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1 Introduction

With the discovery of the Higgs boson at the Large Hadron Collider (LHC) in 2012 [1, 2],
particle physics has been entering a new era. Due to the lack of direct search result at LHC,
precision studies of particle physics are becoming important. The current measurements
of particle properties seem to be consistent with all other categories of experiments and
can be described by the Standard Model (SM) quite well. Meanwhile there are compelling
arguments, both from theoretical and observational viewpoints, in favor of new physics
beyond the Standard Model (BSM). The CDF collaboration has recently reported a precise
measurement of the W boson mass, which indicates a significant tension with the previous
measurements and the SM prediction [3]. Although this result needs to be further confirmed
by other experiments, such as D0, ATLAS, and CMS, it is still an exciting possible signal
indicating the existence of new physics at a place not far above the electroweak (EW)
scale.1

Given this possible signal, the following question is which new physics does this possible
signal point to. Among different kinds of BSM new physics, electroweak baryogenesis
(EWBG) [12, 13] is likely to be relevant to the current possible signal. EWBG was proposed

1Recent study on the new CDF result see [4–11].
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to explain the observed baryon asymmetry of the universe (BAU). Through the baryon
number breaking sphaleron process [14–16] and CP violating scattering with bubble wall,
net baryon number can be produced during the nucleation process of Higgs field. To
trigger the nucleation process and to prevent the generated net baryon being washed out,
the electroweak phase transition (EWPT) needs to be a strong first order phase transition.
However, due to current measured Higgs mass, the SM EWPT is not even first order [17, 18].

Therefore new particles are definitely required for a strong first order electroweak phase
transition (SFOEWPT). Furthermore, new particles that help to trigger SFOEWPT can
not be too heavy compared to the EW scale, otherwise they will be decoupled in the
thermal phase transition process and lose effect. Thus, the new measurement of the W
boson mass might be a hint of EWBG.

One method to trigger SFOEWPT is augmenting the SM Higgs sector by additional
scalars, and it has been studied intensively in the literature [19–41]. Extending the Higgs
sector by a singlet scalar seems to be the simplest choice, but it is difficult for such model
to explain the observed mW under current limits [42]. In this work we choose Two-Higgs-
Doublet Models (2HDMs) [43, 44], which extend the SM Higgs sector by another doublet,
as the benchmark model to study the relationship between SFOEWPT and mW . After
electroweak symmetry breaking, in addition to the SM-like Higgs boson h, there are three
non-SM Higgs bosons, H/A/H±, which can have masses below TeV and couple to the SM-
like Higgs h to build an energy barrier between the symmetric and broken phase. Therefore
the EW phase transition can be first order and strong enough for the baryogenesis [27].
Furthermore, these light extra scalar can induce a positive mW shift [45] and modify the
predictions on the Z-pole observables like the oblique parameters S, T and U via one-loop
contributions to the W and Z self-energies. The mixing between neutral scalars and extra
loop corrections further modify the Higgs couplings κi = g2HDM

hii /gSM
hii relative to their SM

expectations. Though the LHC measurements still give a large amount of available phase
space of the 2HDM, future Higgs factories, e.g. ILC [46], FCC-ee [47, 48] and CEPC [49, 50]
can measure them with unprecedented precision to further constrain the model.

In this paper, we study the constraints from precision measurements (especially the
new W boson mass and future Higgs coupling measurements) on the 2HDM and explore
the possible parameter space which could lead to a SFOEWPT. Our study shows that
SFOEWPT is consistent with the new uplifted mW in a certain parameter space. But due
to the close connection between mW and other precise measurements, the “SFOEWPT +
mW ” scenario is in slight tension with current limits. Furthermore, the future precision
lepton collider measurements of both Higgs and Z boson properties could fully rule out
the allowed parameters to fulfil SFOEWPT and mW , provided the measured central values
locate in the SM prediction. Conversely, if the “SFOEWPT + mW ” scenario in 2HDM is
true, than a clear deviation from SM prediction will be observed at future lepton colliders.

The rest of the paper is organized as follows. In section 2 we briefly introduce 2HDM
models and related constraints. Description on EWPT is also given in section 2. In section
3 we perform a parameter space scan on a wide range and present allowed points, with
future precise measurements included. We conclude this work in section 4.

– 2 –



J
H
E
P
1
0
(
2
0
2
2
)
0
4
8

2 2HDM

2.1 A review

In this section, we provide a brief review of the aspects of 2HDMs. For pedagogical intro-
duction, see ref. [44] and a recent review ref. [51] in light of current experiments. The scalar
sector of 2HDMs consists two SU(2)L doublets Φi, i = 1, 2, which can be parameterized as
below,

Φi =
(

φ+
i

(vi + φ0
i + iGi)/

√
2

)
(2.1)

where v1 and v2 are the vacuum expectation values (VEVs) of the neutral components,
satisfying the relation v ≡

√
v2

1 + v2
2 = 246 GeV. Assuming CP-conservation and only a

soft breaking of a discrete Z2 symmetry allowed, the most general Higgs potential can be
expressed as,

V 0(Φ1,Φ2) = m2
11Φ†1Φ1 +m2

22Φ†2Φ2 −m2
12

(
Φ†1Φ2 + h.c.

)
+ λ1

2
(
Φ†1Φ1

)2
+ λ2

2
(
Φ†2Φ2

)2

+λ3
(
Φ†1Φ1

) (
Φ†2Φ2

)
+ λ4

(
Φ†1Φ2

) (
Φ†2Φ1

)
+ λ5

2

[(
Φ†1Φ2

)2
+ h.c.

]
, (2.2)

where there are eight real parameters, {m2
11,m

2
22,m

2
12, λ1, λ2, λ3, λ4, λ5}. After the elec-

troweak symmetry breaking (EWSB), the scalar sector of a 2HDM consists of five mass
eigenstates: a pair of neutral CP-even Higgses, h and H, a CP-odd Higgs, A, and a pair
of charged Higgses H±. We can express these states as,

h = −sα φ1 + cα φ2, A =− sβ G1 + cβ G2,

H = cα φ1 + sα φ2, H± =− sβ φ±1 + cβ φ
±
2 ,

(2.3)

where we will identify h as the discovered SM-like 125 GeV Higgs.
For convenience, we will parametrize the potential of 2HDMs by the physical Higgs

masses mh, mH , mA and mH± , the mixing angle between the two CP-even Higgses α,
tan β ≡ v2/v1, the electroweak VEV v, and the soft Z2 symmetry breaking parameter m2

12.
Note that the vacuum expectation value v and the mass of the SM-like Higgs, mh are
fixed to their known values 246 GeV and 125 GeV respectively, leaving the remaining six
independent parameters.

Assigning different Z2 parities to the SM fermions, there are four types of 2HDMs.
However, in this study, we focus on the so-called Type-I and Type-II 2HDMs, where all
fermions obtain their masses from a single Higgs doublet in Type-I model while up- and
down-type fermions obtain their masses from differnt Higgs doublets in Type-II model. In
the Type-II model the couplings between A/H and down-type fermions are enhanced by
tan β and therefore it is usually more constrained by experiments when tan β is large.

2.2 Theoretical constraints on 2HDMs

The parameter spaces of 2HDMs are already constrained by theoretical consideration with-
out experimental results.

– 3 –
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• Vacuum stability In order to make the vacuum stable, the scalar potential should
be bounded from below [52]:

λ1 > 0 , λ2 > 0 , λ3 > −
√
λ1λ2 , λ3 + λ4 − |λ5| > −

√
λ1λ2 (2.4)

• Perturbativity and unitarity Requiring perturbativity, we must have |λi| ≤ 4π.
And requiring tree-level unitarity of the scattering in the 2HDM scalar sector imposes
the following additional mass constraints [53]:∣∣∣∣3(λ1 + λ2)±

√
9(λ1 − λ2)2 + 4(2λ3 + λ4)2

∣∣∣∣ < 16π , (2.5)∣∣∣∣(λ1 + λ2)±
√

(λ1 − λ2)2 + 4λ2
4

∣∣∣∣ < 16π , (2.6)∣∣∣∣(λ1 + λ2)±
√

(λ1 − λ2)2 + 4λ2
5

∣∣∣∣ < 16π , (2.7)

|λ3 + 2λ4 ± 3λ5| < 8π , |λ3 ± λ4| < 8π , |λ3 ± λ5| < 8π (2.8)

To understand the these constraints, it is useful to consider the relations between the
quartic couplings and the physical masses

v2λ1 = m2
h −

tβ
(
m2

12 −m2
Hsβcβ

)
c2
β

+
(
m2
h −m2

H

) [
c2
β−α

(
t2β − 1

)
− 2tβsβ−αcβ−α

]
,

v2λ2 = m2
h −

m2
12 −m2

Hsβcβ
tβs

2
β

+
(
m2
h −m2

H

) [
c2
β−α

(
t−2
β − 1

)
+ 2t−1

β sβ−αcβ−α
]
,

v2λ3 = m2
h+2m2

H±−2m2
H−

m2
12 −m2

Hsβcβ
sβcβ

−
(
m2
h −m2

H

) [
2c2
β−α + sβ−αcβ−α

(
tβ − t−1

β

)]
,

v2λ4 = m2
A − 2m2

H± +m2
H −

m2
12 −m2

Hsβcβ
sβcβ

,

v2λ5 = m2
H −m2

A −
m2

12 −m2
Hsβcβ

sβcβ
. (2.9)

We can introduce λv2 ≡ m2
H−m2

12/(sβcβ) following ref. [54]. The above expression indicates
that the unitarity and perturbativity set up upper bounds on the mass splittings, which can
be roughly taken as λv2 < 4πv2, m2

A−m2
H . O

(
4πv2 − λv2), m2

H±−m2
H . O

(
4πv2 − λv2)

and max{tβ , cotβ} .
√

(8πv2)/(3λv2). Generally speaking, large mass splitting among
non-SM Higgses are not allowed for large values of λv2 and/or non-SM Higgs masses.

2.3 Direct searches at LEP and LHC

The search for pair-produced charged Higgs bosons at the Large Electron-Positron Collider
(LEP) imposes a lower bound of 80 GeV on the mass of the charged Higgs boson [55], and
LEP searches for AH production constrain the sum of the masses mH+mA > 209 GeV [56].

LHC are also looking for direct productions of exotic Higgses via including A/H →
µµ [57, 58], A/H → bb [59, 60], A/H → ττ [61–63], A/H → γγ [64–68], A/H → tt [69],
H → ZZ [70, 71], H →WW [72, 73], A→ hZ → bb`` [74–77], A→ hZ → ττ`` [76, 78, 79],

– 4 –
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Current CEPC FCC-ee ILC

σ
correlation σ correlation σ correlation σ correlation

S T U (10−2) S T U (10−2) S T U (10−2) S T U

S 0.04± 0.11 1 0.92 −0.68 1.82 1 0.9963 −0.9745 0.370 1 0.9898 −0.8394 2.57 1 0.9947 −0.9431
T 0.09± 0.14 − 1 −0.87 2.56 − 1 −0.9844 0.514 − 1 −0.8636 3.59 − 1 −0.9569
U −0.02± 0.11 − − 1 1.83 − − 1 0.416 − − 1 2.64 − − 1

Table 1. Estimated S, T , and U ranges and correlation matrices ρij from Z-pole precision mea-
surements of the current results [88].

Figure 1. Current oblique constraints S, T, U in the plane of ∆mA −∆mC with mH = 700GeV,
tan β = 3 in the alignment limit cos(β −α) = 0. The colors are for corresponding parameter value.

H → hh [80–83], and A/H→HZ/AZ [84, 85]. The null results have already ruled out a
significant portion of parameter space of 2HDM. For a typical mass splitting mA −mH =
mH± −mH = 200 GeV , the exotic decay channel A→ HZ has already excluded a neutral
Higgs with mass less than 2mt for tan β < 5 in Type-I model and for 0.5 < tan β < 15 in
Type-II model. For large tan β region (tan β > 15) in Type-II model, this channel put the
mass of neutral scalar H to be above 600 GeV. Top quarks search channels, 4t and A/H →
tt, rule out mH < 800 GeV for tan β < 0.3 and mH < 650 GeV for tan β < 1.1 in both two
types of 2HDMs. While A/H → ττ, γγ can exclude the region m < 350 GeV, tan β < 1
in Type-I and -II models, A/H → ττ could fully exclude mH larger than 800 GeV when
tan β > 10 in Type-II 2HDM. For a complete recasting the LHC direct search results in
the 2HDM, we refer the readers to refs. [27, 51, 86].

2.4 Z-pole and Higgs precision measurements

Measurements of Z-pole observables at the Large Electron-Positron Collider (LEP) im-
pose strong constraints on the 2HDM [87]. Satisfying Z-pole constraints requires the
charged scalar mass to be close to one of the heavy neutral scalar masses: mH± ' mH

or mH± ' mA. In our analysis, we simply take the S, T, U data at 95% Confidence Level
(C.L.) in table 1 to capture the dominant contributions from Z-pole measurements. Note
that a global analysis to recast the S, T, U parameters is needed by including both Z-pole
observables and latest W mass measurement [3], here for simplicity we just take them as
two separate measurements and are going to discuss more on the W boson mass effects in
section 2.5.

– 5 –
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To reveal the relation between non-SM Higgs spectra and S, T, U , we define following
mass splitting parameters:

∆mA = mA −mH ,∆mC = mH± −mH (2.10)

In figure 1 we present the S, T, U deviation from their SM value as functions of ∆mA

and ∆mC . Constraints given in figure 1 applies to both Type-I and Type-II 2HDMs,
because Yukawa couplings are irrelevant to S, T, U paramters, at least at one-loop level.
The current uncertainty on the measurement of S, T, U is around 10%, so it can be seen
that T parameter provides the most stringent limit on non-SM Higgs mass splitting.

The LHC has also performed high precision tests on the Higgs couplings, which indi-
cates all the measurable couplings κi are close to their SM values. Future Higgs factories
will further improve the precision of measurements in the Higgs sector, and we therefore
include hypothetical future lepton collider results in our study after meeting the current
constraints from the LHC [86, 89]. We adopt the Higgs measurements results presented in
table 3 in ref. [90]. Note that for future experiments, we assume there is no deviation from
the SM in Higgs measurements.

2.5 mW in the 2HDM

An important observable used in the SM precision test is given by mW which is closely
related to Z boson mass mZ , Fermi constant GF , and fine structure constant αew,

m2
W

(
1− m2

W

m2
Z

)
= παew√

2GF
(1 + ∆r) (2.11)

where ∆r corresponds to quantum corrections which are calculated in the 2HDM taking
into account dominant O(α2

ew) effects in ref. [45]. mW correction can also be represented
in terms of Peskin–Takeuchi STU parameters [91]

m2HDM
W = mSM

W

[
1 + αewcW

2

2 (cW 2 − sW 2)T (1 + δρ2HDM) + αew
8sW 2U −

αew
4 (cW 2 − sW 2)S

]
(2.12)

to the O(α2
ew), where mSM

W = 80.357 GeV ± 4(inputs) ± 4(theory) MeV [3], the expressions
for the oblique parameters S, T, U can be found in ref. [88], δρ2HDM = |λ2HDM

hhh |2
16π2m2

h
are higher

order 2HDM effects from enhanced Higgs boson self-interactions, and αew = 1/127.951
is the MS fine structure constant at the scale µ = mZ [92]. The current constraint on
κhhh = λ2HDM

hhh /λSM
hhh is between (−1.0, 6.6) [93] so that the higher order effect δρ2HDM up

to O(0.01) is weak.
For covenience, we define

∆m2HDM
W = m2HDM

W −mSM
W . (2.13)

In the left panel of figure 2 where we take ∆U = 0 as a benchmark case, we show the
general picture of ∆m2HDM

W in the plane of ∆T −∆S based on the allowed region shown
in the figure 1. The colors show values of ∆m2HDM

W , varying from -50MeV to 50MeV.

– 6 –
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Figure 2. (Left): general picture of ∆m2HDM
W in the plane of ∆T −∆S with ∆U = 0. The colors

are values of ∆m2HDM
W , varying from -50MeV to 50MeV. We have 5 black dash-dotted lines for

∆m2HDM
W = −40,−20, 0, 20, and 40MeV. (Right): m2HDM

W in the plane of ∆mA −∆mC with same
benchmark spectrum mH = 700GeV as figure 1. The colors are same to the left panel.

We have 5 black dash-dotted lines for ∆m2HDM
W = −40,−20, 0, 20, and 40MeV. Generally

speaking, ∆m2HDM
W mainly depends on ∆T , and the larger ∆T and smaller ∆S result in

large ∆m2HDM
W . This result can be easily understood with the signs of the coefficients in

front of S, T, U in eq. (2.12). In the right panel, we take the benchmark spectrum of figure 1
with mH = 700GeV and tan β = 3, and show ∆m2HDM

W in the plane of ∆mA −∆mC . We
can see that, under current various constraints, the benchmark spectrum here can provide
the theoretical correction matching the new experimental measurement at CDF-II [3].
In the 2HDM, ∆m2HDM

W is directly related to oblique parameters, and oblique parameters
further depend on non-SM Higgs mass splitting ∆mA and ∆mC . So it is clear that ∆m2HDM

W

is sensitive to non-SM Higgs mass splitting.

2.6 Flavor constraints

The charged Higgs H± boson couples to both up and down type fermions, which can
lead to flavor changing processes strongly constrained by flavor physics observations. The
most stringent of limits comes from the measurements of B-meson decays (e.g. b → sγ

and B+ → τν), which disfavor mH± < 800GeV and large values of tan β respectively in
Type-II 2HDM [94–97], or mH± < 1TeV and small values of tan β (tan β < 1) in Type-
I model [97]. However, not all experimental results in flavor physics can be alleviated
within 2HDM framework [94, 98]. Therefore, given the uncertainties involved in those
flavor measurements, we only give a few comments on the constraints from B-physics on
the scalar sector but do not take them in this paper.

2.7 Phase transition in the 2HDM

To study EWPT, we need to know the thermal effective potential, which is the free-energy
density, as the function of scalar VEVs. The thermal effective potential V (φ1, φ2, T ) can

– 7 –
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be schematically expressed as:

V (φ1, φ2, T ) = V 0(φ1, φ2) + V CW(φ1, φ2) + V CT(φ1, φ2) + V T(φ1, φ2, T ). (2.14)

Here φi are scalar VEVs, T is the temperature of thermal system, V 0(φ1, φ2) is the tree-
level potential, and V CW(φ1, φ2) is the Coleman-Weinberg potential [25]. Counter term
V CT(φ1, φ2) is added to cancel the VEVs and scalars masses shift caused by V CW(φ1, φ2) [39].
Thus our input parameters, i.e. masses and mixing angles, can be considered as physical
parameters. V T(φ1, φ2, T ) is thermal correction with daisy graphs re-summed [26].

In the very early universe, temperature T is much higher than all the particles’ masses
in our model. The large effective thermal mass keeps φi at zero and thus maintain the
EW-symmetry. And when T become much lower than EW scale, the global minimum
position of V (φ1, φ2, T ) on φ1−φ2 plane must move to a place where φ2

1 +φ2
2 6= 0 to break

EW-symmetry. To know whether this phase transition process is first-order, we can track
the minimum point with T decreasing. If the minimum point (which locates in zero point
when T is very large) “jump to” a non-zero point discontinuously at critical temperature
Tc, then the EWPT should be first-order. This method has been numerically implemented
in public package BSMPT [99]. We will use this package in this work.

Furthermore, to prevent baryon number being washed out inside Higgs bubble, the
“wash out” parameter [24] ξc ≡ vc/Tc (vc is the Higgs VEV at Tc) should roughly be larger
than 1. Considering the uncertainty in ξc calculation [28, 29, 35–38], we use a slightly
looser criteria for SFOEWPT:

ξc ≡
vc
Tc

> 0.9. (2.15)

3 Study results

In this section, we try to explore the SFOEWPT under various current and future con-
straints. Specially we have a detailed study about the latest mW result at CDF-II.

We will firstly have a large amount of random scan points, and our study include the
theoretical constraints, B-physics, LHC Run-II direct searches, current precision measure-
ment of Higgs and Z-pole physics. Then the further study is performed at future Higgs
factories, including CEPC, FCC-ee and ILC as shown in table 1, to confront the SFOEWPT
and mW anomaly. Our theoretical calculation of SM-like Higgs precision measurements2

works at one-loop level, involving its productions and decays.

3.1 Study method

We perform a 6 parameters random scan for both Type-I and Type-II, and the scan regions
are:

tan β ∈ (0.2, 50), | cos(β − α)| < 0.5 , mA/H± ∈ (10, 1500) GeV ,
m2

12 ∈ (0, 15002) GeV2, mH ∈ (130, 1500) GeV.
2Here and later we will have “Higgs precision measurements” for the theoretical calculation of SM-like

Higgs measurements. In this work, they are calculated at one-loop level.

– 8 –
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Figure 3. The allowed parameter space in the plane of mH−tan β (left), ∆mA−∆mC (right). The
grey points survive all theoretical constraints, current experimental constraints, and the conditions
of SFOEWPT. The top and bottom panels are for Type-I and Type-II respectively. The green ones
are able to provide a mW by CDF-II, while the red ones are allowed by future Higgs and Z-pole
precision measurements from CEPC. The red and green points do not cover each other.

The number of samples allowed by the various applied theoretical and experimental con-
straints (except for mW from CDF-II) is more than 1 million ( of 1 billion points in total) .
After considering the SFOEWPT, it is about a few hundreds of thousands points allowed
for Type-I, but much less for Type-II to be shown in figure 3 as grey dots.

To incorporate in the mW at CDF-II, here in the 2HDM based on eq. (2.12), we take
the mW data at 95% Confidence Level (C.L.) with the χ2 profile-likelihood fit,

χ2 = (m2HDM
W −mobs

W )2∑
σ2
mW

. (3.1)

– 9 –
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After taking into account the experiment uncertainties, we have

∆m2HDM
W |ex ∈ (36.3, 103.4) MeV, (3.2)

and if considering SM theoretical uncertainties as well, it is ∆m2HDM
W |th+ex ∈ (31.1, 108.9)

MeV for the 6 parameter scan at 95% C.L.. We will only take ∆m2HDM
W |ex as condition of

mW for CDF-II in the following study.3

3.2 SFOEWPT under LHC measurements

As discussed above, after scanning the entire parameter space of Type-I and Type-II 2HDM,
we obtain the sector which is allowed by current limits and also satisfies the SFOEWPT
requirement.

As shown in figure 3, the grey points meet all the conditions of current various mea-
surements (except for mW at CDF-II) and SFOEWPT in both types. For Type-I and
Type-II, favored mass region are different:

• Type-I: to satisfy SFOEWPT and current limits, mH distributes in region (125, 1000)
GeV with tan β varying from 1 to 50. Mass splitting mH± − mH and mA − mH

distribute in region (−400, 400)GeV.

• Type-II: compared to Type-I, Type-II is more limited due to the limited tan β region.
mH distributes in region (125, 1000)GeV,4 while tan β is limited in interval (1, 12).
Mass splitting ∆mC = mH± −mH varies in region (−200, 300)GeV, while ∆mA =
mA −mH varies in region (−200,−30) and (30, 300)GeV.

In order to further illustrate the constraints of SFOEWPT on 2HDMs’ parameter space,
in appendix figure 4, we provide the allowed parameter space in the plane of mH − tan β
without SFOEWPT requirment. Together with figure 3, it is clear that SFOEWPT ex-
cludes the parameter space with mH < 1000GeV. To summarize, SFOEWPT requires the
mass of non-SM Higgs H/A/H± to be smaller than 1TeV for both types and a certain
amount of splitting between them for Type-II 2HDM.5 Comparing with the right panel of
figure 2, it is clear that the uplifted mW is consistent with SFOEWPT requirement.

3.3 SFOEWPT under Higgs, Z and W precision measurements

As discussed above, SFOEWPT, Higgs precision measurements at one-loop level, and Z-
pole physics (oblique parameter S, T, U) are all connected by heavy Higgs mass splitting.
In more detail, figure 2 and eq. (2.12) tells that non-zero ∆S/T is needed for uplifting mW .
But Higgs and Z-pole physics have strong constraints on the value of ∆S/T . As presented
in figure 3, the green points meets all these Higgs, Z-pole, mW and SFOEWPT conditions.

3There is no apparent difference found for ∆m2HDM
W |ex and ∆m2HDM

W |th+ex in our study.
4As explained, we do not include flavor constraints since some channels can not explained by Type-II

2HDM. But if one wants to consider the constraint mH± > 800GeV obtained from B̄ → Xsγ channel [95],
the points with mH < 550GeV will be totally excluded.

5We also note that such non-degenerate mass spectrum in 2HDM can be explored directly at future
100 TeV hadron colliders [100, 101].
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Compared to the grey points, we can see the allowed tan β,mH ,∆mA and ∆mC region
of green points indicates that an apparent mass splitting is needed to raise the W -boson
mass. Another feature is they mainly locate around the boundary region, which is mainly
because current electroweak measurements is not precise enough, so the uplifted mW in
need can still be satisfied within 2HDM framework. As shown in our benchmark case
figure 1, specific ∆T is in need. Since oblique parameters is type universal, thus Type-I
and Type-II have similar features for green region.

However, future lepton colliders, such as CEPC, ILC, and FCC-ee, will measure elec-
troweak parameters to unprecedented precision. As presented in table 1, uncertainties of
oblique measurements in CEPC can be reduced to 1% level, which is one order smaller than
current uncertainties. For the Higgs precision measurements, the works [54, 88, 90] have
discussed them for the case of 2HDM systematically. Provided that there is no apparent
deviation of Higgs and Z-pole properties from the SM predictions observed, or in other
words, the future measurements turn out to be consistent with SM prediction, we take
CEPC precision measurements as an example to study the impact from future lepton col-
liders. Finally as shown in figure 3, the red points represent spectrum meeting conditions
of Higgs, Z-pole measurements, and SFOEWPT. We can see, the red region is strongly
restricted to ∆mC = 0 or ∆mC = ∆mA and vanishing ∆mA is strongly disfavored for
both types. For Type-I, it is ∆mC = ∆mA for |∆mA| ∈ (150, 350)GeV, or ∆mC = 0 for
|∆mA| ∈ (150, 350)GeV. While for Type-II, it is ∆mC = ∆mA and ∆mA ∈ (150, 250)GeV,
and a point with ∆mC = 0 and ∆mA = 150GeV is also found. In both types, the red region
and green region are separate from each other, which means Higgs+Z-pole measurements
at CEPC can exclude the region for mW at CDF-II.

On the other hand, if SFOEWPT with uplifted mW in 2HDM is the true BSM sce-
nario, deviations from SM prediction will be observed at future measurements with high
confidence level.

4 Conclusion

In this work, we revisited the existence of a strong first order electroweak phase transition
(SFOEWPT) in the Type-I and Type-II 2HDMs as the grey points in figure 3. At the same
time, the latest precision measurement of the mW at CDF-II, indicates possible existence
of new particles with mass around electroweak scale. We studied them all in the framework
of 2HDM.

In detail, we carried out a global analysis, including W boson mass mW , SFOEWPT
requirements, direct searches of scalar resonances at the LHC, and current LHC and future
Higgs and Z-pole precision measurements at lepton colliders such as CEPC, ILC, FCC-ee.
We found that,

1. Since in the 2HDM, ∆m2HDM
W is directly related to oblique parameters as discussed,

which is dependent on the heavy Higgs mass splitting of ∆mA = mA − mH and
∆mC = mH± −mH , we can see ∆m2HDM

W is sensitive to heavy Higgs mass splitting.
As a result, all these precision measurements and SFOEWPT in 2HDM are sensitive
to non-SM Higgs mass splitting in 2HDM.
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2. Under current constraints, both Type-I and Type-II 2HDM can explain the
SFOEWPT, Z-pole, Higgs precision measurements and mW precision measurement
of CDF-II at same time. In the figure 3, we have the green points satisfying all of
them, under current various constraints. Generally the allowed region are

mH ∈ (125, 950) GeV ,∆mA/C ∈ (−400, 400) GeV, tan β ∈ (1, 50)

for Type-I, and they are divided into two regions ∆mC > ∆mA when ∆mC > 0 and
∆mC < ∆mA when ∆mC < 0, and only ∆mA = 0 is possibly allowed,

mH ∈ (125, 900) GeV ,∆mA/C ∈ (−200, 300) GeV, tan β ∈ (1, 10)

for Type-II. Similarly they are divided into two regions ∆mC > ∆mA when ∆mC > 0
and ∆mC < ∆mA when ∆mC < 0, but both ∆mA/C can not reach 0.

3. With future precision measurements at CEPC, ILC, or FCC-ee, if there is no deviation
to SM observed at Higgs or Z-pole physics, SFOEWPT is still allowed, but mW from
CDF-II can not be explained anymore by 2HDM. In other words, if 2HDM is the true
BSM scenario after the run of lepton colliders, deviations from the SM prediction will
be observed at future measurements with high confidence level.
Such a constrained parameter space points out a clear direction for experimental

studies and also for theoretical explorations for explaining other phenomenology, such
as shrunk region of non-SM triple Higgs couplings involving the mass splittings.
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A Result under LHC Run-II

Here we have the initial scan results for both Type-I and Type-II, showing in the figure 4.
These scan results only meet all theoretical constraints, current experimental constraints
from LHC, different from the gray points of figure 3 which also considers conditions of
SFOEWPT .
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Figure 4. The allowed parameter space in the plane of mH − tan β for Type-I (left) and Type-
II (right) respectively. The grey points survive all theoretical constraints, current experimental
constraints.
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