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We study a domain wall induced by spontaneously broken Z, symmetry and its gravitational wave
signature in the standard model with a complex scalar in connection with dark matter physics. In a minimal
setup, a linear term of the singlet field is added to the scalar potential as an explicit Z, breaking term to
make the domain wall unstable. We obtain its minimal size from cosmological constraints and show that the
parameter space that can be probed by current and future pulsar time array experiments requires the vacuum
expectation value of the singlet field to be greater than O(10-100) TeV, along with a singletlike Higgs
mass of O(1-100) TeV. However, such a region is severely restricted by the dark matter relic density,
which places an upper bound on the singlet vacuum expectation value at approximately 200 TeV, and limits
the dark matter mass to about half of the singletlike Higgs boson mass.
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I. INTRODUCTION

The search for physics beyond the standard model (SM)
is the most critical and pressing issue in particle physics.
After discovering the Higgs boson with a mass of 125 GeV
[1,2], attention has increasingly been drawn to searches for
extra scalar particles. However, despite current experimen-
tal data from the Large Hadron Collider (LHC), there is still
no clear evidence of new physics. This may suggest that the
new mass scales are too high to be reached, or that the new
interactions are too weak to be detected. In such a situation,
the use of cosmological probes through gravitational waves
(GWs) can complement the search for extended Higgs
sectors (for reviews, see, e.g., Refs. [3-5]).

Currently, positive evidence of the stochastic gravita-
tional wave background in the nano-Hz frequency range is
reported by pulsar timing array experiment collaborations,
NANOGrav [6], EPTA [7], PPTA [8], and CPTA [9]. In
addition to the supermassive black hole binaries interpre-
tation [10], alternative explanations by extended Higgs
sectors have also been proposed [11-15].
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If there exist multiscalar fields, cosmological phase
transitions would be diverse. For example, the electroweak
phase transition (EWPT), which is a smooth crossover in
the SM [16-19], could be of first order, and GWs could
be produced by bubble collisions, etc. This possibility
is particularly important in the electroweak baryogenesis
mechanism [20] (for reviews, see, e.g., Refs. [21-31]).
Additionally, other phase transitions prior to EWPT could
occur, in which case extra sources of GWs could exist, such
as collapses of domain walls (DWs) induced by sponta-
neously broken discrete symmetries. In such situations, the
order of the phase transitions is not necessarily of first order.

One of the simplest new physics models is the SM with a
complex scalar (cxSM) [32-35]. Its scalar potential pos-
sesses a global U(1) symmetry if it is a function of | S|?, where
S denotes a complex singlet scalar field. To avoid the
emergence of a massless Nambu-Goldstone boson after the
U(1) symmetry is spontaneously broken, we need to add
explicit U(1) breaking terms, such as a S? term, which breaks
the U(1) symmetry down to a Z, symmetry. In this case, the
DW would appear if the Z, is spontaneously broken. Adding
alinear term in the S field to the scalar potential is a common
way to avoid the cosmologically unwanted DW. In the CP
conserving limit, the scalar potential becomes invariant under
S — S§*, or equivalently ImS — —ImS." Therefore, ImS can

'DW induced by the CP symmetry (called CPDW) in the
cxSM is extensively studied in Ref. [35].
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be dark matter (DM). As first indicated in Ref. [34], a spin-
independent DM cross section with nucleons would vanish if
the linear term is absent (for this type of cancellation
mechanism, see also Ref. [36]). To our knowledge, the lower
value of the biased term required by the DW collapse has not
been explicitly quantified, taking the DM constraints into
account.

In this article, we explore DW and its GW signatures in
the CP-conserving cxSM with the minimal setup, where
the U(1)-breaking terms in the scalar potential are only S
and S?. After considering constraints such as vacuum
stability, tree-level unitarity, the DM relic density, and
the condition that DW decays before the big-bang nucleo-
synthesis (BBN) era, we obtain the lower bound of the
linear term in S and identify a parameter space that is
accessible by future experiments such as SKA [37]. In this
work, we do not aim to explain the NANOGrav 15-year
(NG15) data using the current model since the interpreta-
tion by DW with a constant tension, which applies to our
case, is not favored [15]. Instead, we use the NG15 data as a
constraint when selecting our benchmark points. Our
analysis shows that the coefficient of the linear term needs
to be higher than O(107!%) GeV?, and in order to have the
detectable GW spectrum, the vacuum expectation value
(VEV) of S needs to be greater than O(10-100) TeV.
Additionally, the mass of the singletlike Higgs boson
should be within the range of O(1-100) TeV with a
mixing angle between the two Higgs bosons of approx-
imately O(0.10-10) degrees. Such mass ranges are similar
to those in the CPDW case [35]. However, the allowed
region in our scenario is severely limited by the DM relic
abundance, imposing an upper limit of about 200 TeV on
the singlet Higgs VEV and limiting the DM mass to about
half the mass of the singletlike Higgs boson.

The paper is organized as follows. In Sec. II, we
introduce the cxSM and present the masses and couplings
at the tree level. We also describe the theoretical con-
straints such as vacuum stability and perturbative unitar-
ity in this section. In Sec. III, we derive the equations of
motion for DW and display DW profiles using a typical
parameter set. We then discuss the decays of DWs in
terms of the BBN constraint and GWs signatures,
considering the discovery potential at SKA. Our main
numerical results are presented in Sec. V, and the
conclusion is made in Sec. VI

II. MODEL

The cxSM is an extension of the SM that involves adding
a complex scalar field denoted as S. The scalar potential of
this model generally has 13 parameters. However, to
simplify the model, the potential is modified by enforcing
a global U(1), and some symmetry-breaking terms are
added [32]. In the simplest model, the scalar potential is
defined as

2

me . A 1
Vo(H.S) =—-H'H +7 (H'H)? + gbﬂH|§|2

b2 2 d2 4 bl 2
+ =S| +—=|S|* + S+—S“+H.c.

()

where b; is needed to avoid the unwanted massless
Nambu-Goldstone boson associated with the spontane-
ously broken global U(1) symmetry. On the other hand,
a; has a dual role: not only does it break the U(1)
symmetry, but it also introduces a bias that destabilizes
DW generated by the spontaneously broken Z, symmetry,
thereby avoiding cosmological constraints. As mentioned
in Introduction, we quantify the required magnitude of a;
in Sec. V. Although a; and b can be complex parameters,
only their relative phase gives rise to the physical phase.
However, for our present analysis, we assume them to be
real, so that the scalar potential V, remains invariant under
the CP transformation S — S*.
The scalar fields are parametrized as

G*(x)
H(x) = <\}§(v+h(x)+iG°(x))>’ @
S(x) = %(vs +S(x) + ix(x)). 3)

where v(~246.22 GeV) and wvg are the VEVs of the
doublet and singlet scalar fields, respectively. G™9(x)
are the unphysical Nambu-Goldstone bosons associated
with electroweak symmetry breaking. The CP-even scalars
h(x) and S(x) can mix and one of them becomes the
SM-like Higgs boson with a mass of 125 GeV. One can see
that the scalar potential V, is invariant under y(x) — —y(x)
due to the aforementioned CP invariance, which implies
that y(x) can play a role of DM.

The tadpole conditions with respect to 4 and S are,
respectively, given by

Vo\

oh/
6V0 - b1+b2 52 2 d2 > \/§a1 o
<6S>—vs[ ot vt st s =0, (5

where (- - -) denotes that the fluctuation fields are taken zero
after the derivatives.
The mass matrix of the (%, S) bosons takes the form

m> 31,2 4 6,2

m? A 5 0y 5
—_— —_ _— pu— 4
v[2+4v+4vs] 0, (4)

2
2 Vs
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where the tadpole conditions (4) and (5) are used in the
second equality. This mass matrix can be diagonalized by
an orthogonal matrix O(a)

07 () M20(a) = (mi 02) 0(a) = <c"‘ _S“>,

0 my, Sq  Cq
(7)

where s, = sina and ¢, = cos a with —z/4 < a < z/4 and
h, is identified as the SM-like Higgs boson in our study,
ie., my =125 GeV. In the large vg limit, the two scalar
masses are simplified to

1 53 1 63
mj, zi(/l—d—i)vz, mj, b <d20§+d—iv2>. (8)

The DM mass is given by

where the tadpole condition (5) is used in the second
equality.

There are 7 parameters in the scalar potential:
(m?, by, A,d,,5,,by,a;). All parameters except for a,
can be expressed in terms of (v,vg,m, .my,, a m,).
More explicitly, one finds

2
1= 23,2 i ). (10)
2 2
b= w20 )
vy : ? vg
85y = 2% (m2 —m2) (12)
2T g ha 2
2
by = —[m§+ f‘”}, (13)
Us
A 13
m2:—§v2—5211_29, (14)
52 d2 2\/501
sz—EUZ—?Ug— Vs _bl‘ (15)

The Higgs couplings to fermions and gauge bosons are,
respectively, given by

m -
‘Ch,-]‘f = —Tf ZKifhiff’ (16)

i=12

1
ﬁh,‘VV = ; ZKivhi(m%Z”ZM + Zm%VWJW_”), (17)
i=12

where ks = K1y = ¢, and ky; = Koy = —s,. The values of
my,, and k are restricted by LHC data [38,39]. Regarding
theoretical bounds, on the other hand, we impose the
bounded-from-below condition and the global minimum
condition on the scalar potential. The former is given by

—\/ﬂdz < 52, (18)

where the third inequality condition is needed only if 6, < 0.
The global minimum condition means that Vj(v, vg) is
smaller than any other potential energy. Moreover, we
impose the perturbative unitarity [35]. Because of this,
the value of m,;, has an upper bound for a given a. In
the parameter space where the sizable GW is produced, the
theoretical constraints hold more significance than the
collider bounds, as discussed in Sec. V.

A>0, d, > 0,

III. COLLAPSE OF DOMAIN WALL AND ITS
GRAVITATIONAL WAVE SIGNATURES

In the case of a; =0 and vy # 0, we have the DW
solution. The classical scalar fields are parametrized as

Qo0 e
ﬁ(¢(z)), s =22 a9

where z is a coordinate perpendicular to DW. The energy
density of DW is given by

(H(z)) =

1 1
Eow =5 (000 +5 (05 + V(dds).  (20)
with the normalized scalar potential

V(. ps) = Voo, ds) — Vo(v, vs)

A
= (@ =)+ 2 (@7 = )¢5 - 1)
d
+1e @5 — 3% (21)

where Egs. (14) and (15) are used to eliminate m? and

by + b,. The subtraction of V(v, vg) is necessary in order

not to generate a divergence in a tension of DW defined

below. From Egs. (10)—(12) with a; =0, we note that

V(¢. ¢s) is determined by m,,,, &, and v, independent of 1z,
The equations of motion for DW are

&iod v
———=0, 22
dz*> oD (22)

where ® = {¢, s} with the boundary conditions

lim ¢(z) = v,

7—+o0

lim ¢g(z) = tvs. (23)

7>+

“Since we consider the CP-conserving case, only the real part
of the singlet field would be relevant.
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The DW profiles of ¢(z) (left) and ¢g(z) (right), respectively. We take m;,, = 4.0 TeV, m, = 2.0 TeV, vg = 100 TeV, and

a = 0.10°(= 1.7 x 1073 radians). This parameter set gives opy = 2.7 x 103 [GeV?].

We solve Egs. (22) and (23) using a relaxation method [40],
and then calculate the tension of DW which is given by

pot

Opw:>

Opw :/ dz€pw = ofy + o (24)

where oK% and 6By, are contributions of kinetic and potential

terms, respectively. From Derrick’s theorem [41], it follows
that oK%, = 6By, We use this relation as a cross-check for the
correctness of our numerical solutions.

In the decoupling limit, where |a| < 1, DW is reduced to
that in the ¢* theory (see, e.g., Ref. [42]). In this case, the

DW profile is expressed as

¢s(z) = vgtanh (\/%vsz).

Using this analytic solution, opy can be easily calculated as

Opw = % v3 df [tanh2 <\/7§> - 1]

2 Jdy 4 2
=3\

(25)

(26)

where & = vgz, and Eq. (11) is used. Therefore, the magni-
tude of opy is controlled by m;,, v% in the decoupling limit.

Now, we present a DW solution in a parameter space of our
interest, where m;,, =4.0 TeV,m, =2.0TeV, v3=100TeV,
and @ = 0.10°(= 1.7 x 1073 radians). This choice turns out
to be consistent with all theoretical and experimental con-
straints and yields detectable GW signals in future experi-
ments discussed below. The left and right panels of Fig. 1
show the DW profiles of ¢(z) and ¢5(z), respectively. ¢g(z)
has a hyperbolic tangent shape as expected, while ¢(z) has a

dip around z ~ 0, which should be attributed to the singlet-
doublet scalar field mixing. In this parameter set, we obtain
opw = 2.7 x 1013 [GeV?], which agrees well with the
approximate expression (206).

DW must disappear to avoid interfering with cosmo-
logical observations, and the Z, breaking term ;S is
introduced to destabilize the DW. In the presence of
nonzero a;, the degeneracy of the two vacua is broken by

AV = |V(v,v5) = V(v, —vs)| = 2V2|ay|vs.  (27)
DW would be annihilated when the pressure of DW is less
than the pressure caused by the bias term AV. We

determine the annihilation temperature by the condition
AV = Cym Aopy [3], where C,,, ~2-5 [3] and A~ 0.8 +

tﬂﬂﬂ
0.1 [43]. For our numerical analysis, we assume that C,,, =
2 and A = 0.8. For convenience, we introduce the dimen-

sionless DW tension

~ _ Opw
Opw — 5
My, Vg

(28)

The successful BBN enforces a bound on t,,
CannAaAD—“j’ < tgpy = 0.01 s, which places a lower bound
on |a| as

>23x10715GeV3 | —5 12 5 ) Con Ay
&l ¢ <103 GeV ) \10° GeV 7w

(29)
For the parameter should be

greater than O(1071%) GeV? for the successful BBN. If
DW is annihilated when the universe is in the radiation-
dominated era, the temperature at ¢ = t,,, iS given by

095048-4



GRAVITATIONAL WAVES FROM DOMAIN WALL COLLAPSES ...

PHYS. REV. D 109, 095048 (2024)

X~ f X <
N hl,’) N h1,2
P Rl
X - f X -
(a) (b)
X e e hi .
X
X e T h; X -
(d) (e)

, h;
,

FIG.2. The DM annihilation processes, where f denote the SM fermions, while V represent W= and Z. Each process is described by

Egs. (A1)—~(AS5) in Appendix.

_ g*(Tann) 174 |a1| 12
Ty = 1.8 x 1072 GeV | 22102 T
ann * ¢ < 10 ) 1015 GeV3
10° GeV\ /2 /10° GeV) !/2
X < © > < © > (Cann-Aa-DW)_l/2
my, Us
(30)

which has to be greater than Ty = 8.6 x 1073 GeV. Note
that the larger |a;| makes T,,, higher.

We consider another constraint that the DWs should not
dominate the universe. Assuming that the energy density of
the universe is initially dominated by radiations, then the
time of the DW-dominated universe can be calculated as
faom = 3m?, /(32w Aopy) [3], where my =1.22x 10" GeV.

From the condition t,,, < f4om, it follows that
) (i5'6w)
(31)

This constraint is weaker than that in Eq. (29) for the
parameter set used in Fig. 1. In principle, however, it could
impose a more stringent bound in the region of larger m;,,
and/or vg due to their higher powers.

After the annihilation of DWs, GW would be generated,
and their spectrum at peak frequency can be determined

by [3,44]
)1/z<g*s >-1/3

(32)

Us
10° GeV

mhz
10° GeV

la,| > 8.0 x 10718 GeV3<

242
X Can A6y -

(Tann)
10

g* (Ta.nn)
10

Foeak = 1.1 x 107 Hz<

()

JA recent study by Ref. [45] has provided somewhat different
estimates. However, our main conclusion remains qualitatively
unchanged.

Tann
1072 GeV

Qawh*(fpeak) = 7.2 x 10719y A

g*‘\' ( Tarln ) _4/3 Tﬂnn _4
X
10 102 GeV
mhz 2 Vg 4 ~D
. (33
x <103 GeV) <105 GeV) Sow:  (33)
where égw = 0.7 £ 0.4 [43], 9. (Tann) = Gus(Tann) = 10.75

for1 MeV < T,,, < 100 MeV [42]. As seen from Eq. (33),

Qcwh?(fpeax) is proportional to opy, and can reach

O(10719) for the parameter set in Fig. 1. For an arbitrary

frequency f, we use
3
> , (34)
The signal-to-noise ratio (SNR) is defined as

). (35)
fmax
SNR = \/zdur / df QGW /)

QGth(f < fpeak) 'Q'GWh (fpeak) (ff .
peal

f peak
f

QGwhz(f > fpea.k) = QGth(fpeak) (

exp f)h2> , (36)

where t4,, denotes the duration of the mission. In our
numerical study, we explore the parameter space assuming
tqor = 20 and SNR = 20 at the SKA experiment [37] which
aims at detecting GW in the nano-Hz frequency. Such a
region is currently favored by the pulsar timing array
experimental data [6-9]. The requirement of the GW signal
detectability puts an upper bound on |a;| because of
Qaw & Tk o |a;|72, which has to be consistent with the
lower bound on |, | coming from either Eq. (29) or Eq. (31).

IV. DARK MATTER

The parameter space of the CP-conserving cxSM is
further constrained by DM physics. Figure 2 shows the

095048-5
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annihilation processes of y, and each contribution is given
by Egs. (A1)-(AS5) in Appendix. Let us consider the cases
where Qg (o oy o mj v§) is enhanced and the mixing
angle a is small enough to make /; similar to the SM. In
this scenario, 6, would be small [as per Eq. (12)], and some
Higgs couplings appearing in the DM annihilation proc-
esses can become small as well. This would lead to a
significant suppression of the DM annihilation cross
section, which could cause the DM relic density (denoted
as Q) to exceed the observed value of Qpyh? =
0.11933 4 0.00091 [46]. However, such an overabundance
of DM can be avoided in the resonance region, where the

DM mass is half as large as the masses of the intermediate
Higgs bosons. Among the processes given in Fig. 2, the
most relevant diagram in the case of TeV DM mass would
be diagram (c), which is cast into the form

(61} ) ~ ﬂhihj j'hu{){lhlh,‘hj
rel )d/—>h2—>h,vhj 871’S 5 — m% + lmh Fh
1 1 1

Ay Anyhh, 2

, (37)

2 .
S — mhz + ll’l’lhzl—‘h2

where § = 1/2 for identical particles as final states, and
S =1 otherwise. The center-of-mass energy squared is

my, = 2.0 TeV

Excluded by pertXurbative unitarity

~N

10' |
10° |
o
S 10
102 |
107
10*
m, = 5.0 TeV
40! b Excluded by perturbative unitarity |
E \
~
~
~
N
N
0 o \ \\
10° ¢ 3
: \
\
— |
5 0,
= =0.1 1.0 10 |
S 107k Qpwm /I-
/
/
/
/
/
102 | l
/
/
/
7/
L/
10° 5 ‘ = 6
10 10 10
vg [GeV]

FIG. 3.

101 L

100 L

SERTANS

-3 |
10
10* 10° 108

vg [GeV]

Contours of the DM relic abundance in the three cases: m, = 2.0 TeV (upper panel), 5.0 TeV (lower-left panel), and 15 TeV

(lower-right panel), respectively. In each panel, the three lines denote Q,/Qpy = 0.1 (black, dotted line), 1.0 (red, solid line), and 10
(blue, dashed line), with Q) representing the observed value of the DM relic abundance. The perturbative unitarity constraint excludes
the shaded region. The second CP-even Higgs mass is set to m,, = 2m, to enhance the DM annihilation crosse sections, while

a, = —107'2 GeV? for illustration.
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approximately given by s~4m2, and the phase space
factor is

2(m; +m3)  (m; —m3)?
/3,-]-:\/1— LA — . (38)

N N

The Higgs couplings are explicitly given by Eqs. (A7)—
(A12), and T, and I';, are given by Egs. (A16) and (A17),

respectively. In the case of s=dmy~mj > m; , for

instance, (60y) », would be reduced to

ax—hy—hy
1 4m%
(Gvrd))(;(—m —hh = 2 1- 2 :
2 16mm m
hy hy
2
Ahygg iy Ahygg Aoy
2 _ 2 . .
my, —my +im, Iy, imp, Iy,
(39)

Note that the first term is suppressed by 4 ,,An nn, =
(m}, 54/ vs) - (3mj, c3/v) in the limit of |a,|/v§ < 1. In the
second term, on the other hand, the suppressed couplings
Ay Aohiny = (m%zca/vs) : (—(2’"%[ + m%z)cgsa/v) could
be compensated by the smallness of T, o s2, preventing
the annihilation cross section from becoming tiny. From
this simple argument, we expect the detectable GW region
to require my, ~ 2m,, otherwise, the DM would be over-
abundant and ruled out. We numerically verify this state-
ment below.

Now we move on to discuss the spin-independent (SI)
cross section of DM scatting off a nucleon (denoted as

-11

10

BBN —— P
SKA20 ——-- e

1072

10713

10714

la1| [GeV?]

1071®

10718

-17 I
10
10* 10°

vs [GGV}

108

oy 7). After integrating the /; fields out, one can obtain

an effective Lagrangian for DM-quarks interactions as

1 Ah K1 j‘h K>,
.2 P _ XX lq XX 44
Lypgg =2 qumqqq, fq= 2 < ;n% + m? .
q 1 2
(40)

Using the coupling f,, one can find GISVI as [33,34]

2 (12 22,2
oV — 1 my 83, (mj, _mhz) ag
S 8rv? (m, + my)? mj, mj, v
2
X Z qu+§fTG (41)
q=u,d,s

Currently, the value of o}; is severely limited by the LZ
experiment [47]. However, one can observe that ng would be
zero if the value of a; were to be zero as well. This was first
noted in Ref. [34] and explored in greater detail in Ref. [36].
Nonetheless, to avoid the DW problem, a; should not be
exactly zero, as discussed in Sec. III. In our study, we use
MICROMEGAS [48] to calculate Q,4? and 6%;.

We close this section by giving the DM relic abundance
in the region, where vg > 10 TeV, taking m, = m,, /2.
Figure 3 displays the contours of the DM relic abundance
normalized by the observed value in three different DM
mass cases: m, = 2.0 TeV (upper panel), 5.0 TeV (lower-
left panel), and 15 TeV (lower-right panel). The three lines
in each panel represent €2, /Qpy = 0.1 (black, dotted line),
1.0 (red, solid line), and 10 (blue, dashed line), respectively.
The hatched area is excluded by the perturbative unitarity

-11

10
BBN

SKA20 —--- 7

— 7

1012 | e

|ai] [GeVg]

10* 10°

mp, [GeV]

FIG. 4. Constraints on the biased term |a, | as a function of v (left panel) and m,,, (right panel). We take m,, = 4.0 TeV in the left
panel and vg = 100 TeV in the right panel, respectively, and the remaining parameters are m; = 125 GeV, m, = 2.0 TeV, and
a = 0.10°. The solid line in red represents the BBN bound which yields the lower bound on |a; |. On the other hand, the dashed line in
blue (SKA20) denotes the discovery potential case with SNR = 20 which sets the upper bound on |a,|.
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constraint. As an example, we take a; = —107'2 GeV?>. In
all cases, we have vg < 200 TeV in order not to exceed the
observed DM relic abundance, implying that the value of
opw (e v}) would be bounded from above, which in turn
can limit the magnitude of the GW spectrum.

V. NUMERICAL RESULTS

Here, we study the detectability of GW from the domain
collapses. In Fig. 4, we plot the constraints on the biased term
|a;| as a function of vg (left panel) or m,,, (right panel) for
my, = 125 GeV, m,, = 2.0 TeV, and a = 0.10°. In the left
panel, we take mp, = 4.0 TeV, while for the right panel,
vg = 100 TeV. The red solid line represents the BBN bound,
which sets the lower bound on |a,|. On the other hand, the

blue-dashed line (denoted as SKA?20) corresponds to the
discovery potential at SKA with SNR = 20, and above which
SNR < 20, yielding the upper bound on |a,|. From the left
panel, vy = 54 TeV is required to detect GW signals at SKA
inthe case of m;,, = 4.0 TeV. Similarly, from the right panel,
my, 2 1.2 TeV is necessary for the detectable GW signals
for vg = 100 TeV. Therefore, the biased term has to satisfy
that|a,| 2 O(107!%) GeV?>. Due to the smallness of a2 /v as
well as 5,5, < 1, o8] is far too small to be constrained by the
current LZ data. In the parameter space that we explore
below, we always choose the value of |a; | so that it satisfies
the condition of SNR = 20, while imposing the BBN
constraint.

Figure 5 shows the discovery potential at SKA in the
(my,, vg) plane, where all the points satisfty SNR = 20 by

10° T

vg [GeV]

perturbative unitarity el P~

Excluded by

vg [GeV]

Excluded by perturbative unitarity

168 T I S
10? 10° 10* 10° 108

mp, [GeV]

FIG. 5.

10* 10° 108

vg [GeV]

Excluded by perturbative unitarity

L sl
10? 10° 10*

mp, [GeV]

108

_
o
d

Discovery potential at SKA as a function of m;,, and vg. The lower region of the solid line is excluded by the BBN bound. The

perturbative unitarity excludes the right region of the dotted line in magenta. The solid curve in blue shows the observed DM relic
density Q)(h2 = 0.12, and the narrower region rounded by the curve, thz < 0.12. Here, @ = 0.10°, 1.0°, and 10° are taken in the top,
bottom-left, and bottom-right panels, respectively. The DM mass is fixed to m, = 2.0 TeV.
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10°® . ‘
SKA
NG15 [
108} Mmp, = 4.0 TeV
10 TeV ———-

Qawh?

1076 - i

10" 10° 10® 107 10® 10%® 10*

[ [H7]

FIG. 6. Qgwh® as a function of frequency f in the cases of
mp, = 4.0 TeV (black, solid line), 10 TeV (red, dashed line), and
30 TeV (blue, dotted line), respectively. For all cases, we take
vg = 100 TeV and a = 0.10°, and the DM mass is fixed to m,, =
my,/2 in order to satisfy Q,h* <Qpyh? =0.12. The gray-
shaded region represents the SKA sensitivity, while the light-
blue region (denoted as NG15) is indicated by the NANOGrav
15-year data.

judiciously choosing a;. We take a = 0.10° (upper panel),
and a = 1.0° (lower-left panel), and a = 10° (lower-right
panel), respectively, and set m, = 2.0 TeV. The BBN
constraint excludes the lower region of the solid line in
red, while the right area of the dotted line in magenta is
excluded by the perturbative unitarity. The solid curve in
blue shows Q){h2 = (.12, and the narrower region rounded
by the curve corresponds to thz < 0.12. The allowed
region is limited to the resonance region, where m;,, ~2m,,
as discussed in Sec. IV. The region of thz <0.12
becomes broadened as a gets larger. However, the maxi-
mum value of vg gets lowered, and the larger m,,, region is
also more constrained by the perturbative unitarity, as seen
in the lower-right plot. It should be noted that as long as
my,, = 2m,, is maintained, the allowed values of m;, could
vary, as shown in Fig. 3. Taking all the constraints into
account, we conclude that the parameter space that SKA
could probe is limited only to the region, where 10 TeV <
vs <200 TeV with m;,, = 2m,.

In Fig. 6, the values of Qgwh? are displayed as a func-
tion of frequency f for m;,, =4.0 TeV (black, solid
line), 10 TeV (red, dashed line), and 30 TeV (blue, dotted
line). We use vg = 100 TeV and a = 0.10°, and main-
tain a fixed DM mass of m, =m;, /2 to ensure that
Q)(h2 < Qpyh? = 0.12. The gray-shaded region represents
the SKA sensitivity, while the light-blue shaded region is
indicated by the NG15 data. As noted in Introduction,
however, the ordinary DW interpretation is not favored
since the best-fit low-frequency slope of GW spectrum

TABLE I. Summary of the GW-related parameters for the
three benchmark points shown in Fig. 6, where apwy =
Pow(Tann)/Pr(Tarn) With ppw and p, denoting the energy
densities of DW and radiations, respectively.

QGth (fpeak) fpeak T ann
10719 [10° Hz [MeV] apw
my, = 4.0 [TeV] 2.4 1.9 17 0.018
my, = 10 [TeV] 4.5 2.6 23 0.025
my,, = 30 [TeV] 10 3.6 32 0.038

reported by the NG15 data is Qgw o 12724 [6,15], while
Qgw  f3 in our case.* Here, we consider the NG15 data
as a constraint. The values of Qgwh?( Speak)s fpeaks Tanns
and agw in each case are summarized in Table I, where
Opw = pDW(Tann)/pr(Tann) with PDW and Pr representing
the energy densities of DW and radiations, respectively.
Although T,,, and apw in those cases lie outside the
95% CL NG15-favored region, they are not ruled out [6].
Regardless of the small viable window for the DM relic
abundance, GW arising from the DW collapses in the cxSM
can accommodate Qgwh? = O(1071°-10~) in the nano-
Hz frequency range, which can be further probed by the
SKA experiment.

Before closing this section, we discuss a possible

alteration in the DM relic density.

(i) If a significant amount of entropy is generated after
the collapse of DW, the abundance of DM could be
reduced [49], which would expand the allowed
region. However, in the parameter space we are
examining, the energy density of DW is subdomi-
nant, and therefore, the large entropy production
would not occur.

(ii)) DM could be nonthermally produced after the
collapse of DW. If DWs annihilate primarily into
h,, which subsequently decays into lighter particles
including y, then the value of €, would remain
unchanged because h, — yy is kinematically sup-
pressed due to m, ~my, /2 in our allowed region.
However, if y is produced directly by the DW
collapse, the value of 2, could be affected. To provide
a quantitative assessment, we would need to have a
complete understanding of the DW annihilation dy-
namics, which is outside the scope of our current
study. We will defer this aspect to future work.

VI. CONCLUSION

We have conducted the study on GW signatures from
DW collapses in the CP-conserving cxSM, in relation to
DM physics. Our findings indicate that the bias term |a; |,
which is needed to make DW unstable, has to be greater

*For melting DWs, Qgw « f2 [15].
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than O(107'%) GeV? to be consistent with the BBN bound.
Such a small value of a; results in o}j(x a}) being far
below the latest LZ bound. We also found that to have the
region that can be probed by SKA, we should take
10 TeV S vg £200 TeV and 1 TeV < my, <100 TeV
for a relatively small mixing angle a, such as a = 0.1°.
In such a parameter space, €2, tends to be overabundant due
to the smallness of a. Nevertheless, the allowed region can
be marginally found if m, ~m; /2. If we take a to be
larger, the region where Q,h* < 0.12 gets broadened to
some extent. However, the upper limit of m,, becomes
smaller owing to the perturbative unitarity constraint,
diminishing the parameter space that gives detectable

|

GW signatures. In any case, it is encouraging that future
GW experiments may shed light on the higher-mass range
of the additional scalar.

In this study, we focused on the minimal setup by
dropping other U(1)-breaking terms. It would be interesting
to see how much our results change quantitatively in more
complicated cases. The analysis will be given elsewhere.

APPENDIX: DM ANNIHILATION
CROSS SECTION

The DM annihilation processes (a)-(e) shown in Fig. 2
are, respectively, given by

223
(6v1) NP | Ay AnyRop [P (A1)
rel yx=h =11 ¢ 167[1]2 S — m%] + imhll—'hl s — m%z + imhzl—'hz ’
m4ﬁvv s* By AnyK1v Ay Koy 2
v . . — S V 3 4 4% XX 2XX , A2
(00t vy 2xs0? [ dmy ||s—mj +im, Ty s —my A+ imy, T, (42)
- Sﬂhihj ﬂ'hl)(;()“hlh,»hj )“hzj()(thh,»hj 2 A3
(O'Urel)x;ﬁhl_z—»h,.hj ) 2 : 2 : ’ (A3)
ms | s —my +imy Ly s —my +imy, Iy,
p hih; /1’21,%/1%1 774
(V1) g, = S nsj (s —m3 = m%,-)z ’ (A
P,
(Gvrel);(;(ah,-hj = 87[51 %l,-h_,-){)(’ (AS)
where Nfé = 3 for quarks and N'é =1 for leptons, and
. 4m)2{ PR Z(ml2 + mjz) N (ml2 — mJZ)Z (A6)
1—v2,/4 Y s s
with v 2 0.3. § = 1/2 if the final states are identical particles, otherwise S = 1. The Higgs couplings are, respectively,
given by
1 (m}, vs + V2ay)s,
/Ih])()( :§<52UC(X +d21}ssa) = 1 5 l’ (A7)
Us
1 (m%hvs +V2a)c
Aoy = ) (=62v8, + dyvsc,) = —— 2 = (A8)
Us
3 3 3
Aphyn, = 3 [Avey + 8254Co(VSy + VsCq) + drvgsy),s (A9)
1
Ayhhy, = 3 [=3Avsacd + 62{—v(s) — 25,¢3) + vs(ci — 2s5¢,) } + 3drvs55¢,]. (A10)
1 2 3 2 3 2 2
A’hlhzhz = 5 [311}5‘”6(1 + 52{U(C(1 - 2saca) + US(S(I - 2saca)} + 3d21szaca]9 (Al 1)
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3
Ahyhyhy, = 5 [—Avsy + 838 4C(—vCy + V55,) + davscy], (A12)
1
Ahhy = 5 (62¢3 + dysz). (A13)
1
Aoy = 5 (6255 + dyc2). (A14)
1
/Ihlhﬂ()( = 5 (—52 + dz)SaCa. (AIS)
The total decay widths of #; and h, are
T, =M 4T T caliol (A16)
hy — Cal tot hy—hyhy hi—=yy — 1— Brhl—>h2h2 — Brhl—y;( s
Uy, = sl + Doy + Tipmyy = sallol ; (A17)
2 a” 1ol 2 1M 27X 1 - Brh2—>h]h| _ Brhz-’){){
where TSM = 4.1 MeV [50] and
li 4m?
r,.,, =—=»* [1-—X Om, —2m,), i=1,2, Al8
hi=xx 327””’% m;, (mhl m)() t ( )
A 4m;,
r =122 - 20 -2 , Al19
hy—hahy 327m, m%l (mh, mhz) ( )
Ko 4mj,
Fh2—>h]h1 = ﬁ - m—2h]0(mhz - 2mh1)7 (A20)
2 2

with 6(x) denoting the step function.
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