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Abstract. We investigate a Zs symmetric model with two-loop radiative neutrino masses.
Dark matter in the model is either a Dirac fermion or a complex scalar as a result of an
unbroken Zs symmetry. In addition to standard annihilation processes, semi-annihilation of
the dark matter contributes to the relic density. We study the effect of the semi-annihilation
in the model and find that those contributions are important to obtain the observed relic
density. The experimental signatures in dark matter searches are also discussed, where some
of them are expected to be different from the signatures of dark matter in Zy symmetric
models.
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1 Introduction

Non-zero small masses and mixings of the neutrinos have been confirmed by neutrino oscilla-
tion experiments such as solar, atmospheric, accelerator, and reactor neutrino experiments.
All the data have been gathered together and the global fit of neutrino parameters has been
done in ref. [1]. However the generation mechanism of neutrino masses is not known yet.
It could be the canonical seesaw mechanism [2-4] in which the masses are derived with
superheavy right-handed neutrinos, but verifying this experimentally is difficult.

On the other hand, the evidence for Dark Matter (DM) has been inferred from many
observations, such as the rotation curves of spiral galaxies [5], the Cosmic Microwave Back-
ground [6] and the collision of the bullet cluster [7]. However, properties of the DM particle
like its mass and interactions are not known. One of the most promising DM candidates is
a Weakly Interacting Massive Particle (WIMP), which is thermally produced by decoupling
from the thermal bath in the early universe. To reveal the nature of DM, various experiments
including direct, indirect and collider searches are being operated.

Radiative seesaw models are one interesting possibility that address both of the issues
above. Owing to the loop suppression, in these models the small neutrino masses are nat-
urally obtained from TeV scale physics. In such models, the neutrino phenomenology often
correlates with DM physics since a discrete symmetry like Zo parity forbids tree-level neu-
trino mass terms and also stabilizes the DM candidate. In addition to the representatives of
well-known radiative models [8-12], many different models have been proposed and analyzed,
see for example [13-35]. Although the Zy symmetry is introduced to stabilize the DM candi-
date in most of the models, other symmetries are possible. The second simplest symmetry is
Zs3 and the properties have been studied [36-41]. In these models, semi-annihilation of DM



such as yx — x' X plays an important role in evaluating the DM relic density, where y is Zs3
charged DM and X is a Standard Model (SM) particle.!

In this paper, we consider a simple Z3 symmetric model with the radiative neutrino
masses at the two-loop level, which has been proposed in ref. [48]. The DM candidate in
the model is either a Dirac fermion or a complex scalar. However, in ref. [48], it has been
mentioned that both of them are unsuitable as DM candidate owing to the inconsistency with
the experimental data of direct detection or Lepton Flavor Violation (LFV). Nevertheless,
we will show that this conclusion changes when semi-annihilation processes are taken into
account, which are specific properties of the Zs symmetric model. In the next section,
the model is introduced and the two-loop induced neutrino masses are evaluated. Some
experimental constraints are also discussed. In section 3, the DM properties are investigated
in detail for the Dirac fermion DM and the complex scalar DM, respectively. We discuss two
cases for new Yukawa coupling with charged leptons y”; small y* without any specific flavor
structure and large y” with a specific flavor structure. In the calculation of the DM relic
density, the semi-annihilation processes will give considerable effects. In particular for the
Dirac DM, the severe constraints from LFV and the relic density of DM can be consistent due
to the effects of semi-annihilations. Detectability of DM is also discussed from the view of
direct, indirect and collider searches. The last two searches are especially interesting as they
may infer the presence of semi-annihilation processes and therefore may distinguish between
a Zg or Zs symmetry. Finally we summarize and conclude this work in section 4.

2 The model

The model considered here is quite simple. It was proposed and discussed briefly in ref. [48].
We introduce two Dirac fermions 1; (i = 1,2), and two scalar bosons 1 and x to the SM with
Z3 symmetry and lepton number as shown in table 1.2 The new scalars n and y are SU(2),
doublet and singlet, respectively. Note that more than two Dirac fermions are required to
generate at least two non-zero neutrino mass eigenvalues.> Here we add only two Dirac
fermions for minimal particle content. The Lagrangian of the new particles is

Ly = ¥ (id —mi) ¥ + (Dun)' (D) + Oux T o x
L R
+> (ymmbzPLLa + X P + % w £ Pr; +hec. ) ; (2.1)

J

where i,j = 1,2, a = e, ui, T is the flavor index and Ly = (Va,£s)” is the left-handed lepton
doublet. We can take v; in the diagonal base without loss of generality. The gauge and Zs
invariant renormalizable scalar potential V is given by

= p3'd + upnn + wixtx + 5 (¢T¢)2 (nW)Z + % (XTX)z
35 ) 20 (69) (39) 3 616) () 3 ) ()
- <u; ((l)Tn) X!+ l;' + h.c. ) (2.2)

!Semi-annihilation of DM in models without a Zs symmetry have been discussed in the framework of vector
boson DM [42-45], and in multi-component DM scenarios [41, 46, 47].

2The Z3 symmetry could be interpreted as a remnant symmetry of an extra U(1) symmetry as ref. [40].

3Several components of scalar ¥ may be added to be consistent with neutrino masses instead of introducing
multi-fermions [48].



Vi 1 X
SU2) | 1| 2 1
Uy | 0 | 1/2 | 0©
Zs 1 1 1

L number | 1/3 | —2/3 | —2/3

Table 1. Charges of new particles where v¥; (i = 1,2) are Dirac fermions, n and x are scalar bosons.
For the other particles in the SM, zero charge of Zs is assigned.

where ¢ is the SM Higgs doublet. The second term in the third line softly breaks the lepton
number conservation and is interpreted as the origin of neutrino masses. The phases of u;(
and ,u;é are absorbed by the field redefinitions of 77 and x. This scalar potential is basically
the same as that in the Zz DM model in ref. [37] except the term (¢'n)x?. This term
is forbidden in our case due to the lepton number non-conservation. We assume that the
new scalar bosons do not have vacuum expectation value: (n) = (x) = 0, otherwise the
Z3 symmetry which stabilizes the DM candidates breaks down. The sufficient conditions in
order to get such a vacuum are given by [37],

A1, Ag, )\X, >‘¢>X7 /\”IX > 0, (23)
Az + A > 0, (2.4)
e o 2
e . 2.5
Ny st rg) X (2:5)

The parameters ,ué and A1 are determined by the vacuum expectation value and the mass
of the SM Higgs boson, (¢) (= 174GeV) and my, as ,ui = —m3/2 ~ —(89 GeV)? and
A =m32 /{$)? ~ 0.5.

After the electroweak symmetry breaking, the neutral component of the SM Higgs boson
¢ can be rewritten as ¢° = (¢) +h/+/2, and the neutral scalars 7° and y mix with each other.
A mass splitting between their real and imaginary parts does not occur so they remain as
complex scalar particles. The mass matrix composed by 7° and y is given by

m2 = < mi, |m12|2> _ <M37 + (A3 4+ A1) (9)2 M&<¢> ) (2.6)
e |Tr512|2 m%Q Mlx<¢> Mi + )‘¢x<¢>2 . .

Then the mass matrix is diagonalized by the rotation matrix
n® ([ cosa sina 0H (2.7)
x /  \ —sina cosa oL )’ ‘

my? 211 (9)
m%z - m% ,“?C - M% + ()‘¢>x — A3 — >\4) <¢>2’

with

tan2a =

(2.8)

where ¢ and ¢y, are respectively the mass eigenstates with the masses my and my, (mpg >
mr).
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Figure 1. Diagram of neutrino mass generation at the two-loop level.

There are the following relationships among the parameters:

u;:—Q(qu—m%) cosozsmav (2.9)
(9)

ui = m¥sin? a +m3 cos® a — Ay (6)?, (2.10)

m727+ = m7 sin® o + m3¥; cos® o — Ay ()2, (2.11)

u% = m7 sin® o+ m¥ cos® a — (A3 + \g) ()2, (2.12)

where m,+ is the mass of the electromagnetic charged scalar nt. Thus we can take m%,
m%l, sina, A2, A3, A1, Ay, Agy, Ay, u; as the new independent parameter set in the scalar
potential.

2.1 Neutrino mass matrix

In the model, the neutrino masses are induced at the two-loop level as shown in figure 1 [48].
The neutrino mass matrix is calculated as

yY y¥, sin? 20
(mV)aB = Z %M& yz; (IL)ij + yi]} (IR)ij ) (2.13)

’

where the loop function I is given below:

HHH HHL LHH LHL
(IR)Z = sin a(IRZ] IRij IRZ] +IRZ] )

IHLH IHLL _ ILLH ILLL) , (214)

+COS Q@ ( Rij Rij Rij Rij

and the function I}, is obtained by substituting R — L. The functions [ gljjc and I%;? are
given by

ool — a a lo E
Jabe _ My dedyds rz+y+z—1) £%log &¢ B f g (215
Leg i / v y(1—y) (1 =& — bc) (1- zg)( ij &) ( )
_ 02| ca be? Jog ¢he
Iabc — d d d .CU +y+ < 1) 57, 1Og§l _ é'l] g v , 2.16
B / e ~y (1-g)(E—¢) (- —en (210

with the parameters £; and fbc defined as

2 2 2
xrms +ym; + zm
gr="a =TI I o= H L ij= 1,2, (2.17)
m? y(1 —y)m;

SR N
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Figure 2. Feynman diagram of LFV process £, — 3.

As will be discussed later, the Yukawa coupling y” should be naively v < 1072 to
avoid the constraint of LFV. If we take y¥ ~ 0.01, sina ~ 0.1 and (I1)ij ~ (Ir)ij ~ 0.1
for example, the required strength of the other couplings are estimated as ,ugg ~ 10 GeV
and yle ~ yi}; ~ 1 in order to obtain the appropriate neutrino mass scale m, ~ 0.1 eV.
The neutrino mass matrix should be diagonalized by the Pontecorvo-Maki-Nakagawa-Sakata
(PMNS) matrix. Although we do not analyze the flavor structure here, it would be possible
to obtain the observed values in the PMNS matrix because of many parameters in the formula

of the neutrino mass matrix.

2.2 Experimental constraints

The LEV process £, — {5 is depicted in figure 2. The branching ratio for this process is

2
3 Y5 Vi
Br(la = £s7) = ¢ 43;‘212 > ’7/; S EP| Br(a — Lsvas) (2.18)
F i 7

where G is Fermi constant and the loop function F;OOP is given by

F°® = cos* aFy (67,61 + 2cos® asin® aFy (€7, €F) + sin* aFy (¢F, €LY, (2.19)
and Fj(x,y) is defined as

f(z)— f(y) with f(x):_5—27x+27m2—5x3+6x2(1:—3)10gx'

Fj =

(2.20)

In particular when we take the limit of y — z, the function x_lFQ’ (:U_l,x_l) corresponds
to the function Fy(x) defined in ref. [49]. The most stringent constraint comes from the
i — ey whose upper bound of the branting ratio is Br(u — ey) < 5.7 x 10713 [50], and it
will be improved to 6 x 10~ in future [51]. Choosing F,°% ~ 0.1 with & ~ ¢& ~ 1, the
requirement for the constraint is roughly written as

myg

—2
i vt (m) $5x 1077 (2.21)

Hence for example when m; = 200 GeV, the Yukawa coupling is restricted to y%, < 1072 if

we do not assume a certain flavor structure. Another solution to escape the LFV constraint
is to assume a specific flavor structure or a diagonal form for the Yukawa matrix.* In this

4 . . . . . .
One may confuse the meaning of “diagonal” here since the Yukawa matrix ¢” is not a square matrix. In
our case, “diagonal” means at least yi, = y5. = y1> = y5, = 0.



case, ¥ does not contribute to LFV and we can take O(1) coupling in some elements of 3.
Then the neutrino mixing is derived from the other Yukawa couplings y” and y%. As we will
discuss later, this solution is interesting because larger Zs DM may be more easily detected.
The constraint from another LFV process  — 3e might be taken into account depending
on the parameter space. This process would be enhanced compared to the u — ey process
by the box diagrams when the Yukawa coupling 3" is large enough, as has been discussed in
ref. [52, 53].

The mass difference between the charged scalar nt and the neutral scalars g 1, is
constrained by ElectroWeak Precision Tests (EWPT). Basically, the calculation for our model
is the same with the inert doublet model. The new contribution to T-parameter, AT is
calculated as [54]

1 .
Aem AT = W cos” @F(m%ﬂm%{) + sin? ozF(m?ﬁ,m%)} ) (2.22)
where the function F'(x,y) is
r+vy xy x
F = — 1 - . 2.2
@) =5 - o (1) (2.23)

From these formulae, the constraint on the mass difference between n* and ¢ 1, is approxi-
mately given by [54, 55]

cos’ a (s — mH)2 + sin? « (my+ — mL)2 < (140 GeV)2. (2.24)

3 Dark Matter properties

There are two DM candidates in this model, the lightest Dirac fermion 11 or the lightest
mass eigenstate of the scalar boson . Since the decay process ¥ — @rv, or pr — Y1V,
is possible in the model depending on the mass spectrum, either of them can be DM. We
rename hereafter the Dirac fermion DM as ¢ with the mass m,, and the scalar one as ¢ with
the mass m, and discuss the DM properties in the following.

3.1 Dirac fermion Dark Matter

For the Dirac fermion DM ¢, in addition to the annihilation channels, we have some semi-
annihilation channels like ¥1) — vi), ho', Z¢t as shown in figure 3. The evolution of the
number density of Dirac DM is determined by the Boltzmann equation:

dn 1
ditw + 3Hny = —(ov,) (ni - nz)q2> - §<m’¢¢> (n?p - n¢n2}q) , (3.1)

where the number densities of ¢ and v are assumed to be the same Ny = Mg This assumption
is valid as long as CP invariance is considered. The first term in the right-hand side of
eq. (3.1) implies the standard annihilation processes and the second term corresponds to
the semi-annihilation processes. The factor 1/2 in the second term comes from taking into
account the processes 1Y) — X1 and 11) — X1 both where X is any set of the SM particles.
The contribution of the decay processes such as ¢, — ¥, is negligible unless the decaying
particle has an extremely long lifetime, considered since the DM is still in the thermal bath
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Figure 3. Diagrams of (semi-)annihilation processes of Dirac DM 1. The t-channel diagram of the
top right one also exists.

when the decay process decouples. We construct our own model with LanHEP [56],°> and
then micrOMEGAs is used to solve the Boltzmann equation numerically [58]. In general,
off-shell annihilation processes such as ¥y — Z*gp}L ; are also included in our numerical
analysis.

If any semi-annihilation channels are not significant, only annihilation processes ¥y —

00, v affect the thermal relic density of the Dirac DM. The cross section is proportional to
2

, and the required order of the Yukawa coupling is roughly y7, ~ O(0.1 — 1) to be

Ux, UV

Y1aY18

compatible with the observed relic density Qh? ~ 0.12 [6]. However the Yukawa coupling is
severely constrained by the LFV processes as have discussed in the previous section. One
needs roughly y? < 0.01 to avoid the ;1 — ey constraint. Thus it seems to be difficult to
satisfy the correct thermal relic density only with the annihilation channel. The effect of
semi-annihilation is important to give consistency to both the DM relic density and LFV as
will be discussed in section 3.1.1. Another solution is the consideration of mass degeneration
with the other new particles [59, 60], then the relic density is reduced by co-annihilation with
the degenerated particles. In particular co-annihilation with n gives a large contribution to
the effective cross section since it has gauge interactions.

Meanwhile, taking a larger Yukawa coupling y” can be possible if a special flavor texture
to suppress the LFV processes is assumed [59, 60]. This possibility will be discussed in
section 3.1.2.

3.1.1 Small Yukawa coupling

The DM mass dependence of the relic density is illustrated in figure 4 for the small Yukawa
couplings. The masses of the Zs charged scalars and the other parameters in the model
are fixed to the benchmark sets as shown in table 2. For the parameter sets of BM-F1 and
BM-F3, the masses of scalars are set as my, = 400 GeV and myg = 500 GeV, and the charged
scalar mass is fixed by eq. (2.11). There are two damped regions, around 200 GeV and
250 GeV in the left upper and lower panels of figure 4. The first damped region results from

PFeynrules is useful to construct a model [57].



Ay | mr [GeV] | mpy [GeV] y¥ yb, yf
BM-F1 | 0.1 400 500
BM-F2 | 0.1 400 400 <0.01 0.01 0.01> o)
BM-F3 | 1.0 400 500 0.01 0.01 0.01
BM-F4 | 1.0 400 400
BM-F1’ | 0.1 400 500
BM-F2' | 0.1 400 400 <0.5 0 0> 0(0.1)
BM-F3' | 1.0 400 500 0 050 :
BM-F4' | 1.0 400 400

Table 2. Benchmark parameter sets for figure 4 and 5. The other parameters are fixed to Ay =
Ay = Ay = 0.1, Az = Ay = 0.5 and my = 1 TeV. The parameter ,u;é sin? a is fixed to 100 MeV for
the upper four sets, and 1 MeV for the lower four sets. The mass of n* is determined by eq. (2.11).

10° ~ ‘ 106 ~ ‘
sina =0.1 —— sina =0.1 ——
10° | sina = 0.5 p 10° P sina = 0.5
. sina = 0.9 - " sina = 0.9 -
10 Foeen. Qh? =0.12 E 10* | N QOh? = 0.12
00 L BM-F1 j 108 b \\ BM-F2 j
102 | 102 | N
T EETIE
5 10 3 10 \
100 b 100 | \.
107t | 107! | ; \«\
1072 | T, 1072 | P
10 | S f 10
1074 I I I I I 104 I I I I I
100 150 200 250 300 350 400 100 150 200 250 300 350 400
my [GeV] my [GeV]
10° ~ ‘ 106 ~ ‘
sina =01 —— sina =0.1 ——
10° | sina = 0.5 p 10° P sina = 0.5
. sina = 0.9 - " sina = 0.9 -
10° b Qh? =0.12 i 100 F On = 0,12
100 L BM-F3 ] 108 b N BM-F4 ]
102 102 lf AN
RO T AN
5 10 3 10 \
100 100 R
10! 107! \! X
1072 1072 |
10-3 10 )
1074 1074

100 150 200 250 300 350 400 100 150 200 250 300 350 400
my [GeV] my [GeV]

Figure 4. DM mass dependence of the relic density. The upper panels are for BM-F1 and BM-F2,
and the lower panels are for BM-F3 and BM-F4.

the resonance of ¢, in the semi-annihilation processes 1) — 5 — b, while the second
one corresponds to the ¢y resonance in mainly ¥ — g — Wtn~, Z(pTL. Thus one can
satisfy the correct relic density of DM without any contradictions thanks to the resonances
of the semi-annihilation channels. The co-annihilation with ¢y, is effective around 400 GeV
for BM-F1 and BM-F3. When a large Ay, is taken as BM-F3, the semi-annihilation process
Y — pr — hgoTL is enhanced even if the mixing sin « is zero. This process starts to be
effective around my = (mp + my,)/2 ~ 260 GeV. As found in the lower left panel in
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Figure 5. DM mass dependence of the relic density for some parameter sets. The upper panels
correspond to BM-F1’ and BM-F2', and the lower panels are for BM-F3’ and BM-F4'. Details of the
parameter sets are in table 2.

figure 4, the relic abundance of DM is much reduced in the region of m,, 2 260 GeV for large
Apy- The effect of Ay, is significant in particular for small mixing angle.

In the right panels for BM-F2 and BM-F4, the masses of ¢, and ¢y are both fixed to
400 GeV. The behavior is quite different from the former case. The sharp damping around
200 GeV comes from the dominant semi-annihilation ¥ — g — v, but the second
damped region disappears. Thus the observed relic density is achieved only at the damped
and the co-annihilation region with ¢ . Another difference from the left panels is that the
dependence of the mixing angle is extremely small. This is because when the masses are
degenerated, the scalar couplings in the potential have almost no dependence on the mixing
angle as one can see from eq. (2.9)—(2.12). The maximum DM mass is bounded by the
charged scalar mass m,+ ~ 380 GeV.

3.1.2 Large Yukawa coupling

Suppressing the LFV while having large Yukawa couplings is allowed by choosing a specific
flavor structure for the Yukawa matrix y”. This case is quite interesting from view of the
detectability of the Dirac DM as we will discuss later. In figure 5, we show the DM mass
dependence of the relic density for the benchmark sets BM-F1’, BM-F2', BM-F3’' and BM-
F4'. These parameter sets are the same as in table 2 for BM-F1, BM-F2, BM-F3 and BM-F4
respectively, but the values of the parameters y”, y~, y* and ,u’)é are different. The Yukawa



coupling y” is fixed to yi, = y3, = 0.5 and ¥y, = y3, = 0 to suppress the ;1 — ey process.
The other components of y” are also fixed adequately. The Yukawa couplings y” and y
are taken as y& ~ yf* ~ (9(0.1) Then the known neutrino mass scale can be obtained by
adjusting the cubic coupling u to satisfy u sin?a ~ 1 MeV from eq. (2.13).

Since the Yukawa coupling v” is large, the standard annihilation channels 1) — €0, V7
give some contribution to the total annihilation cross section throughout figure 5. In these
parameter sets, the cross sections of the annihilation and semi-annihilation processes can be
comparable, and the dependence of the scalar coupling A4, becomes relatively smaller than
the case of small Yukawa coupling. This can be seen in the figure. The variation of the relic
density in terms of the DM mass for the large Yukawa coupling is much milder than that for
the small Yukawa coupling, as can be seen from figure 4 and figure 5.

3.2 Detectability of Dirac fermion Dark Matter
3.2.1 Direct search

The Dirac DM v can interact with quarks at one-loop level via photon and Z exchanges as
depicted in figure 6. Since the one-loop interactions are described by the Yukawa coupling y”,
y~ and y®, the case of large Yukawa coupling discussed above should especially be compared
with experimental limits. When the Yukawa couplings are small, the scattering cross section
is small and will not be detected in the near future. The following relevant interactions are
obtained through the one-loop diagram,

Lo = aw%’%@”ﬂu + <%/)> EUW’#}FMV + CwAuaﬁyuw

+ 2 (V"' + Apy15) 1, (3:2)
where F),, is the electromagnetic field strength and the couplings a, ty, ¢y are given by [60]
2 2
‘yla’ € mTlJ my
= — , , 3.3
h Z 4(4m) 2m m%Jr m?7+ (3.3)
2
oy = _Z ‘yla’ € T My mi (3 4)
v 4(4) 2m Tpim m?7+ ' m?ﬁ ’ '
m2
_ ‘yla’ € 2[ 1/’ m2
G = +Z m2 m2 2 | (3-5)
Mot Mo+ mn*

where ¢? is the transfer momentum to the gauge boson. The loop functions I,(z,y), Im(z,y)
and I.(z,y) are given in ref. [60]. The factor logy is included in the loop function I,(z,y),
and it leads to some enhancement of the interaction. The interactions with Z boson are
calculated as

B go sin? 2 o
Vy = _WZ (\yu} +! ) Z sgn(a, b)Iyq (g € ’gb>

a,b=H,L
go sin® 2 N . o
32 (4m)% cos Oy ;(yﬁyﬁ” +uli o) ayngsgn(ayb)I\/z (¢.6n¢"), (36)
B go sin? 2 o
Aw_+32(47r)20050wg:(‘ il lufi] )a’b;[’Lsgn(a,b)fA (¢.e8). @
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Figure 6. Diagram of primary contributions to spin independent and spin dependent cross section
for Dirac DM 1.

with
2 2 2
. me m mH
é‘l = ; ) é‘L = 57 é‘H = 2 M (3‘8)
by by My,

The coefficient gy is the SU(2);, gauge coupling constant and sin 6y is the Weinberg an-
gle. The sign function sgn(a,b) is defined as sgn(H, H) = sgn(L,L) = 1 and sgn(H,L) =
sgn(L, H) = —1, and the loop functions Iy, Iyyo and I4 are

B 11—2u+2u20 ur + (1 —u)(y — u) "
IVl(‘TayaZ)/O Q(y—Z) 1g<ux—|—(1—u(z—u)>d ) (39)
N VE L (w1 -u)y—w
IVQ (.T,y,z) - 0 y—Zlog <U$+<1—U)(Z—U))du’ (310)
! 1 uzr + (1 —u)(y —u)

The couplings Vi, and Ay, vanish when the Zs charged bosons ¢, and ¢y are completely de-
generate. Since these interactions are proportional to sin? 2cr, one can expect that a moderate
cross section is derived when the mixing angle is large.

In these effective interactions, the couplings ay, ¢, and V,, contribute to the four Fermi
vector interaction with quarks: bwﬁfyuqafy“w. The contribution via Z boson is small compared
to the photon contribution if the Yukawa couplings y* and y™® are of the same order.
Neglecting the Z boson contribution, the four Fermi interaction by, is given by by = (ay +
cy/q?)e, namely

2 2
i My m

by = — ol © I, , oo ) (3.12)
v ; 4(47r)2m?7+ m%+ m?
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where Iy(z,y) = I.(z,y) — I.(z,y). The spin independent elastic cross section with nucleus
at zero transfer momentum via the vector interaction is calculated as

b3 m2m?2
os = 222 v 4

" (el o

where Z and m, are atomic number and mass of nucleus. For example, the elastic cross
section to scatter with a proton with the parametrization BM-F1’ is estimated as ogy ~
104 c¢m?, which is slightly below the upper bound from LUX for my 2, 100 GeV [61]. Thus
it would be detected by near-future direct detection experiments such XENONIT [62]. In fact
there is another contribution to the spin independent cross section via the magnetic moment
of DM p,,. However this contribution diverges at zero recoil energy and we cannot define
adequately the total cross section at zero momentum transfer. Moreover this contribution is
sub-dominant because of the enhancement factor logy of I,(z,y) in the effective coupling a,
as already pointed out above. Thus we do not include this contribution in our discussion. If
more careful treatment is required, this contribution should be taken into account.

The couplings fy, and Ay contribute to the spin dependent cross section. As with the
the spin independent cross section, the effective interaction via a Z boson is sub-dominant.
Thus the spin dependent cross section at zero momentum transfer is simply given by

oD = (3.14)

iy mim% (JA+1)
3J4 ’

T (my +ma)’

where 4 and J4 are the magnetic moment and the spin of nucleus, respectively. For the large
Yukawa benchmark parameter sets, the order of the cross section with a proton is roughly
estimated as osp ~ 1074 cm?. The present strongest upper bound on the spin dependent
cross section is given as osp < 10739 em? by COUPP [63] and SIMPLE [64], which is too
weak to constrain the model.

In addition, there are further more severe constraints on the spin dependent cross section
from the search for neutrinos from the Sun by IceCube [65]. These limits hold when the
capture rate and the annihilation rate of DM in the Sun are in equilibrium. As a result,
the capture rate which depends on both the spin independent and dependent cross section is
constrained, depending on annihilation mode of DM.

3.2.2 Indirect search

In general, semi-annihilation processes are present when we consider a larger symmetry
than Zs for stabilizing DM, such as a Z3 symmetry. A characteristic implication of semi-
annihilation may be observed in indirect searches of DM [36, 38, 47]. In our case, we have two
channels for generating monochromatic neutrinos, ¥ — v and ¥7) — v, whose energies
are determined kinematically as E, = m,, and 3my,/4 respectively. Thus a double peak may
be detected in the neutrino flux from the galaxy or the Sun as a signature of the model with
the semi-annihilation of DM [36]. A large Yukawa coupling y” with a special flavor structure
is necessary to see the signal of the double peak.

For the large Yukawa parameter sets, the standard annihilation ¥ — v¥ and the
semi-annihilation ¢7) — 1 can be the main channels and comparable each other in some
parameter regions, as shown in the previous section. The present upper bound for the
annihilation cross section into neutrinos from the galactic center is (ov),» < 1072 em? /s [67],
which is far from the canonical annihilation cross section of the thermal DM. The neutrinos
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Figure 7. DM mass dependence of total neutrino flux ®,. The expected neutrino flux in the model
is given by the red solid line where SI and SD cross sections are fixed to og; = ogp = 107%% cm?. The
upper bound for the channel ¢1¢; + vV obtained from the IceCube data analysis [66] is given by
the green dotted line.

from the Sun give a somewhat stronger bound. Monochromatic neutrino emission from DM
annihilation has been studied in ref. [68-71]. The differential neutrino flux from the Sun is
calculated as

d®, 1 Cq
dE,  24nd?

dN,;
+ Br(y) — 1)) (3.15)

— AN,z
2Br(yy) — vD) iE, dE
where the factor 2 of the first term in eq. (3.15) comes from two neutrinos in the final state,
d = 1.49 x 10® km is the distance between the Earth and Sun, Br is the branching ratio of
the process, dN,z/dFE, and dNVE/dE,, are the energy spectra of neutrino for each channel
and they are simply written by the delta function in our case. The capture rate in the Sun
Cy is estimated by using micrOMEGAs [58]. In particular for 100 GeV < my S 1 TeV, the
capture rate is simply evaluated as

o (L2X10%0) | (100 GeV ”< os1 >+ 100 GeV 1-9(0313)
@ S My, 10=%% cm? My 10742 cm?/ |7

(3.16)
where the Maxwell-Boltzmann distribution is assumed for the DM velocity distribution func-
tion with the dispersion vg = 270 km/s and the local DM density ps = 0.3 GeV/cm3. The
total neutrino flux is simply calculated as

1 G
Y 24nd?

(2Br(1/1¢ s uT) + Br(yyp — mp)) km~2y~1]. (3.17)

The DM mass dependence of the total neutrino flux is shown in figure 7 where both ogp
and ogp are fixed to 1074 cm?, as we evaluated for the large Yukawa parameter sets, and
the sum of the branching ratios in eq. (3.17) is taken as 1. In figure 7, the IceCube upper
bound for ¢;.¢; + v;7r annihilation channel is also shown. The IceCube bound is obtained
by converting the upper bound on the elastic cross section, which has been calculated from
the IceCube data [66]. This bound should be understood as a rough reference limit since
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the annihilation channel is not exactly the same as with our monochromatic case. One finds
that the expected neutrino flux in the model is two orders of magnitude smaller than the
upper bound at most. To more thoroughly compare the predicted flux with experiments, the
effects of neutrino oscillation and propagation together with experimental details should be
taken into account.

For the case of small Yukawa coupling, only a single peak of monochromatic neutrino
from the semi-annihilation can be seen. It would be difficult to distinguish this from the
monochromatic neutrino from the annihilation of typical Zo symmetric DM.

3.2.3 Collider prospects

Generally, DM with a Z3 symmetry will give different collider signatures from Zy DM [72, 73].
While only one DM is generated in the final state from the decay of the Zy mother particle,
one or two DM particles are produced in the decay of the Zj3 charged particle. Therefore
in the Zs symmetric model, for instance, if the signals of one DM and two DM in the final
state have the same visible particles and the intermediate particles are off-shell, the double-
kinematic edge would be seen in the invariant mass distribution of the visible particles as a
prospect of Zs DM. In our model, however, such decay channels are not expected.

On the other hand, if the intermediate particles are on-shell, the invariant mass dis-
tribution will have a different shape in Zs and Zz symmetric models [72, 73]. Considering
the decay channel of Z3 charged particle with two visible particles separated by a DM, the
invariant mass distribution for two visible particles has a cusp. Since such a cuspy feature
cannot be present in the decay of Zs odd particle, it gives one possible way to discriminate
between Zo and Zsz symmetric models. In our model, we can consider the decay of n* which
can be produced in pairs via the Drell-Yan process of v and Z exchange or singly produced
via W exchange at the Large Hadron Collider. A concrete example of above decay channel
is T — uTy — u*@gp}l — utyz LPE, where the intermediate particles are all on-shell by
assuming the mass hierarchy My+ > Mg > myg > My, and suitable mass differences. The
anti-DM particle 1) produced by the decay of 1, separates ut and Z, which gives rise to
a cusp in the invariant mass distribution for the pu*Z system. It is noted that the DM
mass in this example has to be smaller than ~ 70 GeV, otherwise the mass difference be-
tween 7 and g 1, becomes inconsistent with the EWPT. For example, taking the following
mass spectrum for the decay channel: m,+ = 300 GeV, mg = 290 GeV, my = 220 GeV,
my, = 120 GeV, m,, = 60 GeV, the constraints we have taken into account can be satisfied by
choosing suitable Yukawa couplings, 4, y” and y. Detailed signal and background analysis
is necessary to estimate detectability of the cuspy feature. However, this is beyond the scope
of this paper.

3.3 Complex scalar Dark Matter

In this section, we discuss the case of complex scalar DM. A similar kind of Zg scalar DM has
been studied in ref. [37, 39]. First of all, we should take into account the severe constraint
from direct detection of DM. The complex scalar DM ¢ = ¢, with mass m, = my, has an
interaction with the Z boson, since ¢ includes a component of SU(2)z, doublet 1°. Thus, much
of the parameter space of the mixing angle is excluded by the direct detection experiments
like LUX [61] and XENON100 [74]. Here we investigate how small the mixing should be so
as to evade the bound. The contribution to the spin independent elastic cross section with
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Figure 8. Excluded parameter space in m,, — sina plane (left panel) and m, — Ag, (right panel) by
XENON100 [74] and LUX [61]. The region above each line is excluded.

nucleus comes from the Z boson exchange diagram, which is calculated as

P G% m?omz‘ sin? o

= [(A—2)— Z(1 — 4sin®6y)]°, (3.18)
m(p m

where A is the mass number of nucleus. The elastic cross section with a proton is most
stringently constrained by the LUX experiment. The excluded parameter space in m,, —sin «
plane is shown in the left panel in figure 8. The requirement is roughly sin a < 0.05, and we
take sin &« = 0.05 in the following discussion. Note that in the ordinary inert doublet model,
the constraint from the Z boson exchange would be weakened by the existence of the mass
splitting between CP even and odd inert scalars.

In addition, the scalar coupling A4, is also relevant for direct detection via Higgs boson
exchange. The elastic cross section is calculated as

A2 4
h Px my 2
= X A—2)C, + ZC,l", 3.19
0q1 An (mso +mN)2 m;ll [( ) p] ( )

where the coefficients C), ~ C,, ~ 0.29 are calculated from ref. [75]. The constraint on the
coupling Ay, is shown in the right panel in figure 8. From this figure, we see that the coupling
strength should be A4, < 0.007 so as not to conflict with the LUX result in all the DM mass
range. Moreover, DM with mass less than 100 GeV tends to be excluded by the vacuum
conditions of egs. (2.3)—(2.5). Note that the two contributions via Z boson and Higgs boson
exchange should be combined together to do a thorough analysis, the above discussion is
sufficient to set a conservative limit.

Regarding annihilations of the scalar DM, there are many standard annihilation and
semi-annihilation channels such as ! — ff, hh, ZZ, WHW ™ and pp — hp', Zpt, Wy~
shown in figure 9. Since the mixing angle is strictly constrained in our case, the main
component of the scalar DM is , rather than 1°. In figure 10 some plots of the DM mass
dependence of the relic density are shown for the parameter values given in table 3. The lower
bounds of the DM mass are obtained from the vacuum condition eq. (2.5) as my, 2 49 GeV
for the left panels and m, 2 87 GeV for the right panels. In the upper panels, the region
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Figure 9. Examples of (semi-)annihilation processes of complex scalar DM ¢. For the s-channels
written here, the corresponding t-channels also exist.

mg — ch [GeV] )‘¢X )‘WX )\2 )\3 )\4
BM-S1 200 0.01 1010105105
BM-S2 300 00110 ]01]05|0.5
BM-S3 200 0.1 | 1.0 |0.1]0.510.5
BM-54 300 0.1 | 1.0 |0.1]0.5]0.5

Table 3. Parameter sets of benchmark point for the complex scalar DM. The other parameters are
set to sina = 0.05, yf, = 0.01, m; = 1 TeV and pff(y}; + yf}) = 10 GeV.

of light DM mass 12 GeV < my, < 30 GeV is ruled out by the direct detection experiments,
while the excluded mass range is 6 GeV < m, < 185 GeV in the lower panels. In all figures,
the relic density of DM is drastically reduced around m, = m;/2 ~ 63 GeV due to the
annihilation channels pp! — h — bb, W*W. Although the most of the (semi-)annihilations
are suppressed for BM-S1 and BM-S2 (upper panels) due to the small Ay, the damping
around 200 GeV in BM-S1 and 300 GeV in BM-S2 come from the semi-annihilation channels
0o — o — Zpl, he!. These channels are absent in the minimal singlet Z3z DM model [39]
since there is no second neutral Zgz scalar boson. These semi-annihilation channels have a
significant contribution when the cubic scalar coupling /4 is large. Another notable point
in BM-S1 and BM-S2 is that the relic density of DM is a reduced around m, ~ 1 TeV for
smaller cubic coupling u; because the co-annihilation p; — v; — 7~ ¢ is more effective.

For BM-S3 and BM-S4 (lower panels), while the DM mass is strongly constrained by
direct detection, the contributions of (semi-)annihilations through the coupling A4, can be
large and the relic density is much reduced. Thus the u; dependence becomes relatively
smaller than the BM-S1 and BM-S2 cases. Moreover the DM mass scale of several hundred
GeV can be detected by future direct detection experiments like XENONI1T.

We have performed an investigation of the case with large Yukawa coupling y” which is
similar to the Dirac DM case. In this case, when y”, yf* ~ O(1) the smaller u; is required to
derive the known neutrino mass scale. As a result, the damping around m, ~ 200 GeV in
BM-S1 and BM-S3 and 300 GeV in BM-S2 and BM-S4 almost disappear. Instead of that, the
semi-annihilation channel ¢ — 71); depicted in the lower right diagram of figure 9 affects
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Figure 10. DM mass dependence of relic density where the parameters are taken as in table 3. Note

that when one changes u; as in the figures, the parameters y~ and y* also should be varied from the
scale of the neutrino masses.

the DM relic density when the DM is heavier than m,,/2.

As already discussed, although much of the parameter space has already been ruled out
by the direct searches for DM, there remains the possibility to detect the complex scalar
DM by XENONI1T. However, there are essentially no differences from typical Zs symmetric
DM. For indirect searches, while the scalar DM basically produces some SM particles such
as W, Z, h, £, v, it would be difficult to see any characteristic signatures. The annihilation
channel pfp — 17 via 1); exchange is suppressed by the small mixing angle sina and it
is p-wave suppressed, which is different from the Dirac DM case. Thus even if we assume
a large Yukawa coupling y”, the annihilation cross section is too small to observe, and we
have only one monochromatic neutrino emission from the semi-annihilation ¢ — 7; in the
right bottom process in figure 9. However, two monochromatic neutrinos would be seen at
E, = my, (1 —m?/ (4mi)) from semi-annihilation if the masses of ¢; and v are different.
This process does not exist in the similar Zs scalar DM model of ref. [37].

4 Summary and conclusions

We have considered a model with Zs symmetry. In this model, the neutrino masses are
generated at the two-loop level and the known neutrino mass scale has been derived with a
reasonable value for the coupling strength. The DM in the model is either a Dirac fermion
or a complex scalar as a result of the exact Zs symmetry. The semi-annihilation processes
are important to reduce the relic density effectively in the early universe for both of DM
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particles. We have discussed the DM relic density in the two cases of the small and large
Yukawa couplings because of the LF'V constraint. In particular for the Dirac DM ¢ with
the small Yukawa coupling, although the standard annihilation channel is suppressed, the
DM relic density can be compatible with the observed value due to the semi-annihilation
processes. Direct detection constrains the complex scalar DM ¢ to be dominantly singlet.
The semi-annihilation processes for the scalar DM are controlled by the cubic coupling p;
and influence the DM relic density.

The Z3 symmetric Dirac DM in this model potentially has some interesting signatures,
which may be detected by indirect detection and colliders. In particular, for the case with
large Yukawa coupling, two monochromatic neutrinos may be observed from the annihilation
Ynp — v and the semi-annihilation 1) — v1) since these cross sections can be the same order
of magnitude. The double peak of neutrino flux may be detected by neutrino observatories
such as IceCube. In addition, in the decay of the Zs charged boson 1", the cusp feature of
the invariant mass distribution may be seen at collider experiments. For the complex scalar
DM, if the masses of 11 and ¥ are different, two monochromatic neutrinos would be emitted
from the semi-annihilation @@ — ;.
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