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Exploring inert dark matter blind spots with gravitational wave signatures
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Motivated by the absence of dark matter signals in direct detection experiments and the discovery of
gravitational waves (GWs) at aLLIGO, we discuss the possibility to explore a generic classes of scalar dark
matter models using the complementary searches via phase transition GWs and the future lepton collider
signatures. We focus on the inert scalar multiplet dark matter models and the mixed inert scalar dark matter
models, which could undergo a strong first-order phase transition during the evolution of the early universe,
and might produce detectable phase transition GW signals at future GW experiments, such as LISA, DECIGO
and BBO. We find that the future GW signature, together with the collider signature at future lepton collider,
could further explore the model’s blind spot parameter region, at which the dark matter-Higgs coupling is

identically zero, thus avoiding the dark matter spin-independent direct detection constraints.
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I. INTRODUCTION

A brand new door has been opened to study the funda-
mental physics and the particle cosmology by the gravita-
tional waves (GWs) after the discovery of the GWs by
Advanced Laser Interferometer Gravitational Wave
Observatory (aLIGO) [1]. One active research field is the
idea of probing the new physics through phase transition
GWs, where a strong first-order phase transition (FOPT) is
induced by the new physics models and can produce
detectable GW signals from three mechanisms: collisions
of expanding bubbles walls, magnetohydrodynamic turbu-
lence of bubbles and sound waves in the hot plasma of the
early universe [2-9]. Various new physics models have been
studied by the new approach of GW signals in the post aLIGO
era [10-26,28-30], such as the GW detection of the dark
matter (DM) [15,25-27], the hidden sector [11,12,20,24,28],
and the electroweak baryogenesis [10,18,19,22,23,30].

Another important puzzle in particle cosmology is the
particle nature of the DM. Usually there are three ways to
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search for particle DM: direct detection, indirect detection,
and collider searches. With the experimental precision of
the DM direct detection are gradually approaching the
neutrino backgrounds, such as the recent LUX, PandaX-II
and XENONIT experiments [31-33], GWs may become
anew approach to explore the existence of DM since in a large
classes of DM models where a FOPT can be trigged
by the DM particles and other associated particles [34-36].
In general, a strong FOPT can be triggered by the DM
candidates in generic new physics models, which can produce
detectable GW spectrum by Laser Interferometer Space
Antenna (LISA) [37,38], Big Bang Observer (BBO) [39],
Deci-hertz Interferometer Gravitational wave Observatory
(DECIGO) [40], and Ultimate-DECIGO (U-DECIGO) [41].

In this paper, we study the chance to explore a general
classes of DM models through phase transition GW signals
since the GW signal becomes a novel approach to study the
property of the various new physics models with extended
Higgs sector after the discovery of Higgs boson at LHC and
GWs at aLIGO. And the extended Higgs sector could
incorporate the scalar DM candidate. One generic classes
of new physics models are the inert multiplet scalar DM
models [42,43] and mixed scalar DM models [44,45]. In
these models, the scalar multiplets usually belong to a
hidden sector, and thus contain the DM candidate. At the
same time, we know that usually extra scalars could change
the phase transition structure for the standard model (SM)
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Higgs boson around the temperature of the electroweak
scale. Due to extra scalar degree of freedom (d.o.f.) in the
thermal plasma, the extra inert scalars could enhance the
strength of the electroweak phase transition. On the other
hand, these models typically encounter the tension between
tight direct detection constraints and the strong FOPT. To
avoid the tighter and tighter direct detection constraints, we
could focus on the blind spot region, at which the Higgs-
DM coupling is identically zero, thus avoiding the DM
spin-independent direct detection constraints. In the scalar
multiplet DM models, usually there is strong correlation
between the Higgs-DM coupling and the strong FOPT: zero
Higgs-DM coupling indicates there is no effect on the
electroweak phase transition from the inert DM sector. The
only exception in the single scalar multiplet DM models is
the inert doublet model (IDM) [46,47], in which although
the direct detection rate could be tiny the strong FOPT
could be realized. In the blind spot region, requiring the
observed relic abundance, the allowed parameter space in
IDM is very limited [48]. To enlarge the allowed parameter
region, we consider the mixed inert DM models, in which
two inert scalars are mixed [44,45], and thus there is large
blind spot parameter region. We will study the possibility to
obtain strong FOPT in the blind spot parameter region in
the mixed DM models. We expect that the GW signature
could further explore the parameter region which has not
yet been explored by the direct DM detection experiments.

This paper is organized as follows: In Sec. II, we discuss
the general inert scalar DM model, and point out the IDM
in the blind spot region could lead to the GW signals while
avoiding the DM constraints. In Sec. III, the mixed inert
scalar models are investigated in the blind spot region with
the DM constraints and the GW signals. In Sec. IV, we
show our final discussions and conclusions.

II. MULTIPLET DARK MATTERS
AND GRAVITATIONAL WAVES

Let us start from a class of DM models in which the SM
is extended by adding an electroweak scalar multiplet. The
scalar multiplet is Z,-odd under an imposed global Z,
symmetry. In certain hypercharge assignment, the neutral
component in the scalar multiplet could be the lightest
particle in the multiplet, and thus it could be a possible DM
candidate. This class of models have been well-studied in
the inert isospin-singlet [49], doublet [46,47], and triplet
[50] cases. And a general DM multiplets in terms of the
SU(2), representations have also been investigated sys-
tematically [42,43]. In general, the scalar multiplet H,
belongs to the representation n of the SU(2) group, with
hypercharge Y under the transformation of the SU(2), x

U(1), gauge group

hti

where the 73 charge j runs from —“5! to 5!. The relevant
Lagrangian is written as

L =D,H,D'H, - V(®,H,), (2)

where @ is the SM Higgs doublet. The scalar potential is
usually taken to be

V(®,H,) = V(®) + M2H2 + I, Hi + 2 (H) 7! H,)?
+ L O2H?E 4 24 (DT 2D) (H 7! H,), (3)

where V(®) = —42®? + A®*. For a real multiplet,' the
term H,z/H, is identical to zero, and thus the 1, and
terms disappear. As a consequence, only the term A3
connects H, to @, and the tree-level masses of the multiplet
components are degenerate with m2 = M2 + %/13 2.2
Similarly, in the complex singlet model, the 4, and 2}
terms do not exist. For complex doublet model, there will
be more terms than Eq. (3) in the potential

V(®, H,) = V(®) + MyH3 + A,H3
+ R, D?H3 + A4|OTH, |?
+ As/2[(®TH,)? + H.c.. (4)

To make the real component H as the DM candidate, A345 =
A3+ 4+ 45 < A3 and 45 < O is needed. For a complex
multiplet with higher isospin, for simplicity we will only
focus on the case with hypercharge ¥ = 0” in this work. As
shown in Ref. [43], typically the complex triplet with ¥ = 0
can be viewed as two real triplets.

First, we discuss the FOPT induced by the inert scalar
models. Up to one-loop level, the effective potential at the
finite temperature can be written as

Veir (@, T) = Vo(®) + Vew(P) + Viper (P, T)
+ Vdaisy(q)’ T)’

where Ve (@, T) + Vgisy (@, T) is the thermal effects with
the daisy resummation and Vcw(®) is the Coleman-
Weinberg potential at zero temperature. In the inert scalar
models, the necessary potential barrier for the strong FOPT
in the effective potential at the finite temperature origins
from thermal loop effects, where the bosons contribute to

'A real multiplet only has integer isospin. Thus there is no real
doublet, quadruplet, etc.

The loop corrections to the tree-level masses cause small mass
splitting between charged components and neutral DM candidate.

3If the hypercharge Y is not zero, the neutral components of the
complex multiplet have interaction with the Z boson, which
usually leads to a large spin-independent cross-section between
DM and the nucleon [43]. But if for some reason there is a mass
splitting between real and imaginary components of the neutral
scalar, the direct detection constraints might be avoided.
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the effective potential with the form Vi3> (-=T/12x)
(M2 0n (@, T))¥? in the limit of high-temperature expan-
sion. For the heavy fields whose masses are much larger
than the critical temperature, the contributions from heavy
particles can be omitted due to Boltzmann suppression.
This can help to simplify our discussions when the models
have many new fields at different energy scales. Thus, due
to the above considerations and the fact that we only study
the inert scalar models and the thermal barrier induced
strong FOPT, the parameter space of very large mass scalar
new bosons are not favored since the field independent term
in the thermal masses should be small enough in order not
to dilute the cubic terms. We focus our study in the case
without very heavy scalars. Therefore, to begin with the
concrete prediction of the GW signals in the following
examples, the general effective potential near the phase
transition temperature can be further approximated by

A

eT
—— W+ Zh
127 +4 )

Here, h represents the Higgs boson field in the unitary

Veie(h, T) = = (—u* 4 ¢T*)h?

N[ =

gauge as (®) = h/+/2, where the angle bracket means the
vacuum expectation value (VEV) of the field. The coef-
ficient e quantifies the total interactions between the light
bosons and the Higgs boson.

By qualitative analysis, the phase transition strength is
proportional to the Higgs-inert scalar coupling, and a larger
Higgs-inert scalar coupling produces a stronger FOPT. For
high multiplets, the situation becomes more complicated
due to the large thermal mass coming from gauge inter-
actions. The large thermal masses on the new scalars cause
plasma screening, and thus decrease the strength of the
phase transition. Therefore, there are two parameters which
control the strong FOPT: the Higgs-inert scalar coupling,
and the thermal mass coming from gauge interactions.

We know that the Higgs-inert scalar coupling is usually
constrained by the DM direct detection experiments. The
tree-level interaction between the DM and the nucleon is
through the Higgs boson exchange, which induces the
elastic spin-independent cross section

12 m2, \ 2
os1 = [ St <—N2> , (6)

T mxmh

where the Higgs-DM coupling 1, = A345/2 for inert
doublet, and 4,,, = 13/2 for other intert multiplet.
Current DM direct detection experiments [31-33] constrain
that the 4, is around 0.01 for about 100 GeV DM mass. In
general, the coupling 4, in direct detection is the same as
the one which mainly controls the strong FOPT. Thus the
tighter direct detection constraint, the less significance of
the FOPT. The only exception is the IDM. In the IDM, due
to the extra interaction terms in the scalar potential, the
strong correlation between direct detection constraints and
FOPT can be avoided. We will focus on the blind spot

region in IDM, in which although the direct detection
constraint can be evaded, the strong FOPT can be induced.
Thus, the DM abundance can be explained, and the
corresponding phase transition GWs can be produced in
IDM. Here, we consider the GWs produced by the three
sources, namely, the well-known bubble collisions [5], the
turbulence in the fluid [7,8], and the sound waves [6].

When a strong FOPT occurs, via thermally fluctuating
or quantum tunneling the potential barrier, bubbles are
nucleated with the nucleation rate per unit volume I' =
Ty(T)e™5e") and T'y(T) o T* [51]. The Euclidean action
Sg(T) =~ S5(T)/T [52,53], and then T' =Ty /T [51]
where

(1) = [ @xl3ver s va@n]. )

Thus, the bubble nucleation rate can be obtained [54] by
calculating the profile of the scalar field @ through solving
the following bounce equation:

O 2d0 IV (P,T)

drr ' rdr o0d =0, (8)

with the boundary conditions 42(r=0)=0 and
®(r = o0) = 0. The phase transition terminates if it satisfies

Sy(T.)/T, = 4In(T,/100 GeV) + 137.  (9)

The phase transition GW spectrum depends on four

e(T,
pmi(Ti)’
determined by Eq. (9). The false vacuum energy (latent
heat) density €(7T,) = [T d‘;;“ VaNT)||y—r. and the
plasma thermal energy density p.q(T,) = %g*(T)T“.
The parameter a represents the strength the FOPT, namely,
a larger value of a produces stronger GW signature. The

. d(S3/T)
second parameter is Hﬁ =T=2= */

parameters. The first parameter is o = where T, is

|T T where one has

p= —dSE PSS L Py namely, p~! corresponds to the
typical tlme scale of the phase transition. The third
parameter is the efficiency factor 4; (i=co,tu,sw), and the
last parameter is the bubble wall velocity v,

Once the four parameters are known, the corresponding
phase transition GWs in the three mechanisms can be
directly obtained after considering the red-shift effects
& =1.65x 107 Hz x 7 (IOOTGeV)(I-"(;*())l/G. The current
peak frequency at each mechanlsm is fi = ffa,/a, with
1 = co, tu, sw, respectively. In the bubble collision mecha-
nism, the GW spectrum is expressed as [55,56]

HN\2/ ., a\2/100\3
Q W ~1.67x1072( =) (==
colf) ) <ﬁ> (1+a) <gi>

0.1103 3.8(f/ o)
<0 42 + vb> [1 + 2-8(f/fco)3'8]
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with the peak frequency f3, = 0.624/(1.8 —0.1v, + v7)
[55] at T,. In the turbulence mechanism, the GW signals
have the peak frequency at about f;, = 1.754/v, at T,
[57], and the phase transition GW intensity is formulated
by [8,58]

W (HN ([ Aa 32 (1003
Qu(f)h? ~3.35x 10 4<7> <1 ;a) (gi) v,

(f/fu)
(L4 f/fu)""?(1 + 8xfag/(a.H,))

In the sound wave mechanism, the GW spectrum can be
written as [6,57]

H,\ [ Agpa |2 (100\}
Qu ()2 2,65 x 107 ) (L) (=2
e () () (5)

[ 7(f/ fou)®” ]7/2
x | Ssw) T
A+3(f/f)?

with the peak frequency f%, = 28/(v/3v,) at T, [6,57],
where A, ~ a(0.73 + 0.083\/a +a)~! for relativistic
bubbles [59].

A. Inert singlet, triplet and multiplet scalar models

In the inert singlet model, the Higgs portal term
A3|®|*S?/2 is crucial, where we use S represent the inert
singlet scalar instead of H,. A strong FOPT need A3 ~ O(1)
in the inert single model. The explicit results and dis-
cussions are given in Ref. [60] and references therein,
where 13 2 4 is needed for a strong FOPT, and 153 < 10
from reliability of perturbative analysis.

In the inert triplet model, we only consider a simple
model with an SU(2), triplet scalar H3(1,3,0) with a zero
hypercharge. The relevant term involving the triplet scalar
H should be 2;®'®Tr(H3). To produce a strong FOPT, 15
should be order one.

However, in both models the direct DM search puts
strong constraint A3 < 0.01, which means the a strong
FOPT is forbidden by the DM direct experiments. For a
general n-multiplet inert scalar H, models, there are two
competing sources which affect the strong FOPT [61]:

(1) contributions to phase transition by the Higgs-inert

multiplet coupling;

(i1) plasma screening due to large thermal mass coming

from gauge interactions.
Typically the higher multiplet, the larger screening and
decoupling effects, which weaken the FOPT. According to
Ref. [61], for a multiplet with n > 3, the screening effects
significantly decrease the strength of the FOPT. Furthermore,
another severe constraint for high multiplet model is from
Higgs diphoton rate with all the charged scalars running in
the loop. For the real scalar multiplet with n > 3, the Higgs
coupling measurement data put very strong constraints on

the masses of the scalar multiplet to be greater than 300 GeV,
which makes the scalar d.o.f. decoupled from the plasma.

B. Inert doublet model

As mentioned above, usually the blind spot region with
zero Higgs-DM coupling indicates the DM sector does
not affect the electroweak phase transition. In IDM, zero
Higgs-DM coupling does not indicate zero Higgs-inert
scalar couplings are zero. There is no correlation between
direct detection and strong FOPT in IDM. Therefore, we
expect to obtain the strong FOPT and detectable GW
signals in the blind spot parameter region.

We investigate the finite temperature effective potential
and discuss conditions of strong FOPT in detail [61-64]. The
relevant scalar potential in the IDM is given in Eq. (4) where
H, stands for the inert doublet scalar without VEV. In the
IDM, we assume that only ® can acquire VEV, namely ®7 =
(0, v 4 h)/+/2 and H is the lightest component of the inert
doublet H, with the mass m% = M% + %/1345112. Thus, the
particle H is the DM candidate here. The other neutral scalar
mass is mi = M3 +1(A; + 24 — A5)v%, and the charged
scalar mass is m?. = M3 +4A;v>. The thermal phase
transition with full 2-loop effective potential has been studied
recently [65] and it shows the one-loop effective potential
in the high temperature expansion is rather reliable in the
IDM. To clearly see the phase transition physics and simplify
the following discussions on the phase transition GW signals,
we take the following approximation of the one-loop
effective potential including the daisy resummation:

A
Vegr (. T) & = (—p* + cipmT?) b +Zh4

i

2

L s (2 (h, 1))
12770 TN

— an

$(h, T 2(h, T
mi(h 1), (0. T)
64rx c, T

4(h 2(p
ntmt(2>10gm7(2)’
64 CbT

(10)

where log ¢, = 5.408 and log c¢;, = 2.635. In the effective
potential, the particles running in the loop are the particles in
the model with the following d.o.f.:

ny = 2,

ny: =4, n, =3,

ny, =ng = N+ = Ng+ :1, n,:—12.

The field-dependent masses of the gauge bosons and the top
quark at zero temperature are given by

2 2 /2
g g +g
miyy(h) = th’ my(h) = 1 h?,
2
m? (k) =212,
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where y, is the top Yukawa coupling. The field-dependent
thermal masses at the temperature 7" are

m2(h, T) = m% ~ 3Ah* — p* + ¢, T,
m%{(h,T)% (/1’; +/14+/15)h2+M2D+C2T2,

mi(h, T) ~ (/13 +/14 —/15)}12 + MZD + CzTZ,

— N = N =

m?.(h,T) ~ = Ash* + M}, + ¢ T,

o

2/1z +,14

2
+3g +g +>, and ¢, = /12+ /13+/14 T
. In the above formulas, we have con31dered the
contribution from daisy resummation, which reads as

Vo —EZV!},

Here, the thermal field-dependent masses m?(h,T) =
m?(h) + ;(h, T), where TI;(h, T) is the bosonic field i’s
self-energy in the IR limit. This cubic term is the unique
source to produce a thermal barrier in the effective potential,
and in the Higgs sector extended models, the new d.o.f. in the
inert scalar models increase the barrier and hence produce
strong FOPT. However, the cubic terms should be large
enough to produce a strong FOPT. To avoid diluting the cubic
contribution to the thermal barrier, the Higgs boson field
independent term needs to be very small [35,66].

By calculations, we find that small DM direct detection
rate and a strong FOPT can be realized when we take the
blind spot region, in which 4, = 1345/2 approaches zero.!
The DM model of IDM needs to satisfy the required DM
relic density observed from Planck: Qh? = 0.1184 +
0.0012 [67]. This put very strict constraints on the IDM:
the DM mass is determined to be m, > 540 GeV [43]
except for the parameter region with large mass splitting
between charged and neutral components. For the DM
mass lower than m,, /2, the Higgs invisible decay puts very
tight constraint on the parameter space. According to the
latest study [48], there are two viable mass regions:

(i) near Higgs funnel region with large mass splitting
between charged and neutral components: m,
around 55-75 GeV with d3;5 < 0.04;

(i) heavy DM region: my > 540 GeV with A3ys in a
broader range as m, gets heavier.

To keep the scalar non-decoupled from the thermal plasma,
it is necessary to have light DM. The dominant DM
annihilation channel will be yy — WW*, ZZ* with contact,
t- and s-channels. We will focus on the DM mass around
55-75 GeV, and the blind spot region with A3u5 ~0.

where ¢; =2 5+
3¢ +g"
16

2 TP = 2 (h)P).

4/1345 can be very small due to the cancellation between three
couplings 43, 14, and A5 while keeping A5 large enough to produce
a strong FOPT.

Combined the direct DM constraints, the DM relic density,
collider constraints [48] and the conditions for strong
FOPT, this light mass region 55-75 GeV is favored. The
strong FOPT can be produced if A3/2 and (13 + 44, — 45)/2
are order 1, then detectable GW signals can be produced,
while keep the coupling between Higgs boson and DM pair
small enough to satisfy DM direct experiments and relic
density.

Considering the above discussion, we take one set of
benchmark points 13 = 2.84726, 44 = 15 = —1.41463, and
Mp=59.6 GeV. Then, the corresponding DM mass is
64 GeV, the pseudoscalar mass and the charged scalar mass
are both 299.6 GeV, 4, = 4345/2 = 0.009. In this model,
the 299.6 GeV scalar boson can just make thermal contri-
butions to the FOPT and they would be decoupled from
thermal plasma if their masses are larger than 300 GeV [64].
And for this set of benchmark points, it is safe from reliability
of perturbative analysis as discussed in Ref. [64]. Taking this
set of benchmark points, the relic density, DM direct search,
collider constraints and a strong FOPT can be satisfied
simultaneously. In this work, the consistent check on the
recent DM constraints from direct search, the relic density
and collider constraints is done with the use of MICROMEGAS
[68]. And the phase transition GWs are calculated with the
use of the modified COSMOTRANSITIONS [69] based on the
full effective potential rather than the approximated result.

Using the methods and formulas above, the phase
transition GW signal from the three sources is shown in
Fig. 1, which is just within the sensitivity of BBO and
U-DICIGO. The dashed cyan, brown, and orange line
represents the contribution from sound wave, turbulence
and bubble collision, respectively. The colored regions
represent the sensitivities of different GW experiments
(DECIGO [70], LISA [57], BBO, and U-DECIGO [41]),
and the black line corresponds to the combined GW
signals, which also means the hZ cross section
(et + e~ = h+ Z) deviation from the SM at 240 GeV
circular electron-positron collider (CEPC). At the 240 GeV
CEPC [71] with an integrated luminosity of 10 ab™!, the
precision of o, could be about 0.4% [72]. And at the
240 GeV CEPC, the deviation of the hZ cross section §,,; =
";S% at one-loop level [73] is about 1.67% [74,75], which
is well within the sensitivity of CEPC. The international
linear collider (ILC) [72] can also test this model. The GW
signal and the hZ cross section deviation at future lepton
collider can make a double test on the DM of IDM as
shown in Fig. 1.

III. GRAVITATIONAL WAVES IN MIXED
DARK MATTERS

We have discussed FOPT and GWs if there is only one
single multiplet scalar dark matter in the dark sector. Due to
the tight correlation between strong FOPT and the DM
direct detection, only the IDM is viable for strong FOPT
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FIG. 1. The phase transition GW spectra h>Qgy in the IDM.

The colored regions represent the expected sensitivities of GW
interferometers U-DECIGO, DECIGO, BBO, and LISA, respec-
tively. The black line depicts the combined GW spectra in the
IDM for the set of benchmark points, which also represents the
corresponding hZ cross section deviation at the 240 GeV CEPC
and the corresponding DM coupling. The dashed cyan, brown,
and orange line represents the contribution from sound wave,
turbulence, and bubble collision, respectively.

and detectable GWs. Based on the relic density require-
ment, the IDM has very limited viable parameter region:
m, =~ 55 ~75 GeV, and the blind spot region 435 ~ 0. In
this section, we would like to extend the single DM
multiplet models into the mixed scalar DM models.

The mixed scalar DM scenario involves in several
Z,-odd scalar multiplets in the dark sector, which could
be mixed. The simplest models involve in two dark matter
multiplets: the mixed singlet-doublet model (MSDM)
and the mixed singlet-triplet model (MSTM) [44.45].
Compared to the single scalar DM, the advantages of the
mixed DM scenario are

(1) Itis easy to obtain a large blind spot region, at which
the DM-Higgs coupling is zero;

(ii) If the DM is mixture of a singlet and multiplet (well-
tempered), the relic density could be realized in a
large DM mass range;

(iii) There are more d.o.f. which contribute to the thermal
barriers of the electroweak phase transition.

From the above, we note that it is necessary to have a singlet
component to reduce the large annihilation cross section
during freeze-out. The higher multiplet n > 3 is also tightly
constrained by the plasma screening and Higgs diphoton
constraints.

We will focus on the strong FOPT and GWs in the blind
spot region with broad DM mass range in the MSDM and
MSTM. Here, we adapt the effective Lagrangian in
Ref. [45]. Denote the SM singlet as S and the neutral
component of the multiplet as H. Due to the mixing
between two fields, the mass eigenstates have

y = cos @S — sin OHY, (11)

s = sin0S + cos OHY. (12)

The effective Lagrangian for the mass eigenstates has
Lest = ap, hyy + apgghss + -+ -. (13)

Define the dimensionless coupling 4, = a,,,/(2v) and
Anss = Qpgs/ (20). According to Ref. [45], the mixed DM
scenario could have large viable parameter region after
imposing the direct detection constraints and requirement
on the DM relic abundance. Unlike the IDM, the DM mass
could be arbitrary. The viable parameter region strongly
depends on two parameters: the 1;,,, and the mixing angle
0. The spin-independent direct detection rate is dominated
by the Higgs exchange with the cross section:

12 m2 \2
GSIﬁfzzvﬂ< N2>' (14)

n \m,m,

Thus, the 4, needs to be small to avoid tight direct
detection constraints. In this study, we take the blind spot
region: 4, ~ 0. The dominant thermal annihilation chan-
nels could be very different and distinct depending on the
DM mass region. To produce detectable GW signature, we
would like to focus on the moderate DM mass region
(my < m, <300 GeV).5 The dominant annihilation chan-
nels are
(i) the s-channel annihilations: yy — h - WW, ZZ,
ff, in which the annihilation rate depends on
the 4;,,;
(ii) the contact four point annihilation: yy — WW for
real multiplet and yy — WW, ZZ for doublet;
(iii) the f-channel annihilation: yy — WW via exchang-
ing of the charged scalars;
Given 4, ~ 0 in the blind spot region, we assume that the
contact and 7-channel annihilation processes are dominant.®
In this case, the annihilation cross sections only depend on
the gauge interactions, and the annihilation rate near the
blind spot region is greatly simplified as

5 3g4_,’_6g2912_|_g/2

~ )
(AR 25672 sin“@, (15)
for the mixed singlet-doublet, and
g
6wV e sin® 0, (16)

ny,

>0f course, the parameter space near the Higgs funnel region is
also viable. But we focus on a broader parameter region in this
work.

®There is still small parameter region in which the s-channel
and gauge interactions have interference effects.
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for the mixed singlet-triplet model. To obtain the required
relic abundance, the mixing angle sin @ needs to satisfy

m
inf~——% _  (doublet), 17
SN0~ 5 Gey  (doublet (17)
m
in6~——"%__ (tiplet 18
Sin0 =500 Gev  ({riPIe). (18)

which could be deduced from Refs. [42,43]. Note that this
simple relation is only valid near the blind spot region. In
the interested mass region (my < m, < 300 GeV), the
well-tempered DM is favored. Therefore, we could choose
the benchmark points by acquiring 4;,, is close to zero
(blind spots) and sin @ is determined by the above Eq. (18).
Using these two conditions, we could obtain correct relic
abundance, while escaping the DM direct detection con-
straints and obtaining a strong FOPT with detectable GWs.

A. The mixed singlet-doublet model

The MSDM contains a singlet S with hypercharge
Y = 0, and a doublet with hypercharge Y = 1/2. The tree
level potential in the MSDM is

1 1 .
Vo= EMéSz +MLHH, JFEASSZ|<1>|2 + ;@ OH H,
2
+ 24| T H,[? +55 [(®'H,)*+H.c.]+A[S®H} +H.c.].

Here, we omit all interactions involving only S and H, and
the kinetic terms. The mixed mass matrices are

M:  Av
Mﬁeutral = ( =0 >’ (19)
Av My

where M3 = M3 + 1 v*As and M} = M3 + $1?35. The
two eigenvalues of the mass-squared matrix are

IV ——
SR+ T £\ (13 - B3 + 40747, (20)

\S)

with the smaller eigenvalue corresponding to DM mass
square

1r. - = .
m} = 5 W3 + B3, — 013 - i1,)2 + wrA?). @)

The mixing angle is

2A
M5 — My,

The coupling between the Higgs boson and DM is
1
Uy = 5 v(As + A345)
_ 20A7 + 3 0(M5 = Mp)(As = Ass)
VUL = B3 + 422

. (23)

and the coupling between the Higgs boson and the singlet
scalar is

1
Ahss = 5 v(As + As)
20A? + L o(M5 — M3,)(As — Asas)
VUL = B3 + 40242

(24)

In the DM favored parameter spaces (small 4,
sin@ ~ m, /540 GeV, and my < m, < 300 GeV), a strong
FOPT can be induced due to the fact that the strong FOPT
can occur in the IDM and the mixing with an inert singlet
can enhance the FOPT. The mixing term A[S®D' + H.c.]
does not significantly change the phase transition property
except for the change of the eigenvalues of the masses. The
strong FOPT can be easily realized if A5 and 4,,,, are order
one which are allowed by the above DM constraints.

We take one set of benchmark points A; = 3.006,
Ay =-15, 15 =-15, 13=4.006, A =91 GeV, and
Mp=Mg=117.5GeV. Then, we have m,= 100.6 GeV,
Ay, = 0.0009, and 4, = 2.005. The corresponding GW
spectra are shown in Fig. 2. This set of benchmark points
can evade the constraints from DM direct experiments, give
the correct relic density and produce detectable GW signals
by LISA, BBO, DECIGO, and U-DECIGO. We estimate
the deviation of the hZ cross section d;; at one-loop level

U-DECIGO

1074 0.001 0.010 0.100 1 10 100
f[Hz]

FIG.2. The phase transition GW spectra h?Qgqy in the MSDM.
The colored regions represent the expected sensitivities of GW
interferometers U-DECIGO, DECIGO, BBO, and LISA, respec-
tively. The black line depicts the combined GW spectra in the
MSDM and the corresponding DM coupling for the set of
benchmark points. The dashed cyan, brown, and orange line
represents the contribution from sound wave, turbulence, and
bubble collision, respectively.
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10-12}
z
[O)
a
107"5F S e S A
- Anxx =0.001 Al
//
/ U-DECIGO
// S /'/
18| colision
10 ‘// o funbutence ‘ ‘ ‘ sound wave ‘
1074 0.001 0.010 0.100 1 10 100
f[Hz]
FIG. 3. The phase transition GW spectra h?Qgy in the MSTM.

The colored regions represent the expected sensitivities of GW
interferometers U-DECIGO, DECIGO, BBO, and LISA, respec-
tively. The black line depicts the combined GW spectra and the
corresponding DM coupling in the MSTM for the set of bench-
mark points. The dashed cyan, brown, and orange line represents
the contribution from sound wave, turbulence, and bubble
collision, respectively.

is about 2.78% [74,75] at the 240 GeV CEPC, which is well
within the sensitivity of CEPC and ILC. As for the precise
prediction on the collider signals at the CEPC and ILC in
this MSDM model, we leave it in our future study.

B. The mixed singlet-triplet model

Similarly, the MSTM contains a real singlet and a real
triplet with ¥ = 0. The relevant potential in the MSTM is

Vo = %M_%Sz + METr(H2) + xs®' OTr(H2)
+ g D252 + £SO H, . (25)
The coupling between the Higgs boson and DM is
1
gy = 5 v(k +Ky)

108 4 Lo (1 — B3 (k — )

= = . (206)
VU - B2 41042
with the DM mass square
o Uen o 72 _ 22 524-
my =5 |Ms+ Mz - (M5 — M) TV (27)

where M} = M% + 11’k and M% = M3 + £ v%. The cou-
pling between the Higgs boson and the singlet is

Apss =

1
3 v(k +Ky)

1032 4 Lol — B13) (x ~ )

VU= B2 + 1042

In the MSTM, we take the set of benchmark points
k= 0.01, ks = 3.0, £ =0.31337, My =50 GeV, Mg =
119.93 GeV. Then, we have m,= 120 GeV, 4, = 0.001,
and ;,, = 1.504. The GW spectrum is shown in Fig. 3,
which is within the sensitivity of the BBO, LISA,

DECIGO, and U-DECIGO. We also leave the study of
collider signals in the MSTM in our future study.

(28)

IV. CONCLUSION

We have investigated the GW signatures associated with
the possible strong FOPT in the early universe in a generic
class of inert scalar multiplet DM models. We have found that
there is usually a strong tension between the strength of the
phase transition and the DM direct detection, except the blind
spot region with narrow DM mass range in the IDM. In the
IDM, we have shown that although the direct detection
experiments could not probe the blind spot region, at which
the Higgs-DM coupling is zero, the GW detection and lepton
colliders could help us further explore the parameter space
which cannot be addressed by the DM searches.

To enlarge the blind spot region with broader DM mass
range, we considered the mixed scalar DM scenario. We
focused on the minimal singlet-doublet dark matter and
minimal singlet-triplet DM models, and showed that the
blind spot region in these models could avoid all the
relevant constraints, have required relic density, and pro-
duce strong FOPT in the early universe. The GW signatures
are explored in this scenario, and we found that the blind
spot region could be further explored via the GW signatures
and collider signatures in future. This provides us a new
way to detect the DM in future. And our strategy could also
be used to more general DM scenarios than the scalar
multiplet DM models. We expect the future GW and
collider experiments, such as LISA and TianQin [76],
CEPC and ILC, could probe these DM scenarios beyond
the reaches of the DM direct detection experiments.
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