2) comes from the fact that the
size of the Yukawa couplings can exceed the naive seesaw limit by several orders of
magnitude for special choices of parameters. For sub-GeV RH neutrino masses, these
FNC processes do not necessarily reach equilibrium before the sphaleron freeze-out,
which could prevent successful baryogenesis. Such processes only lead to lepton flavour
violation (LFV), and rely on washout to convert the lepton flavour asymmetries into
a lepton number asymmetry. In contrast, the FNV processes can directly lead to
a lepton number asymmetry. Their rate carries an additional suppression factor of
M?/T?. This leads to the equilibration temperature

. T2 M
TF%TV ~ f/(’}’_w) Tr(YDYg)MQTO Z; Tsph X m, (53)

where we have approximated (7_%) ~ 1072 in the relativistic limit. While they
only equilibrate for M 2 50 GeV, they can play an important role for even lighter
RH neutrinos, as they allow for different CP-violating combinations, see section 6.
In the intermediate regime M ~ Ty, ~ 100GeV, both FNC and FNV processes
have similar interaction rates, while for T' < M we enter the non-relativistic regime,
with RH neutrino decays as the dominant process — with equal FNC and FNV
rates. On the other hand, for T < M, the lepton asymmetry washout rates become
Boltzmann-suppressed, causing a gradual freeze-out of lepton number. This freeze-out
dominates over the sphaleron freeze-out when M 2 10 Tpy,.

The expansion and cooling of the Universe causes a change to the equilibrium
distribution of the RH neutrinos. For relativistic RH neutrinos, T' > M, this change
does not cause a sizeable deviation from equilibrium, as the RH neutrino number
density to entropy ratio remains constant. However, once the temperature becomes
comparable to the RH neutrino masses, this ratio decreases, which corresponds to a
deviation from equilibrium. While this deviation is maximal around M ~ T, already
the leading order O(M?/T?) deviation from equilibrium can be sufficient to produce
the observed BAU — allowing leptogenesis with thermal initial conditions for RH
neutrinos with masses as low as a few GeV [39, 114]. This late-time contribution to
the BAU can completely dominate over the asymmetry produced during freeze-in,
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especially if the prior asymmetries are erased by the lepton number washout. For
RH neutrinos with masses above the electroweak scale we can, therefore, expect that
the BAU becomes independent of the initial conditions, unless the lepton number
washout is highly flavour-hierarchical [61].

e The scaling of the parameter space for M > 2TeV allows us to relate results
of parameter scans for different RH neutrino masses. In [102] it has been found that
keeping the ratio

M :YpY} : AM;; /M (5.4)

fixed, where AM;; = M; — Mj, leads to the same final BAU. To achieve this, we
need to re-scale the mass splittings AM;;/M for different RH neutrino masses, while
the ratios of these masses and the Yukawa couplings are kept fixed by the seesaw
relation, see eq. (2.15).22 This scaling only holds between the electroweak scale
Trw [115] and the scale 753 at which the RH electron Yukawa interactions come into

equilibrium [116], Tgw ~ 160 GeV < M < Ty ~ 85TeV.

e Initial conditions. Besides washout effects discussed below, the size of the RH
neutrino masses determines how sensitive the BAU is to the initial RH neutrino
abundance. Barring flavour-hierarchical Yukawa couplings, the washout of the lepton
asymmetries is generically strong, erasing any asymmetry that might be generated
before the RH neutrino decays. For masses M 2 2 TeV there is, therefore, little to no
dependence on the initial abundance of the RH neutrinos. In contrast, for lighter RH
neutrinos the deviation from equilibrium, caused by the expansion of the Universe, is
often subdominant to the contribution from the RH neutrino equilibration. This is
particularly important for RH neutrino masses M < 2 GeV, where leptogenesis is only
possible, if we assume vanishing initial abundances.

Impact of RH neutrino mass splittings. The mass splittings among the RH neutrinos
are among the most important parameters determining the overall size of the BAU. Both
baryogenesis via RH neutrino oscillations and resonant leptogenesis require a degeneracy in
energies that is comparable to the interaction widths. This gives the resonance condition

IvEnv |5 for T > M,
M 'y for T<M,

AM| ~ (5.5)
for heavy neutrinos N; and N; and with Ex and I'y being the energy and thermal width
of the heavy neutrinos, respectively. This condition alone is not sufficient to guarantee
successful baryogenesis. In addition, the oscillation temperature [3] has to be higher than
the sphaleron freeze-out temperature
(M |AM;;| Tp)*/? T>M,
Tsph ,5 Tosc = 1/2 (5.6)
(|AM;| Ty)" TSM,

as otherwise the sphalerons freeze out before a single RH neutrino oscillation has happened.

22We neglect corrections to the seesaw formula, arising from the mass splittings.
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Given the delicate dependence on the mass splittings AM;;, one may wonder whether

the splittings induced by radiative corrections to the heavy neutrino masses could have a

disrupting effect on leptogenesis. The radiative corrections to the heavy neutrino masses
have previously been studied in [117, 118], and can be estimated as
2 d o oty v Y sty \T

(4m)> = Nlg = (YDYD) Mg + Mg (YDYD) : (5.7)

where ¢ = In /. If we neglect the running of the neutrino Yukawa coupling matrix Yp
and solve the RG equations perturbatively, we find as correction

SMEC = Ny (t) — Mg (0) = M [(Yfgf@) + (YngD)T} +0 (Y3r)+0(Y3) .

(5.8)

t
(4m)*

These corrections to the heavy neutrino mass spectrum generically have the same structure
as the products of Yukawa couplings contributing to the thermal masses which enter the
effective Hamiltonian in eq. (5.1), i.e.?3

Hy = ;‘ﬁ +hy (Vi¥D) +he (Y5V5) . (5.9)

They can, thus, be simply absorbed through a redefinition of the numerical coefficients

M? ¢
hy = hy + —-—5. 5.10
=TT ET RS ()2 (5.10)
They are typically subdominant to hy in the relativistic regime, whereas they can give up
to an O(1) correction to h—. Any additional CP violation introduced by these radiative
corrections is, therefore, included when considering the effects of the thermal masses on the

CP-violating combinations, see section 6.

The overall scale of the Yukawa couplings is the main parameter determining the
production and decay rates of the RH neutrinos in the early Universe. Tiny Yukawa
couplings lead to low RH neutrino production and decay rates — and can, therefore, lead
to a value of the BAU below the observed one. This is particularly important for sub-GeV
RH neutrino masses, since the Yukawa couplings are expected to be too small for efficient
baryogenesis, as suggested by eq. (5.2). Fortunately, this limit can be avoided for special
choices of parameters, for which the size of the Yukawa couplings can exceed the naive
seesaw limit by several orders of magnitude. For sub-GeV RH neutrino masses, baryogenesis
can, therefore, impose a lower bound on the Yukawa couplings [48]. Besides an increased
production rate, large values of the Yukawa couplings also correspond to large values of the
mass splittings AM;;, as implied by the resonance condition, see eq. (5.5).

Impact of washout effects. The amount of BAU produced via low-scale leptogenesis
does not only depend on the mass splittings and widths of the RH neutrinos, but also on
how quickly any asymmetry is erased through washout processes, i.e. how fast interactions
of the RH neutrinos erase the asymmetries in the different lepton flavours.

231n fact, in the closed-time-path formalism both contributions are described by the same diagrams.
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Parameter | Range of values Prior

M [50 MeV, 70 TeV] Log
" [1020,1071] Log
Linear
Or [0, 27]
Log on 0r — k7
mo [10715,1] - 0.03 eV Log
s 0,1
Z 0,1] Linear
n [0, 3]

Table 4. Range of values for the free parameters used in this analysis. “Prior” refers — in a slight
abuse of terminology — to the measure in parameter space taken for the randomisation and is not
meant to indicate a Bayesian parameter fit. Note k is an integer and its actual value depends on
the case, Case 1) through Case 3 b.1). The ratio s/n is relevant for Case 1), Case 3 a) and Case 3
b.1), while v/n is relevant for Case 2). The rest of the parameters, group theory parameters and the
angle 01, is determined by one of the representative examples, given in section 4.

This is especially important for M < 50 GeV, a regime in which RH neutrino interactions
do not directly lead to an overall lepton number asymmetry, but only to a lepton flavour
asymmetry [26]. Because the RH neutrino couplings to the three flavours of the LH lepton
doublets are in general different, these asymmetries can be washed out at different rates,
and convert the lepton flavour asymmetry into an overall lepton asymmetry [3].

For larger RH neutrino masses, M 2 50 GeV, interactions that directly violate lepton
number are no longer suppressed, and the flavoured washout becomes less important.
Nonetheless, it can still play an important role, if the lepton number asymmetry is suppressed
due to a special choice of parameters, e.g. AM;; = 0, or if the washout is negligible in one
of the lepton flavours [61] which leads to a preservation of the asymmetry produced at
high temperatures.

5.2 Prerequisites of parameter scan

In the numerical scan we solve the quantum kinetic equations in eq. (5.1) for different
choices of parameters as well as for two types of initial conditions: vanishing and thermal
initial heavy neutrino abundances. We explore the viable parameter space for both of
them, showing that these in general differ. Since the CP-violating combinations, derived in
section 6, do not depend on the initial conditions, we mostly display results for vanishing
initial conditions when testing their validity.

We consider heavy neutrino masses ranging from 50 MeV to 70 TeV, see table 4, and thus
cover the entire experimentally accessible mass range. Lower masses are strongly constrained
by cosmological considerations [119-124], supernovae [125] and direct searches [126, 127], in
particular when combined with neutrino oscillation data [71, 128, 129]. For larger masses,
on the other hand, the set of equations in eq. (5.1) would have to be modified to treat the
RH charged lepton chemical potentials dynamically. The results of scanning the entire range
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of RH neutrino masses for regions of successful generation of the BAU in the M — U2-plane
can be found in sections 5.3-5.5. For each of the different cases, Case 1) through Case 3
b.1), representative examples for the group theory parameters and the angle 67, as well
as different values of the splitting x are studied. In addition to the scan of the viable
parameter space, we consider four benchmark values of the RH neutrino mass scale M,
M € {1,10,100,1000} GeV, cf. table 5, in order to illustrate the parametric dependence of
the BAU and the validity of the analytical results, discussed in section 6. These benchmark
values for M are chosen to cover the non-relativistic, intermediate and relativistic regimes
of leptogenesis. Moreover, they are typical for the sensitivity reach of different experiments,
see e.g. [6, 55, 57, 58, 130].

The size of the RH neutrino mass splittings is determined by the two splittings « and A,
introduced in section 2, see eqgs. (2.22) and (2.24), respectively. They can, in principle, both
vary between 0 and 10~!, with the upper limit being given by the requirement that these
splittings correspond to a small breaking of the flavour and CP symmetry of the scenario.?*
They govern the heavy neutrino mass spectrum in different ways. While the splitting s
keeps two of the heavy neutrinos degenerate in mass and separates the third one, compare
eq. (2.23), the splitting A causes a mass difference between all three of them, see eq. (2.26).
Therefore, a non-zero value of A can lead to more sources of CP violation than the splitting
k alone. As a conservative choice, we thus focus on the effects of x on the generation of the
BAU, and set A = 0, unless otherwise stated. This in turn always gives us one pair of RH
neutrinos that are approximately degenerate in mass. This degeneracy can be broken by
the thermal masses, which do not always lead to additional CP violation. Another reason to
choose A = 0 comes from the observation that, as shown in section 2.2, the correction d Mg
to the RH neutrino mass matrix Mg, which is proportional to the splitting &, is invariant
under the residual symmetry Gj, present among charged leptons, and thus can be thought
of to arise from this sector in a concrete model. In contrast, the splitting A is a priori not
related to any residual symmetry, but rather just splits all three RH neutrino masses. As
benchmark values for x, we use x € {1071,1076,1073}.

As already mentioned in section 2.2, the angle 0 should range from 0 to 27. As
generic benchmark values, we consider 6 being {7{1,2,3,4,5}. This allows to span the
entire range between 0 and 5. At the same time, we avoid special values of fg, i.e. multiples
of 7, since the total mixing angle U? would diverge for a subset of the considered cases
at such points. We discuss results for values of 0 close to these special values, which can
reflect an enhanced residual symmetry, see section 7, separately, because they are very
interesting from a phenomenological viewpoint, as they are the only choices that can lead to
values of the active-sterile mixing angles U2, that greatly exceed the naive seesaw estimate,
shown in eq. (2.6).

Regarding light neutrino masses, both their mass ordering and the mass mg of the
lightest neutrino are currently unknown. In the present analysis, we, therefore, consider
light neutrino masses with NO as well as 0. However, in the main text we focus on light

24 At a more practical level, the computation in the density matrix equations in eq. (5.1) would have to be
refined to apply them to an arbitrary heavy neutrino mass spectrum.
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Parameter Benchmark values
Parameter Benchmark values
M {1,10,100,1000} GeV
0.03 eV (0.015 eV)
K {1071,107%,107%} mg [NO (I0)]
0 0eV
, f=1,2,3 >0
n 7{1.2,3,4,5) dat
Table 5. Benchmark values for the free parameters used in this analysis. The rest of the

parameters, group theory parameters and the angle 0, is determined as much as possible by one
of the representative examples, found in section 4. The fixed values of the parameters s and v,
respectively, are given for each single example in sections 5.3-5.5.

neutrino masses with NO and show plots for IO only in case of a qualitative difference
between the results for the two mass orderings. Otherwise, further results for light neutrino
masses with IO can be found in appendix F. The lightest neutrino mass my is varied between
zero and a mass close to its upper limit, allowed by cosmological observations [131],

mo =0.03 eV (NO) and mg=0.015¢eV (I10), (5.11)

see also eq. (D.10) in appendix D.3. Most of the plots are, however, presented for a
benchmark value of mg, mg being zero or one of the values in eq. (5.11).

The signs of the couplings y¢ can be positive or negative, see eq. (2.9). For concreteness,
we only display results for positive yy. However, results for other choices of the signs of
these couplings can be obtained numerically in a similar way. In certain instances, it is also
possible to derive them with the help of the analytical expressions, given in section 6.

Lastly, we observe that accommodating the global fit data on lepton mixing angles and
potentially the current indication of the CP phase ¢ [41] well usually does not completely fix
all group theory parameters for a certain case, Case 1) through Case 3 b.1). For example, for
Case 1) the parameter s corresponding to the choice of the CP symmetry does not impact
the accommodation of the lepton mixing angles and the CP phase 4, but is related to the
value of the Majorana phase «, see section 4.1. This is similarly true for the parameter v in
Case 2) and s in Case 3 a) and Case 3 b.1). Consequently, we do not only discuss results
for a fixed value of this parameter, but also vary it in its entire allowed range, i.e. s/n (v/n)
is treated as continuous parameter between 0 and 1 (3).

5.3 Case 1)

In the following, we discuss the results for low-scale leptogenesis for Case 1), n = 10 and
different values of s. Apart from scanning the parameter space spanned by the mass scale
M of the RH neutrinos and the angle 6 for different values of the splitting «, we also
explore the impact of different initial conditions, of the light neutrino mass spectrum as
well as of the splitting A.

Importance of heavy neutrino mass scale. In figure 4 we illustrate the dependence of
the BAU on the splitting « for the four benchmark values of the heavy neutrino mass scale
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Case 1), NO,M =1 GeV, ¢ps ==, mg=0 eV Case 1), NO,M =1 GeV, ¢s=-, mg=0 eV
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(a) Vanishing initial conditions. (b) Thermal initial conditions.
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(¢) Vanishing initial conditions. (d) Thermal initial conditions.
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(e) Vanishing initial conditions. (f) Thermal initial conditions.
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(g) Vanishing initial conditions. (h) Thermal initial conditions.

Figure 4. Case 1) BAU (Yp) as function of the splitting x for a Majorana mass M = 1GeV,
M =10GeV, M = 100GeV and M = 1TeV for both vanishing (left plots) and thermal initial
conditions (right plots). For each of these choices, different values of the angle 6 have been studied.
Light neutrino masses have strong NO. The index n of the flavour group is n = 10. The parameter
s is fixed to s = 1 corresponding to ¢, = {5. Both negative (dashed lines) as well as positive
(continuous lines) values of the BAU are represented. The grey line indicates the observed value of
the BAU, Yp ~ 8.6 - 107!1. The black crosses in plot (c) refer to particular choices of §r and  that
are used as reference values in some of the following plots, e.g. in figure 7. The choice p = 7 + 1073
(orange curve) corresponds to a value of g close to a special value, for details see text. Faint lines

indicate that the condition in eq. (3.69) is not fulfilled.
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Case 1), 10, M = 10 GeV, ¢s =%, my=0eV Case 1), NO, M = 10 GeV, ¢5=%, mo=0.03 eV
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(a) Vanishing initial conditions. (b) Vanishing initial conditions.

Figure 5. Case 1) Yp as function of k for M = 10 GeV for light neutrino masses with strong 10
(left plot) and for light neutrino masses with NO, but non-zero mg, mg = 0.03€V (right plot). For
the remaining choices see figure 4.

M and for both vanishing and thermal initial conditions. When comparing the plots for
M =1GeV and M = 10 GeV, we can see a clear difference in the overall scale of the BAU,
irrespective of the splitting k, caused by the smaller overall scale of the Yukawa couplings.
This is confirmed, when comparing to the result for a value of 6y close to a special value,
Or = 7/4 + 1073, which leads to overall larger Yukawa couplings, and hence larger values
of the BAU. For intermediate masses, 1 GeV < M < 1TeV, we find a rather complicated
dependence on the splitting «, due to the competing LNV and LFV processes. Similar
conclusions hold, when comparing with figure 9, in which we show the dependence on both
the RH neutrino mass scale M and the total mixing angle U2. For masses M > 2TeV, all
the dependence on the RH neutrino mass scale can be absorbed into a re-scaling of the
mass splittings. We can observe the approximate scaling of the BAU for M 2 2TeV and
x > 1076, which corresponds to a plateau in s, and where a re-scaling of the mass splitting
does not affect the BAU.

Impact of heavy neutrino mass splittings. In contrast to the remaining cases, in
Case 1) setting both £ = 0 and A = 0 can never lead to successful baryogenesis. We can
verify this by evaluating the CP-violating combination Cprg,q, see section 6.2. In figure 4
we can see the dependence of the BAU on the splitting k. As expected from the perturbative
expressions in section 6.2, for small values of k, the BAU grows linearly with it, until it
reaches the resonance peak, after which it begins to decrease and reaches a plateau, when
the resonance condition, see eq. (5.5), is no longer satisfied for x > I'y Ex/M?. While one
might expect that a large value of xk removes the resonant enhancement of the BAU, we find
that this is in general not the case, as two of the heavy neutrinos remain degenerate in mass
irrespective of the value of k. This plateau can also be observed in figures 9 and 11. As
described in section 6, a useful criterion to understand whether the BAU reaches a plateau
for large k (and A = 0) or not is to evaluate the reduced mass-degenerate CP-violating
combination Cgé’%;’ o> defined in eq. (6.12). If this combination is non-zero, there remains CP
violation within the mass-degenerate two-by-two subsystem and one can expect a plateau

023

for large x. For Case 1), indeed, C5p¢; , do not vanish, see eq. (6.20).
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Dependence on initial conditions. The deviation from equilibrium required for suc-
cessful leptogenesis can be realised in two ways: either during the freeze-in and production of
the RH neutrinos or during their freeze-out and decay. To distinguish these two regimes, we
study two types of initial conditions, thermal and vanishing initial RH neutrino abundances.
If we assume a vanishing initial abundance of RH neutrinos, both freeze-in and freeze-out
contribute to leptogenesis, while for thermal initial abundances all of the BAU is generated
during freeze-out. Leptogenesis from freeze-out is most efficient for M 2 T', and is therefore
typically associated with RH neutrino masses above the electroweak scale. Nonetheless,
the expansion of the Universe can cause the necessary deviation from equilibrium even
for GeV-scale RH neutrino masses [39, 65, 114]. Similarly, for RH neutrino masses above
the electroweak scale washout is strong in general, and any asymmetries generated during
freeze-in are typically erased. This can be avoided if the RH neutrinos couple hierarchically
to the different lepton flavours [61].

In figure 4 we show the dependence of the BAU on the initial conditions (vanishing
and thermal RH neutrino abundances). We find that baryogenesis with thermal initial
conditions is possible from around M ~ 5GeV for x ~ 107!, and around M > 10 GeV for
larger values of the splitting », £ > 1076, as shown by the faint lines in figure 9. Finally, in
figure 4, for RH neutrino masses above the electroweak scale we find that both thermal and
vanishing initial conditions can lead to identical BAU, since our choice of benchmark values
generically leads to strong washout of the asymmetries generated during freeze-in.

Role of light neutrino mass spectrum. For the different choices of parameters, we
also study the role of the light neutrino mass spectrum, i.e. the dependence of the results for
the BAU on the mass ordering of the light neutrinos, NO or 10, as well as on the lightest
neutrino mass mg, mo = 0 or mg being close to its upper bound, see eq. (5.11), indicated
by cosmological observations [131]. As one can see, the results for light neutrino masses
with strong 1O show qualitatively the same features as those for light neutrino masses with
NO, compare plot (a) in figure 5 with plot (c) in figure 4. Similarly, a non-zero value of the
lightest neutrino mass myg, see figure 5 (plot (b)), does not change the qualitative behaviour
of the BAU. We, however, observe that for (strong) IO, more changes of the sign of the
BAU are expected than for light neutrino masses with strong NO. A possible explanation
is that the couplings yr, f = 1,2, 3, are in general larger and less hierarchical in the case of
(strong) 10 than for strong NO. For completeness, we show the corresponding plots for
M =1GeV, M =100 GeV and M = 1TeV for light neutrino masses with strong IO and for
light neutrino masses with NO and mg = 0.03 €V in figure 27 in appendix F.1.

Dependence on CP transformation X (s). We compare the dependence of the BAU
on the splitting « for different values of ¢5 in figures 4, plot (c¢), and 6. In doing so, we fix
M =10GeV, mg = 0 and consider light neutrino masses with NO and different values of 0.
For ¢s = {5 (n =10 and s = 1) and ¢, = %—g (s =9), compare figure 4 (plot (c)) and figure 6
(plot (a)), we note that they lead to a very similar functional dependence of the BAU on
k, whereas the sign of the BAU is opposite (in the plots the style of the curves changes
from continuous to dashed lines and vice versa). This observation is in agreement with
the dependence of the CP-violating combinations Crry o and Cinv,q 01 ¢, see egs. (6.17)
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Case 1), NO, M = 10 GeV, ¢s =f—g, mo=0eV o

Case 1), NO, M = 10 GeV, ¢s =28, mg=0 eV
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(a) Vanishing initial conditions. (b) Vanishing initial conditions.

Case 1), NO, M = 10 GeV, ¢s =81, my=0 eV
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Figure 6. Case 1) Yp as function of x for M = 10 GeV and different values of ¢, ¢s € 75 - {2,8,9}.
For the remaining choices see figure 4.
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(a) Vanishing initial conditions. (b) Vanishing initial conditions.

Figure 7. Case 1) Yp as function of 2, treated as continuous parameter, for odd (left plot) and
even (right plot) values of s, respectively. The Majorana mass M is chosen as M = 10 GeV and
three different values of x, k € {1073,1075, 10711}, are used, see the red, orange and blue curve,
respectively. Additionally, we display the dependence on ¢, () as expected from the CP-violating
combinations, compare egs. (6.17) and (6.18), in black. The angle g is fixed to g = {7 and light
neutrino masses are assumed to have strong NO.

and (6.18) with sin 3 ¢, being replaced by — cos 3 @5, since —cos 3 ¢s ~ —0.588 for ¢s = {5
and — cos 3 ¢5 =~ +0.588 for ¢5 = 91—3. This is true for all odd values of s whose sum equals
the index n of the flavour symmetry. In addition, we observe that for s = 5, s = § in general
(recall the index n is always even and not divisible by four), the CP-violating combinations
vanish, — cos 3 ¢s = — cos 37“ = 0, and thus the BAU does so as well, as we have checked
explicitly. Furthermore, we can compare the plots of the BAU with respect to x for two
even values of s (and otherwise the same parameters as chosen before), e.g. ¢s = 27 (s = 2)

and ¢; = 57 (s = 8), see the right plots (plot (b) and (c)) in figure 6. As one can see, these
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plots are (nearly) identical, both in size and sign of the BAU. This can also be understood
with the help of the CP-violating combinations Crry o and CrNv o Which depend on sin 3 ¢,
for s even, i.e. sin 3 ¢ =~ 40.951 for both ¢ = 21—3 and ¢g = %—g. This happens, like for all
odd s, for all even s whose sum equals the index n. Knowing the dependence sin 3 ¢ for s
even, we additionally confirm the expectation that for s = 0 the generated BAU vanishes
(within numerical precision). With figure 6, we can eventually compare the results between

odd and even values of s and find for ¢; = 2T (s = 9) and ¢, = 2T (s = 2) (plot (a) and

10 10
(b)) that the BAU should have the same sign, but be slightly larger for ¢, = 21—3, since
—cos 3 ¢s = +0.588 for ¢ps = % and sin 3 ¢ =~ +0.951 for ¢ = %r with the dependence on

the rest of the parameters being the same.

In figure 7, we check the dependence of the BAU on ¢, (treating s/n as continuous
parameter) for s odd (plot (a)) and for s even (plot (b)) for a fixed value of the Majorana
mass M, M = 10 GeV, a fixed value of 0, g = {7, and different sizes of the splitting x,
ranging between 107! and 1073. As one can see, the dependence — cos 3 ¢ for s odd and
sin 3 ¢ for s even, expected from the CP-violating combinations, is very well reproduced
and only small deviations arise, compare the black curve with the coloured curves in figure 7.
These deviations cannot be understood in a simple way analytically, since they result from
the dynamics of the system, in particular from washout effects, see section 5.1, and are
sensitive to the chosen Majorana mass M, the value of 6 and the splitting . Indeed, in
figure 7 one sees that increasing x leads to larger deviations. All observations, made here
for light neutrino masses with strong NO, are qualitatively confirmed for the case of light
neutrino masses with strong 10. However, we emphasise that the described deviations are
in general larger, as can be seen in figure 28 in appendix F.1. In this figure, we show the
BAU as function of ¢4 (s/n) for s odd, three values of xk and two different values of 05 in
order to underline that the size of the deviations noticeably depends on the splitting x as
well as the angle 0.

As shown in [22], only the Majorana phase «, appearing in the PMNS mixing matrix,
is non-trivial and its sine depends on ¢ through sin 6 ¢4 for all values of s such that no CP

n

violation arises for s = 0 and s = § (s = 5 for our choice of the index n, n = 10). This is

also true for the BAU, as we have discussed.

Dependence on angle 0. We can, furthermore, investigate the dependence of the
BAU on the angle 0 for different values of x. The result is shown in figure 8 for fixed
values of M and ¢s and three different values of k. We observe that the dependence on
O is in general quite complicated and does not only follow sin 8 for strong NO (y; = 0),
see egs. (6.17) and (6.18), but can reveal additional enhancements of the BAU as well as
additional changes of the sign of the BAU. In particular, the Majorana mass M and the
size of the splitting x play a crucial role, compare plots (a)-(d) in figure 8. Nevertheless, we
recognise that at least for g = 0, 7,27 the BAU vanishes which is in agreement with the
sin r-dependence of the CP-violating combinations for strong NO. The enhancement of
the BAU for values of 0 around g = 7 and its odd multiples is related to the coupling ys3
being proportional to the inverse of /] cos 2 0| for a fixed light neutrino mass ms, compare
eq. (3.15). Moreover, the more complicated dependence on g for M = 10 GeV arises due
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Figure 8. Case 1) Yp as function of the angle 0 for four different values of the Majorana mass,
M = 1GeV (upper left plot), M = 10 GeV (upper right plot), M = 100 GeV (lower left plot) and
M = 1TeV (lower right plot), and different values of s, x € {1073,1076,107!}. Both negative
(dashed lines) as well as positive (continuous lines) values of the BAU are represented. The value of
¢ is fixed to ¢s = 75 and light neutrino masses follow strong NO. The vertical grey lines correspond
to regions, in which the criterion, given in eq. (3.69), is not fulfilled.

to the dynamical interplay of the LNV and LFV CP-violating sources, whereas, to good
approximation, only the LFV source does contribute to the generation of the BAU for
M = 1GeV. We have also checked that these statements are qualitatively the same for light
neutrino masses with strong 10 (y3 = 0), up to the fact that in this case the BAU vanishes
for O = 3, 37”, as expected from the CP-violating combinations Crrv o and CiNv o, which
depend on cosOp for y3 = 0. Clearly, in the case of strong IO the coupling y; scales as the

inverse of /| cos20p| for a fixed light neutrino mass mq, see eq. (3.17).

Special values of 0. As already briefly mentioned in the previous paragraph, we observe
that for 0 being close to an odd multiple of 7§ the coupling y3 (y1) becomes large for strong
NO (IO) and a fixed value of the light neutrino mass ms (m;) and thus also large values
of the total mixing angle U? can be reached, much larger than expected from the naive
seesaw estimate, see eq. (2.6). At the same time, we observe an enhancement of the BAU
in the vicinity of these special values for M = 1GeV and M = 10 GeV. As discussed in
section 5.1, this can be explained by the increased overall scale of the Yukawa couplings
which, for M < 10 GeV, are expected to be too small for an efficient production of the BAU,
compare eq. (5.2), due to slow heavy neutrino interactions. Simultaneously, increasing the
Yukawa couplings allows for larger mass splittings consistent with the resonance condition,
see eq. (5.5). Such an enhancement around special values of 6z has not been observed for
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Figure 9. Case 1) Range of total mixing angle U? consistent with leptogenesis for the Majorana
mass varying between 50MeV and 70TeV. The splitting x is chosen among the three values
k€ {1073,107%,107 !}, The angle 6 can be read off. The value of ¢, is fixed to ¢, = 7. Light
neutrino masses follow strong NO (left plot) and strong IO (right plot), respectively. The contours
corresponding to positive (negative) BAU are shown in continuous (dashed) lines. Note that these
refer to vanishing initial conditions except for the lines shown in fainter colours. The sign of the
BAU can be changed either by changing the signs of the couplings y; or the sign of the splitting x
or by replacing the parameter s by n — s for s being odd, compare the CP-violating combinations in
eqs. (6.17) and (6.18). For masses larger than M ~ 10 GeV, we see that the lines for x = 107¢ and
x = 1072 coincide. This can be verified in figure 4, where Yz becomes independent of the splitting
k for k > 1076, In contrast, for kK = 107!! both Yz and the allowed total mixing angle U? are
generically larger for these larger masses. The blue and red shaded areas show the regions in which
the condition in eq. (3.69) and alike is not satisfied. The black lines indicate the seesaw line, defined
in eq. (2.6).

larger masses, e.g. M = 100 GeV and 1TeV, see plots (c¢) and (d) in figure 8. Note that,
for fr being chosen as one of the special values, the BAU is always strongly suppressed
due to strong washout of the lepton asymmetry. As demonstrated in figures 9 and 10, the
correct amount of BAU can be produced through low-scale leptogenesis in the vicinity of
these special values (see figure 29 in appendix F.1 for dedicated plots for each value of
the splitting x). In figure 9, we show the contours in the M — U?-plane that correspond
to the generation of the correct amount of BAU, with positive and negative sign in the
case of continuous and dashed lines, respectively. We do so for three different values of
the splitting k. We can see that for small values of the Majorana mass M large values of
the total mixing angle U? can be attained which allow for testing this scenario at different
current and future experiments. Note that the blue and red shaded areas in figure 9 show
the regions in which the condition in eq. (3.69) and alike is not satisfied.

As we detail in section 7.1, at these special values of 0 the residual symmetry of the
combination Y[T)YD is enhanced. The smallness of the deviation of i from such a special
value can be thus protected by this enhanced symmetry and should not be considered as a
tuning of the angle 0.
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Case 1), NO, ¢s =15, k=107%, mg=0 eV
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Figure 10. Case 1) Yp as function of U2 - M for different values of the Majorana mass M and
assuming vanishing initial conditions. The product U? - M is introduced, as it is independent of M
contrary to U2. The splitting & is fixed to 1076, Light neutrino masses follow strong NO and ¢, is
chosen as {5. Both negative (dashed lines) as well as positive (continuous lines) values of the BAU
are represented. The grey line indicates the observed value of the BAU, Yp = 8.6 - 1071, The grey
shaded area represents the region in which the criterion, given in eq. (3.69), is not fulfilled.
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(a) Vanishing initial conditions.
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Figure 11. Case 1) Contour plots of Yp as function of both splittings x and A for two different

values of the angle 0, Op = {7 (left plot) and Op =

1

3T

1

(right plot). Iso-BAU lines are represented

in the x — A-plane; note —12.0 has to be read as 1072 and alike. We, furthermore, show the line
corresponding to 3k = A in orange for which two of the heavy neutrinos become degenerate in mass,
compare eq. (6.14), and the BAU vanishes, see egs. (6.17) and (6.18). The Majorana mass is fixed
to M = 10 GeV, light neutrino masses follow strong NO and ¢, is fixed to ¢s = {5-
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Effect of splitting A. The dependence of the BAU on both splittings x and A is shown
in figure 11 for a fixed value of M and of ¢, the light neutrino mass spectrum following
strong NO and two different values of #z. For A < 107!7, the dependence on X is rather
weak, unless 3k < A. In this case, one of the mass splittings among the RH neutrinos,
and therefore the asymmetry, exactly vanishes, compare eq. (6.14). For larger values of
A, A > 10715 with the exact value depending on fr, A almost completely dominates the
generation of the BAU. This is not unexpected, as the splitting A induces a mass difference
between all three RH neutrinos simultaneously, see eq. (2.26). This also explains why the
BAU decreases with A increasing beyond 10™?, whereas for large values of the splitting &
the BAU reaches a plateau, see e.g. also the plots in figure 4. Nonetheless, we observe that
even values of A ~ 10~ can lead to successful baryogenesis.

5.4 Case 2)

For Case 2), we discuss the results for low-scale leptogenesis for the representative choice
of the group theory parameters n, u and v (or equivalently s and t), n = 14, u = 0 or
u = £1, chosen in section 4.2. These lead to a good fit of the experimental data on lepton
mixing. Additionally, we study the choice n = 50, u = 6 (¢ is always even) corresponding to
u/n = 0.12 and hence 07, = 0, compare eq. (4.3) and figure 1. We consider several values of
v in order to elucidate the dependence of the generated BAU on v (¢,) and the agreement
between numerical results and expectations from the CP-violating combinations.

We split this discussion into two parts according to whether ¢ is even or t is odd. For
the latter choice, we encounter the interesting possibility to generate the correct amount of
BAU without the splitting x (and ), as indicated by the CP-violating combination Cprg q
in eq. (6.28).

5.4.1 Choice t even

We first comment on the effect of the splitting x, then briefly on the impact of the
light neutrino mass spectrum, on the dependence of our results on the choice of the CP
transformation X (s,t) = X (u,v) and eventually on the impact of the angle . Note that
for this choice of t a non-vanishing lightest neutrino mass, mg # 0, does not lead to a further
rotation and to the replacement of 67 with fz, compare egs. (3.31) and (3.32). We thus
present results for my = 0.03eV and only resort to a light neutrino mass spectrum with
strong NO (IO), meaning mg = 0, in the cases in which we study how well the CP-violating
combinations Crry o and CiNy,« can reproduce the numerical results, since the former
considerably simplify for vanishing lightest neutrino mass, see eqgs. (6.25) and (6.26).

Effect of splitting «. Similar to Case 1), we observe that, for small x, the BAU grows
linearly with the splitting x before reaching the resonance peak. This is consistent with
the observation that, for A = 0, all CP-violating combinations, derived in section 6.3,
are proportional to k, if t is even. The main difference, however, lies in the absence of
a plateau for large k, see e.g. figure 12. The BAU monotonically decreases for x larger
than the resonance peak, which is expected, as the reduced mass-degenerate CP-violating

. (23) .
combination C’DEG’ o, 18 zero for ¢ even.
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Figure 12. Case 2) Y as function of the splitting x for a Majorana mass M = 1 GeV (upper left
plot), M = 10 GeV (upper right plot), M = 100 GeV (lower left plot) and M = 1TeV (lower right
plot). For each of these choices, different values of g have been studied. The parameters s and ¢
are fixed to s = 1 and t = 2, respectively, corresponding to ¢, = 0 and ¢, = %r. Light neutrino
masses have NO with my = 0.03eV. Both negative (dashed lines) as well as positive (continuous
lines) values of the BAU are represented. The grey line indicates the observed value of the BAU,
Yp ~8.6-10711.

An additional interesting feature is the power law with which the BAU decreases. For
M =1,10,100 GeV, the BAU decreases as K3 for K larger than the resonance peak. This
observation is consistent with the analytical approximations, derived for the relativistic
regime in [132]. For larger masses, i.e. M = 1TeV, the BAU decreases linearly with x,
which can be expected from the behaviour of the decay asymmetries, see e.g. equation (2)
in [91], for k larger than the resonance peak.

Impact of light neutrino mass spectrum. While focusing on light neutrino masses
with NO and mg = 0.03 €V in figure 12, we also display two plots for the Majorana mass
M = 10GeV and for light neutrino masses with strong NO and strong IO, respectively, in
figure 30 in appendix F.2. As one can see, the qualitative and quantitative behaviour of the
BAU with respect to « is similar to what is observed in figure 12, plot (b).

Dependence on CP transformation X (s,t) = X (u,v). We observe that the angle
01, which leads to a good agreement with the experimental data on lepton mixing, is
non-zero for the choice of the parameters n and u, n = 14 and v = 0 and u = %1, see
table 1. This complicates the study of the dependence of the BAU on the CP transformation
X(s,t) = X(u,v) and the comparison between the numerical results and the expectations
from the CP-violating combinations Crry . and Cinv, for light neutrino masses with
strong NO and IO, see egs. (6.25) and (6.26), respectively. We thus use n = 50 and v = 6
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the parameters (s,t) equal to (4,2) (upper left plot), (8,10) (upper right plot), (12,18) (lower left
plot) and (16,26) (lower right plot). Light neutrino masses have strong NO. For the remaining

choices see figure 12.
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treated as continuous parameter, for a Majorana mass

M = 10 GeV and different values of x, x € {1073,107¢,1071*}. The group theory parameters n and

u are chosen as n = 50 and v = 6 so that ¢, = 65—3. This choice of u corresponds to ¢ even and s

being even (left plot) or odd (right plot). Light neutrino masses have strong NO. We compare the

numerical results (coloured curves) with the analytical expectation cos(

Y) (for s even) and sin(32)

(for s odd) arising from the CP-violating combinations, see eq. (6.25), shown in black.
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as choices, since then 07, = 0 leads to an acceptable fit of the lepton mixing angles, compare
q. (4.3) and figure 1 In this case, the CP-violating combinations Crry . and Cinv,a

follow cos ¢”

and sin 2 for strong NO and strong IO, respectively. The numerical results
are shown in figures 13 and 14.

In figure 13 we display the BAU with respect to the splitting  for a fixed value of
M, M = 10GeV, and for different values of 0. Furthermore, we choose four different
combinations of (s,¢) which are both even and always lead to ¢, = %g , but to different
values of v (¢,), i.e. for (s,t) = (4,2) (plot (a)) we have ¢, = %X and cos ¢” ~ 40.982,
for (s,t) = (8,10) (plot (b)) it is ¢, = 23T and cos ¢“ ~ +0.588, for (s,t) = (12, 18) (plot
(c)) we have ¢, = 5;)1—0“ and cos ¢” ~ —0. 125 and for (s t) = (16,26) (plot (d)), eventually,
it is ¢, = 78—0“ and cos ¢2” R —0.771. These differences of cos%” in magnitude and, in
particular, in sign are clearly visible in the four different plots (compare the exchange or
not of continuous and dashed lines in order to track the possible change in the sign of the
BAU due to cos %)

In figure 14 we show the BAU as well, normalised to its maximal attainable value, with
respect to v/n, treated as continuous parameter between 0 and 3, in order to emphasise the
dependence on this combination. Again, we fix the Majorana mass to M = 10 GeV and
use ¢, = %—g. Additionally, we focus on three different values of x only, varying between
10~ and 1073, and on the angle §x being g = 77- In plot (a) of figure 14 we set s to
be even, while s being odd is assumed in plot (b). The CP- violating combinations CLry
and C1Nv o are proportional to cos 2 for s even and to sin 2 for s odd for light neutrino
masses with strong NO, compare eq. (6.25) and the text belovv eq. (6.27). In figure 14 we
verify this behaviour to a very high degree (compare the coloured curves for different values
of k with the black curve which shows the analytic expectation). As already seen for Case
1), the deviation from the expectation is larger for larger . In appendix F.2, see figure 31,
we display for completeness the corresponding plots for light neutrino masses with strong
I0. Again, the expectations from the CP-violating combinations are confirmed.

Finally, we remind that the magnitude of the sine of the Majorana phase «, appearing in
the PMNS mixing matrix, is to very good degree determined by sin ¢, = 2 sin 22 cos &2 5 [22].
Thus, at least for light neutrino masses with mg = 0 we explicitly see that the vanishing of

the BAU implies sina = 0 as well.

Dependence on angle Or. In figure 15, we fix the value of the Majorana mass M,
M =10GeV, as well as the values of n, u and v (s and t) such that ¢, = 0 and ¢, = 55
and plot the BAU with respect to the angle . As is shown in egs. (6.25) and (6.26), for a
light neutrino mass spectrum with strong NO and strong 10, the CP-violating combinations
Crrv,« and CrNv o Teveal a simple dependence on the angle 0, i.e. they are proportional to
sin 0 and cos 0, respectively. We thus expect vanishing BAU for 0z = 0, 7,27 for strong
NO and 0g = 7, 37“ for strong 10. This expectation is confirmed very well, as we can see in
figure 15. Beyond this, the dependence of the BAU on the angle 0 is also determined by
the washout and, thus, is more complicated. We note that, contrary to Case 1), the masses
m; of the light neutrinos, and consequently also the couplings yr, f = 1,2, 3, do not depend
on the angle 0, see eq. (3.34). For this reason, the total mixing angle U? is always close to
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Figure 15. Case 2) Yp as function of the angle 6 for a Majorana mass M = 10 GeV and different
values of k, k € {1073,1076, 1071}, Results for both light neutrino masses with strong NO (left
plot) and with strong IO (right plot) are displayed. Negative (dashed lines) as well as positive

(continuous lines) values of the BAU are represented. The parameters (s,t) have been fixed to (1,2)

which corresponds to ¢, = 0 and ¢, = %.

the seesaw line and special values of 6g, at which the BAU is strongly enhanced, are absent
in this case, compare figure 15 and figure 8 for Case 1).

5.4.2 Choice t odd

For this choice of t, we first study the dependence of the BAU on the size of the splitting
k for mg = 0. Then, we analyse the interesting case in which the correct amount of
BAU can be generated without the splitting x (and A), if the lightest neutrino mass my is
non-zero. Furthermore, we scrutinise the interplay between the different contributions to
the generation of the BAU, encoded in the CP-violating combinations Crry o and Crinv o
as well as Cpga,q, respectively, for non-zero « and mg. Eventually, we comment on special
values of #r which render one of the couplings yr, f = 1,2,3, large, compare eqs. (3.35)
and (3.37), and thus can lead to large total mixing angle U?, while achieving the correct
amount of BAU.

Effect of splitting . In figure 16 we can see the dependence of the BAU on the splitting
k. The overall behaviour is quite similar to Case 1), and we can once again observe a

plateau for x > I'y Ey/M?. The presence of this plateau for ¢ being odd is implied by

(23)
C’DEG’ o See

eq. (6.34). For GeV-scale RH neutrino masses, see plot (b) in figure 16, starting with

the non-vanishing of the reduced mass-degenerate CP-violating combination

x > 10712, the BAU becomes highly oscillatory. These oscillations continue until £ ~ 10719,
where they are damped by an effective “decoherence term” that has been introduced in [102]
instead of explicitly switching off the fast oscillations, as has been done in [133, 134] —
which would lead to a vanishing source term at late times. This procedure ensures that they
approach the correct time average [135], and, at the same time, keeps the oscillations without
averaging when they are sufficiently slow. We note that this is not a physical phenomenon,
but only introduced to reduce the numerical stiffness of the problem. The results in this
region require a more thorough investigation, since this damping is not physical and should
be decreased until the BAU is independent of it. Finally, we note that these oscillations
are not entirely physical in the relativistic regime, but are an artefact of neglecting the full
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Figure 16. Case 2) Yp as function of k for a Majorana mass M = 1GeV (upper left plot),
M = 10GeV (upper right plot), M = 100 GeV (lower left plot) and M = 1TeV (lower right plot).
For each of these choices, different values of 8z have been studied. The parameters (s, ¢) have been
fixed to (1,1) which corresponds to ¢, = {3 and ¢, = ?—Z. Light neutrino masses have strong NO.
Both negative (dashed lines) as well as positive (continuous lines) values of the BAU are represented.
The grey line indicates the observed value of the BAU, Yz ~ 8.6 - 10~!L. The large number of
oscillations around & ~ 10712 to 107! in plot (b) is an artefact of the momentum averaged set of
equations, see eq. (5.1), used in this work. Explicitly including the momentum dependence would
remove these, see [40].

momentum dependence of the system, cf. [40], as each momentum mode k has a different
oscillation frequency ~ MAM;;/k, which erases the effect of oscillations in the BAU. It is
interesting to note that we observe these oscillations exactly when transitioning between
the relativistic and non-relativistic regimes, where all momentum modes oscillate with the
same frequency ~ AM;;, and the oscillations become coherent, which is also reflected in
the BAU. Nonetheless, the envelope of the curves can serve as a rough order-of-magnitude
estimate for the BAU in this regime.

In most of the analysis, we focus on the choice © = 1, see e.g. figure 16. However, we
have also studied the behaviour of the BAU with respect to the splitting s for u = —1
(corresponding to s = 0 and ¢t = 1) and otherwise the same choice of parameters as in
figure 16. For the Majorana mass M being M = 10 GeV, the results are displayed in plots
(a) and (b) in figure 32 in appendix F.2 for light neutrino masses with strong NO and with
strong 10, respectively. We can, in particular, compare plot (a) in figure 32 with plot (b) in
figure 16 and see that the qualitative behaviour of the BAU with k is very similar, while
the value of the BAU for large values of k turns out to be somewhat lower for u = —1 than
for u = 1.
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Figure 17. Case 2) Results for Yp in the absence of splittings, x = 0 (and A = 0). We set the
Majorana mass M to M = 100 GeV and fix the group theory parameters n, s and ¢t to n = 14,
s=1and t = 1 such that ¢, = {57 and ¢, = 31—2. Light neutrino masses follow NO. The left plot

displays Yp as function of the lightest neutrino mass mq for different values of 6. In addition,

we compare, for g = {7, the numerical results (red curve) with the following two analytical

expressions: A - y1 y3 (Y7 — y3)? with A ~ —6.14 - 103! (continuous black line) and B - /mq with
B~ —4.26-10"%eV ™2 (dotted black line). The first expression reflects the dependence of the
CP-violating combination Cpgg, on the couplings ys, compare eq. (6.28), while the second one
gives the overall dependence of the BAU on mg. The right plot shows Yg as function of the angle 0.
We compare the numerical result (blue curve) to the analytical expectation from the CP-violating
combination Cpgg,e which is proportional to sin46g (black curve). The coeflicient A has been
chosen to be Max(|Yg]|). Both negative (dashed lines) as well as positive (continuous lines) values of
the BAU are represented.

Results for vanishing splittings. Leptogenesis is possible, even if M R, see eq. (2.14), is
proportional to the identity matrix. As pointed out in [136], this is caused by thermal effects,
more precisely by the mismatch between the heavy neutrino mass basis and interaction
basis at finite temperature, i.e., by the different flavour structures in Hy and the FNC
and FNV contributions to the thermal rate I in eq. (5.1). This general behaviour can be
verified for the scenario at hand by noting that, for kK = 0 and A = 0, CP violation can only
appear through thermal effects. The CP-violating combination Cpgq,«, indeed, appears
due to the mismatch between the heavy neutrino thermal masses and the decay rate I'.
This has as consequence that the BAU is very sensitive to the mass of the heavy neutrinos
in this regime. We observe that it is enhanced by approximately four orders of magnitude
between M = 10 GeV and M = 100 GeV, compare plot (a) in figure 17 for M = 100 GeV
with plot (a) in figure 33 in appendix F.2 for M = 10 GeV, something not observed for
k # 0, compare e.g. plots (b) and (c) in figure 16. Such an enhancement is also visible in
figure 18 for very small values of k.

For Case 2), leptogenesis with x = 0 and A = 0 requires the lightest neutrino mass
mg to be non-zero, as can be checked numerically as well as analytically with the help of
the CP-violating combination Cpgq,o. This combination is proportional to both couplings
y1 and ys3, see eq. (6.28) and the text below eq. (6.33). The exact dependence of Cpgg q
on these couplings is y1 y3 (y7 — y3)%. This dependence is confirmed in figure 17, plot (a),
where we plot the value of the BAU with respect to the lightest neutrino mass mg. We
have fixed not only x = 0 and A = 0, but also the Majorana mass M to M = 100 GeV. The
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choices of n, u and v are n = 14, u = 1 and v = 3 (corresponding to s and ¢t being both
one) such that ¢, = {7 and ¢, = 31—2. For all five different values of 8r that are shown, we
clearly see that the dependence of the BAU on the couplings is very well reproduced by
the analytic result (compare the coloured curves with the black continuous curve), if my is
smaller than 1072 eV. Since we show the BAU with respect to mg, we note in addition that
the resulting curves for all studied values of 6 are proportional to /mg for mg < 1073 eV.
We note that, for completeness, the same type of plots can be found for M = 10 GeV and
M = 1TeV in figure 33 in appendix F.2.

In a similar way, we can verify the expected dependence of the BAU on the angle
0r which should be of the form sin4 g according to the expression for the CP-violating
combination Cpgg,q in eq. (6.28). The numerical results are shown in plot (b) in figure 17.
We have used the same values for M, k, n, u and v as in plot (a) of this figure, but now
fixed the lightest neutrino mass to its largest possible value for NO, mg = 0.03eV. We can
see that the values of # that should lead to vanishing BAU coincide with the expectation
that 0 should be a multiple of 7. Nevertheless, the functional dependence on the angle g
is also determined by the washout, as can be inferred from the visible differences between
the numerical (blue curve) and the analytical result (black curve) in plot (b) in figure 17.

Results for Kk and mg non-zero. The interplay between the different contributions
associated with the CP-violating combinations Crry,, and Cinv,q as well as Cpgg o 1S
studied for two different values of M, M = 10 GeV and M = 100 GeV, and several values of
fr. The light neutrino mass spectrum has NO and the lightest neutrino mass is mg = 0.03 eV.
Furthermore, we use n = 14, v = 1 and v = 3 (corresponding to s = 1 and ¢ = 1), that give
rise to ¢, = {3 and ¢, = %’. As we can see in figure 18, for very small values of x a value
of the BAU which is independent of x is observed, corresponding to the value of the BAU
for vanishing splitting . The enhancement of the BAU for « in the range 10716 < x < 1077
is due to the contributions related to the CP-violating combinations Crrv . and Cinv,a-
For even larger values of k, the value of the BAU is mostly determined by the reduced

)

mass-degenerate CP-violating combination C](DQESG’ ., and attains a plateau.

Special values of @r. For t being odd, the light neutrino masses m; depend, like for
Case 1), on the angle 0. In particular, we observe that for strong NO (IO) the coupling ys3
(y1) has to be proportional to 1/+/]sin20g| for a fixed value of ms3 (m1). So, for values of
Or close to multiples of 7/2, one of the couplings can be very large and in turn also the
total mixing angle U2. Similar to Case 1), in the vicinity of such special values a sufficient
amount of BAU can also be generated. This is shown in figure 19, where we plot in the
M — U?-plane the contours (continuous lines for positive BAU and dashed ones for negative
BAU) corresponding to the observed amount of BAU for different values of the splitting x
(see figure 34 in appendix F.2 for dedicated plots for each value of the splitting k). The
choices of the group theory parameters are n = 14, u = 1 and v = 3 (corresponding to s = 1
and t = 1), while all further choices and conventions for colour coding are the same as in
figure 9 for Case 1). We note the striking similarity between figures 9 and 19, up to the
overall sign of the BAU (exchange of continuous and dashed lines). In appendix F.2, see
figure 35, we also show the dependence of the BAU on the combination U? - M for one
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Figure 18. Case 2) Yp as function of the splitting « for different values of 8z and for M = 10 GeV
(left plot) and M = 100GeV (right plot). The group theory parameters n, v and v are taken
toben =14, u = 1 and v = 3 (equivalent to s = 1 and ¢ = 1). Light neutrino masses follow
NO and mg has been set to 0.03eV. Since both the splitting x and mg do not vanish, we can
study the interplay between different contributions to the BAU, associated with the three different
CP-violating combinations Crrv o, CLNV,« and Cpeg,q. For the rest of the choices see figure 16.
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Figure 19. Case 2) Range of total mixing angle U? consistent with leptogenesis for the Majorana
mass M varying between 50 MeV and 70TeV. The splitting « is chosen among the three values
k€ {1073,1076,10711}. The angle 6z can be read off. The values of ¢, and ¢, are fixed to ¢, = 1
and ¢, = 31—2 corresponding to ¢t odd. Light neutrino masses follow strong NO (left plot) and strong
IO (right plot), respectively. The contours corresponding to positive (negative) value of the BAU
are shown in continuous (dashed) lines. Note that these refer to vanishing initial conditions except
for the lines shown in fainter colours. For masses larger than M ~ 10 GeV, we see that the lines for
x =107% and k = 10~2 coincide. This can be verified in figure 16, where Yz becomes independent
of the splitting & for x > 1075, In contrast, for x = 107! both Y3 and the allowed total mixing
angle U? are generically larger for larger masses M. The blue and red shaded areas show the regions
in which a condition like the one in eq. (3.69) is not fulfilled. The black lines indicate the seesaw
line. Note the striking similarity between these results and those obtained in Case 1), see figure 9.
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value of x, k = 1079, and several different values of the Majorana mass M, ranging between
M =100MeV and M = 1TeV.

In section 7.1, we show that for the special values of §r associated with 1/4/[sin20g|
becoming large, i.e. r being a multiple of 7/2, the residual symmetry of the combination
YgYD is enhanced. Consequently, the size of the deviation of 8 from one such value is
controlled by the amount of breaking of this enhanced symmetry.

5.5 Case 3 a) and Case 3 b.1)

In this section, we exemplify the results for the BAU, obtained from low-scale leptogenesis,
for Case 3 a) and Case 3 b.1). We focus the discussion on Case 3 b.1), since for Case 3 a)
the accommodation of the lepton mixing angles requires rather large values of the index n
of the flavour group, n > 16, compare section 4.3.

As shown in section 3.3, we have to distinguish two different sub-cases for Case 3 a)
and Case 3 b.1), either m and s are both even (both odd) or m is even and s odd (or vice
versa). In order to cover these different sub-cases, we mainly fix m to be even and split the
discussion into two parts, s even and s odd. For the latter choice, it is possible to generate
the correct amount of BAU without the splitting x (and A) and for a light neutrino mass
spectrum with strong NO. While the possibility to achieve the BAU without splittings
is also given for the choice t odd for Case 2), see section 5.4.2, the even more minimal
option in which we also have strong NO, i.e. mg = 0, can instead only be realised for Case
3 b.1). To cover both sub-cases, we choose the index n to be n = 20 and set m = 10. The
latter fixes the choice of the generator of the residual Zs symmetry in the neutrino sector,
compare section 3.3.1. As shown in section 4.3 and in table 10 in appendix E, for this choice
several values of s, even as well as odd, allow to accommodate the data on lepton mixing
well. We note that for s odd we also consider other choices of n and m in order to elucidate
the dependence of the BAU on s/n, treated as continuous parameter. At the end of this
section, we briefly discuss the choice m odd and s even, as it is the only combination of m
and s that leads to a non-zero value of the BAU for large «.

5.5.1 Choice m even and s even

For this choice of m and s, we observe that the PMNS mixing matrix always only depends
on the angle 07, independently of the value of the lightest neutrino mass, compare eq. (3.51).
Given this, we set mg to its largest possible value for light neutrino masses with NO and
only choose mg = 0 in order to confront the numerical results with simple formulae for
the CP-violating combinations Crry,, and Cinv,a, see eq. (6.40). We first discuss the
dependence of the BAU on the splitting x and then for mg = 0 we scrutinise its dependence
on the choice of the CP transformation X (s) as well as on the angle 0.

Effect of splitting «. In figure 20 we display the BAU with respect to x for four different
values of the Majorana mass M, different values of the angle 6z and for fixed values of the
group theory parameters, n = 20, m = 10 and s = 4, such that ¢,, = 13—0” and ¢s = ‘é—g.
Light neutrino masses have NO with mo = 0.03eV. The dependence of the BAU on « is
very similar to Case 2), t even, compare figures 20 and 12. We observe a linear growth of

the BAU with k up to the resonance peak after which the BAU decreases as a known power
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Figure 20. Case 3 b.1) Yp as function of the splitting & for a Majorana mass M = 1 GeV (upper
left plot), M = 10 GeV (upper right plot), M = 100 GeV (lower left plot) and M = 1TeV (lower

right plot). For each of these plots, different values of #r have been studied. The group theory

parameters n, m and s are fixed to n = 20, m = 10 and s = 4 so that ¢,, = 13—0” and ¢s = é—g.

Light neutrino masses are assumed to follow NO with my = 0.03e¢V. Both negative (dashed lines)
as well as positive (continuous lines) values of the BAU are represented. The grey line indicates the
observed value of the BAU, Y ~ 8.6 - 10711

law of k. We refer the reader to section 5.4.1 for more details. While figure 20 assumes
mg # 0, its equivalent for mg = 0 is displayed in appendix F.3, see figure 36. The overall

behaviour is mostly similar to figure 20.

Dependence on CP transformation X (s). In order to study better the dependence
of the BAU on X(s) or equivalently s/n (taken as continuous parameter), we focus on a
light neutrino mass spectrum with strong NO. Furthermore, we fix the Majorana mass
M to M = 10GeV and the angle 0 to fg = {7 in addition to n = 20 and m = 10 and
thus ¢, = 18—0”. In figure 21, plot (a), we show the generated BAU, normalised to its
value that can be maximally achieved, with respect to s/n for three different values of
k, ranging between 10™'' and 1073. From the CP-violating combinations Crrv,a and
CLNV,a, see eq. (6.40), we expect for this choice of m and s that the BAU depends on
sin 3 ¢s. However, as we clearly see in figure 21, plot (a), the dependence on ¢4 is rather
sin 6 ¢s = 2 cos 3 ¢ sin 3 ¢, see black curve. This can be explained by noticing that also the
washout depends on s/n, see eq. (6.53). Indeed, we find that by summing the CP-violating
combinations weighted by the flavoured washout parameter f, over the lepton flavour a
the dependence on sin 6 ¢ is recovered for m = 3, see eq. (6.54).

We note that for light neutrino masses with strong IO we find instead vanishing BAU
in agreement with the fact that the CP-violating combinations Crrv o and CiNv,a, see
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Figure 21. Case 3 b.1) The left plot displays Yp as function of 2, treated as continuous parameter.
We assume that s is even. The Majorana mass M is fixed to M = 10 GeV, the angle 6 has the
value §r = 7% and three different values of « are used, x € {1072,107%,107}. The group theory
parameters n and m are chosen as in figure 20. Light neutrino masses have strong NO. The right
plot displays Yp as function of the angle . The same values for M, k, n and m as well as the
same light neutrino mass spectrum as in plot (a) of this figure are used. The parameter s is fixed to
Max[mﬂ]

X[tcsRﬁ_'_tcsR,_]
are defined in eq. (6.38), for each k. Both negative (dashed lines) as well as positive (continuous

s =4 and thus ¢ = é—g. The coefficient A, is given by Ma , where tcsp 4+ and tesp, —

lines) values of the BAU are represented.

eq. (6.41), are proportional to Acgs and thus to the splitting A, compare eq. (6.14), which
we have set to zero.
Interestingly enough, the magnitude of the sines of the Majorana phases a and [,

appearing in the PMNS mixing matrix, equals the magnitude of sin 6 ¢, for m = as

n
2
chosen here, see section 4.3.

Dependence on angle 0r. In figure 21, plot (b), we investigate the dependence of the
BAU on 0y for a fixed value of the Majorana mass, M = 10 GeV, the light neutrino mass
spectrum with strong NO and n = 20 and m = 10 so that ¢, = 13—0“. Furthermore, we
fix s =4, ¢ps = é—g, and display the results for the same three values of k as in plot (a) of
this figure. Consulting the formulae of the CP-violating combinations Crrv o and Ciny,as
see eq. (6.40), we observe that these predict a dependence on fr which is of the form
tesp,— tesp 4+ = (V2 cosOp —sinOg) (cos O + /2 sinOg). Indeed, we find a vanishing value
for the BAU, if Or ~ 0.955 and 0r ~ 4.10, where tcsg — is zero, as well as if Or ~ 2.53
and 0g ~ 5.67, where tcsg 4 vanishes. Beyond this, deviations of the coloured curves, that
display the numerical results for the three values of &, in figure 21, plot (b), from the black
curves, that represent the analytical expectation from the CP-violating combinations, are

clearly visible and are due to washout effects.

5.5.2 Choice m even and s odd

For m even and s odd, we first analyse the dependence of the BAU on the splitting x for
different values of the Majorana mass M, then its dependence on the CP transformation
X (s) and on the angle g for vanishing splitting x. Light neutrino masses are assumed to
follow strong NO. Furthermore, we study the amount of BAU which can be generated for
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Figure 22. Case 3 b.1) Yp as function of the splitting x for a Majorana mass M = 1 GeV (upper
left plot), M = 10 GeV (upper right plot), M = 100 GeV (lower left plot) and M = 1TeV (lower
right plot). For each of these plots, different values of #r have been studied. The group theory
parameters n, m and s are fixed to n = 20, m = 10 and s = 3. Light neutrino masses follow strong
NO. For the rest of the choices see figure 20.

fr close to a special value. We perform this analysis for the choice n = 20, m = 10 and

s = 3 and hence ¢,, = IS—O” and ¢; = %—g, unless otherwise stated.

Effect of splitting . Figure 22 illustrates the dependence of the BAU on the splitting
k for four different values of the Majorana mass M and several values of 6. Light neutrino
masses have strong NO. One observes the same monotonic decrease of the BAU for & larger
than values corresponding to the resonance peak as in figures 12 and 20. This is explained
by the vanishing of the reduced mass-degenerate CP-violating combination ngé, o See
eq. (6.12). For k < 10716 we see that the BAU reaches a plateau similar to what happens for
Case 2), t odd and mg non-zero, see figure 18. For completeness, we show the corresponding
plots for light neutrino masses with NO and my = 0.03 eV in appendix F.3, see figure 37.

As one can see, the behaviour of the BAU with « is qualitatively similar.

Results for vanishing splitting « and mo = 0. Since the CP-violating combination
CDEG,a 1s non-zero for the choice m even and s odd, we expect to have a non-vanishing
value of the BAU also in the absence of the splitting x (and \). Even more, we can check
that also the lightest neutrino mass mg can be set to zero, if light neutrino masses follow NO,
and still a non-zero value of the BAU is achieved. We see in figure 22 that for very small
splitting x and mg = 0 a plateau is reached for the value of the BAU. This value can be even
larger than the observed value, Yz =~ 8.6 - 107!, depending on the choice of the Majorana
mass M. Also for mg = 0.03eV and otherwise the same choices of parameters, we clearly
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(a) Vanishing initial conditions. (b) Vanishing initial conditions.

Figure 23. Case 3 b.1) Yp as function of s/n, treated as continuous parameter, in absence of the
splitting  (and A). Light neutrino masses follow strong NO. The Majorana mass M is fixed to

M =10GeV and the angle 0 to 0r = {5. The parameter s is assumed to be odd. The left plot

shows the result for n and m being n = 20 and m = 10 and thus ¢,, = 27 while the right plot

20
is for n and m being n = 50 and m = 24 and thus ¢,, = 2?—0”. In the right plot, we show in black

the function sin 6 ¢, which, however, does not agree with the expectations from the CP-violating
combination Cprg e, see eq. (6.50). For more details, see text. The coefficient A is given by
Max[|Y5|]. Both negative (dashed lines) as well as positive (continuous lines) values of the BAU
are represented.

see that the generated BAU reaches a plateau for very small values of x and that sizeable
values of the BAU can be obtained in this regime, compare figure 37 in appendix F.3.
With figure 23 we scrutinise the dependence of the BAU on the CP transformation
X (s). In plot (a) in this figure, we fix M = 10 GeV, ¢, = 127 and additionally O = .
As one can see for s odd, the BAU seems to follow sin 6 ¢, whereas the CP-violating
combination Cpgg,o depends on sin 3 ¢, see eq. (6.50). Like for the choice m and s both
even, this discrepancy can be explained by noticing that the washout depends on s/n, see
the flavoured washout parameter f, in eq. (6.53) as well as the sum of Cpgg o weighted
by fo over the lepton flavour « in eq. (6.55) and, in particular, for m = % in eq. (6.56).
In order to better demonstrate this fact, we have also considered the choice n = 50 and
m = 24 that leads to ¢, = 251—0” = 0.48 7, see plot (b) in figure 23. In this case, the effect of
the washout is different, since a further contribution to the BAU which is proportional to
sin 3 ¢, arises, compare eq. (6.55). We hence observe a deviation from the proportionality
to sin6 ¢s (black curve). In particular, a shift of three of the values of s/n which lead to
a vanishing value of the BAU is witnessed, i.e. s/n ~ 0.167, s/n = 0.5 and s/n ~ 0.833.
These three values of s/n are associated with the zeros of cos 3 ¢s. On the other hand, the
values of s/n, which are associated with the zeros of sin3 ¢, i.e. s/n = 0, s/n ~ 0.333,
s/n = 0.667 and s/n = 1, and which also lead to a vanishing BAU, are not subject to any
shift. For values of n and m that lead to a larger deviation of m/n from m/n =1/2 (and
thus from ¢, = §) this effect is much more pronounced and, indeed, for n =20 and m = 8
and otherwise the same choice for M, fr and the light neutrino mass spectrum as well as s
odd only the zeros of sin 3 ¢, determine the values of s/n that lead to a vanishing of the
BAU. This is shown in figure 38 in appendix F.3. Inspecting this figure, we note that not
only the values of s/n with vanishing BAU, but also the overall dependence of the BAU
on s/n is reproduced to some extent by the function sin 3 ¢, (black curve). We, however,
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(a) Vanishing initial conditions. (b) Vanishing initial conditions.

Figure 24. Case 3 b.1) Yg as function of the angle 0 for a Majorana mass M = 10 GeV (left
plot) and M = 100 GeV (right plot). The splitting  (and A) is set to zero. Light neutrino masses
follow strong NO. The group theory parameters n, m and s are fixed to n = 20, m = 10 and s = 3.
We compare the numerical result (blue curve) to the analytical expectation from the CP-violating
combination Cpgg,q which is proportional to sin4 g (black curve). The coefficient A is given by
Max[|Y5||. Both negative (dashed lines) as well as positive (continuous lines) values of the BAU
are represented.

emphasise that ratios of m/n deviating this much from m/n = 1/2 in general lead to lepton
mixing angles that cannot accommodate the experimental data at the 3 o level or better.

As already mentioned for the choice m and s both even and also correct for s odd, the
magnitude of the sines of the Majorana phases a and 3, appearing in the PMNS mixing
matrix, equals the magnitude of sin 6 ¢s for m = 5, which is fulfilled for the combination
n = 20 and m = 10.

The CP-violating combination Cprg q is proportional to sin4 g, see eq. (6.50). We
test the hypothesis of the BAU being also proportional to sin46g for two different values
of the Majorana mass M, M = 10 GeV and M = 100 GeV, s = 3 such that ¢5 = %—g and
otherwise the same choice of n, m and the light neutrino mass spectrum as in figure 23, plot
(a). As one can see in figure 24, the values of #r which lead to a vanishing of the BAU are
only partly captured by sin4 6 that predicts 0 to be a multiple of 7/4. Furthermore, we
note that for the larger value of M the dependence of the BAU on 0p is better reproduced
by the analytical expectation.

Eventually, we comment on the dependence of the BAU on the lightest neutrino mass
my for light neutrino masses with NO. For the same choices of the parameters n, m, s, M
and k, as made in figure 24, plot (a), we show the BAU as function of mg for five different
values of 6 in figure 39 in appendix F.3. The generated BAU is constant for mg smaller
than 1073 eV to 1072 eV, with the exact value depending on the chosen value of g, as can
be seen in figure 39. The dependence of the BAU on myg is determined by its dependence
on the couplings yr, f = 1,2,3. From the CP-violating combination Cpgg,. we expect a
proportionality to the combination y; y2 (y3 — 335)?, see eq. (6.50), which is approximately
constant for small mg. This is confirmed by the behaviour observed in figure 39.

Special values of Or. For both m even, s odd and m odd, s even, the total mixing
angle U? strongly depends on the angle #r and, similar to Case 1), can lie several orders
of magnitude above the seesaw line for fr close to an odd multiple of 7. In figure 25,
we display the parameter space consistent with leptogenesis in the M — U?-plane for the
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Figure 25. Case 3 b.1) Range of total mixing angle U? consistent with leptogenesis for the
Majorana mass M varying between 50 MeV and 70 TeV. The splitting « is chosen among the three
values k € {1073,107%,10~!'}. However, we note that for x = 1073 and x = 1076 the observed
amount of BAU can only be generated for light neutrino masses with strong NO (left plot) and not

for light neutrino masses with strong IO (right plot). The angle 6z can be read off. The values of

ém and ¢y are fixed to ¢, = 13—0” and ¢s = %—g corresponding to m even and s odd. The contours

corresponding to positive (negative) values of the BAU are shown in continuous (dashed) lines. Note
that these refer to vanishing initial conditions except for the lines shown in fainter colours. The red
shaded area shows the region in which a condition like the one in eq. (3.69) is not fulfilled. The
black lines indicate the seesaw line.

particular choice n = 20, m = 10 and s = 3 (see figure 40 in appendix F.3 for dedicated
plots for each value of the splitting k). As one can see, the viable parameter space is more
constrained than for the examples studied in Case 1) and Case 2), compare figures 9 and 19.
This can also be observed in figure 41 in appendix F.3, when comparing it to figures 10
and 35. For strong IO, figure 25 implies that the observed amount of BAU cannot be
generated for £ > 1076,

5.5.3 Choice m odd and s even

For m odd and s even, we only display the BAU as function of the splitting x for both light
neutrino masses with strong NO and with strong 10 and a fixed value of the Majorana mass
M, M = 10GeV, in order to illustrate its behaviour for large values of k. We fix n, m and s
ton =20, m =9 and s = 4, respectively. Contrary to the other choices of m and s for Case
3 b.1), using m odd and s even leads to a non-zero value of the reduced mass-degenerate
CP-violating combination Cgé’é, o see eq. (6.52). This observation is confirmed by the two
plots in figure 26, in which the BAU reaches a plateau for large x. Notice that, for strong
10, no BAU can be generated for k = 0 in accordance with the results, shown in eq. (6.50)

and the text below.

6 Analytic expressions for source and washout terms

25

In this section, we first define different CP-violating combinations<® as well as the flavoured

washout parameter in section 6.1. These play a crucial role in the generation of the BAU.

25See [63] for a treatment using CP invariants in the fully relativistic regime.
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Figure 26. Case 3 b.1) Yp as function of the splitting x for a Majorana mass M = 10 GeV. Light
neutrino masses follow strong NO (left plot) and strong IO (right plot), respectively. For each of
these plots, different values of 6z have been studied. The group theory parameters n, m and s are
fixed to n = 20, m = 9 and s = 4. Both negative (dashed lines) as well as positive (continuous
lines) values of the BAU are represented. The grey line indicates the observed value of the BAU,
Yp ~8.6-10711,

While the dynamics of the latter can in general be intricate, the considered scenario only
contains a small number of parameters. It is, thus, possible to understand the main
dependencies of the BAU on the different parameters, e.g. on the splitting x as well as on
the choice of the CP transformation X (s) in Case 1). We then present expressions of the
different CP-violating combinations and of the flavoured washout parameter for Case 1)
through Case 3 b.1) in sections 6.2-6.4 and in appendix G.

6.1 Definition of CP-violating combinations and washout parameter

The quantum kinetic equations should in principle be solved by numerically integrating
egs. (5.1). When comparing the different cases, it is nonetheless useful to compare the
combinations of mass and Yukawa matrices that lead to CP violation. We identify them by
perturbatively solving egs. (5.1) in both Hy and I'. The leading term giving rise to the
lepton asymmetries is given by

Tr [Ca(p — piv)| o< Tr (T [H, T]) (6.1)

where we recall that a corresponds to the lepton flavour index a = e, u, 7. We then insert
the full expressions for I', T'y, and Hy to find three independent CP-violating combinations,
characterised by different combinations of Yukawa couplings

Cupv.a =i Te( [ME, V) Vo] V) Pa¥i), (6.2)
ciNV@::iﬂ}([A%g,?g§}J ?gfﬂyfg), (6.3)
CbEG.a = m( [f/g v, Vi ?D} VI P, f/;;) , (6.4)

with P, denoting the projector on the lepton flavour «,

100 000 000
P,=|000]|, P,.=|010|, P.=[000|. (6.5)
000 000 001
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These combinations are defined in the mass basis of the RH neutrinos, as indicated by the
hat. In the following, we summarise their main features.

The LFV CP-violating combination Crgy is the dominant combination when the
heavy neutrinos are in the relativistic regime, i.e. M < T'. It is the dominant contribution
in the case of freeze-in leptogenesis, as the prefactors of the remaining two combinations are
proportional to (M/ T)2. The combination Crryv «, however, only leads to a lepton flavour
asymmetry, since the sum over the lepton flavour index « vanishes, ), Crrv, = 0. Any
asymmetry generated in this way therefore crucially depends on a flavoured washout, which
can convert a lepton flavour asymmetry into a lepton number asymmetry. Consequently,
the resulting BAU is of the order O(Y5).

The LNV CP-violating combination Cynv in general directly violates lepton num-
ber, with

CrLnv = Z Cinv,a #0. (6.6)

This combination is typically subdominant in the relativistic regime, where (M/T)? < 1,
but it can have a sizeable contribution to the BAU for intermediate masses M ~ 10 GeV, as
it leads to a BAU already at the order (’)(Yé). In the non-relativistic regime, its prefactors
are usually of the same size as those for Cppy, and both contributions have to be taken
into account.?®

The mass-degenerate CP-violating combination Cpgg is the only of the three
combinations that can lead to a non-zero value of the BAU, if the RH neutrino masses
are degenerate, since it can be non-vanishing for zero splittings « and A. This type of
asymmetry is only possible at intermediate temperatures M /T ~ 1, as the thermal mass
and decay matrices commute in the relativistic and non-relativistic limits. This combination
only produces a lepton flavour asymmetry, since ), Cprg,o = 0. The BAU coming from
this combination is therefore only generated at the order O(Y}S).

Comparison of CP-violating combinations with decay asymmetries. A different
approach to leptogenesis in the non-relativistic regime relies on standard Boltzmann equa-
tions to compute the BAU. The key quantities, governing the generation of the BAU, are
in this case the decay asymmetries ¢, see e.g. [97]. We show in the following that one can
relate the flavoured decay asymmetries €;, to the CP-violating combinations Crrv o and
CiNv,a- On the one hand, the corresponding part of €, reads?”

Zj:lm (Vii¥as) Re ((?T?)i) (M2 - M3) . (6.7)

26The situation can be very different at temperatures above 102 GeV [137], where it is not possible to
distinguish the lepton flavours and baryogenesis is only possible via the LNV CP-violating combination Crnv.

2TWe omit a possible regulator and factor (f/Tf/)ii that both can in general depend on the index 7 of the
RH neutrino. For the sake of readability, we here suppress the subscript D of the neutrino Yukawa coupling
matrix Yp.
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On the other hand, expanding the expressions for Crry o and Crnvy,q, found in egs. (6.2)
and (6.3), gives

Cirva =i 3 M? {(Wy*)ij (Vi ¥as) — (V17 (gg?;j)} (6.8)
and :
Cixva = i%Mf {(ny/*)ij (viv) - (V17), (fg.gffaj)} , (6.9)
respectively. Combining these two results and exchanging the indices i and j, we obtain
5 (Curva = Cuva) =50 (M = 243) Re (V1) ) 1 (ViFe))  (610)

0,J
which is very similar to the expression in eq. (6.7).

The reduced CP-violating combinations can be defined for a particular subset of
the three heavy neutrinos. For instance, in the limit of large «, i.e. A < k < 1, it is often
sufficient to consider oscillations among only two of the three heavy neutrinos. In this limit
we introduce the three-by-two neutrino Yukawa coupling matrix }7(23)

(?(23))m:(?p)m for i€ {2,3}, (6.11)

and the analogous two-by-two heavy neutrino mass matrix. We can use them to calculate the
same CP-violating combinations as before. For A = 0, in general only the mass-degenerate
CP-violating combination is non-vanishing

23 . 5 . - ~ ~ A
C](DE%},O( =1 Tl“( [}/(7213) }/-(23)’ Yv(T23) }/*(23)} }/(1213) Py Yv(23)> . (612)

It can be used to indicate the presence of a non-vanishing value of the BAU for large &,
(23)
CDEG,a
quantifies CP violation associated with the remaining degenerate pair of heavy neutrinos.

Clearly, the sum over the lepton flavour index « is zero, ), C](ngé o =0.

when one of the three heavy neutrinos effectively decouples from oscillations, since

Flavoured washout parameter. Out of the three CP-violating combinations mentioned
above, two do not violate the total lepton number, but only lepton flavour. Thus, if the
CP-violating combination CpNy in eq. (6.6) is zero, or if the heavy neutrino masses are
too small for the generation of the lepton number asymmetry to be efficient, no overall
lepton asymmetry will be produced initially. Instead, the interactions of the heavy neutrinos
only lead to lepton flavour asymmetries, which sum up to a vanishing lepton asymmetry.
However, the three lepton flavour asymmetries are generally washed out at different rates,
which leads to an overall lepton asymmetry and thus also to a non-zero value of the BAU.
To quantify this, we introduce the flavoured washout parameter

> ot
(073),, (6.13)

There are two cases in which it is particularly important to consider the ratios of the
lepton washouts
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e equal washouts can suppress the conversion of lepton flavour asymmetries to an
overall lepton asymmetry. This can happen when either f, =1/3 for a = e, u, 7, or
all lepton flavour asymmetry is generated in two flavours only, e.g. in case the yields
are Y, = 0 and Y, = —Y,, and the washouts in those flavours are equal, e.g. f, = f-.

e flavour-hierarchical washout can prevent an overall large washout from completely
erasing early lepton asymmetries. This typically happens, if one of the three flavours,
@, is washed out at a much lower rate than the other two, i.e. f5z < 1.

It is convenient to define the following quantities
Acia=Brk—=AN)(2+k+A) and Acegz =A(1—-k). (6.14)

The vanishing of Ac;; indicates that the mass splitting between the ith and j*" RH neutrino
becomes zero. If the first factor of Aoy; is zero the two RH neutrinos have the same mass,
while for the second factor being zero, they are degenerate in mass, but have opposite CP
parity. Furthermore, we note that the vanishing of the second factor of Ao;; is only possible,
if one of the splittings, x or A, becomes of order one. This is a situation we consider as
unnatural. In the case of vanishing splitting A\, we have Ao = 3k (2 + k) and Aogz = 0.

We also introduce the quantities
Ayl =i — (6.15)

defined for i being smaller than j as well as
Sy’ =yi+ s+ (6.16)

6.2 Case 1)

We first note that Cpgg,q is zero. Thus, in order to achieve non-zero BAU we need to have
at least one splitting x or A non-vanishing. In the following, we distinguish between s even
and s odd. Then, for s being even, we find for Crry o

4 . . .
Crpv,e = 9 M? Y2 Ao (y1 Ay%Q cos 0r, o cosOr — ys3 Ay%;», sinfp, o sin 9R> sin 3 ¢
(6.17)
and similarly for Cinv o

4
CiNV,a = 9 M? yo Ao (y1 (Ay§3 - Ay%g cos 2 93) cosOr o coslOp
— s (Ayhy + Ayl cos205) sinfrq sinfr) sin3 . (6.18)

Note that summing Ci,nv o over the lepton flavour index a gives zero. We have defined
the quantity

4
0r,0 =01 + pa % with  pe =0, py, =+1, pr = —1. (6.19)

For s odd, we have to replace sin 3 ¢s by — cos 3 ¢, in the above formulae.
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In the limit of large splitting x (and A = 0), we find for the reduced mass-degenerate
CP-violating combination C’](Dzéz; , that it is

23 4 .
C’]()E%;’a = Y2 Ay%g) (2 Ay%Q — Ay%s (1 4+ 2cos 203)) (y1cosfp o sinfr

—y3sinfr  cosfp) sin20pr sin 3 ¢
(6.20)

for s even, while for s odd we have to replace sin 3 ¢s by — cos 3 ¢s.

The flavoured washout parameter f,, introduced in eq. (6.13), is the same for s even and s
odd, and only depends on the couplings 3 and the angle 0,

1 Ayl
fo = 3 <1+ 2 cos20r.q | - (6.21)

The recent work [38] studies resonant leptogenesis in a low-scale type-I seesaw scenario
with the same flavour and CP symmetries. For strong NO and s even, we notice that the
combination %(CLFV’C, — CLNV,a), Obtained by subtracting eqgs. (6.17) and (6.18), reads

%(CLFV7(X — CLNV,a) = —g ]\42 AO’12 Y2 Y3 sin QL,oz (y% — y32, Sin2 9R> sin QR sin 3 ¢5
(6.22)
and thus has the same dependence on the parameters s, y¢, 07, and 0 as the flavoured decay
asymmetries in [38], compare equation (4.10). This is expected from egs. (6.7) and (6.10).
We have also checked that there is agreement between their and our results for strong 10
as well as for s odd.

6.3 Case 2)

For Case 2), we can distinguish between the following combinations: s and ¢ both even,
s even and t odd, s odd and t even as well as s and ¢t both odd. We first discuss the
CP-violating combinations for s and ¢ both even. Like in Case 1), we find that for vanishing
splittings x and A all CP-violating combinations are zero. So, Cpgg,q is always zero. If the
splittings are non-zero, we have for Crrv o

CLrv,e = g M? ( — yo Ao12 (Y1 Ay%Q sin 6y, cosOr + y3 Ay%;; cos 0y, sinfRr) sin ¢L2a cos %
+y2 Aoia (Y1 Ay%Q cosf, cosfr — ys3 Aygg sin @y, sinfR) cos ¢;’a sin %
—% Y1 y3 Ayis (Aoig + 6 Aoas) sin2 60 sin qﬁwa) (6.23)
and for Cinv o that it coincides with Crry o up to an overall sign, i.e. Cinv,o = —CLFV,a-

Thus, the sum of Cinv,« over the lepton flavour index « gives zero. We have introduced
the quantity

TU 47

47 .
¢u,a:7+pa?:¢u+pa? with  pe =0, py = -1, pr = +1. (6.24)
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It is instructive to consider the formulae for strong NO (y; = 0) and strong IO (y3 = 0) as
well as the special case u = 0 for the electron flavour, @ = e. For strong NO we have

4
Crrve = —9 M? Yo Y3 Ay%3 Aoio (cos 0, sin ¢;’a cos % + sin 07, cos ¢;’a sin %) sinfp
(6.25)
and for strong IO we find
4 Pu, ¢ Pua . P
CLFV,a = §M2 Y1 Y2 Ay%Q AUlg ( ;a 2U % Sin ?U) COS QR.
(6.26)
For u = 0 and the electron flavour, o = e, we get
4
Crrv,e = 9 M?yy Aois (y1 Ay, cos By cosbr — y3 Aya, sin 0, sin 93) sin % . (6.27)

For the combination s odd and t even we get the same results for the CP-violating
combinations, just replacing ¢, by ¢, — 7 in the mentioned equations.
For the combination s even and ¢ odd, we find instead non-zero Cpgrg,a
1 . .
CbEG,a = YL (Ay?;)? sin40p sin Du.a - (6.28)
Interestingly enough, Cprg,o vanish in the case of strong NO and strong I1O. If the splittings
x and A are non-zero, also Crry o and Crnv, o are non-zero. We have for Crpy o

2 .
CLFv,a = 9 M? (yg Aois {(yg AySS sin0r, csp,— + 1 Ay%Q cos 0, CSR,+> g’o‘ S Q;U
_ (yl Ay%Q sinfr, csp— + y3 Ay§3 cos 0, csR7+) ¢2 Q;U
2 2 . ¢v
+ (y1 Ayiy cos O, csp,— — y3 Ayas sin by, csR7+> 2
2 2 o <Z5v
— (yg Ayss cos O csp,— — y1 Ayis sindy, csR7+> sin T sin —
+y1 Y3 Ay%i)) [Aoi2 4+ 6 Aoas] sin2 6y, cos ¢u7a) (6.29)

with c¢sp + = cosgr £sin fg. For strong NO and strong IO this result simplifies considerably.
For strong NO, we have

2 . ¢u,o¢ o . ¢u7a . Do
CLpv,a = §M2 Y23 Ayzs Aotz (( 5 5 L 5 5 ) CSR.—
—(cosHL smqﬁ—acos@—i—sin@,; co Pua qﬁv) csR+>
2 2 2 '
(6.30)
and for strong 10 we get
2 v v
CLFV,a:9M2y1y2Ay%2A0'12(<_ ¢2 ¢ ¢2 4 ) CSR,—
+( ¢2 ¢U +sin9L Sinmmnq;) CSR,-{—)-
(6.31)
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Furthermore, we can get a simple formula for the electron flavour, a = e, taking into account
that u/n is small and thus also ¢,

2 .
Crrv,e = 9 M? (yg JANSZD [(yg Aygg sinfr, csr,— + Y1 Ay%Z cos 0y, csR#) cos %
2 2 . (z)v
+ (y1 Ayiy cosOr csr,— — y3 Ayss sin by, csR,Jr) sin -
+ Y1 Y3 Ay%?) [Aoia + 6 Aoag] sin 2 9L> . (6.32)

For Cinv,o we refer to appendix G.1. Summing Crnv,« over the lepton flavour index o
we find

1.5 2\ 2 .
Ciny = -3 M (Ay13) [Acia + 6 Aoas] sind Op . (6.33)

For the combination s and ¢ both odd we get the same results for the CP-violating
combinations, just replacing ¢, by ¢, + 7 in the mentioned equations.

In the limit of large splitting « (and A = 0) we find that the reduced mass-degenerate
(23)

CP-violating combination C’DQSG ., vanishes for ¢ even and all choices of s, while it is non-zero
for ¢t odd and reads for s even

2 . .
01(321:332;,04 =5 Ayi, <y2 { (Ay%z —Ays,— Ay, sin20p) [(yl cosfrcsp_+yssinfrcsp )
X COS %Ta cos %—Q—(yl sinfr, csp,— —ys3 coslr csp +) sin Du.a sin (Z;U]
2 2 2 . . ¢u,a . va
+ (Ay12 —Ays3+Ayis sm263) (y1 cosfr csp,+—y3 sinfr csg,—) cos 5 sm?

2 2
— ((y% Ayzs—y3 Ay%z) cos20r, sin20r+1y, Y3 (Ay%z —Ay§3) sin26y, cos26r) cos . q

— (y1 sinfr csp 4+ +ys cosfr csg,—) sin Pu.a coS %] }

+291 Y3 Ay?y sin 20 sin ¢u7a> cos26p.

(6.34)
For s odd ¢, has to be substituted by ¢, + 7 in eq. (6.34).

The flavoured washout parameter f,, found in eq. (6.13), does not depend on the choice of

s and t being even or odd, but only on the couplings yy, the parameter ¢, and the angle 6,

1 Ay?
fo = 3 (1 + 2?4123 cos 20, cos ¢u7a> ) (6.35)

Similar to Case 1), we have checked explicitly that the dependencies on the parameters ¢,
¢y, 01 and Op, given in eq. (6.23), coincide with those, found in [38], see equation (4.13).
This is expected, since for s and ¢ both even Cinv o is the negative of Crry 4.

— 68 —



6.4 Case 3 a) and Case 3 b.1)

Also for these cases we can distinguish two types of combinations of the parameters, which
are s and m. On the one hand, for s and m both even or both odd Crpy , and Cinv o
are the same up to an overall sign. Consequently, summing Cinv o over the lepton flavour
index «a gives zero, i.e. Cinyyv = 0. Furthermore, Cpgg, vanish, meaning that non-zero
CP-violating combinations for these two combinations of s and m require that at least one
of the splittings, x and A, is non-vanishing. On the other hand, for the combinations of
s and m, where one is even and the other one odd, Crry o and Ciny,« are non-zero and
different from each other, Crny is non-vanishing and also Cprg,o are non-zero. Since the
results for Case 3 a) and Case 3 b.1) are quite lengthy, we mainly mention them for the
combinations s and m both even as well as s odd and m even.
For s and m both even, we have for Crry o

2 .

CLFv,a= 9 M? <\/§y1 Y2 Ay [Ac12+3 Agag] tesp,— tesp 4 COS P o SINS g
+3v2y3 Acas [yg Ay§3 coslrtesr—+y1 Ayfg) sinfy, tcsR’+:| SiN @y COS3 P
—3y3 Ao {yl Ay%:g cosOrtcsr+—1y2 Aygg sinfy, tcsR,_} sin 2 gzﬁm,a) , (6.36)

where we have defined

T™m 47 47
¢m,a27+0a?:¢m+pa? with p. =0, p, =+1, pr = —1, (6.37)
as well as
tcsp,— = V2 cosfp — sinfp  and tespy = cosfp + V2 sinfp. (6.38)

Again, we can simplify this formula by considering strong NO and strong 10. For strong
NO for Case 3 a) (y1 = 0) we find
242
Crrve = ;f M? Yo Y3 Ay§3 Aoo3 (cos 01, cos3 s + V2 sin 01, cos ¢m7a) tesp,— sin o q
(6.39)
while for strong IO for Case 3 a) and for strong NO for Case 3 b.1) (y3 = 0) we get
2v2

Crrv,a = o M? yy yo Ayt [Acia + 3 Acys) tesp,— teSp 4+ COS P SIN 3 P . (6.40)

For strong IO for Case 3 b.1) (y2 = 0) we have

CLrv,e = 2;)5 M2y, y3 Ay%g Aoas (sin 01, cos3 s — V2 cos By, cos ¢m7a) tcsp+ Sin G o -
(6.41)

We can also give approximate expressions for the electron flavour, o = e, for Case 3 a)

and Case 3 b.1), using that the value of m is strongly constrained. For Case 3 a), m ~ 0

(m ~ n), such that we have

2 \f
Crrve = (—)—— M2 Y1 Y2 Ay12 [Aci2 + 3 Aoas]tesg,— tesp 4 sin3 ¢, (6.42)
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while for Case 3 b.1), m ~ %, so that

22

2 .
CrLrpv,e = 5 M? y3 Aoas (yg Ay§3 cosOr tcsr— +y1 Any sin 6y, tcsR,Jr) cos3 s . (6.43)

For s odd and m even, we find

V2 .
CLrv,e = 9 M? (yl Y2 AyZy [Acig + 3 Acag) sin 207 cos2 Pm.a

-3 \/§y3 Aoas [yl Ay%;; cos Oy, cosOr + yo Ay§3 sin 07, sin GR} Sin 2 G0
—6V2y3 Aoag [yg Ay§3 cos by, cosOr + y1 Ay%?) sin 6, sin 03} Sin @ o Sin 3 @
+6 y3 Aoas [yl Ay%?) sin 67, cosfr — o Ay§3 cos 0y, sin HR} Sin ¢, o €OS 3 P
+y1 Y2 Ayt [Acia + 3 Acas] sin20r cos yq sin 3 ¢

+2V2y1 yo Ayly [Acya + 3 Aogs] cos26y, cos Gm.,a COS3 ¢5> (6.44)

and for Crnv,, we refer to appendix G.2. Also these formulae simplify considerably for
strong NO and strong IO, e.g. for Crry o we get for strong NO for Case 3 a) (y1 = 0)

2+/2
CLrv,a = —;)f M? Y2 U3 Aygg Aoas (\/§ sinfy, sinfpg cos cbm,a—l—\/i cosf, cosOp sin3 ¢

+cosfr, sinfp Cos3qbs) SN @m0 (6.45)

and we have for strong 10 for Case 3 b.1) (y2 = 0)

24/2
CrLrv,a = —\3[ M2y, ys Ay%3 Aoog (\/§ cosfr, cosOr cos o —sindr, costpr cos3 ¢
+v/2sinfy sinfp sin3¢s) Sin G - (6.46)

Furthermore, we can look at the formulae for the electron flavour, a = e, and take into
account the phenomenological constraints on m, e.g. for Cppy . for Case 3 a), m ~ 0, we
find

2
CLpv,e~ \9[ M? 31 yo Ayiy [Acia+3 Aoas)] (sin29L+siHQHR sin3¢s+2v2 cos26;, cos3¢s>
(6.47)
and for Case 3 b.1), m ~ Z, we arrive at

2
CLrv,e & \f M? <_y1 Y2 Ayly [Ac1a + 3 Aogs] sin26;,
-6 \/iyg Aoog {yg Aygg cos By, cosOgr + 1 Ay%g sin 0y, sin GR} sin 3 ¢
+ 6y3 Aoag {yl Ay?s sin 0, cosOr — ya Ayas cos by, sin 93} cos 3 ¢s) . (6.48)

Summing Crnv,q over the lepton flavour index a leads to

2 2
Ciny = \;{ M? (Aydy)” [Aois + 3 Aoas) sind O (6.49)

— 70 —



Eventually, we have for Cpgg,a

V2 2 .
CbEG,a = 3 YLy (Ay%z) sind 0r cos P, sin3 ¢s . (6.50)

We note that for strong NO for Case 3 a) (y; = 0) as well as for strong 10 for Case 3 b.1)
(y2 = 0) this type of CP-violating combinations vanishes.
For s even and m odd, we have similar results, e.g. for Crnyv we find

2
CLNV = \/i]\l2 (Ay%Q) AO’23 sin403 (651)

and for Cpgg,o the same as in eq. (6.50) up to an overall sign.

In the limit of large splitting x (and A = 0) we find that the reduced mass-degenerate
CP-violating combination ng%}’ o is zero for three of the four possible combinations of s
and m, namely for s and m both even or both odd as well as for s odd and m even. Only
for s even and m odd we have a non-vanishing result which reads

2
ng%},a =57 Ay, (2 Ay +Ayty (145 cos? QR))

(yg(yl sinfr, cosOr+y2 cosfr, sinfg) sin gy, o — V241 ys cos ¢m7a> sin26p sin 3 ¢s.
(6.52)

The flavoured washout parameter f,, shown in eq. (6.13), is independent of the choice of s
and m being even or odd and reads

1 Ay?, — Ay2, sin? 0 Ay?
fo=2 <1+< Y1z — AYig Sin L) C052¢m,a_\/§ ( Ey122> sin267, cos o o cosS¢S> .
Yy

3 Yy
(6.53)
Furthermore, we compute the combination ), Crrv o fo for s and m both even. Since the

n

result turns out to be rather lengthy, we only display it for A = 0 and m = 3, as preferred

in Case 3 b.1). Employing egs. (6.36) and (6.53), we have

A 2 \2

ZC’LFV,Q fo = —M? (W) k(24 k) sin20ptesp — tespy sinb¢s.  (6.54)
Yy

6%

As Cinv,a = —CrFv o for this choice of s and m, the result for the combination » ", Cinv o fa
is the same up to an overall sign. Likewise, we can consider the combination ), Cpgg,«a fa
for s odd and m even and find

1 2 Ay?s — Ay, sin? 0,
za: CpEG,a fa = 32 Y1Yy2 (Ay%z) (( L 12 cos 3 o

Yy

Ay%2 . . .
—V2 sin2 0y, cos3 ¢s | sind g sin3 ¢s,

Yy?

(6.55)
using the expressions given in egs. (6.50) and (6.53). Fixing m = 3, see Case 3 b.1), we
arrive at ) s

S Corga fo = — <ylyé(§;§2)> $in 26, sin 4 0p sin 6 ¢, . (6.56)
a

For s even and m odd we find the same result up to an overall sign.
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7 Enhancement of residual symmetries

For particular values of 01, and 0g, the residual symmetry G, = Zs x C'P, preserved by
the neutrino Yukawa coupling matrix Yp, can be enhanced. Such values are interesting,
since a small deviation from these can be related with different phenomenological aspects,
e.g. in the case of 01, it can be the smallness of the reactor mixing angle 63, see egs. (4.1)
and (4.2) and the detailed discussion in [22], while for §5 this can be the possibility to have
large couplings y¢, see egs. (3.15) and (3.17).

In the following, we focus on the possible enhancement of the flavour symmetry. We
consider the combinations YDYLT) and Y[T)YD in order to analyse enhanced symmetries due
to particular values of 8y and 0p, respectively. We constrain ourselves to the search of
enhanced symmetries that are part of the flavour symmetry Gy and leave aside the possibility
that these enhanced symmetries are emergent/accidental. We also note that we usually
expect larger symmetries to be preserved by the combination YgYD at particular values
of fr than by YDYZT) at particular values of 0;, since RH neutrinos transform as the real
representation 3’ of G that is unfaithful (for n > 2). The latter can be seen from the fact
that e.g. the elements c? and d? are represented by the identity matrix in the representation
3, compare eq. (A.4) in appendix A. As a consequence, the symmetry Z,, x Z,, comprised in
A(6n?) acts as a Klein group in the case of the representation 3’ such that only 24 distinct
representation matrices can be obtained in total in this representation. When discussing
enhanced symmetries for Y[T)YD, we only refer to the representation matrices in 3’ and the
enhanced symmetry which is generated by these.

We discuss the enhanced symmetries for Case 1) and Case 2) together as well as those
for Case 3 a) and Case 3 b.1).

7.1 Case 1) and Case 2)

For Case 1) and Case 2) the residual Z; symmetry, which is part of G,, is generated by
Z = "2, compare egs. (3.1) and (3.20), and the value of @y, preferred by the global
fit data on lepton mixing angles, is close to 0 ~ 0 or ; ~ 7, compare eq. (4.1) and
table 1. Interesting values for fr are given by sin26r = 0, i.e. 0 = 0,7/2,7,37/2, as
well as by cos20r =0, i.e. g = 7/4,3w /4,57 /4, Tr /4, as can be seen in section 3.2.2 and
section 3.1.2, respectively.

If 67 = 0,7 and, for Case 2), the parameter u also vanishes (or is a multiple of the
index n), the combination YDY}; becomes invariant under a further Zs group of Gy, which
is generated by

100
Zhg=ab and ZL B)=|001]. (7.1)
010

The Z5 symmetry associated with the generator Zade forms a Klein group together with

the residual Z, symmetry that is generated by Z = ¢"/2.
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Similarly, if g = 0,7/2, 7,37 /2 for Case 1), we find that in addition to the representa-

tion matrix
-1 2 2 100

1
3| 2-12 also ZM,3)=1001 (7.2)
2 2 -1 010

leaves the combination YgYD invariant. The symmetry associated with these two represen-
tation matrices is a Klein group. This is also true for Case 2) for the choice ¢ even, where s
can be either even or odd. For Case 2) with ¢ odd and any value of s we have instead that
the choice g = 0,7/2,7,37/2 leads to the combination YIT)YD being also invariant under

the representation matrix

. -1 2w 2w?
ZR 48 = 3 2w 2w? —1 (7.3)
202 —1 2w

that corresponds to a Z; symmetry. Note that the square of this matrix is the repre-

n/2 These representation matrices

sentation matrix associated with the element Z = ¢
and consequently the Z; symmetry are also preserved by the combination YgYD for
Or = /4,37 /4,5m/4, T /4 for Case 1), independently of the choice of s. For Case 2)
and for all possible choices of s and t, we have that for 0p = w/4,3mw /4,57 /4, 7w /4 the

representation matrix
—1 2w 2w?

1
ZR.(8) = 3 2w? —1 2w (7.4)
2w 2w? —1

also leaves the combination YBYD unchanged. This matrix together with the representation

matrix for Z = /2

gives rise to a Klein group.

In summary, the enhanced symmetries of the combinations YDY;% and Y[T)YD achieved
for particular values of the angles 6 and 6g, respectively, do not depend on the choice of s
for Case 1), while for Case 2) we have to distinguish, at least for the combination YLT)YD,

between t being even and t being odd.

7.2 Case 3 a) and Case 3 b.1)

For Case 3 a) we have m =~ 0 (m =~ n) and 67, ~ 0,7, while for Case 3 b.1) it is m ~ 5 and
01, ~ m/2, compare tables 2, 3, 7-10.

We first discuss the results for the combination YDYB For all choices of s and
independently of whether m is even or odd, we find for Case 3 a) that additionally to the
Zy symmetry generated by Z = b in the limit of vanishing m (or m being the index n) there
is a Z symmetry coming from

N 2w? 2w
ZE =c?d"? and  ZE,(3) = 5 | 2w —1 207 (7.5)

20?2 2w -1
for 7, = 0, 7. These two symmetries give rise to a Klein group. Similarly, for all choices of
s and both types of m, m even and m odd, we have for Case 3 b.1) that, beyond the Z
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symmetry due to Z = b¢™2d™? in the limit of m = n/2, the Zs symmetry corresponding
to the generator
100
Zha=0b and  ZL4(3) =00 w? (7.6)
Ow 0

leaves the combination YDYZT) for 6, = w/2 invariant. Checking the symmetry due to these
two generators, we thus arrive at the same Klein group as for Case 3 a).

For the combination YgYD we first note that it does not depend explicitly on the
parameter m. Furthermore, from sections 3.3.2 and 3.3.3 we know that the particular values
for Or are 0p = 0,7/2,7,37/2 due to sin20p = 0 as well as 0 = w/4,37/4,57/4,Tr/4
due to cos26r = 0. So, the enhanced symmetries for YLT)YD at the particular values of
Or are the same for Case 3 a) and Case 3 b.1). We only need to distinguish between m
being even and m being odd. For m even and all possible choices of s we have that the Z5
symmetry generated by the representation matrix

100
00 w? (7.7)
Ow O

in 8’ is part of G, and additionally for 8 = 0, 7/2, 7,37 /2 the representation matrix

) —1 2w? 2w
ZR 4 ( ’):5 2w —1 2w? (7.8)
202 2w —1

leaves the combination YgYD invariant. This representation matrix corresponds to the
generator of a Z symmetry and leads together with the already present Zs symmetry
to a Klein group. For m odd, we arrive at the same Klein group as enhanced symmetry.
However, the symmetry comprised in GG, is given by the representation matrix

) -1 2w? 2w
3 2w 2 —w? (7.9)
202 —w 2

in 3’, while the representation matrix

100
ZR.8)=100w? (7.10)
Ow O

is only a symmetry of YgYD for 0p = 0,7/2,m,3w/2. For the particular values 6p =
/4,37 /4,57 /4, Tn /4 we find that there is no (non-trivial) representation matrix beyond
the one associated with the generator of the Zs symmetry, contained in G,, leaving the
combination YLT)YD invariant.

In summary, we always find that the enhanced symmetry for the combination YDYg is
a Klein group, generated by the elements b and ¢*/2 d"/2. For the combination YIT)YD we
also always find a Klein group for g = 0,7/2, 7,37/2 and no enhancement of symmetry
for Op = w/4,37 /4,57 /4,7 /4.

74—



We expect that the deviation of A from one of its particular values is smaller than the one
of 07, from one of the identified particular values, since the symmetry of the combination
YgYD is usually larger than the one of YDY[T), simply because the representation 3’ is
unfaithful for all groups A(6n2) with n > 2.

In one class of explicit models [7-9], the flavour (and CP) symmetries are spontaneously
broken to the residual symmetries G, and G; with the help of flavour (and CP) symmetry
breaking fields and a peculiar alignment of their VEVs, achieved with a potential of a
particular form. Depending on the choice of these fields and the form of their VEVs, a
symmetry larger than G, and/or G; can be preserved by the mass matrices at leading order.
Contributions from higher-dimensional operators then induce small deviations so that only
G, and () remain intact, thus explaining the sizes of the angles 0y and 6r. An example
can be found in [82], where the correct size of 01, and, consequently, of the reactor mixing
angle 613 is justified in this way.

8 Summary and outlook

We have considered the low-scale type-I seesaw framework endowed with a flavour symmetry,
belonging to the series of groups A(3n2) and A(6n2), n > 2, and a CP symmetry. These
symmetries are broken to different residual groups G; and G, in the charged lepton and
neutrino sector, respectively, which strongly constrain the form of the mass matrices in
these two sectors. Since the Majorana mass matrix of the three RH neutrinos does not
break the flavour and CP symmetry, they are (almost) degenerate in mass in this scenario.
At the same time, the Dirac neutrino mass matrix carries all non-trivial flavour structure in
the neutrino sector, fixed by GG,,. For a given flavour and CP symmetry and residual groups
G and G, this matrix depends on five real parameters, see also [35], that determine the
light neutrino mass spectrum and give rise to one free (effective) parameter in the PMNS
mixing matrix. They are, together with possible small splittings among the RH neutrino
masses due to the breaking of the flavour and CP symmetry, relevant for the generation of
the BAU through low-scale leptogenesis.

We have scrutinised the generation of the BAU and its dependence on the parameters,
contained in the Dirac neutrino mass matrix, and on the RH neutrino masses, i.e. their
mass scale M and the possible splittings x and A, both numerically and analytically. In
doing so, we have considered the four different viable lepton mixing patterns, called Case
1) through Case 3 b.1), [22]. We have chosen representative examples that allow for a
successful explanation of the measured values of the three lepton mixing angles and, possibly,
the indication of the value of the CP phase §. By numerically solving the quantum kinetic
equations, we have found that low-scale leptogenesis in both the freeze-in and freeze-out
regime remains viable for a wide range of the RH neutrino mass scale M and mixing angles
U2 for all cases, Case 1) through Case 3 b.1). Furthermore, we have supplemented the
numerical findings with analytic expressions for different CP-violating combinations, that
allow for a qualitative understanding of the numerical results, such as signalling the absence
of CP violation that leads to vanishing BAU. Indeed, in this scenario it is possible to
reveal the parametric dependence of the BAU, e.g. its dependence on the choice of the
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CP symmetry and thus its correlation with the Majorana phase « in Case 1), see figure 7,
discussion in section 5.3 and egs. (6.17) and (6.18) in section 6.2, and whether or not a
non-zero splitting £ (and A) among the RH neutrino masses is necessary for the successful
generation of the BAU, see table 6. This would be intractable in a scenario without flavour
and CP symmetries.

In the following, we highlight the most striking results of this analysis. First of all,
we find for each case, Case 1) through Case 3 b.1), instances in which it becomes possible
to correlate the BAU with one or both Majorana phases « and 3, present in the PMNS
mixing matrix. Secondly, for Case 2), t odd, and Case 3 b.1), m even and s odd or vice
versa, it is feasible to generate the BAU without the splittings x and A, see table 6 as well
as the CP-violating combination Cprg o in section 6. Interestingly enough, for Case 2), ¢
odd, a non-vanishing lightest neutrino mass my is required for the successful generation of
the BAU, while the variant with the least number of free parameters is given by Case 3
b.1), m even and s odd or vice versa, since it allows for non-zero BAU even if mq vanishes,
as long as light neutrino masses follow NO. Thirdly, we have demonstrated that the correct
amount of BAU can also be generated in the limit, in which the splitting & is too large for
a resonant enhancement, x > I'/M. This result depends on the case, Case 1) through Case
3 b.1), as well as on the choice of certain group theory parameters, see table 6, since the
remaining subsystem of two RH neutrinos does not always contain CP violation necessary
for low-scale leptogenesis. In the limit of large k, the dependence on the exact value of k
can be neglected, and we have worked out analytic expressions that can reproduce the main
parametric dependence of the BAU, see the CP-violating combination C’ggé o, in section 6.
Finally, we note that for all cases, Case 1) through Case 3 b.1), active-sterile mixing angles
U2, much larger than those expected from the naive seesaw estimate, U2 > m, /M, can
be obtained for specific choices of the group theory parameters and the angle 6 being
close to a special value, see table 6. These choices of parameters can permit, at the same
time, the successful generation of the BAU. This observation is very important, since it
leaves open the tantalising possibility to find RH neutrinos at existing and planned direct
search experiments [6, 52-55].

It is highly interesting to expand the current study in different directions. First of all,
the collider phenomenology of the three RH neutrinos as well as different LNV processes
deserve a dedicated analysis in this scenario. While we have focused on a scenario in which
the three RH neutrino masses are (almost) degenerate due to the imposed symmetries,
it is equally interesting to consider another scenario in which the structure of the Dirac
neutrino mass matrix is trivial, i.e. this matrix is flavour-diagonal and flavour-universal,
and the non-trivial flavour structure is encoded in the Majorana mass matrix of the RH
neutrinos which preserves the residual symmetry G,, see also [35]. As a consequence, the
masses of the three RH neutrinos are non-degenerate. This is expected to lead to a different
parameter space, allowing for the successful generation of the BAU, especially no (further
symmetry-breaking) source of small splittings among the RH neutrino masses is needed.
Also the collider phenomenology of the RH neutrinos as well as results for signals of LNV
processes will in general differ from those of the discussed scenario. Apart from scenarios
with three RH neutrinos, it is also worth to discuss extensions beyond the studied type-1
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Type of mixing pattern BAU non-zero BAU non-zero Large total mixing

for k = 07 for large 7 angle U? possible?
Case 1) No, see figure 4 Yes, see figure 4 | Yes, for cos20r ~ 0
see figure 9
Case 2), t even No, see figure 12 No, see figure 12 No
Case 2), t odd Yes, for mg # 0 Yes, see figure 16 | Yes, for sin26pr =~ 0
see figure 17, plot (a) see figure 19
Case 3 b.1), m and s even No, see figure 20 No, see figure 20 No

Case 3 b.1), m even, s odd Yes, see figure 22 No, see figure 22 | Yes, for cos26pr = 0
except for strong 10 see figure 25

Case 3 b.1), m odd, s even Yes, see figure 26 Yes, see figure 26 | Yes, for cos260r ~ 0
except for strong 10
Case 3 b.1), m and s odd No No No

Table 6. Overview over results for the different cases, related to different mixing patterns for
leptons. We highlight whether or not it is possible to generate a non-zero value of the BAU for
vanishing splitting x (and \), whether or not we obtain a non-zero value of the BAU for large values
of k, k> T'/M, and if it is possible to simultaneously have large total mixing angle U? and generate
the observed amount of BAU.

seesaw framework such as the inverse seesaw mechanism in which typically three more
gauge singlet fermions are added, since also this mechanism of neutrino mass generation
can be compatible with low-scale leptogenesis. At the same time, it is well-known that
inverse seesaw models can offer a variety of phenomenological imprints, such as collider
signals, signals in precision flavour physics experiments as well as different LNV processes,
see e.g. [138]. Additionally, in both frameworks, the type-I seesaw and the inverse seesaw, a
variation of the number of RH neutrino generations and/or of the gauge singlet fermions
can give rise to scenarios with distinct phenomenology, see e.g. [139]. Lastly, in view
of a possible extension of the SM gauge group it is interesting to consider the effect of
new gauge interactions, also involving RH neutrinos (and possibly gauge singlet fermions),
see e.g. [140, 141], on the results for low-scale leptogenesis and their impact on different
phenomenological aspects of the mentioned scenarios.

Acknowledgments

We thank Garv Chauhan and Bhupal Dev for the exchange about their work [38] that
appeared during the final stage of our work. Y.G. acknowledges the support of the
French Community of Belgium through a FSR grant and the FRIA grant No. 1.E.063.22F.
C.H. has been partly supported by the European Union’s Horizon 2020 research and
innovation programme under the Marie Skltodowska-Curie grant agreement No. 754496
(FELLINI programme) as well as is supported by Spanish MINECO through the Ramén y
Cajal programme RYC2018-024529-1, by the national grant PID2020-113644GB-100 and
by the Generalitat Valenciana through PROMETEO/2021/083. C.H. has also received
support from the European Union’s Horizon 2020 research and innovation programme

— 77 —



under the Marie Sktodowska-Curie grant agreement No. 860881 (HIDDer network). J.K.
acknowledges the support of the Fonds de la Recherche Scientifique - FNRS under Grant
No. 4.4512.10. Computational resources have been provided by the supercomputing facilities
of the Université catholique de Louvain (CISM/UCL) and the Consortium des Equipements
de Calcul Intensif en Fédération Wallonie Bruxelles (CECI) funded by the Fonds de la
Recherche Scientifique de Belgique (F.R.S.-FNRS) under convention 2.5020.11 and by the
Walloon Region.

A Group theory of A(6n?) and representation matrices

In the following, we briefly describe the discrete groups A(3n2) and A(67n2) and some
properties of their irreducible representations. The groups A(3n2), n > 2 integer, can be
given in terms of three generators a, ¢ and d fulfilling the relations

a’ =e, ct=e, d"=e, cd=dc, aca t=c¢tdt, ada !l =c¢

(A.1)
with e being the neutral element of the group [20]. As discussed in [21], the groups A(6n?),
n > 2 integer, are obtained by adding a fourth generator b to the set of a, ¢ and d. The
relations involving b are

b =e, (ab)>=e, bebt=dt, bdbl=c'. (A.2)

In the trivial representation 1 all elements of the group are represented by the character 1.
The representation matrices ¢g(3) for a, b, ¢ and d can be chosen in one irreducible, faithful,

complex three-dimensional representation 3 of A(6n?) as®®
100 100
a)=|(0w 0 |, bB3)=1]100w?|, (A.3)
00 w? Ow 0
1 14 2cos ¢, 1 — cos ¢ — V/3sin ¢, 1 — cos ¢y + v/3sin ¢y,
c(3)=§ 1 — cos ¢ + V/3sin ¢y, 1+ 2cos ¢p 1 — cos ¢y, — V/3sin ¢y,
1—cos¢n—\/§sin¢n1—cos¢n—|—\/§sin¢n 14 2cos ¢,

with w = €2™/3 and ¢, = 2% The form of d in 3 can be computed via d(3) = a(3)%c(3)a(3).
As mentioned in section 2.2, the representation 3 corresponds to 3; ;) in the nomencla-
ture of [21].

The existence of an irreducible, unfaithful, real three-dimensional representation 3’
requires that all its characters are real. This cannot be fulfilled in all groups A(6n?), but
only, if the index n is even. In this case the form of the representation matrices of the
generators is

-1 2 2

1
a(3)=a(3),  b3)=b@3), 3)=3| 2 12 (A.4)
2 2 -1
28 The similarity transformation U = % (wlz 01{2 1) has to be applied to the generators a(3), b(3), c¢(3)
w w1l

and d(3) given in eq. (A.3) in order to obtain the form of the representation matrices as given in [21].
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and d(3') = a(3')%c(3')a(3"). Since these do not depend on the index n of the group, we
find the same representation for all groups A(6n2) with even n. We observe that the group
generated by the representation matrices ¢g(3’) has 24 elements and thus corresponds to
the group A(6-22) = A(24). This group is isomorphic to the permutation group Sy. The
representation 3’ together with the one generated by the representation matrices a(3’),
¢(3'), d(3") and —b(3’) (i.e. the representation matrix b(3’) acquires an overall sign, see [21])
are the only real three-dimensional representations in a generic group A(6n2) with even n
and 3 {n. They are called 31 (/2) and 33 (/2) in [21], respectively.

In order to check that 3’ and the other representation are the only real three-dimensional
representations in a generic group A(6n?) with even n and 3 { n, we inspect the characters of
the irreducible three-dimensional representations. Following [21] we see that the characters
X(3gen) of a generic irreducible three-dimensional representation 34e, for a certain type of
classes are given by (—)n~*! with n = e2™/" p=0,1,...,n — 1 (p labels this type of class
of the group A(6n2)) and I = 1,2,...,n—1 (I labels the different pairs of three-dimensional
representations). We have to require that all (=)' for a certain representation labelled
by [ are real. This is ensured, if = is real for all powers p, meaning 1~ should be real itself.
Hence, 21/n must be an integer. With the constraint on [, 1 <1 < n — 1, we know that
there is a single solution to 2/n being an integer, namely [ = n/2, i.e. there is a single pair
of irreducible three-dimensional representations that are real. In this case their characters
are real for all classes, as can be explicitly checked with the help of the character table,
shown in [21]. Since the group, generated by a(3'), b(3'), ¢(38') and d(3’) in eq. (A.4), only
has 24 elements, the representation 3’ is unfaithful for n > 2.

B Form of representation matrices for residual symmetries

We list the form of the representation matrices in the representations 3 and 3’ for the
generators of the different residual symmetries, used in the discussion of Case 1), Case 2)
and Case 3 a) and Case 3 b.1).

In all these cases, the residual flavour symmetry in the charged lepton sector involves
the generator a which corresponds to the representation matrix

10 0
a3)=|0w 0 |. (B.1)
00 w?

The residual flavour symmetry in the neutrino sector is generated by Z. In Case 1) and

Case 2) Z is chosen as ¢™? which is in the representation 3 of the form
1 -1 2 2
Z(3) = 3 2 -1 2 (B.2)
2 2 -1

independently of the index n, while the form of Z = ¢*/2 in 3’ reads either

100
Z3)=1010 for n/2 even (B.3)
001
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or
-1 2 2

1
Z(3) = 3212 |= Z(3) for n/2 odd. (B.4)
2 2 -1
In Case 3 a) and Case 3 b.1) Z is chosen as bc™d™ with m = 0,1,...,n — 1. In the
representation 3 it is of the form

142 cosvyim, w? (1—coswm+\/§sin7m) w (1—cosvm—\/§sin'ym)
1
Z(m)(3)= 3w (1—cosym+V3siny,)  1—cosym,—v3siny, w? (142 cosYm)
w? (1—cos'ym—\/§sin'ym) w (142 cosvym) 1—c0o8Ym +v/3 sinym
(B.5)

with 4, = 22 For the special values, m = 0, m = n and m = n/2, the form of Z(m)(3)
simplifies and we find

100
Zm=0)3)=Z(m=n)(3) =100 w? (B.6)
Ow 0
and
L ! 2w? 2w
Z(m:n/2)(3):§ 2w 2 —w?|. (B.7)

2w —w 2

Similarly, we can compute the form of the representation matrix Z(m)(8'). The decisive
criterion for this form is whether m is even or odd and otherwise there is no further
dependence on the parameter m for Z(m)(3'). So, for m being even we get

100
Z(meven)(3')= |00 w? |, (B.8)
Ow O
while for m odd we have
. -1 2w? 2w
Z(modd)(3") = 3 2w 2 —w?|. (B.9)

20?2 —w 2
We note that Z(meven)(3') coincides with Z(m = 0)(3) = Z(m = n)(3) as well as
Z(modd)(3’) coincides with Z(m = n/2)(3).
C CP symmetries and form of CP transformations

The CP symmetries correspond to automorphisms of the flavour symmetry A(6n2), see
discussion in [11-19]. In the present analysis we employ the ones used in [22]. These can be
obtained as follows: consider the automorphism

a—a, c—c b, d—d*' and b—b (C.1)
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in conjugation with an inner automorphism, see e.g. above eq. (3.2). The automorphism in
eq. (C.1) can be represented by Xo(1) =1 in the trivial representation 1 and by the matrix

100
Xo(8)=Xp(8)=1001 (C.2)
010

in both three-dimensional representations 3 and 3'.
In Case 1) the CP transformation X (s)(3) has the explicit form

1428105 1 —ebids 1 _ 6ids
1 ) . 4 :
X(s)(8) = s e 0 | 1—ebids 1426000 1 (Bids (C.3)
3 1—ebids 1 —ebids 14 2¢000s

and ¢, = 2. The form of the CP transformation X (s)(8’) in the representation 3’ depends
on whether s is even or odd, i.e.

100
X()(3)=[010 for s even (C.4)
001
and
1 -1 2 2
X(s)(38) = 3 2 -1 2 for s odd. (C.5)
2 2 -1

We note that X (s)(3’) for s even coincides with X (s = 0)(3) as well as that X (s)(3’) for s
odd equals X (s =n/2)(3). Note n/2 is an integer, since n has to be even.

In Case 2) the form of the CP transformation X (s,t)(3) in the representation 3 is more
conveniently written in terms of the parameters v and v

X(s,t)(3) =X(u,v)(3)= %e—mm/s

14+2¢€'% cos g, 1—et®v Cosgbu—\/gsinqzﬁu; 1—et®v (cos¢u+ﬁsin¢u)

x| 1—e?® (cosg,—v3sing, ) 1—e'? (cosp,+v/3sind, 142e*% cos ¢,

écos bu+1/3 sin qﬁu; 1+2€'% cos g, 1—et®v (cos ¢u—\/§sin¢u)
(C.6)

1—ei®v

with ¢, = ©* and ¢, = 7X. For the definition of u and v see eq. (3.22). The form of the
CP transformation X (s,)(3’) depends on whether s and ¢ are even or odd. The explicit
form of X (s,t)(3’), however, does neither contain s nor ¢ as parameter. For s and ¢ even
we have

100
X(seven,teven)(3)=1001 |, (C.7)
010
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for s even and ¢ odd we find

. -1 2w? 2w
X (seven,todd)(3') = 3 2w? 2w -1 |, (C.8)
2w —1 2w?
for s odd and ¢ even we have
1 -1 2 2
X(sodd,teven)(83) == | 2 2 -1 (C.9)
2 -1 2
and for s and t odd it is
. -1 2w 2w?
X (sodd,todd)(3") = 3 2w 2w? —1 | . (C.10)
2w? -1 2w

For completeness, we mention that the form of X (seven,teven)(3’) coincides with X (s =
0,t = 0)(3), X(seven,todd)(3’) is of the same form as X (s = 0,t = n/2)(3), while
X (sodd,teven)(3’) agrees with X (s =n/2,t =0)(3) and X (sodd,todd)(3’) with X (s =
n/2,t =n/2)(3). Note n/2 is an integer, since n has to be even.

For Case 3 a) and Case 3 b.1) the form of the CP transformation X (s)(3) is given as

3 cos3 ps+1 sin 3 ¢ —2twsin3 ¢, —2iw? sin3 ¢,
X(s)(3):ée*"¢’s —2iwsin3¢s  w? (3 cos3ps+isind ;) —2i sin3 ¢
—2iw? sin 3 ¢ —2i sin3 ¢ w (3 cos3ps+isin3epy)
(C.11)

with ¢s = 72 and w = %", The form of the CP transformation X (s)(8') only depends on
whether s is even or odd. In particular, we have for s even

100
X(seven)(3)=|[0w? 0 (C.12)
0 0 w
and for s odd
L 72w 2w?
X(sodd)(3") = 3 2w —w? 2 . (C.13)
202 2 —w
We note that X (seven)(8') is of the same form as X (s = 0)(3), while X (sodd)(3’) equals
X (s =n/2)(3). Since n has always to be even, also n/2 is an integer.

D Conventions of PMNS mixing matrix, neutrino masses and experi-
mental data
D.1 Conventions of PMNS mixing matrix

As parametrisation of the PMNS mixing matrix we take

UPMNS = U (01]7 5) dlag (17 eia/27 ei(5/2+6)> (D]‘)
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with U(6;;,6) being of the form of the Cabibbo-Kobayashi-Maskawa (CKM) matrix Vg [1]

c12€13 512€13 s1ze”"

_ i i
U(0ij,0) = | —si2ca3 — c12523513€"°  C12C23 — S12523513€"°  $23C13 (D.2)

)

. s
512823 — C12€23513€"°  —C12523 — S12C23513€"°  €23C13

and s;; = sin6;; and ¢;; = cos ;. The mixing angles 6;; range from 0 to m/2, while the
Majorana phases «, 8 as well as the Dirac phase 0 take values between 0 and 2 7. Note one
of the Majorana phases becomes unphysical, if the lightest neutrino mass mg vanishes.

D.2 Neutrino masses

For light neutrino masses following NO the three masses m; are parametrised as

mi = mg, ma = \/m3 + Am3, , ms = \/m& + Am}; (D.3)

with mg denoting the lightest neutrino mass.

For light neutrino masses with 10 the masses m; are written as

my = \/m%—i—\Am%Q\—Am%l, mao = \/md + |Am3,]|, msz = mo (D.4)

where myg is the lightest neutrino mass.

D.3 Experimental data

We summarise the constraints on the lepton mixing parameters 6;; and 6 and on the
mass squared differences from the current global fit performed by the NuFIT collaboration
(NuFIT 5.1, October 2021, without SK atmospheric data) [41]. For light neutrino masses
with NO, the constraints on the lepton mixing parameters read

sin? 613 = 0.022207099085  and  0.02034 < sin? f13 < 0.02430,

sin? 015 = 0.30470075 and 0.269 < sin?f15 < 0.343,
sin? fa3 = 0.573 70003 and 0.405 < sin? fa3 < 0.620,
5 = 3.3970%) and 1.83 < < 7.07 (D.5)

for the best fit value, 1 o level and 3 o range, respectively, and the ones on the mass squared
differences Am3, and Amj3, are

Am3y =m3—m} = (7.425035) x 1077V, Am3) =mj—m}= (251550 03%) x 1072 V2,

6.82x107° eV < Am3, <8.04x10°eV?,
2431x107%eVZ < Am3; <2.599x1077eV? (D.6)



at the 3¢ level. For light neutrino masses with 10, the constraints on the lepton mixing
parameters are

sin® 013 = 0.0223879:00082  and  0.02053 < sin” 613 < 0.02434,

sin? 12 = 0.30475013 and 0.269 < sin? f12 < 0.343,
sin? fg3 = 0.578T00%7 and 0.410 < sin® fa3 < 0.623,
6 =5.01703T and 3.35 <6 < 6.30 (D.7)

for the best fit value, 1o level and 3 o range, respectively, while the ones on the mass
squared differences Am3, and Am3, read

Am3; =m3—mi = (7.425035) x 1077 eV2,  Amdy=m3—mj = (~249870(% ) x 107 eV?
6.82x107°eV2< Am3, <8.04x107°eV?,
—2.584x1073eVi < Am3, <—2413x107%eV? (D.8)

at the 30 level. We note that NO corresponds to the best fit of the global fit,
Ax? =35 — X% = 2.6.

Furthermore, the sum of the light neutrino masses is bounded by cosmological data
(Planck TT,TE,EE+lowE +lensing+BAO) [131]

3
> m;<0.12eV  at the 95% C.L.. (D.9)
i=1

We thus take for the lightest neutrino mass mg as upper bound

mo S 0.03eV  for NO and mg S 0.015eV  for 10. (D.10)

E Further tables for Case 3 a) and Case 3 b.1)

This appendix comprises tables with results for the lepton mixing angles for Case 3 a),
n = 34 and m = 2 and all possible values of s, and for Case 3 b.1), n = 20, m = 9 and
m = 10 as well as all allowed values of s.
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s 0 2 4 6 8 10 12 14 16
1.93 | 1.99 | 2.31 0.0656 | 0.0413 | 0.0392 | 0.0528 | 0.184
0L, 0.134
[3.10] | [3.10] | [3.05] [0.997] | [1.18] | [1.20] | [1.09] | [0.501]
sin? 012 || 0.304 | 0.304 | 0.304 [0.335| 0.304 | 0.304 | 0.304 | 0.304 | 0.304
Ax3y || ~0 | ~0 | ~0 [584| ~0 | ~0 | ~0 | ~0 | ~0
s 18 20 22 24 26 28 30 32
264 | 205 | 1.94 | 196 | 2.14 0.0921 | 0.0456
0L 3.01
(2.96] | [3.09] | [3.10] | [3.10] | [3.08] (0.83] | [1.15]
sin? 012 || 0.304 | 0.304 | 0.304 | 0.304 | 0.304 |0.335| 0.304 | 0.304
Ax3, ~0 | ~0 | ~0 | ~0 | ~0 [584]| ~0 ~ 0

Table 7. Case 3 a) Results for n = 34, m = 2 and s even. The lepton mixing angles 613 and 693 are
fixed to sin? 613 ~ 0.0225 and sin? fa3 ~ 0.607. We display 6, sin® 615 and Ax%Q for light neutrino
masses with NO. We write ~ 0 when Ax?, < 1073. The presence of a second best fit value for 6, is
indicated in square brackets. These results can also be found in [22], see Case 3 a) with n = 17 and

m=1.

s 1 3 5 7 9 11 13 15 | 17
1.95 | 2.09 0.119 | 0.0487 | 0.0387 | 0.0432 | 0.0761
oL 2.89 0
3.10] | [3.08] [0.703] | [1.12] | [1.21] | [1.17] | [0.927]
sin? 012 0.304 | 0.304 |0.319| 0.304 | 0.304 | 0.304 | 0.304 | 0.304 |0.341
Ax3, || ~0 | ~0 |143] ~0 | ~0 | ~0 | ~0 | ~0 |8.09
s 19 21 23 25 27 29 31 33
2.21 | 1.97 | 1.93 | 2.02 | 2.44 0.0582 | 0.0401
73 0.251
3.07] | [3.10] | [3.10] | [3.09] | [3.02] [1.05] | [1.20]
sin 612 || 0.304 | 0.304 | 0.304 | 0.304 | 0.304 |0.319| 0.304 | 0.304
Axi, ~0 | ~0 | ~0 | ~0 | ~0 |[143| ~0 ~0

Table 8. Case 3 a) Results for n = 34, m = 2 and s odd. The lepton mixing angles 613 and 03 are
fixed to sin? 613 =~ 0.0225 and sin? fa3 &~ 0.607. We display 0, sin? 815 and Ax?, for light neutrino
masses with NO. We write ~ 0 when Ax?, < 1073. The presence of a second best fit value for 6, is

indicated in square brackets.
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s 0 1 2 3 4 5 6 7 8 9
0r, 1.53 | 1.3 | 1.61 | 1.46 | 1.65 | 1.62 | 1.61 | 1.61 | 1.62 | 1.64
sin? B3 || 0.440 | 0.439 | 0.437 | 0.423 | 0.431 | 0.438 | 0.440 | 0.440 | 0.439 | 0.435
sin? 612 || 0.335 | 0.335 | 0.335 | 0.335 | 0.335 | 0.335 | 0.335 | 0.335 | 0.335 | 0.335
sin? A3 || 0.0223 | 0.0223 | 0.0223 | 0.0223 | 0.0223 | 0.0223 | 0.0223 | 0.0223 [ 0.0223 | 0.0223
Ax? 6.73 | 6.78 | 7.01 | 9.04 | 7.73 | 6.89 | 6.75 | 6.74 | 6.82 | 7.23
S 10 11 12 13 14 15 16 17 18 19
0r, 1.43 [1.71]| 1.50 | 1.53 | 1.53 | 1.53 | 1.52 | 1.49 | 1.68 | 1.63 | 1.61
sin? 03 0.410 0.435 | 0.439 | 0.440 | 0.440 | 0.438 | 0.431 | 0.423 | 0.437 | 0.439
sin? 6o 0.335 0.335 ] 0.335 | 0.335 | 0.335 | 0.335 | 0.335 | 0.335 | 0.335 | 0.335
sin? 13| 0.0223 |0.0223]0.0223]0.0223(0.0223(0.0223|0.0223|0.0223|0.0223 |0.0223
Ax? 12.64 723 | 682 | 6.74 | 6.75 | 6.89 | 7.74 | 9.04 | 7.01 | 6.78

Table 9. Case 3 b.1) Results for a larger value of n, n = 20, together with m =9 and 0 < s <
n — 1 =19. The results for m = 11 can be deduced from the displayed ones, using the symmetry
transformations given in [22]. For light neutrino masses with NO we give Ax? resulting from the
fit to the global fit data [41]. The presence of a second best fit value for 7, is indicated in square

brackets.

s 2 3 4 9 10
0r, 1.31 | 1.31 [1.83] | 1.31 [1.83] 1.31 [1.83] [1.31 [1.83]
sin? fa3(| 0.622 [0.533 [0.467](0.436 [0.564]| 0.406 [0.595] 0.5
sin” 012 0.318 0.318 0.318 0.318 0.318
sin® 013(/0.0220|  0.0222 0.0222  [0.0221 [0.0222]| 0.0222
Ax? 11.2 | 3.51 [2.36] | 2.68 [1.50] 10.1 [2.89) 4.12

s 11 16 17 18

o, 1.31 [1.83] 1.31 [1.83] 1.31 [1.83] 1.83
sin? O3 0.594 [0.406] | 0.564 [0.436] | 0.467 [0.533] | 0.621
sin® 019 0.318 0.318 0.318 0.318
sin? 13 || 0.0222 [0.0221] 0.0222 0.0222 0.0222
Ax? 2.89 [10.1] 1.50 [2.68] 2.36 [3.51] 11.2

Table 10. Case 3 b.1) Results for a larger value of n, n = 20, together with m = 10 and all values
of s that lead to a viable description of the experimental data on lepton mixing angles [41]. The
goodness of this fit is encoded in the value of Ay?2, displayed for light neutrino masses with NO.
The presence of a second best fit value for 6, is indicated in square brackets.
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F Supplementary plots

In this appendix, we collect further plots that supplement the discussion on low-scale
leptogenesis and might be of interest for the reader.

F.1 Casel)

For Case 1), we show in figure 27 plots for the three further choices of the Majorana mass
M, M =1GeV, M =100GeV and M = 1TeV, for light neutrino masses with strong 10
as well as for a NO light neutrino mass spectrum with my = 0.03eV in addition to the
two plots shown for M = 10 GeV in figure 5 in the main text. Furthermore, we display
in figure 28 two plots for the BAU as function of s/n, treated as continuous parameter,
assuming s odd, for light neutrino masses with strong I0. These plots supplement the
information found in figure 7 in the main text. Lastly, we show in figure 29 dedicated plots
for each value of the splitting x in order to facilitate the comparison between the results for
vanishing and thermal initial conditions. These plots are combined in figure 9 in the main
text, where the results for the different values of x are shown in different colours.
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10-5 Case 1), 10, M = 1 GeV, ¢s =15, Mo =0 eV 10-5 Case 1), NO, M = 1 GeV, ¢s =1, mo=0.03 eV
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(e) Vanishing initial conditions.

(f) Vanishing initial conditions.

Figure 27. Case 1) Yp as function of k for a Majorana mass M = 1GeV, M = 100 GeV and
M = 1TeV for light neutrino masses following strong IO (left plots) and NO with mg = 0.03eV
(right plots). The value of s is fixed to s = 1 and thus ¢, = {5. Results for different values of the
angle p are displayed. Both negative (dashed lines) as well as positive (continuous lines) values of
the BAU are represented. The grey line indicates the observed value of the BAU, Yz ~ 8.6 - 10711,
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Case 1), 10, M = 10 GeV, 6g = {7, s odd, mg=0 eV

107 107
10-° 10-6
1077 1077
L 10 L 10°®
NS NS
107° 107° B ~ |~
10710 = 10710]"/ "i,/ \V \V e
11 k=107 -1 | { { k=106
10 — k=107 10 i r — k=10"1
10-12 1 ' 10-12 i i 1
0.0 02 04 06 08 Lo 0.0 02 04 06 08 1.0
sin sin
(a) Vanishing initial conditions. (b) Vanishing initial conditions.

Figure 28. Case 1) Yp as function of 7, treated as continuous parameter, for a Majorana
mass M = 10GeV and for 0p = {7 (left plot) and r = 1 (right plot). The light neutrino
mass spectrum follows strong I0. The parameter s is assumed to be odd. Different values of x
k € {1073,1076,107 !}, are considered. Both negative (dashed lines) as well as positive (continuous
lines) values of the BAU are represented.
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Figure 29. Case 1) Range of total mixing angle U? consistent with the observed amount of BAU

for heavy neutrino masses M between 50 MeV and 70 TeV, as presented in figure 9. The three rows

correspond to different values of , x € {1073,1076, 10711}, respectively. The vanishing and thermal

initial conditions are shown by the ochre and turquoise lines, respectively. The continuous (dashed)
lines indicate positive (negative) values of the BAU. The grey shaded areas show the regions in
which the condition in eq. (3.69) and alike is no longer satisfied. The value of the angle g can be

read off.
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F.2 Case 2)

For Case 2), we add the following plots to those already present in the main text: two plots,
found in figure 30, of the BAU with respect to the splitting « for the choice ¢ even (more
concretely, we have n = 14, u = 0 and v = 6) for light neutrino masses with strong NO and
with strong 10, respectively, for a fixed value of the Majorana mass M, M = 10 GeV, and
several values of the angle fr. These, in particular the plot for strong NO, can be compared
with figure 12, especially plot (b) of this figure. Furthermore, we show in this appendix in
figure 31 two plots for light neutrino masses with strong IO corresponding to those shown
in figure 14 in the main text for neutrinos with strong NO. Also for strong IO the BAU
depends on ¢, (v/n treated as continuous parameter), as expected from the CP-violating
combinations. For the choice ¢ odd, we display in figure 32 two plots for u = —1 (we use
n =14, s = 0 and ¢ = 1) which should be compared with the plots in the main text for
u =1, see e.g. figure 16. In order to illustrate the possible strong enhancement of the BAU
depending on the Majorana mass M, we provide in addition to plot (a) in figure 17 for
M = 100 GeV in the main text two plots for M = 10GeV and M = 1TeV and otherwise
the same choices of parameters as in the figure of the main text, see figure 33. In figure 34
we also show dedicated plots for each value of the splitting s in order to facilitate the
comparison between the results for vanishing and thermal initial conditions. These plots
are combined in figure 19 in the main text, where the results for the different values of s
are shown in different colours. Lastly, we show in figure 35 the corresponding plot for Case
2) and t odd (n = 14, u = 1 and v = 3), as given in figure 10 for Case 1). We note for
these plots as well the striking similarity, up to the overall sign of the BAU (exchange of
continuous and dashed lines).
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_Case 2), NO, M = 10 GeV, ¢, =0, ¢, =51, my=0 eV 16-5C35€ 2), 10, M = 10 GeV, ¢, =0, ¢, =% mo=0ev
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(a) Vanishing initial conditions. (b) Vanishing initial conditions.

Figure 30. Case 2) Yp as function of the splitting « for a Majorana mass M = 10 GeV. Light
neutrino masses have strong NO (left plot) and strong IO (right plot), respectively. For the remaining
choices see figure 12.

Case 2), 10, M = 10 GeV, 6 =%, ou =%, s even, my=0 eV Case 2), 10, M = 10 GeV, 6r =1—”1, [} =%, s odd, mg=0eV
1.0 1.0 _
0.5 0.5 /
a ) %
< S ,
3 00 3 00 -
z 2 z
3 — k=103 3 N — k=103
-0.5 k=10"° -0.5 \ k=10"°
— k=10"1 \ — k=10"1
~10 095  1.00  1.05 — sintnzs) | _10 9 20 71— ~cos(my)
0.0 0.5 1.0 1.5 2.0 2.5 3.0 0.0 0.5 1.0 1.5 2.0 2.5 3.0
v/n v/in
(a) Vanishing initial conditions. (b) Vanishing initial conditions.

Figure 31. Case 2) Yp as function of 2, treated as continuous parameter, for a Majorana mass
M = 10GeV and different values of x, k € {1073,107%,10711}. Light neutrino masses have strong
I0. The angle 0 is fixed to 6g = 5. The group theory parameters n and u are chosen as n = 50
and u = 6 so that t is even and s can be even (left plot) or odd (right plot), as in figure 14. We
compare the numerical results with the analytical expectation which is proportional to sin(%) (for
s even) and to — cos(%2) (for s odd), compare eq. (6.26).

10G35€2),10, M =10 GeV, §, = — 5, ¢y =37, Mo =0 eV

6r
— n/11

1077

107°

10712 i 10-15
10720 7% 10°%  10°° 107 10 107 10770 1075 10-%  10°° 107  10° 107!
K K
(a) Vanishing initial conditions. (b) Vanishing initial conditions.

Figure 32. Case 2) Yp as function of k for a Majorana mass M = 10 GeV. Light neutrino masses
follow strong NO (left plot) and strong IO (right plot), respectively. The parameters (s,t) are fixed
to (0,1) such that ¢, = —7% and ¢, = 3%. For the remaining choices see figure 16.
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Case 2), NO, M = 10 GeV, ¢, =13, ¢V=?, k=0 Case2), NO,M=1TeV, ¢y=15, $y=1;, k=0

10-10 10-5
6 o
101 — w11 107 — 1
2m11 10-7 211
10712) — 3m/11 — 3m/11
— am11 108 — 411
210713 32 — 5m/11
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1034 v
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10719 10-12
10°TT R 07 16 07 3107 10T 07 6 16 07 3107
mo [eV] mo [eV]
(a) Vanishing initial conditions. (b) Vanishing initial conditions.

Figure 33. Case 2) Yp as function of the lightest neutrino mass my in the absence of splittings,
k=0 (and A = 0), for different values of 8. We set the Majorana mass M to 10 GeV (left plot)
and 1 TeV (right plot), respectively, and fix the group theory parameters n, s and t ton =14, s = 1
and ¢ = 1 such that ¢, = {; and ¢, = %. Light neutrino masses follow NO. In addition, we
compare, for § = Z (left plot) and 0 = 3T (right plot), the numerical results with the following
two analytical expressions: A -y y3 (yf — y3)? with A ~ 4.14 - 1030 (left plot) and A ~ 7.37 - 10%°
(right plot) and B - \/mg with B ~ 2.87- 1079V ~"/2 (left plot) and B ~ 1.53 - 10~9eV~"/? (right
plot). The first (second) expression corresponds to the continuous (dotted) black line. Both negative

(dashed lines) as well as positive (continuous lines) values of the BAU are represented.
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Figure 34. Case 2) Range of total mixing angle U? consistent with the observed BAU for heavy

neutrino masses between 50 MeV and 70 TeV, as presented in figure 19. The three rows correspond

to different values of s, k € {1073,1076, 107!}, respectively. The vanishing and thermal initial
conditions are shown by the ochre and turquoise lines, respectively. The continuous (dashed) lines

indicate positive (negative) values of the BAU. The grey shaded areas show the regions in which a

condition like the one in eq. (3.69) is no longer satisfied. The angle 6 can be read off.
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Case 2), NO, g, =1, ¢, =37, k=107 mo=0eV
1071 1072 1073 1074 1073 10-6 1077 10-8
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Figure 35. Case 2) Yp as function of U?- M for different values of the heavy neutrino mass M. The
splitting  is fixed to 1076. Light neutrino masses follow strong NO. The group theory parameters
n, u and v are chosen as n = 14, v = 1 and v = 3 corresponding to ¢, = {; and ¢, = 31—2. Both
negative (dashed lines) as well as positive (continuous lines) values of the BAU are represented. The
grey line indicates the observed value of the BAU, Y ~ 8.6 - 107!!. The grey shaded area shows
the region in which a criterion similar to the one in eq. (3.69) is not fulfilled.
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F.3 Case 3 a) and Case 3 b.1)

For Case 3 b.1), we also provide further plots. In figure 36, we show the BAU with respect
to the splitting x for different values of the Majorana mass M and of the angle fr and for
fixed values of the group theory parameters n, m and s, n = 20, m = 10 and s = 4. Light
neutrino masses follow strong NO. These plots correspond to those shown in figure 20 in
the main text for light neutrino masses with NO, but mg non-zero. Similarly, we show in
figure 37 the BAU as function of k for an odd value of s, namely s = 3, and light neutrino
masses with NO and mg = 0.03eV. These plots should be compared to those in figure 22 in
the main text, where we use the same choice of parameters, but assume that the lightest
neutrino mass vanishes. Figure 38 illustrates the behaviour of the BAU with s/n, treated
as continuous parameter, for a fixed value of M, 0, light neutrino masses with strong NO
and vanishing splitting £ (and A\). We assume s to be odd. Note that we use in this figure,
n = 20 and m = 8 in contrast to n = 20 and m = 10 as well as n = 50 and m = 24, as
employed in figure 23 in the main text. Figure 39 captures the dependence of the BAU on
the lightest neutrino mass my for a fixed value of M, n, m and s as well as k = 0 (A vanishes
anyway) and five different values of fz. Light neutrino masses follow NO. This figure can
be compared to figure 17, plot (a), for Case 2), found in the main text, and completes the
discussion of Case 3 b.1), m even and s odd and no splitting. We also show dedicated
plots for each value of the splitting « in figure 40 in order to facilitate the comparison
between the results for vanishing and thermal initial conditions. These plots are combined
in figure 25 in the main text, where the results for the different values of x are shown in
different colours. Lastly, in figure 41, we display the resulting BAU as function of U? - M
for several different values of the Majorana mass M and fixed values of k as well as the
group theory parameters n, m and s and also a light neutrino mass spectrum with strong
NO. This figure complements the left plot in figure 25 in the main text. Furthermore, it
can be compared to corresponding figures for Case 1), see figure 10 in the main text, and
for Case 2), see figure 35 in appendix F.2.
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,§ase3b.1), NO, M = 1 GeV, ¢ =3, ¢s =35, Mo =0 eV Gase 3b.1), NO, M = 10 GeV, ¢ =3, ¢s =35, Mo =0 eV
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Figure 36. Case 3 b.1) Yp as function of the splitting x for a Majorana mass M = 1GeV (upper
left plot), M = 10 GeV (upper right plot), M = 100 GeV (lower left plot) and M = 1TeV (lower
right plot). For each of these choices, different values of §r have been studied. The group theory
parameters are set to n = 20, m = 10 and s = 4. Light neutrino masses have strong NO. For the
rest of the choices see figure 20.
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Figure 37. Case 3 b.1) Yp as function of k for a Majorana mass M = 1GeV (upper left plot),
M = 10GeV (upper right plot), M = 100 GeV (lower left plot) and M = 1TeV (lower right plot).
For each of these choices, different values of §z have been considered. The group theory parameters
are fixed to n = 20, m = 10 and s = 3. Light neutrino masses have NO with my = 0.03eV. For the
rest of the choices see figure 22.

Case 3b.1), NO, M = 10 GeV, 6 =%, Om =%, sodd, k=0, mg=0eV
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Figure 38. Case 3 b.1) Yp as function of 2, treated as continuous parameter, for a Majorana
mass M = 10GeV and a fixed value of g, 0r = {7. The splitting x (and A) vanishes. Light
neutrino masses have strong NO. We assume s being odd. The group theory parameters are fixed
to n = 20 and m = 8. The analytic expectation, arising from the CP-violating combination Cprg,a,
see eq. (6.50), is shown in black. The coefficient A is given by Max[|Y5|]. Both negative (dashed

lines) as well as positive (continuous lines) values of the BAU are represented.
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Figure 39. Case 3 b.1) Yp as function of the lightest neutrino mass mg for a Majorana mass
M =10 GeV and for different values of 0 in absence of the splitting  (and A). Light neutrino masses

2w

have NO. The group theory parameters are fixed to n = 20, m = 10 and s = 3. For 0r = 1T, we
compare the numerical results (brown dashed curve) with the analytical expression A - y1y2(y? — y3)
(continuous black line) with A ~ —8.16 - 103!. This expression reflects the dependence of the BAU,
due to the CP-violating combination Cpgg q, on the couplings y s, compare eq. (6.50). Both negative
(dashed lines) as well as positive (continuous lines) values of the BAU are represented.

— 99 —



Case 3b.1), NO, ¢m = N, §s =38, mo=0eV Case 3b.1), 10, ¢pm =12, ¢ =3, mg=0 eV
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Figure 40. Case 3 b.1) Range of total mixing angle U? consistent with the observed BAU for heavy
neutrino masses between 50 MeV and 70 TeV, as presented in figure 25. The three rows correspond
to different values of s, k € {1073,1076, 107!}, respectively. The vanishing and thermal initial
conditions are shown by the ochre and turquoise lines, respectively. The continuous (dashed) lines
indicate positive (negative) values of the BAU. The grey shaded area shows the region in which a
condition like the one in eq. (3.69) is no longer satisfied.
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Case 3b.1), NO, ¢ =21, ¢ =31, k=107%, my=0eV
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Figure 41. Case 3 b.1) Yp as function of U? - M for different values of the Majorana mass M. The
splitting « is set to 107°. Light neutrino masses follow strong NO. The group theory parameters n,
m and s are fixed to n = 20, m = 10 and s = 3. Both negative (dashed lines) as well as positive
(continuous lines) values of the BAU are represented. The grey line indicates the observed value of
the BAU, Yp ~ 8.6-107!!. The grey shaded area represents the region in which a criterion similar
to the one in eq. (3.69) is not fulfilled.
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G Additional formulae for CP-violating combinations

In this appendix, some of the formulae for CP-violating combinations for Case 2) and Case
3 a) and Case 3 b.1), respectively, are collected which turn out to be rather lengthy.

G.1 Case 2)

For s even and ¢ odd, the expression for the CP-violating combination Cinv . reads

1
Cinv,a = 9 M? (2 Y2 Aoi2

{(yg (Ayf,+Ayissin20pg) sinfr csp - +y1 (Ayss—Ayis sin26p) cosfp csp, 1) cos ¢;’a cos@

_ (y1 (Aygg—i—Ay%B sin293) sinfr csp —+ys (Ay%Q—Ay%B sin293) cosfy, csR,Jr) sin Pu,a cos Pv

2 2
+ (y1 (Ay§3+Ay§3 sin293) cosfrcsp,— —ys3 (Ay%z—Ayf3 sin293) sin@y, csR,Jr) cos ¢;’a sin %
— (y3 (Ay%z JrAyfg sin293) cosfOrcsp,——y1 (Aygg fAyfg sin203) sinfy, csR,+) sin ¢;’°‘ sin q;”}

—Ay%3 [Ac12+6Aoas] [((yf—t—y%) cos26y sindfr—2y1 y3 sin26p, cos493) cos¢,u,a+Ayf3 sin49R}

(G.1)

N———

G.2 Case 3 a) and Case 3 b.1)
For s odd and m even, the form of the CP-violating combination Cinv,. is given by

1
CLNV,(X = m 2

(Any [Acis + 3 Aoas] [~2y1y2 sin26p cosd0p + (AyTy + (y7 +y3) cos26.) sindbr] cos2 g o
+6 \/ng Aoos [yl cos 0, (Ay§3 + Ay%z cos 2 QR) cosfp
4y sinfp, (Ayfg + Ay, cos?2 93) sin 03] Sin 2 ¢ o
+12V2y3 Aoas [yg cosOr, (Ayis — Ayiy cos20g) cosOp
41 sindy, (Ay%s - Ay%2 cos 2 93) sin OR} Sin @y o SIN 3 P
+12y3 Aoas {—yl sin 0y, (Ay§3 + Ay, cos?2 03) cos O
+y2 cosOp, (Ayis + Ayly cos20g) sin OR} Sin Gy 0 €OS 3 g
—2V2Ay?, [Acis + 3 Aoas] [2y1y2 cos26y, cosdOp + (Y7 +y3) sin26y sind0g| cos dm,a cos3 g
+2y1 Yo Ay%z [Aciz + 3 Aoz sin26g cos P o Sin3 ¢ + 2 (Ayf2)2 [Aoia + 3 Aogs] sind OR).
(G.2)
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