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We study the scenarios where a strongly first-order electroweak phase transition (EWPT) is triggered by
a light singlet scalar, which has feeble interactions to the Higgs. Since the singlet scalar is light and has
weak couplings, it can decay at a macroscopic distance away from the collision point. Therefore, it can be
regarded as a long-lived particle (LLP) in such scenarios. We perform the searches of the LLPs from the
exotic Higgs decays, at the FASER, MAPP and CMS-timing detectors of the 14 TeV HL-LHC, to probe
the strongly first-order EWPT. In certain scenarios, we show that the LLP searches can help to reach the
parameter space of the strongly first-order EWPT remarkably, where the searches for promptly exotic
Higgs decays are not valid.
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I. INTRODUCTION

After the discovery of the Higgs boson at the LHC [1,2],
the pattern of the electroweak phase transition (EWPT) is
still unknown, remained as one of the most important
problems of the particle physics. Although the Standard
Model (SM) predicts a smooth crossover of the EWPT
in the early universe [3–5], there is another intriguing
possibility that the EWPT can be strongly first-order
(SFOEWPT). A SFOEWPT is indeed interesting, as it
can accommodate the observation of the baryon asymmetry
of the Universe via the electroweak baryogenesis mecha-
nism (EWBG) [6–8].
In general, there are two ways to probe the EWPT

experimentally, either via the phenomenology of the Higgs
related physics at the colliders, or the primordial stochastic
gravitational waves (GW) generated during the EWPT at
the GW detectors [9–13]. Many studies have been done,
either via focusing on one of the phenomena or comparing
the both, based at different new physics models beyond
the SM, including the real singlet extended SM [14–32],
two-Higgs-doublet model [33–46], left-right symmetric

model [47,48], Georgi-Machacek model [49], composite
Higgs models [50–58], as well as SUSY models [59], etc.
Among these studies, Ref. [29] investigates the comple-
mentarity between the proposed multi-TeV muon col-
liders and the LISA GW detectors to the first-order EWPT
based at the real singlet extended SM. In most cases, the
mass of the BSM particles responsible for the interactions
driving a SFOEWPT is taken to be larger than the
electroweak scale.
As motivated by Refs. [15,26,30,60,61], a light BSM

particle with masses below the electroweak scale can also
trigger a SFOEWPT. If its mass is below mZ, it must be a
singletlike scalar (we denote the mass eigenstate as h1) as
argued by Ref. [60]. The direct production of such scalar
is controlled by the Higgs mixings θ, which is tiny at the
current limits via the Higgs measurements and exotic
Higgs seaches at the LHC and LEP [62], such as θ ≲ 10−2.
Nonetheless, a first-order EWPT scenario can lead to
appreciable direct couplings between the singletlike scalar
and SM Higgs, results in sizeable h2 → h1h1 branching
ratio, where the h2 is the mass eigenstate of the observed
Higgs. Therefore, promptly exotic Higgs decay searches
at the current LHC as well as the future Higgs machines
can be used to probe the EWPT as summarized in
Ref. [30]. There are still plenty of parameters open for
the SFOEWPT, and the promptly exotic Higgs decay
searches exclude the scenarios wheremh2 ≳ 30 GeV at the
current LHC.
In search of additional sensitivity, one can consider

another possible signature of their final states. Searches
for the long-lived particles (LLP) is a hot topic in
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recent years. Specified detectors at the lifetime frontier for
this purpose are proposed and designed, in which the
FASER [63] and MoEDAL-MAPP (MAPP) [64], as well
as the precision timing detector at the CMS (CMS-timing)
[65,66] are already in installation. Benefited from the low
SM background, they can probe new physics with high
sensitivity. Studies about the possible candidates of
the LLPs at the LHC is widely discussed, including the
axion, heavy neutral lepton, dark photon as well as the
light scalar, etc (see Ref. [67] and references therein).
References [68–71] treated the heavy neutrinos as the LLP
candidate, and performed the detailed analyses of the LLP
searches to test the type-I seesaw mechanisms. If the
Higgs mixings are much smaller than the current limits,
i.e., θ ≲ 10−4, or the singletlike scalar is light, it can decay
at a macroscopic distance away from the collision point.
Hence, the EWPT can also be probed by the searches of
the LLPs. A study about the long-lived light singlet scalar
via the CMS phase II track trigger has already been
done at Ref. [72]. Due to the low SM background, the
LLP searches can potentially be sensitive to much lower
branching ratio of the h2 → h1h1, probing many more
cases of the EWPT.
This possibility has, however, rarely been investigated.

We therefore focus on the searches of the exotic Higgs
decays at the lifetime frontiers, and compare it to the LISA
GW detector in probing the EWPT. As the real singlet
extended SM is one of the simplest models which can
introduce the SFOEWPT, we take it as our benchmark
model. The most important features of the SFOEWPT
induced by tree level barrier via renormalizable operators
[73], is already captured by this model. We perform
the studies of the collider phenomenology at the
14 TeV HL-LHC, with an integrated luminosity of
3 ab−1, and compare the sensitivity from the searches
of the LLP to those from the promptly exotic Higgs decays
as summarized in Ref. [30].
This paper is organized in following order. In Sec. II, we

introduce the real singlet extended SM and the correspond-
ing parameter space for SFOEWPT, as well as its GWs
signals at the LISA detector. In Sec. III, the phenomenol-
ogy of the long-lived singletlike scalar is studied, including
its production cross section and decay length, as well as the
detailed LLP analyses. The sensitivity to the EWPT is
shown in Sec. IV, where the projected limits from the
promptly exotic Higgs decays at the HL-LHC is also
discussed for comparison. In the end, we draw our
conclusion in Sec. V.

II. FOEWPT TRIGGERED
BY A LIGHT SINGLET SCALAR

A. The real singlet extended SM

In tree level, the scalar potential of the real singlet
extended SM can be expressed as

V ¼ −μ2jHj2 þ λjHj4 þ a1
2
jHj2Sþ a2

2
jHj2S2 þ b1S

þ b2
2
S2 þ b3

3
S3 þ b4

4
S4; ð2:1Þ

where H and S are the scalar fields for the SM Higgs
doublet and singlet, respectively. There are eight parame-
ters, while the shift invariance of the singlet potential
removes one degree of freedom as we take b1 ¼ 0, and the
measurements of the Higgs mass and electroweak vacuum
expectation value removes two. Therefore, we have five
free parameters.
After the electroweak symmetry breaking, we can

expand the fields around the vacuum in unitary gauge,

H ¼ 1ffiffiffi
2

p
�

0

vþ h

�
; S ¼ vs þ s; ð2:2Þ

where v ¼ 246 GeV is the vacuum expectation value
(VEV) of the electroweak, and vs is the VEV for the
singlet. The physical scalar masses can be obtained via
diagonalizing the Hessian matrix at the physical VEV,

M2
s ¼

 
∂
2V
∂s2

∂
2V

∂s∂h

∂
2V

∂s∂s
∂
2V
∂h2

!
: ð2:3Þ

Without additional symmetries, the two mass eigenstates
are mixed as

h1 ¼ s cos θ þ h sin θ;

h2 ¼ −s sin θ þ h cos θ; ð2:4Þ

where we choose Mh1 < Mh2 ¼ MSM
h ¼ 125.09 GeV. We

are more interested in the low mixing cases, where the h1 is
mostly singletlike, and the h2 is the observed Higgs. Note
that we have defined the mixing angle θ inversely compar-
ing to Ref. [60].
As these parameters are directly linked to the experimental

observable, we use Mh1 and θ as input free parameters.
The coefficients μ; b2; λ; a1 and vs can be expressed as

μ2 ¼ λv2 þ vs
2
ða1 þ a2vsÞ;

b2 ¼ −
1

4vs
½v2ða1 þ 2a2vsÞ þ 4v2sðb3 þ b4vsÞ�;

λ ¼ M2
h1
s2θ þM2

h2
c2θ

2v2
;

a1 ¼
4vs
v2

�
v2s

�
2b4 þ

b3
vs

�
−M2

h1
c2θ −M2

h2
s2θ

�
;

vs ¼
1

2a2

�
s2θ
v

ðM2
h1
−M2

h2
Þ − a1

�
; ð2:5Þ

where sθ and cθ are in short of sin θ and cos θ, respectively.
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Therefore, we choose the following five free parameters,

fMh1 ; θ; a2; b3; b4g: ð2:6Þ

B. Strongly first order electroweak phase transition
in the small-mixing limit

The scalar potential in the early universe receives thermal
corrections, so Eq. (2.1) becomes

Veff ¼ V þ VT; ð2:7Þ

where

VT ¼ −ðμ2 − cHT2ÞjHj2 þ λjHj4 þ a1
2
jHj2Sþ a2

2
jHj2S2

þm1T2 Sþ b2 þ cST2

2
S2 þ b3

3
S3 þ b4

4
S4; ð2:8Þ

in the finite temperature [29], we only keep the OðT2Þ
terms [15,19], and the coefficients are

cH ¼ 3g2 þ g02

16
þ y2t

4
þ λ

2
þ a2
24

;

cS ¼
a2
6
þ b4

4
; m1 ¼

a1 þ b3
12

: ð2:9Þ

According to Ref. [29], the tadpole term for the s should be
kept since it has considerable impact on the EWPT pattern.
The vacuum structure of the scalar potential is modified

by the thermal corrections, especially at high temperatures.
We define the critical temperate Tc, at which there exists
two degenerate vacua. At temperature below Tc, the EW-
broken vacuum is more stable, and the Universe decay to it
spontaneously, with the decay rate per unit volume as [74]

ΓðTÞ ∼ T4

�
S3ðTÞ
2πT

�
3=2

e−S3ðTÞ=T: ð2:10Þ

Here, S3ðTÞ is the Euclidean action of the Oð3Þ− sym-
metric bounce solution. First-order EWPT happens
when the decay is strong in the expanding Universe, i.e.,
ΓðTÞ=H4ðTÞ ≳Oð1Þ, where HðTÞ is the Hubble constant
at temperature T. The nucleation temperature Tn when the
EW-broken vacuum just starts to nucleate can be defined
as ΓðTnÞ ¼ H4ðTnÞ, and it can be solved approximately
using [75]

S3ðTnÞ=Tn ≈ 140; ð2:11Þ

in the radiation-dominated Universe with phase transition at
EW scale. To accommodate successful EWBG, the phase
transition is required to be strong, i.e., SFOEWPT,

vf=Tn ≳ 1; ð2:12Þ

where vf is the final VEV of the electroweak after phase
transition.
Before we carry on the numerical scan to generate the

data samples in the parameter space where SFOEWPT can
happen, we note that there exists semianalytical bounds
on them as described in Ref. [60]. This is realized by
approximately adopting a Z2 symmetry for the S field,
when the mixing is small.1 In this situation, the EWPT
pattern can be treated approximately as

ðh ¼ 0; s ≃ 0Þ → ðh ¼ 0; s ≠ 0Þ → ðh ≠ 0; s ≃ 0Þ; ð2:13Þ

so called two-step transitions.
The mixing θ is well-constrained, see Fig. 1 for the

current limits on ðMh1 ; θÞ plane. For Mh1 ≳ 10 GeV, the
measurements of the Higgs signal rates and light Higgs
searches at the LEP and LHC [62,76,77] put stringent limits
on the mixing. The measurements of the Higgs invisible
decays put bound θ ≲ 0.079 from Brh2→inv ≲ 0.11 when
mh1 ≪ mh2 [78–80]. When the h1 is even lighter than
mesons, the measurements of rare meson decays at the
LHCb can be applied [81]. Therefore, from the figure,
in most of the parameter space, we have θ ≲Oð10−1Þ,
especially for Mh1 < Mh1=2 ≈ 62.5 GeV where the exotic
decays of the Higgs h2 → h1h1 can happen. The HL-LHC

FIG. 1. The current limits on the (Mh1 , θ) from the measure-
ments of the Higgs signal rates and Higgs searches at the LEP and
LHC [62,76,77], the measurements of the Higgs invisible decays
[78–80], as well as the measurements of rare meson decays at the
LHCb [81].

1The Z2 symmetry might be broken, so the general expression
in Eq. (2.1) is still valid.
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with much larger integrated luminosity, and the proposed
Higgs factories, can further constrain the mixings down to
Oð10−2Þ [82].
From Ref. [60], adopting the two-step transitions, in

order for SFOEWPT to happen in the small mixing limits,
several conditions on the parameters of the scalar potential
must be satisfied, such as

a2 ≳
m2

h1

4v2
Δ

1 − Δ
;

jb3j >
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
9

4
b4ð2m2

h1
− a2v2 þ 2T2

EWβÞ
r

;

b4 ≳
m4

h1
Δ

4λv4ð1 − ΔÞ ; ð2:14Þ

where TEW≈140GeV, β≡ 1
12
ð2a2þ3b4Þ and Δ≳ 0.6–0.8

empirically, while we takeΔ ¼ 0.7 as in Ref. [60]. This can
be understood as we need strong couplings between the S
and H to switch the EWPT from cross-over to strongly
fist-order, and a2 is the only such coupling in the Z2 limits,
and therefore has a lower bound.
Adopting these conditions, we randomly generate the

data points in the following range

Mh1 ∈ ½1; 60� GeV; θ ∈ ½10−10; 10−2�;

a2 ∈
�
m2

h1

4v2
Δ

1 − Δ
; 4π

�
;

b3 ∈

" ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
9

4
b4ð2m2

h1
− a2v2 þ 2T2

EWβÞ
r

; 4πv

#
;

b4 ∈
�

m4
h1
Δ

4λv4ð1 − ΔÞ ; 4π=3
�
: ð2:15Þ

After requiring the data points to satisfy the SM constraints,
we further use the PYTHON package CosmoTransitions [83] to
solve Eq. (2.11) to get Tn. Around 2% of the data points can
trigger a SFOEWPT. We realized that in our Eq. (2.8), only
OðT2Þ terms are considered, whereas leading OðT3Þ terms
from the gauge bosons are taken in Ref. [60].2 However, the
OðT3Þ terms do not have appreciable effects, and our
generated samples roughly match to the results in Ref. [60].

C. Gravitational waves

Stochastic GWs can be generated by a first-order EWPT.
There are three sources which can contribute to the GWs
spectrum including the bubble collisions, sound waves in
plasma and the magneto-hydrodynamics turbulence [89].
As discussed in Ref. [90], the contribution from the bubble
collisions is negligible due to the tiny energy transfer
efficiency. Therefore, we only consider the latter two

sources with the numerical expressions described in
Refs. [9,91].3 These expressions mainly depends on three
input parameters, the transition latent heat over the radi-
ation energy α, the Universe expansion timescale over the
phase transition duration β=H, and the bubble expansion
velocity vb. Larger α (larger energy released) and smaller
β=H (faster transition) can lead to stronger GWs. We take
vb ¼ 0.8 as a benchmark, while the former two parameters
can be derived from the SFOEWPT pattern,

α ¼ 1

g�π2T4
n=30

�
T
∂ΔVT

∂T
− ΔVT

�����
Tn

;

β=H ¼ Tn
dðS3=TÞ

dT

����
Tn

; ð2:16Þ

where ΔVT ¼ VT jTn;ðvf;vfs Þ − VT jTn;ð0;visÞ is effective poten-
tial difference between the true and false vacua, and
g� ∼ 100 is the number of relativistic degrees of freedom.
The GWs can be detected by the next-generation space-

based interferometers, such as the LISA. The detectability
can be characterized by the signal-to-noise ratio (SNR),
expressed as

SNR ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
T
Z

fmax

fmin

df

�
ΩGWðfÞ
ΩLISAðfÞ

�
2

s
; ð2:17Þ

where ΩLISA is the sensitivity curve of the LISA detector
[9], and T ≈ 1.26 × 108 s ¼ 4 years is the data-taking
time. In the rest of the paper, we take SNR > 10 as the
detection threshold for a six-link configuration LISA.

III. LONG-LIVED LIGHT SCALARS
AT THE HL-LHC

The SFOEWPT can also be probed at colliders. It can
lead to signals of resonantly produced scalars and correc-
tion to the Higgs couplings. As already mentioned in the
introduction, many existing studies have focused on the
cases with heavy scalars, while we focus on a light singlet
scalar, enabling the exotic Higgs decay h2 → h1h1 to
happen. Such light singlet scalars with sufficiently small
mixings, can be regarded as a LLP candidate, therefore the
SFOEWPT can be tested at the lifetime frontiers of the
LHC. In this section, we introduce the production cross
section and decay length of the light scalar, and the relevant
LLP analyses at the HL-LHC.

A. Production and decay length of the light scalar

Once kinematically allowed, the light singlet scalar h1
can be pair-produced by the exotic decays of the SM Higgs
at colliders. We have shown the corresponding Feynman

2The effects of OðT4Þ terms are considered in Refs. [84–88].
3We also consider the suppression from the short duration of

the sound wave period as discussed in Refs. [90,92].
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diagram with h1 → jj leading to 4 jets final states in Fig. 2.
The cross section of the process is

σpp→h2→h1h1→jjjj ¼ c2θ × σSMh2 × Brh2→h1h1 × Br2h1→jj

≈ σSMh2 × Brh2→h1h1 × Br2h1→jj; ð3:1Þ

and

Brh2→XX ≈
ΓSM
h2→XX

ΓSM
h2

þ Γh2→h1h1

; Brh2→h1h1 ≈
Γh2→h1h1

ΓSM
h2

þ Γh2→h1h1

;

ð3:2Þ

where ΓSM
h2

≈ 4 MeV. The partial decay

Γh2→h1h1 ¼
λ2h2h1h1
32πMh2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −

4M2
h1

M2
h2

s
; ð3:3Þ

and the h2h1h1 coupling is defined by

V ⊃
1

2!
λh2h1h1h2h

2
1: ð3:4Þ

At the tree level, in the low mixing limit [60],

λh2h1h1 ¼
�
1

2
a1 þ a2vs

�
s3θ þ ð2a2v − 6λvÞcθs2θ

þ ð6b4vs þ 2b3 − 2a2vs − a1Þc2θsθ − a2vc3θ
≈ −a2v; ð3:5Þ

hence Brh2→h1h1 is only controlled by a2. Determining
Brh1→jj involves calculations of hadronic effects, as dis-
cussed in Ref. [72], and is shown in Fig. 3 left. For theMh1
of our interests, Brh1→jj ≈ 100% except the window where
h1 → ττ just opens for 5 GeV≲Mh1 ≲ 10 GeV. In gene-
ral, the partial decay width of the h1,

Γh1→XX ¼ s2θ × ΓSM
h1→XX ∼ 0; ð3:6Þ

where ΓSM
h1→XX is the partial decay width with the SM

couplings. If the mixing is tiny, the h1 can become a LLP.
To simulate the signal events which can be used for

analyses of LLP searches, we use the Monte-Carlo generator
MadGraph5aMC@NLO v2.6.7 [93] with input of a Universal
FeynRules Output (UFO) [94] file generated by FeynRules

[95,96] based on a scalar singlet model. The initial and final
state parton shower, hadronization, heavy hadron decays, etc
are handled by PYTHIA v8.235 [97]. The clustering of the
events is performed by FastJet v3.2.1 [98]. Detector level
simulation is not considered at the current stage, while
geometrical acceptance of the detectors are roughly simu-
lated by the analyses in the following subsection.
With the above setup, we show the proper decay length

of the h1 calculated by Monte-Carlo simulation in Fig. 3
right. We verify that our results roughly match to Ref. [72],
which only has Oð1Þ difference to Ref. [99]. For 10−7 ≲
θ ≲ 10−3, the h1 decays meters away from the interaction

FIG. 2. The Feynman diagram of the process ppðggÞ → h2 →
h1h1 → jjjj.

FIG. 3. Left: Estimated branching ratios of the scalar h1 from Ref. [72], wherems should be replaced byMh1. Right: The proper decay
length of the h1 calculated by Monte-Carlo simulation.
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point, can be regarded as a LLP candidate. In the next
subsection, we introduce several analyses at the HL-LHC
for the searches of such LLPs at far detectors including the
FASER and MAPP, as well as the CMS-timing.

B. LLP searches at the HL-LHC

Aiming at probing LLPs, several specialized far
detectors are proposed including the FASER and
MAPP, as well as the CODEX-b [100], FACET [101]
and MATHUSLA [102]. The upgrade of the CMS
detector also include a timing detector which can be
used for the same purpose. Following them, a substantial
number of analyses have been put forward.We only focus on
the detectors which are already in installation, and adopt the
analyses from Refs. [71,103]. These analyses have already
been introduced in details in the literature, a summary of
them is provided in Table I. The signal of LLPs is defined
such the particle is decayed inside the detector volume, and
the final states can pass the trigger. We use the phase 2
design of the FASER to maximize the geometrical accep-
tance. The CMS-timing analysis requires one jet from initial
state radiation (ISR) to timestamp the event, which we
denote as ji. The signal event is identified if the jets from
the LLP decays are sufficiently delayed comparing to the
ISR jet. And the time delay can be estimated as Δt ≈
Lh1=βh1 þ Lj=c − Lji=c [66,103].

After applying these analyses, the overall signal events
can be expressed as,

Nsignal¼σpp→h2ðMh1 ;sθÞ×L×Brh2→h1h1ða2;Mh1Þ
×Br2h1→jjðMh1Þ×ϵkinðMh1Þ×ϵgeoðMh1 ;sθÞ; ð3:7Þ

where L is the integrated luminosity, ϵkin;geo are the
efficiencies due to trigger requirements and geometrical
acceptance, respectively. The reconstruction efficiency is
not considered so far, assumed to be 100%.
The effects of ϵgeo is prominent, varies at different LLP

detectors, depend on the angle between the LLPs and the
beam line α, the time delay Δt, and the lab decay length of
the LLP Llab

h1
. We therefore display the distribution of these

variables for the h1 in Fig. 4. The probability distribution
density is expressed by the colors as indicated by the bars at
the right-hand side of each panel. In the left panel, we show
the α and Llab

h1
distribution for the LLP at a benchmark

where Mh1 ¼ 20 GeV and sin θ ¼ 10−6. The coverage of
the CMS-timing andMAPP are also shown for comparison.
The CMS-timing covers the region where the LLPs are
highly distributed, which is much larger than the one from
the MAPP, hence expected to yield higher ϵgeo. In spite of
that, the FASER has failed to reach any coverage at all.
Since the ϵgeo of the CMS-timing also depends on the Δt,

TABLE I. The LLP analyses corresponding to the FASER [63], MAPP [64], and CMS-timing [65,66] detectors. pTðjiÞ is the
transverse momentum of the jet from initial state radiation, Δt is the time delay between the jets from initial state radiation and the LLP
decays.

Detectors Lx [m] Ly [m] Lxy [m] Lz [m] Trigger

FASER � � � � � � [0, 1] [475, 480] Evis > 100 GeV
MAPP [3, 6] ½−2; 1� � � � [48, 61] Etrack > 0.6 GeV
CMS-timing � � � � � � [0.05, 1.17] ½−3.04; 3.04� pTðji; jÞ > 30 GeV, Δt > 0.3 ns

FIG. 4. Left: (Llab
h1
, α) distribution. Right: (Llab

h1
, Δt) distribution. The probability distribution density is expressed by the colors as

indicated by the bars at the right-hand side of each panel.
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we show the distribution of the Δt and Llab
h1

in the right
panel for the same benchmark. Most of the LLPs follow the
line where Llab

h1
∼ cΔt. And the CMS-timing detector has

shown substantial coverage as well.
The overall efficiencies ϵDV ≡ ϵkin × ϵgeo for the two

detectors, CMS-timing andMAPP, as a function ofMh1 and
θ are shown in Fig. 5 left and right, respectively. ϵDV only
depends on the decay length and masses of the h1, therefore
do not depend on the production channels, can be used to
determine the sensitivity for other channels as well. The
efficiencies of the MAPP and CMS-timing peak at where
Lh1 ∼ 1–100 m. As expected, ϵDV of the CMS-timing can
reach as high as 10−1, which is about four magnitude larger
than the one from the MAPP.

IV. SENSITIVITY

Since we already obtain the number of the signal events
above, now we need to estimate the background to derive
the sensitivity. In general, the background for the LLPs
mainly consists of the long-lived mesons decays in the SM,
real particles produced via interactions with the detector,
real particles originating from outside the detector, fake-
particle signatures as well as the algorithmically induced
fakes [67]. The first one can be cut away by the mass fit,
while the other ones are hard to model but still suppressed.
Given our selected analyses, the background events can be
regarded as negligible [66,104]. Therefore, we adopt a
Poisson distribution, and only require

Nsignal ¼ 3.09; ð4:1Þ

at 95% confidence level (C.L.) to obtain sensitivity at
certain parameter points [105].
The SFOEWPT parameter space can be projected into

the plane (Mh1 , Brh2→h1h1), while the Nsignal is additionally

dependent on the θ, since it alters the decay length. In order
to show this dependency, we selected three benchmark
scenarios as defined below,

(i) Scenario A, fixed θ ¼ 10−4.
(ii) Scenario B, fixed θ ¼ 10−6.
(iii) Scenario C, running θ ∈ ½10−10; 10−2�.

The other parameters are chosen as described in Eq. (2.15).
The resulting sensitivity for the SFOEWPT is shown in

Fig. 6 for Scenario A and B. For Scenario A, only Mh1 ≲
10 GeV can lead to LLPs, as pointed out by the vertical
dashed black line. Due to the high detection efficiency as
shown in Fig. 5, the CMS-timing can reach Brh2→h1h1 ∼
10−6, which is four magnitude better than the MAPP. Hence,
it can cover almost all the SFOEWPT points when
Mh1 ≲ 10 GeV, where the promptly exotic Higgs decays
at the HL-LHC (solid curves) and Higgs factories (dashed
curves) [30] cannot probe since the final states are no-longer
prompt. However, it failed to reach any points for Mh1 ≳
10 GeV where the prompt searches come into rescue, and
probe most of the parameter points there. The sensitivity
from the prompt analyses is still shown for Mh1 ≲ 10 GeV,
but the validity of it needs to be clarified. The limits on
Brh2→h1h1 should be re-scaled since the detection efficiency
drops when the h1 has sufficient large decay length, i.e.,

ϵprompt ≈ 1 − e−1 mm=Llab
h1 . Considering a average Lorentz

factor of Oð10Þ from the boost of the h1 so Llab
h1
∼10mm,

ϵprompt ∼ 10−1. Therefore, the prompt searches should only
reach Brh2→h1h1 ∼ 10−2 at most for Mh1 ≲ 10 GeV. Due to
the low detection efficiency and the requirement on the
masses of the h1, the MAPP can merely probe any
SFOEWPT points. As for the detectability of the GWs at
the LISA, we use black, red colors of the SFOEWPT points
to represent SNR ∈ ½0; 10Þ, ½10;∞Þ, respectively. Almost all
the SFOEWPT points can not lead to sufficient SNR at the
LISA, except a few points aroundMh1 ≳ 10 GeV, which are

FIG. 5. Left: detection efficiency of the MAPP as a function of Mh1 and θ. Right: same but for CMS-timing.
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already covered by the prompt searches at the HL-LHC, and
the expected upper limit for invisible exotic Higgs decay
branching ratio at the HL-LHC (2%) [106]. Hence, combing
the CMS-timing and prompt searches, the collider searches
for the exotic Higgs decays can probe SFOEWPT parameter
space remarkably, where the LISA can merely cover.
As shown in the right panel of the Fig. 6, the Scenario B

does not have significant difference in the GWs detect-
ability comparing to the Scenario A. Nonetheless, the
sensitivity of the LLP analyses have shown drastic changes
owing to the lower θ. Now the LLP analyses require
Mh1 ≳ 10 GeV, since lighter h1 escapes the detector
volumes. The CMS-timing and MAPP are now sensitive

to Mh1 ≳ 10 GeV, and reach Brh2→h1h1 ∼ 10−4 and 10−2,
respectively. In this scenario, within the whole parameter
space, the h1 is long-lived enough, cannot be captured by
the prompt searches, therefore only the LLPs analyses
and the invisible Higgs exotic decay at the HL-LHC can
probe the SFOEWPT.
Figure 7 shows the sensitivity for the Scenario C. Since

the θ varies, the detectability of the LLP analyses for the
SFOEWPT points are different even at same Mh1 . Overall,
the CMS-timing has shown better sensitivity than the
MAPP. Compared to the MAPP, the CMS-timing can
cover all of the SFOEWPT points which are probed by
the MAPP, and probe an appreciable number of additional
points especially for light h1 with Mh1 ≲ 10 GeV. There
are still a substantial number of the points which are not
probed by any of the LLP analyses. The sensitivity from the
prompt searches and invisible Higgs exotic decays are not
shown here, as the decay length of the h1 varies, so the final
states might not be prompt or invisible.

V. CONCLUSION

The pattern of the electroweak phase transition is an
important question of the particle physics, as it can reveal
the early history of the Universe. To answer this question,
we concentrate on the SFOEWPT triggered by a light
scalar, and it can be probed by the exotic Higgs decays to a
pair of the scalar h1 at colliders.
We generate the points for the SFOEWPT in this case.

As already pointed out by Refs. [26,30,60], light h1 can
lead to sufficiently large Brh2→h1h1 which can be probed by
the searches for the promptly exotic Higgs decays at the

FIG. 6. Left: the expected probe limits on Brh2→h1h1 from different LLPs analyses for Scenario A. The scatter points are the SFOEWPT
data, in which black, red colors represent SNR ∈ ½0; 10Þ, ½10;∞Þ for the detectability of the GWs at the LISA, respectively. The
projected sensitivity of the exotic Higgs decays from prompt final states at the HL-LHC (solid curves) and Higgs factories (dashed
curves) are also shown for comparison [30,72]. The upper and lower horizontal dotted lines are the expected upper limit for invisible
Higgs exotic decay branching ratio at the HL-LHC (2% [106]) and statistical limit of 106 Higgs at future lepton colliders [30],
respectively. Right: same but for Scenario B.

FIG. 7. Same as Fig. 6, but for Scenario C. The blue, green, and
red colors of the scatter points represent whether they are probed
by both the MAPP and CMS-timing, only the CMS-timing, or not
any of them.

WEI LIU, AIGENG YANG, and HAO SUN PHYS. REV. D 105, 115040 (2022)

115040-8



HL-LHC and Higgs factories. In this article, we addition-
ally show that for very light h1, the scalar can be regarded
as a LLP for certain Higgs mixings θ, therefore can be
probed by the existing LLP analyses based at the FASER,
MAPP, and CMS-timing detectors. In such parameter
space, the prompt analyses are not valid anymore, since
the final states are no-longer prompt, LLP analyses are one
of the only ways to test the SFOEWPT. Thanks to the low
background and high detection efficiencies, we show that
both the LLP analyses of the MAPP and CMS-timing probe
very low Brh2→h1h1 for certain θ, while the FASER fail to
reach any parameter space due to the small geometrical
acceptance. This helps to probe substantial part of the
SFOEWPT points, especially using the analysis at the
CMS-timing detector.
The possibility of using the GWs to probe the

SFOEWPT is also considered. However, it is shown for
light h1, the GWs detector, LISA is not likely to observe
sufficient signals. Even though a few of the SFOEWPT
points can be probed at the LISA, they are already covered

by the projected limits from promptly/invisible exotic
Higgs decays at the HL-LHC.
We have shown that the LLP and prompt analyses are

complementary in probing the SFOEWPT. The LLP
analyses are in particular sensitive to the cases where the
Mh1 and θ can lead to the scalar with meters of decay
length. While the prompt analyses can probe SFOEWPT
points only if the θ is sufficiently large, so the scalar
possess decay length less than millimeter.
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