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Electroweak Phase Transition
40

100 250
!GeV"

!5" 10
7

5" 10
7

1" 10
8

V#h$ T ! Tc

vc

T # Tc

T $ Tc

T # 0

Figure 3.1: Thermal e↵ective potential for various temperatures illustrating a strong first order

phase transition.

potential then dominates, FT > 0, and electroweak symmetry breaking cannot proceed

spontaneously.

This is illustrated in fig. 3.1, where the e↵ective potential is shown for various temper-

atures in a fixed direction in field space. The symmetric phase is chosen as the reference

point, so V T

e↵
(0) = 0. In the next section we will discuss how the presence of a barrier

between the symmetric and the broken phase, as shown in the figure, is indicative of a first

order phase transition. Intuitively, this is because the barrier requires symmetry breaking

to proceed via tunneling, with a certain tunneling probability per unit volume [25, 29, 249].

The electroweak symmetry may then be broken in some regions of space while being pre-

served in others, resulting in a highly inhomogeneous space filled with bubbles of di↵erent

vacuum states.

3.1 Finite temperature 1-loop e↵ective potential

In section 2.3 we have computed the 1-loop e↵ective scalar potential at zero temperature,

when the system propagates in a vacuum with no particles. This choice was implicitly

made in eq. (2.33), where boundary conditions were imposed to calculate the Fourier

expansion of the inverse propagator — namely, all the boundaries were implicitly set at

infinity when all momentum components were taken to vary continuously. In particular

we assumed that there is an infinite time interval separating the “incoming”/unevolved

vacuum state |0�i in eq. (2.20) from the “outgoing” one1, |0+i, and that the dynamics is

accurately described by the action S during all this period.

But when the system is surrounded by a thermal bath of particles these assumptions

become rather unrealistic, since the propagation of the scalars is now a↵ected by collisions

1The terminology of “ingoing” and “outgoing” states is not fully appropriate here, since we are not
dealing with a scattering process.

SM: Cross-over  around T=100 GeV BSM: bubble formation              asymmetry 

baryon asymmetry of the Universe (BAU)
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Electroweak Phase Transition
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2HDM: Brief Introduction

l Two Higgs Doublet Model

lParameters (CP-conserving, Flavor Limit, 𝑍! Symmetry)

𝑚""
! , 𝑚!!

! , 𝜆", 𝜆!, 𝜆#, 𝜆$, 𝜆%

Soft 𝑍! symmetry breaking: 𝑚"!
!

𝑣, tan 𝛽 , 𝛼,𝑚& , 𝑚' , 𝑚(, 𝑚'±

246 GeV 125. GeV 4



2HDM: Tree Level

Alignment limit :
cos 𝛽 − 𝛼 = 0
𝑔 2𝐻𝐷𝑀 = 𝑔(𝑆𝑀)

1910.06269
WS
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2HDM: One-Loop Level

① Loop + degenerate: cos β − α = 0, 𝑚9 ≡ 𝑚' = 𝑚( = 𝑚'±

② Tree + Loop + degenerate: cos β − α ≠ 0 ,  𝑚9 ≡ 𝑚' = 𝑚( = 𝑚'±

③ Tree + Loop + non-degenerate: Δ𝑚: = 𝑚( −𝑚' , Δ𝑚; = 𝑚'± −𝑚'

Φ

h h h h
Φ

Main contributionParameter : 𝐜𝐨𝐬 𝛃 − 𝜶 , 𝐭𝐚𝐧𝜷, 𝒎𝑯,𝒎𝑨,𝒎𝑯± ,𝒎𝟏𝟐
𝟐
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2HDM: theoretical consideration

−125#GeV# < 𝜆v# < 600#GeV#

𝜆 ∈ ( −0.26, 5.95 )
𝜆$ = 𝜆% = 𝜆& − 0.258 = −𝜆

Theoretical constraints

cos β − α = 0,
𝑚9 ≡ 𝑚' = 𝑚( = 𝑚'±
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2HDM: Tree + 𝐿𝑜𝑜𝑝 + 𝑑𝑒𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑒

Tree-level

cos β − α ≠ 0,
𝑚! ≡ 𝑚" = 𝑚# = 𝑚"±
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2HDM: Tree + 𝐿𝑜𝑜𝑝 + 𝑑𝑒𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑒

Tree-level

Loop-level
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2HDM: Tree + 𝐿𝑜𝑜𝑝 + 𝑑𝑒𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑒

Tree-level

Loop-level
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2HDM: Tree + 𝐿𝑜𝑜𝑝 + 𝑑𝑒𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑒

Tree-level

Loop-level

180x.xxxx ( N. Chen, T. Han,
S. Su, Y. Wu )

Loop-level decouple
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2HDM: Tree + 𝐿𝑜𝑜𝑝 + 𝑛𝑜𝑛 − 𝑑𝑒𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑒
Z Pole Precision
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2HDM: Tree + 𝐿𝑜𝑜𝑝 + 𝑛𝑜𝑛 − 𝑑𝑒𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑒

Δ𝑚$ = 𝑚# −𝑚" ,
Δ𝑚% = 𝑚"± −𝑚" ,
𝑚" = 700 GeV

𝑚"± = 𝑚"
𝑚"± = 𝑚#

Z Pole Precision
CEPC fit
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Complementary to each other

Higgs Precision Combined
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Results: Case-1

Type-II
fixed mass splitting 200 GeV

𝑚' < 710 GeV
𝑡𝑎𝑛𝛽 𝜖 (1.8,10)
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PT vs. vacuum uplifting 

broken phase than for a deep Higgs potential, when the temperature is high. Thus generally

speaking, there is an inverse relation between the phase transition strength and the depth of

the vacuum energy. We follow the notation at Ref. [55] and define the SM vacuum energy

density as F
SM

0
. The value of FSM

0
is about �1.25 ⇥ 108GeV4. The vacuum energy density

of the 2HDM is denoted by F0. We can further define a dimensionless parameter:

�F0/|F
SM

0 | ⌘
F0 � F

SM

0

|FSM

0
|

(4.14)

�F0/|F
SM

0
| > 0 means that the 2HDM vacuum energy is uplifted from the SM value, whilst

�F0/|F
SM

0
| cannot exceed 1, otherwise the zero temperature vacuum will be unstable. The

numerical results in [55] show a positive correlation between ⇠c and the parameter�F0/|F
SM

0
|.

However, we find that the relationship is only valid for mH  500 GeV, the range Ref [55]

explored, and the parameters may become negatively-correlated for large mH . To illustrate

this, here we refine their analysis by considering a benchmark case:

tan� = 3.0 , cos(� � ↵) = 0, mH 2 (200, 1000) GeV , (4.15)
p

�v2 = 0, �m = mA/H± �mH = 200 GeV.

All parameters are fixed except mH , and �v
2 = m

2

H
�

m
2
12

sin� cos�
= 0 (to meet the theoretical

constraints, as in the right panel of Fig. 1).
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Figure 3. Zero temperature Higgs potential and its connection with the electroweak phase transition.
(left): The zero temperature Higgs potential along the �h ⌘ cos��1 + sin��2 direction with di↵erent
mH . (right): Vacuum energy uplifting �F0/|F

SM
0 | and wash-out parameter ⇠c as functions of mH .

The one-loop level Higgs vacuum uplifting in the alignment limit cos(��↵) = 0 has been

given in Ref [55]:
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Figure 4. (left): �F0/|F
SM
0 | as functions of mH , with di↵erent mass splitting. (right): Scan result

projected in the �F0/|F
SM
0 | - ⇠c plane. Points with di↵erent mass splitting are tagged by di↵erent

colors, and the dotted lines mark the CP-even Higgs mass mH .

To illustrate the idea underlying Higgs vacuum uplifting, here we display the whole

shape of the zero temperature Higgs potential. In the left panel of Fig. 3, we present the zero

temperature Higgs potential along the �h ⌘ cos��1+sin��2 direction, with mH = 200, 400,

600, 800 GeV represented by red, orange, green and blue lines respectively . The SM Higgs

potential is also shown with black dashed line for comparison. It is clear that as mH increases,

the height of the minimum point of the Higgs potential continues to rise, and the shape of the

Higgs potential becomes shallower. For large mH , F0 > 0, generating an unstable vacuum.

Thus for a stable vacuum mH cannot be too large.

To find the relationship between ⇠c and �F0/|F
SM

0
|, in the right panel of Fig. 3 we present

both �F0/|F
SM

0
| and ⇠c as functions of mH . In the plot, the left y axis is for �F0/|F

SM

0
|

with the red dashed line representing the relationship with mH . While ⇠c, the right y axis, is

shown by the solid green line. Here ⇠c is calculated numerically from the package BSMPT.

As the red dashed line, it is clear that there is a linear relationship between �F0/|F
SM

0
|

and mH , similar as the left panel. But as the green line shows, ⇠c is not monotonically

dependent on mH and gets the maximum value around mH = 500 GeV. This result can

be understood by our high temperature expansion analysis. Generally as mH , equal to M
2

in our scenario to meet theoretical constraints, becomes too large, the non-SM Higgs mass

is dominated by M
2 and E(H/A/H±) get smaller as Eq. (4.13). Thus the phase transition

strength becomes weaker as mH increases from Eq. (4.7) and Eq. (4.1) .

Since �F0/|F
SM

0
| always gets larger when mH grows, while ⇠c gets larger at first (mH <

500 GeV here), and then gets smaller, we can conclude �F0/|F
SM

0
| is not monotonically

correlated with ⇠c. This conclusion is di↵erent to the previous study [46].
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Results: Case-2
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Too large  or small mass splitting can not generate SFOEWPT



Results: Case-2/3

High T approximation:

Vacuum uplifting:
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Too large  or small mass splitting can not generate SFOEWPT



Results: Case-2/3
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Results: Type-II

Figure 8. The allowed parameter space in the plane of mH � tan� (left), �mA ��mC (right). The
grey points survive all theoretical and current experimental constraints. The green ones are able to
provide a SFOEWPT, while the red ones are allowed by future precision measurements from CEPC.

We perform a random parameter scan in the above parameter region, with the total number

of samples exceeding 1 billion, for both Type-I and Type-II models.

In Fig. 8 we show the scan results for the Type-II 2HDM. The grey scatter points are

the regions allowed by B physics, theoretical constraints, heavy Higgs direct searches and SM

Higgs precision measurements at the current LHC Run-II, and constraints from EW oblique

operators. The green points are a subset of the grey ones, which can generate a SFOEWPT,

and the red points are further required to meet the constraints from future Higgs precision

measurements at CEPC. Compared to Case 1 (Fig. 5), which assumed the alignment limit

and set mH± = mA, here we could divide the whole allowed region into 4 classes,

• Class A: Regions with mH < 350 GeV. Here the region has mH± ⇡ mA > mH , and the

mass splitting is about (300,500) GeV to meet the constraintmH± > 580 GeV. Generally
p

�v2 ⇡ 0 to allow for such a large mass splitting and tan� is within the region selected

by the theoretical constraints shown in Fig. 1. This region can also be divided into two

subgroups based on sign(b). When sign(b) = +, mH < 200 GeV, tan� 2 (5, 10) can

escape the constraints from the H ! ⌧⌧ channel as in the right panel of Fig. 2. At

the same time, the large mass splitting mA � mH > 450 GeV weakens the constraint

from the A ! HZ channel [132]. Another subgroup is sign(b) = �, the so-called

wrong-sign Yukawa coupling region with cos(��↵) ⇡ 2/ tan�. Here mH can reach 350

GeV, cos(��↵) 2 (0.2, 0.4), and LHC direct searches require tan� < 10 [142]. Because

of the large mass splitting in this region, �F0/|F
SM

0
| is too large to produce a stable

vacuum.

– 22 –
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Future

Figure 8. The allowed parameter space in the plane of mH � tan� (left), �mA ��mC (right). The
grey points survive all theoretical and current experimental constraints. The green ones are able to
provide a SFOEWPT, while the red ones are allowed by future precision measurements from CEPC.

We perform a random parameter scan in the above parameter region, with the total number

of samples exceeding 1 billion, for both Type-I and Type-II models.

In Fig. 8 we show the scan results for the Type-II 2HDM. The grey scatter points are

the regions allowed by B physics, theoretical constraints, heavy Higgs direct searches and SM

Higgs precision measurements at the current LHC Run-II, and constraints from EW oblique

operators. The green points are a subset of the grey ones, which can generate a SFOEWPT,

and the red points are further required to meet the constraints from future Higgs precision

measurements at CEPC. Compared to Case 1 (Fig. 5), which assumed the alignment limit

and set mH± = mA, here we could divide the whole allowed region into 4 classes,

• Class A: Regions with mH < 350 GeV. Here the region has mH± ⇡ mA > mH , and the

mass splitting is about (300,500) GeV to meet the constraintmH± > 580 GeV. Generally
p

�v2 ⇡ 0 to allow for such a large mass splitting and tan� is within the region selected

by the theoretical constraints shown in Fig. 1. This region can also be divided into two

subgroups based on sign(b). When sign(b) = +, mH < 200 GeV, tan� 2 (5, 10) can

escape the constraints from the H ! ⌧⌧ channel as in the right panel of Fig. 2. At

the same time, the large mass splitting mA � mH > 450 GeV weakens the constraint

from the A ! HZ channel [132]. Another subgroup is sign(b) = �, the so-called

wrong-sign Yukawa coupling region with cos(��↵) ⇡ 2/ tan�. Here mH can reach 350

GeV, cos(��↵) 2 (0.2, 0.4), and LHC direct searches require tan� < 10 [142]. Because

of the large mass splitting in this region, �F0/|F
SM

0
| is too large to produce a stable

vacuum.
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Results: Type-I

Figure 10. Allowed parameter space in the plane of mH � tan� (left), �mA ��mC (right). Same
as Fig. 8, but for the Type-I model.

have �mA,C < 0, and are excluded by Higgs and Z-pole precision measurements. But larger

tan� values allow larger mass splittings between the heavy Higgs bosons [177, 178], and thus

in the Type-I model mH ! 900 GeV still satisfy these precision measurements. Similarly

the regions with �mC ⇡ 0,�mA < 0 or �mC ⇡ 0,�mA > 0 which are not allowed in the

Type-II model can still generate a SFOEWPT in the Type-I model.

5 Conclusion

In this work, we have revisited the existence of a strong first order electroweak phase transition

(SFOEWPT) in the Type-I and Type-II 2HDMs Using both numerical and analytical analysis

methods, we pointed out that �F0/|F
SM

0
| is not monotonically related to ⇠c as shown in Fig. 3

and Fig. 4. ⇠c grows (decreases) with larger�F0/|F
SM

0
| for small (large) heavy mass splittings.

This conclusion is di↵erent to that of a previous study [46].

We also found, SFOEWPT suggests the non-SM Higgs bosons, H/A/H
±, have upper

limits on their mass as our benchmarkCase 1 Fig. 5 and general scan results Fig. 8 and Fig. 10.

This limits comes from the combined requirements of vacuum stability at zero temperature

and �H/A/H±v2 corrections term at high temperature. Through Case 2 Fig. 6 and Case

3 Fig. 7, we analysed the e↵ects of heavy Higgs mass splitting.

After combining current bounds from LHC direct and indirect Higgs searches, current

electroweak precision measurements, flavour physics, and anticipated precision measurements

at the future CEPC Z and Higgs factory, the requirement of SFOEWPT puts strong con-

straints on the mass spectrum of H/A/H
±, with the allowed region:

– 25 –
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Figure 4. (left): �F0/|F
SM
0 | as functions of mH , with di↵erent mass splitting. (right): Scan result

projected in the �F0/|F
SM
0 | - ⇠c plane. Points with di↵erent mass splitting are tagged by di↵erent

colors, and the dotted lines mark the CP-even Higgs mass mH .

To illustrate the idea underlying Higgs vacuum uplifting, here we display the whole

shape of the zero temperature Higgs potential. In the left panel of Fig. 3, we present the zero

temperature Higgs potential along the �h ⌘ cos��1+sin��2 direction, with mH = 200, 400,

600, 800 GeV represented by red, orange, green and blue lines respectively . The SM Higgs

potential is also shown with black dashed line for comparison. It is clear that as mH increases,

the height of the minimum point of the Higgs potential continues to rise, and the shape of the

Higgs potential becomes shallower. For large mH , F0 > 0, generating an unstable vacuum.

Thus for a stable vacuum mH cannot be too large.

To find the relationship between ⇠c and �F0/|F
SM

0
|, in the right panel of Fig. 3 we present

both �F0/|F
SM

0
| and ⇠c as functions of mH . In the plot, the left y axis is for �F0/|F

SM

0
|

with the red dashed line representing the relationship with mH . While ⇠c, the right y axis, is

shown by the solid green line. Here ⇠c is calculated numerically from the package BSMPT.

As the red dashed line, it is clear that there is a linear relationship between �F0/|F
SM

0
|

and mH , similar as the left panel. But as the green line shows, ⇠c is not monotonically

dependent on mH and gets the maximum value around mH = 500 GeV. This result can

be understood by our high temperature expansion analysis. Generally as mH , equal to M
2

in our scenario to meet theoretical constraints, becomes too large, the non-SM Higgs mass

is dominated by M
2 and E(H/A/H±) get smaller as Eq. (4.13). Thus the phase transition

strength becomes weaker as mH increases from Eq. (4.7) and Eq. (4.1) .

Since �F0/|F
SM

0
| always gets larger when mH grows, while ⇠c gets larger at first (mH <

500 GeV here), and then gets smaller, we can conclude �F0/|F
SM

0
| is not monotonically

correlated with ⇠c. This conclusion is di↵erent to the previous study [46].
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Thanks for your attention!

Questions ?
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2HDM: theoretical consideration

Vacuum Stability

Unitary

Perturbativity
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2HDM: theoretical consideration

Vacuum Stability

Unitary

Perturbativity

cos β − α = 0,
𝑚9 ≡ 𝑚' = 𝑚( = 𝑚'±

2 Free parameters 31


