Eur. Phys. J. C (2022) 82:623
https://doi.org/10.1140/epjc/s10052-022-10532-5

THE EUROPEAN ()]
PHYSICAL JOURNAL C e

updates

Regular Article - Theoretical Physics

Dark matter in a charged variant of the Scotogenic model

Valentina De Romeri'?, Miguel Puerta'®, Avelino Vicente

1,2,¢

! Instituto de Fisica Corpuscular, CSIC-Universitat de Valencia, 46980 Paterna, Spain
2 Departament de Fisica Teorica, Universitat de Valencia, 46100 Burjassot, Spain

Received: 26 August 2021 / Accepted: 11 April 2022 / Published online: 18 July 2022

© The Author(s) 2022

Abstract Scotogenic models are among the most popu-
lar possibilities to link dark matter and neutrino masses. In
this work we discuss a variant of the Scotogenic model that
includes charged fermions and a doublet with hypercharge
3/2. Neutrino masses are induced at the one-loop level thanks
to the states belonging to the dark sector. However, in contrast
to the standard Scotogenic model, only the scalar dark matter
candidate is viable in this version. After presenting the model
and explaining some particularities about neutrino mass gen-
eration, we concentrate on its dark matter phenomenology.
We show that the observed dark matter relic density can be
correctly reproduced in the usual parameter space regions
found for the standard Scotogenic model or the Inert Dou-
blet model. In addition, the presence of the charged fermions
opens up new viable regions, not present in the original sce-
narios, provided some tuning of the parameters is allowed.

1 Introduction

The Standard Model (SM) of particle physics fails to address
two of the most important open questions in current funda-
mental physics: the origin of neutrino masses and the nature
of dark matter (DM). While these two issues might be com-
pletely independent, and the explanation to the DM puz-
zle might even come from a completely different branch of
physics, it is tempting to explore extensions of the SM in
which they are simultaneously addressed.

Many radiative neutrino mass models are good examples
of such extensions. In this class of models, pioneered in [1—
4], neutrino masses vanish at tree-level but become non-zero
once loop corrections are included. This naturally explains
the smallness of neutrino masses, which get suppressed by
the usual loop factors. In many cases, they are induced at
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one-loop, but there are many well-known examples leading
to neutrino masses at higher loop orders, see [5] for a review.
A symmetry is often introduced to avoid the generation of
neutrino masses at tree-level. Interestingly, the lightest state
charged under this symmetry becomes completely stable and
hence can be a viable DM candidate [6], provided it has the
correct quantum numbers [7].

One of the most popular models with this feature is the so-
called Scotogenic model [8]. This economical setup extends
the SM particle content with three singlet fermions and one
inert scalar doublet, all odd under a Z, parity. Neutrino
masses are induced at the one-loop level and the lightest
Zp-o0dd particle, which might be a fermion or a scalar state,
becomes stable and can play the role of DM candidate. Both
possibilities have been studied in detail and shown to be
valid options. The fermion DM candidate can be produced
in the early Universe via its Yukawa interactions. Although
the bounds from lepton flavor violating (LFV) processes [9]
strongly limit the allowed parameter space in this case, the
observed DM relic density can be achieved [10] (see also [11—
14]). Qualitatively similar conclusions were recently found
in a variant of the Scotogenic model with Dirac fermion DM
[15]. The scalar DM candidate does not suffer from this lim-
itation since it can be produced via gauge and/or scalar inter-
actions. In this case the DM phenomenology resembles that
of the Inert Doublet model [16-20].

While the original Scotogenic model is a very attractive
and economical setup, it is also interesting to consider vari-
ations with a richer phenomenology.! For instance, a simple
extension including both singlet and triplet fermions [23]
already leads to novel phenomenological signatures [24,25].
In this work we consider a variant of the Scotogenic model
originally introduced in [26]. In addition to the usual inert
doublet, in this case one introduces charged fermions and a

! The Scotogenic model can be generalized in many different ways, see
[21] and references therein. Furthermore, the Scotogenic mechanism
can be used to induce a small one-loop mass for a light DM candidate
[22].
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doublet with hypercharge 3/2. As a consequence, the parti-
cle spectrum contains many new charged states, including a
doubly-charged scalar. The presence of these states naturally
leads to a much richer collider phenomenology [26,27]. The
aim of our work is to explore the DM phenomenology of the
model, something that is done for the first time here. In con-
trast to the minimal Scotogenic model, only the scalar dark
matter candidate is viable in this version, since the rest of
the Z;-odd states are electrically charged. We will show that
the observed DM relic density can be correctly reproduced
in this model and identify the regions of the parameter space
where this is achieved. In particular, we will demonstrate the
existence of novel parameter regions, not present in the stan-
dard Scotogenic scenario, viable thanks to the electrically
charged fermions in this model.

The rest of the manuscript is organized as follows. The
model is introduced in Sect. 2, where detailed discussions on
the scalar sector, the neutrino mass generation mechanism
and the DM candidate can be found. Section 3 describes the
approach followed in our numerical analysis. This Section
also discusses the most relevant experimental bounds in our
setup. Our results are given in Sect. 4, whereas a summary
with the main conclusions derived from our work is given in
Sect. 5. Finally, additional details are given in Appendices A
and B.

2 The model

We consider the variant of the original Scotogenic model
introduced in [26]. The SM particle content is extended by
adding two SU(2)1, doublets, n and &, with hypercharge
1/2 and 3/2, respectively, and two pairs of singlet vector-
like fermions 1//2, g (@ = 1,2) with hypercharge —1. The
scalar doublets of the model can be decomposed into SU(2)1,
components as

+ + ++

i) 0=(o) 2= (o)
Here H is the usual SM Higgs doublet. As in the Scotogenic
model, we impose an exact Z; parity. All the new particles are
odd under this symmetry, while the SM particles are assumed
to be even. The particle content of the model is summarized
in Table 1. We note that H and n are only distinguished by
their Z, charges. In fact, the scalar doublet n has the same
quantum numbers as the usual inert doublet present in the
Inert Scalar Doublet model [16] and the Scotogenic model
[8].

The most general Yukawa Lagrangian involving the new
particles can be written as

Ly =My U yr+Y"0 @y + YR nyg +he, 2)
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Table 1 Particle content of the model. g;, £1, ugr, dg, eg and H are
the usual SM fields

qr ugr dr €L er YL Yr H n @
SUB)¢ 3 03 3 1 1 1 1 1
SUQ)L 2 1 1 2 1 2 2 2

1 2 1 1 1 1 3
Uy 5 3 —3 —3 ~L -1 -1 5 35 3
7, + + + + 4+ - - 4+ - =
GENERATIONS 3 3 3 3 3 2 2 1 1 1

where My is a 2 x 2 vector-like (Dirac) mass matrix, which
we take to be diagonal without loss of generality, while Y
and YR are dimensionless 3 x 2 complex matrices. The most
general scalar potential is given by

1
V=i [HE + i3 0 + g |0 + 2 |4

+ i+ 2 e 00!
227] 2@

+ A3 [H* >+ g |H )
+ o1 [HP? 1@ + o2 [n)* |@
+o1 [H @ + oy |0 @)

1 -
+§[x5 (Hp) —i—h.c.]

+ [ @ H)GrH) +he] 3)

where (11, (47 and pe are parameters with dimension of mass
andX; (j =1,2,3,4,5), o, p1, p2,01,02 and k are dimen-
sionless. We note that in the presence of a non-zero « term
it is not possible to define a conserved lepton number. As
shown below, this plays a crucial role for the generation of
neutrino masses.

2.1 Scalar sector

Let us now discuss the resulting scalar particle content of the
model. We will assume a minimum of the potential charac-
terized by the vacuum expectation values (VEVs)

I (0

(H)—ﬁ(), () =0, (®)=0, “)
with v ~ 246 GeV the usual SM VEV. This vacuum
preserves the Z, parity, which remains unbroken after
electroweak symmetry breaking. This forbids the mixing
between H, even under Z,, and the n and ® doublets, odd
under Z,. The neutral H® and ° states can be split into their
CP-even and CP-odd components as

L
V2

HO = (h+iA+v), ©)
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Fig. 1 One-loop diagram
which generates neutrino masses
in the variant of the Scotogenic
model under consideration. Due
to electric charge conservation,
in each vertex the relevant
components of 7 and ® are the
singly-charged ones

125 YL

1
n°=72<me+im>. (©6)

The CP-even state i can be identified with the SM Higgs
boson, with mj, ~ 125 GeV, while A is the Goldstone boson
that becomes the longitudinal component of the Z boson.
Assuming that CP is conserved in the scalar sector, ng and
ny do not mix. Their masses are given by
2 2 1 2

My, =M2+§()\3 + Ag £ As5) 07 (7)
The charged component of H becomes the longitudinal com-
ponent of the W boson. The charged component of 7 mixes
with the singly-charged component of ®. Their Lagrangian
mass term can be written as

2 2 +
£ = (- @) (mgi mzlz) ((’17)+> +he, ®)

mlz mq)i
with
2 2 1 2
mni=M2+§k3v, 9)
mie = pp + % (p1 +01) V2, (10)
m3, = L. (11)

2

The gauge eigenstates T and ®T are related to the mass
eigenstates H1+ and H2+ as

Hl+ _ [ Sx Sx n*
<H2+> B (‘sx Cx) <q>+ ’ (12)

where ¢y, = cos x, s, = sin x and y is a mixing angle. The
Lagrangian mass term can be written in terms of the mass

%
AN s
N s
AN s
AN s
AN s
N s
R SR
= ~
K N +
N
\
\
\
\
\
|
o *~ <«
v My  Yr YR v
eigenstates H," and H," as
. fmyx O HT
L= (HT H) ( I mH;) (H;+> fhe.  (13)

This allows us to obtain the mixing angle x. Combining
Eqgs. (8) and (13) with Eq. (12) one finds

Cy Sy =
X X I:(m(Z1>i 7m2i )2

~ = , (14)
2
HE mH;)

where in the second step we have assumed x to be a small
mixing angle or, equivalently, k < 1. Finally, the mass of
the doubly-charged ® T is given by

1
Myrs = 1o + 5 1V (15)

2.2 Neutrino mass generation

In this model, neutrino masses are induced at the one-loop
level by the diagram in Fig. 1.> The Z,-odd states in the
loop are electrically charged, in contrast to the original Sco-
togenic model, which has electrically neutral states running
in the loop. The resulting neutrino mass matrix can be eas-
ily computed with the general expressions in Appendix A.
In this model, ng = np = 2, with § = {Hi, Hzi} and
F = {1, ¥»}. The masses of the scalars in the loop are
mzli and mzzi, defined in Eq. (13), whereas the masses of the

2 All Feynman diagrams in our paper were made with JaxoDraw
[28,29].

@ Springer
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fermions are Moyt and my2, with moyb (b =1, 2) the diago-
nal components of the matrix My, introduced in Eq. (2). One
can also read the couplings of H ]i and H2i from Egs. (2) and
(12), obtaining

YFLIIi =vls,, Ygli =rle,, (16)

Yﬁzi =1Rec,, Ygzi = (17)
Therefore, the contribution to (m,)qg of the diagram dis-
played in Fig. 1 is proportional to Yof‘b Yéeb, with b the fermion
index. It is easy to realize that there is a mirror contribu-
tion proportional to Y ﬂLb Y (fb, obtained after exchanging the
scalars. In summary, the neutrino mass matrix can be written
as
: {H ") (H5v")

M)ap =Y | m)gg' "+ () 4 : (18)

b=1

with

L R R yL
ity Yeu Yo + Yo Y,

(mu)aﬂ 16722 Sy Cx Myb
2 2 2 2
My logmwb —mHli logmHli
X | Ae+1— 3 3 , (19
v U HE
L yR R yL
(H yb) Yo Y + Yop Yy,
(my) > =— Sy Cy Myb
op 1672 v
mzwb logmib - mil,f logmflei
X | Ae +1— 5 5 (20)
mwh — mHi
2

The addition of both contributions cancels out the divergence
(Ay), as expected. We can finally use Eq. (14) to replace the
mixing angle x in Eqgs. (19) and (20). By doing this, and also

by assuming the hierarchy m2 ., m% , <« m?,, one finds
HE U H; U
2 yL yR R yL
- )ﬂ_ZYabYﬂb+YabYﬂb Kv?
viep = 2 m 2 _ 2
1 32m mw mHzi mHli
2 2
m
2 vh 2
X mHzi IOng _mH]i IOng (21)
H;: H

This expression matches the result in [26]. Neutrino masses
are proportional to the k parameter, as expected from symme-
try arguments. In the limit x — 0 lepton number is restored,
and this explains that Majorana neutrino masses can only be
induced with k¥ # 0. Furthermore, ¥ < 1 is natural, in the
sense of 't Hooft [30]. As in the Scotogenic model, small
neutrino masses can be naturally generated in this model.
One can generate m, ~ 1 eV with YRL ~ 1, mHli ~ 300

GeV, m pz ~ 400 GeV and mya ~ 1 TeV if k ~ 10712,

@ Springer

Table 2 Values of the input parameters considered in the numerical
scan

A =026 my1 =2.1TeV
A =05 my2 =23 TeV
Az =1072 p1 =05

A4 €[-0.5,-1074] 02 =07

s € [-0.32, —0.003] o1 € [1073,0.16]
Ao =3x1073 0, =102

13 € [100,4.4 x 10%] GeV? k=10"%

U3 = 2 except if my, €[50, 100] GeV

2.3 Dark matter candidate

As a consequence of the conservation of the Z, parity, the
lightest Z>-odd state is stable and cannot decay. In contrast to
the Scotogenic model, the only potentially viable candidate
is one of the neutral 1 scalars, either ng or ny, since the other
Z»-0dd states are electrically charged. Their mass difference
is controlled by the A5 quartic coupling, as shown in Eq. (7),

my, —my, =Asv’. (22)
Another difference with respect to the Scotogenic model is
that this mass difference can in principle be large. This is
because the As coupling does not enter the neutrino mass
formula, see Eq. (21), and can be ~ O(1). Also, we note that
the sign of As determines the DM candidate. n; is the DM
candidate if A5 > 0, while A5 < 0 selects ng as the DM
candidate.

The ng and n; fields couple to the electroweak gauge
bosons, since they originate from an SU(2)1, doublet with
hypercharge 1/2. Their production in the early Universe is
thus expected to be generally dominated by gauge interac-
tions. The exception to this rule will be found when the mass
of the DM candidate is close to ~ m, /2, when the so-called
Higgs portal will be the most important channel. In general,
the DM phenomenology of the model is expected to be sim-
ilar to that of the Inert Scalar Doublet model [16], a popular
and economical model for DM [17,18]. Finally, we point
out that the DM candidates, nr and 5y, carry the quantum
numbers of a supersymmetric sneutrino, except for lepton
number.

3 Analysis and experimental bounds

We now proceed to discuss the approach followed in our
numerical analysis and the experimental bounds considered.
The first step has been the implementation of the model
in SARAH (version 4.11.0) [31],aMathematica
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package for the analytical evaluation of the model. > With the
help of this tool, we have created a SPheno (version
4.0.2) [33,34] module with the required numerical rou-
tines to obtain the particle spectrum and compute several
observables of interest in our model. This includes the cal-
culation of flavor violation observables with FlavorKit
[35]. Finally, we have used micrOmegas (version
5.0.9) [36] for the evaluation of DM observables, such as
the DM relic density and direct and indirect detection predic-
tions. We performed a numerical scan with ~ 10000 points.
Our choice of parameters is summarized in Table 2. In par-
ticular, we choose the negative sign for A5 so that throughout
our analysis n plays the role of the dark matter. Let us recall
that this is a choice just for definiteness, equivalent results
would be obtained by assuming n; as the lightest Z,-odd
state. Furthermore, we take ,u% = ,ué in most of the param-
eter space to guarantee that nr (and not one of the charged
states from @) is the lightest Z,-odd particle. An analogous
reason lies behind the range chosen for ,u%b.

The new particles introduced in this variant of the Sco-
togenic model may lead to different experimental signatures
and affect the SM prediction of several observables. For this
reason and throughout our analysis we have considered a list
of experimental constraints.

Neutrino oscillation data The generation and smallness of
neutrino masses is one of the main motivations behind the
idea of Scotogenic models. In our analysis, we demand com-
patibility of the neutrino oscillation parameters with the most
recent neutrino oscillation global fit [37]. This is achieved by
adjusting the entries of the Yukawa matrices Y~ and Y % by
means of the master parametrization [38,39], which allows
one to write

(YL>T — L s 2wab Ut (23)
Nexj =
T 1 -
YR> - 2w*BD U, 24
( 3 i (24)
where X is a diagonal 2 x 2 matrix containing the positive
singular values of the matrix M, with M;; = w; §;; and

2 mfh" 2 mfﬁ"
w; = m_ mHzi IOg B - mHli IOg 5 . (25)
Wi mH; mHli
Moreover,
K v2
f (26)

= 2,2 _ 2
32n (mH; mHli)

is a global factor, U is the leptonic mixing matrix, a unitary
3 x 3 matrix that brings the neutrino mass matrix to a diagonal

3 See [32] for a pedagogical introduction to the use of SARAH.

form as
uT m, U = diag(m1, m>, m3), 27

while the matrix D i is defined as

Do — diag(a/ml,a/mzﬂ/mﬂ ifmy # 0,
Vi = P - diag (v, /mz, Jm3) - P if my = 0.

Here v can actually be replaced by any arbitrary scale and
P depends on the neutrino mass hierarchy. In case of nor-
mal ordering, P is just the identity matrix, while for inverted
ordering P is a permutation matrix that exchanges the first
and third elements. Finally, the matrices W, A and B are
defined in Appendix B, where explicit analytical results for
the elements of the Y~ and Y ® matrices are also given. In
our numerical analysis we assume a normal mass ordering
for light active neutrino masses and take vanishing CP vio-
lating phases for simplicity. We also assume that the lightest
neutrino is massless.

(28)

Lepton flavor violation While this model could in princi-
ple produce signals at facilities looking for LFV processes,
these have not been observed yet. Hence we can use cur-
rent null searches for LFV to constrain the parameters of the
model, in particular ¥ which determines the magnitude of
the Yukawa matrices Y% and Y ®. We consider the follow-
ing most stringent bounds on rare LFV processes: BR(u —
ey) < 4.2 x 10713 [40], BR(u — eee) < 1. x 10712 [41]
and CR(u™, Au — ¢, Au) < 7 x 1013 [42].

Electroweak precision observables The experimental accu-
racy of electroweak observables can be sensitive to the pres-
ence of new particles, like those introduced in this model.
The main contribution to the higher-order calculation of elec-
troweak precision observables is parameterized via the ép
parameter. We require an adequately small deviation of the
p parameter from one through the following prescription:
—0.00022 < §p < 0.00098 [43] (30 range).

Dark matter searches We assume our DM candidate ng
to be in thermal equilibrium with the SM particles in the
early Universe. We also assume a standard cosmological sce-
nario. If no other dark matter candidates are present, then
the relic abundance of ng must be in agreement with the
latest observations by the Planck satellite [44], which set
a limit on the cosmological content of cold dark matter:
0.1164 < Q,,Rh2 < 0.1236 (30 range). The relic abun-
dance of ng can also be subdominant, i.e. Qnha < 0.1164,
however in this case another DM candidate is required to
explain the totality of the cosmological dark matter. More-
over, g can be probed at dark matter experiments like direct
detection facilities. We apply the most stringent bound on the
WIMP-nucleon spin-independent (SI) elastic scatter cross-
section from the XENONIT experiment [45]. We compute
the direct detection cross section at tree-level. Since a more

@ Springer
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exhaustive study of this observable is out of the scope of this
paper, we have considered the constraint

1
13 ha + 25| = 1073, (29)

obtained for the inert Higgs doublet [46] in order to avoid
sizable loop corrections. If i annihilates into SM particles
with a cross section typical of WIMPs, it may also be detected
indirectly. We consider both y rays and antiprotons as anni-
hilation products and compare with the respective current
bounds on the WIMP annihilation cross section set by the
Fermi Large Area Telescope (LAT) satellite [47], the ground-
based arrays of Cherenkov telescopes H.E.S.S. [48] and the
Alpha Magnetic Spectrometer (AMS-02) [49-51] onboard
the International Space Station.

LHC searches The new charged particles in the model can be
copiously produced and detected at the LHC, see [26,27]. Itis
however beyond the scope of this work to perform a detailed
collider study of the model. In order to guarantee compatibil-
ity with the current bounds, we have chosen My12 > 1 TeV
in our numerical scan. The singly-charged scalars H 1+ » have
masses in a wide range of values, always in the hundreds of
GeV. Finally, the doubly-charged scalar ®** is chosen to
be always heavier than ~ 200 GeV by imposing u3 # u3
in the region m,, € [50 GeV, 100 GeV]. This may seem as
too little restrictive, since the currently most stringent bounds
on a doubly-charged scalar range from 220 GeV [52] (for a
& that decays into WTW™) to 846 GeV [53] (for a &
that decays into u+u™). However, notice that in our model
& is Zy-o0dd and its decays always include DM particles.
In fact, we have found that in many parameter points ®++
decays as @7+ — H;* W, followed by H;" — ng T v,
thus leading to large amounts of missing energy in the final
state.

Invisible decay width of the Higgs boson If the new neu-
tral scalars ng and n; are light enough, new invisible decay
channels of the Higgs boson will be kinematically accessi-
ble. We require that their contribution to the invisible decay
width of the Higgs boson is not larger than the currently
most stringent experimental bound: BR(h — inv) < 19%
[54]. Our computation of BR(2 — inv) includes the decay
BR(h — ngnr), when kinematically possible, and also
BR(h — n;ny) when my, — m,, < 10 GeV. We esti-
mate that for larger mass differences between n; and ng, n;
would decay visibly inside the detector. Moreover, the pres-
ence of charged scalars may also modify the Higgs photon
coupling to two photons. For this reason we further impose
that 0.84 < BR(h — yy)/BR(h — yy)sm < 1.41, with
BR(h — yy)sm = (0.227 +0.011) x 1072 [43].

ny lifetime Searches for long-lived particles at the LHC usu-
ally look for displaced vertices. In order to ensure com-
patibility with the non-observation of such signatures, we

@ Springer

Table 3 List of experimental constraints applied to the numerical scan

BR(u — ey) < 4.2 x 10713 [40]

BR(u — eee) < 1.x 10712 [41]

CR(u~, Au — ¢, Au) <7x 10713 [42]
B‘;?,f’;% [0.84, 1.41] [43]

BR(h — y¥)sm (0.227 4 0.011) x 1072 [43]
BR(h — inv) 0.19 [54]

sp [—0.00022, 0.00098] [43]
Q' [0.1164, 0.1236] [43]

require t(n;) < 1 s. This translates into the constraint
|A5] > 5x10~*, which guarantees that ; decays fast enough
into ng.

Theoretical considerations We require that the expansion of
the scalar potential (see Eq. 3) around its minimum must be
perturbatively valid. At this scope, we take all scalar quartic
couplings tobe < 1. Similarly, the elements of the Y © and ¥ R
Yukawa matrices are also bounded to be < 1. Furthermore,
all quartic couplings will take positive values in our numer-
ical scans. While more sofisticated analyses are required in
order to establish that the considered vacuum configuration
is stable, in particular in what concerns the conservation of
the Z; parity (at the electroweak or at higher energy scales),
they are clearly beyond the scope of our work. We refer to
[21] for a detailed discussion of these issues.

We summarize in Table 3 the list of experimental con-
straints applied in the numerical scan.

4 Numerical results

In this section we summarize our results of the analysis of
nr as a dark matter candidate in the model. As we previously
commented, this is the only potential DM candidate in this
model, given the choice of negative sign of A5 (see Sect. 2.3).
Figure 2 shows the expected ng relic abundance as a func-
tion of the mass of ng. Points colored in magenta denote
solutions which can reproduce the observed cold dark mat-
ter relic density, as they fall within the 30 range derived
by the Planck satellite data [44], Qnha = 0.120 £ 0.0036
(green band). From this analysis we can identify that the pre-
ferred DM mass range lies around 500 GeV < m;,, < 800
GeV. Blue points also refer to allowed solutions but where
ng would be a subdominant component of dark matter, and
another candidate would be required. Finally, gray points
denote solutions excluded by any of the constraints previ-
ously discussed in Sect. 3. In particular, the Planck con-
straint itself rules out most of the solutions leading to exces-
sively large relic density. Another large set of solutions with
70GeV S my, < 700 GeV is excluded by the current bound
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Fig. 2 Relic abundance of ng as a function of m,,. Magenta points
depict solutions in agreement with the cold dark matter measurement
obtained from Planck data [44] (green band, 3¢ interval). Blue points
denote allowed solutions but leading to underabundant dark matter. Gray
points are excluded by any of the constraints listed in Sect. 3

on WIMP-nucleon SI elastic scattering cross section set by
the experiment XENONIT [45].

Looking at the figure from left to right, the first dip refers
to the Z-pole, where m,, ~ Mz/2 and annihilations via s-
channel Z exchange are relevant. A similar feature appears
at my, ~ 60 GeV, where a narrower dip indicates effi-
cient annihilations via s-channel Higgs exchange. However,
most solutions with m,, < 60 GeV appear to be in con-
flict with current collider limits on BR(4 — inv) and with
LHC searches for doubly-charged scalars and are therefore
excluded. Notice that the s-channel Higgs annihilations are
in general more efficient than the Z-mediated ones, not being
momentum suppressed, and in principle could lead to solu-
tions with €2, ha < 1073, Only very few solutions eventu-
ally survive in the Higgs-pole region at m,, < 100 GeV, due
to a variety of constraints, among which BR(h — yy) and
BR(h — inv) are the most important ones. These parameter
points have very small relic density. After the Higgs pole,
ng quartic interactions with gauge bosons and heavy quarks
become effective, when kinematically allowed. In particu-
lar, ng annihilations into W W™ via quartic couplings are
efficient at m,, 2 80 GeV, translating into a third drop in
the relic abundance. As soon as kinematically allowed, ng
can then annihilate also into two Higgs bosons. In general,
for my, 2 100 GeV, the g relic density increases as its

annihilation cross section drops proportionally as ~ m%
R

A very interesting feature appears at m,, ~ 1.3 TeV. The
relic density suddenly drops to very small values due to a
very efficient co-annihilation channel H| Hz+ — vy, medi-
ated by the vector-like fermions v > in t-channel, as shown
in Fig. 3. This contribution is made very efficient by the mag-
nitude of the relevant entries of the Yukawa matrices entering
the diagram. The same Yukawas also play a relevant role in
the rare LFV process u — ey, which turns out to exceed

Fig. 3 Dominant diagram contributing to the co-annihilation channel
H H;r — vv. Notice that both Yukawa matrices, Y~ and Y, must
have sizable entries to make this process efficient

the current limit set by MEG [40] and thus excludes all solu-
tions falling in this very narrow pole. Nonetheless, given the
large freedom due to the vast array of parameters that can
be varied in the parameterization of the Yukawa matrices
(see Appendix B), one can always find a fine-tuned com-
bination which allows to keep the co-annihilation channel
H H2Jr — v efficient while at the same time not leading
to a BR( — ey) in conflict with current observations. This
can be seen in Fig. 4, where we show the dependence of
BR(u — ey) and Qnha as a function of the parameters
K1> (left panel) and Tp» (right panel). To obtain these fig-
ures we extracted one solution at m,, ~ 1.3 TeV from our
general scan (see Fig. 2) — which we recall was made fix-
ing K12 = 0 and T12 = 0 — and we scanned around those
central values. Eventually, few allowed solutions (both with
a relic abundance matching current observations and under-
abundant) will appear at i, ~ 1.3 TeV. Let us point out that
similar features with fine-tuned solutions may be present also
in other parts of the parameter space. In particular, we notice
that this feature depends on some of the parameters of the
model (for example, the charged fermion masses). Therefore,
one should be able to find it in other regions below (or above)
1.3 TeV with other parameter configurations.

Next we proceed to discuss the results for ng direct
detection.
In full generality, the tree-level SI ng-nucleon interaction
cross section receives two contributions, from scattering
through the Higgs or Z bosons. However, since the A5 quartic
coupling induces a mass splitting between ng and 7, even-
tually it turns out that the interaction through the Z boson
is kinematically forbidden, or leads to inelastic scattering,
in a large part of the parameter space. Should this not be
the case, the ng—nucleon interaction through the Z boson
would dominate (since the n doublet has hypercharge dif-
ferent from zero) and very likely exceed the current bounds
from DM direct detection experiments. We show in Fig. 5 the
SI ng—nucleon elastic scattering cross section, weighted by
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Fig. 4 BR(u — ey) (left vertical axis, blue points) and relic abundance of ng (right vertical axis, green points) as a function of K, (left panel)
and T, (right panel). The horizontal line represents the current upper bound on BR( — ey) [40]. Therefore, all blue points above this line are

excluded

Fig. 5 Spin-independent

ngr-nucleon elastic scattering
cross section — weighted by the
relative abundance — versus
my,. Same color code as in

Fig. 2. The green dashed area is
excluded by the most recent
upper bound from the
XENONIT experiment [45].
The dashed orange curve
indicates the expected discovery
limit corresponding to the
“v-floor” from CEVNS of solar
and atmospheric neutrinos for a
Ge target [60]. The dashed red o
curve depicts the projected

Xenon1T

1078
sensitivity expected at
LUX-ZEPLIN (LZ) [61]
1 0—49
10’

& = ﬁiﬁhmk versus the ng mass. We use the same color
code asin Fig. 2. The plain green line and dashed area indicate
the current most stringent limit from XENONIT [45]. Even
if not shown here, other stringent constraints on the SI ng-
nucleon elastic scattering cross section apply from the liquid
xenon experiments LUX [55,56] and PandaX-II [57]. Liquid
argon experiments like DarkSide-50 [58] and DEAP-3600
[59] are instead presently limited and hence less constraining,
due to lower exposures and the currently low acceptance in
DEAP-3600. We also illustrate for comparison the expected
discovery limit corresponding to the “v-floor” from coherent
elastic neutrino-nucleus scattering (CEvNS) for a Ge target
[60] (dashed orange line), as well as the sensitivity projection
(90% CL) for the future experiment LUX-ZEPLIN (LZ, red
dashed) [61]. Other future experiments like XENONnT [62],
DarkSide-20k [63], ARGO [63] and DARWIN [64,65] (see
[66] for arecent review), not shown here not to overcrowd the
figure, will in principle be able to explore the parameter space
of this model. Given the current experimental constraints,
most of the solutions with a relic abundance falling within the

@ Springer

30 C.L. cold dark matter range obtained by the Planck collab-
oration [44] lie in a narrow region around m, ~ 500 — 700
GeV. Many more solutions leading to under-abundant dark
matter lie at ~ 150 GeV < m,, ~ 500 GeV and could
be tested at future DD experiments. On the whole, the phe-
nomenology of the scalar DM candidate in this model, while
richer, shares similar properties to that of the analogous scalar
DM candidates in the simple Scotogenic Model [8], in Inert
Scalar Doublet models, and in other Scotogenic variants like
the Singlet-Triplet Scotogenic model [25].

Another ng search strategy is via its indirect detection.
If it annihilates into SM particles or messengers (with siz-
able annihilation cross section, close to the thermal value) it
can contribute to the flux of cosmic particles that reaches the
Earth. Photons, and more specifically y rays are among the
most suitable messengers to probe WIMP dark matter indi-
rectly. They are not deflected during propagation, so they
carry information about their source, and they are relatively
easy to detect. When np is lighter than My, only annihi-
lations into fermions lighter than m,, are allowed at tree
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level, with the heaviest kinematically allowed fermion final
states dominating (i.e. ngng — bb and ngnr — tr7).
At higher masses, when kinematically allowed through the
corresponding quartic couplings, also the following chan-
nels open: nrnr — WHW~, hh, 7979 The hadronization
of the gauge bosons, Higgs boson or quarks produces neutral
pions, which in turn decay into photons thus giving risetoa y -
ray flux with a continuum spectrum which may be detected at
indirect detection experiments. Besides this featureless y -ray
spectrum, the model also predicts a spectral feature from the
internal bremsstrahlung process ngng — WTW™y, sim-
ilarly to the Inert Doublet model [67,68]. We include this
contribution in our analysis.

While more challenging due to uncertainties in the treat-
ment of their propagation, charged particles can also be used
to probe for ng annihilations. PAMELA [69,70] and, more
recently, the AMS-02 [71,72] positrons data allow to place
constraints on annihilating WIMPs, which are particularly
stringent if they annihilate mainly to the first two generations
of charged leptons. In our case, at m;, < mwy, ng annihi-
lates predominantly into ts (and bb). Hence, bounds from
cosmic positrons are less stringent than those from y rays.
On the other hand, AMS-02 data on the antiproton flux and
the Boron to Carbon (B/C) ratio can be used to constrain the
ng annihilation cross section [49-51]. Provided that astro-
physical uncertainties on the p production, propagation and
on Solar modulation are reliably taken into account (see e.g.

10—22

[73-75]), these bounds result to be stronger than y -ray limits
from dwarf spheroidal satellite galaxies (dSphs) over a wide
mass range.

We focus on the main ng annihilation channels into bb,
Tt~ and WT W™ to compare with current limits set by -
ray observations of Milky Way dSphs with Fermi-LAT data
[47], of the Galactic Center (GC) with the H.E.S.S. array of
ground-based Cherenkov telescopes [48] and a combination
of p and B/C data of AMS-02 [49,50]. Figure 6 shows the
results of our numerical scan of the ng annihilation cross
section (weighted by £% and by the correspondent branch-
ing ratio) versus its mass, for the main annihilation chan-
nels: ngnr — bb (green points), nrngr — 77~ (blue
points) and ngng — W W™ (dark red points). As in previ-
ous plots, gray points denote solutions excluded by any of the
constraints listed in Sect. 3, while magenta points depict solu-
tions in agreement with the cold dark matter measurement
obtained from Planck data. In the same figure we depict the
95% C.L. upper limits currently set by the Fermi-LAT with y -
ray observations of Milky Way dSphs (6 years, Pass 8 event-
level analysis) [47] (plain curves and shaded areas, assuming
annihilation into bb (green), T+~ (blue) and W+ W~ (dark
red)). We also show the current upper limit obtained with
data accumulated over 10 years by H.E.S.S. observations of
the GC [48], assuming a W W~ annihilation channel and
an Einasto dark matter density profile (dark red dot-dashed
curve and shaded area). Current bounds from a combination

1

W
~ ‘ "
- R oAl PSphs(b 2
g LAT. dhs(n =)
>
B
a
wr
-32 | I HNalkk
10
10"

Fig. 6 1z annihilation cross section for annihilations into bb (green),
77~ (blue) and W+ W~ (magenta when 1 makes all the dark matter,
red when it comprises a subdominant fraction) final states. The green,
blue and red plain lines refer to the corresponding 95% C.L. upper lim-
its currently set by Fermi-LAT y-ray data from dSphs [47]. The dark
red dot-dashed curve is the current 95% C.L. upper limit obtained by

102

My, [GeV]

H.E.S.S. using GC data [48]. The green and red dashed lines denote
current 95% C.L. constraints derived from the antiproton and B/C data
of AMS-02 [50]. For comparison, we also show sensitivity projections
for Fermi-LAT (bb channel, assuming 60 dSphs and 15 years of data)
[76] and for CTA (looking at the galactic halo, W W~ channel) [77]
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of p and B/C data of AMS-02 [49,50] are instead shown
as dashed curves (green for bb and red for WH W~ chan-
nels, respectively). As for comparison we further illustrate
projected sensitivities for Fermi-LAT from a stacked anal-
ysis of 60 dSphs and 15 years of data, in the bb channel
[76] (dot-dashed green line) and for the Cherenkov Tele-
scope Array (CTA), for the Milky Way galactic halo target,
assuming the W W™ annihilation channel and an Einasto
dark matter density profile [77]. Our model predictions, not
excluded by other constraints, lie at least a factor of few below
current limits set by y -ray observations with Fermi-LAT and
H.E.S.S.. In particular, allowed solutions in the “low” (and
narrow) mass window around n1,,, ~ 60 GeV (bband Tt~
annihilation channels) are hardly found, so only a couple of
them are shown for illustration. Predictions for these chan-
nels lie well below current bounds. Antiprotons and B/C data
of AMS-02 instead already allow to exclude some solutions
with 200 GeV < my, < 800 GeV (W' W™ annihilation
channel), including the region of parameter space that could
explain the totality of dark matter. We remark that these
bounds are obtained under significant astrophysical uncer-
tainties. Future telescopes like CTA as well as additional LAT
data will allow to further explore these regions of the param-
eter space, thus allowing for multi-messenger indirect probes
of this model. Finally let us comment that the annihilation
cross section of non-relativistic ng at the current epoch can
be affected by a non-perturbative correction, the Sommerfeld
enhancement [78—82] which would consequently affect also
its indirect detection signatures. However, we did not include
itin our calculation as a thorough treatment of this effect lies
beyond the scope of this paper.

5 Conclusions

We have considered a variant of the Scotogenic model with
an extended scalar content, in which one of the new dou-
blets carries hypercharge ¥ = 3/2. As a consequence,
the model particle spectrum contains new states, includ-
ing a doubly-charged scalar, singly-charged scalars and new
charged fermions leading to a rich collider phenomenology.
Neutrino masses are generated radiatively as in other Sco-
togenic scenarios. However, contrarily to the simple Scoto-
genic model, in this setup only the lightest Z;-odd neutral
scalar n is a viable dark matter candidate. We have consid-
ered ng as the dark matter candidate and performed the first
analysis of the dark matter phenomenology in this model. Our
results show that the observed relic density can be obtained
for ng masses of 500 GeV < my, < 800 GeV. This result
is equivalent to that obtained in the Inert Doublet model and
excludes scenarios with lighter dark matter candidates. In
addition, we have found that the correct relic density can also
be achieved at larger g masses if the coannihilation chan-

@ Springer

nel H| H2Jr — v becomes efficient. However, this requires
some fine-tuning to avoid the stringent constraints from lep-
ton flavor violation. This feature is expected to appear in other
regions of parameter space, thus enlarging the viable region
for scalar dark matter in Scotogenic scenarios. Moreover,
we have presented a full numerical analysis of the signa-
tures expected at dark matter detection experiments, both via
direct and indirect probes. We have found that most recent
direct detection data from XENONIT already rule out a
region of the parameter space in the mass range m, ~ 100
GeV. Finally we have commented about indirect detection
signatures with y-rays and antiprotons data. While bounds
derived with y-ray data from Fermi-LAT and H.E.S.S. cur-
rently lie above the model predictions, AMS-02 antiproton
data instead already allows to constrain some solutions in
the 200 GeV < my, < 800 GeV mass range, including the
region in parameter space where nr can account for all the
dark matter.

Acknowledgements Work supported by the Spanish grants FPA2017-
85216-P (MINECO/AEI/FEDER, UE), SEJI/2018/033, SEJI1/2020/016
(Generalitat Valenciana) and FPA2017-90566-REDC (Red Consolider
MultiDark). AV acknowledges financial support from MINECO through
the Ramé y Cajal contract RYC2018-025795-1. VDR acknowledges
financial support by the Universitat de Valencia through the sub-
programme “ATRACCIO DE TALENT 2019

Data Availability Statement This manuscript has no associated data
or the data will not be deposited. [Authors’ comment: The datasets are
available from the corresponding author on reasonable request.]

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adaptation,
distribution and reproduction in any medium or format, as long as you
give appropriate credit to the original author(s) and the source, pro-
vide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article
are included in the article’s Creative Commons licence, unless indi-
cated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permit-
ted use, you will need to obtain permission directly from the copy-
right holder. To view a copy of this licence, visit http://creativecomm
ons.org/licenses/by/4.0/.

Funded by SCOAP3. SCOAP? supports the goals of the International
Year of Basic Sciences for Sustainable Development.

Appendix A: Neutrino mass matrix in scotogenic models

In this Appendix we find a general analytical expression for
one-loop contributions to the neutrino mass matrix in Scoto-
genic models. Let us consider a generic model with n g scalars
S, with masses ms, (a = 1,...,ns) and ng fermions Fj,
with masses mpp (b = 1, ..., np) that couple to light neu-
trinos with interaction terms of the form

L= (YSF ) Ty Su Fp + hoc., (30)
aab
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where YSF is a3 x ng x nr complex object. This interaction
term induces neutrino masses at the one-loop level via the
diagram in Fig. 7. The resulting neutrino mass matrix can be
expressed as

m)ap =i Y (my)s ). (31)
a,b

where the sum extends over all mass eigenstates running in
the loop. Each i (mv),{-fa’Fh} represents the individual con-
tribution by the scalar S, and the fermion F} and is given
by

C(SuFy) F F dPk
i (mv)aﬁ = (YS dawab (YS )ﬁab W
K+ mpp)

R —miy)’ ¢y

where D = 4—¢ is the number of space-time dimensions, & is
the momentum running in the loop and the external neutrinos
have been taken at rest. The £ piece does not contribute since
it is an odd function in k. The remaining term is logarithmi-
cally divergent. Introducing the usual Feynman’s parameters,
we can rewrite our expression as

1
) = g [
0

% de mrp
Qm)P (k2 - C2,)?’

(33)

where Cgb = m%a + m%b(l — x). One can now integrate in

k and obtain

i (Y_g{:)otab (YSF)ﬁub
1672

1
x/ dx [Ac —logCup + O(6)], (34
0

. Sa, Fp
i (my)e ) = mFb

Fig. 7 Generic one-loop
contribution to the neutrino
mass matrix. F and S represent
fermion and scalar mass
eigenstates contributing to the
neutrino mass matrix

where A, = % — y 4+ log4mr and y is Euler’s constant.
Finally, we integrate in x and take the limit ¢ — 0 (which
corresponds to D — 4). This leads us to

Sas
(mV)({)[ﬂ bl
. (Yg)otab (Y;?)ﬂah
B 1672 b
2 2 2 2
o |:A€ - my, log(mFZb) - mzsa log(mSa):| '
Mpp — My,

(35)

Equation (35) is our master expression for the one-loop con-
tributions to the neutrino mass matrix. In order to compute the
neutrino mass matrix in different versions of the Scotogenic
model, one just needs to identify the scalar and fermion mass
eigenstates running in the loop and replace the YSF couplings
by their expressions in terms of the model parameters. Then,
summing over all individual contributions one finds the total
one-loop neutrino mass matrix. We note that individual con-
tributions to m, are divergent due to the A, term. However,
the one-loop neutrino mass matrix is finite. Therefore, these
divergences cancel out in the sum in Eq. (31).

As an example, we show this explicitly in the original
Scotogenic model [8]. In this case one introduces the inert
scalar doublet 1, with the same definition as in the model in
Sect. 2, as well as three generations of fermions N, singlets
under the SM gauge group. The new N and n fields couple
to the SM lepton doublet with the Yukawa term Y N E 7N,
with 7 = iTyn™ and 1, the second Pauli matrix. Moreover,
the neutral component of the  doublet can been split into its
CP-even and CP-odd components as

1
n’ = 7 (R +in0). (36)
S
// \\
7/ N\
/ \
/ \
/ \
1 \
1 \
] 1
> ® o <
L v& F vE VL
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Assuming that CP is conserved in the scalar sector, ng and
n; do not mix and constitute mass eigenstates. Therefore, in
the Scotogenic model one has ng = 2 and np = 3, with
S = {nr,n1} and F = {N1, N2, N3}. Their couplings are
given by

YR = YN YN =4 YN (37)

7 i 7

Finally, applying Eq. (35) and summing over all the states in
the loop we are able to obtain a finite expression (the diver-
gences of the diagrams with g and n; cancel each other) for
the neutrino mass matrix

(mv)(xﬂ
3 yN yN
Yo, Y,Bb
= Z 7 MmN
327
2 2 2 2
Mk Mg my, my,
Myp — Mg Myp  Myp — My, Mmyp

(38)

where m,;, and m,), are the corresponding masses for each
component. This expression differs from the expression in
[8] by a factor of 1/2, an error that was first identified in v1
of [83].

Appendix B: General parametrization for the Yukawa
matrices

The master parametrization [38,39] allows one to write the
3 x 2 Yukawa matrices Y~ and Y ® in terms of neutrino oscil-
lation parameters as in Eqgs. (23) and (24). In these expres-
sions, W is a 2 x 2 unitary matrix, given in terms of the
complex angle g as

W= ( co.s,B sinﬂ*) ’ (39)

—sin 8* cos 8

A =T Cy,with T a2 x 2 upper-triangular matrix with pos-
itives real entries in the diagonal, and B = (TH-YCciCr +
KCy), with K a2 x 2 antisymmetric matrix, hence contain-
ing only one degree of freedom. The matrices Cq and C; are
given by

_ (200 _
Cl_(mOO)’ G2 =

with z; and z two complex numbers such that z% + z% =0.
With all these ingredients one can obtain explicit expres-
sions for the elements of YZ and YR, which will be deter-
mined from neutrino oscillation data as well as from a set of
free parameters. We point out that these are the most gen-
eral expressions for the elements of the Y~ and Y ® Yukawa
matrices:

—-100
010], (40)
001

yi = craciz/mi(cp(ziTin + 22Th2) + 22Toasp) + cize ™ ™2 /masinTiicp N Jm3s13¢ 1) (Thps5 + lecﬂ)’ @D
NN V27 Jor
vh = - Jmi(eg@i T + 22Ti2) + 22Toasp) (23812 + croe " 513523)
NN
it e Jmy Tiicg (craca3 — e Psis13503) + c13€ ™ /m3sa3(Toasp + lecﬂ), 42)
V2T Jar
YL = emitntm) e c13ca3/m3 (Toasp + Tiacp)
V2T Jaor
N Vmi(ziTiicg + z22Txsp + 22Tiacp) (si2523 — 61262367"%13)
V2T ot
eitmtny) —e' . /my Tiicp (023g—i3S12S13 + 012523) (43)
V2T Jor
iy ot T (e T+ o)
NI
i) Sk (c13¢'™ (YmasiaTi1 + cie'™ Jmi(z1 T + 22T12)) + /m3s13Tine! @ 11)) )

NN
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Vi (23812 + c12e ™ 513523) (S;S(ZlTu +22T12) — ZszzcE)

L
Y = NN
_e_i(nzﬂz)ei'”«/"Tz Tiisy (c12c23 — e Ps12813923) — c13e’™ /m3so3 (T1zs§ - TzzCZ) )
V2f o2 ’
JL Jmi (cracze 513 — s12823) (S;(ZITII + 22T12)22T22€;}>
3D = NN
e=2 Jm; Tiisy (cse™Ps12513 + c12823) — c13ca3e "M Jm3 (T12S§ - T22€Z)
+ NGNS ; (46)
YR = it 52612613\/m_1€i("2+’73)(11K12T11 + 22K 12Ti2 — 21Th2 + 22Th1)
V2fJor Ti1Txn
i) Sg (—c13e'™ Jmosin(K1aTi1 + Ti2) + /m3s13¢'CT12(Tyy — K15T12))
V2fJor TiTxn
it Tpocy (c13¢'™ (Ymasiz — ci2e'™ /mi(z1 — 22K 12)) + /m3513K 126" 1)) “n
V2f i Ti1Txn '
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V2f o1 Ti T
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V2fJor Ti1Txn
T Ty (mie! ¥ (2 — 25K 1) (23812 + c12e " s13523) + c13e1? /m3s23K12)
V2f o1 TiTxn
T Topc el Jmy (cr2e23 — e_i8s12S13523)’ (48)
V2fJoi TiTxn
R — /i (s12523 — 01262367"‘%13) (SE(TM(ZlKlz +22) — Tia(z1 — 22K12)))
a1 = V2fJor Ti1Txn
VM1 (s12523 — crac2zes13) Tycg(z1 — 22K12)
- V2fJor Ti1Txn
e~ Jfmy ((K]ZTII + Tiz)sg — T2207§> (c23e™ 512513 + c12523)
- V2fJor Ti T
+C13C23€_m3«/"73((T11 — KipTo)sg + K12Tzzc:§) )
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Jmi (c3si2 + crne™s13503) (Toasp(zaK12 — 21) + cp(z1 K2 Tt + 22K 12Tio — 21 T2 + 22T11))

R
= V2fJwr TiiTxn
—p—i(mtm) ' ma(cp(KiaTit + Tia) + Toasp) (c12e23 — e P s12513523)
V2fJwr TiiTxn
te—im+m) c13e' /m3s23(cp(Tin — Ki2Ti2) — K12T223ﬁ)’ (51)
V2 o3 Ti1 T
YR = — /M1 (512523 — c12c3e%s13) (Toasp(z2K12 — 21) + cp(z1 K12 T + 22K12Tio — 21 Tio + 22T1h))
V2f w2 TiiTrn
e im+n3) e Jmy(cp(Kr2Ti1 + Ti2) + Taasp)
V2f oy TiTrn
Je— i) (co3e™"Ps12813 + c12523) + crzease™ /m3(cp(Tin — KinTia) — KiaTosp) (52)

V2f w2 TiiTxn

In these expressions cx; = cosby; and s = sinby (kK =
1,2 and I = 2,3; ] # k) are the usual neutrino mixing
angles measured in oscillation experiments, while m; =

/m% + Am?l (j = 2,3) are neutrino mass eigenvalues.

Moreover, m is the lightest neutrino mass, n; (i = 2, 3) are
CP violating Majorana phases and 6 is the CP violating Dirac
phase. We also use the notation sg = sin 8 and cg = cos B.
In our numerical scans we have fixed 711 = T2 = 1 and
B=Tn=Kp=2z =2 =m =n =38 = 0unless
otherwise stated.
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