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Abstract

We consider a scoto-seesaw model where dark matter, neutrino masses and spontaneous CP violation are
accommodated using a single horizontal Zg symmetry. This symmetry is broken down to a dark Z, by
the complex vacuum expectation value of a scalar singlet, stabilizing dark matter and providing a sponta-
neous origin for leptonic CP violation. We conclude that the imposed Zg symmetry constrains the lightest
neutrino mass and the Dirac phase to intervals currently probed by experiments. For a normally-ordered
neutrino mass spectrum, the allowed compatibility regions will soon be fully scrutinized by neutrinoless
double beta decay experiments and cosmological observations[]
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1. INTRODUCTION

A new chapter in the field of particle physics was opened when neutrino oscillation experiments established the existence of
neutrino masses. The need to go beyond the Standard Model (SM) is, thus, well motivated not only as a way of finding models
that attempt at explaining the origin of neutrino masses, but also to unveil several other open questions like the understanding and
interpretation of cosmological dark matter (DM), or finding symmetries responsible for the observed lepton mixing pattern. In fact,
using DM as a mediator for neutrino mass generation [2] is a very attractive idea [3| 4}, 5 6} [7, 18] 9} 10} 11} 12} [13} [14} 15} [16} 17, [18]]
and complements the seesaw mechanism by giving a central role to DM. This scheme may also allow for CP violation and give
insightful information about the lepton flavour structure seen in neutrino oscillation data [19].

The simplest (3,1) version of the seesaw mechanism and the minimal scotogenic approach to DM have been previously com-
bined in Ref. [20]. In that work, a two-scale framework for neutrino mass generation was obtained, in which the atmospheric scale
has a type-I seesaw origin, while the solar scale arises at the radiative level through a scotogenic loop. Even though this simple
model can accommodate neutrino oscillation and lepton flavour violation data, it does not provide any constraints on low-energy
observables. In the present work, we are interested in adopting a minimal approach, where only one Abelian symmetry is used to
constrain lepton mixing, assure DM stability and allow for spontaneous CP violation (SCPV).

We enlarge the minimal scoto-seesaw model of Ref. [20] with an extra right-handed neutrino, in a (3,2) scheme [21]], and a new
complex scalar singlet, as well as a simple Abelian symmetry, in order to address the neutrino oscillation flavour structure and
implement a spontaneous origin for leptonic CP violation. The implemented symmetry plays an important role in stabilizing DM.

The layout of this paper is as follows. In Section[2} we present the minimal scheme required to implement the above-mentioned
features of the model. The low-energy constraints that arise from our Zg symmetric model and their compatibility with neutrino os-
cillation and neutrinoless double beta decay data are discussed in Sections[3|and [} respectively. Finally, in Section[p} we summarise
our results and present our concluding remarks.

2. NEUTRINO MASSES, SPONTANEOUS CP VIOLATION AND DARK MATTER STABIL-
ITY IN THE SCOTO-SEESAW MECHANISM

In the context of the minimal scoto-seesaw model [20], the atmospheric and solar neutrino mass scales, measured in oscillation
experiments, arise at tree level, via the type-I seesaw mechanism, and at loop level, via the scotogenic mechanism, respectively (see
Fig. [T). The SM particle content is extended with one right-handed (RH) neutrino vg, a new fermion singlet f and an extra scalar
doublet 7. The latter two particles are odd under a dark Z; symmetry which guarantees DM stability. With this field content, the
lepton Yukawa and mass Lagrangian is given by

*Speaker
*This contribution is based on the work of Ref. [1].
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FIGURE 1: Neutrino mass generation contributions in the minimal scoto-seesaw model. The diagram on the left (right) shows the
tree-level seesaw (one-loop scotogenic) realisations of the neutrino mass effective operator LLO®.

_ N 1.1
—L =LY, Peg + LY;Ovg + EMRVRVICQ + LY;—ﬁer EMfffc +H.c.. (2.1)

Here, L = (v ¢)T are left-handed (LH) lepton doublets, e are RH charged-lepton singlets, ® = (¢+ ¢*)T and 7 = (5 1°)T are
both SU(2); doublets with ® = io»®* and 7} = ioon*. Y, and Y r are general complex 3 x 1 Yukawa coupling matrices, while My g
are the f and vg masses. The effective neutrino mass matrix, generated after electroweak symmetry breaking, reads [20]

Y, Y]
M, = 7021\3171: + F (Mg, mye, my )My YfFY ], 2.2)

where the first term accounts for the seesaw contribution and the second one gives the scotogenic loop correction. The loop factor
F is given by

2 2 2 2 2 2
B S BT (M}/m,) _ My log (M3 /m3) (2.3)
27 | M-, M,

F (Mg, myg, my, )

being my, (my,) the mass of the real (imaginary) part of 7 = 5r + i;. Without any further consideration, this model accommodates
neutrino data and fixes the lightest neutrino mass to zero. No other restrictions to oscillation parameters can be established.

A consequence of requiring the Lagrangian of Eq. to be CP invariant is that all couplings and masses become real, leading
to the absence of leptonic CP violation (LCPV). However, if we want to take advantage of the reduced number of parameters of the
CP invariant model and, at the same time, have non-zero LCPV, then an alternative source of CP violation must be found. This can
be done by adding a new complex scalar singlet ¢ to the scoto-seesaw model. This field acquires a complex vaccum expectation
value (VEV) (¢0) = ue'? that will possibly lead to LCPV through the couplings of o/c* with f and vy [22,123]. If ¢ is even under the
dark Z; symmetry, then the following couplings are allowed

~ K \T— 1 ~ ¥\ [
(yro + Jro*)VRVE + E(yfa—i-yfa Vff¢+H.ec.. (2.4)

N =

The contribution of the above terms to neutrino mass generation at tree and loop level is depicted in the diagrams of Fig.[2} Once
o acquires its VEV, the terms in Eq. (2.4) will contribute to effective neutrino mass matrix as

(0o Y, YT
M, = —o2ei(% 9R>m +}'(|Mf\,m,7R,mm)|Mf|YfY}:, (2.5)

where the vg and f masses in Eq. are written as Mg s = | Mg f|e'%/ with,
Mg ¢ = [k ¢ + Tk ¢ + 2Yr, TR f cO8(20R )] U7, (2.6)
and

(yfUR — yrYf) sin(20)
YRYf + IRTf + (YR + Yfir) cos(20) -

tan (9f —0R) = 2.7)

The above equation shows that 6y — 6 is non-zero as long as one can guarantee that 6 # k7t (k = 1,2,...) and yg s # Jg,- In
that case, CP violation will be successfully transmitted to the lepton sector. Also, from the diagrams of Fig.[2} it can be seen that
the presence of CP violation in the effective neutrino masses matrix demands for a relative phase between the coefficients of the
dimension-6 operators LL®Pc* and LLO Do

In spite of being CP invariant at the Lagrangian level, the model with one single copy of vz and f fermions, still has nine free
parameters (six real Yukawa couplings, the vg and f masses and the phase g — 0) to compare with the seven effective neutrino

2
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FIGURE 2: Neutrino mass generation contributions in the minimal scoto-seesaw model where LCPV is achieved through vg and f
couplings to a new complex scalar singlet o and its complex conjugate o*.

parameters. As a matter of fact, if one tries to forbid some Yukawa couplings by using an Abelain flavour symmetry, one will
always face incompatibility with neutrino oscillation data, due to the arising of either vanishing mixing angles or an extra massless
neutrino. In order to solve this problem, we enlarge the minimal scoto-seesaw model with another vy in the fermion sector. This
allows to implement a horizontal flavour symmetry which then breaks to the dark Z, symmetry, ensuring DM stability.

In this extension to the scoto-seesaw model, the mass and lepton Yukawa Lagrangian corresponds to the one given in Eq.
with the difference that vy is replaced by (v1g vor)T, the mass Mg is now a 2 x 2 matrix, and Y, becomes a 3 x 2 matrix. The most
restrictive patterns for the mass and Yukawa matrices which are compatible with neutrino data are given by [24} 25| 26]

x 0 X x 0 X 0 x
Y, =10 x|, Yf: 0], Ypy=10 x 0], Mp= <>< x) . (2.8)
x 0 X x 0 X

The simplest symmetry which realises the above patters and, at the same time, allows CP to be spontaneously broken by the VEV
of our complex scalar singlet ¢ is a Zg Abelian symmetry. In Table [1} we present the field content of our model and respective
possible Zg charge assignments. As a matter of fact, there are three possible assignments, labeled as Zgiﬂ , Zg ~"and Z¢T, which
will lead to the matrices in Eq. (2.8), apart from row and/or column permutations.

In the Z¢™* case, the relevant couplings contributing to the mass terms of vi, Vg and f are

1_(0 0 c 17( 0 (?R)u) PR
—v Vp + =V ~ Voot + o +H.ec., 29
2 K (0 (Mbare)ZZ) RT2 R (YR)12 0 R 2yf ff (2.9

being YR now a 2 x 2 Yukawa matrix, while Y is a complex number. Mp,r. is the 2 x 2 bare RH neutrino mass matrix. This setup

allows the complex phase 6 in (¢) = ue' to be successfully transmitted to the effective neutrino mass matrix, giving rise to LCPV.

It is also important to note that just with presence of the scalars ®, # and o, the scotogenic radiative correction does not
contribute to the effective neutrino mass matrix and consequently, the complex phase of the () does not lead to leptonic CP
violation. This happens since our Zg symmetry explicitly breaks the term (¢'7)? which closes de loop of Fig. [1} For that reason,
we add another dark complex singlet x which transforms oddly under Zg as shown in Table[T} The scalar potential of the model is
then given by

A A A A
V = @' - niin iy + oo+ nix x + 5 (@@ + T (') + T (o0 + T + A5 (@) (") +

+A5(@T) (@) + Ag (BT P) (07 0) + A7 (@T@) (X" x) + As (7 7) (0 0) + Ao (57"1) (X" X) + Mo (") (X X))+

/\/ 2
+ (f(# + 77170(72 + X0 + pon T dx* + AT doy + H.c.> , (2.10)

where all parameters are real in order to ensure that the Lagrangian is CP invariant. Note that the term m/?(0? + 0*?) /2 breaks
softly the Zg symmetry, avoiding the formation of cosmological domain walls. Also, radiative neutrino mass generation through the
scotogenic loop is allowed by the last three terms of the above potential, as shown in the two diagrams of Fig.|3| After minimizing
the scalar potential, one gets the following possible VEV configuration

<;70> =0, (x)=0, <(p0> =vand (o) = ueie, (2.11)
with
)\1 )\6 )\6 )\3 - )‘/ m/Z
m3, = _702 - 7u2 , mE = —72;2 — T"’uz , cos(20) = _uzj\é . (2.12)
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Fields SU(2)p @ U(1)y Zg_” = 2 Zé‘—T IR 25T 2,
Le,er (2,-1/2),(1,0) wl=—-i—=4+1 W=1—-+1 ®=—i—+1
Lyur  (2,-1/2),1,0) o®=-i—=+1 wb=-i—+4+1 '=1-+1

é Lo, 7R (2,-1/2),1,00 =141 wf=—-is+1 wb=—-i—+1
& vk (1,0) W=—i—+1 wWh=—is+l wWh=—io+1
i 1/12{ 1,0) W=1—+1 W=1—+1 W=1—-+1

f (1,0) w?— -1 w? — -1 w? — —1

P (2,1/2) W=1-+41 =1 - +1 =141
% o 1,0) w?=i—+1 w?=i—+1 wr=i—+1
§ " 2,1/2) WS = —1 W — —1 Wb — —1

X 1,0) w?— -1 w? — -1 w? — —1

TABLE 1: Matter content and charge assignments of the model. Here w* = ¢2™/8 is the a-th power of the eighth root of unity that
defines the Zg symmetry.

This solution corresponds to the deepest minimum provided that the condition (m/* — u4/\’32) /(4A%) > 0is satisfied.

For the present model, one can write an effective neutrino mass matrix analogous to the one given in Eq. as
M, = —0*Y, M"Y + F (Mg, ms )My YfY], (2.13)

being Y, (Yy) the Dirac neutrino Yukawa coupling matrix (Yukawa-type coupling matrix of the leptons to the dark fields f and 1),
My the RH neutrino mass matrix and My the dark fermion f mass. Like in Eq. (22), the first term in Eq. corresponds to the
seesaw contribution, while the second term accounts for the radiative corrections from the scotogenic contribution. The loop factor
F(M f,m s;) depends on the masses mg, of the dark scalar mass eigenstates S; resulting from the mixing of the neutral components
of 7 and x.

Henceforward, we will consider the Z{™" charge assignment of Table 1} for definiteness. In this case, the following mass and
Yukawa matrices are obtained

X1 0 —if yl w1 0 wo
Y,=[0 x|, MR= (M o M}\ie ) Yi=(0|, Yvy=[0 ws 0], (2.14)
X3 0 12¢ 22 Y2 Wy 0 Ws

being M1y = u (YR)12 and My, = (Mypare )22, by comparison with Eq. 2.9). Additionally, the f mass term is given by M fe*ie with
My = u ;. The parameters My, My, x;, y; and w; are real since we imposed CP invariance at the Lagrangian level. The Y, texture

that arises from Zg invariance results in a decoupled charged-lepton in the symmetry basis. Hence, the charged-lepton contribution
to the final lepton mixing is non-trivial. In fact, the charged-lepton mixing matrix is parametrised by a single angle 6, as

cosfy 0 sinfy
U, = 0 1 0 Py, (2.15)
—sinf; 0 cosO,
being the permutation matrices P;; = P1p, 1 or P3, if the considered decoupled charged lepton is the electron (Zg_T symmetry),
muon (Z§_T symmetry) or tau (ng} ! symmetry), respectively. The permutation matrices are given by

01 0 100
Po=(1 0 0],Py=1{0 0 1], (2.16)
00 1 010

and 1 is the 3 x 3 identity matrix. Thus, in the charged-lepton physical basis, the charged-lepton and effective neutrino mass
matrices are

M, = diag(me, my, mc) and M, = UTM, Uy, (2.17)

respectively. Here, Uy and M, are given in Eqgs. (2.15) and (2.13), respectively. From Eqs. (2.13) and (2.14), the effective neutrino
mass matrix in the original symmetry basis reads

My , ; v? > M .
F(My,ms,) My y3 + —=x}e™ - F(My,ms.) M i
(My,ms;) My yi + Mg, ¢ M, 1% (Mg, ms;) My y1y2 + Mz, 1
il 2.1
= . 0 - . .
M, Mo X2X3 (2.18)

2
M )
.7:(M/,H15 )Mfy§ + i Zzzxée’g
! MlZ
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FIGURE 3: One-loop diagrams contributing to neutrino mass generation in the minimal Zg scoto-seesaw model.

Parameter Best Fit 10 30 range
612 (°) [NOJ [10] 343+1.0  31.4-374
623 (°) [NO] 48797993 41.63 —51.32
623 (°) [10] 48797192 41.88 —51.30
613 (°) [NO] 8.58"011 8.16 — 8.94
613 (°) [10] 8.637011 8.21 — 8.9
6/ 7 [NOJ 120704 0.80 —2.00
/7 [10] 154+013  1.14—1.90
Am3; (x107% eV?) [NO] [IO]  7.507922 6.94 — 8.14
|Am3, | (x1073 eV2) [NOJ 2561092 2.46 — 2.65
|Am3,| (x1073 eV?) [10] 2464003 237255

TABLE 2: Neutrino oscillation parameters obtained from the global analysis of Ref. [19].

The texture zero (M, )y = 0 arises directly from the considered Zg * symmetry. One can demonstrate that the existence of CP
violation is crucially ensured by the contribution of the scotogenic loop. If this contribution vanishes, then the vacuum phase 6 can
be rephased away and CP is conserved. Moreover, due to the fact that there is only a two state mixing in the charged-lepton sector,
the zero condition in M, translates into

(M.);; = 0 for decoupled e;, (2.19)

in the charged-lepton mass basis, after performing the U, rotation shown in Eq. (2.17). Here, i = 1,2, 3 for ¢, # and 7, respectively.

3. LOW-ENERGY CONSTRAINTS FROM NEUTRINO OSCILLATION DATA

We will proceed with the analysis of the constraints set by the condition in Eq. (2.19) on parameters at low energies. For that we
write M/, in terms of neutrino masses and lepton mixing angles as

M, = U*d,Ut, d,, = diag(my,my, m3), (3.1)

being m; the light neutrino masses and U the lepton mixing matrix, which may be symmetrically parametrised as [27]

€12€13 sipcize” 9o size” o
U= | —sipcpe' — cppsizspne (2 7013)  cppops — sypsyaspze (Pt m=tn) - cpzeppeitn | 5.2)

5125236/ (P2 H9B) — 019513003008 —c12893€198 — s1p513003¢ (#127913) c13€23

The matrix U is, thus, parametrised by the lepton mixing angles 6;; (i < j = 1,2,3), being s;; = sin#;; and ¢;; = cos8;j, and three
phases ¢13, ¢12 and ¢p3. The Dirac phase is given by § = ¢13 — ¢12 — ¢23 and the two Majorana phases are ¢; 13. One can write
two neutrino masses in terms of the two neutrino mass-squared differences Am%1 = m% — m% and Amg; = m% — m%, measured in

oscillation experiments, and the lightest neutrino mass mjgptest — which corresponds to m; for a normally ordered (NO) neutrino
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FIGURE 4: Allowed regions in the (623, 6) plane for NO,;, r (upper plots) and 10, r (lower plots) for the considered Zg model. The
dashed lines delimit the viable regions which result from considering only neutrino oscillation data.

mass spectrum and to mj3 for an inverted ordered (IO) neutrino mass spectrum — as

. ) 2 ) 2
NO: mp = Miightest +Amy,, m3 = Mijghtest +Amz, (3.3)
. _ 2 2 _ 2 2 2
I0: m = \/ Mightest T |[Am3, |, mp = \/mhghtest + Amg, + |Amg | . (3.4)

In Table 2} we shown the present experimental intervals for the three mixing angles, two neutrino mass-squared differences and
the Dirac phase, resulting from the global fit to neutrino oscillation data of Ref. [19].

In Figs. 4land 5| we show the (623, 6) and (yightest, 6) allowed regions at the 10, 20 and 30 levels (in gray, blue and magenta,
respectively), for schemes with decoupled e, ;1 and 7, with both NO (upper panels) and IO (lower panels) neutrino mass spectra.
We label these different frameworks as NOe,;, and IO, ;, 7. In order to calculate the 7(2 contours, we use the one-dimensional (two-
dimensional) global-fit profiles from for 5%2, 5%3, Am%l and Am%1 (for 6,3 and ¢). This fitting method is implemented under the
constraint given in Eq. for any of the three cases to be analysed, corresponding to decoupled e, muon and tau. Note that we
do not combine further constraints on myjghtest €ither from cosmology or f-decay experiments. Alternatively, we show in Fig.[5(our
results in terms of Mgpest, indicating the aforementioned bounds by a shaded band and a vertical dashed red line, respectively.
The shaded band demarcates the most and less conservative upper limits coming from cosmology. The left (right) delimiting black
dotted line represents the Planck TT, TE, EE + lowE + lensing + BAO (Planck TT + lowE) 95% CL limit ) ; m; < 0.12 eV (0.54 eV). In
turn, the vertical red dashed line delimits the mjjghest KATRIN tritium beta decay 90% CL upper limit mg < 1.1 eV. Also, in Fig.
we show the (dashed) lines which limit the parameter space allowed by data alone (without “prior” model constraints).

Since the relation (M},)1; = 0 corresponds to a vanishing rate for Ovfg decay, the case 1O, is not compatible with data. Fur-
thermore, by inspecting the leftmost upper panel of Fig.[# we conclude that the NO, model-allowed regions in the (6,3, 6) plane
correspond to the data allowed ones obtained in [19]. This happens since (M}, )17 does not have any dependence on ¢ and 6,3. On
the other hand, from the middle (right-handed) upper plot of Fig. E|one concludes that the NO,, (NO<) case shows a preference for
the first (second) 63 octant. Hence, NO+ is consistent with data at 1o, while NO,, is only compatible at the 20 level. Interestingly,
future experiments like T2ZHK will most probably be able to untangle the 6,3 octant ambiguity and consequently, exclude either the
NO,, or the NO: case. In what concerns the cases IO, r, from the lower panels in Fig. |4, one can see again that the (62,3, ) regions
coincide with the ones allowed by the present global fits.

Although the (623, 6) compatibility regions coincide with experimental ones for the cases NO,, 10, and 10z, these are only
viable for a specific range of Miightest, as shown in Fig. |5l In particular, for the case NO, to be compatible with data, Miightest has to

6
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FIGURE 5: Allowed regions in the (1yjghtest, 6) plane for NO (upper plots) and IO (lower plots) for the considered Zg model. For
the color code of the allowed regions see Fig. 4l The vertical red dashed line corresponds to the mj;ghtest KATRIN upper limit
mg < 1.1eV (90% CL). The vertical shaded band shows the upper-limit range for Miightest from ) my cosmological bounds.

be in the range [20, 80] meV, at the 3¢ level. This corresponds to an upper and a lower bound on Miightests both of them below those
following from current beta decay experiments and cosmology. In Fig.[B} these bounds are delimited, respectively, by a red dashed
line and a vertical shaded band. Regarding the case 10, the allowed mjgptest interval at 1" corresponds to [5,100] meV. In turn, for
10z, a 16 meV lower bound at the 1o level can be identified, lying closely to the most stringent cosmological limit.

4. PREDICTIONS FOR NEUTRINOLESS DOUBLE BETA DECAY

Taking into account the presented results for the lightest neutrino mass and the neutrino oscillation parameters, we now show the
model allowed parameter space for the effective mass mgg, which characterizes the probability of observing neutrinoless double
beta decays. The exchange of light neutrinos contributes to mgg as

. |2 2 . 2 2 2 2 2ip1n 2 2 2 L2ip1s
NO: mgg = ’512513 Mlightest + 572C73 4 /mlightest + Amy; e + 573 4 /mlightest + Am3, e , 4.1)
. |2 2 2 2 2 2 2 2 2 | 22ip 4 2 Dis
10 mpg = ’C12C13 \ Mightest T ATy + 51213 \/ Miightest T A1) + |Amm3 | €7V 575 tijgniest €772 |, (4.2)

in the symmetrical parametrisation of U 27], for the cases of NO and IO, respectively.

In Fig. [6| we present the predictions for mgg taking into account the constraints given in Eq. and the global-fit analysis
from Ref. . The results are shown in the plane (jightest, Mpp), and are complementary to those in Figs. @and As before, the
NO (IO) cases are presented in the upper (lower) panels of Fig.|6} We indicate as well the current upper bounds from 0vBp searches
at EXO-200 [28], CUORE [29], GERDA and KamLAND-Zen 400 [3T]]. Notice that m pp = 0 is predicted by the case NO, and,
thus, is not shown. From the allowed regions presented in Fig. @ it can be seen that, even for NO, the model imposes a lower
bound on mgg. It is interesting to note that this feature holds even with the presence of a simple Zg symmetry. Indeed, it can be
seen that the present mgg KamLAND bound is on the verge of excluding the NO,, r cases. Data from forthcoming experiments such
as KamLAND2-Zen , CUPID [32], SNO+ I [33], PandaX-III [34], nEXO [35], LEGEND [36], or AMORE 1I [37] should be able to
probe the entirety of the model allowed regions. In what concerns the IO cases, the allowed regions by neutrino oscillation data are
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FIGURE 6: Allowed regions in the (myjgntest, 11p) plane for NO (upper panels) and IO (lower panels). For the color code of the al-
lowed regions see Fig. E} The solid (dotted) [dashed] lines delimit the 10 (20) [3c] mgg regions allowed in the general unconstrained
case. The vertical bars placed in between the panels indicate the present mgg upper bounds from EXO-200 [28], CUORE [29],
GERDA [30] and KamLAND-Zen 400 [31] at 95%CL. The height of the bars corresponds to the ambiguity in the nuclear matrix
elements, important for decay rate computation.

also already being scrutinized by current upper bounds on mgg. Still, expected sensitivities from next-generation experiments will
be able to thoroughly probe the IO allowed regions.

5. CONCLUSIONS

We have introduced a simple scoto-seesaw model with an underlying Zg symmetry, where neutrino masses are generated at tree
level via type-I seesaw mechanism, and at radiative level through a scotogenic loop. In this case, spontaneous CP violation and
DM stability arise from the Zg breaking to a dark Z, by the complex VEV of a scalar singlet . The complex VEV of ¢ constitutes
the only source of CP violation, which is successfully transmitted to the neutrino sector through the o/c* couplings to the RH
neutrinos vg and the dark fermion f. Moreover, the Zg flavour symmetry imposes low-energy constraints that were tested against
neutrino oscillation data. The obtained results are given in Figs. [, [fland[f] for both normal and inverted ordering neutrino mass
spectra. As can be seen in Fig. [f for normal ordering, the obtained lightest-neutrino mass ranges will be completely probed by
upcoming neutrinoless double beta decay searches and by enhanced sensitivities on neutrino masses in cosmological searches
(with the exception of the case that predicts mgg = 0). On the other hand, for inverted ordering, we conclude that an improved
measurement of the Dirac phase is needed in order to test our model.

This model was build with the intention of providing a template for a dynamical origin of leptonic CP violation, rather than
proposing just another model for DM and neutrino masses. This was accomplished by connecting an answer to the DM problem
with neutrino masses through CP violation, induced by the same scalar singlet which gives mass to the fermion that mediates
light-neutrino mass generation.

Let us conclude by discussing the dark sector of our model. The first aspect we may notice is that our dark sector is enlarged
when comparing to that of the canonical model, due to the presence of an extra scalar singlet . Just like in other scotogenic-type
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extensions of the SM [2,(3} 4, 5,16} 7, 18} O} [10} [11} 112, [13], in our case also the lightest dark-sector particle is stabilized by the presence
of a remnant Z; subgroup after breaking of the flavour Zg group, as seen in Table[T} Thus, the lightest of the dark particles, being it
a fermion or a scalar, is an adequate DM candidate. The presence of the new scalar singlet ¢ allows for the new dark scalar ) to mix
with the usual dark scalar 77. Consequently, this model will have an enlarged compatible parameter space with the observed DM
relic density, when comparing with the canonical scotogenic model [2]. As a matter of fact, the addition of a dark scalar singlet, as
for instance x in our case, has been shown to largely increase the parameter space of the model [38]. Furthermore, the inclusion of
a scalar with non-zero VEV, e.g. ¢ in our model, also enhances the viability range, in the case where DM is the lightest Majorana
fermion [39]. Our model has both of these two features and, thus, its allowed parameter space will be certainly larger than those of
the simplest scotogenic model and the above extensions. Any expected DM signature, will thus be comparable to those discussed
in the above-mentioned scotogenic extensions.
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