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In this work, we study the future probes of the complex singlet extension to the standard model (cxSM).
This model is possible to realize a strongly first-order electroweak phase transition. The cxSM naturally
provides the dark matter candidate, with or without an exact Z, symmetry in the scalar sector. The
benchmark models which can realize the strongly first-order electroweak phase transition are selected and
passed to the current observational constraints to the dark matter candidates, including the relic densities and
the direct detection limits set by the latest XENONIT results. We then calculate the one-loop corrections to
the SM-like Higgs boson decays and the precision electroweak parameters due to the cxSM scalar sector.
We perform a global fit to the benchmark models and study the extent to which they can be probed by the
future high-energy e* e~ colliders, such as Circular Electron Positron Collider and Future Circular Collider.
Besides, the gravitational wave signals generated by the benchmark models are also evaluated. We further
find that the future gravitational wave detector, such as LISA, is complementary in probing the benchmark
models that are beyond the sensitivity of the future precision tests at the e™e™ colliders.
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I. INTRODUCTION

The observed baryon asymmetry of the Universe and the
nature of dark matter (DM) are two of the leading puzzles that
motivate the new physics beyond the standard model (SM).
One compelling scenario to achieve the baryon asymmetry of
the Universe is the electroweak baryogenesis [1-6]. To
preserve the baryon asymmetry generated, a strongly first-
order electroweak phase transition (SFOEWPT) is necessary.
It is well known that the SM itself cannot realize the
SFOEWPT, since the 125 GeV Higgs boson discovered at
the Large Hadron Collider (LHC) [7,8] is too heavy [9-12].
On the other hand, there is no viable DM candidate in the SM.
To achieve the SFOEWPT and provide a possible DM
candidate, the SM should be extended.

The simplest realization of the SFOEWPT can be
achieved through adding one real scalar singlet to the
SM Higgs sector [13-21]. If we impose the Z, symmetry

*chenning_symmetry @nankai.edu.cn
"litong @nankai.edu.cn

*yewu @physics.carleton.ca

§lgbycl @cqu.edu.cn

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI. Funded by SCOAP’.

2470-0010,/2020,/101(7)/075047(18)

075047-1

under which only the real scalar is odd, this extension can
also provide a cold DM candidate since the discrete
symmetry forbids the mixing between the neutral doublet
and the real singlet. This scenario admits a strongly first-
order and two-step phase transition in which the singlet
scalar acquires a vacuum expectation value (VEV) before
the electroweak symmetry breaking. However, in this
scenario, the deviations in the hZZ and hhh couplings
are induced at loop level. Thus, no future Higgs factories
have the required sensitivities to probe the evidence of such
SFOEWPT [16,22]. Besides the extension of one real scalar
singlet, the SFOEWPT can also be realized in the complex
scalar extension to the SM (cxSM), as discussed in
Refs. [23-29]. DM candidates can naturally arise in the
¢xSM, in both Z, symmetric and Z, breaking scenarios.’
Hence, the cxSM is appealing to address both the
SFOEWPT issue and the DM candidate at one shot. The
next question is whether the cxSM with SFOEWPT and
DM candidate can be explored by the future experiments.

Direct searches for the extended scalar sector beyond the
SM have been carried out in the LHC experiments [36—45].
No signal has been reported so far. Because of the small
mixing effects of the SU(2); singlets, it is expected that the

'See Refs. [30-34] for the DM phenomena in the cxSM. See
Ref. [35] for a cancellation of direct detection for the pseudo-
Nambu-Goldstone DM.

Published by the American Physical Society


https://orcid.org/0000-0002-1835-7660
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevD.101.075047&domain=pdf&date_stamp=2020-04-27
https://doi.org/10.1103/PhysRevD.101.075047
https://doi.org/10.1103/PhysRevD.101.075047
https://doi.org/10.1103/PhysRevD.101.075047
https://doi.org/10.1103/PhysRevD.101.075047
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

CHEN, LI, WU, and BIAN

PHYS. REV. D 101, 075047 (2020)

direct search for the scalars from the complex singlet is very
challenging at the LHC [17,46,47].2 Complementary to
the direct searches, the precision measurements of the
Higgs boson properties could shed light on the underlying
new physics. Several well-known proposals have been
made to build the next-generational Higgs factory, such
as the Circular Electron Positron Collider (CEPC) in China
[49,50], the electron-positron stage of the Future Circular
Collider (FCC-ee) at CERN [51], and the International
Linear Collider (ILC) in Japan [52,53]. Each facility is
proposed to run at /s =240-250 GeV to produce
10°-10° SM-like Higgs bosons, aiming to reach subper-
centage precision measurement of its couplings. Besides,
they will also run at the Z pole to improve the precision on
the measurement of SM parameters by a factor of 20-200
over the results from the Large Electron Positron (LEP)
Collider [54]. With such incredible improvements in the
precision measurements, a number of studies have been
carried out to look for beyond the standard model effects
through both tree-level and one-loop corrections to the
productions [16,55-57] and decays [22,58-61] of the
Higgs boson at the future e*e” colliders.’

Even with the precision measurements of the Higgs
boson properties at the future e™e™ colliders, one might
encounter the so-called “nightmare scenario” where model
points are inaccessible at the colliders [16,22]. Initiated by
the detection of the gravitational waves (GWs) from a
binary black hole merger by LIGO/VIRGO [64], the
detection of the GWs may provide a complementary probe
of models that can achieve the SFOEWPT [65-76]. If a
SFOEWPT occurred in the early Universe, the bubble
collisions and the damping of plasma inhomogeneities are
expected to generate a stochastic background of GWs. For
an electroweak phase transition, the peak frequencies of the
GW spectrum happen around O(1074)-O(10') Hz, which
are potentially within reach of future space-based GW
interferometers, such as LISA [77-80] and its successor
Big Bang Observer [81], Taiji [82], Tianqin [83], Decigo
[84], and beyond [85-87].

In this work, we study the future experimental tests of the
cxSM, including the precision measurements at e'e”
colliders and the sensitivity of the GW signal. Within
the scenario of the cxSM, it is possible to achieve the
SFOEWPT and provide viable cold DM candidate. We
perform the global fit to the full parameter space by
requiring the conditions for a SFOEWPT and focus on
the possibility of GW and future Higgs factories as a probe
of SFOEWPT. The constraints from the DM relic density
as well as the lower limits on the spin-independent (SI)

’Reference [48] shows that the possible interference effects via
the 77 and hh final states from the cxSM are suppressed compared
to the two-Higgs doublet model.

3Recently, the computation of the one-loop corrected Higgs
boson couplings in the extended Higgs sector was provided in the
package of H-COUP [62,63].

DM-nucleon scattering cross section set by the latest direct
detection (DD) experiments will be imposed on the model
parameters. The corresponding GW spectra due to the
SFOEWPT will be evaluated by including the contributions
from bubble wall collisions, the sound waves, and the
magnetohydrodynamic (MHD) turbulence. We further
estimate the signal-to-noise ratio (SNR) of the model
points that can achieve the SFOEWPT and find their
sensitivity in the future LISA interferometer. We follow
Ref. [61] to perform the combined y? fit to the precision
measurements of the electroweak parameters and the one-
loop corrections to the Higgs boson decays.

The rest of this paper is organized as follows. In Sec. II,
we review the framework of the cxSM and list the
corresponding mass spectra and the relevant cubic Higgs
self-couplings. In Sec. III, we impose the theoretical
constraints on the cxSM potential, as well as the constraints
on the DM candidate in the cxSM. In Sec. IV, we discuss
the SFOEWPT in the cxSM by making use of the finite-
temperature effective potential, as well as the GW signals.
We also give the one-loop corrections to the SM-like Higgs
boson couplings, and the electroweak precision observables
changed by the cxSM. In Sec. V, the benchmark models
that can realize the SFOEWPT will be used for the
precision tests at the future eTe™ colliders. We show our
numerical results for the parameter space that can be probed
by future experiments. The conclusion is given in Sec. VL.

II. THE COMPLEX SINGLET
EXTENSION TO THE SM

A. The Higgs potential and global symmetries

We extend the SM Higgs sector by introducing a
complex scalar singlet S of the SU(2), . The most general
scalar potential in this extension is expressed as [23]

0 b d
V(@.5) = 20 + 20l + Z|oPISP + Z|sP + 2 s

5 5
+ (Zl |®2S + f |®[2S? + c.c.>

b
+ (a1§+f§2 +e3 42

d
SIS +Ls?
G ¢ S| +

8

d
+83§2|§|2+c.c.>, (1)

where @ is the SU(2), Higgs doublet breaking the
electroweak symmetry. The parameters in the first line
of Eq. (1) are real and the other parameters in the second
and third lines of Eq. (1) are generally complex. Two
possible global symmetries can be imposed to the above
Higgs potential:
(1) A discrete Z, symmetry of S — —S can be imposed
to eliminate all terms with odd powers of S, which
include 61, ap, Cip.
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(i) A global U(1) symmetry of S — ¢S eliminates
all terms with complex coefficients (6,3, a;, by,
12, d13)-
If the complex scalar field S does not obtain a zero-
temperature VEV, the discrete Z, symmetry has to be
introduced to stabilize the scalar singlet and enable the DM
candidate(s). Under a further global U(1) symmetry, this
c¢xSM model yields two degenerate stable DM particles (the
two components in S). This case, with only the terms in the
first line of Eq. (1), is very similar to the real singlet model.
By including one U(1) breaking term, for instance the b,
term, the real and imaginary parts of S are still stable but
not identical anymore. Below we refer to this more general
case as the Z, symmetric scenario with the following scalar
potential:

o b
V(®@.S),, = w0 + A0l + Z[0PIS]? + 2 |S]

+@|§|4+ﬁ(§2+c.c.). (2)
4 4
On the other hand, if the S field acquires a zero-temperature
VEV and thus the real component of S mixes with the
neutral Higgs of @, the U(1) and Z, symmetries are
both spontaneously broken by the singlet VEV and the
Goldstone boson from the imaginary part of S is stable but
massless. To provide a viable DM candidate, a soft
breaking of the global U(1) symmetry is introduced to
generate a mass for it. The U(1) breaking requires that one
or more terms in the second and third lines of Eq. (1) does
not vanish. We demand that b; # 0 as well, and the U(1)
symmetry is both spontaneously and softly broken. Now
the spontaneously broken Z, symmetry may lead to the
cosmological domain wall problem [88,89]. To solve this
problem, one can further introduce one or more 6y, ay, ¢; »
terms to explicitly break the Z, symmetry. We consider the
following potential with a nonvanishing a; as in Ref. [23]:

1 b d
V(®.5) 55 =210 + Al + 2|OPISE + 2[5 + IS¢
b
+ (a1§+zl§2 +c.c.> . (3)

We refer to the above potential as the Z, breaking scenario
below. One should keep in mind that, although we follow
the choices of Ref. [23] in the rest of this paper, the scalar
potential for achieving the above purposes is not unique.

B. The Z, symmetric scenario

To minimize the scalar potential, we represent the
complex scalar singlet as S = % (S +iA) and the Higgs
doublet as ® = (0, h/ \/E)T In the Z, symmetric case, we
only have the SM Higgs doublet developing a VEV (v) and
the a; term is vanishing. From Eq. (2), the field-dependent
scalar potential at the tree level becomes

IS A %
Vo(h,S,A) =—=h> +—h* + = h*(S? + A?)
2 4 8
1 1
+ Z(b1 +b,y)S? + Z(b2 — b))A?
d
+£(52 + A2)2, (4)

By minimizing the potential, one arrives at the following
condition:

_ Mo

0_8h

=pwPv+ 1 = u? = -1 (5)
h=v,5=0,A=0

The mass spectrum is obtained as follows:

o*V, 1 !
M2 — 0 —) 2 _ - b, —b ’ 6
A OAT | sm0a0 4 2V 2( 1= by),  (6a)
o*V,
M% = 20 — 2&,02’ (6b)
Oh* |jh—p.5=0.4—0
9V, | |
M2 =" st ipy ]
' 0s? h=v,5=0,A=0 4 2V 2( 1 2> ( C)

With the exact Z, symmetry, # and S do not mix. Both §
and A are stable and regarded as the DM candidates in our
following discussions. Altogether, the parameters in the
generic basis and the physical basis are

generic basis: y?, A, 8. by, by, dy; (7a)
physical basis: My 54, v, &, ds, (7b)

with the fixed inputs as M;, = 125 GeV and v ~ 246 GeV.
The ranges of remaining parameters we take for the scan
are

65 GeV < Mg <2000 GeV, 65 GeV < M, <2000 GeV,
0<d, <20, —20<5,<20. (8)

C. The Z, breaking scenario

In the Z, breaking scenario, the field-dependent scalar
potential at the tree level reads

1 A, &
Vo(h.S.A) = 5 + i +§2h2(S2 +A%) +V2a,8
bi+by, dyoy —bi+by,
- 72 e 72 A
S st
dy dy
—Z A%+ —=8%2A2, 9
Tt TR ©)

Both % and S obtain VEVs in this case. The corresponding
minimization conditions are
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0=—+ = v+ 2P+ = o?
Oh h=v,S=v,,A=0 4
1)
= ut =’ - szg, (10a)
aVy I by+b, d,
0=—+ = 2 —=3
a8 h=v,5=v,,A=0 4 o - \/_al - 2 o 4 "
6 d
:>b1+b2:—2\/§ﬂ—52v2—?2v§. (10b)
US

The mass spectrum of the scalars for the Z, breaking
scenario is obtained as follows:

A= %TAVZO h=v,8=v,,A=0 T \/EZ_I (11a)

we (M), (11b)
Hhs  Hs

pi = % s i = 2107, (11c¢)

= a;;;o h=v,8=v,,A=0 B %v% - \/E%i (1)

His = gz“;g h=v,5=v,,A=0 B %vvs. (1le)

The mass eigenstates after diagonalizing the CP-even

scalars are
h cosd sind h
()= (S o) ()02
hy —sinfd cosd S

with the masses of &, and &, being M; and M,, respec-
tively. The CP-odd component A will not develop a VEV
and will be treated as the DM candidate for the later
discussion.

In terms of the mass eigenstates, our parameter inputs
can be traded into the CP-even scalar masses and the
mixing angle as

1
A= 32 (cos’OM? + sin*0M3), (13a)
v
dy 1 (. opm 20172 a4
5 =z |sin OM7 + cos 6M2+\/§U— , (13b)
2 op 2 ~
8y = — (M7 — M53) cos Osin 0. (13¢)
Vg

Altogether, the parameters in the generic basis and the
physical basis are

generic basis: y%, A, &, a,, by, by, dy, (14a)

physical basis: M ,4, 0. v, v, ay, (14b)

with the fixed inputs of M| = 125 GeV and v =~ 246 GeV.
Below, we scan the physical parameters in the following
ranges:

0<v,<150GeV, 65GeV <M, <150 GeV,
65 GeV < M, <2000 GeV,
0<60<05, —(100GeV)} <a; < (100 GeV)?. (15)

In both scenarios, the mass ranges of Mg, taken in our
study make it easier to achieve the two-step phase tran-
sition. It turns out that the corresponding choice of mass
ranges guarantees that the EWSB vacuum of (h) # 0 is the
global minimum, as compared to the electroweak sym-
metric vacuum [26,90].

D. The Higgs self-couplings

In the Z, symmetric scenario, the relevant cubic and
quartic Higgs self-couplings are listed below

M2
Ay = —2 . 16
hhh = 5 (16a)
1
Anss = Apaa = 1521% (16]3)
M;
Anhhn = g3 - (16¢)

Here and below, we define the cubic and quartic self-
couplings as the coefficients of scalar fields in the
Lagrangian. The cubic and quartic Higgs self-couplings
of the SM-like Higgs bosons are the same as those in the SM
case, while the other two Higgs couplings 1,55 and 4,44 are
relevant for the Higgs boson self-energy corrections at the
one-loop level.

In the Z, breaking scenario, the relevant cubic Higgs
and quartic self-couplings in the physical basis can be
expressed as follows:

s;(V2a; + M3vg)  Mic)
202 2v

A = (17a)

s
Mp = ﬁ(3\/§alvs9 + v,(2M73 4+ M3)(vsg — vycy)),

(17b)

S
j'122 = 4;16)’2 (3\/5611 UCy + vs(M% + 2M%)(UC0 + Us*%’))#

(17¢)
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s
Aaa = 2—52 (V2a, + M3v,), (17d)
c
Aoan = 252 (\/Eal + M3vy), (17e)
N
\/Ea]cg M3
Ayy = 22 T (vcg - vssz), (17f)
LM M)
Hi= 812 4ov,
sH(vV2a, + AM3v, + sEM3 v,
+ 6( 1 981}% B o 1 ) (17g)
s

We use the subscripts 1,2, A to manifest the couplings
among hy,h,,A scalars, respectively. The cubic and
quartic self-couplings recover the SM couplings when the
mixing angle @ — 0. We define the deviations of the cubic
and quartic self-couplings of the SM-like Higgs as k3 =
/AN — 1 and k4 = Ayq1 /AN, — 1. The correlation
between them guarantees the tree-level driven SFOEWPT.

III. CONSTRAINTS
A. Unitarity and stability

In order to have a well-defined Higgs potential, a set of
theoretical constraints should be taken into account. The
Lee-Quigg-Thacker unitarity bound [91,92] should be
imposed so that the quartic couplings are not too large.
In both Z, symmetric and Z, breaking scenarios, the
quartic terms of the Higgs potential are the following:

Vo~ A 1h2+1( 02 +rta ’

0 ) 271 '
8 o 1 1

_<£ A2 _h2 — (+0)\2 + .-

+4(S+ )(2 +2(n)+nn>

d,

+1¢ (87 + AP (18)

By taking the neutral states of |z777), \/Li |7°7°), % |hh),
\/LE |SS), and \/LE |AA), the s-wave matrix reads

[ 2

4 V22 V24 % o

V2 30 A 2

1 5 5

a0 = 1 V2o A 3 2 2 (19)

b n h My b

22 4 4 ) 1
T

22 4 4 4 1

The s-wave unitarity conditions are imposed such that
|ag| <1, with a, being all the eigenvalues of matrix a, above.

By using the relations in Eq. (13), the perturbative unitarity
condition can impose bounds to the Higgs boson masses and
mixings. In addition, one should impose the following tree-
level stability conditions so that the scalar potential is
bounded from below at the large field values:

>0, d, > 0, Ady > 83. (20)

Here, the last term is necessary for §, < 0.

B. The global minimum

In terms of the classical fields, there may be three
different configurations for the symmetry breaking:

O:h—-0 S-0;
At h—-0, S-u;
B: h—wv, S-0(v), (21)

for the Z, symmetric (breaking) cases, respectively. As the
temperature cools down, the symmetry breaking may
occur either by one step via O — B, or by two steps via
O — A — B. The one-step phase transition occurs if
configuration B is the only possible Higgs potential
minimum, and the two-step phase transition occurs if both
configuration A and configuration B coexist as the Higgs
potential minimum.

The EWSB vacuum solution of B should be the lowest
one of the scalar potential, while the origin point of O
should be the highest one. The vacuum configurations
of A and B are obtained by solving the following cubic
equations:

A: Vo =0, (22a)
IS [h=0.5=v,.4=0
1A%
B: —° =0 Z, symmetric, (22b)
Oh h=v,5=0,A=0
oV,
B: =2 =0,
Oh h=v,5=v,,A=0
oV
-9 =0  Z,breaking. (22¢)

aS h=v,S=v,,A=0

The numerical solutions are then fed into V(A) and V(B),
and the global minimum condition V(B) < V(A) will be
imposed.

C. The constraints on the DM candidates

In the Z, symmetric scenario with v, = 0, both S and A
are regarded as stable particles. They both contribute to the
total relic abundance depending on the parameter d, and
their mass splitting [23]. In the Z, breaking scenario, only
the CP-odd scalar A becomes the DM candidate. The
annihilation processes that contribute to the DM relic
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density in the two cases are shown in Fig. 1. The relic
density typically exhibits one (two) dip(s) with the DM
mass being around M,/2 (M,/2 or M,/2), due to the
enhancement of the annihilation cross section near the &
(hy, hy) resonance(s) in the Z, symmetric (breaking)
scenario.

Several ongoing DD experiments are looking for DM
scattering off atomic nuclei, including XENONI1T [93] and
PandaX-II [94]. No conclusive observation has been
reported so far. For the DM mass range of
0(10)-0(10%) GeV, XENONIT has set the most stringent
lower limit on the ST DM-nucleon scattering cross section
as og; < 107%6-10~* cm? [93,95]. For the Z, symmetric
case, the SI scattering processes are mediated only by the
SM-like Higgs boson £, while for the Z, breaking case, the
SI scattering processes are mediated by two CP-even
scalars of &, ,. The corresponding cross sections are given
by [24,96,97]

m4 1 /1”‘ 2
o51(Z2) = 2 ()

2m0% (m,, + M;)? \M2.

2 2
x (f%’i? + 5]+ 17 +§f¥2> =54

(23a)
m Aiaa €080 Ayas sin 62
2y — P 144 _ Aaaa
os1(22) 27[1}2(mp+MA)2< M3 M3
) 2
x (f%’i) I I+ §f¥2> . (230)

with the nucleon form factors of £V, f\) %) and

f (T’g =1=> " uasf (T’;). The possible cancellation between
the A, and h, diagrams, as indicated by Eq. (23b), leads to a
further suppressed scattering cross section for the Z,

S/A - o h S/A. vV S/A f
\N\ h ,Z’ \N\ \N\ h
R TR -3-- R
,kl \y\ ,k’ ,KI
S/A “h S/AC v S/AY 7
S/A . h
\s\ ,z'
Ty S/A -, h S/AL . S/A
* S/A \x\ 2’ Sy 2’
| N ,/ \‘ ’/
,k\ lx\ Ix\
,>|' \s\ ,z’ \s\ ’z' \x\
S/A - “h S/A “h S/A N S/A
(a)
A S ,/ Hl ,2 A s\ V A ‘\ f
N ’ AN
. Hio = s, Hip o S Hyp
N
-3-=¢ ey ---
4 Y ,, I,
,K N\ 3 ’k
4 AY ,, 4 —
A “Hio A~ Vv A’ f
A , Hio
A ’
4
|
AN ,’
Y A - Hipo
1 N ’
N
r A S
\,
,’k\ VRN
N 4 Y
Y "4 b
A Y e N
e A 7 ~
A~ “Hia A- S Hypo

FIG. 1.

The DM annihilation processes for the Z, symmetric scenario (a) and the Z, breaking scenario (b).
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Z; symmetric

Z, symmetric
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1.x1074} /\ 1.x 1074}
— N NA
E 1.x10%} £ 1.x10%}
) A
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5] -46 | ] 46|
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@ K
8 ]
@ x10vp e @ 1.x107%p
T e e
T —— XENON1T 10l — XENON1T
----- XENONnT ----- XENONNT
-49 -49 " n "
1.x10755 100 200 500 1.x107 5100 500 1000
Ms (GeV) M, (GeV)
(@) (b)
Z, breaking
1.x10™% :
1.x1074
NE 1.x107% |
A
%
o -46 |
o 1.x10
9
[\]
]
o 1.x10°4
1™
1.x107% |
-49 R . .
1.x10755 100 500 1000
M, (GeV)

()

FIG. 2. The rescaled SI cross sections of the DM candidate for the Z, symmetric scenario (a), (b) and the Z, breaking scenario (c).
The grey points are those oversaturate the relic density. The blue points satisfy the relic density requirement. The red points are those
satisfying both the relic density requirement and the current direct detection limit by the XENONIT (solid line) and pass the SFOEWPT
criterion following the approach in Sec. IV. The future projected limit by the XENONNT is also displayed (dashed line).

breaking scenario compared with the Z, symmetric sce-
nario. Note that if a; = 0 in this case, the two diagrams
exactly cancel each other for any sets of model parameters
due to the pseudo-Goldstone nature of the DM particle A
here [31].

In practice, we first produce the CalcHEP [98] model
files by implementing the cxSM model parameters and
interactions in FeynRules [99]. The model files are then fed
to MicrOMEGAs [100] to calculate the DM relic density
for the cxSM model (denoted as Qsyh?) and the SI

scattering cross section og;. The above quark/gluon-
nucleon form factors are taken as the default values in
MicrOMEGAs. The current measurements of the cold DM
relic density are given as Qpyh® = 0.1138 = 0.0045
(WMAP) [101] or Qpyh? =0.1196 £ 0.0031 (Planck)
[102]. After the scan of parameter spaces in Eqgs. (8) and
(15) by imposing the above theoretical constraints, the
remaining points that oversaturate the relic density are
further rejected. For those points that undersaturate the relic
density, we rescale the SI cross section by
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‘chSMh2
Qpmh?

and compare with the latest limit from XENONIT [93]. In
Fig. 2, the rescaled SI cross sections of the model points are
evaluated and the current limit set by the XENONIT
experiment is added as a reference. The model points
satisfying both the relic density constraint Q. qyh> <
Qpyph? and the current XENONIT DD limit and passing
the SFOEWPT criterion are marked in red. The hh
channels are kinematically allowed for M 4 heavier than
125 GeV. These additional channels reduce the relic density
and the parameter space opens up nearly above 125 GeV.
As seen from plots (a) and (b) of Fig. 2, we do not find any
parameter choices viable for SFOEWPT and satistying the
DM constraint in the Z, symmetric scenario. They are not
compatible in this case as concluded in Ref. [25]. Thus, in
the numerical study below, we will mainly focus on the Z,
breaking scenario and apply this constraint on the bench-
mark points for later studies. We also display the future direct
detection limit set by the XENONNT.* The red points in the
Z, breaking scenario are expected to be testable by the future
facilities such as XENONnNT, PandaX-4T [103], or LZ [104].
We note that in Ref. [25], for the Z, breaking case studied
there, the fixed mass of 4, highly reduces the possibility of
achieving a SFOEWPT.

ogi(rescaled) = og; - (24)

IV. THE SFOEWPT, GW SIGNALS AND THE
PRECISION TEST AT e*e- COLLIDERS

A. The finite-temperature effective potential

In order to evaluate the EWPT in the cxSM, we follow
the recipe of Ref. [25] by using the high-temperature
expanded effective potential in order to avoid the gauge
dependence problem. The EWPT is driven by the cubic
terms in the effective potential. Thus, we take the following
high-temperature expansion of

1 1
V(h,S, T) = Vo(h, S,A = O) +§Hh<T)h2 +—Hs(T)SZ,

2
(25a)
2md, +ms +2m> A b
.(T) = w7z T2 20T (25b
n(T) ( 412 NERY! (25b)
1 2
Ng(T) = — (8, + dy)T?, (25¢)

12

where the finite-temperature corrections are given by the
thermal mass contributions IT;,(7) and IIg4(7).

The history of the phase transitions from the high-
temperature epoch to the vacuum today is displayed in
Fig. 3 for the Z, symmetric scenario (left) and the Z,

*XENONNT stands for the future limits set by data from
XENON 20 T x year observations.

S S
A
A \
B
B O
0 h O h

Z, 2z

FIG. 3. The phase transitions for the Z, symmetric scenario
(left) and the Z, breaking scenario (right).

breaking scenario (right). One can see that the Universe
follows a two-step symmetry breaking in both cases in the
space of two order parameters for doublet and singlet scalars.
The global minimum of both cases at the high-temperature
epoch happens at the spot “O” with restored electroweak
symmetry. For the Z, symmetric scenario with zero |a,|,
when the temperature of the Universe falls down to “A,” we
expect a first minimum with (S) # 0 and (h) = 0. Along
with the further temperature decreasing, a second minimum
with (S§) =0 and (h) #0 develops, which eventually
becomes the present vacuum at the spot “B.” The critical
temperature 7', is given when two minima of A and B are
degenerate. As there is a barrier between these two minima, a
first-order EWPT happens. For the Z, breaking scenario with
a; # 0, the origin at high temperature is shifted along the S
direction from spot O to O’ due to the nonvanishing @, term.
The electroweak symmetry then follows a two-step phase
transition process as well.

We find that with the current potential and thermal
correction, only the two-step transition can achieve the
strong first-order phase transition. No thermal barrier can
be generated in the one-step transition case as (S) = 0 in
phase A. Reference [25] included additional thermal
corrections and found no parameters leading to the one-
step SFOEWPT. The inclusion of additional cubic U(1)
breaking terms may exhibit a one-step SFOEWPT.

B. The GW signals

The GW signals generated during the EWPT depend on
the evaluation of the tunneling rate per unit time per unit
volume, which is given by [105]

[~ A(T) exp(=53/T), (26)

with S5 being the Euclidean action of the critical bubble
that minimizes the finite-temperature action of

Sy = dx / Pdr B (d};(:)y + <dfl(:)>2 + V(h,S,A,T)].
(27)
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The bubble nucleation temperature 7, is defined as the
probability for a single bubble to be nucleated within one
horizon volume being O(1), that is,

/T°° d_TT (251;4[,1)4 exp(=83/T) ~O(1),  (28)

where My = 1.2 x 10" GeV is the Planck mass and ¢ ~
3x 1072, Numerically, this equation implies that
S3(T,)/T, ~ 140 for the EWPT [106]. Two other param-
eters that are directly relevant to the GW signal calculations
are given by

E@’ ﬁET
H

: (29)
Prad n

"dT |’
where p,,. stands for the latent heat released during the
EWPT, H, is the Hubble parameter at T,, and pj, =
g.m*T+/30 with g, representing the relativistic degrees of
freedom at 7',. Typically, a relatively larger @ accompanied
with a small g/H, will trigger the SFOEWPT and a
significant GW signal.

The observed GW signal is characterized by the energy
spectrum Qg (f)h* [106]

2 :h_2 dpGW
 pedlogf’

Qaw(f)h (30)

The total energy spectrum here is dominated by the
summation of two terms: (1) the sound waves after the
bubble collisions and (2) MHD turbulence

SzGW(f)h2 ~ st(f)hz + Qturb(f)hz‘ (31)

The GW signals from the sound wave contribution are
given by

-1 2 7100\ 1/3
Q. (f)h? = 2.65 x 107 <£) < L ) < OO)
H, l+a s

i) ] - 0

where «, represents the fraction of latent heat transferred
into the bulk motion of the fluid and was estimated in
Ref. [79]. The peak frequency f,, is rescaled from its
values at the phase transition by

a(T,) _ 28 a(T,)
do \/§vw do

(33)

The MHD turbulence contribution to the GW energy
spectrum is written as

-1 3/2 7100\ 1/3
Quip(F)R =335 x 104 L) (Fu®
turb(f) 3.35x10 (Hn> <1+a 7.

. (f/fu)’
YU+ f/ )P (1487 fao/(a(T,)H,))
(34)

where ky, =~ 0.1x,. The peak frequency from the MHD
turbulence term is given by

(1) 356 alT,)
ag  2v, ag

ftu:ft”uxa (35)

In this study, we consider detonation bubbles and take the
wall velocity as a function of « as given in Ref. [107]. We
also note that, to be compatible with electroweak baryo-
genesis, the wall velocity »,, needs to be obtained as a
function of a [74,108-110] after taking into account
hydrodynamics.

The discovery prospects of the GW signals are deter-
mined by the SNR [79]

{Qc,w ()

S max 2
SNR = % xT df Qexp(f)hz] . (36)

fmin

where Q. (f)h?* stands for the experimental sensitivity for
the proposed GW programs. 7 is the mission duration in
years for each experiment and we assume it to be five here.
The factor 6 counts the number of independent channels for
cross-correlated detectors, which is taken to be 1 for the
LISA program [111]. In practice, we evaluate the SNRs for
each benchmark points that achieve the SFOEWPT. For the
LISA program, we take the threshold SNR of 50 for
discovery. This corresponds to the least sensitive configu-
ration of C4 with four links [79].”

C. The precision test at the future e*e~ colliders

1. The one-loop corrections to the Higgs boson couplings

The 125 GeV SM-like Higgs boson can receive correc-
tions from both the SM sector as well as the extended scalar
sector in the cxSM. The SM-like Higgs couplings normal-
ized to its SM value, «, is defined as [61]

cxSM cxSM
foSM — Yrree + g]OOP (37)
=T M M
oop glsree + glsoop
where gﬁﬁﬁ“"SM) and glsolt)/[éCXSM) are the couplings in the SM

(cxSM) at tree and one-loop level, respectively. In the Z,
breaking case, the couplings of the SM-like Higgs boson #,

SFor a fresh look at GW from the first-order phase transition,
we refer the reader to Ref. [76].
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FIG. 4. Some representative Feynman diagrams of the one-loop
corrections to the SM-like Higgs boson decays h; — bb (top) and
hy — ZZ (bottom) from the Z, breaking scenario in the cxSM.

to all SM fields are universally proportional to a factor of
cos @ due to the singlet-doublet mixing. The new one-loop
contributions® from cxSM to hybb and h,ZZ are shown in
Fig. 4. Note that, in the Z, symmetric case, although we
have 4SS and hAA couplings, the contributions in Fig. 4 are
zero due to the vanishing S(A)VV and S(A)ff couplings.
As a consequence, in the Z, symmetric case, the modifi-
cation of the couplings mainly comes from the Higgs self-
energy corrections from S and A loops. Hence, the
deviations of «’s in the Z, symmetric case are quite
universal. The general vertices of the SM-like Higgs with
a pair of gauge bosons 2VV and SM fermions 4f f take the
following forms:

pips
v
F’;zVV(p%’ P%’ q’) = r;lzvv’lﬂb + F%lvv 2
v
. P1pP2s
+ i3, etre L2 38a
A% m (38a)
1% 1%

+ F:}fﬂIVS + FZ};Fz)’s

+ sz;ﬁlﬂz + FﬁfT;ﬂlﬂz}’& (38b)
where (¢, p;, p») represent the momenta of the SM-like
Higgs boson and two final-state particles. The k; for each
vertex is given by '}, and ¥ . for the hVV and hff

nff
vertices as
Il (m2, m2, g
Ky = hYV( v2 hzqz)chM’ (39a)
vy (my, mi, g% )sm
re _(mz,mz,qz) SM
PO AR M M (39b)

e F;llf}(m,%, m}zp qz)SM

®In the renormalization scheme we used, the self-energy
corrections enter through counterterms; thus, we do not show
them in the plots.

TABLE 1. Estimated statistical precisions for Higgs boson
measurements obtained at the proposed CEPC [49,50] and
FCC-ee [51] programs.

Collider CEPC FCC-ee

NG 240 GeV hZ 250 GeV hZ 365GeV hZ 365 GeV hup
[ Ldt 5 ab~! 5 ab~! ab™! ab™!
h — bb 0.27% 0.3% 0.5% 0.9%
h = cc 3.3% 2.2% 6.5% 10%
h— gg 1.3% 1.9% 3.5% 4.5%
h—>WW* 1.0% 1.2% 2.6% 3%
h—ott 0.8% 0.9% 1.8% 8%
h—Z7* 5.1% 4.4% 12% 10%
h—yy 6.8% 9.0% 18% 22%
h—pt = 17% 19% 40%

In practice, the one-loop corrections to the SM-like
Higgs boson couplings are evaluated by adopting the on-
shell renormalization scheme [112]. All counterterms,
renormalization constants, and renormalization conditions
are implemented into model files of FeynArts [113], which
is then used to generate all possible one-loop diagrams for
corresponding couplings for cxSM. After that, FormCalc
[114] is used to calculate the full loop level couplings. The
numerical results are performed by LoopTools [l 151
However, the observables in each experiment are the signal
strength y;’s instead of x’s. Thus, for each channel, we will
calculate the signal strength by

2.2

KK
o (40)

Himhei Kwidth
where k;, are the normalized couplings relevant for
production and decay, and k4 represents the ratio of
the total width of the SM-like Higgs boson in cxSM to that
in SM.

To constrain the model parameters from the current and
future Higgs boson precision measurements, a global fit to
the observed signal strength is performed with the profile
likelihood method. The y? is defined as

cxSM 0bs)2

XZEZ%G—;M,

i Hi

(41)

where we sum over all measurements available in experi-
ments and neglect the correlations between different
measurements. In our analyses, S are set to be the SM
value % = 1, for the future colliders. The estimated errors
o, are listed in Table I for the future circular e* e~ colliders
(CEPC and FCC-ee), and also in Table II for the future ILC
program.

7 . . . . . .
The numerical estimates are summarized in a github reposi-
tory of https://github.com/ycwu1030/cxSM_Calc.
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TABLE II. Estimated statistical precisions for Higgs boson measurements obtained at the proposed ILC [53]
program.

Collider ILC

NG 250 GeV hZ 350 GeV hZ 350 GeV hwv 500 GeV hZ 500 GeV hvy
[ Ldt 2 ab™! ab™! ab™! ab™! ab™!

h — bb 0.46% 1.7% 2.0% 0.63% 0.23%

h — cc 2.9% 12.3% 21.2% 4.5% 2.2%

h = gg 2.5% 9.4% 8.6% 3.8% 1.5%

h - Ww* 1.6% 6.3% 6.4% 1.9% 0.85%
h— 1ttt 1.1% 4.5% 17.9% 1.5% 2.5%
h—Z77* 6.4% 28.0% 22.4% 8.8% 3.0%
h—yy 12.0% 43.6% 50.3% 12.0% 6.8%
h—utp 25.5% 97.3% 178.9% 30% 25%

2. The electroweak precision tests

Besides the SM-like Higgs boson couplings, the model
will also change the electroweak observables. To take
this into account, the Peskin-Takuechi parameters [116]
of S, T, and U are used to represent the electroweak

precision measurements. However, S and A have vanishing
gauge couplings in the Z, symmetric case. Thus, they
do not modify the S, 7, and U parameters. In the Z,
breaking case, the expressions for the modifications are
given by

AS = P [m3((Bo(m%, M3, m3) — By(0, M7, m3)) — (Bo(m3, M3, m3) — By(0, M3, m3)))
Z

+ (Boo(m%vM%v m%) — By (0, M%’ m%)) - (Boo(m%,Mf, m%) — By (0, M%’ m%))]

AT =

AU =

T2 2
myymzm

(42a)

2

T (103, B (0. M3, i3y — By (0. M3, miZ) = i3y Bo (0. M3, mi3,) + 2 Bo(0, M3, m3)

2

- Asymim
+ Boo(0, M7, m3) — By (0, M7, miy;) + Boo (0. M3, my,) — Boo(0, M3, m3)].

(42b)

2
S
O — [m3ym%(Bo(0. M3, m3,) — Bo(0, M3, m%) — By(0, M3, m3,) + By (0, M3, m3%)

= Bo(0, miy, M3, miy) + Bo(miy, M3, miy) + Bo(m3, M3, m3) = Bo(m7, M3, m7))

TABLE IIL

+ m3%(Boo (0. M3. my;) — Boo(0. M7, miy) + Boo(miyy. M7, miy) — Bog(miyy, M3, m3y))

+ miy (Boo(0, M7, m3) — Boo(0. M3, m3) + Boo(m%, M3, m3) — Boo(mz, M7, m3))].

(42¢)

Estimated S, 7, and U ranges and correlation matrices p; j from Z-pole precision measurements of the current results,
mostly from LEP-I [54], and at future lepton colliders CEPC [49], FCC-ee [51], and ILC [118]. GEitter package [117] is used in

obtaining those constraints.

Current (1.7 x 107 Z’s) CEPC (10'0 2%s) FCC-ee (7 x 10! Z’s) ILC (10° Z’s)
Correlation - Correlation - Correlation - Correlation
c T u o2 s T U (1072 S T U (1073 S T U
S 0.04+0.11 0.92 -0.68 2.46 1 0.862 -0.373  0.67 1 0.812 0.001 3.53 1 0.988 —0.879
T 0.094+0.14 1 -0.87 255 .. 1 -=0.735 0.53 e 1 -=0.097 489 ... 1 —-0.909
U -0.02+0.11 1 208 .- 1 2.40 1 376 .- 1
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FIG. 5. The a (left panels) and f/H, (right panels) in a}/ 6 plane for the Z, breaking case.

All these modifications are proportional to the CP-even
mixing angle of s,4. The loop functions of B, and By, follow
the convention in LoopTools [115].

We perform a global fit to the electroweak observables
using Gfitter [117] with current electroweak precisions [54]
and future prospects [49,51,118]. Unlike the case for Higgs
signal strength, the y? constructed from S, T, and U also
includes the correlations among them. The corresponding
x* is thus defined as

=Y (X -X)(0)5 X - X)),
ij

with X; = (AS, AT, AU) being the contributions from the
cxSM and X; being the corresponding best-fit central
values.® The oizj = 0,p;;jo; are the error matrix with uncer-
tainties o; and correlation matrix p;; given in Table III for
different experiments. We note that the precision measure-
ments of the W boson mass are parametrized by the S, T
parameters and are thus embedded in the reach of future
ete™ colliders in Table III.

Besides the above precision measurements, due to the
mixing between the Higgs doublet and the scalar singlet in
the Z, breaking scenario, there exist additional search
channels for /4, and corresponding constraints at the LHC.
However, we expect that the precision measurements of
Higgs and electroweak observables at future colliders will
place much stronger constraints than the direct search for an
extra Higgs boson.

(43)

V. NUMERICAL RESULTS

Practically, we implement the tree-level effective poten-
tial and the high-temperature expansion in Eq. (25) into
the CosmoTransitions [119]. The temperature-dependent

¥For future prospects, the central values are zero.

minima of “A” parametrized by ((h), (S)) = (0, %), and
“B” parametrized by ((h),(S)) = (¢%.,0) for the Z,
symmetric scenario or ((h), (S)) = (¢5, ¢%) for the Z,
breaking scenario are similarly evaluated by using Eq. (25).
For the numerical presentation below, we take the data
points that not only evade all theoretical constraints and
DM constraints, but also achieve the SFOEWPT. The
SFOEWPT is characterized by obeying the condition
®2/T,=v,/T, 21 based on the requirement of the
baryon number preservation criterion [120-122]. The
CosmoTransitions [119] is used for solving the nucleation
temperatures 7', as well as the GW signal parameters of «
and f/H,. The solutions of (T,,a, #/H,) for each param-
eter point will be used for the SNRs of the GW signals
according to Eq. (36). For the precision test of cxSM at
future colliders, the results of y? in Eq. (41) and Eq. (43) are
linearly combined for both the Higgs boson and the
electroweak precision measurements. As stated before,

100 ¢ Z, 140
i 120
107 ! 100
| 03
~ 4 —_
= 10" <
F 60 &
103 L -10
: 20
02 BRI 1T ISR ST AR TT! N S A R R IT) 0
! 1073 1072 107! 10° 10!
«

FIG. 6. The relationship between T, and a, #/H, parameters
for the Z, breaking case.
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TABLEIV. Two benchmark points for the Z, breaking case. The marks of x (,/) represent whether the benchmark point cannot (can)
be probed for the given precision of the corresponding collider runs.

7> M,[GeV] My[GeV] v,[GeV] (a,)'3[GeV] HL-LHC e*e~ SNR (LISA) o B/H, T, v,/T, v,
A 99 963 3.6 -293 x v 33x 100 031 83464 4602 496 0.86
B 98 984 1.6 -22.0 x x 24x10° 024 56259 54.17 413 084

we only present the results for the Z, breaking scenario
below as it can lead to a viable DM candidate and
meanwhile appears to generate a SFOEWPT.

A. SFOEWPT and GW

The GW spectrum is characterized by parameters of «
and f/H, defined in Eq. (29), and their values can be fixed
by the cxSM potential. As a and /H,, represent the latent
heat released by EWPT and the reversed duration of the
EWPT, respectively, significant GW observation typically
prefers larger a and smaller f/H, values. In Fig. 5, we
display the parameter dependences of (a,f/H,) on the
cxSM parameters for the Z, breaking scenario, with the
Higgs and electroweak precision constraints to be imposed

later. The values of « and /H,, are shown in the (ai/ 3, 0)
plane. In the Z, breaking case, the minimum at high
temperature is shifted by —a; to the positive S direction,
which helps achieve the SFOEWPT. On the other hand,
after breaking the global U(1) symmetry, the contribution
of the a; term to the mass square of the Goldstone boson A
is given by —v2a,/v,. Thus, negative a, values are
preferred as shown in the plots. One can see that relatively
larger @ and smaller 3/ H,, values prefer to reside around the

region with small |a|’*|. It turns out that the shift of the

high-temperature minimum by —a}/ 3 along the ¢g direction
should not be rather sizable to break the discrete symmetry
in this case. Although we present all date points satisfying
the SFOEWPT criterion here, one should note that those
points with #/H,, 2 10* produce too large peak frequencies
as from Eqs. (33) and (35), and a too small power spectrum

v [GeV]
vs [GeV]

D300 —200 —100 0

vy [GeV]

—50

100 200 300 —300 —200 —00 0

as from Egs. (32) and (34). Thus, such points are impos-
sible to be detected by the GW detectors which are mostly
sensitive to milliHz frequencies.

In Fig. 6, we show the bubble nucleation temperature 7',
in the GW parameter plane of (a, #/H,). The lower the T,
one obtains, the stronger the EWPT becomes. In principle,
as a result, we can have increased a and decreased f/H,,.
The realistic situation of their relationship might be more
complicated to achieve the bubble nucleation condition
while comparing different specific models. For instance, for
the Z, breaking case, the origin is shifted at the high
temperature. As seen in the plot, the Z, breaking scenario
exhibits lower 7', and larger a as a result of a two-step
bubble nucleation. The values of the /H,, parameter span
a broad space and can be relatively large for the Z,
breaking case.

To compare the GW signal spectra, we list two bench-
mark points for the Z, breaking case in Table IV. The CP-
odd scalar masses of these two benchmark points are close
to each other, i.e., M4, = 963 GeV (benchmark point A)
and M, = 984 GeV (benchmark point B), respectively.
The benchmark point B cannot be searched for via the
precision measurements of the Higgs boson decays at the
future HL-LHC or e™e™ colliders, while it yields a SNR of
O(10°) at the LISA. The benchmark point A can be probed
via both the precision measurements of the Higgs boson
decays at the future e* e~ colliders and the GW spectrum at
the LISA, with an SNR of O(10°). In Fig. 7, we show the
high-temperature effective potential for the benchmark
point A. One can see that a local minimum, denoted by
the red contours, first develops along the S direction at the

vs [GeV]

—5 :
100 200 300 O—OZ’)OO —200 —100 O

vy, [GeV]

100 200 300
vy, [GeV]

FIG. 7. The potential for the benchmark point A from the £, case at different temperatures (left: 7 = 0, middle: 7 = T, right:
T =T, + 40 GeV). In the middle panel, we add zoomed-in windows to clearly indicate that the point is actually a local minimum.
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FIG. 8.
7, case.

high temperature. As the temperature cools down, a second
minimum occurs along the electroweak symmetry breaking
direction, which will become the global minimum later. At
T, there exists a barrier between the two minima. The
Universe then tunnels to this global minimum resulting in a

SFOEWPT. The local minimum along the singlet direction
becomes the saddle point at zero temperature. This is true
for all points in the Z, breaking case. Their GW spectra
Qh? versus the frequency f are displayed in Fig. 8, together
with the viable signal regions of different ongoing/upcom-
ing GW detection programs. The benchmark point B in the
Z, breaking case exhibits higher 7, and corresponding
decreased a. The value of f/H, in benchmark point A is
larger than that in benchmark point B, which leads to a bit
larger peak of frequency in the Z, breaking case, together
with a lower T,,.

B. The precision tests at the colliders

The precision tests are made by the combined y? fit of the
SM-like Higgs boson measurements and the electroweak
precision measurements according to Egs. (41) and (43). In
Fig. 9, we display two couplings of k, and k, for the Z,
breaking case. For the Z, breaking case, the normalized
Higgs boson couplings are displayed versus the physical

parameters of (a}/ v, 0). The model points in grey are
within the sensitivities of both the HL-LHC and any of the
future e*e™ colliders (including CEPC, FCC-ee, and ILC),
while the blue points are only within the sensitivities of the
eTe™ colliders. The red points are those that cannot be
probed by the HL-LHC and future e*e™ colliders. We
denote them as nightmare model points [16,22]. In the Z,

«  Nightmare Nightmare Nightmare
1000F « e 1.000 1.000 F
. X HL-LHC
0.975 0.975 I 09751 ..
0.950 | 0.950 0950 F- .
Z2 Zz b=
0.925 F 0.925 0.925 F
0.900 | 0.900 0.900 F
0.875 F 0.875 0.875 F
: S Lo o
08"0 1" 1 i 1 ° 1 1 X =, 08?’ 1 L] L 1
2260 —50 —40 -30 -2 -10 0 0830, 00 0.1 0.2 0.3 0.4
al? [GeV] 6
+ Nightmare Nightmare
L000F - e 1.000 1.000 F
. b 3 HL-LHC
0.975 F 0.975 53 09751 4%
0.950 | 0.950 0.950 F+
N N N
© 'Y <
0.925 F 0.925 0.925 F
0.900 | 0.900 0.900
0.875 F 0.875 0875 F
. R S n . .
0.850 ey . . . 0.850 i . : L 0.85 Lt . .
260 —50 —40 -30 -20 -10 0 o 5 10 5 20 25 30 Yo 0.1 0.2 0.3 0.4
ai/z [GeV] v, [GeV] 0

FIG. 9. The normalized SM-like Higgs boson couplings of k;, (upper panels) and «, (lower panels) for the Z, breaking scenario. The
grey points are within the sensitivities of both the HL-LHC and any of the future e e~ colliders (including CEPC, FCC-ee, and ILC).
Blue points are only within the sensitivities of eTe™ colliders. The red ones are “Nightmare” model points.
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breaking scenario, there can be sizable one-loop corrections
to the SM-like Higgs boson decays through the cxSM
sector, as were previously shown in Fig. 4, besides the tree-
level correction given by goM /gSM — cos . Thus, as seen
in Fig. 9, some points can be probed for the search
sensitivities of the HL-LHC while some other points with
larger k couplings can be probed by future e*e™ colliders.

In Fig. 10, we combine the experimental sensitivities of
the colliders and the GW signal probes via the LISA
interferometer in the (a, #/H,) plane. For the Z, breaking
case, the corrections of tree-level and one-loop effects from
the cxSM sector become significant. Correspondingly, we
found a majority of model points can be probed for the
search sensitivities of both the HL-LHC and the future
e"e” runs. The LISA interferometer is likely to probe the
model points with relatively large values of @ and small
values of f/H,. A smaller fraction of model points
(denoted in red) are beyond the search limits by either
the Higgs measurements at the future colliders or the LISA
interferometer. Nevertheless, these points are all within the
sensitivity of future DM DD experiments.

Finally, in Fig. 11, we show the expected sensitivities of
future colliders to Jk3 in the Z, breaking case. To the right
of the colored (grey) bars, the corresponding colliders are
sensitive to the measurement of cubic Higgs coupling at
68% (95%) C.L. Note that, in the Z, symmetric case, the
cubic and quartic Higgs couplings are the same as those in
SM. Thus, we do not have any sensitivity in these
measurements. However, in the Z, breaking case, the
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FIG. 10. The Higgs precision measurement and GW signals for
the Z, breaking case. The grey points (most are hidden under
blue points) are those that can be probed for the sensitivities of
both the HL-LHC and any e™e™ colliders. Blue points are those
that can only be probed at any of the future electron-positron
colliders. The red points (nightmare) are those that cannot be
probed by future colliders. The green points are those with
SNR > 50 of the GW signals for the future LISA interferometer.
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FIG. 11. The precision measurement of k3 in the Z, breaking
case from different collider experiments. The vertical position of
the points is irrelevant. The colored and grey shaded regions
correspond to 68% and 95% C.L. regions, respectively, for ok
from Ref. [123].

Higgs self-couplings do differ from the SM as shown in
Eqgs. (17). The sensitivity of future colliders to the cubic
coupling, however, is much lower than the precision
measurements of other couplings. We find that, with
theoretical constraint and DM constraint, a majority of
Ok values are positive and the negative dk5 cases in Fig. 11
correspond to a few points with the DM mass near the 7,
resonance, i.e., M4 = M, /2. These points have relatively
large |a,| and/or € as shown in Eq. (17a). The resonant
decrease of the DM relic density guarantees the evasion of
DD constraint in spite of a large |a,|. However, these points
can be tested by future Higgs precision measurements.

VI. CONCLUSION

In this work, we study the future experimental tests of the
cxSM. Future experimental facilities at the high intensity/
energy frontiers, such as GW detection and e™ e~ colliders,
can test the visible parameter space of this complex scalar
model achieving a SFOEWPT and providing a scalar DM
candidate. We apply theoretical constraints and DM con-
straints from the relic density and the latest XENONIT
limit on the parameter space of the cxSM, and also require
they pass the SFOEWPT criterion. By combining the y? fit
of the SM-like Higgs boson measurements and the electro-
weak precision measurements, we estimate whether the
model points can be accessible at the future e e~ colliders.

In the Z, symmetric scenario, the complex scalar singlet
S does not develop a VEV and a quadratic term of S is
introduced to break a global U(1) symmetry. As a result, the
real part of S does not mix with the SM Higgs and both the
real and imaginary parts become the DM candidates. This
scenario admits a two-step SFOEWPT in the way that the
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scalar singlet acquires a VEV at the high temperature prior
to the electroweak symmetry breaking. We find that none of
the generated model points can achieve a SFOEWPT and
meanwhile provide a viable DM candidate. In this scenairo,
as S does not mix with the SM Higgs doublet, there is no
tree-level correction to the SM-like Higgs couplings and
the one-loop corrections from the Higgs boson self-energy
terms are very small. We also expect the model points
cannot be probed given the sensitivities of the HL-LHC and
any future eTe™ colliders.

In the Z, breaking scenario, the complex scalar singlet S
develops a nonvanishing VEV and an additional linear term
of S is introduced to break the discrete Z, symmetry. Thus,
besides the sizable loop corrections, the mixing of the
complex singlet and the SM Higgs doublet induces a tree-
level correction to the SM-like Higgs couplings which is the
cosine of the mixing angle. The CP-odd component of the
complex singlet serves as the DM candidate. This scenario
also achieves a two-step SFOEWPT driven at tree level. It
turns out that a majority of model points can be covered by
the precision Higgs measurements at the future colliders.

We also find that, in both Z, symmetric and Z, breaking
scenarios, some of the points without the sensitivities of

future colliders are accompanied with a sizable signal-to-
noise ratio around f~ O(107)-O(1) Hz for their GW
signals. A future space-based GW interferometer, such as
LISA, can thus probe such nightmare parameter space. In
addition, all the model points realizing the SFOEWPT and
satisfying DM constraints are within the sensitivity of
future DM DD experiments.
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