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1 Introduction

The origin of the cosmic baryon asymmetry is one of the long-standing puzzles in particle
physics. Electroweak baryogenesis [1–4] provides a promising solution and can be tested at
the current collider experiments [4, 5]. In general, a baryogenesis mechanism should meet
Sakharov’s three conditions [6, 7]:

• Baryon number violating interactions.

• C and CP violation.

• Departure from thermal equilibrium (or CPT violation).

The baryon number violating processes could appear in Standard Model (SM) via the
non-perturbative effects caused by sphaleron transitions [8, 9]. In principle, the requisite CP
violation also appears in SM via Cabibbo-Kobayashi-Maskawa matrix, though the strength is
found to be insufficient to generate the observed matter-antimatter asymmetry.

In the SM, a possible departure from thermodynamic equilibrium could happen via
a first order electroweak phase transition (FOEWPT) at the electroweak temperature,

– 1 –



J
H
E
P
0
1
(
2
0
2
4
)
0
5
1

TEW ∼ 140GeV, that marks the onset of electroweak symmetry-breaking [5]. To ensure
preservation of any baryon asymmetry produced during this transition, the latter must be
sufficiently strong. The occurrence of a FOEWPT requires the mass of the Higgs boson to lie
below ∼ 70 GeV [7, 10–17], which is inconsistent with the experimental observation [18, 19].

Therefore, electroweak baryogenesis can only be realised in extensions of SM that
accommodate a strongly first order electroweak phase transition (SFOEWPT). The most
widely considered scenarios include the real singlet extensions (xSM) [15, 20–62], complex
singlet extensions (cxSM) [63–72], Higgs doublet extensions [16, 73–85], and supersymmetric
extensions [86–101].

Among the distinctive signatures of such mixing is resonant di-Higgs production, where
the heavy resonance is a mixed singlet-doublet state [5]. The possibility of probing the
SFOEWPT-viable parameter space in the xSM has been studied extensively (for example
see [5] and references therein). In the cxSM after electroweak symmetry-breaking, the model
yields both a viable DM candidate (A) as well as two real neutral scalar h1 and h2 that are
mixtures of the SM Higgs boson and the real part of the complex singlet. In this case, the
cxSM provides more collider phenomenological signatures than xSM, such as the presence
of missing transverse energy (MET) associated with pair production of A, in conjunction
with decay products of one of the mixed doublet-singlet states, h1,2. When the DM mass is
below half that of the SM-like state h1, resonant di-Higgs production may be the dominant
underlying process. However, for heavier DM, there exist a variety of other subprocesses
that play an important role. Thus, the SFOEWPT-viable cxSM admits a richer collider
phenomenology than the xSM.

In what follows, we analyze the bb̄+MET final state and find that it provides a powerful
probe of the realization of the cxSM consistent with a SFOEWPT and DM phenomenology.
We consider both the resonant di-Higgs portion of parameter space, wherein mA < mh1/2,
as well as the heavier mA regime. Present experimental constraints on h1 invisible decays
render the bb̄+MET signal to be rather weak in the mA < mh1/2 region [102]. Consequently,
we focus on the heavier mA region. We find that there exist promising prospects for cxSM
discovery for DM and h2 masses up to 450GeV and 1TeV, respectively.

The discussion of our analysis is organized as follows. Section 2 introduces the framework
of cxSM. Section 3 discusses the experimental constraints on the mixing angles. Section 4
describes the requirements to realise the SFOEWPT together with the cold DM candidate.
Section 5 discusses the remaining parameter space allowed by the measurements of the DM
relic density and the Higgs boson invisible decay. Section 6 discusses the exclusion of the
parameter space from the latest LHC experiments. In section 7, we discuss the Monte Carlo
simulation of b-jets plus DM candidates in cxSM and propose a search strategy for the
corresponding signals at HL-LHC. Section 8 is the conclusion.

2 The cxSM model

The cxSM extends the SM by introducing a complex SU(2) singlet scalar S that transforms
under a global U(1) group as S → Seiα. The DM candidate emerges through two ways: (a)
spontaneous breaking of the global U(1) symmetry, yielding a massless Nambu-Goldstone
boson; (b) inclusion of explicit, soft U(1) breaking terms in the potential, as needed to
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generate a DM mass. One of the two degrees of freedom in S behaves like the real singlet of
the xSM, and could mix with the SM Higgs boson and potentially catalyze a SFOEWPT.
The other one becomes the cold DM candidate.

We consider a technically natural soft symmetry-breaking and minimal renormaliz-
able cxSM model that do not generate additional soft symmetry-breaking terms through
renormalization. The scalar potential at the tree-level is [63]

V0(H, S) = µ2

2 (H†H) + λ

4 (H
†H)2 + δ2

2 H†H|S|2

+ b2
2 |S|2 + d2

4 |S|4

+ a1S + b1
4 S2 + h.c.. (2.1)

The first two lines in eq. (2.1) are invariant under the U(1) transformation. The a1
and b1 terms in the third line break the U(1) symmetry explicitly. In general, a1 or b1 can
be complex numbers. Under redefinition of S the quantity ϕS ≡ Arg(b1a∗2

1 ) is a rephasing
invariant complex phase. However, to obtain a viable DM candidate, mixing between the
real singlet and imaginary singlet should be avoided, which requires ϕS = 0. Therefore we
fix a1 and b1 to be real numbers in the following studies.

Spontaneous symmetry-breaking (SSB) is implemented via

S = 1√
2
(vs + s + iA), (2.2)

H =
(

G+

1√
2(v0 + h + iG0)

)
, (2.3)

where vs and v denote the vacuum expectation values, G0,± are the usual Higgs doublet
would-be Goldstone bosons, and s and A denote the real and imaginary parts of the fluctuation
around the singlet vacuum expectation value (vev).

Based on the U(1) symmetry breaking schemes, the model can be classified into
four cases [63]:

• vs ̸= 0 and a1 ̸= 0, b1 ̸= 0. The U(1) symmetry is both spontaneously and explicitly
broken. We may take Im(S) to be the pseudo-Goldstone boson that is no longer
massless, with its mass depending on the extent of explicit breaking via the values of a1
and b1. Note that the domain wall problem would appear if a1 vanishes since a discrect
Z2 symmetry breaks spontaneously in this case.

• vs = 0 and a1 = b1 = 0. U(1) symmetry is kept. A and s are identical and massive
particles, such that the model is degenerate to xSM. Since the U(1) symmetry is
preserved, the singlet does not mix with SM Higgs and becomes two stable particles. In
this case, we have two DM candidates. Comparing with the xSM, the DM relic desity
is equal to twice of the xSM case.

• vs = 0 with b1 ̸= 0. The U(1) symmetry is explicitly broken. The scalar S has no
mixing with SM Higgs, such that s and A are both stable massive particles. Note that
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the a1 term is mainly to avoid a potential domain wall problem for the case when vs ̸= 0
as the first case. Here we can set it to be zero since we do not have SSB and, thus, no
domain wall problem in this case.

• vs ̸= 0 and a1 = b1 = 0. The U(1) symmetry is spontaneously broken, yielding a
massless Nambu-Goldstone boson, which we may take to be Im(S) and which becomes
a possible warm DM candidate. However, such possible candidate has been ruled out
suppose the warm DM candidate mass of the range O(1)GeV [63].

In the following studies, we will focus on the most general scenario where vs ̸= 0 and
a1 ̸= 0, b1 ̸= 0.

By using the minimization condition of the potential in SSB, we get

µ2 = 1
2(−v2

sδ2 − v2
0λ) (2.4)

Σ12 = −4
√
2a1 − d2v3

s − v2
0vsδ2

2vs
, (2.5)

where Σ12 is defined as

Σ12 = b1 + b2. (2.6)

Hence we can write down the scalar masses

m2
A = −

√
2a1
vs

− b1, (2.7)

and

M2
h ≡

(
M2

h Mhs

Msh M2
s

)
=
( 1

2λv2
0

δ2
2 v0vs

δ2
2 v0vs

1
2d2v2

s −
√

2a1
vs

)
, (2.8)

which can be diagonalized by an orthogonal matrix O(θ):

O(θ)TM2
hO(θ) =

(
m2

h1
0

0 m2
h2

)
, O(θ) =

(
cos θ − sin θ

sin θ cos θ

)
. (2.9)

Specifically, the fields are expressed in terms of mass eigenstates and the mixing angle as

h = cos θ h1 − sin θ h2, (2.10)
s = sin θ h1 + cos θ h2. (2.11)

The diagonal matrix, O(θ)TM2
hO(θ), gives three equations that express λ, δ2 and d2 in

terms of mh1 , mh2 , a1, v0, vs and θ.

δ2 = sin 2θ
(
m2

h1 − m2
h2
)

v0vs
(2.12)

λ =
2
(
m2

h1
cos2 θ + m2

h2
sin2 θ

)
v2

0
(2.13)

d2 =
2
(√

2a1 + m2
h2

vs cos2 θ + m2
h1

vs sin2 θ
)

v3
s

(2.14)
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Meanwhile, the parameters b1 and b2 are related to the input parameters above and
the DM mass, m2

A.

b1 = −
√
2a1 − m2

Avs

vs
, b2 = Σ12 − b1 (2.15)

So far, we have two known parameters, v0 and mh1 , and five free parameters m2
A, m2

h2
,

a1, θ and vs.
Moreover, the coefficients of quartic terms should be bounded from below. We express

the scalar fields as h = φ sinα and s = φ cosα. It is convenient to express the effective
potential for a general values of α and φ as [22]

Veff(φ, α, T ) = Aφ4 + B̄φ2 + C̄T 2φ + Dφ + const., (2.16)

where the A, B̄, C̄ and D are massive couplings related with vs, v0 and T. The bar stands
for that the quantity is obtained from high-T approximation. Here, the tree-level quartic
coupling is

A = 1
16

(
λ cos4 α + 2δ2 cos2 α sin2 α + d2 sin4 α

)
. (2.17)

To guarantee the potential is bounded from below in any direction of h − s plane, it must
satisfy λ > 0, d2 > 0 and δ2 > −λd2 for negative δ2. In addition, the requirement of positive
eigenvalues of mass-squared matrix in eq. (2.8) leads to λ

(
d2− 2

√
2a1

v3
s

)
> δ2

2 for non-zero a1 [63].
It is useful to show the field dependent scalar masses that will be used in the calculation of

the high-temperature Lagrangian. Before electroweak symmetry breaking, the field dependent
masses are

m2
G±,0 = ∂2V0

∂G±,02 = 1
4
(
2µ2 + s2δ2 + λh2

)
, (2.18)

m2
A = ∂2V0

∂A2 = 1
4
(
−4b1 + d2s2 + 2Σ12 + h2δ2

)
, (2.19)

M2
h =

(
1
4
(
2µ2 + s2δ2 + 3h2λ

) hsδ2
2

hsδ2
2

1
4
(
3d2s2 + 2Σ12 + h2δ2

)) . (2.20)

Combining all the field dependent terms together and ignoring those field-independent
terms, such as µ2T 2 and b1,2 terms, we could obtain the high-T approximation potential
as discussed in detail in section 4.

3 Constraints on parameters and benchmarks

We first discuss the constraints of the mixing angle θ in eq. (2.10) since it is an essential
parameter in cxSM for the dark matter candidate, EWPT and collider phenomenology. The
mixing angle θ is constrained by the electroweak precision observables (EWPO) and the
global Higgs measurements at LHC. Note that during writing this paper, the CDF experiment
reported a new W mass measurement mW = 80.4335± 0.0094GeV [103], which is about 7σ

away from the SM prediction. Given that there exists some tension between this result and
other experimental results, e.g. ATLAS experiment [104], we prefer to not include an analysis
of its implications in this paper. We defer such an analysis to a dedicated study in the future.
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Figure 1. The color bar represents the χ2 value for EWPO. The points with χ2 larger than 5.99 are
excluded by EWPO. The black line corresponds to the deviation of 95% C.L. limit. The region above
the current bound is excluded.

3.1 Electroweak Precision Observables (EWPO)

The limits on the scalar mixing angle from precision electroweak measurement can be studied
by assuming the extended scalar mainly contribute to the gauge boson self-energy functions.
Modifications of the oblique parameters S, T and U [105, 106] are induced due to the coupling
difference between h1V V and the SM coupling hV V and due to additional contributions
arising from h2 via mixing.

Indeed, since the new BSM particle is a gauge singlet, no further contributions come
from the gauge sector except of those associated with the mixing angle sin θ. Therefore, the
deviation of EWPO operators can be expressed as [24]

∆O = OcxSM −OSM

= cos2 θ O(mh1) + sin2 θ O(mh2)−O(mh1)
= sin2 θ [O(mh2)−O(mh1)] (3.1)

where mh1 and mh2 are the masses of the two mass eigenstates in eq. (2.9) and h1 is the
observed Higgs boson with mh1 ≈ 125 GeV. Hence the deviation of a given oblique parameter
O on EWPO from its SM value, including ∆S, ∆T and ∆(U + S), is contingent upon two
free parameters: θ and mh2 . For completeness, we provide explicit expressions in terms of
the Passarino Veltman functions in appendix A.

The best-fit values of S, T and U with respect to the SM prediction [107] are

S − SSM = 0.04± 0.11
T − TSM = 0.09± 0.14
U − USM = −0.02± 0.11 (3.2)

To perform the parameter scan with these experimental constraints, the χ2 is con-
structed as

χ2 = (X − X̂)i(σ2)−1
ij (X − X̂)j , (3.3)
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where the vector Xi = (S, T, U) and (X − X̂)i = (∆S, ∆T, ∆U) are derived from eq. (3.1)
and defined to be the corresponding central values of the shift from SM predictions in eq. (3.2).

The quantity σ2 is the error matrix which can be expressed as σ2
ij = σiρijσj . Here, the

σi is the uncertainty of (X − X̂)i in eq. (3.2), and ρij is the correlation matrix [107] with

ρij =

 1 0.92 −0.68
0.92 1 −0.87
−0.68 −0.87 1

 . (3.4)

Figure 1 shows χ2 distribution of the 2-D parameter scan. The pink solid curve indicates
the upper limit on the mixing angle sin θ at 95% C.L. as a function of mh2 . From the plot,
we could see that the mixing angle | sin θ| is excluded above 0.35 for m2 ≤ 400 GeV and
0.25 for m2 ≥ 600 GeV. In the following section, we focus on the absolute value of the
mixing angle lower than 0.35.

3.2 Measurements of the Higgs boson couplings

The mixing angle θ between h1 and h2 describes the coupling between SM-like Higgs boson and
other SM particles and thus is constrained by measurements of the experimental measurement
of the Higgs boson coupling. This section will derive the 95% C.L. upper limit on sin2 θ by
performing a global fit to the latest LHC measurements [108, 109].

To characterize the impact of the cxSM on properties of the 125 GeV Higgs-like boson,
it is useful to consider the signal strength, defined as

µpp→h1→XX = σpp→h1 BR(h1 → XX)
σSM

pp→h BR(h → XX)SM
, (3.5)

where σpp→h1 = cos2 θ × σSM
pp→h is considered in tree-level. By using the decay width rela-

tionship between the SM-like Higgs and SM Higgs: Γh1→XX = cos2 θ Γh→XX , the branching
ratio of the SM-like Higgs boson decay can be expressed as:

BR(h1 → XX) = BR(h → XX)SM . (3.6)

This equation is valid in the parameter space relevant to the present study, where mh2 is
greater than mh1 and mA is greater than mh1/2. In this case, both Γh1→AA and Γh1→h2h2

vanish, and therefore µpp→h1→XX = cos2 θ.
To quantify cxSM-induced deviations from SM Higgs boson properties, we construct

the χ2 function for µi→h1→f , where the subscript “i” stands for the production mode (e.g.,
gluon-gluon fusion) and “f” indicates the decay mode:

χ2 =
∑
i,f

(µcxSM
i→h1→f − µobs

i→h1→f )2

σ2
µi→h→f

, (3.7)

where all the channels tested at current LHC are considered and translated into a 95% C.L.
upper bound on sin2 θ, which translate the deviation of χ2 to be ∆χ2 ≤ 3.841. This is
translated into an upper bound on sin2 θ, with sin2 θ < 0.0468 (| sin θ| < 0.216), which is
calculated based on the current global Higgs fit results:

µATLAS = 1.05± 0.06, µCMS = 1.02+0.07
−0.06. (3.8)

– 7 –



J
H
E
P
0
1
(
2
0
2
4
)
0
5
1

4 SFOEWPT and numerical results

In this section, we consider the gauge-independent O(T 2) high temperature (high-T) approxi-
mation of the finite temperature effective potential. We start with the expansion

Veff(h, s, T ) = V0(h, s) + V T =0
CW (h, s) + VT ̸=0(h, s, T ). (4.1)

V T =0
CW is the zero-temperature Coleman-Weinberg effective potential with the general form

VCW =
∑

k

(−1)2sk

64π2 gk [M2
k ]2
(
log M2

k

µ2 + ck

)
, (4.2)

where sk is the spin of the k-th particle; gk indicates the number of degrees of freedom; ck is
equal to 3/2 for scalars and fermions, and 5/6 for vector gauge bosons.

The quantity Vhigh−T is the effective potential at finite-temperature approximation
at leading order in the finite temperature effective theory. It can be obtained from the
conventional one-loop thermal potential

V 1−loop
T = T 4

2π2

∑
k

nkJB,F (m2
k/T 2) (4.3)

with

JB

(
m2

k

T 2

)
= −π4

45 + π2

12
m2

k

T 2 − π

6

(
(m2

k)3/2

T 3

)

− m4
k

32T 4 log
(

m2
k

cBT 2

)

JF

(
m2

k

T 2

)
= −7π4

360 − π2

24
m2

k

T 2 − m4
k

32T 4 log
(

m2
k

cF T 2

)
,

where log cB = 5.4076 and log cF = 2.6351. Field-dependent logarithms in Vhigh−T are
cancelled by VCW with a factor of form ln(T 2/µ2) left. In principle, one can choose the
renormalization scale to be µ ∝ T , so that the log-term is temperature independent. Moreover,
at leading order in the high-temperature limit, the leading order of VT ̸=0 is field independent
and thus ignored. Therefore, we keep the second order in VT ̸=0 that is proportional to T 2.
In this case, the Coleman-Weinberg potential is proportional to M4

k , which is negaligable in
high-T approximation, T ≫ Mk. In this paper, we use the high-T approximated potential
without including the subordinate Coleman-Weinberg potential,

V High−T (h, s, T ) = V0(h, s) + T 2

48
(
12m2

t

)
+ T 2

24
(
3m2

G + m2
h + m2

s + m2
A + 6M2

W + 3M2
Z

)
= 1

2

(
λ

8 + δ2
24 + 3g2

2 + g2
1

16 + y2
t

4

)
h2T 2 + δ2 + d2

48 s2T 2. (4.4)

The m2
G, m2

s, m2
A and m2

h are field-dependent masses of the fields that interacts with the
scalar fields h or s defined in eq. (4.4).
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Figure 2. Two-step symmetry breaking at finite temperature for a1 ̸= 0. The first transition is
continuous phase transition which occurs from O′ to A. The second transition is from A to B, where
a possible barrier can be generated between A and B for a positive δ2. Note the minimum of the
potential at high temperature moves from the origin to vs > 0 for a negative a1.

Note that eq. (4.4) is already gauge independent thanks to the gauge-invariant thermal
masses [110]. Thus the critical temperature defined by high-T approximation is also gauge
independent.

In the presence of the additional neutral scalar and the portal interaction, spontaneous
symmetry breaking (SSB) can take place via multiple ways [5]: (a.) a single-step transition
to the present pure Higgs vaccum from the symmetric phase at T = TEW . (b.) The universe
first lands in a phase with a non-zero vs at T > TEW followed by a transition to the current
Higgs vaccum at TEW . (c.) A one-step transition to where both the SM Higgs and the
real singlet obtain vevs. The first order EWPT can be induced at tree-level in the high-T
approximated Lagrangian under certain conditions, where the situation is classified according
to the number of transition steps. We discuss these possibilities below. In so doing, we first
observe that a first order EWPT for scenario (a) requires that thermal loops containing the
singlet scalar sufficiently enhance the term in Veff proportional to Th3. We do not consider
this possibility here. For a discussion, see, e.g., ref. [5] and references therein.

For the two-step phase transition, as shown in figure 2, the singlet scalar vev first moves
from O′ to A, where < s >= vA

S /
√
2 and < h >= 0; the SM Higgs then also obtains its vev

in the second step from A to B, where < s >= vB
S /

√
2 and < h >= vC/

√
2.

For the second step, we denote the critical temperature as TC , such that the strong first
order electroweak phase transition can be approximated by vC/TC ≳ 1 with [65]

vC ≃

√
2δ2vA

S

λ

(
vA

S (TC)− vB
S (TC)

)
(4.5)

TC ≃

√√√√ 1
2ΣH

(
−µ2 − vA

S (TC)2

2 δ2

)
, (4.6)

where ΣH = λ
8 + δ2

24 + 3g2
2+g2

1
16 + y2

t
4 .

In addition, δ2 can be expressed as

δ2 = 2
v0vs

(
m2

h1 − m2
h2

)
sin θ cos θ. (4.7)
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A positive δ2 can generate a barrier between two minima and therefore induce a first order
EWPT, where a positive v̄A

S − v̄B
S is required by eq. (4.5). For the purpose of collider

phenomenology, we will focus on the heavy Higgs search at HL-LHC in the following section,
such that a heavy scalar resonance with m2

h2
> m2

h1
is considered. Thus, as implied by

eq. (4.7) the heavy scalar requirement requires a negative mixing angle, θ, in order for δ2 > 0.
Moreover, as shown in eq. (4.6), a positive δ2 indicates an upper limit of itself.

For an one-step phase transition wherein v0 and vS vary from zero to nonzero at the
same time, the situation is complex. If we consider the high-T effective theory without the
thermal loop-induced cubic term — as what we performed above, such a one-step transition
cannot be first order since vC is always zero. This can be seen from eq. (4.5) with vA

S

replaced by zero. In principle, introducing the thermal cubic term can generate first order
phase transition [22, 63, 65].

With the foregoing considerations in mind, we will focus in this paper on the two-step
phase transition. The CosmoTransitions [111] package is used to numerically evaluate the
EWPT quantities, e.g. Tc and the corresponding vevs, and then locate the feasible parameters
space for the strong first-order EWPT.

5 Constraints on dark matter candidate

For the pseudoscalar A, since it does not mix with other scalars due to its CP-odd nature, this
particle is stable and can be regarded as a dark matter candidate. However, the δ2 term in
Lagrangian generates an interaction of g1AA ·h1AA, which can contribute to the Higgs invisible
decay if the mA is less than half of the Higgs mass. Given no significant Higgs invisible decay
is observed, this indicates either the coupling strength, which can be expressed as:

gh1AA =
√
2a1 + m2

h1
vs

2v2
s

sin θ, (5.1)

is highly suppressed or the mA close to or even heavier than mh1/2.
To be specific, we redefine a1 = γ3m3

h1
, vs = βmh1 by introducing γ and β, the invisible

decay width can be expressed as

Γh1→AA =
g2

h1AA

8πmh1

√√√√1− 4m2
A

m2
h1

= mh1

8π

(√
2γ3 + β

2β2

)2
√√√√1− 4m2

A

m2
h1

sin2 θ (5.2)

∼
(√

2γ3 + β

2β2

)2
√√√√1− 4m2

A

m2
h1

(sin θ

0.1

)2
× 50 [MeV],

where the approximation in the last row is obtained by taking | sin θ| = 0.1.
The current observed upper bound on the branching ratio of Higgs invisible decay at

LHC experiments is about 13% for ATLAS [108] and 16% for CMS [109]. While the total
decay width for SM Higgs is about 4.1 MeV [112], and notice that in eq. (5.2), the factor(√

2γ3+β
2β2

)2
∼ O(1) is satisfied for β ∼ O(1) and |γ| ∼ O(1), which indicates a narrow window
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for DM mass around mh1/2 or a delicate fine tuning cancellation between a1 and vs. Taking
into account above considerations and without loss of generality, we also consider the dark
matter particle A in the range 60 GeV ≤ mA ≤ 1TeV.

Dark matter relic density and rescaled spin-independent cross section are also taken
into account. To obtain the dark matter relic density, we implement the cxSM model
interactions in Feynrules [113] to produce the CalcHep [114] model file, which are then
fed to MicrOMEGAs [115] to calculate. In this paper, a general scan on the free parameters
is performed with1

0 ≤ vs/GeV ≤ 150.0,

0 ≤ | sin θ| ≤ 0.35,

−1000.03 ≤ a1/GeV3 ≤ 1000.03,

60.0 ≤ mA/GeV ≤ 1000.0,

300.0 ≤ mh2/GeV ≤ 1000.0. (5.3)

In this paper, we focus on a typical process within the cxSM, the production of a pair of
DM candidates associated with a SM Higgs boson, and consider it as a main concern in
the definition of parameter space. We specifically select the bb̄ decay channel of the SM
Higgs, leading our search towards the bb̄+MET channel. To enhance the h2 → h1AA process,
we require the h2 to be on-shell, with mh2 > 2mA + mh1 ≥ 245GeV. Moreover, as the
mass regions close to twice the SM Higgs mass are sensitive to resonant di-Higgs channels,
as discussed in various studies [39, 42, 50, 56, 61], we establish a threshold to begin our
scan from mh2 = 300GeV.2

Regarding the parturbativity of the dimensionless parameters, we perform a test general
scan to guarantee the dimensionless parameters satisfying a naive parturbativity constraint
with 0 ≤ 3λ

2 , δ2
2 , 3d2

2 ≤ 4π [61, 117, 118]. We assume that new physics other than the cxSM
exists beyond electroweak scale, we further check such relationship at 10 TeV by solving the
1-loop RGEs. The details are presented in the appendix D.

The distribution of the DM relic density are shown in figure 3. The type of EWPT
and its strength in section 4 are used to classify the points. The blue points represent
the parameter points that could induce first order phase transition with vC/TC > 1. The
orange points contend all the other case. Current measurement of cold DM relic density
given as ΩDM h2 = 0.1186 ± 0.0020 [116] is shown as black line. Most of the points in our
general scan are below this line, thus satisfy the DM relic density constraint. There is a
minimum at mA ≃ 62.5 GeV as expected where the DM annihilation process mediated by
h1 is highly enhanced, and valleys between mA ≃ 150 GeV and mA ≃ 500 GeV for the
increase of the annihilation process mediated by h2 since the scanning region of mh2 is chosen
to be from 300 GeV to 1 TeV.

Figure 4 shows the Feynman diagram of the interaction between the dark matter particle
and the proton by exchanging the SM Higgs. Since the SM Higgs is composed by (2.10), the

1The range of parameter values is prior and adjusted based on the scanning results. The concrete reason is
given in section 6.

2As for the region of mh2 ≤ 60.0 GeV, dedicated researches using the Higgs exotic decay are referred in the
refs. [22, 57, 58, 100] and references therein.
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Figure 3. A general scan for the result of the DM relic density with the DM mass varying from
60 GeV to 1 TeV. The blue points satisfy the conditions that induce SFOEWPT, and the orange points
induce second order electroweak phase transition or first order phase transition with low strength.
The black solid line shows the cold DM relic density with ΩDM h2 = 0.1186 [116]. Valleys at 62.5 GeV
and 150 GeV-500 GeV arise from DM annihilation process mediated by h1 and h2 respectively.

Figure 4. DM direct detection: DM-proton interaction by mediating an SU(2) neutral Higgs via a
t-channel process. The h1 and h2 interacts with the DM candidate with the nonzero g1AA and g2AA.

spin-independent cross section of DM-proton process can be written as

σ
[p]
SI =

m4
p

2πv2(mp+mA)2

(
gh1AA cosθ

m2
h1

− gh2AA sinθ

m2
h2

)2

×
(

f [p]
u +f

[p]
d +f [p]

s +2
9f

[p]
G

)2
, (5.4)

where the f
[p]
u , f

[p]
d , f

[p]
s and f

[p]
G are proton form factors [115] and the minus sign in the first

bracket is derived from the minus sign in eq. (2.10) with the couplings being

gh2AA =
√
2a1 + m2

h2
vs

2v2
s

cos θ, (5.5)

gh1AA =
√
2a1 + m2

h1
vs

2v2
s

sin θ. (5.6)

In this work, MicrOMEGAs [115] is also used to calculate the spin-independent cross section.
If the DM abundance is less than the observed DM abundance, the rescaled spin-independent
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(a) (b)

Figure 5. The rescaled spin-independent DM-proton cross section of cxSM parameter points where
the DM relic density is below the current measurement. Figure(a) is the distribution of the general
parameter space as shown in eq. (5.3). In figure(b), we fix mA to 62.5 GeV and let mh2 vary from
70 GeV to 1 TeV. The blue points satisfy the conditions that induce SFOEWPT, the orange points
induce EWPT other than strong first order. The solid line corresponds to the 95% C.L. exclusion
constrained by XENON1T and the dashed line is the expected efficiencies from XENONnT (red) and
PandaX-4T (black).

cross section σSI(rescaled) could be obtained according to

σSI(rescaled) = σSI
ΩcxSM h2

ΩDM h2 . (5.7)

The general scan with eq. (5.3) is also performed to σSI(rescaled) as shown in figure 5(a).
The definition of color remains the same as that in the figure of dark matter relic density.
Experimental constraints from the direct dark matter search experiment XENON1T [119]
is shown as line, and the expected efficiencies of future experiment XENONnT [120] and
PandaX-4T [121] are shown by the dashed line.3 Currently we can exclude the dark matter
mass between 65 GeV and 120 GeV under the premise of SFOEWPT. Most of the SFOEWPT
points in our scanning space can be covered by XENONnT.

Figure 5(b) shows the scaled cross section vs. singlet-like Higgs mass with the mA fixed to
62.5 GeV and mh2 Varying from 70 GeV to 1 TeV. A minimum is generated when mh2 = mh1

as indicated in eq. (5.4). From figure 5(b), we can see that very few parameter points for
SFOEWPT can survive from the direct dark matter search. On the contrary, in the figure 5(a)
most parameter regions with mA > 62.5 GeV that realise SFOEWPT survive the current
direct DM search and are able to be tested by XENONnT. Therefore, it is more valuable
for DM direct detection to investigate the mA region beyond 62.5 GeV.

A similar study on the DM relic density is presented in the ref. [69], which, same as
this paper, suggests that most of the parameter region satisfying DM relic density, and
SFOEWPT conditions survives the Xenon-1T search and can be probed by Xenon-nT and
PandaX-4T. Compared with ref. [69], this paper finds some parameter space that survives
Xenon-nT search. We further study the cases of mA ≃ 62.5GeV and mA > 62.5GeV, and
reaches the SFOEWPT parameter region beyond the detection capability of XENONnT.

3Results that are close to the XENON1T constraint can be obtained from current new experiments such as
the LUX-ZEPIN [122].
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6 Heavy scalar resonance searches bounds at the LHC

The cxSM predicts that the singlet-like scalar boson h2 can be produced at the LHC and
decay to various standard model particles. Thus, h2 can behave as a heavy spin-0 resonance
in collider when mh2 > mh1 . In this section, we investigate the constraints on the cxSM
parameter space from the direct heavy resonance search at the LHC. The production cross
section times branching fraction of h2 → WW [123], ZZ [123], hh [124], ττ [125], bb [126]
and tt [127] are scanned in the parameter space eq. (5.3).

These calculations rely on the mixing angle θ and the widths of additional decay. Given
by eq. (2.10), the production cross section of h2 can be expressed as σpp→h2 = sin2 θ σpp→h

for each production mode. The decay widths of the existing channels are also obtained by
multiplying a factor sin2 θ on the standard model widths as Γh2→XY = sin2 θΓSM

h→XY . The
Standard Model cross sections and decay widths are obtained from CERN Yellow Report
4 [128]. For the rare decay channels, the h2 → AA decay is considered because of the δ2
term in Lagrangian, similar to the discussion of h1 → AA in section 5. The h2h1h1 vertex
also exists with the coupling

gh2h1h1 = sin θ cos θ

[
3a1√
2vs

sin θ

vs
+
(

m2
h1 +

m2
h2

2

)(sin θ

vs
− cos θ

v0

)]
, (6.1)

due to the Higgs sector mixing. Thus, we must also include the h2 → h1h1 channel. In
addition, the three-body decay channel, h2 → h1AA, is also taken into consideration because
of the non-zero coupling of gh2h1AA with

gh2h1AA = 1
2v0v3

s

(√
2a1v0 sin θ cos θ + m2

h2v2
s cos2 θ sin2 θ

− m2
h1v2

s cos2 θ sin2 θ + m2
h1vsv0 cos θ sin3 θ

+ m2
h2v0vs cos3 θ sin θ

)
.

(6.2)

Apart from the direct h2 → h1AA decay, an interesting process where one or both of the
Higgs boson from di-Higgs decay channel is off shell, leading to one or more pairs of heavy
particles (WW , tt̄ etc or a pair of heavy dark matter particles) in the final state, e.g.
h2 → h1h∗

i → h1AA. One nominally expects these contributions to be suppressed due to the
off-shell h1 propagator and additional-particle phase space suppression. We find, however,
that the contribution from the h2 → h1h∗

i → h1AA channel can provide significant discovery
potential. The differential cross section of the mediate three-body decay process is calculated
according to the appendix B, by integrating which we can obtain the width.

With these additional decays, the branching ratio for a decay from h2 to standard model
particles can be written as

BR(h2 → XX) = sin2 θ Γh→XX

sin2 θ ΓSM
h + ΓBSM

h2

, (6.3)

where
ΓBSM

h2 = Γh2→h1h1 + Γh2→AA + Γh2→h1AA + Γh2→h1tt̄. (6.4)
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(a) (b) (c)

Figure 6. Cross sections of SFOEWPT parameter points for (a) VBF h2 → V V , (b) ggF h2 →
V V and (c) VBF + ggF h2 → h1h1 as functions of mh2 . The colorbar represents the mass of
pseudoscale boson A. The black curves show the 95% C.L. upper limit from ATLAS heavy resonance
searches [123, 124], above which the parameter points are excluded.

Finally, the overall cross section in cxSM for heavy resonance search can be simply
written as σpp→h2 × BR(h2 → XX). Figure 6(a) and 6(b) depict experimental constraints
from h2 → WW and ZZ decay channels for parameter points satisfying SFOEWPT. Both
vector-boson fusion (VBF) and gluon-gluon fusion (ggF) production modes are considered.
The black curves in the figures are the experimental upper limit on the overall cross section,
above which the parameter points are excluded. For the heavy resonance search at the
HL-LHC, the expected efficiency can be estimated by the current upper limit and a factor of
1.18×

√
3000.0/139.0. The factor of 1.18 is the ratio of the 14 TeV LHC and 13 TeV LHC cross

sections [61]. The second factor comes from the integrated luminosity. The corresponding
upper limit is given by the dashed line in the figure 6(a) and figure 6(b). One can find that
even though most of the viable SFOEWPT parameter space survives from the LHC Run-2
searches, the forthcoming Run-3 with 3000 fb−1 integrated luminosity manifests powerful
capacity in detecting the singlet induced SFOEWPT, which is consistent with the prediction
in the ref. [61]. Note that the di-boson channel is most powerful in heavy resonance mass
region where mh2 > 500GeV. For mh2 ≲ 500GeV, a considerable portion of the SFOEWPT-
as well as DM-viable space cannot be probed.

Figure 6(c) presents constraints for the same points from ggF+VBF di-Higgs searches,
combining results from bb̄bb̄, bb̄γγ, and bb̄τ τ̄ final states. Unlike the di-boson case, the
di-Higgs channel manifests relatively powerful detection ability in probing mh2 ≲ 500GeV
signals, whereas the capability around ∼ 500GeV is limited. Other channels, including
h2 → ττ , h2 → tt̄ and h2 → bb, are found to negligible exclusion power in the scanned
parameter space and thus not shown in the figures. Those points with heavy h2 that survive
the di-boson searches, h2 → V V , are likely to have lower sin θ and lower A mass. This is
because the BSM branching ratio h2 → AA (h2 → h1AA) becomes nonzero for mh2 ≥ 2mA

(mh2 ≥ 2mA + mh1) and thus reducing the branching ratio for h2 → V V and making it more
difficult for experiment to exclude this space via di-boson resonance searches. Importantly,
without consideration of the bb̄+MET signature, none of the foregoing channels can distinguish
whether the signal comes from the xSM or a cxSM.
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(a) (b) (c) (d)

Figure 7. Relationships between mh2 and a1, mh2 and vs, mh2 and sin θ, and mh2 and mA respectively,
after applying all the current constraints. The blue points represent parameter points eligible for
investigation through direct resonance searches at the HL-LHC, and the yellow points are expected to
persist even after this search.

The correlations between mh2 and vs, sin θ, and mA are used to explain the range
of parameter values chosen in section 5 and are depicted in figure 7. All points satisfy
SFOEWPT, DM and LHC Run-2 constraints. The blue ones are able to be probed by the
future HL-LHC at the 2σ level, while the yellow ones will survive the HL-LHC searches. The
plots represent the parameter distribution in the SFOEWPT-viable cxSM and reflect our
strategies for selecting the parameter scanning range:

• The mixing angle that is proportional to vs and expressed by

sin 2θ = δ2v0vs

m2
h1

− m2
h2

, (6.5)

is highly constrained by EWPO, the Higgs measurement as well as the di-boson searches,
which, therefore, sets an upper limit to the vev of the singlet. Notice that in the region
mh2 ≲ 500GeV, no obvious correlation with sin θ is found, as indicated in figure 7(c).
This absence is due to the weak detection capability in this region from the di-boson
channels. On the other hand, a value of sin θ approaching zero is incompatible with
SFOEWPT. This is due to the necessity of having a non-negligible value of |δ2|, as
indicated in eq. (4.7), to meet the criterion of vC/TC ≳ 1.

• The parameter range of mh2 ≤ 1TeV is chosen because rare SFOEWPT-viable parameter
space that satisfies HL-LHC constraints and DM constraints is seldom found beyond
1 TeV. Note that this rough upper bound is consistent with the general arguments in
ref. [5].

• In figure 7(a), the linear-like relationship between a
1/3
1 and mh2 is due to the perturbation

requirements on 0 ≤ d2 ≤ 8/3π, where d2 in eq. (2.14) can be expressed as:

d2 = 2
v3

s

[
m2

h1vs + (m2
h2 − m2

h1)vs cos2 θ +
√
2a1

]
. (6.6)

As mh2 increase, a more negative value of a1 is needed to offset the contribution
from m2

h2
. Furthermore, a1 is pivotal in shifting the vacuum expectation value in the

< s > direction before the second step EWPT. A larger magnitude of |a1| is generally
advantageous for facilitating strong first-order phase transitions [69].
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Figure 8. Representative Feynman diagram to generate signal events with b-jets plus MET final
states at the LHC.

• The mA distribution falls into two separate areas. This is because the range of values for
mA that do not exceed the XENON-1T DM direct detection upper limit is discontinuous,
as indicated in figure 5. Notice that under the XENON-1T exclusion line, there exists
few SFOEWPT-viable parameter space around mA ∼1 TeV, which is the reason for the
discontinuity in mA.

7 Prospect of heavy scalar search in b-jets+MET channels

When producing the cxSM bb̄ +MET signal, we consider a comprehensive set of processes
(CSPs) that contribute to this channel. Our search strategy is inspired by strategies used for
mono-Higgs plus MET, then optimized to account for other important sub-processes, such as
those in which an off-shell h1 mediates bb̄ pair production. To carry out detailed simulations
for the HL-LHC, we select a set of benchmark parameter points after applying all the
constraints and requirements discussed in the previous sections. In subsection 7.1, we explore
aspects of the underlying sub-processes and allowed parameter space, as it bears on the LHC
signal. The selection criteria and the signal signature are shown in subsection 7.2. Finally,
we find that the discovery potential with a significance of ≥ 1.96σ reach for the bb̄ + MET
channel is significant at the HL-LHC, and most parameter points will be covered in that case.

7.1 The complete set of cxSM processes for b-jets plus MET

In the cxSM, multiple processes contribute to the bb̄ + MET final state, including the di-
Higgs channels, heavy Higgs boson direct decay channels and mono-Higgs plus b-jets. The
DM candidate can be produced from direct four-particle vertex from heavy Higgs boson
h2 or from the subsequent decay of an on-shell or off-shell h1,2 boson. We consider all the
processes with the coupling order satisfying QCD ≤ 2 and QED ≤ 4 in MadGraph [129].
The CSPs have more than one hundred diagrams. A brief overview of the main types is
illustrated in figure 8, among which the cross section is dominated by the diagram-8(a) and
diagram-8(b), in particular, the diagram-8(b) with mediator substituted by an off-shell h1
is found to be significant.
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Previous studies on the collider searches of the cxSM include:

• The h1 → A A case with mA = 62.5GeV [65], which satisfies the Higgs invisible decay
constraint and obtains a relatively large parameter space.

• The degenerate-scalar scenario with |mh2 − mh1 | ≲ O(1)GeV [71, 130]. Collider
signatures in this scenario are SM-like, and therefore current experimental data cannot
distinguish them from the SM predictions.

However, the on-shell h1 → A A decay with mA = 62.5GeV is not expected to significantly
enhance the sensitivity of bb̄+MET search because the branching ratio is already highly
bounded by the Higgs invisible decay constraint. Moreover, with mA = 62.5GeV, we find
that the parameter space is tightly constrained by the current experimental requirements.
Therefore, in this study, we investigate the most general case where mA ≥ 62.5GeV. However,
due to the exclusion of all points with mA in the range of [62.5 GeV, 120 GeV] by XENON1T,
as mentioned in section 5, we further restrict our analysis to mA ≥ 120GeV.

To choose benchmark mass points for analysis, we impose a requirement that mh2 >

mh1 +2×mA. This condition ensures that the h2 mediator in diagram-8(a) and diagram-8(b)
can be on-shell, and thus enhances the cross section of CSPs signal. Therefore, the analysis
will be conducted on the following ten mass points:

Taking into account all the current constraints and requirements discussed in the previous
sections, it is impossible to find a shared benchmark point for the remaining parameters
(a1, vs, sin θ) that satisfies all the mass points. For instance, The SFOEWPT tends to favor
a larger −a1 as mh2 becomes heavier. The relationship between mh2 and a1 is depicted in
figure 7(a), from which it is evident that there is no single choice for a1 that can be used
for the mass range between mh2 = 400GeV and mh2 = 1000GeV.

This a1-mh2 correlation leads to an increase in the cross section of certain processes in
CSPs. Specifically, the process pp → h∗

1 → h1AA with diagram-8(b) is found to be reinforced
and even becomes the dominant process for heavy h2 masses. Its cross section is proportional
to gh1h1AA, which can be expressed as

gh1h1AA = 1
4v0v2

s

(
m2

h1v2
s cos3 θ sin θ − m2

h2v2
s cos3 θ sin θ

+
√
2a1v0 sin2 θ + m2

h2v0vs cos2 θ sin2 θ

+ m2
h1v0vs sin4 θ

)
. (7.1)

From the formula, it can be observed that this coupling becomes larger with increasing values
of −a1 since the sin θ is negative due to the heavy scalar requirement as discussed in section 4.
The resulting correlation between mh2 and gh1h1AA is shown in figure 9.

7.2 Analysis and results

In this subsection, we will describe the simulation procedures used to select the signals of b-jets
plus MET at the HL-LHC. Monte Carlo samples for both the CSPs signal and background
events are generated at a pp collider with a center-of-mass energy of 14 TeV. These samples
are then normalized to the integrated luminosity of the HL-LHC, which is set to 3000 fb−1.
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Figure 9. Distribution of gh1h1AA after requirement of SFOEWPT, DM constraints and heavy Higgs
searches at LHC. The magnitude of gh1h1AA increases as mh2 increases.

mA/GeV 130 130 130 130 230 230 230 330 330 430
mh2/GeV 400 600 800 1000 600 800 1000 800 1000 1000

Table 1. Mass points used to analyze.

We performed a detailed simulation for the mass points listed in table 1. The remaining
three parameters corresponding to each mass point were chosen randomly within the allowed
parameter space. However, these parameters are believed to affect the relative contributions
of different diagrams in CSPs, thereby impacting the selection efficiency. It is important to
note that the exclusion reach in the mh2 − mA plane obtained from our search is intended to
be general. Hence, variables that could potentially provide discrimination power between
the most dominant diagrams, such as the angular separation of the bb̄ system and missing
transverse momentum, were not considered in this analysis.

The signal Monte Carlo (MC) samples are generated at the leading order using Mad-
Graph5_aMC@NLO [129] with UFO and parameter relationships implemented by the
FeynRules [113]. The events are then processed through Pythia8 [131] for parton showering
and hadronization. Finally, the simulated events are passed through Delphes3 [132] to
account for the detector response.

Associated background processes from top quark pair production (ttbar), single top
quark production (single-top), Vh production, diboson production, and processes involving a
vector boson in association with jets (V+jets) are generated using Pythia8 [131]. The aim is
to simulate backgrounds that have similar visible final states as our target signal and can
contaminate into the signal region. Therefore, all background events are required to have
at most one lepton and at least one bottom quark. Additionally, they must have at least
one neutrino to satisfy the requirement of high missing transverse energy. Table 2 provides
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Process σ (pb) Generator
ttbar tt̄ 493 Pythia8

single-top tq 172 Pythia8

Vh Wh 0.227 Pythia8
Zh 0.0768 Pythia8

diboson WZ 4.94 Pythia8
ZZ 1.25 Pythia8

V+jets W + jets 55.8 MG5_aMC
Z + jets 218 MG5_aMC

Table 2. Information of the background MC samples. The cross sections (σ) are calculated with the
requirement that there are at most one lepton, at least one neutrino and at least one bottom quark in
the final states.

Figure 10. Distributions of the invariant mass of bottom-pair system after the first two cuts.

a summary of the background generation process. The showering and simulation approach
for background events follows the same procedure as for the signal.

The generated Monte Carlo samples are analyzed using MadAnalysis5 [133]. During
the object reconstruction stage, some basic requirements on transverse momentum and
pseudorapidity are applied. Specifically, jets are required to have pt > 25 GeV and |η| < 2.5,
while electrons and muons are required to have pt > 10 GeV and |η| < 2.4. These requirements
help ensure the quality and reliability of the reconstructed objects in the analysis.

Two general cuts are initially applied to distinguish the signal and background events
for all mass points:

• Cut-1 nlepton = 0.

• Cut-2 nb−jets = 2.

After applying these cuts, we present the distribution of the invariant mass of the bb̄

system in figure 10. In this figure, the signal events have been rescaled to match the remaining
background events. To identify the bottom-quark pair from the SM-like Higgs boson decay,
we implement a related cut:
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Figure 11. Distributions of the missing transverse energy after the first three cuts.

• Cut-3: 100 GeV < mbb̄ < 140 GeV.

Furthermore, we take into account the missing transverse energy to further distinguish
signal events from the background. As depicted in figure 11, this variable is expected to be
significantly large in our signal samples. To ensure that the statistical uncertainty of the
generated background does not have a substantial impact, we apply a relatively loose cut:

• Cut-4: MET > 550 GeV.

The purpose of this cut is to ensure that the signal events can be effectively separated
from the background.

After applying the selection criteria, the number of the signal events that can be detected
at a 95% confidence level corresponds to a cross section close to 10−2 pb. The exact exclusion
cross sections are listed in table 3. From the table, we observe that the selection efficiency is
primarily dependent on the mass of the dark matter candidate A, as one can expect from
the MET cut. To cover the entire 300 GeV < mh2 < 1000 GeV range for each mA point,
we employ the linear interpolation and extrapolation based on the limits obtained from our
analysis. In particular for the case of mA = 430GeV, we make the assumption that the limit
remains constant throughout the entire range. Notice that the expected discovery ability
is enhanced in mh2 = 400GeV for the case of mA = 130GeV, therefore, our approach to
obtain the upper limit in the low mh2 region can be considered conservative, the actual
exclusion limit in that region might be even stronger than what is indicated by our study.
Subsequently, we employ a bivariate spline approximation based on this rectangular mesh
to obtain a wide range of upper limits on the mh2 − mA plane.

We then scatter the parameter points from our general scanning space (eq. (5.3)) on the
this two-dimensional plane, taking into account all the current experimental constraints. The
resulting plot is shown in figure 12. Green stars are the benchmark mass points that are
used in the analysis. All points generate a SFOEWPT and satisfy DM relic density as well
as direct detection constraints. The light colored points are expected to be excluded by the
HL-LHC while the dark ones are not. The dark red and dark orange points are expected to
be probed by the bb̄+MET channel beyond 5σ and 1.96σ rispectively. The dark blue points
survive all the searches and remain after selection.
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mA = 130GeV mA = 230GeV mA = 330GeV mA = 430GeV
mh2 = 400GeV 7.9 fb
mh2 = 600GeV 9.5 fb 4.4 fb
mh2 = 800GeV 9.7 fb 4.6 fb 3.1 fb
mh2 = 1000GeV 9.3 fb 4.7 fb 2.9 fb 2.2 fb

Table 3. The exclusion cross sections at a 95% confidence level for each mass point in the analysis.

Figure 12. Exclusion/Discovery plot on mh2 − mA plane. Upper panel (light-colored points): space
that can be probed by both bb̄+MET and regular resonace search. Lower panel (dark-colored points):
space that cannot be probed by regular resonace searches but is able to be probed by bb̄+MET channel.
The meaning of the color is shown in the plot. Green stars are the benchmarks listed in the table 3.

Several observations are in order:
Firstly, in figure 12, there is a distinct line with a positive slope at the upper boundary of

the mass points region, particularly noticeable for heavier h2 values. This slope corresponds
to the relationship mh2 = 2mA. The region located above this slope is largely excluded based
on the results of the heavy scalar resonance search, as discussed in section 6.

Secondly, the density of red points is more pronounced in the region of heavier h2 masses,
suggesting a more promising discovery potential in the higher h2 mass range. At first glance,
this result may seem counter-intuitive. However, it can be attributed to the increasing cross
section of the pp → h∗

1 → h1AA process, as discussed in subsection 7.1.
Finally, a significant portion of the parameter space with heavier h2 masses can be

effectively probed by the bb̄+MET search at the HL-LHC. As the bb̄+MET signal distinguishes
the cxSM from the xSM, its use could allow one to discover the SFOEWPT-viable cxSM
for heavy Higgs Mass ≳ 650GeV at a 5σ confidence level. Moreover, such a search for this
channel would complement other resonance searches for mh2 ≳ 450 GeV, since a considerable
number of parameter points, which are likely to remain viable after these resonance searches,
can be effectively probed through the proposed bb̄+MET channel.

8 Conclusion

Through spontaneous and soft breaking of a global U(1) symmetry, the cxSM introduces
two additional degrees of freedom, with one catalyzing a possible SFOEWPT and the other
providing a viable DM candidate. Previous studies have demonstrated the viability of the
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cxSM for both DM and SFOEWPT and have elucidated the correlation between the singlet
scalar-SM Higgs coupling and the occurrence of a SFOEWPT in the cxSM parameter space. In
addition, there exists a coupling h1AA between the SM-like Higgs and pseudscalar (DM) pair.
For sufficiently light A, the Higgs invisible decay is induced for small pseudoscalar masses.
To avoid an experimentally excluded excess of the Higgs invisible decay, one way is to restrict
mA to a narrow window around mh2/2 or to implement a delicate fine tuning cancellation
between a1 and vs. Alertnatively, one may take mA > mh2/2 so that the Higgs invisible
decay is impossible. In both cases, a distinctive signal in pp collisions is a bb̄ pair plus MET,
with various contributions being mediated by on- and/or off-shell h1,2 bosons. Searches for
such signal processes have never been performed for the cxSM. Therefore, there exists strong
motivation to study the HL-LHC reach for the cxSM EWPT-DM viable parameter space.

In this work, we have performed a detailed analysis of this reach. The previously
considered most relevant heavy resonance searches at the LHC, which include the di-Higgs
channels (see in figure 6(c)) and the WW + ZZ channels (see in figure 6(a) and figure 6(b)),
are powerful in probing mh2 ≳ 700GeV and mh2 ≲ 450GeV in HL-LHC respectively. Thus,
viable EWPT and DM parameters are hopeful to be observed/excluded in these two areas.
Note that in the second area, a key EWPT related parameter, the mixing angle sin θ, that is
proportional to δ2vs is constrained by the di-boson channel. On the contrary, outside this
area, the optional parameter space of sin θ is larger (see in figure 7(c)). As a complement to
the resonance searches and a key feature signal of the cxSM, the bb̄ + MET search provides
a feasible means for probing a considerable portion of the viable parameter space where
mh2 ≳ 450GeV and for distinguishing the cxSM from the xSM for mh2 ≳ 650GeV.

While we considered a complete set of processes with bb̄ + MET final states, we designed
the detection method based on the characteristics of the heavy scalar resonance signal events.
We find that one of the dominant processes, pp → h∗

1 → h1AA that is induced by the coupling
gh1h1AA, is reinforced significantly by the increasing −a1 in heavy mh2 region.
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A Oblique parameter

Following the notation by Peskin and Takeuchi [106], the contribution to S, T and U from
the new scalar can be expressed as [24, 134–136]

∆S = 1
π
| sin θ|2{B0(0, mh2 , MZ)− B0(MZ , mh2 , MZ)

+ 1
M2

Z

[B22(MZ , mh2 , MZ)− B22(0, mh2 , MZ)]},
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∆T = 1
4πs2

w

| sin θ|2{−B0(0, mh2 , MW ) + 1
c2

w

B0(0, mh2 , MZ)

+ 1
M2

W

[B22(0, mh2 , MW )− B22(0, mh2 , MZ)]},

∆(U + S) = 1
π
| sin θ|2{B0(0, mh2 , MW )− B0(MW , mh2 , MW )

+ 1
M2

W

[−B22(0, mh2 , MW ) + B22(MW , mh2 , MW )]},

where B0 and B22 are Passarino-Veltman funtions [137].

B Three-body decay phase space

We use the example of the “three-body” decay process, where the differential cross section
for a process of a three-body decay is

dΓ = (2π)4

2mh2

|M|2dΦ3, (B.1)

where we use the dΦn to denote the n-body phase space. Since the standard form of the
phase space volume element with n final state particles can be decomposed into a number of
multiplication of 2-body phase space, with the dΦ3 is related with according to

dΦ3 = dΦ2(mAA, mA, mA)dΦ2(mh2 , mAA, mh1)(2π)2dm2
AA (B.2)

= dΩ∗ |p∗|
(2π)64mAA

dΩ3
|p3|

(2π)64M
(2π)2dm2

AA,

where the Ω∗ and Ω3 are the solid angles of the off-shell SM-like Higgs and heavy resanance
respectively.

The integration parameter, mAA, is the invariant mass of two-DM system. The integration
range is [2mA, mh2 − mh1 ]. p∗ (p3) is the momentum of off-shell (on-shell) SM-like Higgs
momentum. Thus the differential cross section can be expressed as

dΓ = (2π)5

16M2 |M|2dmAAdΩ∗dΩ3 (B.3)

= λ
1
2 (mAA, mA, mA)λ

1
2 (mh2 , mAA, mh1)

32π3m2
h2

× |g211g1AA

m2
AA

|2 dmAA,

where we have used |M|2 = |g211g1AA

m2
AA

|2 and

λ
1
2 (m12, m1, m2) =

√[
m2

12 −
(
m2

1 + m2
2
)]2 − 4m2

1m2
2

2m12
. (B.4)

Based on these relations, we calculate both “2-body” and “3-body” branching ratios
and scan over the general parameter space via

BR(h2 → h1AA) = Γh2→h1AA

sin2 θ ΓSM
h + Γh2→AA + Γh2→h1AA

(B.5)

for “3-body” case, and the “2-body” case has a similar form.
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Figure 13. Cross section distributions and detectable limits for CSPs. The points plotted satisfy all
the constraints discussed in the previous sections. From left to right, the sub-figures correspond to
the parameter points with mA around 130 GeV, 230 GeV, 330 GeV, and 430 GeV, respectively. The
dashed line and the solid line in each sub-figure represent the 5 σ and 1.96 σ discovery significance in
the HL-LHC via our analysis for the corresponding mA values of 130 GeV, 230 GeV, 330 GeV, and
430 GeV. The color-bar representing value of sin θ.

C Additional content for HL-LHC search

The cross sections of parameter points surviving all of the current experimental constraints
are shown in figure 13 for mA around 130GeV, 230GeV, 330GeV and 430GeV respectively.
Notice that the cross section increases as mh2 increases. The reason is that the coupling
g11AA grows with mh2 . Hence the cross section of the dominant process pp → h∗

1 → h1AA

increases. The dashed line and the solid line in each sub-figure represent the 5 σ and 1.96 σ

discovery significance in the HL-LHC via our analysis for the corresponding mA values of
130 GeV, 230 GeV, 330 GeV, and 430 GeV.

D 1-loop RGE running for cxSM

We derive the renormalization group equations (RGEs) by using the python package PyR@TE
3 in the MS scheme at the 1-loop level.

β(1)(g1) =
41
10g3

1 (D.1)

β(1)(g2) = −19
6 g3

2 (D.2)

β(1)(g3) = −7g3
3 (D.3)

β(1)(d2) = 2δ2
2 + 5d2

2 (D.4)

β(1)(λ) = 6λ2 + δ2
2 − 3g2

1λ − 9g2
2λ + 3

2g4
1 + 3g2

1g2
2 + 9

2g4
2 + 12λ|Yt|2 − 24|Yt|4 (D.5)

β(1)(δ2) = 3δ2λ + 2δ2
2 + 2d2δ2 −

3
2δ2g2

1 − 9
2δ2g2

2 + 6δ2|Yt|2 (D.6)

β(1)(d2) = 2δ2
2 + 5d2

2 (D.7)

β(1)(Yt) =
9
2Yt|Yt|2 −

17
12g2

1Yt −
9
4g2

2Yt − 8g2
3Yt, (D.8)
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where the couplings at scale µ = 246GeV are

g1 =
√

5
3 × 0.36001, g2 = 0.64632, g3 = 1.15330

yt = 0.93930, yb = 0.01897. (D.9)
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