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ABSTRACT: We consider the extension of the Standard Model with an inert scalar doublet,
three right-handed neutrinos, and singlet scalar fields, ¢ and S. In this model, neutrino
masses are zero in the limit of the unbroken Z4 discrete symmetry. We show that when the
singlet scalar field ¢ gets a VEV, the Z; symmetry is broken to Zs, and neutrino masses are
generated at one-loops due to the mixings between the neutral components of the inert scalar
doublet and the singlet scalar field S. There is a dark matter candidate from the lightest
neutral scalar field, which is a mixture of the inert scalar doublet and the singlet scalar
field S, in general. The Z4 breaking mass terms are constrained by electroweak precision
data and direct detection (DD) bounds for dark matter, favoring small mixings or almost
degenerate masses for the DM scalars. As a result, we discuss the implications of the results
for small neutrino masses and DD-safe dark matter.
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1 Introduction

There is no doubt that we need to go beyond the Standard Model due to nonzero masses for
neutrinos. The scotogenic model [1] is among the mechanisms for generating neutrino masses,
and it requires an inert scalar doublet (one more scalar doublet with a vanishing VEV) and
three right-handed neutrinos. Unlike the high-scale seesaw mechanism [2-6], neutrino masses
are generated by radiative corrections with the inert scalar doublet and the RH neutrinos
running in loops. So, there is no need to take new particles in the scotogenic model to be much
heavier than the weak scale, and the lighter neutral scalar field of the extra Higgs doublet is a



good candidate for dark matter (DM). Then, there are testable signatures of the inert scalar
doublet by dark matter direct detection, electroweak precision tests and collider experiments.

Recently, there has been a new proposal to extend the scotogenic model with extra singlet
scalar fields, ¢ and S, where a nonzero VEV of ¢ leads to a small lepton number violating
coupling in the scalar sector due to the breakdown of a discrete Z; symmetry [7]. In this
case, each neutral scalar field of the inert doublet can mix with the component field of the
complex singlet scalar S with the same CP parity, so small neutrino masses can be ascribed
to small dark matter mixings in the limit of the decoupled field S. Thus, the model provides
not only an effective description of the lepton number violating quartic coupling A5 cg of
the original scotogenic model, but also an extra annihilation channel for dark matter into a
pair of the dark Higgs scalars. There is a similar model proposed to explain the neutrino
masses based on the Z; symmetry, but the focus was on the impact of the extra scalar fields
on the phenomenology of the RH neutrino dark matter [8].

In this article, we perform a general phenomenological study of the model with the Z,4
symmetry for neutrino masses and scalar dark matter beyond the case where the singlet scalar
S is decoupled [7]. We propose some benchmark models for obtaining neutrino masses due
to the DM mixings and correlate between neutrino masses and dark matter phenomenology
in each benchmark model. We consider various possibilities for dark matter in the model:
a singlet scalar DM, an inert doublet-like DM, a mixed dark matter from doublet and
singlet scalars, etc, and show the importance of the light singlet dark Higgs for dark matter
annihilations satisfying the correct relic density while being consistent with vacuum stability,
perturbativity, Higgs/electroweak precision data, collider bounds as well as the strong bounds
from direct detection experiments.

The paper is organized as follows. We first present the setup for the extension of the
SM with extra scalar fields and RH neutrinos and review the motivation of the simple case
where small neutrino masses are obtained in the decoupling limit of the singlet scalar S.
Then, we consider the vacuum structure of the model with a broken Z; symmetry and
discuss the Higgs mixing and the mass spectrum and mixings for Zs-odd DM scalar fields.
The bounds from vacuum stability and perturbativity are also given. Next we enumerate
various phenomenological constraints on the model, coming from neutrino masses, DM relic
density, DM direct detection, electroweak precision data, collider bounds, etc. We continue to
apply those constraints on some benchmark models for scalar dark matter, varying the DM
mixing angles from small to maximal values. There are three appendices dealing with dark
matter interaction vertices, perturbativity bounds, and loop functions for oblique parameters.
Finally, summary and conclusions are drawn.

2 The setup

We regard two singlet scalar fields, S and ¢, an inert scalar doublet Hsy in addition to the
SM Higgs doublet, and three right-handed (RH) neutrinos, Ng; as being transforming under
a local U(1)yx as ¢; — €'9x%,; with ¢; = {S, ¢, Hi, Hy, Ng;} [7]. An extra gauge boson
associated with U(1)x could also be introduced, but we focus the case where the extra gauge
boson is decoupled. On the other hand, we assume that the SM fermions are neutral under the
U(1)x symmetry. Then, the U(1)x symmetry contains Z; or Zs discrete gauge symmetries



| [ S [ ¢ [ Hi|H [ Np|
U(1)x +1 42 0 | +1 | +1
Ul)xDZs | i |—1| 1 | 4 | i

Ul)x DZy | =1 | +1 [ +1] 1] -1

Table 1. The U(1)x charges, Z; and Z, parities.

as subgroups. There are similar constructions with Z; symmetry for the extension of the
inert doublet models [8, 9], but there is no mass mixing between dark matter candidates in
the former case and the lightest RH neutrino is regarded as dark matter in the latter case.

We specify the U(1)x charge assignments for the extra scalar fields and the RH neutrinos
as Qx(¢i) = (+1,42,0,+1,41). The U(1)x charges and Z; and Zs parities for scalar fields
and the RH neutrinos are summarized in table 1.

We consider the scalar potential in our model, which is composed of V = V; 4+ V5. First,
the scalar potential for two Higgs doublets only is given by

Vi = m3|Hy > + m3|Ho|? + A Hy|* + Ao Ha|* + As|Hy 2| Ho|? + A\ (H{ Ho)(HSHy).  (2.1)

Here, we note that the A5 term appearing in the inert double dark matter (IDM) models [10, 11]
is forbidden because of U(1)x or Z,; symmetries,

Vi D %((H}Hﬁ + (H{H1)?) = 0. (2.2)

The part of the scalar potential containing the singlet scalar fields respecting the U(1)x
symmetry is

Va = V2rSTH{ Hy + No o SH Hy + V20452 + hec.
+m3|S? + As| S|t + mile® + Aglel*

+ ) {AHZ.S (V) [S1? + A (HIH) \sﬂ + AsplS [l (2.3)
1=1,2

Here, we note that if the Z; symmetry is imposed instead of the full U(1)x, we can also
include the extra terms for the singlet scalar for ¢, such as pS2, 02, p?*, ©?|Hy|?, ©*|Ha|?,
etc. Even in this case, after Z4 is broken to Zs due to the VEV of ¢, the effective Zs models
share the same feature as in the U(1)x case that there is a possibility for the mixing between
doublet scalars and singlet scalars of S.

We also introduce the U(1) x-invariant Yukawa couplings for the inert doublet and the
RH neutrinos in our model, as follows,

-~ 1 —
Lyukawa = —YN,ijliHoNR j — iAN,ij@NﬁiNR,j +h.c. (2.4)
with ﬁg = d09H3.

We assume that neither Hy or S have a VEV for positive m3 and m%, while Hy and ¢
have non-zero VEVs. Then, the VEV of ¢, namely, (¢) = %v@, breaks Z, to Zs, leading to



the effective Z5 models for dark matter. Alternatively, we can regard ¢ as a dark composite
field breaking the Z; symmetry explicitly due to non-perturbative effects [12, 13].

Below the U(1)x symmetry breaking scale, we obtain the effective potential only for
S, Hi, Hy in V5 where the Z, symmetry is also spontaneously broken to Zs, as follows,

Voot = V2:STHI Hy + 25/ SH| Hy 41 SMES% +he.

+m3|SP2+ AsISI + D Ams (HIH) [SI?, (2.5)
i=1,2

where ' = %/\fngcp and Mm% = 2uv,. Moreover, the mass terms for the RH neutrinos are
generated by Lryg = —%MNM@NRJ +h.c., with My; = %)\N,Zjv@. Here, the mass for
the singlet S is shifted by the contribution coming from )\5¢,Ui, but we keep the notation
for m% the same. The effective Z models including the singlet scalar S leads to a flexibility
for dark matter due to the mixing between S and the neutral components of Hs, as will
be discussed in the later section.

If we further integrate out the singlet scalar S with m% = \/§;w<p < m% and k' < mg,
from the combination of the Z5 invariant terms, \/EH,STHIHQ, ﬁm’SHlTHQ and %mng, in
eq. (2.5), we obtain the inert dark matter model with the effective A5 term [7] by

2m% (K% + K?)  4kk
4 - 2
mg myg

A5 eff = (2.6)

As a result, together with the Yukawa interactions of the inert doublet to the RH neutrinos
in eq. (2.4), we can obtain the neutrino mass matrix for |As.¢| < 1 at loop order [1, 7] as

s F0? YN, kyN, ik MN Mzzv,k mé
(M,) ij =~ 12 Ll Z ! ;\42 1-— 2 In M20 , (2.7)
m Nk my — My g N,k
with md ~ m3 + L(\s + \)vg.

However, for the general neutrino and DM phenomenology in our model, we will include
the singlet scalars, ¢ and S, explicitly in the later discussion.

3 Vacuum structure and scalar masses

We first discuss the minimization of the potential and the vacuum structure of the model and
consider the Higgs-singlet mixing and the DM scalar mixings. We also present the vacuum
stability and perturbativity bounds in our model.

3.1 Minimization of the scalar potential

Taking the unitarity gauge for the SM Higgs, we expand two Higgs doublets as

PP H,y = mr (3.1)
T2 \htop ) 2T %(Ho—i—iAo) ' '
On the other hand, the SU(2)-singlet scalar fields, S and ¢ are expanded as
1 ) 1 ,
SDZE(P‘*‘%‘HU% SZE(S‘H@)' (32)



For the local U(1)x, n corresponds to the would-be Goldstone boson, which is set to zero in
unitary gauge. In this case, we can regard the gauge boson X associated with U(1)x as being
decoupled due to its mass mx = 2gxv,, with gx being the extra gauge coupling, so we can
focus on the dynamics of the dark Higgs in the U(1) x symmetry breaking sector at low energy.
Alternatively, without introducing an extra gauge boson, we can consider the Z4 invariant
model with a real singlet scalar, namely, ¢ = %(p + v,), which transforms as ¢ — —¢ under
Z, according to table 1, although the DM mass spectrum and the DM self-interactions also
depend on the extra Zj-invariant terms for ¢ in the potential, such as pS2, p?, ©*, ©?|H;|?,
©%|Hs|?, etc. In both cases with a local U(1)x and a discrete Z, symmetry, the essence of
the low-energy correlation between dark matter and neutrino masses can be retained.

On the other hand, if U(1)x is a global symmetry, it is broken spontaneously by the
VEV of ¢, so n would be a massless Goldstone boson, which is Majoron-like as it couples to
the RH neutrinos. However, there is no mass mixing between the active neutrinos and the
RH neutrinos in our model, so there is no direct Majoron coupling to the active neutrinos.
Nonetheless, if 7 is a pseudo-Goldstone boson, it could make sizable contributions to dark
radiation and dark matter annihilations for a small v,, and spontaneous leptogenesis might
be possible as an alternative to thermal leptogenesis [7]. However, we postpone the case
with a global U(1)x as another work.

Now we identify the minimum of the potential in our model. To this, we rewrite the
potential in terms of the CP-even scalars, x; = h, p, Ho, s, as follows,

1

1 1 1 1
V= gmih? + om3(Ho)* + g Ah™ + 2 20(Ho) + 7 (A + Aa)h? (Ho)?

1 1 1 1 1
+ ksHoh + ikg@ptho + pps® + §m%32 + Z)\384 + imin + Z)\@p4

1 1 1
+ Z(AHlshQ + Am,s(Ho)?)s® + Z()‘Huphz + Ay (Ho)?)p? + Z>\S¢82P2' (3.3)

Here, we can determine the VEVs by imposing the first derivatives of the CP-even scalar
fields to vanish, i.e. 22=0, with

oxi
ov 1
5= mih + M b + §(A3 + \)h(Hp)? + ksHy
1 1 1
+ iAg@png + §>\H15h82 + QAHWW, (3.4)
T mgp + App” + 5)\{9¢th0 + ps
1 2 1 2 1 2
+ iAHlsﬂh p+ 5)‘H2¢(H0) p+ §>‘Scp5 P, (3.5)
—— =m5Ho + Xo(Ho)° + (A3 + \a)h“Hy + ksh
0H, 2
1 1 1
+ iAigwphs + 5)\H25H082 + §AH2¢H0p2, (3.6)
ov 1
B = m?gs + )\553 + kHoh + iA/SLpthO + 2ups

1 1 1
+ iAnghQS + 5AH25(15{0)25 + §A5¢sp2. (3.7)



Then, we take the VEVs of h and p fields to vy and v, respectively, whereas setting
the VEVs of the other fields to zero. As a result, the minimization conditions for the
potential gives rise to

1

mi = —\vy — 5/\H1¢u?p, (3.8)
1

m? = —Av7 — §AHWU§I. (3.9)

Therefore, we can determine the VEVs as

2 2
AHy My — 2Apmy

2
Vg = s (310)
AN, — )‘%hso
2 2
)2 AH M7 — 2)\1m@ (3.11)
= > i
s AN Ap = Mg,
Moreover, we also get the mass matrix for {h,p} as
T+ 300} + 3AmH, U A
2 _ [ M1+ OAVE T 5AH Y, HypVHVyp
Mh,p - 2 21 2 (3.12)
AH,pVHVp me, + 3)\0% + 5AH oV
and the mass matrix for {Hy,s} as
M2 = m3 + (A3 + A)v¥ + %)\va?p RUE + %/\i%v}ww (3.13)
Ho,s Kvg + %)\fngHfu@ m% + 2uv, + %)\ngvfg + %)\&pvi ’ '

Here, we note that there is no mixing between {h, p} and {Hy, s}. Thus, the vacuum with
v # 0 and v, # 0 is a stable local minimum, as far as the Hessians are positive, namely,
det(/\/l,ZLp) > 0 and det(M3, ) > 0.

By using the results in egs. (3.10) and (3.11), the diagonal elements of M%m become
2\1v% and 2)\<pvg,, respectively, so det(/\/l,%’p) = (4NN, — )\%Iw)v%ivi > 0. Thus, together
with egs. (3.10) and (3.11), we find the conditions for a local minimum [14] as

AN A, — Ay, > 0, (3.14)
Atpms — 2XAomi > 0, (3.15)
At omi — 2Apm > 0. (3.16)

3.2 Higgs mixing

The SM Higgs mixes with the neutral component of singlet scalar ¢ from the mass matrix
in eq. (3.12), which is rewritten as

2
Mz, = ( " AH”"?””) (3.17)
AHpUHVp mg,

where m,% = 2)\10%1 and mi = QALPU(%. Then, we can diagonalize the mass matrix by
introducing the mixing matrices, as follows,

(h) _ (c?sa —sina) <h1> (3.18)
0 sina  cos ho



with

2 A
tan 2o = %H;p. (3.19)
mi, —mg,
Then, the mass eigenvalues for neutral scalars are given by
1 4v2 02 \2

2 2 2 2 2 HYHy o
M hy = o |Mp + M + (mj —m3),| 1+ . (3.20)

1,h2 9 @ ® (m% _ m%)?

We note that if Ay, is sizable, the Higgs mixing gets suppressed for v, > vy to be consistent
with Higgs data. But, for v, ~ vy, we can take a small Ay, .
3.3 Dark matter mixing

Before considering the mixing mass terms, we first list the scalar masses for the inert Higgs
doublet and the real scalars, s,a, of the singlet S as

1 1
1 1
Mty = M3 + GALVE + G ety = M4, (3.22)
1 1
m? =m¥% + QAngv?{ + Mm% + 5)\5@@3 = m2 + 2%, (3.23)

with A\r, = A3 + A4 and m% = 2pv,. Due to the Z4 symmetry, we set A5 = 0, so the masses
of Hy and Ay fields are the same, that is, m%[o = m1240. We note that a negative A4 is taken
for the neutral Higgs to be lighter than the charged Higgs in IDM.

In our model, however, there are mass mixings between the neutral scalars of the inert
doublet and the singlet scalars containing in 5, leading to split masses between neutral scalar
fields. First, in the basis of CP-even scalars, (Hy, s), we rewrite the mass matrix in eq. (3.13) as

2 1
m (k + K )vg
ML = Ho , 3.24
Ho,s ((H + K)oy m> ) (3.24)
with x’ = %X&p%- We also obtain the mass matrix for the CP-odd scalars, (Ag,a), as

2 )

My = M (R R)um) (3.25)
0 (k — K)oy m;

Then, we can diagonalize the mass matrices by introducing the mixing matrices, as follows,
Ho\  [cosfs —sinb H,
s | \sinfs cosfs Hy )’

Ap cosf, —sinb,\ (A
= 3.26
< a ) <sin 0, cosb, ) Ag) ’ ( )

with
2 /
tan 260, = (/z—k r )Uf, (3.27)
Hy myg
2 ot
tan 20, = 2= R)vn (3.28)
mHO —my



Then, the mass eigenvalues for neutral scalars are given by

1 4(1%_‘_ /{1)2,02

2 _ 2 2 2 2 H
mH1,2 - 5 |:mH0 + myg + (mHO - ms) 1+ M}, (329)

1 4(k — K')20?

2 _ 2 2 2 2 H
mALQ - 5 |:mHO + mg + (mHO — ma) 1+ (7’)1?{0—7’)13)2:| . (330)

We note that we used the notations for the mass eigenstates of the CP-even neutral scalars
by Hi2, which are the same as for the Higgs doublets, but we remind ourselves of the
notations whenever necessary.

Therefore, the lightest neutral scalar among Hj > and A; 2 becomes a candidate for dark
matter. In this case, even if m%lo = m%o due to the Z; symmetry, there arises a mass splitting
between the CP-even and CP-odd scalars due to m? # m?2 and ' # 0, which stem from
the Z, breaking mass terms for the singlet scalar. So, when the mass splitting is larger
than about 100keV, we can avoid the strong bound from direct detection for the inelastic
DM-nucleon scattering mediated by Z boson.

3.3.1 Small DM mixings

We first consider the limit with small mixings for dark scalars. Taking | + /| < |m¥;, —
m?2|/(2vy) and |k — K| < |m%10 — m2|/(2vy), we can approximate the mass eigenvalues
in egs. (3.29) and (3.30) as

my, ~ myy, + sgn(mi, —m3) - m, (3.31)
m%b ~ mz — sgn(m%,o — mg) . m, (3.32)
mih ~ m%{O + sgn(m%{0 — mg) . W, (3.33)
mig ~ mz — sgn(m%{O — mz) . W (3.34)

First, if mpy, < ms, m,, the lighter component of the inert doublet-like scalar becomes
a dark matter candidate, with the mass splitting,

2 2 (k4 &')?vi (k- K)o
M, —Ma, =75 5 2 _m2
mH() mS mHO ma
2(k* + K2)Mgv + 4kk (m3;, — mio)vy
= . - . (3.35)

(mgy, —m2)(mi, —mz)
0 0

2 _
S
But, for kx’ > 0, there is a possibility that H; is a dark matter candidate. We note that
for mg > mpy,, |ims|, for which ms, m, ~ mg, the above result becomes

Here, mao =m m% Thus, Ay is always a dark matter candidate for m% > 0 and kK’ < 0.

2 2,2, 2 )
9 5 2(k* + K )mgvy  4kk'vy _ ) 9 4.96
Mg, —My, = m‘é - m% = Aseff V) ( . )



which is consistent with the effective A5 term in eq. (2.6), obtained in the decoupling limit of
the singlet scalars. For a small mass splitting for the inert doublet-like scalars, Hi decays
into A; and a pair of neutrinos, mediated by the Z boson, so the corresponding decay rate
is I oc A% with A = mpy, — ma,.

Next, we consider the case with mpg, > ms, m,. Then, the lighter component of the
singlet-like scalars is a dark matter candidate: As for m% > 0 and Hs for m% < 0, with
the mass splitting given by

myy, —m?, ~m2 —mi = 2m%. (3.37)

Lastly, if ms > mp, > m, or mq > mp, > ms, the lighter component of the singlet-like

scalars is still a dark matter candidate: As in the former case and Hs in the latter case,
with the mass splittings given by

2 2 .2 2

My, — My, ~ My, — Mg, (3.38)
2 2 2 2

my, — My, ~ My, — M. (3.39)

3.3.2 Maximal DM mixings
We also consider the limit with maximal mixings for dark scalars. If 0, = 0, = 7, we need
mpg, = Ms = Mg, so the mass eigenvalues become
m%{m =my, £ |k + K |vm, (3.40)
mi‘u = mlzqo + |k — K |vg. (3.41)
Then, we find that As is the lightest neutral scalar for k&’ < 0 while Hs the lightest neutral

scalar for kk' > 0.
If 6, = § but |6,] < 1, we obtain mp, = ms and

miy, , = my, + |+ Ko, (3.42)
nN2,2
2 .2 2 9y (K —w)vy
my, ~ mi, +sgn(mg —mg) - W7 (3.43)
(H _ Ii/)27)2
m%, ~m?2 —sgn(m? —m2) - m? = m2H (3.44)

This is the case for |k — #'|vg < |m2 — m2|/2. Then, unless k, s’ are tuned to each other,
the mass splitting between Hy and Hs is small too. As a result, we obtain the hierarchy of
the DM scalars as mpg, > ma, > mpy, > ma, for mg > m, and ma, > mg, > ma, > mpy,
for mg < myg. Singlet-like scalars, As or Hs, become a dark matter candidate in the former
or latter cases, respectively.

Similarly, if 6, = 7 but |65 < 1, we obtain mpy, = m, and

mim = m%qo + |k — K |vg, (3.45)
(k + K')?0?
myy, ~ m%qo +sgn(m?2 —m?) - Wm;‘{, (3.46)
S a
(k + k)02
S a



This is the case for |k + #’|vyg < |m2 — m?2|/2. Then, unless x, s’ are tuned to each other,
the mass splitting between A; and As is small too. As a result, we obtain the hierarchy of
the DM scalars as ma, > mpg, > ma, > mpy, for mg < mg and mpg, > ma, > mpy, > ma,
for mg > myg. Singlet-like scalars, Hy or As, become a dark matter candidate in the former
or latter cases, respectively.

3.4 Vacuum stability

To ensure the vacuum stability of the scalar potential, we need to check if it is bounded
from below, i.e. V' > 0 in the limit of large field values. Then, it is sufficient to take the
quartic part of the scalar potential, V4 and demand V,; > 0.

In order to derive the vacuum stability conditions, it is convenient to write V4 in
terms of the squares of real fields as V4 = Xijr?r?. Then, co-positivity of the matrix X
ensures the vacuum stability. We parameterise the bilinears as |H;|? = 7“20%, |Hy|? = 7’25%,
HIHQ = xr?cgspe’™, |S|2 = p?c2, |p|* = p?s? andp!S = (pPcasae’™?. Here, r,p = [0, 0],
a, =[0,7/2] and |x], |¢| = [0,1]. With this parameterization, Vj takes the following form,

Vi = T4()\16% + )\25% + )\30%3% + )\4)(20%5%) + p Ak 4+ Asch + Agpcis?) (3.48)

+ p2r2()\ngchC% + )\lecgsi + )\H2Sczs% + 2)\1950()(%0/38&55 cos(o) + )\stis%),

where, 0 = ¥ + ¥y varies between [0, 27]. Then, V4 can be written in the matrix form in
the basis R = [r?, p?] as RT X R, with X;; being in components,

X1 = )\16% + )\28% + /\30%8% + /\4X2C%S%, (349)
X = Agch + 2o + Agpcis2, (3.50)
1
Xip = 3 ()\ngcic% + /\Hw,c%si + )\H2gcis% + )\stis% + QAS@CXCa%SaSB cos(a)) .
(3.51)

Thus, X;; is co-positive as far as X;; > 0 and Xj2 + /X711 X22 > 0. Depending on the specific
values of v and (3, the co-positive conditions are simplified to

A

{A1>0,\g >0, ’;S +vAAg >0}, fora=0and 8 =0, (3.52)
AH

{A2>0,), >0, 229” + /A2, > 0}, for a = 7/2 and 8 = 7/2, (3.53)
AH

{AM>0,A, >0, 21<p + 1/ AMAy >0}, fora =7/2 and f =0, (3.54)
A

{A2>0,\g >0, ’;25 +VA2hg > 0}, for @ =0 and 8 = 7/2. (3.55)

3.5 Perturbative unitarity

We can derive the perturbative unitarity constraints from the calculation of the 2 — 2
scattering matrix M by demanding that all the eigenvalues of M are less than 8.

We assume that the scattering energy is much higher than the particle masses. Hence, only
the contact interactions contribute the 2 — 2 processes. We present the scattering matrices,

,10,



M;, with ¢ =1,2,--- |5, for different subsets of scattering processes, in the appendix B, and
the corresponding set of the eigenvalues, &;, for each subset of the scattering processes, read

£ = {2A1, 20,1200 20, A1 + Ao 1/ — Aa)? + )\Z} , (3.56)

1
& :{2)‘H157 )‘Hw?v AH,S, >‘H2s0a 9 (AHMD + A5 £ \/()‘HWJ - AHQS)Q + 4/\%239) ’ (3.57)

1

5 ()\Hls + )\H2<P + \/()‘H1S - AHQSD)Q + 4)\152'4p> }7 (358>
& =1{2Am, 5,2 m,s} (3.59)
Ey = {)\3, Az 4 Agy, Az 4 Ag, Az 4+ 20y, 4/ )\:2;, + 2)\3)\4} , (3.60)
E = {2)\1, 2X0, A3, A3 — Ag, A3+ A, A+ Ao £ \/(/\1 — )\2)2 + /\Z} . (3.61)

4 Phenomenological constraints

In this section, we discuss the phenomenological constraints coming from neutrino masses,
dark matter relic density, DM direct detection experiments, electroweak precision data as well
as collider searches. For dark matter discussion, we assume that the lightest among the DM

scalars is a dark matter candidate, which is regarded as being lighter than the RH neutrinos.!

4.1 Neutrino masses

In the presence of the DM scalar mixings, the relevant interactions for neutrino masses
are given by

Lyet = — \/in,ijDi ( cosbsHy — sinf,Hy — icosf,A; +isin HaAQ)NRJ‘
1 _
— QMN,Z'N]C{’Z‘NR,%' + h.c. (4.1)
Then, after the Z, symmetry is broken, we obtain the neutrino masses at one-loop diagrams as
1 m?2 m?
(Mv)ij = YN kYN, jeMN L F <o In —+ ] (4.2)
) = e 2 2 vakomaiock e o

with F,, = (cos? f,sin% 0, — cos? 0, —sin?0,) and my = (mpy,, mu,, ma,, ma,). We note
that if the Z4 symmetry is unbroken, x = £’ = 0 and m% =0, so s = 0, = 0, for which
H>, As do not contribute to neutrino masses and Hj, A7 contributions are cancelled out
because of my, = ma, = mpy,.

In the limit of decoupling the singlet scalar S with mg > &/, g, the mixing angles for
all the dark matter scalars become |0s], |0,] < 1 and the mass splittings between dark scalars
become small. In this case, the neutral inert doublet-like scalars contribute dominantly to
the one-loop neutrino masses, so we can approximate eq. (4.2) to

N5 eff VY < YN.ikYN ik MN k MR, mj
(My)ij ~ — : : =1 — : In (4.3)
1672 Zk: m3 — sz\/k m3 — ]\412\,7/,€ MJQV,k;

'The case where the lightest of the RH neutrinos are lighter than the DM scalars was considered in ref. [8].
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where m3 = m%lo and m%l - mil ~ A5 cffU%, With A5 o being given by eq. (2.6). Thus, we

recover the results in the scotogenic model for neutrino masses where the singlet scalar S
is decoupled and the Z; symmetry remains [1, 7].

However, for general mixings between dark scalars, the singlet scalar S is not decoupled,
so the neutrino masses depend nontrivially on the mixing angles and the scalar spectrum.
In the limit of the maximal mixings for either CP-even or CP-odd DM scalars, the mass
splittings between DM scalars can be sizable.

For instance, for the bi-maximal case with 05 = 6, = 7, the one-loop neutrino masses
in eq. (4.2) become

Mo =gz 3 VoM g |
V)ij = 553 NikYN, R MN g | —
327 a:H1,H2 e mZ - M%,  M%,
2 2
m m
YN,ikYN, kMNk[ & In —* } (4.4)
eI ;Agzk: Y mg = M, Mg,

In this case, the DM scalar masses are m%{hHQ = quo + |k + K'|vg and m?41,A2 =m% +
|k — K/|vg. Then, for m3; > |k + &'|vy, we obtain

2 2

vH / / yN,ikyN,jkMN,k[ My mg ]
My)i; ~ — |k — 1— 1 , (4.5
B e N B Tl T R P

with m3 = m? 71,- Therefore, we need the different mass splittings for the CP-even and CP-odd
scalars for nonzero neutrino masses, as mf; —m7;, = 2|k +r'lvg # m% —m?%, = 2|k —/|vg.

We also consider the case where one of the DM mixing angles is nonzero. First, if 0; = 7
but |#,] < 1, the neutrino masses become
1 m? m>
Mg =255 D ZyNzkyN,jkMNk{ g In —* ]
sam? o= mZ — M%, M,
mA1 mA1
ZyN kYN, jEMN k| — 5— In —=1. (4.6)
1672 mAl_MN,k MNk
In this case, the DM scalar masses are m%h 1, = My, £ |6+ &' |vg and m%, ~mi + (k-
') 2% /(m? — m?2). Thus, for mH > |k £ K'|vg, the above results are approximated to
2 _ M? 2
vh (k—K) YN, zkyN kM k Nk mg
My)ij = 2L i [1 — = —In ] 4.7
Mo)is = g3z = Z T3, M%) A7)

with m3 = m? H,- Thus, we find that neutrino masses are suppressed by the squared mixing

angle, 02 ~ % Similarly, if 6, = 7 but |fs| < 1, the neutrino masses become

(My)sj = — Z M { M, M, ]
o T . ) n
v)ij 1672 YNikYN, ik VIN K m%{ — M]2V7k M]2\[7k

2 2
m m

> E yNzkyN,jkMNk[ 5 ?\42 In M2a } (4.8)
a=A1,A2 Oz - N,k N,k

)

327r
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In this case, the DM scalar masses are m%, 4, = my, =+ |k — &/lvg and my; ~m3, + (k +
K')20f /(mZ —m?). Thus, for m3;, > |k + #'|vg, the neutrino masses are approximated to

2 2

(k+ k) YN zkyNngNk My mg
;= : 1- ko 4.9
(M) = 5 m2 — Z — M3, Ve VA A

with m3 = m%{O. Similarly, we find that neutrino masses are suppressed by the squared
"N2,,2

mixing angle, 62 ~ % Thus, we find the non-decoupling effects of the singlet scalars

manifest in the cases with maximal mixings and the neutrino masses can be suppressed

when one of the mixing angles is small.

4.2 Dark matter relic density

In the limit of decoupling the singlet scalar S, the model resembles the inert doublet dark
matter model in which the DM candidate is either H; or A;. For a positive sign of A5 .¢ in
eq. (3.36), Ay can be lighter than Hj, so we can regard it as a dark matter candidate. A
negative sign of A5 ¢ can be taken instead such that Hp is a dark matter candidate, but
there is no phenomenological difference.

When the singlet scalar S is not decoupled, we need to consider the general mixings
between the DM scalars and the dark matter candidate is model-dependent. In general, the
relic density is determined by the mixing quartic couplings and the gauge couplings, and
the DM annihilations are possible in the following ways:

¢ Self-annihilations: DM DM — ff, WW,ZZ,hi12h1,2, hihs
In the resonance region with the SM Higgs, Mpym =~ mp, /2 and a small Higgs-portal
coupling to dark matter is required. For Mpy < 80 GeV, the annihilations into three-
body states from off-shell W or Z still occur with large branching fractions. For
M pym > 100 GeV, the bosonic channels would be dominant.

o Co-annihilations: DM DM’ — ff, WW, ZZ, hy 2h1.2, h1ha
A sufficient contribution from the co-annihilations with heavier DM scalars is possible
for (Mpy — Mpwm)/Mpwm < 0.1, which requires that a relatively small A5 ¢ in the limit
of the inert doublet dark matter.

In all the benchmark models that we consider, the DM annihilation into a pair of
singlet-like scalars, hohs, is present, due to the extra couplings, Ag,, Am,,, that are absent
in the inert doublet model.

4.3 DM direct detection bounds

Dark matter can scatter with nucleons by both elastic and inelastic processes. In the case
of the inert double-like dark matter, the inelastic scattering processes are initiated by the
exchange of the Z boson, so it can be kinematically forbidden when the mass difference
between dark matter and the excited states is greater than around 100keV. If dark matter
is singlet-like, the inelastic scattering processes do not contribute to direct detection, so we
only have to consider the elastic scattering processes with Higgs exchanges as below.
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The coherent elastic scattering between dark matter x and nucleus N is mediated by the
CP-even Higgs bosons, h; and hy. The corresponding scattering cross section is given by

2
o(xN — xN) = PN (Zfp 4+ (A= Z) fn)? (Axxhlca _ Axxh28a> (4.10)

2 A2 2 2
47TmXA my, mp,

where Z, A — Z are the numbers of protons and neutrons in the detector nucleus, uy is the
reduced mass for the DM-nucleus system, f,,, are the nucleon form factors, and Ay n,, Ayyhas
are the trilinear couplings between dark matter and Higgs-like scalars.

4.4 Electroweak precision data

The inert doublet, Ho, can contribute the self energy of the SM weak-bosons, so the mass split-
ting and the mass mixings with singlet Zs-odd scalars can be constrained by the electroweak
precision measurements. The the global electroweak fit for the S, T parameters [15] shows
Sexp = —0.05+£0.07 and Texp = 0.00 £0.06, for U = 0, and the correlation coefficient is given
by psr = 0.93. Following ref. [16], we obtain the oblique parameters S and 7" in our model,

= ﬁ [(COSCGG)QG (m%fl’m12417M%> +(cp, 59,)*G (m%{Q,mil,M%)

+(69589a)2G (m%{pm?ﬁlgaMg) +(59356a)2G (m%{ymigvM%)
+c2@G (M,%l,M%)—i—si@ (MhQ,M%)—l-cgaln (m,%h) (4.11)

+3§a In (77%242) +s§s In (m%@) +c§s In (qul) +521n (M,i) +c21n (M,i)

AS

—21In (m%{i) + (23121)—1)2(? (m%{i,m%i,M%) —In (m%) -G (m,zl,M%)} ,
1
" 16mM2, 2,

—(cg, 50,)°F (m%ﬁ ,miz) —(s0,50,)°F (m%qz,mi) —i—sgaF (m%[i,m?%)
+38§ (F (M%,m%m) —F (M‘%V,m%2))+8§SF (m%{i,mﬂz)—}—cgsﬁ’ (mffi,m%{l)

+3c2 (F (M3,m3, )~ F (M, m3, ) ) =3 (F (M,m}) —F (Mg,,m}) )]

a1 [~Censca, 2F (i) 48, (03, ) = e, 0, (b3, )

(4.12)

where the loop functions are given in the appendix C. We perform a x? analysis to check
the experimental limit as follows,

(4.13)

I (5 = Sexp)” (T = Texp)® 257 (S = Sexp) (T~ Txy)
(L=ré7) | (ASep)®  (ATex)’ ASeep Aoy

where Sexp (01 Texp) and ASexp, (or ATeyp,) correspond to the experimental mean values and
lo uncertainties, respectively, and S = Sgy + AS, T = Tgy + AT, with Sgym = Tgm = 0.

4.5 Collider constraints

e LEP: There is no direct search for the inert doublet scalars at the LEP, however the
processes such as ete™ — HYH ™~ /H;A; lead to very similar signals as in supersymmetric
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models. The re-interpretation of LEP search for charginos set the upper limit as
My« > 70GeV [17]. Similarly, the LEP search for neutralinos exclude thw parameter
space with My, < 80GeV and My, < 100 GeV provided |Mpy, — Ma,| > 8GeV [18].

e h — 7 decay rate: In our model the charged Higgs contributes to the h — ~+ rate,
which can change the measured value at the LHC. The signal strength of the SM Higgs
for channel h — ~~ is given by,

o  Br(h—vy) 9 Br(h — vv)

= =COS & —ar———.
T N B (h S ) BN (h - 1)

(4.14)

We perform a x? analysis to check the parameter space consistent with the experimental
value fty, = 1.1 £0.06 [15]. The x? is computed as,
2 w = pe

R ara () 19

e h — invisible decay rate: The SM Higgs can have invisible decay via h — H;H;/A; A;
for My, a, < Mpy/2. The upper limit on the invisible branching ratio of Higgs at 95%
CL is Br(h — invisible) < 0.107 [15].

5 Benchmark models

In this section, we consider some benchmark models depending on the mixing angles between
the DM scalars and the corresponding neutrino masses in our model. We generate the model
files from SARAH-v4.15.2 [19] and use SPheno-v4.0.3 [20] for calculation of particle spectra
and decays, and micrOmegas-v6.0.5 [21] for the calculation of dark matter observables.

We assume that the mixing angle between the SM Higgs and the dark scalar ¢ is zero,
namely, sina = 0, in the following discussion. But, we vary the mixings between dark
matter scalars (namely, Hy — s among CP-even scalars or Ag — a between CP-odd scalars),
which are determined by the parameters, x and x’. We list the parameter choices for the
benchmark models in table 2.

In the following discussion, we consider the case that the RH neutrinos are heavier than
the lightest neutral scalar field in our model.? Then, the candidate for scalar dark matter
depends on the mass ordering for the Z;-odd dark sector scalars. For mpy, > m,, ms, the
lighter singlet-like scalar is a DM candidate: Ay can be a DM candidate for p > 0, for
which m, < myg; Ho can be a DM candidate for p < 0, for which ms < m,; Hs and As are
degenerate in mass for = 0, so the singlet-like complex scalar can be a DM candidate. On
the other hand, for mg, < mg, ms, either H; and A; can be a DM candidate.

5.1 Scenario I: no dark matter mixings

In the case with k = k' = 0, there is no mixing between dark sector scalars, so neutrino
masses vanish, so we need to rely on another mechanism for neutrino masses such as high-scale
seesaw mechanism. But, we consider this scenario separately for dark matter physics.

2See ref. [8] for the case with the RH neutrino dark matter.
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Parameters | Scenario I Scenario 1T Bi-Maximal Maximal Scenario IV
(mp,/GeV)? | 316232 [1,108] [1,10%] [1,10%] [1,10%]
(mg/GeV)? [1,10%] [10%0,10%0] m3 m3 [1,10%]
k/GeV 0 —mg —[1074,1] —[1074,1] [1,109]
u/GeV 0(—1) 0 0 [1,10%] 102
v,/ GeV 106 [10%,107] 103 103 10%
mp,/GeV 150 150 150 150 150
A2 0 [10~4, 47] [10~4, 47] [1074, 47] [1074, 47]
As 0 [1074, 47] [10~4, 47] [1074, 47] [1074, 47]
ANy 0 0 0 0 0
i, S 0 [10~4, 47] [1074, 47 (1074, 47] [10~4, 47]
A, S [1074,1] [1074, 47] [1074, 47 (1074, 47] [1074, 47]
Ay —0.01 —[1074, 47] —[1076, 47] —[1076, 47] —[1074, 47]
A3 0.1 [1074, 47] i S — A i S — A [1074, 47]
5 0 [1074, 47] [1077,1073) [1077,1073) [1074, 47]
'/ GeV 0 [0.005,6.2 x 10%] | [0.5 x 1074,0.5] | [0.5 x 1074,0.5] | [0.5,6.2 x 10%]
Ase [1072, 47] [1074, 47] [1074,1] [1074,1] [1074,1]
ANHap 4 (1074, 47 Asy Asp — 4p/v, 0

Table 2. The input parameters in the numerical scan of the benchmark models. The parameter

choice for the maximal scenario is the same as the one for the bi-maximal case, except for p # 0.
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Figure 1. Scenario I: complex singlet dark matter. (a) Variation of the relic density in the plane for
Mpym vs Mg, s, being consistent with the latest direct detection bound from LZ [22]. (b) Variation of
the branching fractions of various channels as a function of DM mass. We chose Ag, = 0 and p = 0.

In this scenario, the mass eigenstates become Hi; = Hy, Ay = Ag, Hy = s and Ay = a,

and the mass eigenvalues are myg, = ma, = muy,, My, = Mg and m4, = m,. Taking p <0

for which mpy, > mg,, ms, we can regard Hy = s as a DM candidate.

If As, = 0 and p = 0, the scenario is the same as the complex singlet scalar DM model.

In figure 1, we show the variation of Qgh? in the Mpy = My, vs Ay, s plane. As evident
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Figure 2. Scenario I: singlet CP-even scalar dark matter. (a) Variation of the relic density as a
function of Mpy. The color code indicates the variation of the Ay Ashs coupling. (b) Branching
fractions of DM annihilation cross sections as a function of Mpy. We chose a set of the parameters,
Ay = Ag = >\le = >\H2S = 0, A3 = 0.1, = 70.01,)\}[299 = >\<p =1, )\Hls = [1074,1], and
Asy = [1072,47x]. The mass parameters are taken to m3 = 10° GeV, u = —1 GeV, mj,, = 150 GeV and
m% = [1,10%] GeV.

from the plot, the DM relic density is overabundant in most of the parameter space, because
the direct detection bound constrains |Am,m,n, | = vi|Am, 5| strongly, except in the region
with a small Ag, s near the Higgs resonance. We imposed the current direct detection limit
from the LUX-ZEPLIN (LZ) Experiment [22].

For g, # 0 and/or p1 # 0, if open kinematically, the annihilation channel, HyHy — hohg
plays an important role to set the observed relic density. To explore this, we consider the
parameters as u = —1 GeV and my, = 150 GeV, Ag, s = [107%,1] and Ag, = [1072,47]. The
values of other model parameters are given in the second column of table 2. We show the relic
density as a function of Mpw for the varying effective coupling, [Ap,mon,| = 216 — Aspvy|, in
figure 2(a). We show the observed relic density value by the black line. The chosen parameter
space satisfies the DD limit, EW precision data as well as theoretical constraints such as
perturbative unitarity and vacuum stability. The charged Higgs scalar does not alter the
h — ~v rate as it is considered to be heavier than 10* GeV.

For Mpy > My, the channel HoHy — hohg opens up and can lead the DM annihilation
process for a sizable coupling Ag,. This channel is mediated via contact interaction Ag,
as well as via trilinear interactions Ap,m,n, and Ap,p,n, in the s,t,u channel processes.
Depending on the size of the effective vertex factor, there exists a cancellation among the
different diagrams. This is evident in the region of 150 GeV < Mpy < 400 GeV where
contributions of various diagrams are comparable. For Mpy; > 400 GeV, contributions from
s,t,u channels are suppressed by 1 /M]%M and the leading contribution is from the contact
interaction. Note that this cancellation region shifts depending upon the choice of parameters.
As can be seen from this plot, there exists a large parameter space where Qgh? < 0.12
while satisfying all other bounds.

In figure 2(b), we present the variation of the branching fractions of the DM annihilation
cross sections as a function of Mpyr. The channel HyHoy — hohs can give rise to almost 100%
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Figure 3. Scenario I: singlet CP-even scalar dark matter. Parameter space satisfying 1% — 100% of
the observed relic density. The choice of the parameters is the same as in figure 2.

contribution to the DM annihilation cross sections as far as it is open. We note that the next
to lightest-odd-particle (NLOP), As contributes to the DM annihilation cross sections if the
relative mass splitting is small enough, namely, (Mpy — Ma,)/Mpm S 0.1.

In figure 3, varying g, in the range of Ag, = [0.1, 47], we present the allowed parameter
space for Mpy = My, vs Ag, s where both the observed relic density and direct detection
bound can be satisfied simultaneously. If HoHs — hohy is open kinematically, it can
drive the DM annihilation for suitable (non-zero) values of Ag,. For mp, = 150 GeV, we
obtain 1% — 100% of the observed relic density in the range of Mpy = [150, 10] GeV for
s, = [0.1,47], being consistent with perturbativity. The annihilation channel, HyHy — hahs,
does not provide a notable contribution if A\g, < 0.1.

5.2 Scenario II: small dark matter mixings

Next, as discussed in section 3.3, we consider the case where k, k" are nonzero but smaller
than mg. In this case, as discussed in section 4.1, small neutrino masses are generated,
due to a small As5cg.

In this scenario, as ms, mq 2 mp,, ma,, the model becomes similar to the inert doublet
model with a small mass splitting between H; and A;j in eq. (3.36), which is approximated to

4kK'vY
2 2 ~
My, — My, ~————5—

w2 (5.1)
Then, for kk’ < 0, Ay is a dark matter candidate.

If Ag,, = 0, the DM phenomenology is the same as in the inert doublet model. But,
for Ap,, # 0, the extra annihilation channel, A; Ay — hahg, plays an important role to set
the observed relic density, if open kinematically.

To analyze this scenario, we fix the parameters, as given in the third column of table 2.
As a result, in figure 4(a), we show the variation of the relic density as a function of the Mpy;
in the scenario II. Here, the color code indicates the variation of effective DM coupling, given
by [Aa, A1hs| = [AHyp|Ve- In figure 4(b), we also show the variation of the branching fractions
of DM annihilation cross sections as a function of Mpy for the same scenario.
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Figure 4. Scenario II: doublet-like CP-odd scalar dark matter. (a) The relic density as a function of
Mpn. The color code indicates the variation of the A; Ajhs coupling. (b) Branching fractions of DM
annihilation cross sections as a function of Mpy. We chose a set of the parameters, Ag,, = 0, A2 =
As = A8 = A5 = Ng, = A3 = —\g = [1074,47], and Apg,, = [107%, 47]. The mass parameters are
taken to m3 = [10'°,10%°] GeV, = 0GeV, k = —myg, and my, = 150 GeV and m3; = [1,10%] GeV
and v, = [10%,10%) GeV.

In figure 5(a), we present the variation of Q4,h% in the Mpy = ma, Vs [Aajain,|
plane, assuming Ag,, = 0. Here, we demanded A; to build up 1% — 100% of the observed
relic density while being consistent with the direct detection bound on |Aa, a,n,| = |AL|vE
with A = A3 + \4. As evident from the plot, the DM relic density is overabundant for
Mpy 2 102 GeV and [Aa, 4,0, | < 1 GeV. The reason is the following. For heavy DM masses
2 1TeV, the DM annihilations into longitudinal components of W, Z bosons are dominant.
According to the Goldstone equivalence theorem (for /s >~ 2ma, > mw z), AvA1 — Z1.Z1, is
proportional to A;, and A1 A1 — W W/, is proportional to A4 in our case. Since Ay, is bounded
by direct detection whereas )4 is bounded by electroweak precision data (as it leads to a
mass splitting between my+ and mpg, 4, within the inert doublet). So, both A1 Ay — Z1Zy,
and A1 Ay — WpWp, are suppressed for DM mass greater than 1TeV.

In figure 5(b), we present the allowed parameter space in the same parameter space
as in figure 5(a), but for Ag,, # 0. If A1 Ay — hohy is open kinematically, it can drive
the DM annihilation for suitable (non-zero) values of Ag,,. For mp, = 150 GeV, we obtain
1% — 100% of the observed relic density for Ap,, # 0 and Mpy > 10% GeV, while the relic
density is overabundant for Ag,, = 0. The annihilation channel, A1 A; — hohso, opens up
again a wider parameter space for Apy,, # 0.

5.3 Scenario IIl: maximal dark matter mixings

Next, we consider the case where f; and/or 0, are equal to 7. In this scenario, as discussed
in section 4.1, some (or all) the diagonal masses for DM scalars are degenerate for either
05 or 0, equal to § (0 = 6, = %), so neutrino masses can be suppressed by small mass
splitting(s) between dark matter scalars.

For 6, = T and [0,| < 1 (or 6, = 7§ and |05] < 1), we find that mg, = m, (or mpg, = mq).

In each case with maximal dark matter mixing(s), a combination of singlet and inert doublet
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Figure 5. Scenario II: doublet-like CP-odd scalar dark matter. (a) Variation of the relic density in
the plane for Mpwm vs |Aa, a,n, |, for Am,, = 0. The parameter space is consistent with the direct
detection bound and 100% to 1% of the observed DM relic density is explained. (b) The same as in
(a), but for Ag,, # 0. The choice for the other parameters for both (a) and (b) is the same as in
figure 4.

models becomes a dark matter candidate. A singlet-like scalar Ay (Hz) is a DM candidate
for 4 > 0 (u < 0). In the maximal cases, the effective DM couplings are given by

1 1 K
‘)‘AzAzhz‘ = ‘2(2U - /\Sapvgﬂ) - 5/\H230U@ — —vH|, (5.2)
Uy
1 1 ,
Mz aom| = |5 (A8 + AM)on + SAmsom — k4w, (5.3)
for p > 0, 6, = 7 and |6 < 1;
1 1 !
|AH2H2h2‘ = 5(2’,“’ - /\Sapvcp) - 5/\H2¢U<p + — v, (5.4)
Ve
1 1 ,
Azian| = |5 (A + A)vm + SAmson — = &), (5.5)

for 4 <0, 05 = 7 and |0,| < 1. On the other hand, for 6 = 6, = 7, we have mp, = mq = ms,
so 4 = 0. Then, for k' < 0 (k&' > 0), Ay (H3) is a DM candidate. In this case, the
corresponding effective DM couplings are given by (5.2) and (5.3) with g = 0 in the former
case and (5.4) and (5.5) with x4 = 0 in the latter case. In table 2, we present the parameter
choices for the bi-maximal and maximal cases in the fourth and fifth columns, respectively.

In figure 6(a) and figure 6(b), we show the variation of the relic density as a function of
Mp, for the varying effective DM interaction A4, 4,5,, in the maximal and bi-maximal cases,
respectively. This parameter space is consistent with all the experimental and theoretical
constraints including the direct detection limit. In figure 7(a) and figure 7(b), we show the
variation of the branching fractions of DM annihilation cross sections as a function of its mass.

5.4 Scenario I'V: large mass gap for singlet dark scalars

In this scenario, we consider a large value of m% = 2pw, for which there is a large mass gap
between the components of the singlet scalar S. For instance, we choose u = 10> GeV and
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Figure 6. Scenario III: singlet-like CP-odd scalar dark matter. The relic density as a function of
Mpnm: (a) for the maximal case and (b) for the bi-maximal case.
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Figure 7. Scenario III: singlet-like CP-odd scalar dark matter. Branching fractions of DM annihilation
cross sections as a function of the relative mass splitting between DM and charged Higgs scalars: (a)
for the maximal case and (b) for the bi-maximal case.

Vp = 10* GeV. Then, the lightest scalar among the dark sector scalars is A and the heaviest
one is Hy. The parameter choice for the scenario IV is also given in the last column of table 2

In figure 8(a), we show the relic density as a function of dark matter mass for a varying
AAyAshy- Here, all the points are allowed by the direct detection constraints and other above
mentioned constraints. In figure 8(a), we show variation of branching ratio for the process
DM DM — hohy in Mpy vs QA2h2 plane. In the parameter space with QA% < 0.12, the
dark matter annihilation is dominated by As Ay — hoho, which makes up > 95% contribution
to the total annihilation cross section. The contact term contribution to AsAs — haohs is
suppressed for a small value of Ag,, but the s-channel and t-channel contributions to the
corresponding DM annihilation cross section can be sizable due to a sizable value of the
trilinear coupling, [Aa,4,5n,| = |21t — As,v,|. For instance, for the choice of parameters in
figure 8(b), p = 100 GeV, v, = 10" GeV and Ag, = [107%,1], we can take Aa,4,n, to be as
large as 104 GeV, so the contact term contribution to A2A2 — hohs becomes subdominant

for a small value of Agg.
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Figure 8. Scenario IV: singlet-like CP-odd scalar dark matter. (a) The relic density as a function of
the Mpy for a varying |Aa,a,n,|- The parameter space is consistent with the direct detection bound

and other constraints. (b) The same as the left plot, but for a varying branching ratio of the dark
matter annihilation to hohs.

6 Summary and conclusions

We have considered the extension of the SM with an inert scalar doublet, three RH neutrinos
and several singlet scalar fields. In this model, neutrino masses are zero in the limit of the
unbroken Z4 discrete symmetry when the mixing angles between the neutral components of
the inert scalar doublet and the singlet scalar S vanish. Thus, small neutrino masses can
be generated due to a nonzero VEV of the singlet scalar field ¢, which induces the DM
mixings and splits the DM scalars, whereas the lightest neutral scalar field with Zs-odd
parity can be a dark matter candidate.

We consider various possibilities for neutrino masses and scalar dark matter in our model,
depending on the DM mixing angles. In the scenario I where the DM mixings are zero, the
neutral components of the inert scalar doublet have degenerate masses, so neutrino masses
vanish. Thus, we need to rely on a different mechanism for neutrino masses such as high-scale
seesaw. In this scenario, the inert scalar doublet could not be regarded as dark matter
due to strong direct detection bounds. Instead, it is possible to regard the real scalar or
complex scalar field coming from S as being a dark matter candidate, which can constitute
the whole of the observed dark matter through the Higgs-portal interaction and the extra
DM annihilation into a pair of dark Higgs scalars (figure 2(a)).

In the scenario II where the DM mixing angles are small due to either small DM mixing
masses or decoupled S, we can realize the lighter neutral component of the inert scalar
doublet as a dark matter candidate and obtain small neutrino masses. For a sufficiently
large mass splitting within the inert scalar doublet, we can evade the bounds from direct
detection and the DM annihilation into a pair of dark Higgs scalars can help enlarge the
parameter space for the correct relic density when the effective trilinear coupling between
DM and the dark Higgs is sizable (figure 4(a)).

Furthermore, in the scenario III where the DM mixing angles are maximal, the DM
candidate is a mixture of singlet and inert doublet scalars, so the Higgs-portal couplings
for dark matter are constrained most by direct detection as well as electroweak precision
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data. When one of the DM mixing angles is small, neutrino masses can be suppressed by
the square of the small DM mixing angle. On the other hand, when the DM mixing angles
for both CP-even and CP-odd neutral scalars are maximal, the mass splittings between the
neutral DM scalars are constrained by electroweak precision data, so the resulting neutrino
masses get suppressed too.

The Z4 breaking mass parameters, u and ', split the masses for singlet and/or doublet
scalars, being proportional to the VEV of the singlet scalar field . In the scenario III with
bi-maximal DM mixings, the p term is zero and the ' term is constrained to be small by
direct detection, without a fine-tuning. Thus, the neutral DM scalars have almost degenerate
masses, so there is a region with low DM masses that is consistent with the relic density,
due to the efficient co-annihilation channels (figure 6(b)). For large DM masses, the effective
trilinear coupling between DM and the dark Higgs is crucial for determining the relic density
through the DM annihilation channels into a pair of dark Higgs scalars, as in scenarios |
and II (figure 6(a) and (b)). As a result, in the scenario III, both electroweak precision
data and direct detection bounds favor almost degenerate masses for DM scalars, for which

small neutrino masses are generated.
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A Dark matter interaction vertices

In this appendix, we list the gauge and scalar interactions for dark matter and its heavier
partners. Here, we denote the mixing angles for dark matter as sy, = sinfs, sp, = sinf,,
etc, and the Higgs mixing angle as s, = sina, etc.

Gauge interactions:
2

(& —
LD 78012,‘/5%4/ ((A1coa—A289a)2+(chgs—H2395)2) (Z“Z#—I—2C%VWJW u)
e

9 ((chgs—HQSQS)au (Anga—AQSQG)—F(Anga—AQSQE)aM (HlCQS—HQSQS))ZM
CWSWwW

i ((co, H1—s0, Ha) O H ™ — H' 0 (co, Hy — 59, Ha) ) W,
28W

+76 ((Alcga—A289a)8MH+—H+au (Alcga—AQS()a)) WJ-Fh.C. (Al)
2sw

Scalar quartic interactions:

/

2K
- 2 2 2 2 2 2
—IA Ay Ayhihy = —Cq (()\3+)\4) Co, +)\H1589a> — 54 ()\Hzeocea +/\Sgo89a) +2¢asa—Co, 50,
©
!

. 2 2
—TAAy A hihy = Co (_)‘H1S+)‘3+)‘4)00a59a +54C€0,50, ()\Hgap_)\Sgo)‘f‘Cozsa v €20,
)
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2/
; 2 2 2 2 2 2
1Az, Ag b b = ~Ca (/\Hls%a +(A3+A1) Sea) ~Sa ()\s@canr/\stoa) —2CaSa T —C0, 50,

©
2K 2K’
. 2 2 2 2
—iA Ay Ayhohy = CaSa ((—Asto+/\3+/\4) o T50, (AHls—/\Sso)> +CaT —C0u50a S0 —CaS0u:
© ©
. 92K o 2K/
—2iA Ay Ay hohy = —CaSa 520, (_>\H1S_)\H2<p+/\3+)\4+>\5(p)_5a7020a+ca7620a7
© ©
. 2 2 o 2K
_ZAA2A2h2h1 - CaSa (Cea ()\HIS _)\SSD)_'_ (_)\HQCP+)\3+)\4) Sea) +cav7 (_Cga) 89a
©
9 2K
+S5,—C0,50,>
Ve
. 2 2 2 2 2 2 25
—iAA; Ay hohy = —Sa (()\3+)\4) s, +)\H15‘50a) — (ca ()\ch@a +)\5¢59a>) _2%{5&70%59@7
%)
. 2 2 2/{,/
—TA Ay Arhahy = S6C0, 50, (_)‘H15+)‘3+>‘4)+Ca09a50a ()‘Hztp_)\&p) —CaSa 702%’
©
. 2 2 2 2 2 2 2r
_Z/\A2A2h2h2 = =384 /\H1309a+()‘3+/\4)39a —Cu >‘S¢CGG+)\H2<,030(Z +2Ca3a709a39a7
©
(A.2)
and
. 2 2 2 2 2 2 2k
— AN Hihhy = —Co (A3 4+ A1) ¢4, + Ay 555, ) — S5 (AHapCh, + 5. M50 ) — QCQSQSQSTCQS,
©
. 2 2 2/€/
—INHy Hi hihy = Co80,C0, (—AH, S + A3+ A1) + 55,50,C0, (AHap — ASp) — CaSa™ 2.,
©
!
. 2 2 2 2 2 2 K
—iAHyHahihy = —Cq (>\H15093 + (A3 + \4) 503) — S5 ()\S@CQS + Ast@S) + 2ca5a5930—ces,
©
: 2 2 2 2 25
—INH Hihohy = CaSa | (—AHap + A3+ A1) ¢y, + 55, (Amys — Asy) ) — (e — SQ)SGSCQST7
©
. 2 2 21‘1/
—2iNHy Hy ho bt = —CaSa520, (—AH S — AHap + A3+ A1+ Asy) — (¢, — S5 )20, —,
Ve
/
—iX - 2 (Amrs — A A Mg+ \g) 82 2 _ g2y, 28
? H2H2h2h1 - CCYSCY CHS ( Hls Scp) + ( H2<P + 3 + 4) 895 + (C()é SOC)SGS ) 095’
%)
!
. 2 2 2 2 2 2 K
—IAH Hihohy = ~Sa (()‘3 + A1) ¢, + >\H15593) — Cq ()\Hchces + Ses)\Sga) + 26048048937693,
©
2 2 K
—IAHy Hy hoyhy = (—AH S + A3+ M) 85,50,C0, + Co50,C0, (AHap — Asp) + Casa —C20,;
©
. 2 2 2 2 2 2 2k
—INHy Hahoho = —Sa | AH15Ch, + (A3 + A1) 85, ) — ¢ (AseCh, + o056, ) — 2ca3a3951}—cas.
©
(A.3)

Scalar tri-linear interactions:

—iNH Hihy = —Ca <(/< + K')s99, + (A3 + A1) chgs + UH)\H15535>,

2k
— Sa ()\vacpczs + vHSQSU—CQS + 335 (2u + Angsp)) ,
©
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_Qi/\Hnghl = —Cq (2(:% + H/)ngs — vy (—)\Hls + A3+ )\4) 3293)

2K’
— Sa (UHUC%S + 820, (Vo (Asp — Aipp) + 2#)) )
©

_iAHQHth = _Cgs (UHCa)\Hls + Sa (QM + ASL,D’UQO) ) - 535 ( ()\3 + >\4) VHCq + >\H2<p3av<p)a
!
, K
+ s90, (ca(ﬁ +K)+ vHsa> ,
Ve
—INH, Hyhy = sgs (UH)\Hlssa —co 2+ A5¢U¢)) + cgs < (A3 4+ A\g) v Se — ca)\vaLp>
!
, K
+ S99, ((m + K)Sq — cha> ,
Ve
—2(\H, Hohy = — 520, (Ca (v (Asp = AHap) +20) +vi (=AHys + Az + Ag) Sa)
2 /
— C2p, (chaH —2(k+ H’)Sa> ,
Uy
—iAHy Hohy = Sa <1)H)\Hlscgs — (k+ K//)SQQS + (A3 + A\g) UH855>

2K/
— ¢y, <c35 (2p + Aspvyp) — vH 89, —Cp, + )\stgsv@) , (A.4)
©

and

, 2K’
—1IAA A hy = Sa (—)\va(pcga + UH—U co, S0, + sga (2u — )\&pup)> ,
©
/ 2 2
— Cq ((H — K')s20, + (A3 + A1) vmcy, + UH)\Hlssga) ,

_2i)\A1A2h1 = Cq ((2/%’ — 25)029(1 +vg (—)\Hls + A3 + )\4) Sgga) ,

2K’
+ Sq (UHUCQ% + s2¢, ()\HQQOUK,D +2p — /\Sapvgp)) s
©

2K’

. 2 2

_Z)\AgAghl = Sa (—UHU €9, 50, + 09a (2/1, — )\SSDUSO) — )‘H2<,0v9089a y
©

— Ca (UH)\ngcga + (K" — K)s29, + (A3 + A1) vHsga) ,
—IAA A hy = Sa ((H — &/)Sgga + (A3 + \g) UHCga + UH)\H1583G> ,

2k
+ Cq <—)\H2¢,v¢c§a + UH 0456, + sga (2u — AS¢U¢)> ,
©

_2i)\A1A2h2 = Sq ((QK — 2/'{/)02@1 — v (—)\Hls + A3 + /\4) Sgga) ,
2K’
+ca | vH_—C20, + 520, (AHapVp + 210 — Aspvp) | 4
©
—iA Ay Ashy = Sa (UHAHIcha + (K — K)s2g, + (A3 + \4g) qusga) ,
2 2 — )\ —\ 2 A
+ Ca VH €645, + ¢4, (21 = AspUp) = An¥psp, | - (A.5)
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B Perturbative unitarity bounds

2 2
In the basis of By = {Hl_Hfr,HQ_H;', %, %, %, %, 5—22, “—22, %, %}, the scattering matrix
is given by

A A AH;S AH;S AHye AHje
AN A3+M V2A V2X\ N N /\\/15 A\/li )\\/15 /\\/15
A3+ A 4X 2 2 V2)Xs V2hy SRS Sl Chpe i
V2\ % 3\ A %()\34_)\4) %()\3_1_)\4) Afgs >\[-;15 )\Iéw Af;w
V21 % A 3\ Ts+ A1) S(As+ M) AH;S Afgs )‘h;w /\HQW
2 V2 F0s+ M) 50 +A) 3X Ny  MaS Aas Ape Aty
2 V2 F0sth) 3s+M) N 3\, NS Aas Ao A |
AH,S AH,S AHS AH, S AH, S AHy S 2\ A Asy  Ase
V2 V2 2 2 2 2 s s 2 2
AHyS AHy S AHyS AH, S AHoyS AHoS A 3\ sy Ase
V2 V2 2 2 2 2 s s T2 2
Aye Ay Aty Aty Aty AHye Ase  Ase gy
V2 V2 2 2 e N
AHp AHye AHy AH AHye AHye Ase  Ase A 3\
V2 V2 2 2 2 2 2 T2 @ ®
(B.1)

so the corresponding eigenvalues are & = {2/\1, 2X2,,2X6,2X00, A1 + Ao £ \/(/\1 —X2)2+ /\Z}

In the basis of By = {str,SH;,aHf,aH;,pr,pH;,an,nHJ}, the scattering
matrix is

s 0000 oz 0 Do
0 0 Ags 0 0 —5% 0 5
N, X,
)\ 7’S<p Se
Me=| U0 0 Ams mE 0 mE 0 (B.2)
0 2 0 ZEeay, 00 00
Yoo 0 B2 00 0 Amy 00
'A/ A/
0 == 0 % 0 0 gy 0
Se 0 e 0 0 0 0 Amy
so the corresponding eigenvalues are
1 2 12
Er = S AH S, AHy1 o) AH285 AHaps 3 (>\H1<p + AH,s = \/()\HW — AH,5)? + 4/\&0) ;
1
3 (/\Hls + At £ \/(/\Hls = AHap)? + 4A§¢) } (B.3)

In the basis of By = {Ah, AgHy, as,np}, the scattering matrix is

2g,s 0 0 0

0 2\ms 0 0
Ms = 2 : B.4
s 0 0 2\gsg O (B-4)

0 0 0 2Am,s
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so the corresponding eigenvalues are

Es = {2 1,5, 2 m,5} - (B.5)
In the basis of By = {HfH{, H{ Hy, Aoh, AHy, AAy, hHo}, the scattering matrix is

R N
A+ g 0 2/;4 MT“ % )‘74
YA AT D VD VIR | 0 0
My = 2 2 4 , B.6
! .Y D VS VIR | 0 (B6)
2 24 0 0 X+XM O
2 2 0 0 0 As+\

so the corresponding eigenvalues are

Ey = {)\3, A3+ Mgy, Az 4+ g, Az + 20y, 14/ )\% + 2)\3)\4} . (B.7)

Finally, in the basis of Bs = {th,HOHf,AHf,AOHf,hH;,HOH;,AH;,AOH;},

the scattering matrix is

24y 0 0 0 0 & 0

0 A3 0 0 % 0 -2 0

0 02\ 0 0 -3 0 2

0 0 0 A 22 0 & 0
M- = 2 2 , B.8
° 0 % 0 -1 0 0 0 (B8)

M0 B0 0 2% 0 0

0 B0 4 0 0 A 0

—0 M 0 0 0 0 2X

so the corresponding eigenvalues are

Es = {2)\1, 2X0, A3, A3 — A, A3+ A, A+ Ao £ \/()\1 — )\2)2 + )\i} . (B.Q)

As a result, the perturbativity unitarity bounds set the eigenvalues of each scattering
matrix to be smaller than 8.

C Loop functions

The loop functions for the calculation of the oblique parameters are
I+J 1J 1

with F(I,I) = 0 in the limit of J — I, and
16 5 +J) 2(—J)?
G(Iﬂ]’Q):_i—i— ( kA >_ ( 2 )
3 Q Q
2, 72 2 _ 72 3 (C.2)
+§ I+ J _I—J +(I—J) ln£+Lf(tr)
Q| I—-J Q 3Q2 J Q3 e
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where

t=1+J-Q and r=Q*—-2QUI+J)+ (I -J)?% (C.3)
ﬁln’ilﬁ =r>0,
ft,r)=<0 —r=0, (C.4)

2+/—r arctan ‘/tjr <= r <0.
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