T Available online at www.sciencedirect.com

ScienceDirect
PHYSICS B

ELSEVIER Nuclear Physics B 966 (2021) 115394

Check for
updates

www.elsevier.com/locate/nuclphysb

Common origin of radiative neutrino mass, dark matter
and leptogenesis in scotogenic Georgi-Machacek model

Shao-Long Chen “**, Amit Dutta Banik **, Ze-Kun Liu **

& Key Laboratory of Quark and Lepton Physics (MoE) and Institute of Particle Physics, Central China Normal
University, Wuhan 430079, China
b Center for High Energy Physics, Peking University, Beijing 100871, China
Received 3 January 2021; received in revised form 7 March 2021; accepted 2 April 2021
Available online 7 April 2021
Editor: Hong-Jian He

Abstract

We explore the phenomenology of the Georgi-Machacek model extended with two Higgs doublets and
vector fermion doublets invariant under SU (2); x U(1)y x Z4 X Z,. The Z4 symmetry is broken sponta-
neously while the imposed 2, symmetry forbids triplet fields to generate any vacuum expectation value and
leading to an inert dark sector providing a viable candidate for dark matter and generate neutrino mass radia-
tively. Another interesting feature of the model is leptogenesis arising from decay of vector-like fermions.
A detailed study of the model is pursued in search for available parameter space consistent with the the-
oretical and experimental observations for dark matter, neutrino physics, flavor physics, matter-antimatter
asymmetry in the Universe.
© 2021 Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.

1. Introduction

Evidences from cosmology and astrophysics claim that about a quarter of the Universe is
made up of dark matter [1]. However, the nature of dark matter remains unknown as the Stan-
dard Model (SM) of particle physics fails to provide a viable dark matter (DM) candidate. Despite
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being celebrated as the most successful theory after the discovery of Higgs boson at collider ex-
periments, various theories beyond the SM are proposed in order to explain the dark matter.
Simple extensions of SM with DM candidate are probed considering the stability of dark mat-
ter is protected by an additional discrete symmetry (such as 2, or Z3 etc.). Apart from the
dark matter, the origin of neutrino mass also remains unexplained by the SM of particle physics
despite various neutrinos oscillation experiments has confirmed that neutrinos are massive [2].
This discrepancy in SM also calls for theories beyond the SM. Neutrino masses can indeed be
generated by various see-saw mechanisms [3—13] at tree level with new heavy fermions and
scalar fields, which can also generate matter-antimatter asymmetry in the Universe through the
leptogenesis mechanism [14—18]. There are alternative ways to generate neutrino masses and
matter-antimatter asymmetry where neutrino mass is generated radiatively via loop involving
right-handed neutrinos [19-22] or new fields [23—-28], which can also provide viable dark matter
candidates.

Among various extensions beyond the SM, two Higgs doublet model (2HDM) is one of the
most simplest extensions where an additional scalar doublet similar to SM Higgs doublet is
added [29-32]. In conventional models of 2HDM, the newly added doublet is assumed to be
odd under a Z, symmetry which is broken spontaneously after electroweak symmetry is broken.
After spontaneous symmetry breaking (SSB) doublet scalar fields obtain vacuum expectation
values (VEVs) and mix up, resulting new physical Higgs particles. In the present work, we ex-
plore the phenomenology of a 2HDM extended Georgi-Machacek (GM) model [33-35]. In the
GM model, new scalar triplets with hypercharge ¥ =0 and ¥ = 1 are added to the SM scalar
sector in a way that the electroweak p-parameter remains unaffected by simply assuming both
the triplets develop same VEVs after spontaneous breaking of symmetry [36—40]. The hyper-
charge Y =1 triplet in GM model also produces tiny neutrino masses at tree level. We propose
an extension of the GM model with an additional scalar doublet and new vector-like fermions
charged under SU(2); x U(1)y x Z4 x Z, symmetry. After spontaneous breaking of the sym-
metry, both the doublet scalar fields develop VEVs resembling the usual 2HDM (which breaks
Z4 symmetry of the model) while the triplet fields and vector fermion doublets remain protected
by the imposed Z, which constitutes the dark sector. The neutrino mass generation at tree level
via triplet field is prohibited. However, new vector-like fermions provide a window to radiatively
generate neutrino mass in one-loop level. In addition, the lightest neutral scalar particle arising
from mixing between triplet fields being charged under the remnant 25, is stable and serves
as a dark matter candidate. Finally, CP violating decays of heavy vector fermions can explain
the matter-antimatter asymmetry in the Universe via leptogenesis. With new scalar and fermion
fields the modified GM model is referred as scotogenic Georgi-Machacek (sGM) model.

The paper is organized as follows, we firstly describe the sGM model in detail. The phe-
nomenologies of the model are then performed with considering various theoretical and experi-
mental limits. Study of leptogenesis within the model is presented in the next section. Finally we
conclude the paper.

2. sGM model

The scalar sector of the GM model [33] contains one Higgs doublet ¢ with ¥ = 1/2, one
complex triplet A with Y =1 and a real scalar triplet 7 with ¥ = O fields.
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Table 1
Charge assignments of the fields in the sGM model.
Fields SU®B)e SUQ@). Uy 24 2
T 1 3 0 1
A 1 3 1 1 -
é 1 2 1/2 i +
& 1 2 1/2 i +
LR 1 2 —-1/2 1 -
oL 3 1 1/6 1 +
Ug 3 1 23 i +
dr 3 1 -1/3 -1 +
Ly 1 2 -12 1 +
R 3 1 -1 i +
where the neutral components are parametrized as
o 1 . o_ 1 o, .0 0
=@ +vprig). D'=—=(D)+iD))+va TO=Ti+or. )

with vy, va and vy being the VEVs for #°, DO and T, respectively. The most general form of
the Higgs potential, invariant under the SU (2); x U (1)y gauge symmetry, is given by

2
V. A T)=m3(¢'¢) +miTr(aTA) + %Tr(Tz)

+110 T + 1ald” (1) AT +hc] + i3 Tr(ATAT) + 25 (7 9)?
+01[Tr(ATA)? + 02 Tr(ATAATA) + p3Te(T*) 4 p4 Tr(ATA)Tr(T?)
+psTe(ATT)Te(T A)
- K ~
+1c1 Tr(ATA) T + k29" AAT§ + §Tr<T2)¢*¢ +1(pTATH +hec), (3)
where 43 =ity¢*. In the above Eq. (3), 12 and k can be complex.

In the present work we extend the model in the framework of two Higgs doublets with vector-
like fermions (VLF’s),

2= )T, me=E% ol 4)
We consider a Z; symmetry associated with the model instead of standard Z, symmetry in
2HDM. In addition, we introduce a Z; symmetry under which both the triplets and vector
fermion doublets are odd which constitute the dark sector. Charges of different particles and
fields are given in Table 1.

The general form of the Higgs potential, invariant under the SU(2); x U(l)y x Z4 X 2
symmetry, is parametrized as

_ 2 f sz 2
V(HDM, A, T) = Vasom + mA Tr(ATA) + =L Tr(T?)
+o1[Tr(ATA) ) 4+ o2 Tr(ATAATA) + p3 Te(TH) + p4Tr(ATA)TH(T?)
+psTr(ATT)TH(T A)

7 T k3 ]
+ 2 (K Tr (AT 8¢ p + 20 AN Gy + SETHT) g1 )
a=1,2

a1 (@] ATy +hec) + ka (@3 AT +he.) 5)
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where ¢~>1 2= rgd)i“ 5> and the 2HDM potential is given by
2 ot 2 gt Mt NP R (NP
V2HDM—m11¢]¢1 +m22¢2¢2+ ) ¢1¢1 + ) ¢2¢2 + 3¢] P1 ¢2¢2

Had]o2031 + 75 [(¢I¢2)2 - (¢§¢1)2} . (©)

One interesting aspect of the choice Z4 is that it forbids interaction terms ¢>IAT¢~31 and
¢s AT, in Eq. (5) and the soft breaking term m?,¢!¢» in 2HDM potential (Eq. (6)). How-
ever new interactions in Eq. (5) are allowed with coupling «41 42 which play significant role in
generation of neutrino mass, as we will show later. The Z4 symmetry is broken spontaneously
as the doublet fields ¢, ¢, acquires VEVs. However, triplet fields in the potential expression of
Eq. (5) preserves the Z, symmetry (T — —T and A — —A following Table 1) and does not
acquire any VEV. Therefore, this remnant Z, symmetry provides feasible candidates for dark
matter arising from the mixing between neutral components of triplet fields in the model. After
spontaneous breaking of symmetry we get new physical scalar in visible 2HDM sector and a
dark sector originating from triplet scalars. The neutral scalar particles and singly charged par-
ticles of the triplets 7 and A mix with each other and provides two neutral physical scalars and
two physical charged scalars in dark sector. However, since the VEV of A field is zero due to
the residual symmetry 25, the neutrino mass is vanishing at tree level in the model. This issue
can be resolved by the newly added vector-like fermions which also respects the unbroken 2>
symmetry.

Gauge invariant Yukawa interactions of the fermions with triplet scalars in the present frame-
work are given as

L=Ms2 S+ yLSinnAT, + AL TSk +he.. (7
We will later show that these new interaction terms provide necessary ingredients to radiatively
generate neutrino masses in one-loop.

2.1. Scalar sector

After spontaneous symmetry breaking, Higgs fields ¢ and ¢, acquire vacuum expectation

values vy and vy, such that v =,/ v% + v% = 246 GeV. The visible sector is identical to 2HDM

which contains two neutral physical scalars (i, H), one pseudo-scalar particle A and a pair of
charged scalar H*. Conditions for the minimization of the potential are

ml] _ 2 9
—2203 — (A3 + Ag + As5)v?
m3, = 2 > L )

Different couplings A; (i =1, ..., 5) are expressed in terms of physical masses my, mg, ma,
mpy+ and parameters «, f3,

1
A= W (cim%_, +s§m%), ©)]
B
1
A = W (sém%{ + cémﬁ), (10)
B
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A Lo — 2m? 11
4_1)2 (mA mH+), (11)
2
m
hs=——2, (12)
v
A= (m%; — m3)seCo +m? —A (13)
3= UZSﬁCﬂ mH mh SaCa mASﬂCﬁ 4,

where we denote 54 g = sina, sin 8, ¢y g = cosa, cos B, with tan 8 = vo/v;. Here my, = 125
GeV is the mass of SM Higgs and mp is denoted as the mass of heavy Higgs boson. After the
SSB, the scalar fields T and A acquire zero VEVs which resemble an unbroken residual 2,
symmetry. Therefore, the scalar fields 7 and A are inert in nature. Mass terms for different inert
scalar particles are given as follows

2

Y S S _ 2
Mpo = Mr 2K31v1 2K32v2_mT+1

1 1
mpo =M} + S Gken +ia)v] + S (k12 + k)v3 =m

1 1
m%)++ = Mi + 5/6111)12 + 5/6121)%,

5 5 1 1 , 1 1 2
mpy =My + E(K“ + E’Ql)vl + E(KIZ + 5/{22)!}2,

m2 (K41 VIv2 K42v1v2)
TD 2 2 ’
5 K41VIV2 K42V 02

m =
T+D+ 2\/5 2«/5

The mass of inert pseudo-scalar is denoted as m 40 and m p++ is the mass of doubly charged
scalar. Neutral parts of both the triplets mix with each other resulting two new physical neutral
scalars S 2 and the mass matrix is given as

2 2
5 m m
Mneutral = ( ZTO gD ) . (15)

myp My

(14)

We define a mixing angle y between these two inert scalar fields such that

S =T1° cos y —D? siny

S =T siny + D? cosy . (16)
Masses of new physical scalars are expressed as
2 2 2 2
Mg +Mpy My — Mg
m, s, = o F VT4, (17)
2m2TD

where x =tan2y = Similarly, the charged parts also mix with each other and pro-

(m2 0 —m? 0) ’
D T
vides two physical charged scalars S TZ' The mass matrix for the charged scalars is

2 2
2 _ mT+ mT*D*
Mchargea’ - (mZ m2 . (18)
T+D+t D+

Defining a new mixing angle §, we write physical charged scalars as
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SIJr =T7% cosd — DT sins,
S;‘ =T7" sind + D" cos$. (19)

Masses of physical charged scalars are

2 2 2
2 _ My My M — Mgy \/72
Mstist = 2 + 2 L+ y%, (20)

2
ZmTJrD+

2 2 .
(rnD+—mT+)

with y =tan2é =

2.2. Vacuum stability

We adopt the criteria of copositivity of symmetric matrices to get the conditions of vacuum
stability [41]. Only the quartic terms in the potential should be considered, since these terms
dominate at large field value. It is to be noted that vacuum stability conditions don’t give any
constraints to couplings x4 and k4. This is because we can make these couplings positive by
applying a phase rotation of a field or field redefinition. We parameterize the fields as,

pidr=1m1>  plga=Iml>  ATA=187  TIT =1 ¢lga= flhillhale™
ATT =gl8litle”  ATgr=mlsligile’®  ATgy =n|5||pale™

@

where f, g,m,n € [0, 1]. According to the definition above, considering the quartic terms out
and ignoring k41 and k4 terms, the potential of Eq. (5) can be expressed as

A A A
V(hi, hy,8,1) =71h‘1‘ + éh‘z‘ + A3 1R + Ay pPH3R5 + 75]’2 cos 201 h2h?
+ (o1 + p2) 8% + p3 1% + (pa+ p5 g)8%1% + (et +knm»S%hy  (22)
K K
+ %tzh% + (11 + K2on?)8%h3 + %ﬂh%

The symmetric matrix of quartic couplings can be represented in basis (h2, h%, 82,1%) as

%)»1 %1)»345 % (11 + m22K21) K31
_ sha 5 (k12 +n*kn) 7k32
M= . ) (23)
P1+ 2 5 (04 +&%ps)
03

where A345 = A3 + f2(A4 — |As]). If (A4 — |A5]) > 0, the minimum of the potential is obtained for
f =0, whereas for (A4 — |A5]) < 0 the minimum obtained assuming f = 1. Similar convention
can be employed to parameters g,m,n to apply the copositivity criteria upon the matrix M.
Copositive conditions for which vacuum of the scalar potential in Eq. (22) becomes stable are:

6
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Fig. 1. One-loop neutrino mass in sGM model.

AM=z0, 2220, pr+p220, p3=0,
K11+ k21 + 241 (p1 + p2) = 0,

K11+ V22 (p1 + p2) 20,

K12 + K22+ v2h1 (01 + p2) = 0,

k12 +v/2h1 (o1 + p2) = 0,

33+ ha = sl + Vai22 = 0,

A3+ VA =0,

8r1p3 — k3 =0,

(24)

81203 — k35 >0,

8003 + A — [2s)p3 — k3132 + 2,/ Bh1p3 — 1) (8haps — icdy) = O,

8A3p3 — K31K32 + 2\/(8)»1/)3 — k3)(8X2p03 — k3,) > 0,

where we used a theorem of copositivity criteria to get copositive matrix conditions [42]. The
conditions mentioned above are derived assuming p4 > 0 and ps > 0.

In addition, scalar and fermion couplings must also remain within the perturbative limit for
which following conditions must be satisfied

iy K1i2i3i4is i <4, A,y <~4mw. (25)
2.3. Neutrino mass

The neutrino masses are generated via one-loop diagram as shown in Fig. 1. The Yukawa
interaction terms in Eq. (7) and scalar terms with x4 and k47 appearing in Eq. (5) are responsible
for generation of light neutrino mass. The Z4 symmetry in the model assures that two different
scalar doublets are necessary in order to generate tiny neutrino mass in one-loop.

Neutrino mass in the present model can further be realized as self-energy corrections. How-
ever, there will be contributions from two different diagrams involving neutral scalars and
charged scalars as shown in Fig. 2. The expression of neutrino mass is given as

3
. ik jk + Aiky ]
M,);; = cosy sin - A
(My)ij 14 V; 3072
2 2 2 2
mSl mS] mS2 mSZ
XMy, 5 5 In 5 — —> 5 In 5
sl_Mzk Mzk mSZ_MEk M):k
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Y
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A

Fig. 2. Neutrino mass from self energy diagrams.

3
ay JUTY
—COS8SiHSZ ik jk+ lky]k]
k=1

3272
2 2 2 2
my m, m. ms
x My, ! In—- — 2 In—2 | . (26)

2 2 2 2 2 2
msﬁ_MEk MEk ms;_MEk MEk

It is to be noted that, in the present scenario if the mixing angle between neutral physical scalar
siny — 0, then mixing angle between charged scalars (sin§) also becomes zero. The conditions
for which those mixing angles become zero are

ka1 =k4p =0, K41 =—k42. 27

Therefore, in order to generate tiny neutrino mass one must have k41 42 7 0 and k41 7# —k42.
We consider vector fermions to be much heavier than scalar particles My > mg, ,, mg+ , and
’ 1,2

2 2 2

further assume m 5 =gy, Mo = mé +. With the above simplified choice, following Eqs. (14),
1 2

(17) and Eq. (20) we can rewrite the neutrino mass matrix elements as

3 2
K41 + K42 [yikdjx + 2ikyje] 1 ms,
(Mv)ij=<7> U1U2|: E . In
2 3272 Ms, M2
k=1 k i
> yichji+ kvl 1 my
+Z ik/Njk 21k jk In 21 ) (28)
p 327'[ \/EME]( Mzk

Therefore, from Eq. (28), one can realize seesaw like radiative neutrino mass expressed as

2+ V2) (k41 + ka2)v1v2
N 12872

where we assumed that the mass matrix of vector fermion ¢ = diag{¢1, {2, {3} and the diagonal
matrix elements are given as

M, e g yT, (29)

—1 2 -1
=M [m "5, } My | oSt (30)
i =My, - = My, B .
M):i M):i

Therefore, if one considers (k41 + k42) ~ O(1), y ~ 1 =~ O(107%), tanp ~ 1 and My ~
0(10'% GeV, we get neutrino mass scale at m, >~ (0(0.05) eV for TeV scale triplets in sGM
framework. The order of Yukawa coupling also controls parameters significant for the process
of leptogenesis which will be discussed later. The mass matrix M, can be diagonalized by
Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix U
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M, =U*- M, Ut 31

where MU = diag(my, my, m3).
3. Theory and phenomenology of the sGM model
3.1. Electroweak precision test observables

We consider the generalised form of GM model (Eq. (5)) since it is well known that custodial
symmetry in GM model is broken at the one-loop level by hypercharge interactions [43—45].
After symmetries of the scalar potential breaks of spontaneously, Z, symmetry is partially con-
served by triplet scalars and both ¥ = 0 and Y =1 triplet fields remain inert. At this stage (after
SSB), Higgs doublets and new inert triplets doesn’t have any impact on p parameter and p = 1 is
satisfied at tree level. However, one-loop corrections parameter to p parameter must be taken into
account which can also be obtained in terms of 7 = «T = Ap due to new scalars and fermions.
Firstly, let us consider the contribution from new fermions within the model. For a single gener-
ation of vector doublet fermions, there will be new contribution to T parameter which is given
as [46]

2

TV = 5 (i my), (32)
8 myy,

where

1 2
H(ml,mz) = —— (m% —|—m%) (div+ log (ME_W>>
2 mipmy

2
(mf —l—m%) log (Z—%) M2
+ log EW )1

2 (m% — m%) mimy

+mimy div + (33)

1 2 2)
1 (ml + m3

In the present work we include three vector fermion doublets. However, since vector fermions do
not mix with each other and mass of charged and neutral fermions are degenerate (i.e.; Mx+ =
Mo = My for a single generation), the contribution TVLF = 0.

Let us now discuss how electroweak precision observables modify in presence of new scalars.
In case of 2HDM within alignment limit (8 — ) = 7/2, contribution to 7 parameter reads as
[47-49]

2
(m‘]L + mg) log <%>

4(mt —m3)

72HDM _ 64ng2§—m2 (.s; (quimi) +£ (m%,i m%q) -& (mi rn%q)) ; (34
w
where
’ 0, ifx=y.
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From Eq. (34), it can be concluded that 72HPM vanishes for m 4 = m g+ or my = mp=. There-
fore, if one considers above conditions, new contribution to 7 parameter will arise from triplet
scalar fields T and A only. It is to noted that, in the present formalism there exists mixing be-
tween neutral and charged components of the triplet fields, which must be taken into account to
calculate T'. Considering the effects of mixing, additional contribution to 7 parameter is

]_vnew o g%

2 2 2 2 2 2
_64 2 2 (Saf(mDii,mSi)+CSE(mDii,mS2i)

+(casy/f + ey s EOne, m3) + (cacy /N2 = sy 53) 6 (mie, m3,)

S:Ev

538y /V/2 = ¢y e 26 (mge, m3) + (550 /¥ 2 + sy0) 6 (m5, i)

S:Ev
HSFE (G, m30) /2 + GEGM G, m30) /2 = 25FCRE (M, M)

—c2E0m3, mho) — she(md m)) (36)

In the above Eq. (36), sy = sin@ and ¢y = cosf where 6 = y, §. Using the above expression,

bounds on the mixing angles or mass splittings between scalar particles can be obtained in the
T new

present model. We use the value T = =0.07 £ 0.12 [2] to constrain the model parameter

space.
3.2. Collider bounds

In this section, we briefly discuss collider constraints on different visible and dark sector
particles of the model. LEP excludes a new charged scalar of mass less than 80 GeV from charged
scalar decay into c¢s and vt final state [50]. Similarly bound on charged fermion mass is 101.2
GeV [51,52] from the decay of charged fermion into yW= final state. Let us now consider the
bounds obtained from LHC. In the present model we have singly charged scalars Sljfz and one
doubly charged scalar D** in dark sector. These particles can contribute to the Higgs to diphoton
decay process. The decay rate for the process 4 — yy is given as

2Gth

128+/273
)‘hHi HFV

2 Al (ty) +
Zm%{i

Th—yy)=—Frnt ZNCQfghffA1/2<rf>+ghw+w Al (xw)

)\. + )\.
hS] SF hSE ST
71 Ah ('L'S:t) + 72 2

mSi mSi
2
Ag (tp=t)| . (37)

Ap(Tse)

)\hD:t:tD:F:FU

2
M+

+4

Here GF is the Fermi coupling constant, « is the fine-structure constant, N. = 3(1) for
quarks (leptons), Q ¢ is the electric charge of the fermion in the loop, and 7; = m%l /4ml.2 i=
LW, SE HE, Szi, D*F). Couplings of SM Higgs h with different charged scalars in Eq. (37)
are listed in Appendix. The relevant loop functions are given by

Alpm=2[t+ @@ -Df(@]l72 (38)
Ay = - [212+3t+3(2t - 1)f(z)]f2, (39)
Af(my=—[t = f(Dlt 2, (40)

10
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and the function f(7) is given by
2

[sin™! (vo) | . (<),
fo)= 1 14+4/1—7"1 . 2 41
_Z IOg 1_— ﬁ — I ) (f > 1)

One can calculate the quantity called signal strength R,,,, given as

o(pp—~h) Br(h—yy)
vy = o ( 71)SM SM (42)
pp — h)>Y Br(h — yy)

Using the latest and future constraints from LHC on the R, signal strength [53,54], masses
of charged particles in our model can be constrained. It is to be noted that for heavier masses of
charged inert scalar particles with mass around TeV, one can safely work with 2HDM constraints.
In the present framework, we consider only one Higgs doublet ¢, couples to the SM sector which
resembles the standard type-1 2HDM. For type-1 2HDM, Higgs signal strength does not provide
any limit on tan 8 with alignment limit (8 — «) = 7 /2. However, deviation from the alignment
limit puts stringent bound on tan 8 for type-I 2HDM [55-58]. Apart from Higgs signal strength
measurement, the most stringent bound on charged scalar mass comes from flavor physics when
the B — Xy decay is taken into account [59,60]. It is found that for all types of 2HDM includ-
ing type-I 2HDM, inclusive decay b — sy excludes charged Higgs mass below 650 GeV for
tan 8 < 1 [60]. Therefore, in the present framework, with the alignment limit (8 — @) = /2, we
conservatively work with following conditions

mpy =500GeV, mg =mpg+ =650GeV, 1 <tanp <10. 43)
3.3. Dark matter

As mentioned before, the lightest neutral scalar S; or S, can serve the role of dark matter
candidate in the model. We implement the model in LanHEP-3.3.2 [61] and calculate relic
density and direct detection of the dark matter using micrOMEGAs-4.3.5 [62]. We use the
dark matter relic density observed by PLANCK [1] and constrain the model with the dark matter-
nucleon scattering cross-section limits from direct search experiments XENONIT [63,64] and
PandaX-II [65,66].

Apart from 2HDM parameters (as in Eq. (43)), there are dark sector parameters in the model.
We consider the following parameters to be independent parameters which constrain the dark
sector in the present formalism which are given as

ms,, siny, ki;, kai, k3;, k4; (i =1,2). (44)

With the above choice of parameters the mixing between charged scalar particles (§) becomes a
dependent parameter. Masses of other scalars in dark sector Sy, S fz and D** are also obtained
using these free parameters. Moreover, we consider the case where the mixing between the neu-
tral scalar particles satisfy the following condition 0 <siny < % For simplicity we also work
with the following condition k11 = k12, k21 = k22, k31 = k32 and k41 = k42 (# 0). With the above
mentioned choice of scalar mixing, we consider a parameter space depending on the choice of
k4; and «o; (i = 1,2) in order to obtain a viable DM candidate in our model. We tabulate how
the choice of couplings determines whether DM is neutral or charged as shown in Table 2. It
is to be noted that our conclusion in Table 2 is independent of the choice of couplings x1; and
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Table 2
Combination of coupling parameters considered in the present work for the choice 0 <siny < \/LE
K41 K42 K21 K20 DM candidate
- - + + S1
- - - - S
+ + - - Y
+ + + + Lightest inert particle is charged
250 : : 100 : :
siny = 0.1 siny = 0.1

siny= 0.5

siny=0.5

200 -

150

|Am| [GeV]
|Am| [GeV]

100

50

0 _
200 400 600 800 1000 1200 1400 1600 1800 2000 200 400 600 800 1000 1200 1400 1600 1800 2000
mg+ [GeV] mg+ [GeV]

(a) (b)

Fig. 3. Allowed range of mass splitting plotted against m st for different values of neutral scalar mixing angles with
2

tan 8 =1 (left panel) and tan 8 = 10 (right panel).

k3; (i = 1, 2). Therefore, in the present work, we consider only six relevant parameters to explore
DM phenomenology, are given as

ms,, siny, ka;, k4 (i =1,2). (45)

As observed in Table 2, we exclude the case with «21 22 > 0 and k41 42 > 0 values. Therefore, we
are left with two cases, I) neutral DM candidate is represented by S; and II) DM is represented
by S>. We will discuss both the cases separately in details in this section.

Before we discuss the DM phenomenology, we first consider the model parameter space in
agreement with 7 parameter results. We consider a set of parameters following Table 2, a) k1; =
k2; = k3; = 0.05 with ky4; varying in the range of [—0.5, —0.05] and b) k1; = —k2; = k3; =0.05
with k4; varying in [0.05,0.5] (i = 1, 2). The above choice of parameters corresponds to first
(third) row of Table 2 resulting S; (S>) as the DM candidate. Since T parameter depends on the
mass splitting, we observe that it is independent of the choice of sign of couplings mentioned
in Table 2 and thus we ignore the second row of Table 2. We further consider two different
values of neutral scalar mixing angle siny = 0.1, 0.5 and vary mass mg, within the range 200
GeV to 2 TeV. With the above choice of parameters, one can easily derive masses of other dark
sector particles and also the mixing angle § between charged particles. Using the bound on T
parameter, in Fig. 3(a) we plot the allowed range of mass splitting |Am| = |m sp—m Sl+| against
Mt derived following Eq. (36) for tan 8 = 1. From Fig. 3(a), it can be easily stated that, larger
values of mass splitting are allowed for smaller values of mixing angle. It is to be noted that
for small mixing siny = 0.1, triplet scalars are almost decoupled from each other which allows
larger mass splitting values compared to the case with larger mixing siny = 0.5. One can also

12
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Fig. 4. Left panel: Variation of DM mass with relic abundance for different values of mixing angle y (see text for details).
Right panel: DM mass plotted against direct detection cross-section for the same set of parameters. (For interpretation of
the colors in the figure(s), the reader is referred to the web version of this article.)

notice that as the mass m st is increased, mass difference of charged particles reduces and tends to
become degenerate. Decrease in mass splitting enhances the possibility of co-annihilation of dark
matter particles which can contribute to dark matter relic abundance. In, Fig. 3(b), we calculate
the allowed range of parameter space for the same set of mixing angles siny and couplings
for tan 8 = 10. We observe that larger values of tan 8 constraints the model parameter space
significantly allowing lesser values of mass splitting in agreement with the bound on 7 parameter.
This is intriguing because of the fact that mass splitting between particles depends on both v
and vy vacuum expectation values.

3.4. Case: I, S| dark matter

In this section we study DM phenomenology for the case when DM is represented by S
candidate and resembles the T candidate of ¥ = 0 triplet. We work with the conditions set by
Table 2 for this purpose.

e Effects of siny

In Fig. 4(a), we show the variation of DM relic density with mass of DM for three different
values of siny = (0.1,0.3,0.5). Fig. 4(a) is plotted for tan 8 = 1, x1; = «x2; = «x3; = 0.05 and
k4; = —0.05 where i = 1, 2. In Fig. 4(b) the variation of dark matter direct detection against DM
mass is depicted for same set of parameters and compares with the experimental bounds on DM-
nucleon scattering cross-section with PandaX-IT and XENONIT. It can be observed that changes
in the mixing angle sin y does not affect DM relic density very much and a 1.2 TeV dark matter
candidate is in agreement with the relic density bound from PLANCK (red horizontal lines in
left panel of Fig. 4). However, with increase in the mixing angle, the DM direct detection cross-
section tends to decreases considerably. Therefore, large mixing angle siny is favorable for a
viable DM candidate in the present framework.

o Effects of tan g
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Fig. 5. Left panel: DM mass vs relic density for different tan 8. Right panel: DM mass vs direct detection cross-section
plotted with same set of tan 8 values. See text for details.
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Fig. 6. Variation of DM relic abundance with DM mass for different values of k41 47 using siny =0.1 and tan 8 = 1.

In Fig. 5, we repeat the results for dark matter with same set of coupling parameters as used
in case of Fig. 4 for different values of tan 8 = (1, 5, 10) with scalar mixing fixed at siny =0.1.
We observe in Fig. 5(a) that for different values of tan 8, DM relic abundance does not change
significantly with DM mass. However, DM-nucleon scattering cross-section increases with larger
tan 8 values as seen in Fig. 5(b).

o Effects of k41 42

Fig. 6 shows the variation of DM relic density against DM mass for three different values of
ka1,42 for tan B = 1 and sin y = 0.1. Other parameter are kept fixed at same values as considered
in Fig. 4. In Fig. 6 we observe that as k41 42 changes from -0.05 to -0.5, relic density plots
changes significantly which allows a range of dark matter mass from 1.2 TeV to 1.7 TeV that
is in agreement with PLANCK results. Increase in |«41 42| value results in increase in mass
splitting between charged and neutral eigenstates Siz and Sp . With increased mass splitting,
contribution from co-annihilation channels decreases which reduces DM relic density for a given
mass of DM as observed in Fig. 6. However, no significant change in DM direct detection is
observed for changes in coupling «41 42.
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Fig. 7. DM mass vs ogj plots for different combinations of k11,12 and «31 32 using siny =0.1 and tan g = 1.

e Effects of k11,12 and k31,32

Finally, we consider changes of couplings «1; and 3;, i = 1, 2 and study how these couplings
affect dark matter phenomenology. It is found from the study that couplings «1; and «3; does not
alter DM relic density significantly but can affect the DM direct detection cross-sections. This is
obvious since, these couplings allow Higgs portal interactions with SM sector particles. However,
since gauge interactions and co-annihilation channels dominate over Higgs portal interactions,
these couplings are less sensitive to DM relic density. For the purpose of demonstration, we
consider tan 8 = 1, siny = 0.1 and couplings k21,22, ka1.42 etc. used in previous set of plots
shown in Fig. 4-5. From Fig. 7, we observe that changing value of k11,12 = —0.05 from «11,12 =
0.05, does not affect direct detection results significantly. However, for the case «31 320 = —0.05
an increase in DM direct detection is observed when compared with the case x31,32 = 0.05.
Therefore, we can conclude that 31 32 < 0 enhances DM-nucleon scattering cross-section in the
present framework.

It is to be noted that for DM candidate (S7) there exists another region of parameter space
with positive values of k21 22 as mentioned earlier in Table 2. We have found that the results for
the region with positive k21 22 also follow similar behaviour as obtained in Figs. 4-8. Hence, DM
phenomenology for the case with k21 22 > 0 are not shown in this work.

3.5. Case: II, S> dark matter

In the previous section, we have presented the results for DM dominated by ;. In this section
we consider the case when DM is S» dominated which resemble the neutral candidate of ¥ =1
triplet. For this purpose, we follow the conditions mentioned in Table 2.

e Effects of siny

Similar to the previous section, we now repeat our study for the case considering DM can-
didate is S> with positive values of k41 42 following Table 2. In Fig. 8(a)-(b), we show the
variation of DM relic density and direct detection cross-section against DM mass for three dif-
ferent values of siny plotted with set of coupling parameters «11,12 = k31,32 = k41,42 = 0.05
and k21,22 = —0.05 using tan 8 = 1. We observe that, even DM candidate is S»-like, with differ-
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Fig. 8. Left panel: Variation of DM mass with relic abundance for different siny. See text for details. Right panel: DM
mass plotted against ogy for the same set of parameters.
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Fig. 9. Left panel: Dark matter mass vs relic density for different values of tan 8. See text for details. Right panel: DM
mass against DM nucleon scattering cross-section for same set of tan 8 and other parameters.

ent siny values, DM mass versus relic density plots does not undergo any significant changes
and 1.2 TeV dark matter satisfies DM relic density. However, significant changes in DM mass
versus DM-nucleon scattering cross-section plot can be observed with changes in siny values
as depicted in Fig. 8(b). It is clearly shown that with increasing siny, the DM direct detection
cross-section gains large enhancement. This is quite different when compared with the case of
S1 DM case presented in Fig. 4(b).

e Effects of tan g
We now repeat the study with three different tan 8 = 1, 5, 10 values for siny = 0.1, keeping
other parameters fixed as taken in previous case (Fig. 8), and present our findings in Fig. 9. From
Fig. 9(a), we conclude that changes in tan 8 is less significant to DM relic density. However,

Fig. 9(b) predicts that for larger tan 8, DM-nucleon cross-section tends to decrease.
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Fig. 11. Variation of DM mass with ogy for different choices of «11 12 and k31 3 using siny =0.1 and tan 8 = 1.

o Effects of k41 42

In Fig. 10, we repeat our study following Fig. 6 by varying 41 42 from 0.05 to 0.5 for siny = 0.1
and tan 8 = 1 keeping the rest of the parameters unchanged as considered in Fig. 8. Similar to
the case of dark matter in Fig. 6, here we also observe large changes in DM relic density which
predicts that DM can have mass around 1.2 TeV to 1.6 TeV. This can be explained by the rise
in mass splitting between dark sector particles which causes reduction in DM annihilation cross-
section happening from DM co-annihilation. Note that, for different values of k4; (i = 1 — 2),
DM direct detection cross-section remains unchanged similar to the case of S| dark matter.

e Effects of K11,12 and K31,32

Similar to the study of S; dark matter phenomenology performed in Fig. 7, we investigate
the effects of 11,12 and «3; 32 in Fig. 11 on DM-nucleon scattering cross-section. As we have
mentioned before, due to the effects of gauge annihilations and co-annihilation of dark matter
candidate, these couplings are not significant to DM relic abundance. Looking into Fig. 11, we
conclude that dark matter direct detection results remains almost unaffected with change in sign
of x31,32 from positive to negative. However, for the case k11,12 = —0.05, there is significant
enhancement in DM direct detection cross-section when compared with the case «11,12 = 0.05,
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Table 3
Combination of different coupling parameters for the choice — % <siny <0.
K41 K42 K21 K20 DM candidate
+ + + + S1
+ + - - N
- - - - S,
- - + + Lightest inert particle is charged
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Fig. 12.l; — Iy diagrams at the one-loop level.

which can be probed by next generation DM direct search experiments and constrain the available
model parameter space.
It is to be noted that apart from the region of parameter space considered in Table 2, there

also exists another region of available parameter space as given in Table 3 for —% <siny <0.

However, the DM phenomenology does not alter significantly for negative values of neutral scalar
mixing siny and results are similar to cases discussed in Figs. 4-10. Therefore, we will not
discuss the combination of parameter space mentioned in Table 3.

Therefore, DM phenomenology of 2HDM extension of inert GM model suggests that a vi-
able TeV scale dark matter can achieved within the framework. Since the masses of dark sector
particles are around few TeVs, their contribution to the process # — y y is negligible compared
to the contribution from W*, H* and fermion (top and bottom quarks) and thus can be ignored
safely. In other words, conditions described in Eq. (43) for type-1 2HDM remains unaltered.

3.6. Lepton flavor violation
In the present model, Yukawa interactions mentioned in the Eq. (7) will result in charged

lepton flavor violation. In Fig. 12, we show possible diagrams that contribute to flavor violating
decay. The Feynman amplitude for the process /; — [y is given as

MU — 1jy) = €"ity;(p — @lig o (F + Gys)luy (p) . (46)
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Fig. 13. Left panel: Variation of My, with Yukawa coupling A consistent with active neutrino mass constraints assuming
A=y for tanB =1 and |k41 42| = 0.5. Right panel: Decay branching ratio B(i — ey) versus My, for the allowed
range of A =y coupling in agreement with limit from neutrino mass.

where the form factors F and G are expressed as
AikA _ MkAjk 2
F=G= Z G ME (my, +my;)

1 1
X (00525F3(a) + sinzéFia) —3 cos’ y Fl(h) —3 sin’ y Fz(h)>

47)
+ 7ylkyjk (my +my; )2 (sm (SF(a) + cos SF(a) + Fs(a) — ZFS(b))
6412M
k=1 k
3
AikYjk + Mk Yik 2 . (@) (a)
+sz—w(mll+m[]) SIHSCOSS(F4 —F3 ) ,
k=1 g
where,
1
(@) _ 6y 2 3 . .
F; _m (2+3x, 6x; + x7 + 6x; 1nx,) s
(b _ Cfr 22 _ — 6y2 ,
=i (1 6x; — 3x 61 lnxl) , 48)
2 2
¥ m%l X m%‘z X mSlJr X mS; X sz""*'
1__29 2_—21 3__29 4 = 2 5 2
My, Ms, M, My, M,

In Eq. (48), we have dropped the indices of My, for simplicity. It is to be noted that for a vector
fermion doublet MEQ = ME; = My, . Stringent bound on flavor violating process p — ey is
obtained from MEG experiment [67]. Upper limit on the decay branching ratio for © — ey
decay is B(;u — ey) < 4.2 x 10713, The decay rate for the process  — ey in the present model
is given by

(49

m
F(u%ey>=8—]‘;<|F|2+|G|2>.
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In Fig. 13(a), we present the variation of vector fermion mass My, with Yukawa couplings
imposing the condition A = y for neutrino Yukawa couplings. The mass scale of light active
neutrino mass (m,) is derived using Eq. (29) for tan 8 = 1 and |«x41 42| = 0.5 with assuming a
hierarchical structure of vector fermion mass My, : My, : M, =1:3:30. We further consider
mass of different inert scalar mg ~ 1.5 TeV, following results from Fig. 6 and Fig. 10, consistent
with relic density, direct detection, T parameter and collider constraints on dark matter. From
Fig. 13(a), we notice that for Yukawa coupling ranging from 10~3 —10~!, mass of vector fermion
varies within the range 108 — 1012 GeV. Using the allowed range of M s, and Yukawa coupling
values, we plot the corresponding decay branching ratio B(i — ey) against My, , as shown in
Fig. 13(b). It is clearly observed that within the specific range of A(y) — Myx,, u — ey decay
branching ratio is negligible compared to the experimental limit B(1x — ey) < 4.2 x 10713 [67].
Therefore, lepton flavor violation do not impose any stringent limit in the present framework.

4. Leptogenesis in sGM model

Apart from the generation of one-loop neutrino mass and providing a feasible candidate for
dark matter, the scotogenic GM model can also generate lepton asymmetry which can explain
baryon asymmetry in the Universe (BAU). In the present model, heavy vector-like fermions can
decay into leptons and triplets. A net asymmetry in lepton number can be generated from the CP
violating decay of heavy vector-like fermions.

The net amount of asymmetry generated from CP violating decay of VLF’s coming from its
decay into leptons with two different scalar triplets are expressed as

DLILE I +A) —T(EC = I + A9)]

= , 50
€1 I (50
and
Za[F(ZC — lz +T*-T'(X— 1l +T)]
€17 = ) (51)
I
In the above Eq. (50)-(51), total decay width of vector fermion is given as
3 (i i
F1=—<(y i+ @A )»)11)le~ (52)
32r
The asymmetry €1 can be redefined as
3 1 My
S Im[(y*y)1; (W 2%) 11 —=" . (53)
87 (y'}’)11+(ﬂ)»)11; PO
Similarly, the asymmetry €7 becomes
3 1 My
€17 =—2—— - Im[( )17y il == . (54)
8 (yl}’)11+()»‘)»)11; SR My,

As mentioned before, in the following study we consider the mass matrix of vector-like
fermions to be diagonal and assume hierarchical structure of vector-like fermion masses such
that My, < My, < Mys, and My, : Mx, : My, =1:3:30. Therefore, Boltzmann equations for
leptogenesis consist of three equations (which is governed by decay of lightest vector fermion)
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dY; F K
o 1 1(2) (Y _ qu) ’ (55)

dz H1 K> (2)

avp T Ki(2) e 2K1(2)

Lt v —y, Brp YR, 56
dz Hy <E AZKz(Z)( z " YE) B 4 L) 0

and

dYLT Fl Ki1(2) TZ3K1(Z) T

—= = Y —-Y B Y s 57
@ T H (6 O R L I °7

where Eq. (55) denotes Boltzmann equation for decay of vector-like fermion Xp, other two
Egs. (56)-(57) are Boltzmann equations for generation of lepton asymmetry. In Egs. (55)-(57),
H; denotes the Hubble parameter at T = My, and Yy = ny/s; (x = X1, L, n: number density
and s: co-moving entropy density). The expression for H; and equilibrium yield of X are

[87 Gprad M3, eq 458 2K2(2)
H=,—/—= =1.66/g,—L, ) S ——-2 R 58
1 3 8x Mp i 47[4 8xs ( )

where g, = 119.75 (including new scalar fields) is the relativistic degrees of freedom and g
is entropy degrees of freedom respectively. Factors K » in Egs. (56)-(57) are modified Bessel
functions and Brj (x = A, T) represent the decay branching fraction of ¥ into A and 7' mode
such that

O (A M
(CARDITE A APSITIE (C2RDITE A VAPSIT
It is to be noted that Boltzmann Eqs. (56)-(57) are based on the assumption that the transfer of
asymmetry between YLT and YLA is negligible and their evolution are independent of each other.
This is possible when the condition for the narrow width approximation is satisfied which is
given as [68]

ry Iy

H; My,
The final lepton asymmetry obtained by solving Boltzmann equations for leptogenesis is given
as

A _ T _
Brp = Br; =

(59)

<0.1. (60)

YL(z—>oo)=2<YLA(z—>oo)+YLT(z—>oo)) . 61)

In the above equation the additional factor of two is due to the fact that asymmetry is generated
from both neutral and charged fermions of the vector fermion doublet. Eq. (61) reveals that, there
can be a cancellation in net asymmetry Y7 (z — 00). Similar to the case of standard leptogenesis
with right handed neutrinos, here the final lepton asymmetry is also partially transferred into
baryon asymmetry via sphaleron transition [17]

YB(Z—> OO)ZgyL(Z%OO). (62)
Baryon asymmetry of the Universe as measured by PLANCK is Y5 = (8 — 9.5) x 10!, hence
the required lepton asymmetry is ¥z ~ (2.5 —2.9) x 10710 [2].

We now investigate the possibility whether the present model can generate the required BAU.
In order to do so, we first consider Yukawa couplings and mass of vector-like fermions that will
provide sub-eV light neutrino mass. For this purpose, we use the allowed My, and Yukawa cou-
pling A = y parameter space derived in Fig. 13(a) for neutrino mass scale m, = 0.02 — 0.20
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Table 4
Lepton asymmetry Yy, calculated using given set of vector fermion My, mass and Yukawa coupling for (k41 +x42) = 1,

tan 8 = 1 with different sets of Yukawa couplings {1, y} for neutrino mass scale m, ~ O(IO*2 - 10*1) eV.

ry ¢
Set A=y Mz, (GeV)  O(my) (V) €171 Brl =Brp e MT'] Y1 (z — 00)
I 40x1072  6.75x 1011 0.02 9.53x 1075 0.5 8.1x1072  4.13x107°
i 21x1072  50x 1010 0.06 2.63x 1075 05 83x 1072  2.61 x 10710
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Fig. 14. Variation of My, against I'y 2/M):| H;j (left panel) and corresponding lepton asymmetry Y7 for I'y 2/M):1 H; <
0.1 (right panel).

eV. Moreover, the Boltzmann equations for lepton asymmetry used are valid only when the con-
dition for narrow width approximation in Eq. (60) is respected. It is found that the washout
and transfer of asymmetry becomes significant for r2 /Ms,H; > 0.1 [68]. To circumvent this
issue, we further restrict the allowed My, vs A =y parameter space in Fig. 13(a) with the con-
dition I'}2 /Ms, H; < 0.1. In Fig. 14(a), we present the variation of vector fermion mass My,
against the narrow width approximation parameter using the neutrino mass constraints from
Fig. 13(a). The upper limit for narrow width approximation I';%/M s, Hi1 < 0.1 is represented
by the red horizontal line shown in Fig. 14(a). With the given range of neutrino mass scale
m,, = 0.02 — 0.20 eV, Fig. 14(a) provides an upper limit on vector fermion mass for which nar-
row width approximation and the Boltzmann equations (Egs. (56)-(57)) for lepton asymmetry
remains valid.

Using the allowed range of My, values obtained from Fig. 14(a) and Yukawa coupling from
Fig. 13(a), we solve Boltzmann equations Egs. (55)-(57) and evaluate the amount of lepton asym-
metry in the present formalism. As to obtain the limits in Fig. 13(a) and Fig. 14(a), taking the
condition L =y we get e;p = €17 and BrLT = Brlf = 1/2. Therefore, for > =y, lepton asymme-
try generated from Egs. (56)-(57) will be equal, i.e.; YLA (z —> 00) = YLT (z = o0). In Fig. 14(b),
we plot the total lepton asymmetry Y; versus "%/ M, H; using the available My, parameter
space obtained for aforementioned m, values. Horizontal red lines in Fig. 14(b) exhibit the Y,
value required to generate observed baryon asymmetry in the Universe. For demonstrative pur-
pose, in Table 4, we tabulate lepton asymmetry Y7, for few sets of benchmark parameters obtained
from the solutions of Boltzmann equations for leptogenesis. We observe that for benchmark set-I,
yield of lepton asymmetry Y7, is above the required amount of matter-antimatter asymmetry. On
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the other hand, for benchmark set-II with m, ~ 0.06 eV, net lepton asymmetry Y; successfully
generates observed baryon abundance. However, set-11I result in Table 4 suggests that yield Yy,
fails to explain baryon asymmetry in the Universe.

It is worth mentioning that solution to Boltzmann equations in this work is based on the
assumption that the Universe is radiation dominated at the era of leptogenesis. However, this
situation can alter if one considers a modified thermal history of Universe [69]. Recent stud-
ies [70-73] reveal that non-standard cosmological effects (such as a new scalar field active
near the temperature 7 ~ My,) on leptogenesis can reduce the effects of washout signifi-
cantly and enhance the yield of Y, by one or two order depending on the new parameters.
We expect similar changes in lepton asymmetry Y, if non-standard cosmological effects are
taken into account. In such scenarios, benchmark set-III of Table 4 can also explain matter-
antimatter asymmetry in the Universe. Therefore, non-standard leptogenesis scenarios can relax
constraints and broaden the available model parameter space considered in the model. How-
ever at lower temperature T ~ 10> — 103 TeV, the non-standard effect is completely washed
out and Universe becomes radiation dominated. Therefore, thermal freeze-out of dark matter
remains unaffected and hence dark matter phenomenology discussed in the work remains un-
harmed.

5. Conclusions

In this work we present a study of common origin of neutrino mass, dark matter and leptogen-
esis by extending Georgi-Machacek model with two Higgs doublet and new vector fermions. The
composition of Georgi-Machacek model includes two additional SU (2) triplet scalar with differ-
ent hypercharge along with the SM Higgs doublet. Although the GM model preserves custodial
symmetry and can generate neutrino mass in tree level, the model cannot account for a stable dark
matter candidate. We consider a scalar potential invariant under SU (2); x U(1)y X 24 X Z5.
After spontaneous breaking of symmetry, Z, symmetry of the potential remains conserved by
triplet fields and vector fermions. The Z4 symmetry in the potential provides necessary quartic
interactions that generate neutrino mass at one-loop upon mixing of neutral and charged scalar
of Y =0 and Y =1 triplet. Thus a residual Z, symmetry ensures the stability of neutral scalar
originating from the mixing of scalar triplets which serves the purpose of dark matter resulting
a scotogenic Georgi-Machacek (sGM)model. Moreover, the sGM model also exhibits feature of
leptogenesis, capable of generating matter-antimatter asymmetry in the Universe from decaying
vector fermions.

We put constraints on the model parameter space from various theoretical and experimental
observations, such as vacuum stability, dark matter relic abundance, dark matter direct detection
cross-section. Detailed study of dark matter phenomenology reveals that the model predicts a
TeV scale dark matter candidate. In the present model, matter-antimatter asymmetry originates
from CP violating decay of vector-like fermions. Using the limits from light neutrino mass,
we found that massive vector fermions around 10'9~!! GeV can produce the experimentally
observed baryon abundance. We have also observed that lepton flavor violation do not impose
any significant constraint in the model parameter space. Therefore, a simple extension of Georgi-
Machacek model with two Higgs doublet and heavy vector-like fermions accompanied by Z4 can
provide answers to the puzzles of dark matter, matter-antimatter asymmetry in a single frame-
work with radiative generation of neutrino mass.
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Appendix. SM Higgs coupling with charged scalars

The couplings of SM Higgs / with different charged scalars are listed as follows:
ARD++D-- = SaCpK11 — CaSEK12
12 2 2
)‘hser( = §(2s5 SqCpK11 — 285CqSpK12 + S5SaCpK21

— S(SZCaSﬂKzz + 2C§SQC5K31 — chcaSﬁlqz — «/ECgSgCaCﬂKm
+ «/Ecmgsas,g/cm + \/EC(SSaSaSﬂK42 — «/Ec(gs(scacqu) R

1
2 2 2 2
)LhS;'SZ_ = E(ZCBSaCﬁK“ — 2c5ca856K12 + C5SuCaKD1 — C5CaSBK22

+ 2S§SaCﬁK31 — 2s§cas5/<32 + \/zc(;s(;cacﬁlql
— «/Ec(ss(ssaslglcu - \/EC(;S(;SQS;;K;Q + «/§C3S3CQC/3K42) .
AMHYH- = sasécﬁkl - cacésﬂkg — casgkg + cgsakg

— Cﬂsasé)q + Cac%s,gM + cacéslgks — Cﬂsasék5 .
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