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We propose a new scotogenic type model based on a global Z, symmetry involving dark matter
candidates. After the symmetry breaking as Z, to Z, via the singlet scalar vacuum expectation value (VEV),
the lightest Majorana fermion works as a viable thermal freeze-out dark matter (DM) candidate, and the mass
terms for active neutrinos are generated as a finite quantum correction at the one-loop level. A key point of
realizing our scotogenic structure is to introduce two types of Majorana fermions (heavy right-handed
neutrinos) and inert Higgs doublets with opposite Z, parities. Since alarge VEV for the singlet scalar is not so
harmful in an appropriate realization of the Higgs mechanism for the SM gauge symmetry, we can naturally
realize a TeV-scale fermionic DM candidate, where constraints via direct detection experiments are less than
those for sub-TeV DM. Our scenario involves the Higgs-portal DM interactions, which help the realization of
the correct DM relic abundance. Relying on the structure of the model, it is possible to find a natural partner
for coannihilation. Our scenario can be investigated via the measurement of the Higgs trilinear self-coupling
at the Large Hadron Collider. The simplest way to evade the domain-wall problem, by adding a tiny soft Z,

breaking term, works, keeping a sufficient longevity of the decaying DM lifetime.
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I. INTRODUCTION

It is well known that the original form of the Standard
Model (SM) should be upgraded, at least in the sector
associated with neutrinos, due to the observations of
neutrino oscillations, which originate from minuscule but
nonzero masses of the neutrinos in the SM. Over the last
two decades or more after the confirmation of the neutrino
oscillations [1,2] (refer to review [3]), the experimental
developments in neutrino oscillation have been significant,
and now provide relevant constraints on the CP-violating
phase of the Pontecorvo-Maki-Nakagawa-Sakata (PMNS)
matrix [4-6]. The measurements of the three mixing angles
and the CP phase will be significantly upgraded in the
coming next-generation experiments, e.g., DUNE [7] and
Hyper-Kamiokande [8]. Given this situation, it is becoming
increasingly important to consider the structure of the
neutrino sector in depth. Furthermore, it should be noted
that the neutrino sector significantly impacts the possible
scenarios in the early stages of the Universe in conjunction
with dark matter and other matters.
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A key question is: What is the origin of the tiny masses of
the neutrinos? The simplest scenario relies on the Yukawa
terms with the Higgs doublet, the doublet lepton fields, and
the newly added right-handed singlet neutrinos, where the
Dirac mass terms for the neutrinos are successfully gen-
erated via the Higgs mechanism, but we should allow to
introduce tiny Yukawa couplings, at least O(107'?) or
smaller. A relaxation in the tuning of Yukawa couplings
is realized by adopting the see-saw mechanism, where the
Yukawa structure of the sub-eV neutrino masses (and also
mixings) involves connections with other heavy particles
(see review [9]). Depending on how the left-handed active
neutrinos couple with heavy particles, see-saw scenarios are
classified as canonical/type-1[10-15], type-1I [16-20], type-
IIT [21], inverse [22,23], linear [23-25], and others. Note
that a seminal application of the right-handed neutrinos,
which can appear in the see-saw texture, is the baryogenesis
via leptogenesis [26].

There are interesting variations of the see-saw scenario,
suggested by the quantum nature of neutrinos. The above
scenarios considered the case where neutrino mass terms
exist at the lowest order of perturbation, but it is also
possible that these are produced quantumly via loops of
heavy new particles. As suggested by the results of the
operator analysis [27,28], if active neutrino mass terms are
represented as higher-dimensional operators of the SM
fields in a gauge-invariant way (before the electroweak
symmetry breaking), no divergences emerge in such loop-
induced neutrino mass terms. We list early-stage concrete
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TABLE L

Matter contents added to this model are summarized. SU(3)., SU(2),, and U(1)y represent the

degrees of freedom of the color, weak-isospin, and hypercharge, respectively. All Standard Model fields take +1 of
the Z, parity. The index i takes one to three and discriminates three generations.

New particle SU3)c SU2). U(l)y Z, Spin

S 1 1 0 -1 0 (real)

Na 1 2 1 +i 0 (complex)

np 1 2 1 —i 0 (complex)
Nar (i=1,2,3) 1 1 0 +i 1/2 (right handed)
Npr (i=1,2,3) 1 1 0 —i 1/2 (right handed)

models based on this idea [29-34] (see also review on this
kind of models [35]). A branch of such scenarios called the
scotogenic model is a fascinating arena in particle physics,
where additional symmetry/symmetries (imposed on such a
model) ensure the loop origin of the active neutrino mass
terms but also the stability of a new particle, which behaves
as dark matter (DM) [36]. In this type of scenario, neutrino
physics is mutually connected with dark matter physics, and
the model predictability will be enhanced. Many studies
have been done on such ideas in several contexts based on
various kinds of symmetries; We can find various examples
based on global Z, symmetry [37-101], based on other
kinds of global discrete symmetries [102—124], and other
embedding varieties, including those based on continuous-
symmetry cases [125-190)."

However, it should be noted here that the ordinary weakly
interacting massive particle (WIMP) DM paradigm based on
the thermal freeze-out scenario has recently reached a
crossroads due to significant progress with null observations
in the LUX-ZEPLIN (LZ) direct observation experiment
[202,203]. Several ideas to evade the tight bounds in the
freeze-out DM scenario include, e.g., fermionic DM with
pseudoscalar mediator [204-209], and pseudo-Nambu-
Goldstone boson (pNGB) DM [210-214] (see also [215—
217]for embeddings to grand-unified scenarios). We can find
other scenarios, for example, two-component dark matter
(see e.g., [218]) and freeze-in production (see e.g., [219]).

Another simple scenario is to rely on the enhancement of
the DM pair annihilation near a resonance of a mediator in
an s-channel, where we can keep the coupling between DM
and its mediator sizably small, and thereby, it is not difficult
to suppress the (spin-independent) cross section in DM

'Scenarios with bound-state dark matter are discussed in
[191,192]. Another fascinating class (without DM candidates)
is loop-induced neutrino masses under extra colored scalars; see
e.g., [193-195] as early works. A recently related development is
neutrino mass generations from generalized symmetry breaking
and under noninvertible selection rules, see e.g., [196—198] (also
refer to [199]). Another recent direction is to investigate precise
calculations of how to probe a scotogenic model through flavors
and electroweak precision measurements, see e.g., [200]. See also
[201] as a scotogenic scenario in the so-called composite Higgs
framework, alleviating the electroweak hierarchy problem.

direct detections. A favored region of the DM-mass range
would be a TeV region since more severe bounds have been
imposed in the sub-TeV domain [202,203]. We propose a
new scotogenic scenario based on the global Z, symmetry,
where the vacuum expectation value (VEV) of an addi-
tional singlet scalar breaks it to Z,. The residual Z,
symmetry ensures the stability of DM, and a large VEV
of the singlet scalar naturally realizes a TeV-scale Majorana
fermionic DM.

This paper is organized as follows. In Sec. II, we
introduce our scotogenic model based on a Z, global
symmetry and derive the form of the one-loop induced
neutrino mass terms. In Sec. III, we provide constraints on
our scenario, namely, the lepton flavor violation, the oblique
correction, and the stability of the scalar potential. In
Sec. IV, we summarize our formulas for calculating the
dark matter relic abundance and direct detection. In Sec. V,
we provide our results of numerical calculations and show
that we can reproduce the observed neutrino texture at one-
loop level and the observed dark matter relic abundance
consistently. In Sec. VI, we discuss the current constraint
and future prospects of the constraint on our scenario via the
measurement of the Higgs trilinear self-coupling at the
Large Hadron Collider (LHC). In Sec. VII, we comment on
possible prescriptions to evade the domain-wall problem in
our scenario. In Sec. VIII, we summarize our results and
provide some comments. In Appendix A, the decay width of
the SU(2), -singlet scalar is provided, and in Appendix B,
the results of the numerical scans without the coannihilation
effect are shown.

II. A Z4,-BASED SCOTOGENIC MODEL
A. Model setup

Here, we introduce our model, which is a scotogenic-
type model based on a discrete Z, symmetry, where no
extension of the gauge groups from those of the Standard
Model. Table I shows a summary of the matter contents we
introduced, where we introduce one real SU(2), -singlet
scalar S, two complex SU(2),; -doublet scalars 7, and 73,
and six (two kinds of three-generation) SU(2), -singlet
right-handed neutrinos Ny g and Ng (i = 1, 2, 3). Note
that for the scalar doublets and right-handed fermions,
type-A and type-B particles take opposite Z, parities as +i
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and —i, respectively. The trivial Z, parity (41) is assigned for all of the SM particles.
In our scenario, the possible leptonic Yukawa terms are as follows:

~Lyukawa = YN g1y (i62) Lo + YEN g (icy) Loy + 2” (NQ ®)Np

P N SN &+ 2 STN )N g + 2 STNG )N ¢+ H 21
> (Npr) Ny g + (Nyr)Nag + (N,r)°Np g + H.c., (2.1)

* 2 2

and the possible scalar potential terms are written down as

m2 A
V = +m}(H H) + m? (fmA)+"15B(f12173)+7352+%52(mf1)

L . ) Ay,
> TS T )’ + % (nns)* + 25 (na) (M)

+ 2 e >

> 22y
+ % (nsn8) (Mgna) + Aaa(H H) (nina) + /%B(HIH)(’?B”IB)

+ Jga(Hnp) (nyH) + Aap(H'ng) (s H) + = MS(HWIA)(H“’IB) + A6(mynp)* + Heel

X % AS /15 B
+ usS(nis) + H5S (i) + =3 S2(mana) + =% % (ni1s) (2.2)

where H denotes the SU(2); Higgs doublet to trigger the spontaneous electroweak symmetry breaking; i and « run from
one to three, representing the three generations of the right-handed neutrinos and left-handed lepton doublets L,;,
respectively. o, is the second Pauli matrix.

In the following analysis, we will assume that yg is a real parameter and my, s Ya,» and Vg, are real and diagonal for

simplicity. Also, we will take ¢ = 0 to remove unnecessary complexity from the discussion without compromising the
essence of the model, as the term does not contribute to mass terms under the inert condition for 77, and 5. The fermion with
the superscript (Ng)¢ denotes the charge conjugation of Np.

The SU(2), doublets are parametrized as’

v, 0 VI/XB ’7/1\_.3
LaL = ( ) ’ H = ’ I/IA,B = ’ = . ’ (23)
7). <¢l§ (o + 1) ) o 75 (., + i, ,)

and the singlet scalar,
= (vs+ ), (2.4)

where we took the unitary gauge and the prime symbol for components, representing that they are gauge eigenstates. We
focus on the following configuration of the VEVs of the scalars:

=, 05) ®=uw wi=(y)  w=(,) 25)

where the Z, symmetry is spontaneously broken down to Z, due to the nonzero VEV of § (around the electroweak scale),
and therefore, the lightest particle with +i or —i Z, parity is protected by a residual symmetry and becomes a dark matter
candidate. The inert condition for 54 and 7y is necessary to keep the residual Z, symmetry. Note that the situation in
Eq. (2.5) with nonzero VEVs vy and vy are valid after the spontaneous electroweak symmetry breaking.

Note that

(N‘/A,»R)CN%_,R = (N%_,R)CNA,R

YX}(NA,»R”};(Z.GZ)L&L +H.c. = YZHNIA;R[I/;LH/% - l,;L’?,/ﬂ + (Y,';xa)*[l/ 4 ) - l,aLr] A]N;\,»R-
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The tadpole conditions,

[ L (2.6)
Oh|j—s—o 0S | p—s—0
lead to the forms
A A A
Hp2 L1 — 2 THS2 a0k =—md, (2.7)
2 2 2
which are solved as
02 — 2[2(—’"%1)45 - (—mé)/lﬂs]
" 2hphs — Mg '
02— 2[(—’"%)/111 - (_mlzﬁl)/lHS] (2.8)
§ 2hphs — Mg '

where the Higgs VEV vy should take ~246 GeV. After the
application of the tadpole conditions in Eq. (2.7), the mass
matrix squared for 4’ and s’ in this order reads

2
AHUH

MK, s'] = {

/1HSUHUS]

A’HSUHUS 2151)%
Cqo —Sqg M2 0 Cq Sa
ol S| S | S
Sa Cq 0 M% —Sa  Cq
where £ is the SM-like Higgs boson with M, = 125 GeV

and s an additional CP-even scalar boson. The mixing
angle a is determined as

ZAHSUH/US

sin(2a) = )
M; — M3

(2.10)

where the gauge eigenstates and the mass eigenstates
(denoted without the prime symbol) are related as

" Ca —Sa h
s sy cn lls]
Next, we see the mass structure of the other scalars.

Under our assumption that pg is real, the mass matrices
squared for i, and 7, , and 7} and 7} yield

(2.11)

2 2 2
mg mp My
_/\/12[’7;2 ”1;{ ] _ AA aB | UR 1 U};,
! ’ m%AB m%RB O M%Z
(2.12)
2 2 2
my - mg My 0
MZ[n} ’,7/1 ] — AA aB [ UI 1 U}L,
! ' m%AB %BB 0 M%Z
(2.13)

where the components are defined as

34 A4n

As)
m%AA = m%AA = m%A + 7 2}1211 + 7”%1 + 527A U%’ (214)
A Ay Ag
my, =mi =m + 731)%{ 780%1 + 2"’3 v:,  (2.15)
2 A5 o
MRy = HsVs + 5 Vi (2.16)
2 A5 o
mi,, = psvs = V- (2.17)

The matrices diagonalize the mass matrices,

= ] [ ]
SgR CgR Sgl Cgl

MR MR ul ny

/A :UR ! N /A :UI ! N (218)
MR, R, M, 1,

2m%AB %AB
tan(26z) = P tan(20;) = —— prl
Ry Rpp Laa Ipp
(2.19)

where their mass eigenvalues are given as

1
M3 =~
R, 2

2 2 4 2 _ .2 \2
mRAA + mRBB + \/4mRAB + (mRAA mRBB) :| ’

(2.20)

'
> _ Lo 2 4 2 2 2
MRz ) MRyy T MRy, \/4mRAB + <mRAA mREB) ’

(2.21)

1
M, = |,k famt, G, = .

1
M = |t =t o = 2| 223

Note that the expressions from Eq. (2.20) to Eq. (2.23) hold
at the tree level. This also applies to the following
Egs. (2.29), (2.30), (2.34), and (2.35). Similarly, the mass
matrix for the charged scalars yields

2 2

M2 I+ o+ — mﬂ m”XB 2.24
ansl=1 , 2 | (2.24)
My s

with
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]'SA /1517
my = my, =S g+ R (2.25)
/133 lSn
my = my, + = v+ S, (2.26)
m$+ = ugvs, (2.27)
AB
My 01y 0t
Mg 3] =Us| U{ ]—U\[ ]
oo g “lng
C —S
Uy = { O 9} (2.28)
S0, Cou

Deriving the formulas for mass eigenvalues and tan(26,,) is

straightforward as

2m,+ 2
”XB

2 _
m”X mn;

tan(20.) = (2.31)

-

For the mass terms of the heavy fermions, to eliminate
unnecessary complexity from the phenomenological dis-
cussion of neutrinos and dark matter—our subject of
interest—and to make the essence of the model more
transparently understandable, we manually constrain the
degrees of freedom of the coupling constants under the
following assumptions: all of my, . Ya,» and VB, (i, j=1,
2, 3) are real and diagonal. Also, since physics involving
CP violation (beyond the SM) is not the subject of this
paper’s discussion, physical complex coupling constants
are not necessarily required. Note that, as we will see in
Eq. (2.45), the Yukawa couplings with the two inert
doublets (Y’¥ and Yi¢) should be complex to generate a
nonzero CP-violating phase of the PMNS matrix.

The mass terms of the right-handed neutrinos decompose
into each generation as follows:

1]
2 _ 1 _ 2 2
M'ﬁ_2 m +m++\/4m’IAB+(m+ mﬂﬁ) ]’ (2.29) 1< — — Nk
- (V0 N | My, | He. (232)
i=1 B,R
M3, :1 m2, +m?, — [4m>, + (m2+ — m{)Z] . (2.30) where a (complex) orthogonal matrix diagonalizes the
| 1y Mip i 1y < . .
L ymmetric Majorana mass terms as
|
Va. Vs My My, 0 Coy  —Soy.
My = ! " =Uy ' Uy)T, Uy = ! ", 2.33
N |: my, VB vS:| N |: 0 MNB,. :| ( N’) N |:SHN,~ C‘9N,» ( )
with
1 2 2
My, = 5 |Yauvs + YB, Vs + \/4mN,»,» + (a,vs — YB,Vs)" |- (2.34)
! 2 2
My, = 5 |Yaa¥s + Y, Vs — \/4’"1\1,, + (Va,vs = Y8, Vs)? |- (2.35)
The diagonalized basis (without the prime symbol) of the Majorana mass terms is defined as
Ny Ny
[ j‘R] — Uy, [ Ak } (2.36)
NB,-R NB,-R
We introduce the following compact notation for clarity in the mass eigenbases:
0y —— 0y——
Lyukawa 2 — Z [yX.OBNA,-R’/aLSO + yj(gs,.a)NB,.R’/aLSO]
50:'7R1 MRy M1y M1,
+ > [yﬁf;)NAin;Lﬁ + y,‘;[QNB,_Rf;Lsﬂ +He., (2.37)

oyt
st=nln;

with
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(H) (H)
e g

VLB S VLo

Na,r  Npr

7

FIG. 1. The topology of loop-induced mass generation is depicted in gauge eigenstates. Note that all of the Feynman diagrams in this
manuscript were drawn by TIKZ-FEYNMAN [220].

i i i

yﬂR, +Y7A

i

B r,) Yy B
\/ECNI_@R + 7§sN,-s€R’ Ba — — \/ESNI_CQR + 7\/5 CN, S0y
y 7]R2 _ Yl(l Yl(l (”RZ) _ Yi{l Yl(l
- \/§ Cn; 6‘R+\/§sNCHR’ Bia +\/§SN 9R+\/§CNC9R,
ia ia io ia
'7’1 A B (771]> . YA . YB
y CN,Co, +1—=SN.50, Bo = —l—=SN.Cyo +i—=CNSp,
\/§ ! N/ ! V2 V2
ia Yia ia ia
'712 A B (’Ilz) Y\ .Ip
y = CN,Sg, T I—=5Nn,Co,s Ba = Ti—=8NS9, +i—=CnN,Co,,
\/i ! \/§ e ! \/E ! \/E !
+
_ ot i () jor i
Viae = tYienco, + YEsnSo,, Ba = ~VASNCo, T YECn o,
Vi = —Yitey sp 4 Yi%sy ¢ W) _ |y yiag, s, + Yidey ¢ (2.38)
Aja T A ON;P 0 BPN;“0:> Bia T APN;PO B“N;“0> :

where the relative sign originates from the io, matrix in Eq. (2.1).

B. Loop-induced neutrino mass terms

In our scenario, as in the original scotogenic model, the left-handed active neutrino mass terms are radiatively generated
at a one-loop level, where we adopt the parametrization

1

‘Cthis model D — EM;ﬁ(l/aL)cl/ﬁL + H.c. (239)

The calculation of the one-loop diagrams in Fig. 1 with the dimensional regularization brings us the result,

B MNA yA ayAﬁ ! 2 2 1
My =— Z ZT {— —y +log(4rn) — /0 dx log [XMSO +(1- x)MNAI_ - 16} }

50:'7R1 MRy M1y My i=1

B Z ZMNB yBayB/}

s° =NRy MRy M1y M1y =1

3 M (s)
=— Z Z NA’(yAay i { 1 dx log xM2 +(1- x)M,z\,A_ - ie}}
0 ;

1
—y + log(4rx) — / dx log {xM%O + (1 —x)M3, — ie}}
0 b 1

s” =Ry MRy M1y My =1
0)

_ Z ZMNByBayS,

s° =Ry MRy M1y My i=1

1
0 dx log xM2 + (1= x)M%,B[_ - ie} }, (2.40)
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where 1/¢ and y represent a divergent pole and the Euler-
Mascheroni constant. As expected from the nature of
higher-dimensional operators, the divergences in the
active-neutrino mass terms are canceled out in each of
the A and B parts by use of Eq. (2.38). Note that this matrix
is nondiagonal due to the degrees of freedom of @ and f (a,

between the real and imaginary scalars, since their con-
tributions are opposite to each other. If M = M; and
Mg, = M, all mass contribution to Mg, vanishes. The
difference in their masses is parameterized by the coupling
As as seen in Egs. (2.16) and (2.17). vg must also be
nonzero for a finite mass contribution.

p =1, 2, 3). Ignoring the ie term in the loop integral of

Hereafter, we restrict the Yukawa parameter under the
heavy particles Eq. (2.40) we get,

condition for further simplicity,

1 i i i
/ dx log [ngo (1 —x)M,sz] yia —s yice_yie, (2.42)
0 1
M3, log(My, ) — M2 log(M?) where M} ; becomes
- _1 + - 2 . 2 (2'41)
My, — M 3
be = ) YR YY (2.43)
i=1
As is apparent from the summation of the neutral scalars
in Eq. (2.40), M?, is dependent on the mass difference = where the derivation of &’; is straightforward as
|
0 . 0 .
M y(s»a)/Ym y(s, )/Y’ﬂ |
Xl. — + Z NA,’( A, Z( A,ﬂ )/ dx log |:.XM2() _|_ (1 _ X)MIZV i|
0_ (4”) 0 y i
ST=NR SRy My M1y
0 . 0 .
M .(y(“'oz/ywc y(‘ )/Ytﬁ) 1
S N, (V. 1( Y / dx log [xM%, +(1=x)M ] (2.44)
0_ (47[) 0 . i
ST=NRY MRy M1y M
and this form follows the Casas-Ibarra parametrization [221],°
Y* =V X'R,\ /My, Ubyns: (2.45)
and where the following 3 x 3 matrices are introduced:
X, 0 O (x,)"1/? 0 0 m, 0 0
X=|0 X, 0], Xl = 0 (X,)71/? 0 . My =] 0 m, 0 (2.46)
0 0 A, 0 (X5)71/2 0 0 i,

m,, (i = 1,2, 3) are the mass eigenvalues of the three active neutrinos. Also, R, and U I,MNS are an arbitrary 3 x 3 orthogonal
matrix and the PMNS matrix, respectively. As the only condition on R, is that it is orthogonal, it provides the physical
degrees of freedom in the Yukawa couplings after realizing the observed masses and mixings of the active neutrinos.

While any orthogonal matrix R, may be used in the Casas-Ibarra parameterization, we scanned for an instance that
produced a favorable Yukawa texture, i.e., high Yukawa for the third generation Majorana neutrinos (DM and
coannihilating candidate). In the following analysis, we focus on the choice of R,."

0.11641348  0.78579266  0.60743542
R, = | -0.74517440 —0.33523731 0.57648163 (2.47)
0.65663005 —0.51975555 0.54652643

’A systematic generalization of this parametrization is found in [222].
The R, form in Eq. (2.47) was adopted in our analysis as a preferred example based on our empirical understanding from numerical
scans, which showed that a form where all components are highly mixed more readily satisfies all phenomenological requirements in our
model.
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Also, we assume the normal ordering of the three neutrino masses. Based on the data [223], we determine 771,; = 0.01 eV,

My = My, + /Am3, =y, +8.6 x 1073 eV =0.0186 eV, and 7,3 = A, + \/Am3, + Am3, = in,; +0.05 eV =
0.060 eV. For the mixing angles, we follow the parametrization

—i5
C12€13 $12€13 Syze e
U = | —812Cr3 — 1281350307 C{1Co3 — S1781353€0CP Ci38
PMNS 12€23 — C12513523 12€23 — §12513523 13523 |
is is
$12823 — C12813C3€ "7 —C1p8y3 — S12813C3€ 7" C13C)3

where ¢;; = cos 0;;, s;; = sin0;;, and 6¢p the CP-violating phase, and we will adopt the best-fit result for the normal mass
ordering in Table 1 of [224]; 8, = 33.68°, 6,3 = 43.3°, 6,3 = 8.56°, and .-p = 212°; we set the two possible Majorana
phases as zeros because we do not address the physics related to CP violation in this manuscript.

III. NON-DM CONSTRAINTS ON THE MODEL

This section will discuss constraints other than DM physics on our Z,-based scotogenic scenario.
A. Lepton flavor violation

We present the formulas involved in calculating the branching ratios of [, — Iz +y (I; = e, [, = p, [3 = 7), as shown in
Fig. 2. The general form of the decay amplitudes squared is given by

3 ) i i () Vil
;Zf:nr,n; M2, 2 w2 ) T r M2,

where a and f represent the initial and final lepton external states, assuming n; > m Iy and the function F,(x) is defined as

2

¢ , (3.1)

m?a
4(4x)*

‘Ma/}|2 =

1 —6x+3x%+2x3 —6x%Inx
Fy(x) =

(3.2)

6(1 —x*)

The decay width can be calculated using [225],

FIG. 2. The Feynman diagrams contributing to [, — l; + y are shown in mass eigenstates.
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TABLE 1II. Lepton flavor violation observational bounds at
90% confidence level (CL).

Channel

Br(u~ — e +7)
Br(z™ =y~ +7)
Br(z = e +7)

Observational upper limits

< 3.1 x 10713 [226]
< 4.4 x 1078 [227]
<3.3x 1078 [227]

p Lo 1
iy =g Mal®s p7=

—— 3.3
mj. Zmla (3.3)

(. =),

a

Using the total decay width I, the branching ratio of /, —
lg + v is estimated as

| V-

Br(la - lﬂ + J/) = r

(3.4)

We will use the lifetimes 7, = 2.1969811 x 107° s and

7, =2.903 x 10713 s [223] and the experimental con-
straints on the three processes, summarized in Table II.

B. Oblique constraint

Following the prescription in [228], we define two
matrices U and V having dimensions n; xn and
ng x m. Here, ny(= 3) is the number of SU(2); doublet
scalars. In terms of the numbers of n.(= 0) and n,(= 1),
which are the numbers of complex SU(2), -singlet and real
SU(2), -singlet scalars with zero hypercharge, n and m are
defined as n:=ny;+n.(=3) and m:=n, + 2ny(=17),

components’ numbers (including the would-be Nambu-
Goldstone (NG) degrees of freedom), respectively. U and V
must satisfy,

o
h
G* G+ W+ iGO -
i =Ulni|. |k, i, | =Vin, |, (35)
g s Mg, + i1, Nk,
n,
L § .

where G* and G° are the would-be NG bosons of the SM
Higgs doublet, corresponding to the longitudinal degrees of
freedom, respectively. The structures of U and V are
identified as

1 0 0
U=10 ¢y, —s9. |, (3.6)
0 s, co,
i ¢, O 0 0 0 —S,
V=10 0 cy icy -9, —isy 0 (3.7)
0 0 g, 1isg, cq icy, 0

From this setup, we can calculate the deviation of the p

which represent the singly charged and neutral  parameter Ap using the general formula in [228],
|
2 12
Ap = 2 5 (UTV) g |PF(m%, m3) [Im (V'V),, |*F(m3, m?,)

64rn-Myy -t ¢ b=2 b'=bt1
n—1 n m

23N (W) PFE ) 433 [ VIV PIFOMG. ) - FOM )
a=2 d'=a+1 b=2

— 3[F(MZ, M}) - F(M%V’M%)}} :

where g is the SU(2), gauge coupling, and My, and M, are
the W-boson and Z-boson masses. m, (also m,) and m,
(also my) denote the masses of the charged scalars and
neutral scalars in the mass eigenstates, respectively. The
two states identified by @ =1 or b =1 are unphysical;
therefore, they are not considered in Eq. (3.8). Equa-
tion (3.8) is simplified in the models with no SU(2), -
singlet charged scalars, as in our model, where the third
term proportional to UTU vanishes as UTU in unity, and
since the summation is over off-diagonal elements, the term

(3.8)

[

has no contributions. The function F(x,y) in Eq. (3.8) is
defined as

0
Fx.y) = {xﬂ_xyln()(/y)
2 x=y

if x=1y,
. (3.9)
otherwise.

To compare with observational results [229], we use the
parameter 7,
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T 20
a(Mz)

(3.10)

We consider the case when U = 0, and we use the central value of a(M,) = (127.951 + 0.009)~!, which is the quantum-

electrodynamical fine structure constant defined in the MS scheme with five quark flavors [229]. We will target the
following value via statistical analysis [223]:

T =0.01+0.12. (3.11)

C. Vacuum stability

1. Boundness from below

For the constraints via bounded from below, we need to look at the quartic part of the potential V*) defined as

A . ASny st Asng
VO (H.ny. . S) = =578 (H'H) + =% S (141a) + = 5 (18)

2 2
P A A, P Ay

+ L (HTH)? + 2384+ 24 (nina)? + 22 (nns)* + 2 (nna) (nns)
2 4 2 2 2
/12d

+ ) (’7;713)(’7;;%) + Jsa(H H)(nyna) + Asp(H'H) (nhm1)
+ Jaa(Hnp) (ny H) + Aap(H'ng) (npH) + % [As(H'na)(H'np) +H.el, (3.12)

where we took Aq = 0 [refer to Eq. (2.2)]. Assuming fields are real, we can rewrite the potential V) as described in [230],

VA = xTAx, (3.13)
with
H2
3
x=| nang |- (3.14)
b
SZ
and
2 2 2 4
g4 0 E(5+y) B
A=| % 0 c(%+%) 0 0 |. (3.15)

c is an arbitrary constant due to the ambiguity in (7,75)* terms.

The requirement of stability means demanding that the quartic part of the potential V*) > 0 as the fields ¢; — 0. To find
the conditions for V) > 0 we can impose the positivity condition on A [230]. We use the Sylvester criterion for the
positivity of A, assuming ¢;¢; €R. We must apply the Sylvester criterion to all permutations of the basis vector x.
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Sylvester’s criterion states that a n x n Hermitian matrix A is positive-definite if and only if all the following matrices have a
positive determinant: the upper left 1 x 1 corner of A, the upper left 2 x 2 corner of A, and so on. This sequence continues

till A itself.
We can then write down the general conditions,

Ai >0,
/1”]']] —212] >0 fori 56 j,

i Aij o Ak A

Mi Ay A s
, Aji A Ak A :
/Iji AJ} ﬂ]k >0 fOI‘l;éj#k, ’ >0 forl;éj#k;él,
M A A Mi Aj Ak A
i J

i Ay A A
Det[A] > 0.

A;j’s are the elements of matrix A where i, j, k =1, 2, 3, 4, 5 represent the element position of the matrix.
We get five constraints from the 1 x 1 matrix,

AH > 0, /12a > 0, /121) > 0, C(lzc +ﬂ2d) > 0, /15 > 0.

We get the following independent constraints from the 2 x 2 matrices:

Ara = (Aaa 4 Aaa)? > 0, Andap — (ap + Aap)* > 0,
24hs — ,1?% > 0, 2pAs — /Ié,m > 0,
20phs — Aag > 0, Ay (Aae + ag) — 22 > 0,

422500 — (1 = €)*(Aoe + A2q)* > 0,

(3.16)

(3.17)

(3.18)

(3.19)

(3.20)

(3.21)
(3.22)
(3.23)

(3.24)

where 10 constraints appear from them if we do not remove redundancies. We get the following independent constraints

from the 3 x 3 matrices:

An A3a+Aan As An A3p+ap As
2 2 2 2 2 2
Aza+A A Ap+A. A
3A2 4A % 0 > 0. 332 4B % 0 > 0.
s ke A s he y Ao
2 0 C( >3 2 0 c\Zrt+3
An Ans  Asataa An Aus  Aaptiap
7] 4 2 2 4 2
s s Asia us s Asup
4 4 T[>0 4 4 i >0
Aaatdaa  Aspa Aoa ptiap s Ao
2 4 2 2 4 2
An AzatAan Azptiap As Asya Asy
2 3 I 7 1
Aaat2an o (1=¢) (o Aa Asya A (=¢) (A A
2 7 \2 3 > 0,73 3 7\t > 0,
dapthag (120) (doe | Ay A2 s (=) (de 4 Ao ory
2 2 2 2 2 2 2 2 2
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i Aus s

2 4 2

Ans As

s 0| >0, (3.28)
s Jap

2 0 2

where 10 constraints appear from them if we do not remove
redundancies. We get the following independent constraints
from the 4 x 4 matrices:

An A3atAaa Asptiap Aus
2 2 2 4
Aza+Aan A2a (1=¢) (2 + Aoa Asya
2 2 2 2 2 4
> 0,
Aapthap  (1=¢) (Ao 4+ A A Asip
2 2 2 2 2 4
s Aspa Asup s
I 2 3 4

(3.32)

where five constraints appear from them if we do not

e JaaFha Js Jap-Hag remove redundancies.
2 2 2 2 We must also constrain the value of ¢ as described in
% % 0 (156) (% +%> [230], from the second constraint of Eq. (3.23) requires
, L >0, el = [eol,
ks 0 o(5+%) 0 | ( 13) -
co=——"7|—=). 3.33
Aap+iap (l;C> (%_‘_ﬂ%d) 0 % 0 (’120 +/12d) AH
329 The extrema solutions of the left-hand side of the inequality
(3.29) Eq. (3.29) with respect to ¢ are ¢, c_. We check which
solution gives the maximum value for the inequality of
b At 3 I Eq. .(3.29) by substituting fpr ¢ in its second derivative.
2 2 2 4 Finally, we have constraints,
Aaa+Aan o 0 Asn
2 2 4 if (Aoe + Aog) > 0
) L >0, (3.30) max(co, ¢1) if (Aac +42q) > 0,
5 2¢ 2d
2 0 C(T + T) 0 Cc = max(co, C_) if (/120 + AZd) < 0, (334)
s dona 0 & 0 if (Aae + 4aa) = 0.
We can compare and check our results with [231] for the Z,4
I AapHan is us three doublet model if we turn off coupling with the S field
2 2 2 4 and take its mass to zero. Our result is a match.
/133;/143 % 0 /LijB
; o > 0, (3.31) 2. Inert condition via Hessian
N N e I . .
2 22 The potential in Eq. (2.2) should not develop a VEV in
s Asip 0 s the inert direction. We find these constraints by construct-
4 4 4 ing the Hessian matrix H described in [231],
|
%
(H);; = , (3.35)
Y a¢ia¢j di=(bi)b;=(d;)
where ¢;,¢p; = {H.ns. 15, S} assuming ¢; € R. We consider the minimum case {vy, 0,0, vs},
2m3, + 3vh Ay + vy 0 0 V20 v5dys
2
Yy 0 2m2, + 0% (Aaa + Aaa) + 02s, Ll 0
- As0?
0 T my, + vy (A3p + Aap) + V5Asy, 0
\/E’UHvsﬂHS 0 0 m§+%/1H5+3U§lS
(3.36)

The Hessian must be positive; therefore, we impose the Sylvestor criterion to get the following constraints:
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Zm%] + 371%]/11.1 + Ug'ﬂ‘HS > 0,

Zm,%A + 71%_](}«314 +/14A> + U%lsm > 0,

2

v
2my, + v (Aap + Aap) + vids,, >0, mi+ TH/lHS + 30345 > 0. (3.37)

2 2 2 2 2 2 Asvp)?
(2m,7A + ’UH()Q,A + 14,4) + USﬂS,,A)(qu + UH(}GB + 143) + USASVIB) - T > 0,
)
(2]7’1%_1 + 3’[)%{}4_] + iysvg) (m% + THAHS + 31)%25) - 2(UHUSJ'HS)2 > 0. (338)
Here, we have simplified and removed redundant constraints of the criteria.
|
IV. DARK MATTER PHENOMENOLOGY the effective unpolarized annihilation rate is
As we discussed in Sec. II A, the lightest fermioin that
possesses the Z, parity +i or —i is stabilized by the residual Weir = ZWU—%I : (4.3)
k.l

Z, parity, and it can be a dark matter candidate y. In this
paper, we focus on the scenario that one of the heavy
Majorana neutrinos N, or Np (i = 1,2, 3) is a dark matter
candidate. Which one is appropriate will be debated later.

We will consider the ordinary thermal freeze-out sce-
nario in our scotogenic model. First, we will briefly
summarize the scenario of dark matter. We follow the
procedure in [232] in our implementation.

A. Relic density through thermal freeze-out

1. Thermal averaging

We first calculate the unpolarized annihilation rate,

P A2
Wiin=—5——— [ |M;i_ul"dQ,
ij—kl 1677291‘9]‘5‘1{1\/5/ | ij kl|

|Mij—>kl|2 = Z |Mij—>kl|2’

internal d.o.f.

(4.1)

where /s is the total energy of the center-of-the-mass
system and dQ is the solid angle for the final state.
> internal do, [Miju|* is the square amplitude of the
process ij — kl averaged over initial internal degrees of
freedoms (d.o.f.) and summing over final d.o.f. [233]. The
subscripts i, j in Eq. (4.1) represent different species of
initial dark matter particles and k, [ are final SM particle
species. The indices k and [ discriminate particles in final
states, and py; is the final center-of-mass momentum,
which is defined as

Py = Vs = (my +my)* /s — (my —my)?
2y/s ’

where g; is the degrees of freedom for the dark matter
particles (g; = 2 for Majorana-fermion dark matter), and
Sy 18 the symmetry factor S;; =2 for identical final
particles and S;; = 1 otherwise. If we focus on a single
DM candidate with no coannihilation, i and j take only one,

(4.2)

W is the annihilation rate summed over all final state SM
particles (k, I).

At equilibrium, we approximate the momentum distri-
bution of the dark matter candidate to follow the Maxwell-
Boltzmann distribution. We now integrate the annihilation
rate over the momentum distribution of the dark matter
population,

2
gT [ J5
A= 47t /o dpesr P Weit Ky (7>, (4.4)
! 2

where T describes the temperature, p.s is the incoming
momentum of the DM particle (in the center-of-mass
frame) and K;(x) is a modified Bessel function of the
second kind of order one. Equilibrium number density of
the dark matter n., is

(4.6)

where K,(x) is a modified Bessel function of the second
kind of order two. The thermalized cross section can then
be put together,

BS

[38)

(Oefrv) = (4.7)

n

@
K=l

In the case of coannihilating dark matter, there is an
additional normalization for the case of coannihilation. We
calculate the effective unpolarized annihilation rate,

Pij 9i9;
w = W, —kls
eff E Ek’[ P 9% ij—kl

i.j

(4.8)
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py; 1s the initial center-of-mass momentum when the two
initial-state particles are the dark matter (i = j = 1), while
pi; is that when the initial-state particles are the ith and jth
dark matter candidates, defined as

\/s — (M, + ij)z\/s ~ (M, - M, )
2Vs

Also, the equilibrium number density in Eq. (4.6) is
modified as

Pij = (4-9)

T M,
Mleg = TjﬂZgiM%Kz (;) (4.10)

where the summation over i in Eq. (4.10) is taken over the
dark-matter candidates relevant in the coannihilation.’

To calculate the thermal cross section in Eq. (4.7), we
approximate T = T, and x = x; in the equilibrium num-
ber density as the different particles decouple at different
temperatures,

M
£ (4.11)
Xf

Ji

In the momentum integration of Eq. (4.4), we replace T
with Ty, as it is integrated over dark matter temperature.

2. Boltzmann equation
Let us consider the quantity Y; it is the ratio of
dark matter number density n to entropy density of the
universe s,

n

v=- (4.12)

Y is the measure of dark matter number density; solving the
following Boltzmann equation allows us to compare Y

after the freeze-out mechanism as measured by Planck
[234] Qh? = 0.120 4 0.001:

SFuﬂhermore, we should modify the variable Y [defined in
Eq. (4.12)] in the thermal equilibrium, appearing in the Boltz-
mann equation to describe the thermal freeze-out DM scenario in
Eq. (4.13) for the coannihilation case as [232]

45x2 M, \?2 M
Y. = X Xi K Xi .
“ 47T4heff ZQ; (M ) ? (x M )

i X1 X1

We make the same scaling modification to the rescaled variable
[defined in Eq. (4.16)] as described earlier; the new yield at
equilibrium is

M X2 M, \? M
R (el )

Yeg = =73 Yi
4 VOOhgr S \M,, M,

dy T VoM
i RTM%M)(W—Y%)’ (4.13)

and the distribution of Y in the thermal equilibrium is
represented as

(4.14)

where we introduced the dimensionless inverse temper-
ature x as
m

xi= (4.15)

g* is the energy density degrees of freedom, h.g is the

entropy density degrees of freedom of the Universe, G is
the gravitational constant. We use the scaling trick sug-
gested by [235] to rescale the Boltzmann equation (4.13) by
multiplying it with a constant (M pL(S’i‘J*) 1/2), and we make
the required changes to the Boltzmann equation,

dy (¥’ —veq) 879"\ /2
£:_<Gefo>M)(T7 y(eq)’zMPL 45 Y(eq)7

(4.16)

MPL\/Q*JC2
o = VI T oK (x), 4.17
yq \/9_Oheff]'[3 9 2( ) ( )

where y(oq) is the new rescaled abundance and Mpy, is the

reduced Planck mass defined by Mp; = (8zG)~!/2. This
modification prevents numerical instabilities, which are
common while solving the Boltzmann equation.

To solve Eq. (4.16), we approximate T = Ty and x = x
when we calculate Eq. (4.7) which makes < ov > a
constant within the region of integration, where T, and x,
represent the temperature at which dark matter decouples or
freezes out of the thermal bath (x, = M, /T). x; typically
ranges from 20 to 25, so we use x; = 20 for our numerical
analysis. Above 100 GeV, the degrees of freedom g¢* ~
heir =~ 100 and significantly decreases only at QCD phase
transition (150-214 MeV) [236]. Since we are considering
TeV-scale dark matter mass, we can use the typical value of
g* ~ he; ~ 100 as a constant throughout the integration
range of the Boltzmann equation because decoupling will
occur before a significant change in ¢* and h.

To obtain relic density analytically, we need to integrate
the Boltzmann equation from x = 0 to x, == M, /T, where
T, is the present photon temperature of the Universe
(Ty~10™* eV). We also have a boundary condition that
is imposed Y., = Y(x = 0), but practically, this is outside
of the range of validity of the nonrelativistic expressions
used. In our analysis we take Yo, = Y(x = 1) and integrate

from x = 1 to x = 103. We have verified there is no strong
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dependence on x for small x for the lower limit of the integration. We also check that x = 10? is sufficiently large, beyond
which the changes in relic density are insignificant. At x = 10°, we obtain the final abundance of dark matter, which can be
plugged into the following formula to get the present dark matter relic density [232]:

M
Qn? =27 108 x —2-xY 4.1
55 x X Gay X Yoo (4.18)
where Y, is defined as Y(x = 10°).

3. Lepton-portal contributions

In our scenario, where one of the heavy Majorana neutrinos is a thermal dark matter particle y, through the Yukawa
interaction in Eq. (2.37), the pair-annihilation channels yy — laﬁ and yy — v,05 (@, p = 1,2,3) contribute. We get the
following scattering amplitudes contributing to the relic abundance in the freeze-out scenario; M, and M, are the total ¢-
channel and u-channel amplitudes, respectively,

(y)((f))*y(s/;) 2
L)]2 o X
AMOP = 57 (==t ) (=M= )|

a,ff=eut
0V \ % 0y 12
) vy
2 2 2 2 ( 74
© Y (o) (Mm)}le oo

a.p=e.uz

(5 ) Fxy(5H) |2
T 3 [l P

af=e.u,t
()50 2
Vi)'V
22 Y- ( b

+ aﬁg:eﬂ . |:<I/t M){ m”a) (u M)( m”/i>i| ‘ZS(J:WI MRy My M1y u— M%o ’ (420)

(1) /7557 )* (53)7%~5(53)

Vya (V,57) Vi) Y, 3

4(M(L)TM;L) M,(}‘)TM(L)) _ s —m2 — m2 \M2Re 7B xB

(s9) (5PN * (s9)\*,(53)
Vea (V') Vra') Vi
- —m? —m2 M2 THE TP T XTI AP
Z 2(s —my, —mj )M;Re Z Py Vs Z
af=eu,t .‘?:,,R] IRy sy .s'g:r]RI Ry s5
1y iy RN

(4.21)

where Re[X] represents the real part of X, and we introduced the notation about the suffix for the Yukawa couplings in
Eq. (2.37),

}((2 := the corresponding one from yfjl)a, yg‘ja, yff})a, ygfa, ygja, yﬁ;ja, (4.22)

In the case of coannihilation, there are additional diagrams associated with the coannihilating particle; we use the
convention y; for the DM candidate and y, for the coannihilating particle. In addition to the #-channel diagrams for
Xoxs = laﬁ that is added to dark matter annihilation, we will also have y,y, — laﬁ as described above. The u#-channel and
mixed interaction only contribute to y,y; — loﬁ since y; and y, are not identical particles. The corresponding amplitudes
squared for the coannihilation are written down as
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- y){ ) y s;;) 2
(Lco) 2y 2 2 - “
My = 30 [(r= 0t =) (1=t = )|\ 52
af=eur st
02
)W
o 2 g
+ a/’;ﬂf[(t M ) < M ”/i ‘Z? 7I1R, MRy M1y My t— M?O ’ (423)
sH) 2
() )
o2 ia xiP
HMEP) = 37 [(w=ttg = ) (w3 ) || S Sl
= 102 u e
912
W ) y( )
2 2 M2 2 (7ﬁ
+ Z [(u M, ml’") (u M. m”ﬂﬂ ‘Zsonkl Mry iy My u — M, ’ (4.24)
af=e.u,t §
4(M (L,co) TM (L,co) + M(L.CO)TM(L,CO))
u t "
14
(s7) (y(ST))* ( @))*y@)
xXia 1if xia i
- 2 2\ g2 N AN L
T Z 2(s_mla_mlﬁ)M}(lRe +Z+ + t_M2+ +z+: + M_M2+
a.f=eput S;=000, S Sy =M, 52
(s) (y(s?)>* (y ) y (s9)
xia \ Y y.p xia xib
_ 2 2 g2 B ~— 7 7
Z 2(s —my, —mj )My Re Z YA Z ) (4.25)
a.f=e.p.t O=ng, 1y - S Q=R IRy 52

1y iy 1y iy

4. Higgs-portal contributions

In our scenario, the six heavy right-handed neutrinos N4, and Np couple with the singlet scalar S, and after the
spontaneous symmetry breaking with a nonzero VEV for S, the residual Z, symmetry remains, and the quantum fluctuation
of S (s') mixes with the physical Higgs field A’ [refer to Egs. (2.3), (2.4), and (2.5)]. Therefore, yy —
[a pair of SM particles]| is also possible as a Higgs portal.

We introduce the following compact notation for clarity to the relevant part of our calculation:

—Lhiggs Yukawa 2 Z Z [ (Nag)*Nagh® + yB '(N5,p) N,z

i—1 po—
+ V0 Ny k)N 0 + JJ%BWNB,.RW} : (4.26)
with
W =20 st s O =T s+ R s,
yx_) = y%c,zv Cq+ 7512\, Cas y§;> = y% N Cat 7012v Co
yﬁ\hz;i = %SN[CN[Sa - %SN;CN[SW 3751; = yg.[ SN.CN,Cq T %SN,'CN;CG’ (4.27)

where the six Yukawa couplings y,. and yg_ (i = 1, 2, 3) do not appear in the active-neutrino mass formula and the lepton
flavor violation, as shown in Egs. (2.43), (2.44), and (3.1). So, these couplings are not constrained through these phenomena
and play an important role in the Higgs-portal freeze-out DM scenario. Note that, in our current parametrization, the six
effective couplings in Eq. (4.27) are real.
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The following part of the SM Higgs couplings is relevant for our study:

‘CHiggs, SM — Z ho |:C(Wh0) W=+ + C Z Z”:| - Z y}ho)hoff, (428)
hO=h.s HO=h
with
2M3,¢ 2M3c M,c
C(h) _ ﬁ’ C(h) _ Z a (ny _Mf a’
w vy z vy yf —UH
) 2M3 s . 2M2s 3 M ,s
C(A):_ W a C(A):_ Al (s) _ _ fa, 429
W Vg z Uy yf Vy ( )

where M is the mass of a SM fermion f N
Under the interaction in Eq. (4.26) and Eq. (4.28), we get the s-channel scattering amplitudes as follows:

D
ho=h.s s — M%lo—l—iMhOFho

(2-=20) ey
8 —4M 2 -
+ |:(S Z) < 4M4 Zho hs g — h0+th0FhO

2

AMIP = 3716](s - 4M2) (s — 4M3)]
f

2

2

(4.30)

—2M2) ey
8 _ 4M2 2 — (;5‘72 - ‘
+ |:(S )(> ( 4M% Zhoih,s s — Mﬁo—l—iMhOFhO

where f is summed over all SM fermions (coupled with the Higgs boson) and I'jo represents the decay width of 1.7 The
first term represents dark-matter pair annihilations into SM fermions, and the second and third terms represent those to SM
massive gauge bosons W and Z, respectively.

In addition to the s-channel diagrams, we include z-channel and u-channel diagrams for yy — hh, mediated via the
Majorana fermions; this can be the dark matter particles and heavier ones. The following forms will be used for our
numerical calculations:

1
4m™ |11_4Z { (M2, +M, M, +M, M, )(s+u—t—4M2)+ =M, M, (s—4M3)

L.m=12 2
+;M§l(u—t) Af +;(M2 - 1)(M3, —u)] (%?13‘3%) (%?i?» (4.31)
4 My |11—4lmzlz[2 M;zm"’MJ(IM;(,+M;{,MZ,,,)(s+t—u—4M)2()—l—;MX,M (s —4M2)
an - ] g o - uﬂ (y(i 3;4w> (y ”_f;“) , 43)
4((MEH))TM£H) n (MIEH))T tH) _ 4 Z (~M? + _t)(M)%] —u) =M, (M, + M, )(u~1)

I,m=12
— (s —4M2)(M% — M, M, + M, M, —M,M, )]

y)(l)(l y)(l)(l y)(l)(my)(lﬂ(m
)]

°In the following analysis in Sec. V, we will consider the top, bottom quarks (if kinematically accepted) as the final state f in our
numerlcal scans for the DM mass >10% GeV.
"We will provide the calculation of I'; in Appendix A.
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where we put the condition that only the second-lightest Majorana fermion y;_,(= y,) and the lightest as a dark matter
xi—1(= y1 = y) are taken into account. Also, we introduced similar notations for the Yukawa couplings as for the lepton-
portal channels in Eq. (4.22) [refer to Eqgs. (4.27) and (4.29)],

y)((’? := the corresponding one from yﬁ,’?, yﬁ,”j, )JX;), y(B’?, yg?, )Jg;), (4.34)
y}’}}z = y}’j}l := the corresponding one from yf:g] , ngz, yf:g}. (4.35)

Similar to the lepton portal, we ought to consider additional diagrams involved in the coannihilation processes in the
Higgs-portal scenario, too; y.x» — ff, yixo = ff as well as y,y, = bb, y1y, — bb contribute to the relic in the
coannihilation scenario. Here, f and b are the standard model fermions and bosons, respectively,

h hO
S
H=hs s — M2 +iM Ty

2

AMIZ, = ST16[(s — 4M2, ) (s — 4m3)]
f

2

—2M3)? Y :
8 _ 4M2 2 — u L2 N
—+ |:(S )(2) ( 4M4 Z’lo=h,5 s — Mflo—Q—iMhtho

+8{<s_4M;2>(z- T O e S
AMPEP = 216 s = (My, +M,,)*)(s — 4m?%)] Zho hs g — ymfj&hnrho 2
+38 {(s ~ (M, +M,,)?) (2 - %7%)2 ‘Zhozh,s oo %f%rh 2
+8 {(s — (M, + M,,)?) (2 -2 ;j;f ‘Zho by yz:i, AT 2 (4.37)

where y}’f) is defined as similar as y}’f‘)) in Eq. (4.34).
In the coannihilation scenario, we replace the mass difference between the two species with 6M;; = |M My, |, where
i=1,2and j=1, 2, and 6M;; = 0:

Hco
4Mm! |,J_2Z Z [—MZ (s — M3, — (2M, + M, + M, )6M,))
=12m=1,2

+ (S - )(i - M)%])(Mﬂ%z + M)(iMﬂ(l + M)(iM)(m + MZIM)(m)
+(2M, + M, + M;(m)(Mx,- (MJ% —1)-M, (M;%, - u))
(h) \~,(h) (h) (h)
(M% "‘M)z(l _ t)(M]%l +M)2{] _ u):| <(y)([)(i)yl’[)(j> ((y)(zlm>y)(/)(m> i (438)

2 2
1= M)(/ 1= M;(m

1
2

,CO 1
MBI, =43 3 [2 (M2, + M, M, + M, M, )(s+t—u—4M2)

=12m=12

1 1 M?
+5M,M,, (s—4M§)+2M§2(z—u) 7"

1 VIV (4, VL)

_ M2 t M2 _ XiX2 ) XixX2 )(2)(»: X2 Xm 4.39
+y M =0 ’]( o )\ Cu- ) (3
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A((MIY MG (M M), = —42 S [-M}+ (M2, = (M2, = u) = My, (M, + M, )(u — 1)
—12m=12
—(s— 4M2 )( -M, M, + MM, —M,M, )
h h
(y)(/)(z)y)(/)(z (y)(tz))(m)y)(m)(m
5 3 . (4.40)
t— M u— Mxm

Note the other possible processes with s in the M+
final state, y +y > h+sand y +y — s + 5. As we will As=- 967r2M)2( +Z+Z|yﬂf“ | ’7:< > (4.41)
discuss, we focus on the kinematic region in 2M, < M, =y Ay THE
where the two processes are kinematically suppressed
and may not contribute significantly. Therefore, we ignore e

|Q| Mfr
them. _327[2M§ \,+;” |y)(e |:F < M M (4.42)

B. Constraints via direct detection This calculation assumes the mass of the electron to be

negligible; hence a is only summed over y and z, the
second line in Eq. (4.42) is the electron loop contribution.
The formula holds only when momentum transfer from
dark matter to the target nucleus g® is greater than the
lepton mass squared (¢> > m?), as in our case. We use
shorthand notations, u := M+ /M, and € :== m; /M, below,

1. Lepton-portal contributions

We define Ay as the anapole moment; it is the effective
coupling between a photon and the dark matter candidate
(Majorana fermion) [237] via a charged scalar-SM lepton
loop,

3 2 1 3 2 -3 2 2 _ 1— 2\2 —4 2
F(u.e) = =log ) + oK ¢ Arc tanh vk <) ¢ , (4.43)
2 e V= 1-¢6)? —4e W=1+e

a7 —10 + 121og (ﬁ> — (34 9u%)log (> — 1) — (3 — 9u?) log(u?)
7 () - CIr | 4

We quote (the relevant part of) the spin-independent differential cross section of dark matter scattering off a nucleus having
atomic number Z formula from [237],8

dok E
ﬁ =442 {aEMz2 <2mT - (1 + Z}i) UR) Fi(q )} (4.45)

where Ep is the recoil energy, ap the fine-structure constant in electromagnetism, Z is the nuclear charge of the detector
atom, my is the detector nucleus mass, and v is the velocity of the dark matter particle relative to that of the nucleus. F,(gq) is
the nuclear charge form factor [237],

8Note that the full form of Eq. (4.45) is as follows:

d(r

2E J+ 1\ 2Epm?>
X — 442 72 (omr — (1 2T SR L () + RMT 1o 2
ag, s {“EM (mT ( u,) v 20+ di\ 55 ) 7 Fsl@))

where the second term in the cross section describes the scattering with the magnetic dipole moment of the nucleus. This is subdominant
in the xenon detectors, which is relevant to our paper. Hence, it is dropped going forward. dy, J, and Fg(g?) are the nuclear dipole
moment, the spin form factor, and the spin of the target nucleus.
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Fylq) = 3% (sin(gr) — quOS(qr))’

(gr)

(4.46)

where s =1 fm, r = VR?>—5s%, R=12A"3 fm (with
the nuclear mass number A). The (squared) momentum
transfer from dark matter to the target nucleus g takes

q2 = 2mTER. (447)

To compare with the latest dark matter direct detection
experiments [203], we must write down the total DM-
nucleon spin-independent cross section. We can express the
DM velocity relative to the nucleus in terms of nucleus
recoil energy [238],

mrEg 1/2
v=|l5b——"7-"7-—7-| ,
(1 —cos )

where p,r is the reduced mass of the dark matter-nucleus
system. As described in [238], we integrate Eq. (4.45) over
the solid angle and the recoil energy the detector is sensitive
to. In the case of the LZ detector, we integrate from 5.5 to
55 KeV recoil energies, in which region the detector
efficiency is > 50% [203].

We can now compare the latest results of the LZ cross
section per nucleon [203] with our calculated cross section

(4.48)

o % (4.49)
)(P_A’ :

where A = 129 for Xenon. The detector uses a mixture of
isotopes of which Xe!? has the largest contribution. In
Eq. (4.49), we have used a conservative, simple way to
convert our calculated total cross section into cross section
per nucleon.

2. Higgs-portal contributions

We quote the spin-independent cross section of dark
matter scattering off a nucleon, having the formula from
[239],

YAy

2 YB;;

2 . . .
Stey + 2” sy, if yis Ny, (i =1,2,3),
VaH = § o, o . (4.50)
2”sN 42 ”cN if yisNp (i =1,2,3),
22,22
Hyp Yy SaCam
U)I;Ip = j;va—sz}—H(Ml’Mh’MS’U)f%' (451)

We define coupling y,; between the neutral singlet S

(gauge basis) and DM candidate y (mass basis) as is
described in [239],

FH(MX’MHI’MHZ’D)

1 Z( 1 1 >
4M§v2 ) M%Ii 4M§UZ+M§,[

2 2 4M2p?
- N (-1 "log<1+ ) . (4.52)
0, )2 ",
mpr
=P x 4.53
Hyp M, (4.53)

where we took My = M) and My, = M,. Here, proton
mass m,, is assumed to be nucleon mass, u,,, is dark matter-
nucleon reduced mass. v is dark matter velocity in the
laboratory frame and f, ~ 0.326 is the nucleon form factor.
To compare with the results of the LZ Collaboration [203],
we input the dark matter velocity v in Eq. (4.51) for the
spin-independent cross section per nucleon. The mean
velocity of the dark matter halo is v = 220 km/s = 73.5 x
107 ~ 1073 in natural units is used in our analysis.

V. NUMERICAL ANALYSIS

We will discuss the dark matter phenomenology of the
current scenario, taking into account the observed active
neutrino texture, and constraints via the lepton flavor
violation (I, — Iz +y), T parameter oblique constraint,
and the stability of the scalar potential. For simplicity, we
focus on the normal ordering in the active neutrino mass
matrix below.’

A key parameter of our dark matter scenario is the mixing
angle a between the Higgs doublet and the singlet, which
determines the magnitudes of the Higgs-portal channels in
the relic abundance and constraints via the direct detection.
Note that a =0 corresponds to the pure lepton-portal
scenario. We choose the Majorana fermion Np (=y=y)
as a dark matter candidate, where under the texture in
Egs. (2.37) and (4.26). N4, (= x) is an efficient partner of
coannihilation. As shown in Egs. (4.27) and (4.50), the
relevant Yukawa couplings to the gauge singlet among
them, namely y,  and yg , play a primary role in relic
abundance and direct detection. We take the other y, . and
VB, @& zero (Y4, = Ya, = VB, = YB,, = 0). Another
important parameter is the mixing angle for the “third”-
generation Majorana fermions 6y,, which modulates the
interactions for relic abundance and direct detection.
Finally, we should point out that the dark matter candidate
can hit the pole of the (mostly singlet) scalar s if the mass is
around half of it. The resonance enhancement in the

?All numerical calculations except for Fig. 5 in this paper were
performed using Python3 [240] with the following packages:
MATH [241], NumPy [242], PANDAS [243], RANDOM [241], and
SciPy [244]; also MATPLOTLIB [245] for plotting. For Fig. 5,
Mathematica was used.
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FIG. 3.

Results of the relic abundance calculations under M, = 3 TeV, M, —

M)(]

(= AM) =10 GeV, a = 0.05; 0y, = 0.1 (left

panel) and 6y, = 0.01 (right panel), taking account of coannihilation. The horizontal blue line depicts the experimental observation of
the DM relic abundance (Qh% = 0.120 £ 0.001) [234]. Note that each point of the panels is consistent with the observed neutrino
profiles, the constraints via the lepton flavor violation (/, — I + y), and T parameter. The colors of the points indicate the magnitudes of

Ya,,» While we take yp. = 0. The details of the two benchmark points are available in Table III

annihilation (without large couplings) helps dark matter
phenomenology.

As a benchmark, we choose My =3 TeV, AM =M Y
M, =10 GeV, a = 0.05, where the Higgs-portal channel
is switched on and the coannihilation mechanism may
work. Figure 3 provides the results of our numerical scans

for Oy, = 0.1 (left panel) and Oy, = 0.01 (right panel),
where other relevant parameters are scanned.

For each scan, we randomly selected the parameters
M)(l (: MNB3)’ MN/\I ’ MNBI ’ MNAZ’ MNBZ’ M"IT’ M’];’ MRI’
My,, O, 4s, ya,,» while the following other independent
relevant parameters are fixed; M, M, (= My, )> On,» Oy,

TABLEIII.  The values of the relevant parameters for the seven benchmark points in Figs. 3 and 4 and realized relic abundances (Qh?)
are shown. Note that they are consistent with the observed neutrino profiles, the lepton flavor violation (/, — [ + ), T parameter, and
DM direct detection.

Parameters BP1 BP2 BP3 BP4 BP5 BP6 BP7
Qh? 0.1019 0.1119 0.1075 0.1042 0.1039 0.0830 0.1041
M, (TeV) 3.0 3.0 2.0 2.0 2.0 2.0 2.0
M, (= MNH}) (GeV) 1274 1169 978 748 1230 965 778
M, (= MNA;) (GeV) 1284 1179 988 758 1240 975 788
M,71+ (GeV) 2199.48 2795.66 2015.27 1299.27 2138.41 2157.74 1393.35
M,72+ (GeV) 2006.75 2405.21 1173.00 897.00 1814.11 1706.14 933.00
My, (GeV) 2235.39 2808.58 2056.27 1305.33 2182.50 2206.11 1408.59
My, (GeV) 2019.67 2414.53 1190.37 857.16 1819.99 1716.45 962.39
MNAl (GeV) 1534 1408 1179 903 1482 1164 939
MNAz (GeV) 1533 1407 1178 902 1481 1163 938
MNR] (GeV) 1535 1409 1180 904 1483 1165 940
MNB2 (GeV) 1532 1406 1177 901 1480 1162 937
Or 0.5859 0.5484 0.6322 0.6864 0.5482 0.6958 0.7500
Oy, (= 0O,). 0y, 0.7, 0.1 0.7, 0.01 0.7, 0.1 0.7, 0.01 0.7, 0.01 0.7, 0.1 0.7, 0.01
O 0.6 0.6 0.6 0.6 0.6 0.6 0.6

a 0.05 0.05 0.1 0.1 0.1 0.05 0.05
log,o(4s) ~6.0307 —6.1558 ~6.8970 —6.7433 ~6.1206 —6.4266 —6.6757
Ag 0 0 0 0 0 0 0
Vass 2.8509 3.8996 1.5849 3.8393 4.9502 3.7451 5.2354
VB, 0 0 0 0 0 0 0
M, (GeV) 2235.39 2808.58 2056.27 1305.33 2182.50 2206.11 1409.59
M, (GeV) 2019.67 2414.53 1190.37 857.16 1819.99 1716.45 962.39
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FIG. 4. Results of the relic abundance calculations under M, =2 TeV, M,, =M, (= AM) = 10 GeV; (a,0y,) = (0.1,0.1) (left
upper), (0.1, 0.01) (right upper), (0.05, 0.1) (left lower), (0.05, 0.01) (right lower), respectively, taking account of coannihilation. The
other parameter choices and conventions are the same as those of Fig. 3. The details of the five benchmark points are available in

Table III.

On,» O @, A6(= 0), and yp (= 0). Note that the values of
M;, and M;, are determined by the parameters above, but
we show the corresponding digits for convenience. Also,
the two differences between My and M, (i = 1, 2) are not
observed within the shown digits in Table III, but they
should be nonzero to produce the minuscule mass
differences of the active neutrinos (see Sec. II B). Due to
the same reason, #; (not shown in Table III) becomes
extremely close to ;. See Table III for concrete
information.'

Note that each point of the panels is consistent with the
observed neutrino profiles, the constraints via the lepton
flavor violation (I, — Iz +y), and the T parameter. The
colors of the points indicate the magnitudes of y,_,, while
we take yp . = 0 to evade the direct-detection constraint.
These results show that if we introduce an order-one
Yukawa y,  (keeping yp. = 0), our model can explain

%As mentioned above, the vital parameters for the residual
amount of dark matter have been identified through phenom-
enological discussions, namely M o My, My, a, and 9N3, other
than couplings such as y,,.. We determined that fixing these
parameters for comparison would clarify the characteristics of the
models. In addition, several parameters that are not expected to
affect the overall phenomenon significantly, such as 0y, and Oy,,
have been fixed appropriately.

the TeV-scale dark matter remnant simultaneously with the
preferred neutrino mass terms. The effective area extends
over a wide range, not only in the vicinity of the resonance
around 1.5 TeV. It can also be read that 6, affects the valid
range of the parameters; as shown in Fig. 3, a smaller 0, is
slightly more significant for a small value of a. We provide
the full sets of model parameters for the two benchmarks
(BP1, BP2) in Table III. Note that for a sizable choice of a,
the Higgs-portal interaction increases rapidly, and the direct
detection discards such a point.

We provide our investigations for a lighter s of
Mg =2 TeV, keeping AM(= M,, — M, ) = 10 GeV, tak-
ing into account coannihilation. The results are available in
Fig. 4, where we focus on the four choices of (a,8y,) =
(0.1,0.1) (left upper), (0.1, 0.01) (right upper), (0.05, 0.1)
(left lower), and (0.05, 0.01) (right lower), respectively.

Here, as a general trend, it becomes more difficult to
avoid various restrictions because the masses of heavy
particles tend to be smaller, compared with those in the scan
for M, =3 TeV (refer to Fig. 3), in effective parameter
points. As seen in the previous scans for M, = 3 TeV (refer
to Fig. 3), the smaller 6y, tends to yield more effective
configurations. Furthermore, even with the same Oy, a
smaller nonzero a tended to result in more effective
configurations. We provide the full sets of model parameters
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TABLE IV. For each of the seven benchmark points (BP1 to BP7) of Figs. 3 and 4, we provide a set of valid parameters describing the
potential (also not being relevant for the phenomena considered in the numerical scans). In any one of the sets, all of the conditions for
the bounded from below [from Eq. (3.20) to Eq. (3.32)] and the inert condition [from Eqs. (3.37) and (3.38)] are satisfied.

Parameter BP1 BP2 BP3 BP4 BPS BP6 BP7
Asy, 0.7105 0.9196 0.5929 0.4385 0.6829 0.6594 0.4845
Asy, 0.6551 0.8175 0.4982 0.3963 0.6030 0.6052 0.3879
g 2.8 3.7 4 35 4 35 3.5
Aoy 3 4 4 35 4 3.8 3.6
D 1 1 3 0.1 4 48 25
Ag 1 1 3 0.1 44 5 25
s —3.5287 ~4.3015 ~0.3693 4.0333 -5.7771 1.7173 —8.6457
Aap —1.4539 2.4240 —4.5045 —0.2452 0.7748 —7.8595 7.3934
A 4.5287 5.3014 1.3693 ~3.0333 6.7771 ~0.7173 9.6456
Aug 2.4539 —1.4240 5.5045 1.2452 0.2252 8.8595 —6.3934
m,, (GeV) 2048.17i 2048.69i 2048.30i 2048.54i 2048.72i 2048.13i 2048.18i
my, (GeV) 1964.41i 1964.48i 1964.47i 1964.56i 1965.08i 1964.62i 1964.71i
Aus 0.3646 0.36461 0.3218 0.3218 0.3218 0.1617 0.1617
Ay 0.6290 0.629044 0.9144 0.9144 0.9144 0.4227 0.4227
As 0.1796 0.179551 0.0792 0.0792 0.0792 0.0798 0.0798

for the five benchmarks (BP3, BP4, BP5, BP6, BP7) in
Table TIL."

The scan results in Figs. 3 and 4 clearly show that this
scenario can still correctly reproduce the coordination of
active neutrinos and the relic abundance of thermal WIMP
dark matter while avoiding the latest direct search limi-
tations on dark matter and other theoretical limitations,
where active-neutrino masses and mixings are induced at
one-loop level as shown in Fig. 1, and the Yukawa coupling
Ya,, tends to be O(1). We provide a few comments:

(i) If we choose M, sizably above M, , coannihilation
is disactivated and most of the relevant parameter
points addressing the DM relic abundance are gone,
see Appendix B for checking this point.

(ii) If we switch off the Higgs portal coupling by a = 0,
only the lepton-portal coupling remains. As far as
we checked, no valid parameter point for addressing
the neutrino masses/mixings and the DM relic
abundance (even with coannihilation), also evading
the latest bound on the DM direct detection [203]
and other constraints.'”

(iii) Since, as shown in Table III, also Figs. 3 and 4, the
masses of the dark matter candidate and the other
new fermions and scalars tend to be above (or
around) 1 TeV, and thus to investigate the current
scenario at the LHC by focusing on events with large
missing E is uneasy. However, as we will debate in

"For the shift of the peak from the naive location M,/2 =
1 TeV, see Chapter 6 of [246] for details.

"’Note that we found parameter points with the correct amount
of the DM relic abundance in the pure lepton-portal case (a = 0)
with coannihilation, being consistent with the previous LZ
constraint on the direct detection [202], and the others.

Sec. VI, we can investigate the current scenario with
the help of the LHC by focusing on the measurement
of the trilinear Higgs self-coupling.

In the previous numerical scans in Figs. 3 and 4, also in
Table IV, we did not include the constraints on the shape of
the scalar potential: the bounded from below [from
Eq. (3.20) to Eq. (3.32)] and the inert condition [from
Egs. (3.37) and (3.38)].13 To confirm this point, in Table IV,
for each of the seven benchmark points (BP1 to BP7) of
Figs. 3 and 4, we provide a set of valid parameters
describing the potential (also not being relevant for the
phenomena considered in the numerical scans), where, in
any one of the sets, all of the conditions for the bounded
from below [from Eq. (3.20) to Eq. (3.32)] and the inert
condition [from Egs. (3.37) and (3.38)] are satisfied. Here,
at some benchmark points, some quartic couplings are quite
large, but they still satisfy a naive perturbation limit of 4z.
From the above discussion, it can be said that our model
tends to maintain the stability of the potential perturbatively
while keeping the stability of dark matter by appropriately
selecting the parameters of the potential.

VI. BOUNDS ON HIGGS TRILINEAR
SELF-COUPLING

The ATLAS experiment places stringent constraints
on the Higgs trilinear self-coupling [247,248]. The
parameter k3 quantifies the deviation from the

“In our model, the potential has many parameters, making it
structurally impossible to uniquely determine the potential
parameters based solely on the information on the scalar’s
VEYV, masses, and mixings. Due to this circumstance, we adopted
the approach of separating the discussion of potential stability
from other discussions.
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FIG. 5.

The gray-shaded region shows the 95% CL disfavored
region on the (M, «) plane (under the choice vg = 5 TeV) by the
ATLAS constraints on the trilinear Higgs self-coupling [247].
The dashed curve represents the 95% CL future prospect of the
ATLAS and CMS HL-LHC projection under the SM hypothesis
[249]. Red points represent the benchmark points discussed in
Sec. V (see Figs. 3 and 4, and Table III for details).

Standard Model prediction for the trilinear Higgs self-
coupling, defined as

A
Ky = l’;—’;f (6.1)
hhh
The current bound by ATLAS on k3 [247] is
—0.4 <k3 <63 (at95% confidence level).  (6.2)

In the SM, the trilinear Higgs coupling arises from the
scalar potential:

A
VSM 5 7’* (H'H)?,

j’HUH 1 1
> M B = =30yl = S MR,

where the Higgs doublet is expanded around its VEV as
shown in Eq. (2.3) [see also Eq. (2.4)]. Therefore, the
SM trilinear coupling is fully determined by the electro-
weak symmetry-breaking scale vy = 246 GeV and the
Higgs mass M, = 125 GeV,

M2
B = 3o, Ay = =026, (63)
VH

In our model, additional contributions to the trilinear
coupling arise from the scalar singlet S, leading to the
extended scalar potential:

Vo %SZ(H*H) + %” (HTH)? + ’%54,

1
2 5 {or(Ancd + Auscysy) + vs(22ssy + Ayscasq) th,

1
<7 Annn

=5 (6.4)

After spontaneous symmetry breaking and mixing between
the Higgs and singlet scalars, the physical trilinear coupling
becomes

A = 3{vn(Aucl + Auscasy) + vs(2Assy + AsChsy) b
(6.5)

where we remind the reader of the mixing angle,
s, = sin(a), ¢, = cos(a), namely, s' = s,h+ c,s, h' =
c h — s,s. Here, Ay, can be completely determined if we
specify the Z, symmetry breaking vy, mass of the new
singlet M, and Higgs mixing angle a via

_ Mick+ Misk _ Mici+ M;sk
vy ’ s 20% ’
(M3 — M?) sin(2q)
200y '

A

(6.6)

s = =

We pin down the corresponding points of the seven
benchmark points discussed in Sec. V as a function of @ and
M, under the choice vg =35 TeV, and the result is
summarized in Fig. 5." Note that all of the benchmark
points are consistent with the latest ATLAS result [247],
and the five benchmark points (Nos. 1, 2, 3, 4, 5) are
located near the current boundary. The 95% confidence
level combined ATLAS and CMS HL-LHC projection
under the SM hypothesis was estimated as k3 € [0.1,2.3]
[249], and the benchmark points will be indirectly inves-
tigated in the future.

VII. COMMENTS ON THE DOMAIN
WALL PROBLEM

The authors of [250] make the observation that when a
discrete symmetry is spontaneously broken, multiple
degenerate ground states become available. As there is
no requirement for the Universe to select a particular choice

“As recognized from Eq. (6.6), if vy is notably greater than
vy, the disfavored region is not sensitive to the value of vg.
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of ground state, we will have causally disconnected spatial
regions having different ground states. The different ground
state regions will be separated by stable domain walls
(DWs). The energy density of these domain walls scales as
ppw & 1/R, where R is the radius of the Universe, ppw
decreases more slowly than normal radiation or matter
energy density dominating the energy density of the
Universe, which can lead to disagreement with observation.

In our model, the Z, symmetry is spontaneously broken
when the singlet field S acquires a VEV, to a Z, subgroup.
We consider two possible mechanisms to address this issue
in our model."”

A. Domain wall production before inflation

The simplest way is to consider the symmetry-breaking
scale to be higher than the inflation scale. If the domain
walls are produced before inflation, the resulting domain
walls are inflated away. Low-scale inflation models with
V1/4 ~ 10—10* TeV [251-253] offer a viable setting in
which domain walls produced by discrete symmetry break-
ing can be inflated away. Though our model benchmark
points have VEV ~ O(10 TeV), we can increase the VEV
above the inflation scale without altering the particle
physics phenomenology discussed in this article to dilute
away domain walls produced by discrete symmetry
breaking.

B. Domain wall decay in a U(1)y-embedded scenario

Another way to address this issue is the use of the gauged
discrete symmetry prescription described in [254,255]. We
embed our Z, symmetry into a continuous gauge symmetry
such as U(1)y; in this new scenario the Universe first
breaks the continuous gauge symmetry at some high scale
vy to our Z, discrete symmetry forming strings and then
subsequently Z, is broken to Z, at scale vy forming domain
walls bounded by strings,

Inflation must occur before the high symmetry-breaking
scale vy, so that the strings produced are not diluted away.
These domain walls are metastable and collapse in time
to ~u/o~vi/vy (from dimension analysis in [256]),
where p and o respectively denote the string mass per
unit length and wall mass per unit area. If we assume scales
of symmetry breaking v, ~ 10'® GeV and vg ~ 10 TeV or
~1 TeV, the domain-walls collapse in time 7, ~ 10™ s or
t.~1072 s.'° The homogeneity and isotropy of our
Universe requires that the domain walls disappear quite

Swe may mention that while some works [111,113,122] have
proposed scotogenic scenarios based on Z, to a Z,, no comments
on the domain-wall problem were found in them.

"®Note that for a lower/higher v, we get a looser/tighter bound.

early in the evolution of our Universe. The most stringent
bound is from the big bang nucleosynthesis (BBN), the
domain wall must disappear before BBN 7'~ 1 MeV [223]
if we assume there is not a domain wall dominated era in
the Universe evolution the temperature corresponds to
t ~ 1 s; therefore, the bound on the domain-wall collapse
ist. < 1 s [250]. This method was also used by the authors
of [257] to analyze the gravitational signal resulting from
the collapse of this metastable string-bounded domain-wall
system. While a detailed discussion of this process is not in
the scope of our article, we show that we are able to
overcome the domain-wall issue within reasonable exten-
sions of our model and its parameters while preserving our
original result."”

C. Explicit soft Z, breaking

As a final mechanism to address the domain-wall
problem, we consider introducing a soft, explicit breaking
of the discrete symmetry, which avoids the domain-wall
problem. The softly broken Z, symmetry lifts the degen-
eracy of the VEV, triggering domain-wall collapse. Most
studies illustrating this mechanism typically use Z, as a
starting point [258-261]. For Z with N > 2, the breaking
is typically considered in the context of complex scalar
fields [262,263], where the vacuum structure becomes
elaborate. Nonetheless, heuristically, the arguments dis-
cussed may still be valid for our model. Let us begin with
our potential for the § field,

2 A
Vo(S) = + 1552 1 25 g4, (7.1)
2 4
with parameterization S = (vg + s’). Though the Z, sym-
metry seems to allow four degenerate solutions for the
VEYV,
vg = vyeT, N=0,1,23. (7.2)
These are only consistent if S were complex; if not, the
imaginary solutions of the VEV lead to a complex potential
which is unphysical. For a real scalar field S with Z, charge
—1, only the two real minima are allowed. Therefore, in our
setup, S is effectively charged under a Z, symmetry and can
only take VEV,
Vg = Zl:l)o. (73)
An explicit Z, symmetry-breaking term is added which
introduces a bias in the vacuum structure and generates a

"While a description of the formulas for 4 and o is given in the
original paper [254], it contains a version of the formulas in
Egs. (12) and (13), which is a model-specific formula. A more
general case is studied in [256], and the formulas can be found in
Egs. (4) and (11).
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pressure on the domain walls,
8V = €83 — evjet. (7.4)

Here € is a dimensionfull parameter controlling the strength

of the explicit breaking and N = 0, 2 corresponding to the

real field configuration of our setup. The energy difference
between the two vacua reads

AV = V(+vg) — V(—vs) = 2e03. (7.5)

This energy difference between the two vacuum states

provides a pressure leading to domain-wall collapse. We

require that the domain walls disappear before nucleosyn-
thesis [258]; therefore, the pressure must satisfy

AV 1
— >~ 10724 GeV, (7.6)
o 10"Y ¢cm
which leads to the lower bound on ¢
€2 5x107% GeV. (7.7)

Here o is the domain-wall tension ¢ ~ Ug.

On the other hand, the explicit soft-breaking term
disables the absolute stability of the fermionic DM candi-
date, which becomes a very long-lived particle. A possible
decay channel of y is y — vgyhh (vgy is @ SM neutrino),
and the magnitude of the corresponding total decay width
of a decaying y is very roughly estimated through naive
dimensional analysis and the 3-body phase space factor (for
massless final states) as

3

Fdeca i ~ X (€C~ )2 X &
ying-y 3 inerT, 4
192x med

(7.8)

where the factor 3 comes from the three SM neutrinos, the
violation of the inert condition in the terms (H'H)(n}n,)
and (H'H)(nynp) is parametrized as ecper with a dimen-
sionless constant Cyers Myeq represents a mass of the
scalar mediator into a pair of the SM Higgs boson, and here
we assumed that all of the dimensionless coupling con-
stants are (O(1). The corresponding mean lifetime is
estimated as

_ 11
Tdecaying—;( - Fdecaying—;(

~ (4% 109 8) x <5><10‘25 GeV>2< 1 )2
c

€ inerT
» Myea \* (1 TeV)3
1 TeV M, ’
where, if this value is longer than the age of the

Universe ~ 107 s, this decaying DM can explain the relic
abundance correctly. Via Eq. (7.9), we can conclude that,

(7.9)

for a very wide region of {e, cjerr}, the effect of the soft
explicit breaking of the Z, symmetry is harmless for the
existence of a suitable DM candidate. This means that the
simplest option for evading the domain-wall problem
works fine in our setup.

VIII. SUMMARY

We have constructed a new scotogenic type model based
on a global Z, symmetry involving dark matter candidates.
After the symmetry breaking of it as Z, to Z, via the singlet
scalar VEV, the lightest Majorana fermion works as a
viable WIMP DM candidate and the mass terms for active
neutrinos are generated as a finite quantum correction. A
key point of realizing our scotogenic structure is to
introduce two types of Majorana fermions (heavy right-
handed neutrinos) and inert Higgs doublets with opposite
Z, parities. Since a large VEV for the singlet scalar is not so
harmful in an appropriate realization of the Higgs mecha-
nism for the SM gauge symmetry, we can naturally realize a
TeV-scale fermionic DM candidate, where constraints via
direct detection experiments are less than those for sub-TeV
WIMPs. For the case that N, is the DM candidate, we find
a natural coannihilation partner N,,. By taking “asymmet-
ric” profiles in the Yukawa couplings to the singlet scalar S
as y,, ~ O(1) but yp - = 0 and small but nonzero a and
Oy,, a “well-tempered” situation is realized, where the
direct-detection cross section is relatively suppressed, and
the decent-sized Higgs-portal interaction (with coannihila-
tion) naturally leads to a correct amount of the relic
abundance of the fermionic thermal WIMP DM. Our
scenario has lots of parameter points where the observed
DM relic abundance is explained under the correct reali-
zation of the active neutrino masses and mixing angles
(refer to Figs. 3 and 4).

The current scenario, above-TeV DM and its mediators,
are favored to evade the severe constraint via direct
detection. At the LHC, such cases are hard to investigate
via events with large missing transverse energy, but the
development in the measurement of the Higgs trilinear self-
coupling enables us to survey the validity of our scenario
indirectly. As summarized in Table IV and Fig. 5, in our
scenario, valid parameter points for the active neutrino
profiles and the correct amount of WIMP DM tend to be
located near or a bit away from the current boundary
provided by the ATLAS experiment. The future ATLAS-
CMS investigation at high-luminosity LHC will survey
such benchmark points.

Since our scenario predicts the transition of the global
discrete symmetry Z, — Z,, the formation of domain walls
at an early stage of the Universe can lead to a mismatch
with observations. We proposed three possible solutions,
where the two require some extension of the model, while
the last, simplest one, introducing an explicit soft Z,-
symmetry-breaking term, can be addressed within the
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present scenario. We checked that the simplest prescription
works fine, where the lifetime of the decaying DM easily
becomes longer than the age of the Universe.

We focus on a significant property of our scenario. As
shown in Tables III and IV, the Yukawa coupling to the
singlet scalar y,_  and some of the scalar quartic couplings
tend to be O(1) at valid benchmarks. If they follow the
running through the renormalization group equations, the
running couplings may blow up or blow down at an energy
scale that is not so far from the TeV scale. Therefore, if we
attempt to explain the properties of neutrinos and dark
matter in this scenario, the scale of inflation must be quite
low. It looks like an interesting future study to investigate
which low-energy inflation scenarios are consistent with
our scenario. Furthermore, our scenario includes numerous
right-handed neutrinos and numerous new scalar fields,
including SU(2), inert doublets. It is an interesting
challenge to consider various TeV-scale leptogenesis sce-
narios under such circumstances. Also, the feature of Z, to
Z, symmetry breaking with a real scalar field can also be
studied in the future through gravitational wave production.
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APPENDIX A: DECAY WIDTH OF s

We begin with the scalar potential:

A

A . A
1%} %SZ(HTH) + S (HH) + ZSS“. (A1)

After acquiring VEV, the SM Higgs and singlet scalars are
parametrized as

0
HZ(%E(UH—}—W))’ S = (vs+5),

s' = s.h + c,s, N = coh — s,5.

To compute the decay width I';, we first isolate the
interaction term in the potential that contributes to the
decay of the singlet scalar s into two Higgs bosons hh:

1
VD E/IshhShh'

The effective trilinear coupling coefficient cgy,, is

A
Asih = =3V CESq + %{US(% +3c¢3,)

+ 04 (=Sa + 3530) } + 645V5CaSz (A2)
The square amplitude for this process is
M onl* = 25 (A3)

The decay width of a particle of mass M decaying into two
identical Higgs particles is

1 p*

1ﬂs—»hh = EW (A4)

M =3000GeV, a=0.05,0y3 =0.01
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FIG. 6. Results of the relic abundance calculations under M, =3 TeV, a = 0.05; 0y, = 0.1 (left panel) and Oy, = 0.01 (right),
without coannihilation. The horizontal blue line depicts the experimental observation of the DM relic abundance
(Qh? = 0.120 £ 0.001) [234]. Note that each point of the panels is consistent with the observed neutrino profiles, the constraints
via the lepton flavor violation (I, — I +y) and T parameter. The colors of the points indicate the magnitudes of y,_,, while we take
¥y, = 0. The details of the two benchmark points are available in Table V.
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TABLE V. [Top] The values of the relevant parameters for the
two benchmark points without coannihilation in Fig. 6, and
realized relic abundances (©42) are shown. Note that they are
consistent with the observed neutrino profiles, the lepton flavor
violation (l, — I3 +y), T parameter, and DM direct detection.
[Bottom] For each of the two benchmark points (A and B) of
Fig. 6, we provide a set of valid parameters describing the
potential (also not being relevant for the phenomena considered
in the numerical scans). In any one of the sets, all of the
conditions for the bounded from below [from Eq. (3.20) to
Eq. (3.32)] and the inert condition [from Egs. (3.37) and (3.38)]
are satisfied.

Parameters A B
Qh? 0.1107 1.2359
M, (TeV) 3.0 3.0
My, (= MNB;) (GeV) 1415 1873
sz(: MNAK) (GeV) 1698 1883
M,7|+ (GeV) 3135.74 3645.31
M, (GeV) 3131.73 3478.74
My, (GeV) 3171.44 3611.76
Mpg, (GeV) 3084.18 3469.54
MNAI (GeV) 1704 2253
MNAZ (GeV) 1703 2252
MNB] (GeV) 1705 2254
M Na, (GeV) 1702 2251
Or 0.3529 0.3270
Oy, (= HNZ),HM 0.7, 0.1 0.7, 0.01
0.y 0.6 0.6

a 0.05 0.05
log(45) —-6.7201 —7.2654
v 0 0
Vas 8.0394 5.5746
VB, 0 0
M, (GeV) 3171.44 3611.76
M, (GeV) 3084.18 3469.54
Parameter A B
Asya 1.1854 1.1480
AsyB 1.3617 1.1564
Ao, 5 5

Ao, 7 5

Ao, 7 5

Ao, 8 8.5
A4 —4.5508 -0.0226
Ap 8.8775 12.1819
Aaa 5.5508 1.0226
Mg —7.8775 —11.1819
mys (GeV) 2203.44i 1199.68i
m,p (GeV) 2733.92i 1530.95i
Ans 0.36461 0.36461
Ay 0.629044 0.629044
As 0.179551 0.179551

1 M
' (M5 = 4M)M3 = —=,

=, 7 W)

where we used the approximation M, < M, for our
focused parameter region,

— |Mshh|2
s=hh 30 aM

S

(A6)

where the decay width of s is dominantly described by
s — hhas 'y ~T_;,.

APPENDIX B: DM RESULTS WITHOUT
COANNIHILATION

Here, we provide the numerical scans similar to those in
Sec. V, but without coannihilation by taking the mass of
the coannihilation partner M, (= My A3) as 20% larger

than the DM mass M, (= My, ), while the other schemes
3

are the same. For each scan, as before, we randomly selected
the paramters M, (= MNB3), MNAI’ MNBI’ MNAZ’ MNBZ,
M,71+, M,72+, My, , Mg,, O, s, ya,,, While the following other
independent relevant parameters are fixed; M,
M, (= MNAg)’ On,» On,s Oy, O a, Ag(=0), and
vg,(=0). We chose the three significant parameters
M,, a, and 9N3 as 3 TeV, 0.05, and 0.1 or 0.01,
respectively. The results of the scans are available in
Fig. 6, where left and right panels correspond to 6y, =
0.1 and Oy, = 0.01. It is apparent from the results, no
valid points for addressing the DM relic and the active
neutrino profiles are found, except for very near the
narrow resonance of s.'® The details of the two focused
points A and B are available in Table V." While the
choice of asymmetric Yukawa couplings is not optimal in
the noncoannihilation regime, the inferences remain
unchanged, i.e. only the narrow resonance region can
produce the correct relic abundance.

®In our scan for Oy, = 0.01, due to a suppressed DM
interaction owing to the smaller value of 6y,, we were not able
to find a point near the resonance of s.

Note that the values of M 1, and M, are determined by the
parameters above, but we show the corresponding digits for
convenience. Also, the two differences between My and M,
(i = 1, 2) are not observed within the shown digits in Table III, but
they should be nonzero to produce the minuscule mass differences
of the active neutrinos (see Sec. I B). Due to the same reason, 0,
(not shown in Table V) becomes extremely close to .
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