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Abstract

We study the connection between dark matter (DM) and neutrinoless double
beta (Ovf3) decay in a scotogenic model with hybrid texture in the neutrino
mass matrix. Characteristically, the framework allows to write all the non-zero
elements of the mass matrix proportional to effective Majorana mass |M.|. The
overall scale of the neutrino mass is found to be governed by non-zero |Mc|.
We have obtained interesting correlations of relic density of DM(Qh?) with
DM mass M; and |M..|. Using experimental value of DM relic density(2h?),
the DM mass M, is found to be O(1TeV) which is within reach of collider
experiments. Specifically, for all five hybrid textures, the range of upper bound
on DM mass M; is found to be (2.27-5.31)TeV. Another interesting feature
of the model is the existence of lower bound on |[M,.| for all allowed hybrid
textures except texture 75 which can be probed in current and future Ovj3S
decay experiments. With high sensitivities, these experiments shall establish
the theoretical status of the proposed model. For example, the non-observation
of OvBS decay down to the sensitivity 0(0.03)eV will refute T3 hybrid texture.

1 Introduction

After the experimental observation of neutrino oscillations [IL2], the immediate quest
is to understand the origin of neutrino mass eventually responsible for observed mix-
ing pattern in the leptonic sector. Despite astounding success standard model (SM) of
particle physics is inadequate to explain non-zero neutrino mass. Various beyond SM
scenarios have been proposed providing a coherent and unified theoretical structure
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to understand the underlying dynamics of neutrino mass generation. Vast majority
of these models are based on tree-level seesaw frameworks [3H7]. Alternatively, ra-
diative neutrino mass models are very appealing as they can accommodate solar and
atmospheric neutrino mass scales by suppression emanating from the loop factors
and relatively lighter mass of the mediator particle which may be observed at current
collider experiments.

On the other hand, there is another apparently independent unsettled problem about
the nature of the dark matter (DM). The radiative models forged with discrete sym-
metries such as Zy provide a natural way to stabilize the viable DM candidate(s). In
this way, these extensions, beyond tree-level dynamics popularly known as “scotogenic
models”, offer promising explanation to both non-zero neutrino mass and nature of
DM. In these models the SM field content is enhanced by the addition of three singlet
fermions and a scalar doublet [§].

Another fundamental problem in neutrino physics pertains to discerning Dirac or
Majorana nature of neutrinos. Such identification is very important for neutrino mass
model building. In fact, these models blooms from the very basic assumption about
the nature of neutrino being Dirac or Majorana. One of the characteristic feature of
Majorana neutrino is the possibility for existence of lepton number violating (LNV)
processes such as neutrinoless double beta (0v(3/3) decay. Although this process is
still elusive but, once observed, will confirm Majorana nature of neutrino.

Radiative generation of neutrino mass can be done at one-loop level [0HI4], two-
loop level [I5HI9], three and higher-loop level [20H25]. The basic scotogenic model
proposed by E. Ma is the most discussed radiative models at one-loop level, as this
model simultaneously account for the neutrino mass generation and dark matter [g].
In these models, additional suppression is guaranteed by the loop integrals, and this
suppression is higher for higher loops. Therefore, with higher-loops, we can expect
charged scalar to be lighter enough to be tested at LHC. Scotogenic model assuming
texture zeros in the neutrino mass matrix has been discussed in Refs. [26]27].

In this work, we attempt to integrate the explanation to aforementioned problems
into a single framework assuming neutrino to be Majorana particle. Within scotogenic
model, we work in a more constrained scenario wherein hybrid textures are assumed in
the neutrino mass matrix. Hybrid texture means one-zero and one-equality amongst
the elements of neutrino mass matrix. One of the important property of hybrid
textures considered in this work is that all the elements except “0O-element” can be
written, in a way, proportional to non-zero | M| element of the neutrino mass matrix.

The paper is organized as follows. In Section 2 we outline the basic structure of
scotogenic model. In Section 3, we discuss the co-annihilation of dark matter and
calculation of relic density of DM in the current setup. In Section 4, we discuss
the connection between DM and OvfS decay assuming hybrid textures in the neu-
trino mass matrix. The details of the numerical analysis and interpretation of the
phenomenological results are discussed in Section 5. Finally, the conclusions are elu-
cidated in Section 6.



2 The model

The scotogenic model is an extension of the standard model (SM) wherein three Ma-
jorana SU(2), singlet fermions N (k = 1,2,3) and an SU(2), scalar doublet (n*,7°)
are added to the standard field content [§]. All these beyond standard model parti-
cles are odd under exact Z symmetry. The particle content of the scotogenic model
under SU(2),, x U(1)y x Zs is given by

= Vo la) + (2, =1/2,4),15 : (1,1, +),
= (67, 0°) 1 (2,-1/2,+), (1)
= (n"n") + (2,1/2,—), Ny, : (1,0, -),
where a = e, u, 7, (l/a,la) and (¢+,¢0) are left-handed lepton doublets and Higgs
doublet, respectively.

The Lagrangian of the scotogenic model containing relevant Yukawa and mass terms
is given by

_ 1
LD yak(DaLno — laLT]+)Nk + §MkaNkC -+ H.C., (2)

and the relevant interaction terms in the scalar potential are given by
1
Vo §A(¢Tn)2 + Hec., (3)

where A is the quartic coupling. Due to exact Z; symmetry neutrino mass at tree
level is forbidden and they will acquire mass via one-loop level.
After integrating heavy fields at one-loop level the general element of neutrino mass
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matrix “M,g” is given by

3
Mg = Z YarY e Nis (4)
=1
where o2 u 2 )
v k k my
A = 1— M 5
: 167r2mg—M,§< mg — M nM,g)’ ©)
1
mgy = =(m% +mj), (6)

2
and v, is the vacuum expectation value (vev) of the Higgs field, mr and m; are the
masses of v2Re[n°] and v/2Im[n°], respectively and M (k = 1,2, 3) are right-handed
neutrino masses. This model, also, accounts for the lepton flavor violating (LFV)
processes such as y — ey induced at one loop level. The branching ratio for process

p — ey is given by [11112]

3ozem

Br(p— ey) =

M,
Z YyurYer " (mo )

k=1

where a.,, is the fine structure constant for electromagnetic coupling, G is Fermi
coupling constant and F'(r) is given by

1—6r%+3rt+2r% — 6rtlnr? M,

Fr)y= 6(1 — r2)* T
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3 Co-annihilation of the cold dark matter and relic
density

The characteristic feature of scotogenic model is that it provide a framework for
simultaneous explanation of neutrino mass and DM. Ny is odd under Z; symmetry.
The lightest of Ny is, thus, the suitable dark matter candidate in the model. The
co-annihilation of lightest Zs odd particle (Ny), through Yukawa couplings account
for the cold dark matter candidate abundance and, also, for branching ratios of flavor
violating p — ey process consistent with scotogenic model [2§]. Here we assume that
the mass of dark matter candidate N; is almost degenerate with mass of next singlet
fermion Ny. The overall right-handed neutrino mass spectrum here is M; < My <
Ms; [28]. The co-annihilation cross-section times the relative velocity of annihilating
particles v, is given by [29]

oijlve| = ai; + bijv?, (9)
where
1 M3
Q5 = gm Za,g(yaiyﬁj - yajyﬁi)27
. mi-smaME- | MR ) (10)
i = T sarztmdz % T Tr (aZrmd)t Y a8 YailaiYpiyss,
and 0;;(i,j = 1,2) is the annihilation cross-section for the process N;N; — rx

dM = (My — My)/M; is the mass splitting ratio for the almost degenerate singlet
fermions, x = M;/T i.e. ratio of lightest singlet fermion N; to the temperature T. If
g1, go are the number of degrees of freedom of singlet fermions N; and Ny, respectively,
the effective cross section is given by

2

2
2
Ocff = %011 + 92192 o12(1+ dM)*? exp(—xdM) + g—2022(1 +dM)? exp(—2xdM),
Yers Yers Gers

(11)

Gerr = g1 + go(1 4+ dM)*? exp(—zdM), (12)

with dM ~ 0 (N; is almost degenerate with N,) and using Eqns.([@) and (I2)) in
Eqn. ([T we get

on 012 022
OerplUp] = | — + — + —) |v,], 13
silorl = (G + 22+ 22) ol (13)
= Gefy + befsvy,
where
aeff — a11 + aiz + %’
L (14
e 4 2 4
The thermal average cross section is
< Oepslvr| >= acsy + Obesy/x, (15)

which has linear dependence on temperature as x = M;/T and relic abundance of
cold dark matter is given by

~ 1.07 x 10°GeV™!

J gi/szz

Qh? : (16)
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where mp; = 1.22 x 10GeV , g, = 106.75 and

where z; = M, /Ty ~ 25, Ty is the freeze-out temperature [30].
Using Eqn.(IH), the relic density become

1. 10°GeV ™!
On2 — 07 x 10°GeV ™"z (18)

1/2 )
(aegs + Bbess/25) g *mp

where
0 0.03896ffmle1 < aeff|vr\ >

1/2 1/2
P

Ty = 1 (19)

4 Connecting dark matter and Ov33 decay in the
framework of hybrid textures

After setting out the basic framework of the scotogenic model and modalities to
calculate relic density of DM in earlier sections, here we analyse neutrino mass matrix

' ' M. Meu M.,
My = Udiag(ml, m26m2, m3€m3)UT = Meu Muu Mm‘ ) (20>
MeT M/J,T MTT

focusing on the, yet elusive, neutrinoless double beta (0v35) decay. Here U is the
Pontecorvo-Maki-Nakagawa—Sakata (PMNS) mixing matrix, (mq, ms, m3) are three
neutrino mass eigenvalues and (as, a3) are Majorana phases. In general, U is pa-
rameterized in term of three mixing angles (62, 03, 013) and Dirac-type C'P violating
phase 0. In fact, the most important characteristic of Majorana nature of neutrino is
the possibility of lepton number violating Ov33 decay. Beside the phase space factors,
the amplitude of this decay is proportional to (1,1) element of neutrino mass matrix,
(|Mee|). The elements of the mass matrix are, in general, functions of three mixing
angles, three mass eigenvalues and three C'P violating phases. Alternatively, we can
rearrange, the elements of  — 7 sector of the mass matrix to write them as [31,[32]

MML,TT,;LT = f(M667 Me,uu MeTv 9127 9237 9137 5)7 (21>

for example,

M, = (A + B cos2093) M. + ((C + D)sag + 2533 E) M., + ((C + D)cas + 25, F) M,.,,
M,; = (A — Bcos2053) M. + ((D — C)sa3 — 285, E) My, + (D — C)cag — 265, F) M.,
Mer = —Bsin 2923Mee — (0823 tan 2923 -+ E)Meu — (0023 tan 2923 — F)MET.



Zero Equality | Allowed(v")/Disallowed (X)

M, =0 /=T
M,, =0 | My, =M, | /=T,
M,, =0 X

M, =M, | X

5
I
(e

M, =M, |/=T;
MTT = M,m— Vi= T,
M., =M. | X

Me; =0 | My, =M, |/="1T;s
My =M, | /=T

Table 1: Nine possible hybrid textures for which M., ((a, 8) = e, u, 7), is propor-
tional to non-zero |M,.|. The textures listed here are allowed(v') or disallowed(X)
based on whether they reproduce correct low energy phenomenology or not.

where

Cij = COS eija

1 .
A _ 5(1 +6_226),
1 —2is
B = 5(1 — e ),
C = -5 cos 2923(6_i6 cot 2013 — 6i681301_31)>

. 1 .
D = 6_26 cot 2923 — 562581301_31,
E = ¢93(cot 2015 sec 15 — e csc 2093813074
13 />

F = s93(cot 2615 sec 013 — e " cse 2093513¢73 ),
(1,7 =1,2,3;i < j) and neutrino mass eigenvalue as

mi23 = f(Meea Me/m M7, 012,043,013, 0, as, 043)~ (22)

The rearrangement done in Eqn.(21]) is general, however, in order to explain the
possible connection between dark matter and Ovf3( decay amplitude in the current
setup, we consider a constrained class of models wherein hybrid textures are assumed
in the neutrino mass matrix in such a way that element M,s, ((o,8) = e, p,7),
is proportional to non-zero |M,.|. Hybrid texture imply one zero and one equality
amongst the elements of neutrino mass matrix [33H37]. Using Eqn.(21), it can be
seen that there are nine possibilities to realize hybrid textures in M, (with |M,.| # 0)
tabulated in Table [l Out of nine only six (77..¢ = 11,73, 13, T4, T5 and Tg) are
consistent with experimental data on neutrino mass and mixing [34] viz.

M. A A M. A A
T1 : - 0 M/rr y T2 : - MNN MMT 3
- - M. — — 0
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- - A
Mg M., 0
- Muu A )
- - A

where A represents the equal elements. For these six hybrid textures, the six elements

of neutrino mass matrix can be written as

«

Maﬁ - f)%(el% 9239 9139 5)Mee>

(23)

where (o, 5 = e, u,7) and X = T7_ 6. It is interesting to note that the overall scale

of neutrino mass is governed by non-zero M, i.e.
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Eqn.(23)) provide an important link between dark matter and Ov53 decay amplitude
|Me.|. Using Eqn.([ ), we calculate M,gz, in Eqn.([23)), in terms of loop functions Ay
and Yukawa couplings. All the six elements of neutrino mass matrix are calculated
and given in Table [ for each allowed hybrid texture T} ¢.



Texture Constraining Equations

y§1A1 + y32A2 + yggAB = M,
Yer Y M1+ Yeoyuo Mo + YesyusNs = [ M.

T YerYr1\ ﬂ; Ye2Ur2lo + Yesyrals = [fol Mee
YA+ yiahe + yisAs =0
Yy + Yoyrols + yusyrshs = fiiMe.
yrlAl + y7—2A2 + y73A3 - le M,
yelAl + yng2 + ye3A3 = M.
Yer Y1 A1 + Yeolpo Ao + YesyusAs = feTiM

T Ye1Yr1 M + Ye2yrao + YesyrsAs = .fe;iM
yu1A1 + yu2A2 + yu3A3 = fuﬁMee
YurYri M+ YuoyroNo + yusyr3As = f
yTlAl + 922A2 + yTsA3 -
Yo\ + Yoo + ysAs = M.
yely,ulAl + ye2y,u2A2 + ye3yu3A3 =0

T, YerUri M1+ YeoYroo + YesyrsAs = [EM,.
YA+ yiahe + yisAs = f2Me
yulyflAl + Yuoyroo + Yusyrss = fg}—'M
yrlAl + y72—2A2 + y73A3 - ngMee
Yo+ Yo + ysAs = M.
Ye1 Y1 A1 + Yealu2 Ao + YesyusAs = 0

T, YerYri M1 + YeoYroo + YesyrsAs = fIAM,.
YA+ yiahe + yisAs = fiiMe
YurYri M+ Yuayrolo + yYusyrss = f A Mee
y—rlAl + y7-2A2 + yT3A3 = fT4Mee
Yo+ yS s + ysAs = M.
Yer Y1 A1 + Yeolpo Ao + YesyusAs = iM

T yglyTlAl Jg yezyTzA22 + Yesyrshs = OT
ymAl + yu2A2 + yu3A3 = f 7 Mee
yuli/UXTlAl —QF ij\uzyrzA2A+ YusYrshs = flép“]\]\;[
yﬂ 1+ Yo 2+3/Ts 3 - ee
yelAl + yng2 + ye3A3 = M.
yely,ulAl + ye2y,u2A2 + ye3yu3A3 = fT6 M.,

T yglyTlAl Jg yezyTzAZ2 + Yesyrshs = .
ymAl + yu2A2 + yu3A3 = f o Mee
YuryriA1 + Yp2yrols + Yusy-sAs = fTGMee
y31A1 + 922A2 + y33A3 = fT4Mee

Table 2: Constraining equations relating loop factors and Yukawa couplings to the
effective Majorana neutrino mass | M,.| for all hybrid textures 77, _g.

The corresponding expressions of f2 5 can be read from Eqns.(24-30). Also fe. coeffi-
cients for all textures are unity. The coefficients, fX for all textures are as follows
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Mixing angles | bfp + 1o 30 range
012/° 33.827078 | 31.61 — 36.27
093 /° 49.675° | 40.3 — 52.4
013/° 8.617513 | 8.22 — 8.99
5/° 215750 125 — 392

Table 3: Global fit data of neutrino mixing angles and CP phase ¢ [3§].

where

Al =1—cos 2923 — sin 2923,
Ay =1+ cos 2093 + sin 203,
Ay = s73(co3 + 523),

Ay = cos 203 + cos 203,

A5 = C23 — COS 3923,

AG = —So3 + sin 3923,

Bl = So3 + sin 3923,

Bg = (93 + COS 3923,

Bs = (=14 4 cos 26,3) cos 2053 + cos 30s3, (30)
B4 = sin 29128%3,

B5 — COS 2912813,

C1 = co3 — 2593,

Cy = — cos 2093 + sin 203,

C'3 = sin 2015(cos 2613 — cos 2043),

Cy = sin 2019575535,

Dy = 593(2(cos 2053 + s%5) + sin 2643),
Dg = COS 3923 + 023(—1 + 4 sin 2923),

Vs

We calculate the coefficients ffﬁ by randomly generating(with normal distribution)
the mixing angles and CP phase within their allowed range using the data given in

Table B [38].

5 Numerical analysis and discussion

In the last section, we derived analytical expressions required to find the relic density
of DM(QA?) and to relate it with neutrinoless double beta decay in a constrained
scenario of hybrid textures. Once we randomly generate quartic coupling A, lightest
right-handed neutrino mass M; assuming hierarchy M; < M, < M3 with in their spec-
ified ranges given in Table [l and assuming mq = M;, we calculate the loop functions
Ay using Eqn.(5), for each texture. Substituting (i) Aj’s and randomly varying the
diagonal Yukawa couplings (ye1, Y2, ¥-3) on the left-hand side (ii) randomly varying
| Me.| in the range (0 —0.2) eV on the right-hand side of constraining equations given
in Table 2 we calculate the off-diagonal Yukawa couplings (ye2, Yes, Yu1, Yu3, Yr1, Yr2)
restricting them in the range 0 to 1.2. In addition, the LFV bound for the process
p — ey ie., Br(p — ey) < 4.2 x 107'% [40] is, also, employed in the numerical
analysis.
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Parameter Range
A (3 —4)x107°
Yel, Yu2s Yr3 0—-12
M, 100 GeV-8 TeV

Table 4: Ranges of parameters used in the numerical analysis.

Texture | M; (TeV) | M| (eV)
Ty < 2.27 > 0.018
T disallowed by the observed value of relic density of DM (Qh?)
15 <5.31 > 0.030
T <3.93 > 0.015
T <277 [0-0.200]
Ty < 4.10 > 0.024

Table 5: Bounds on DM mass M; and |M,.| for allowed hybrid textures.

Using Eqns.(10) and (14) along with calculated Yukawa couplings we evaluate a.yy
and b, sy which are further used to obtain thermal average cross section using Eqn.(15).
Finally, we calculate the relic density of DM using Eqn.(18).

The correlation plots of relic density of DM(2h?) with DM mass M; and |M,.| are
shown in Fig.(1) and (2), respectively. The horizontal line is the observed value of
relic density of DM QA% = 0.1199 £ 0.0022 [41] which is used to constrain the DM
mass M; (in Fig.(1)) and |M,.| (in Fig.(2)). The plots in Fig.(dl) show that there
is a specific range of DM mass M; which is consistent with observed value of relic
density of DM. It gives upper bound on the DM mass M; for each possible hybrid
texture(Table [). Also, it is interesting to note that out of all these six hybrid tex-
tures, texture 75 is not consistent with the observed value of relic density of DM.
Therefore, we have only five possible textures which gives constrains on the DM mass
M. The plots in Fig.(2) shows the variation of relic density of DM with |M,|. It is
evident from Fig.(2) that there exist a lower bound on |M,.| for textures T3, T3, T}
and Ty while for texture 75, there is no sharp lower bound and it can approach to
Z€ero.

The predicted upper bounds on DM mass M; and lower bound on |M,.|, for each
hybrid texture, are given in Table [fl The parameter space of |M,.| consistent with
observed relic density of DM(2A?), have imperative implications for Ov33 decay ex-
periments. The observation and non-observations of |M,.| in the current and future
Ovfp decay experiments [42H46] can further refute or validate the textures. For ex-
ample, the non-observation of Ovff decay down to the sensitivity O(0.03eV) will
refute T3 hybrid texture.

6 Conclusions

In this work, we have studied the implications of scotogenic model to the effec-
tive Majorana mass |M..| and dark matter within the framework of hybrid tex-
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Figure 1: Correlation between Relic density of DM(Q2A?) and DM mass M;. The
horizontal line is the observed value of relic density of DM QA% = 0.1199+0.0022 [41].

tures of neutrino mass matrix. Within the formalism, we construct nine possibil-
ities of hybrid textures having non-zero |M..|. Out of these nine hybrid textures,
only six(7Ty, Ty, T3, Ty, Ts and Ty) are compatible with the low energy neutrino phe-
nomenology. We derive analytic expressions to show the possible connection between
non-zero elements of hybrid textures of neutrino mass matrix and |M,.| and employed
scotogenic model to incorporate DM in our study. Using the neutrino oscillation data
we calculate relic density of DM, DM mass M; and the effective Majorana mass
| M| for allowed hybrid textures. The predicted parameter space for these quantities
are shown in Fig.(ll) and Fig.(2). Further, the texture 75 is disallowed due to the
constrain from observed relic density of DM(QAh?). The model has important implica-
tions for DM mass and M,.. Interestingly, the DM mass M; consistent with observed
relic density of DM is found to be O(1TeV') and is accessible at collider experiments.
Specifically, for all five hybrid textures, the range of upper bound on DM mass M;
is found to be (2.27-5.31)TeV. Fig.(2]) shows the correlation between the relic density
of DM(Qh?) and | M,.| for each hybrid texture. It is evident from Fig.(2) that except
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Figure 2: Correlation between Relic density of DM with effective Majorana mass
|M..|. The horizontal line is the observed value of relic density of DM QA% = 0.1199+
0.0022 [41].

for texture Ty, there exist a robust lower bound on the M..(Table [l) which is well
within the sensitivity reach of current and future O3/ decay experiments.
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