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The Two-Higgs doublet model (2HDM)

• T.D.Lee,Phys.Rev.D8(1973)1226
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2HDM: Brief Introduction

l Two Higgs Doublet Model Soft breaking of Z2 

Hard breaking of Z2 
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2HDM: Brief Introduction

• Why is the Z2 symmetry demanded?



2HDM: Brief Introduction

l Two Higgs Doublet Model

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

Soft	 𝑍! symmetry breaking: 𝑚"!
!

𝑚""
! , 𝑚!!

! , 𝜆", 𝜆!, 𝜆#, 𝜆$, 𝜆% 𝑣, tan 𝛽 , 𝛼,𝑚& , 𝑚' , 𝑚(, 𝑚'±

246 GeV 125. GeV
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2HDM: Brief Introduction

l Two Higgs Doublet Model

lParameters (Alignment limit)
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2HDM framework



2HDM framework







Higgs Basis





How to test it?



新物理hints



Higgs discovery

LHC Run-I:
𝑚& = 125.09 ± 0.24 GeV
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Scenarios

26

Mass hierarchy
LHC era



LHC era： Higgs discovery

LHC Run-I:
𝑚& = 125.09 ± 0.24 GeV
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Higgs property at LHC Run-I
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Higgs property at LHC Run-II

29

ATLAS-CONF-2020-027



Higgs property at LHC Run-II

30

CMS_137_HIG-19-005-pas



LHC era：62.5 GeV - 1 TeV

• Conventional channels:   Exotic Decays
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2212.06186  (F. Kling,  S. Li, S. Su, H.Song, WS )



LHC era：10 GeV ~ 62.5 GeV

• Exotic Decays     · SM Higgs decay width
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LHC era：10 GeV ~ 62.5 GeV

• Precision Higgs Measurements：Global fit

• SM Higgs invisible decays：

• 95% CL limit for H→ inv 

ATLAS: 10.7% (7.7% exp.) CMS: 15% (8% exp.) 
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Eur. Phys. J. C 83 (2023) 933

Phys. Lett. B 842 (2023) 137963

http://dx.doi.org/10.1140/epjc/s10052-023-11952-7


Higgs property
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Higgs property ATL-PHYS-PUB-2014-016 
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Higgs precision measurements 

CEPC-preCDR , TLEP Design Study Working Group, ILC Operating Scenarios

CEPC
FCC
ILC
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Higgs precision measurements 
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Z-pole precision measurements 

LEP                         CEPC-preCDR ,  TLEP Design Study ,  ILC Operating Scenarios
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Z-pole precision measurements 

LEP                         CEPC-preCDR ,  TLEP Design Study ,  ILC Operating Scenarios
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Study strategies
Experimental Observables: Δ𝜇 0

Kappa-scheme: 𝜅 0 Coeff of EFT operators

Parameters in New Physics Models

Fitting

𝜅 ! =
𝑔(ℎ𝑖𝑖)

𝑔(ℎ𝑖𝑖; SM) , i = f, V	

𝜒! = (*"
#$%+*"

&'())

(-* "))
,    𝜇./01 = 1

𝑂"/Λ# = 0.5	(𝜕$|𝐻|#)#/Λ#…

2HDM, S+SM, MSSM S+SM, Composite Higgs

𝜇0FGH =
(σ×Br)FGH
(σ×Br)GH
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Results 

Study Results: Tree & one-loop Level

Flavor  physics 

2HDM & Electroweak Phase Transition
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2HDM: Tree Level

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

1910.06269
WS

44

2HDM Type-II

https://arxiv.org/abs/1910.06269


2HDM: Tree Level

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

1910.06269
WS
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2HDM Type-II

2004.04172
F. Kling, S. Su, WS

https://arxiv.org/abs/1910.06269
https://arxiv.org/abs/2004.04172


2HDM: Tree Level

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



2HDM: Tree Level

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

2004.04172
F. Kling, S. Su, WS
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2HDM Type-I

https://arxiv.org/abs/2004.04172


2HDM: Tree Level
Other two types

48



2HDM: Tree Level Model Distinction

Varying tan 𝛽

cos(𝛽 − 𝛼)
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2HDM: Tree Level Model Distinction

Varying tan 𝛽

cos(𝛽 − 𝛼)

Type-I  ↔  Type-II
Type-L ↔  Type-F
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Flavour searches 
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Flavour searches 
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Results

Study Results: Tree & one-loop Level
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2HDM: One-Loop Level

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

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

③ Tree + Loop + non-degenerate:  Δ𝑚A = 𝑚( −𝑚' , Δ𝑚B = 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
Vacuum Stability
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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,	
	𝑚@ ≡ 𝑚' = 𝑚( = 𝑚'±

2 Free parameters 57



2HDM: theoretical consideration

−125KGeVK < 𝜆vK 	< 600KGeVK

𝜆 ∈ (	−0.26, 5.95	)
𝜆L = 𝜆M = 𝜆N − 0.258 = −𝜆

Theoretical constraints

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

CEPC fit, 
Type-II

cos β − α = 0,	
	𝑚@ ≡ 𝑚' = 𝑚( = 𝑚'±
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2HDM: 𝐿𝑜𝑜𝑝	 + 	𝑑𝑒𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑒
CEPC fit, Type-II

−125KGeVK < 𝜆vK < 600KGeVK

Sqrt(𝜆v! ) 𝒎𝚽 >
100 400
300 500
500 1100

(GeV)
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2HDM: 𝐿𝑜𝑜𝑝	 + 	𝑑𝑒𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑒
CEPC fit, Type-I

−125KGeVK < 𝜆vK < 600KGeVK

Sqrt(𝜆v! ) 𝒎𝚽 >
100 -- 
300 500
500 1100

(GeV)
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Higgs direct search at LHC
Conventional Search                                 Exotic: A -> HZ

Craig et. al., 1605.08744 S. Su et. al., 1812.01633
62

Type-II



2HDM: 𝐿𝑜𝑜𝑝	 + 	𝑑𝑒𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑒

Varying tan 𝛽
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2HDM:	Tree	+	𝐿𝑜𝑜𝑝	 + 	𝑑𝑒𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑒
Tree-level

Loop-level

64

cos β − α ≠ 0,	
	𝑚% ≡ 𝑚" = 𝑚& = 𝑚"±



2HDM:	Tree	+	𝐿𝑜𝑜𝑝	 + 	𝑑𝑒𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑒

Tree-level

Loop-level

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

Loop-level decouple
65



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

Complementary to each other

Higgs Precision Combined

𝑚' = 700	GeV 69



2HDM: Type-I

1912.01431  N. Chen, T. Han,
                     S. Su, Y. Wu 

𝑪𝒐𝒏𝒔𝒕𝒓𝒂𝒊𝒏𝒕𝒔	𝒂𝒕	𝑳𝒂𝒓𝒈𝒆	𝒕𝒂𝒏𝛃

70

https://arxiv.org/abs/1912.01431


Part Summary : Higgs precision 

Tree vs Loop
Alignment vs Non-alignment
Degenerate vs Non-gedenerate

Complementary to 

Z pole precision

LHC direct search

2HDM
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Results

Higgs and Z-pole Precision Measurements

Study Results: Tree & one-loop Level

2HDM & Electroweak Phase Transition
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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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2HDM: precision

mass di↵erence varies little with 0.5 < tan� < 2, but shrink quickly for larger tan�.

Figure 11. Three-parameter fitting results at 95% C.L. in the �mA-�mC plane for various values
of cos(� � ↵), for the Higgs (solid curves) and Z-pole (dashed curves) constraints (left panels), and
combined constraints (right panels), with upper rows for mH = 800 GeV,

p
�v2 = 0, middle rows for

mH = 800 GeV,
p
�v2 = 300 GeV, and bottom rows for mH = 2000 GeV,

p
�v2 = 0. tan� = 1 is

assumed for all plots.

– 23 –

1808.02037 N. Chen, T. Han, S. Su, WS, Y. Wu 

Type-II, CEPC
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https://arxiv.org/abs/1808.02037


2HDM: precision

mass di↵erence varies little with 0.5 < tan� < 2, but shrink quickly for larger tan�.

Figure 11. Three-parameter fitting results at 95% C.L. in the �mA-�mC plane for various values
of cos(� � ↵), for the Higgs (solid curves) and Z-pole (dashed curves) constraints (left panels), and
combined constraints (right panels), with upper rows for mH = 800 GeV,

p
�v2 = 0, middle rows for

mH = 800 GeV,
p
�v2 = 300 GeV, and bottom rows for mH = 2000 GeV,

p
�v2 = 0. tan� = 1 is

assumed for all plots.

– 23 –

1808.02037 N. Chen, T. Han, S. Su, WS, Y. Wu 

Type-II, CEPC
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PhysRevLett.113.211802 G. C. Dorsch, S. Huber, K. Mimasu, J. M. No

Discovering a second Higgs doublet through A0 → H0Z,
Important for SFOEWPT at 2HDM 

https://arxiv.org/abs/1808.02037
https://arxiv.org/ct?url=https%3A%2F%2Fdx.doi.org%2F10.1103%2FPhysRevLett.113.211802&v=b906d8e8
https://arxiv.org/search/hep-ph?searchtype=author&query=Dorsch%2C+G+C
https://arxiv.org/search/hep-ph?searchtype=author&query=Huber%2C+S
https://arxiv.org/search/hep-ph?searchtype=author&query=Mimasu%2C+K
https://arxiv.org/search/hep-ph?searchtype=author&query=No%2C+J+M


2HDM: LHC direct search
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Results: Case-1

Type-II
fixed mass splitting 200 GeV

𝑚X < 710	GeV
𝑡𝑎𝑛𝛽	𝜖	(1.8,10)

77

Vacuum uplifting:

arXiv:1705.09186
G. C. Dorsch, S. Huber, K. Mimasu, J. M. No

https://arxiv.org/abs/1705.09186
https://arxiv.org/search/hep-ph?searchtype=author&query=Dorsch%2C+G+C
https://arxiv.org/search/hep-ph?searchtype=author&query=Huber%2C+S
https://arxiv.org/search/hep-ph?searchtype=author&query=Mimasu%2C+K
https://arxiv.org/search/hep-ph?searchtype=author&query=No%2C+J+M


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.

– 22 –

1812.01633 
F. Kling, H. Li, etc

79

https://arxiv.org/abs/1812.01633
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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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Mass less than 1 TeV

81

Part Summary



IDM

• The inert 2HDM



Fermiophobic 2HDM



The Higgs sector of the MSSM


