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Motivation

 Started as recast of LHC search: A→HZ, H→AZ
๏ limited interpretation of 2HDM parameter space 
๏ mostly for Type-II

๏ complementarity between direct and indirect search 
๏ complementarity between different direct search channel 
๏ degenerate mass/mass hierarchy 
๏ Type-I & Type-II (easily extend to other types)

➡ comprehensive study of current direct/indirect constraints 
(LHC + more) on 2HDM parameter space
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๏Why 2HDM  

๏Basics of 2HDM 

๏Various constraints 

๏Degenerate case 

๏Mass Hierarchy case 

๏Conclusion

Outline
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Why 2HDM?

Models with extended Higgs sector: arise in natural theories of EWSB

๏ Higgs sector of MSSM/NMSSM
๏ Generic 2HDM 
๏ Little Higgs, twin Higgs ... 
๏ Composite Higgs models ...

๏ SM+singlet: parametrized by a simple mixing parameter 
๏ 2HDM: covers board class of known models 
๏ Allow for convenient parametrization 
๏ Many features shared by many extended EWSB sectors
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  2HDM Higgs Sector 
-

after EWSB, 5 physical Higgses 
CP-even Higgses: h, H , CP-odd Higgs: A, Charged Higgses: H±

๏ Two Higgs Doublet Model (CP-conserving) 

The paper is organized as follows. In Sec. 2, we present a brief overview of models and
parameter regions where the channels under consideration can be significant. In Sec. 3, we
summarize the current experimental search limits on heavy Higgses. In Sec. 4.1, we present
the details of the analysis of the HZ/AZ with the bb`` final states. We also show model-
independent results of 95% C.L. exclusion as well as 5� discovery limits for � ⇥BR(gg !
A/H ! HZ/AZ ! bb``) at the 14 TeV LHC with 100, 300 and 1000 fb�1 integrated
luminosity. In Secs. 4.2 and 4.3, we present the analysis for the ⌧⌧`` and ZZZ final
states, respectively. In Sec. 5, we study the implications of the collider search limits on the
parameter regions of the Type II 2HDM. We conclude in Sec. 6.

2 Scenarios with large H ! AZ or A ! HZ

In the 2HDM, we introduce two SU(2) doublets �i, i = 1, 2:

�i =

 
�
+
i

(vi + �
0
i
+ iGi)/

p
2

!
, (2.1)

where v1 and v2 are the vacuum expectation values of the neutral components which satisfy
the relation:

p
v
2
1 + v

2
2 = 246 GeV after electroweak symmetry breaking. Assuming a

discrete Z2 symmetry imposed on the Lagrangian, we are left with six free parameters,
which can be chosen as four Higgs masses (mh, mH , mA, mH±), the mixing angle ↵

between the two CP-even Higgses, and the ratio of the two vacuum expectation values,
tan� = v2/v1. In the case in which a soft breaking of the Z2 symmetry is allowed, there is
an additional parameter m

2
12.

The mass eigenstates contain a pair of CP-even Higgses: h0, H0, one CP-odd Higgs, A
and a pair of charged Higgses H

±2:
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Two types of couplings that are of particular interest are ZAH
0
/h

0 couplings and
H

0
/h

0
V V couplings, with V being the SM gauge bosons W± and Z. Both are determined

by the gauge coupling structure and the mixing angles. The couplings for ZAH
0 and ZAh

0

are [22]:

gZAH0 = �g sin(� � ↵)

2 cos ✓w
(pH0 � pA)µ, gZAh0 =

g cos(� � ↵)

2 cos ✓w
(ph0 � pA)µ, (2.3)

with g being the SU(2) coupling, ✓w being the Weinberg angle and pµ being the incoming
momentum of the corresponding particle.

The H
0
V V and h

0
V V couplings are:

gH0V V =
m

2
V

v
cos(� � ↵), gh0V V =

m
2
V

v
sin(� � ↵). (2.4)

2
For more details about the model, see Ref. [11].
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However, if there is a mass hierarchy between the BSM Higgses, additional exotic decay

modes, such as H/A ! AZ/HZ, H/A ! H
±
W

⌥, H ! AA,H
+
H

� or H
± ! HW/AW

open up and quickly dominate the decay branching fractions. Such exotic decay modes open

a new window to search for heavy BSM Higgses. Meanwhile current collider limits on heavy

Higgses would be relaxed given the suppression of their decay branching fractions. In this

paper we comprehensively examine the current constraints on the 2HDM parameter space in

mass-degenerate and hierarchical scenarios, highlighting the complementarity and importance

of the exotic Higgs decay channel H/A ! HZ/AZ.

The rest of the paper is organized as follows. We will give a brief introduction to 2HDM

at Section 2 and compare the Type-I and Type-II. In Section 3, we summarize the latest LHC

searches that are relevant for Higgs studies . We show our interpreted results for the Type-I

and Type-II 2HDM under the degenerate mass assumption in Section 4. In Section 5 we

extend this discussion to 2HDMs with non-degenerate mass spectra, focusing on the exotic

decay channel of H/A ! AZ/HZ. We conclude in Section 6.

2 The 2HDM

The scalar sector of the 2HDM consists of two SU(2) doublets �i, i = 1, 2, which can be

parameterized as

�i =

 
�
+
i

(vi + �
0
i
+ i'i)/

p
2

!
. (2.1)

Here vi are the vacuum expectation values for the neutral components which satisfy the

condition v
2
1 + v

2
2 = v

2 with v = 246 GeV. After imposing a discrete Z2 symmetry on

the Lagrangian to avoid tree-level flavour changing neutral currents (FCNCs), the 2HDM

parameter space is described by six free parameters. For our purposes it is convenient to

parametrize the 2HDM by the physical Higgs masses (mh, mH , mA and mH±), the mixing

angle between the two CP-even Higgses (↵), and the ratio of the two vacuum expectation

values (t� = v2/v1). If we allow for a soft breaking of the Z2 symmetry, there is an additional

parameter m2
12.

After EWSB, the scalar sector consists of five states: a pair of neutral CP-even Higgses,

h and H, a CP-odd Higgs, A, and a pair of charged Higgses H
±. For the neutral states we

can write
h = �s↵�

0
1 + c↵�

0
2,

H = c↵�
0
1 + s↵�

0
2,

A = �s�'1 + c�'2,

(2.2)

where we used the shorthand notation sx = sinx and cx = cosx. In the following we will

identify h with the discovered 125 GeV Higgs1. Note that in the generic 2HDM, Higgs masses

1
Note that here we use a convention in which h is always the 125 GeV SM-like Higgs and the alignment

limit is always at c��↵ = 0. This is di↵erent from the mass ordered convention in which h is the light CP-even

Higgs and H is the heavy one.
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๏ parameters (CP-conserving, flavor limit, Z2 symmetry)

I. INTRODUCTION
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soft Z2 breaking: m122

246 GeV

tanβ, cos(β-α), 
control tree level h couplings 

125 GeV

  Parametrization  

๏ Search for extra Higgses 
➡ Precision Higgs study: couplings of the SM-like Higgs 
➡ Direct search of extra Higgses: direct evidence for BSM new 
physics
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  Higgs Couplings 
-

Two non-SM like Higgses have unsuppressed couplings to gauge boson.

๏ h/H VV coupling

boson. In Sec. VII, we conclude.

II. TYPE II 2HDM

In the 2HDM1, we introduce two SU(2) doublets �i, i = 1, 2:

�i =

0

@ �
+
i

(vi + �
0
i
+ iGi)/

p
2

1

A , (1)

where v1 and v2 are the vacuum expectation values of the neutral components which satisfy the

relation: v =
p
v
2
1 + v

2
2 = 246 GeV after electroweak symmetry breaking. Assuming a discrete

Z2 symmetry imposed on the Lagrangian, we are left with six free parameters, which can be

chosen as four Higgs masses (mh, mH0 , mA, mH±), the mixing angle ↵ between the two CP-even

Higgses, and the ratio of the two vacuum expectation values, tan � = v2/v1. In the case in which

a soft breaking of the Z2 symmetry is allowed, there is an additional parameter m2
12.

The mass eigenstates contain a pair of CP-even Higgses: h0, H0, one CP-odd Higgs A and a

pair of charged Higgses H±:
0
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0
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0
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0
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A

0

@ �
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�
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A

H
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= ��
±
1 sin � + �

±
2 cos �

. (2)

Two types of couplings that are of particular interest are the couplings of a Higgs to two gauge

bosons, as well as the couplings of a SM gauge boson to a pair of Higgses. Both are determined

by the gauge coupling structure and the mixing angles. The H0
V V and h

0
V V couplings are [34]:

gH0V V =
m

2
V

v
cos(� � ↵), gh0V V =

m
2
V

v
sin(� � ↵). (3)

The couplings for a SM gauge boson with a pair of Higgses are [34]:

gAH0Z = �
g sin(� � ↵)
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µ
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µ
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2
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2
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gH±AW⌥ =
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2
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with g being the SU(2) coupling, ✓w being the Weinberg angle and pµ being the incoming momen-

tum of the corresponding particle. Note that A and H
± always couple to the non-SM-like Higgs

more strongly, while the H
±
AW

⌥ coupling is independent of the mixing parameters.

1 For more details about the 2HDM, see Ref. [10].
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๏ Higgs-Higgs-V coupling

boson. In Sec. VII, we conclude.

II. TYPE II 2HDM
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0

@ �
+
i

(vi + �
0
i
+ iGi)/

p
2

1

A , (1)
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v
2
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2
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@ �
0
1

�
0
2

1
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A
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= ��
±
1 sin � + �

±
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. (2)
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cos(� � ↵), gh0V V =

m
2
V

v
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2
(ph0 � pH±)µ, (5)

gH±AW⌥ =
g

2
(pA � pH±)µ, (6)

with g being the SU(2) coupling, ✓w being the Weinberg angle and pµ being the incoming momen-

tum of the corresponding particle. Note that A and H
± always couple to the non-SM-like Higgs

more strongly, while the H
±
AW

⌥ coupling is independent of the mixing parameters.

1 For more details about the 2HDM, see Ref. [10].
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Alignment limit: h 125 GeV, cos(β-α)~0

LEP limit: no e+e-→Z→ZH, H could still be light.

LEP limit: e+e-→Z→AH, mH+mA>Ecm
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ɸ1 ɸ2

Type I u,d,l

Type II d,l u

Type L l u,d

Type F d u,l

  Higgs Couplings 

Alignment limit: hff, hVV coupling ⇒ SM   

๏ Yukawa couplings

๏ tri-Higgs couplings

Alignment limit: no H→AA, H→hh
unsuppressed: h→AA
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Decay

๏ Conventional search channel (even for non-SM Higgs): 

   γγ, ZZ, WW, ττ, µµ, bb, tt 

๏ Exotic search channel (→ 2 light Higgs, light Higgs+V)
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Constraints

๏ theoretical constraints 
   vacuum stability/Unitarity/perturbativity/… m122 = mH2 sinβ cosβ
๏ Precision Higgs measurements (μ, Γh) 
๏ Conventional channels: γγ, ZZ, WW, ττ, µµ, bb, tt 
๏ Exotic decay into h: A→hZ, H→hh 
๏ Exotic decay of hSM: h→AA, h→HH 
๏ Exotic decay of BSM sector: A→HZ, H→AZ 
๏ LEP searches: e+e-→Z→HA, e+e-→Z→ZH 
๏ SM non-resonant processes: ttZ, tttt

Neutral scalars

Additional constraints arise for charged scalars
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Figure 1. Constraints for degenerate heavy Higgs mass spectrum mA = mH = mH+ . We show
the 95% C.L. exclusion region in the mA/H vs. t� plane on the Type-I 2HDM with c��↵ = 0.1 (left)
and Type-II 2HDM with c��↵ = 0.05 (right) originating from i) the measurement of the Higgs width
�h (grey), ii) the conventional search results on H/A ! ⌧⌧ (dotted orange), H/A ! bb (dot-dashed
pink), H ! V V (red), H/A ! �� (dashed brown), H/A ! tt (dot-dashed magenta) and 4t production
(dashed purple), and iii) exotic decay channels A ! hZ (dashed dark blue), H ! hh (dot-dashed
green) and h ! AA (dotted cyan). Region enclosed by the grey hatched line are excluded at 95% CL.
by the current Higgs coupling measurements.

t� < 3. Once the tt mode (magenta) is open, it quickly dominates the decay branching frac-

tions. The region of 400 GeV < mA/H < 750 GeV with 0.2 < t� < 1 is currently excluded

by this channel. For even smaller t� , no limits are quoted for the tt channel because the cor-

responding Higgs width is so wide that the resonant search results are not applicable [29, 76].

The limits for H ! V V (red), A ! Zh (blue), and H ! hh (green) strongly depend on

the value of c��↵ and vanish under the alignment limit of c��↵ = 0. For c��↵ = 0.1, mA/H

between 200 and 850 GeV for 0.5 < t� < 10 are excluded, with a gap at intermediate masses

around 450 GeV for A ! Zh and H ! V V channel.

The 95% C.L. range of the SM-like Higgs decay width (grey) excludes the low mass

region of A/H given the opening of h ! AA, HH for mA/H < mh/2, as well as low t�

region of t� . 0.2 for c��↵ = 0.1 due to the enhancement of fermion Yukawa couplings.

A thin slice of surviving region from �h constraints around t� ⇠ 10 remains due to the

vanishing of �(h ! AA) in that region. Additionally, a global fit to the LHC SM-like Higgs

coupling measurements excludes t� . 0.4 for c��↵ = 0.1. Finally, the measurement of the four

top production (purple) rate is sensitive to ttH/ttA associated production with A/H ! tt,

constraining a wide region at low t� .

For the Type-II 2HDM (right panel), the results are quite di↵erent at large t� due to

– 8 –

A to HZ not open
๏ degenerate: mHpm = mH = mA 
       no BSM sector exotic decay 
   allow A→Zh, H→hh, H→VV
     (away from alignment) 
๏ Type I: ɸ2, u/d/l
   BSM Higgs Yukawa ~ 1/tan β

large tanβ, weak constraints 
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the 95% C.L. exclusion region in the mA/H vs. t� plane on the Type-I 2HDM with c��↵ = 0.1 (left)
and Type-II 2HDM with c��↵ = 0.05 (right) originating from i) the measurement of the Higgs width
�h (grey), ii) the conventional search results on H/A ! ⌧⌧ (dotted orange), H/A ! bb (dot-dashed
pink), H ! V V (red), H/A ! �� (dashed brown), H/A ! tt (dot-dashed magenta) and 4t production
(dashed purple), and iii) exotic decay channels A ! hZ (dashed dark blue), H ! hh (dot-dashed
green) and h ! AA (dotted cyan). Region enclosed by the grey hatched line are excluded at 95% CL.
by the current Higgs coupling measurements.

t� < 3. Once the tt mode (magenta) is open, it quickly dominates the decay branching frac-

tions. The region of 400 GeV < mA/H < 750 GeV with 0.2 < t� < 1 is currently excluded

by this channel. For even smaller t� , no limits are quoted for the tt channel because the cor-

responding Higgs width is so wide that the resonant search results are not applicable [29, 76].

The limits for H ! V V (red), A ! Zh (blue), and H ! hh (green) strongly depend on

the value of c��↵ and vanish under the alignment limit of c��↵ = 0. For c��↵ = 0.1, mA/H

between 200 and 850 GeV for 0.5 < t� < 10 are excluded, with a gap at intermediate masses

around 450 GeV for A ! Zh and H ! V V channel.

The 95% C.L. range of the SM-like Higgs decay width (grey) excludes the low mass

region of A/H given the opening of h ! AA, HH for mA/H < mh/2, as well as low t�

region of t� . 0.2 for c��↵ = 0.1 due to the enhancement of fermion Yukawa couplings.

A thin slice of surviving region from �h constraints around t� ⇠ 10 remains due to the

vanishing of �(h ! AA) in that region. Additionally, a global fit to the LHC SM-like Higgs

coupling measurements excludes t� . 0.4 for c��↵ = 0.1. Finally, the measurement of the four

top production (purple) rate is sensitive to ttH/ttA associated production with A/H ! tt,

constraining a wide region at low t� .

For the Type-II 2HDM (right panel), the results are quite di↵erent at large t� due to
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A to HZ not open
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       no BSM sector exotic decay 
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Figure 1. Constraints for degenerate heavy Higgs mass spectrum mA = mH = mH+ . We show
the 95% C.L. exclusion region in the mA/H vs. t� plane on the Type-I 2HDM with c��↵ = 0.1 (left)
and Type-II 2HDM with c��↵ = 0.05 (right) originating from i) the measurement of the Higgs width
�h (grey), ii) the conventional search results on H/A ! ⌧⌧ (dotted orange), H/A ! bb (dot-dashed
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green) and h ! AA (dotted cyan). Region enclosed by the grey hatched line are excluded at 95% CL.
by the current Higgs coupling measurements.

t� < 3. Once the tt mode (magenta) is open, it quickly dominates the decay branching frac-

tions. The region of 400 GeV < mA/H < 750 GeV with 0.2 < t� < 1 is currently excluded

by this channel. For even smaller t� , no limits are quoted for the tt channel because the cor-

responding Higgs width is so wide that the resonant search results are not applicable [29, 76].

The limits for H ! V V (red), A ! Zh (blue), and H ! hh (green) strongly depend on

the value of c��↵ and vanish under the alignment limit of c��↵ = 0. For c��↵ = 0.1, mA/H

between 200 and 850 GeV for 0.5 < t� < 10 are excluded, with a gap at intermediate masses

around 450 GeV for A ! Zh and H ! V V channel.

The 95% C.L. range of the SM-like Higgs decay width (grey) excludes the low mass

region of A/H given the opening of h ! AA, HH for mA/H < mh/2, as well as low t�

region of t� . 0.2 for c��↵ = 0.1 due to the enhancement of fermion Yukawa couplings.

A thin slice of surviving region from �h constraints around t� ⇠ 10 remains due to the

vanishing of �(h ! AA) in that region. Additionally, a global fit to the LHC SM-like Higgs

coupling measurements excludes t� . 0.4 for c��↵ = 0.1. Finally, the measurement of the four

top production (purple) rate is sensitive to ttH/ttA associated production with A/H ! tt,

constraining a wide region at low t� .

For the Type-II 2HDM (right panel), the results are quite di↵erent at large t� due to
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Figure 1. Constraints for degenerate heavy Higgs mass spectrum mA = mH = mH+ . We show
the 95% C.L. exclusion region in the mA/H vs. t� plane on the Type-I 2HDM with c��↵ = 0.1 (left)
and Type-II 2HDM with c��↵ = 0.05 (right) originating from i) the measurement of the Higgs width
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(dashed purple), and iii) exotic decay channels A ! hZ (dashed dark blue), H ! hh (dot-dashed
green) and h ! AA (dotted cyan). Region enclosed by the grey hatched line are excluded at 95% CL.
by the current Higgs coupling measurements.

t� < 3. Once the tt mode (magenta) is open, it quickly dominates the decay branching frac-

tions. The region of 400 GeV < mA/H < 750 GeV with 0.2 < t� < 1 is currently excluded

by this channel. For even smaller t� , no limits are quoted for the tt channel because the cor-

responding Higgs width is so wide that the resonant search results are not applicable [29, 76].

The limits for H ! V V (red), A ! Zh (blue), and H ! hh (green) strongly depend on

the value of c��↵ and vanish under the alignment limit of c��↵ = 0. For c��↵ = 0.1, mA/H

between 200 and 850 GeV for 0.5 < t� < 10 are excluded, with a gap at intermediate masses

around 450 GeV for A ! Zh and H ! V V channel.

The 95% C.L. range of the SM-like Higgs decay width (grey) excludes the low mass

region of A/H given the opening of h ! AA, HH for mA/H < mh/2, as well as low t�

region of t� . 0.2 for c��↵ = 0.1 due to the enhancement of fermion Yukawa couplings.

A thin slice of surviving region from �h constraints around t� ⇠ 10 remains due to the

vanishing of �(h ! AA) in that region. Additionally, a global fit to the LHC SM-like Higgs

coupling measurements excludes t� . 0.4 for c��↵ = 0.1. Finally, the measurement of the four

top production (purple) rate is sensitive to ttH/ttA associated production with A/H ! tt,

constraining a wide region at low t� .

For the Type-II 2HDM (right panel), the results are quite di↵erent at large t� due to

– 8 –

A to HZ not open
๏ degenerate: mHpm = mH = mA 
       no BSM sector exotic decay 
   allow A→Zh, H→hh, H→VV
     (away from alignment) 
๏ Type I: ɸ2, u/d/l
   BSM Higgs Yukawa ~ 1/tan β

large tanβ, weak constraints 



11

-

Degenerate Case: Type I

Figure 1. Constraints for degenerate heavy Higgs mass spectrum mA = mH = mH+ . We show
the 95% C.L. exclusion region in the mA/H vs. t� plane on the Type-I 2HDM with c��↵ = 0.1 (left)
and Type-II 2HDM with c��↵ = 0.05 (right) originating from i) the measurement of the Higgs width
�h (grey), ii) the conventional search results on H/A ! ⌧⌧ (dotted orange), H/A ! bb (dot-dashed
pink), H ! V V (red), H/A ! �� (dashed brown), H/A ! tt (dot-dashed magenta) and 4t production
(dashed purple), and iii) exotic decay channels A ! hZ (dashed dark blue), H ! hh (dot-dashed
green) and h ! AA (dotted cyan). Region enclosed by the grey hatched line are excluded at 95% CL.
by the current Higgs coupling measurements.

t� < 3. Once the tt mode (magenta) is open, it quickly dominates the decay branching frac-

tions. The region of 400 GeV < mA/H < 750 GeV with 0.2 < t� < 1 is currently excluded

by this channel. For even smaller t� , no limits are quoted for the tt channel because the cor-

responding Higgs width is so wide that the resonant search results are not applicable [29, 76].

The limits for H ! V V (red), A ! Zh (blue), and H ! hh (green) strongly depend on

the value of c��↵ and vanish under the alignment limit of c��↵ = 0. For c��↵ = 0.1, mA/H

between 200 and 850 GeV for 0.5 < t� < 10 are excluded, with a gap at intermediate masses

around 450 GeV for A ! Zh and H ! V V channel.

The 95% C.L. range of the SM-like Higgs decay width (grey) excludes the low mass

region of A/H given the opening of h ! AA, HH for mA/H < mh/2, as well as low t�

region of t� . 0.2 for c��↵ = 0.1 due to the enhancement of fermion Yukawa couplings.

A thin slice of surviving region from �h constraints around t� ⇠ 10 remains due to the

vanishing of �(h ! AA) in that region. Additionally, a global fit to the LHC SM-like Higgs

coupling measurements excludes t� . 0.4 for c��↵ = 0.1. Finally, the measurement of the four

top production (purple) rate is sensitive to ttH/ttA associated production with A/H ! tt,

constraining a wide region at low t� .

For the Type-II 2HDM (right panel), the results are quite di↵erent at large t� due to
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Figure 1. Constraints for degenerate heavy Higgs mass spectrum mA = mH = mH+ . We show
the 95% C.L. exclusion region in the mA/H vs. t� plane on the Type-I 2HDM with c��↵ = 0.1 (left)
and Type-II 2HDM with c��↵ = 0.05 (right) originating from i) the measurement of the Higgs width
�h (grey), ii) the conventional search results on H/A ! ⌧⌧ (dotted orange), H/A ! bb (dot-dashed
pink), H ! V V (red), H/A ! �� (dashed brown), H/A ! tt (dot-dashed magenta) and 4t production
(dashed purple), and iii) exotic decay channels A ! hZ (dashed dark blue), H ! hh (dot-dashed
green) and h ! AA (dotted cyan). Region enclosed by the grey hatched line are excluded at 95% CL.
by the current Higgs coupling measurements.

t� < 3. Once the tt mode (magenta) is open, it quickly dominates the decay branching frac-

tions. The region of 400 GeV < mA/H < 750 GeV with 0.2 < t� < 1 is currently excluded

by this channel. For even smaller t� , no limits are quoted for the tt channel because the cor-

responding Higgs width is so wide that the resonant search results are not applicable [29, 76].

The limits for H ! V V (red), A ! Zh (blue), and H ! hh (green) strongly depend on

the value of c��↵ and vanish under the alignment limit of c��↵ = 0. For c��↵ = 0.1, mA/H

between 200 and 850 GeV for 0.5 < t� < 10 are excluded, with a gap at intermediate masses

around 450 GeV for A ! Zh and H ! V V channel.

The 95% C.L. range of the SM-like Higgs decay width (grey) excludes the low mass

region of A/H given the opening of h ! AA, HH for mA/H < mh/2, as well as low t�

region of t� . 0.2 for c��↵ = 0.1 due to the enhancement of fermion Yukawa couplings.

A thin slice of surviving region from �h constraints around t� ⇠ 10 remains due to the

vanishing of �(h ! AA) in that region. Additionally, a global fit to the LHC SM-like Higgs

coupling measurements excludes t� . 0.4 for c��↵ = 0.1. Finally, the measurement of the four

top production (purple) rate is sensitive to ttH/ttA associated production with A/H ! tt,

constraining a wide region at low t� .

For the Type-II 2HDM (right panel), the results are quite di↵erent at large t� due to
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Figure 1. Constraints for degenerate heavy Higgs mass spectrum mA = mH = mH+ . We show
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by the current Higgs coupling measurements.

t� < 3. Once the tt mode (magenta) is open, it quickly dominates the decay branching frac-

tions. The region of 400 GeV < mA/H < 750 GeV with 0.2 < t� < 1 is currently excluded

by this channel. For even smaller t� , no limits are quoted for the tt channel because the cor-

responding Higgs width is so wide that the resonant search results are not applicable [29, 76].

The limits for H ! V V (red), A ! Zh (blue), and H ! hh (green) strongly depend on

the value of c��↵ and vanish under the alignment limit of c��↵ = 0. For c��↵ = 0.1, mA/H

between 200 and 850 GeV for 0.5 < t� < 10 are excluded, with a gap at intermediate masses

around 450 GeV for A ! Zh and H ! V V channel.

The 95% C.L. range of the SM-like Higgs decay width (grey) excludes the low mass

region of A/H given the opening of h ! AA, HH for mA/H < mh/2, as well as low t�

region of t� . 0.2 for c��↵ = 0.1 due to the enhancement of fermion Yukawa couplings.

A thin slice of surviving region from �h constraints around t� ⇠ 10 remains due to the

vanishing of �(h ! AA) in that region. Additionally, a global fit to the LHC SM-like Higgs

coupling measurements excludes t� . 0.4 for c��↵ = 0.1. Finally, the measurement of the four

top production (purple) rate is sensitive to ttH/ttA associated production with A/H ! tt,

constraining a wide region at low t� .

For the Type-II 2HDM (right panel), the results are quite di↵erent at large t� due to
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Figure 1. Constraints for degenerate heavy Higgs mass spectrum mA = mH = mH+ . We show
the 95% C.L. exclusion region in the mA/H vs. t� plane on the Type-I 2HDM with c��↵ = 0.1 (left)
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t� < 3. Once the tt mode (magenta) is open, it quickly dominates the decay branching frac-

tions. The region of 400 GeV < mA/H < 750 GeV with 0.2 < t� < 1 is currently excluded

by this channel. For even smaller t� , no limits are quoted for the tt channel because the cor-

responding Higgs width is so wide that the resonant search results are not applicable [29, 76].

The limits for H ! V V (red), A ! Zh (blue), and H ! hh (green) strongly depend on

the value of c��↵ and vanish under the alignment limit of c��↵ = 0. For c��↵ = 0.1, mA/H

between 200 and 850 GeV for 0.5 < t� < 10 are excluded, with a gap at intermediate masses

around 450 GeV for A ! Zh and H ! V V channel.

The 95% C.L. range of the SM-like Higgs decay width (grey) excludes the low mass

region of A/H given the opening of h ! AA, HH for mA/H < mh/2, as well as low t�

region of t� . 0.2 for c��↵ = 0.1 due to the enhancement of fermion Yukawa couplings.

A thin slice of surviving region from �h constraints around t� ⇠ 10 remains due to the

vanishing of �(h ! AA) in that region. Additionally, a global fit to the LHC SM-like Higgs

coupling measurements excludes t� . 0.4 for c��↵ = 0.1. Finally, the measurement of the four

top production (purple) rate is sensitive to ttH/ttA associated production with A/H ! tt,

constraining a wide region at low t� .

For the Type-II 2HDM (right panel), the results are quite di↵erent at large t� due to
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Figure 1. Constraints for degenerate heavy Higgs mass spectrum mA = mH = mH+ . We show
the 95% C.L. exclusion region in the mA/H vs. t� plane on the Type-I 2HDM with c��↵ = 0.1 (left)
and Type-II 2HDM with c��↵ = 0.05 (right) originating from i) the measurement of the Higgs width
�h (grey), ii) the conventional search results on H/A ! ⌧⌧ (dotted orange), H/A ! bb (dot-dashed
pink), H ! V V (red), H/A ! �� (dashed brown), H/A ! tt (dot-dashed magenta) and 4t production
(dashed purple), and iii) exotic decay channels A ! hZ (dashed dark blue), H ! hh (dot-dashed
green) and h ! AA (dotted cyan). Region enclosed by the grey hatched line are excluded at 95% CL.
by the current Higgs coupling measurements.

t� < 3. Once the tt mode (magenta) is open, it quickly dominates the decay branching frac-

tions. The region of 400 GeV < mA/H < 750 GeV with 0.2 < t� < 1 is currently excluded

by this channel. For even smaller t� , no limits are quoted for the tt channel because the cor-

responding Higgs width is so wide that the resonant search results are not applicable [29, 76].

The limits for H ! V V (red), A ! Zh (blue), and H ! hh (green) strongly depend on

the value of c��↵ and vanish under the alignment limit of c��↵ = 0. For c��↵ = 0.1, mA/H

between 200 and 850 GeV for 0.5 < t� < 10 are excluded, with a gap at intermediate masses

around 450 GeV for A ! Zh and H ! V V channel.

The 95% C.L. range of the SM-like Higgs decay width (grey) excludes the low mass

region of A/H given the opening of h ! AA, HH for mA/H < mh/2, as well as low t�

region of t� . 0.2 for c��↵ = 0.1 due to the enhancement of fermion Yukawa couplings.

A thin slice of surviving region from �h constraints around t� ⇠ 10 remains due to the

vanishing of �(h ! AA) in that region. Additionally, a global fit to the LHC SM-like Higgs

coupling measurements excludes t� . 0.4 for c��↵ = 0.1. Finally, the measurement of the four

top production (purple) rate is sensitive to ttH/ttA associated production with A/H ! tt,

constraining a wide region at low t� .

For the Type-II 2HDM (right panel), the results are quite di↵erent at large t� due to
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t� < 3. Once the tt mode (magenta) is open, it quickly dominates the decay branching frac-

tions. The region of 400 GeV < mA/H < 750 GeV with 0.2 < t� < 1 is currently excluded

by this channel. For even smaller t� , no limits are quoted for the tt channel because the cor-

responding Higgs width is so wide that the resonant search results are not applicable [29, 76].

The limits for H ! V V (red), A ! Zh (blue), and H ! hh (green) strongly depend on

the value of c��↵ and vanish under the alignment limit of c��↵ = 0. For c��↵ = 0.1, mA/H

between 200 and 850 GeV for 0.5 < t� < 10 are excluded, with a gap at intermediate masses

around 450 GeV for A ! Zh and H ! V V channel.

The 95% C.L. range of the SM-like Higgs decay width (grey) excludes the low mass

region of A/H given the opening of h ! AA, HH for mA/H < mh/2, as well as low t�

region of t� . 0.2 for c��↵ = 0.1 due to the enhancement of fermion Yukawa couplings.

A thin slice of surviving region from �h constraints around t� ⇠ 10 remains due to the

vanishing of �(h ! AA) in that region. Additionally, a global fit to the LHC SM-like Higgs

coupling measurements excludes t� . 0.4 for c��↵ = 0.1. Finally, the measurement of the four

top production (purple) rate is sensitive to ttH/ttA associated production with A/H ! tt,

constraining a wide region at low t� .

For the Type-II 2HDM (right panel), the results are quite di↵erent at large t� due to

– 8 –

Degenerate Case: Type I & Type II

Figure 1. Constraints for degenerate heavy Higgs mass spectrum mA = mH = mH+ . We show
the 95% C.L. exclusion region in the mA/H vs. t� plane on the Type-I 2HDM with c��↵ = 0.1 (left)
and Type-II 2HDM with c��↵ = 0.05 (right) originating from i) the measurement of the Higgs width
�h (grey), ii) the conventional search results on H/A ! ⌧⌧ (dotted orange), H/A ! bb (dot-dashed
pink), H ! V V (red), H/A ! �� (dashed brown), H/A ! tt (dot-dashed magenta) and 4t production
(dashed purple), and iii) exotic decay channels A ! hZ (dashed dark blue), H ! hh (dot-dashed
green) and h ! AA (dotted cyan). Region enclosed by the grey hatched line are excluded at 95% CL.
by the current Higgs coupling measurements.

t� < 3. Once the tt mode (magenta) is open, it quickly dominates the decay branching frac-

tions. The region of 400 GeV < mA/H < 750 GeV with 0.2 < t� < 1 is currently excluded

by this channel. For even smaller t� , no limits are quoted for the tt channel because the cor-

responding Higgs width is so wide that the resonant search results are not applicable [29, 76].

The limits for H ! V V (red), A ! Zh (blue), and H ! hh (green) strongly depend on

the value of c��↵ and vanish under the alignment limit of c��↵ = 0. For c��↵ = 0.1, mA/H

between 200 and 850 GeV for 0.5 < t� < 10 are excluded, with a gap at intermediate masses

around 450 GeV for A ! Zh and H ! V V channel.

The 95% C.L. range of the SM-like Higgs decay width (grey) excludes the low mass

region of A/H given the opening of h ! AA, HH for mA/H < mh/2, as well as low t�
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by this channel. For even smaller t� , no limits are quoted for the tt channel because the cor-

responding Higgs width is so wide that the resonant search results are not applicable [29, 76].

The limits for H ! V V (red), A ! Zh (blue), and H ! hh (green) strongly depend on

the value of c��↵ and vanish under the alignment limit of c��↵ = 0. For c��↵ = 0.1, mA/H

between 200 and 850 GeV for 0.5 < t� < 10 are excluded, with a gap at intermediate masses
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The 95% C.L. range of the SM-like Higgs decay width (grey) excludes the low mass

region of A/H given the opening of h ! AA, HH for mA/H < mh/2, as well as low t�

region of t� . 0.2 for c��↵ = 0.1 due to the enhancement of fermion Yukawa couplings.

A thin slice of surviving region from �h constraints around t� ⇠ 10 remains due to the

vanishing of �(h ! AA) in that region. Additionally, a global fit to the LHC SM-like Higgs

coupling measurements excludes t� . 0.4 for c��↵ = 0.1. Finally, the measurement of the four

top production (purple) rate is sensitive to ttH/ttA associated production with A/H ! tt,

constraining a wide region at low t� .

For the Type-II 2HDM (right panel), the results are quite di↵erent at large t� due to
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region of A/H given the opening of h ! AA, HH for mA/H < mh/2, as well as low t�

region of t� . 0.2 for c��↵ = 0.1 due to the enhancement of fermion Yukawa couplings.

A thin slice of surviving region from �h constraints around t� ⇠ 10 remains due to the

vanishing of �(h ! AA) in that region. Additionally, a global fit to the LHC SM-like Higgs

coupling measurements excludes t� . 0.4 for c��↵ = 0.1. Finally, the measurement of the four
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t� < 3. Once the tt mode (magenta) is open, it quickly dominates the decay branching frac-

tions. The region of 400 GeV < mA/H < 750 GeV with 0.2 < t� < 1 is currently excluded

by this channel. For even smaller t� , no limits are quoted for the tt channel because the cor-

responding Higgs width is so wide that the resonant search results are not applicable [29, 76].

The limits for H ! V V (red), A ! Zh (blue), and H ! hh (green) strongly depend on

the value of c��↵ and vanish under the alignment limit of c��↵ = 0. For c��↵ = 0.1, mA/H

between 200 and 850 GeV for 0.5 < t� < 10 are excluded, with a gap at intermediate masses

around 450 GeV for A ! Zh and H ! V V channel.

The 95% C.L. range of the SM-like Higgs decay width (grey) excludes the low mass

region of A/H given the opening of h ! AA, HH for mA/H < mh/2, as well as low t�

region of t� . 0.2 for c��↵ = 0.1 due to the enhancement of fermion Yukawa couplings.

A thin slice of surviving region from �h constraints around t� ⇠ 10 remains due to the

vanishing of �(h ! AA) in that region. Additionally, a global fit to the LHC SM-like Higgs

coupling measurements excludes t� . 0.4 for c��↵ = 0.1. Finally, the measurement of the four

top production (purple) rate is sensitive to ttH/ttA associated production with A/H ! tt,

constraining a wide region at low t� .

For the Type-II 2HDM (right panel), the results are quite di↵erent at large t� due to
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by this channel. For even smaller t� , no limits are quoted for the tt channel because the cor-
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region of A/H given the opening of h ! AA, HH for mA/H < mh/2, as well as low t�
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vanishing of �(h ! AA) in that region. Additionally, a global fit to the LHC SM-like Higgs
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by the current Higgs coupling measurements.

t� < 3. Once the tt mode (magenta) is open, it quickly dominates the decay branching frac-

tions. The region of 400 GeV < mA/H < 750 GeV with 0.2 < t� < 1 is currently excluded

by this channel. For even smaller t� , no limits are quoted for the tt channel because the cor-

responding Higgs width is so wide that the resonant search results are not applicable [29, 76].

The limits for H ! V V (red), A ! Zh (blue), and H ! hh (green) strongly depend on

the value of c��↵ and vanish under the alignment limit of c��↵ = 0. For c��↵ = 0.1, mA/H

between 200 and 850 GeV for 0.5 < t� < 10 are excluded, with a gap at intermediate masses

around 450 GeV for A ! Zh and H ! V V channel.

The 95% C.L. range of the SM-like Higgs decay width (grey) excludes the low mass

region of A/H given the opening of h ! AA, HH for mA/H < mh/2, as well as low t�

region of t� . 0.2 for c��↵ = 0.1 due to the enhancement of fermion Yukawa couplings.

A thin slice of surviving region from �h constraints around t� ⇠ 10 remains due to the

vanishing of �(h ! AA) in that region. Additionally, a global fit to the LHC SM-like Higgs

coupling measurements excludes t� . 0.4 for c��↵ = 0.1. Finally, the measurement of the four

top production (purple) rate is sensitive to ttH/ttA associated production with A/H ! tt,

constraining a wide region at low t� .

For the Type-II 2HDM (right panel), the results are quite di↵erent at large t� due to
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vanishing of �(h ! AA) in that region. Additionally, a global fit to the LHC SM-like Higgs

coupling measurements excludes t� . 0.4 for c��↵ = 0.1. Finally, the measurement of the four

top production (purple) rate is sensitive to ttH/ttA associated production with A/H ! tt,

constraining a wide region at low t� .

For the Type-II 2HDM (right panel), the results are quite di↵erent at large t� due to

– 8 –

๏ Type I: ɸ1, u/d/l
   BSM Higgs Yukawa ~ 1/tan β

๏ Type II   ɸ1,u; ɸ2,d/l   
  BSM H/A,u ~ 1/tan β; d/l ~ tan β

large tanβ, strong constraints 



12

-

Figure 1. Constraints for degenerate heavy Higgs mass spectrum mA = mH = mH+ . We show
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by this channel. For even smaller t� , no limits are quoted for the tt channel because the cor-

responding Higgs width is so wide that the resonant search results are not applicable [29, 76].
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coupling measurements excludes t� . 0.4 for c��↵ = 0.1. Finally, the measurement of the four
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coupling measurements excludes t� . 0.4 for c��↵ = 0.1. Finally, the measurement of the four

top production (purple) rate is sensitive to ttH/ttA associated production with A/H ! tt,

constraining a wide region at low t� .

For the Type-II 2HDM (right panel), the results are quite di↵erent at large t� due to

– 8 –

Degenerate Case: Type I & Type II

Figure 1. Constraints for degenerate heavy Higgs mass spectrum mA = mH = mH+ . We show
the 95% C.L. exclusion region in the mA/H vs. t� plane on the Type-I 2HDM with c��↵ = 0.1 (left)
and Type-II 2HDM with c��↵ = 0.05 (right) originating from i) the measurement of the Higgs width
�h (grey), ii) the conventional search results on H/A ! ⌧⌧ (dotted orange), H/A ! bb (dot-dashed
pink), H ! V V (red), H/A ! �� (dashed brown), H/A ! tt (dot-dashed magenta) and 4t production
(dashed purple), and iii) exotic decay channels A ! hZ (dashed dark blue), H ! hh (dot-dashed
green) and h ! AA (dotted cyan). Region enclosed by the grey hatched line are excluded at 95% CL.
by the current Higgs coupling measurements.

t� < 3. Once the tt mode (magenta) is open, it quickly dominates the decay branching frac-

tions. The region of 400 GeV < mA/H < 750 GeV with 0.2 < t� < 1 is currently excluded

by this channel. For even smaller t� , no limits are quoted for the tt channel because the cor-

responding Higgs width is so wide that the resonant search results are not applicable [29, 76].

The limits for H ! V V (red), A ! Zh (blue), and H ! hh (green) strongly depend on

the value of c��↵ and vanish under the alignment limit of c��↵ = 0. For c��↵ = 0.1, mA/H

between 200 and 850 GeV for 0.5 < t� < 10 are excluded, with a gap at intermediate masses

around 450 GeV for A ! Zh and H ! V V channel.

The 95% C.L. range of the SM-like Higgs decay width (grey) excludes the low mass

region of A/H given the opening of h ! AA, HH for mA/H < mh/2, as well as low t�

region of t� . 0.2 for c��↵ = 0.1 due to the enhancement of fermion Yukawa couplings.

A thin slice of surviving region from �h constraints around t� ⇠ 10 remains due to the

vanishing of �(h ! AA) in that region. Additionally, a global fit to the LHC SM-like Higgs

coupling measurements excludes t� . 0.4 for c��↵ = 0.1. Finally, the measurement of the four

top production (purple) rate is sensitive to ttH/ttA associated production with A/H ! tt,

constraining a wide region at low t� .

For the Type-II 2HDM (right panel), the results are quite di↵erent at large t� due to

– 8 –

๏ Type I: ɸ1, u/d/l
   BSM Higgs Yukawa ~ 1/tan β

๏ Type II   ɸ1,u; ɸ2,d/l   
  BSM H/A,u ~ 1/tan β; d/l ~ tan β

large tanβ, strong constraints 



13

-

Non-Degenerate Case: Type I & Type II

๏ Non-degenerate:  A→ZH, H→ZA

Figure 2. Constraints on the Type-I (left panel) and the Type-II (right panel) 2HDM in mA vs. mH

plane. Top: Parameter space excluded at 95% C.L. by the A/H ! HZ/AZ search in the alignment
limit, c��↵ = 0, for t� = 1.5 (blue), 7 (red) and 30 (green). Bottom: Constraints at 95% C.L. for
c��↵ = 0 and t� = 1.5 from LHC searches for A/H ! HZ/AZ (blue), A/H ! ⌧⌧ (dotted orange),
A/H ! �� (dashed brown), h ! AA/HH (dotted cyan) and ttZ production (green) as well as LEP
searches (purple) and the Higgs width measurement �h 2 (0.08, 9.16) MeV (grey).

⌧) Yukawa couplings. At t� = 30 (green) the A/H ! HZ/AZ search channel constrains the

kinematically allowed region up to Higgs masses of mA/H ⇠ 800 GeV, with the exception of

very small daughter particle masses. The constraints are weakest for intermediate values of

t� ⇠ 7 case (red), with the parent particle mass excluded only up to about 700 GeV.
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Non-Degenerate Case: Type I 

๏ Non-degenerate:  A→ZH, H→ZA

Figure 2. Constraints on the Type-I (left panel) and the Type-II (right panel) 2HDM in mA vs. mH

plane. Top: Parameter space excluded at 95% C.L. by the A/H ! HZ/AZ search in the alignment
limit, c��↵ = 0, for t� = 1.5 (blue), 7 (red) and 30 (green). Bottom: Constraints at 95% C.L. for
c��↵ = 0 and t� = 1.5 from LHC searches for A/H ! HZ/AZ (blue), A/H ! ⌧⌧ (dotted orange),
A/H ! �� (dashed brown), h ! AA/HH (dotted cyan) and ttZ production (green) as well as LEP
searches (purple) and the Higgs width measurement �h 2 (0.08, 9.16) MeV (grey).

⌧) Yukawa couplings. At t� = 30 (green) the A/H ! HZ/AZ search channel constrains the

kinematically allowed region up to Higgs masses of mA/H ⇠ 800 GeV, with the exception of

very small daughter particle masses. The constraints are weakest for intermediate values of

t� ⇠ 7 case (red), with the parent particle mass excluded only up to about 700 GeV.
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kinematically allowed region up to Higgs masses of mA/H ⇠ 800 GeV, with the exception of

very small daughter particle masses. The constraints are weakest for intermediate values of

t� ⇠ 7 case (red), with the parent particle mass excluded only up to about 700 GeV.
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⌧) Yukawa couplings. At t� = 30 (green) the A/H ! HZ/AZ search channel constrains the

kinematically allowed region up to Higgs masses of mA/H ⇠ 800 GeV, with the exception of

very small daughter particle masses. The constraints are weakest for intermediate values of

t� ⇠ 7 case (red), with the parent particle mass excluded only up to about 700 GeV.
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Non-Degenerate Case: Type I & Type II

Figure 3. Constraints on the Type-I (left panel) and the Type-II (right panel) 2HDM in t� � c��↵

plane. Top: Parameter space excluded at 95% C.L. by the A/H ! HZ/AZ search for mA = 400 GeV
and mH = 50 GeV (red), 150 GeV (blue) and 250 GeV (green), and by the global fit of SM-like
Higgs couplings strength µh (grey). Bottom: Constraints at 95% C.L. for mA = 400 GeV and
mH = 150 GeV from LHC searches for A ! HZ (blue), A ! hZ (dashed dark blue), H ! ⌧⌧

(dotted orange), H ! �� (dashed brown), A ! tt (dot-dashed magenta) and 4t production (dashed
purple) as well as the global fit of SM-like Higgs couplings strength µh (grey hatched region).

almost t�-independent, ghff ⇠ s��↵, resulting in weaker constraints of |c��↵| < 0.35, mainly

from the measurement of the vector boson couplings ghZZ .

For the Type-II 2HDM, both the small and large t� region are tightly constrained by
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Non-Degenerate Case: Type I

Figure 3. Constraints on the Type-I (left panel) and the Type-II (right panel) 2HDM in t� � c��↵

plane. Top: Parameter space excluded at 95% C.L. by the A/H ! HZ/AZ search for mA = 400 GeV
and mH = 50 GeV (red), 150 GeV (blue) and 250 GeV (green), and by the global fit of SM-like
Higgs couplings strength µh (grey). Bottom: Constraints at 95% C.L. for mA = 400 GeV and
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Non-Degenerate Case: Type I

Figure 3. Constraints on the Type-I (left panel) and the Type-II (right panel) 2HDM in t� � c��↵

plane. Top: Parameter space excluded at 95% C.L. by the A/H ! HZ/AZ search for mA = 400 GeV
and mH = 50 GeV (red), 150 GeV (blue) and 250 GeV (green), and by the global fit of SM-like
Higgs couplings strength µh (grey). Bottom: Constraints at 95% C.L. for mA = 400 GeV and
mH = 150 GeV from LHC searches for A ! HZ (blue), A ! hZ (dashed dark blue), H ! ⌧⌧

(dotted orange), H ! �� (dashed brown), A ! tt (dot-dashed magenta) and 4t production (dashed
purple) as well as the global fit of SM-like Higgs couplings strength µh (grey hatched region).
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Figure 4. Constraints on the Type-I (left panel) and the Type-II (right panel) 2HDM in mA � t�

plane. Top: Parameter space excluded at 95% C.L. by the A/H ! HZ/AZ search formH = 200 GeV
and c��↵ = 0 (red), 0.1 (blue) and 0.2 (green) in the left panel and c��↵ = 0 (red) and 0.05 (blue)
in the right panel. Bottom: Constraints at 95% C.L. for mH = 200 GeV and c��↵ = 0.1 from
LHC searches for A ! HZ (blue), A ! hZ (dashed dark blue), H ! AA (dashed cyan), H/A ! ⌧⌧

(dotted orange), H/A ! �� (dashed brown) and 4t production (dashed magenta) as well as the global
fit of SM-like Higgs couplings strength µh (grey hatched region) and the Higgs width measurement
�h /2 (0.08, 9.16) MeV (grey).

Type-II 2HDM with c��↵ = 0.05, the small t� . 1 region is covered mostly by the H/A ! ��,

the 4t, and the A ! HZ and hZ channels, while large t� region is covered by H/A ! ⌧⌧ and
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Figure 1. Constraints for degenerate heavy Higgs mass spectrum mA = mH = mH+ . We show
the 95% C.L. exclusion region in the mA/H vs. t� plane on the Type-I 2HDM with c��↵ = 0.1 (left)
and Type-II 2HDM with c��↵ = 0.05 (right) originating from i) the measurement of the Higgs width
�h (grey), ii) the conventional search results on H/A ! ⌧⌧ (dotted orange), H/A ! bb (dot-dashed
pink), H ! V V (red), H/A ! �� (dashed brown), H/A ! tt (dot-dashed magenta) and 4t production
(dashed purple), and iii) exotic decay channels A ! hZ (dashed dark blue), H ! hh (dot-dashed
green) and h ! AA (dotted cyan). Region enclosed by the grey hatched line are excluded at 95% CL.
by the current Higgs coupling measurements.

t� < 3. Once the tt mode (magenta) is open, it quickly dominates the decay branching frac-

tions. The region of 400 GeV < mA/H < 750 GeV with 0.2 < t� < 1 is currently excluded

by this channel. For even smaller t� , no limits are quoted for the tt channel because the cor-

responding Higgs width is so wide that the resonant search results are not applicable [29, 76].

The limits for H ! V V (red), A ! Zh (blue), and H ! hh (green) strongly depend on

the value of c��↵ and vanish under the alignment limit of c��↵ = 0. For c��↵ = 0.1, mA/H

between 200 and 850 GeV for 0.5 < t� < 10 are excluded, with a gap at intermediate masses

around 450 GeV for A ! Zh and H ! V V channel.

The 95% C.L. range of the SM-like Higgs decay width (grey) excludes the low mass

region of A/H given the opening of h ! AA, HH for mA/H < mh/2, as well as low t�

region of t� . 0.2 for c��↵ = 0.1 due to the enhancement of fermion Yukawa couplings.

A thin slice of surviving region from �h constraints around t� ⇠ 10 remains due to the

vanishing of �(h ! AA) in that region. Additionally, a global fit to the LHC SM-like Higgs

coupling measurements excludes t� . 0.4 for c��↵ = 0.1. Finally, the measurement of the four

top production (purple) rate is sensitive to ttH/ttA associated production with A/H ! tt,

constraining a wide region at low t� .

For the Type-II 2HDM (right panel), the results are quite di↵erent at large t� due to
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Figure 4. Constraints on the Type-I (left panel) and the Type-II (right panel) 2HDM in mA � t�

plane. Top: Parameter space excluded at 95% C.L. by the A/H ! HZ/AZ search formH = 200 GeV
and c��↵ = 0 (red), 0.1 (blue) and 0.2 (green) in the left panel and c��↵ = 0 (red) and 0.05 (blue)
in the right panel. Bottom: Constraints at 95% C.L. for mH = 200 GeV and c��↵ = 0.1 from
LHC searches for A ! HZ (blue), A ! hZ (dashed dark blue), H ! AA (dashed cyan), H/A ! ⌧⌧

(dotted orange), H/A ! �� (dashed brown) and 4t production (dashed magenta) as well as the global
fit of SM-like Higgs couplings strength µh (grey hatched region) and the Higgs width measurement
�h /2 (0.08, 9.16) MeV (grey).

Type-II 2HDM with c��↵ = 0.05, the small t� . 1 region is covered mostly by the H/A ! ��,

the 4t, and the A ! HZ and hZ channels, while large t� region is covered by H/A ! ⌧⌧ and

– 15 –

Figure 1. Constraints for degenerate heavy Higgs mass spectrum mA = mH = mH+ . We show
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and Type-II 2HDM with c��↵ = 0.05 (right) originating from i) the measurement of the Higgs width
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(dashed purple), and iii) exotic decay channels A ! hZ (dashed dark blue), H ! hh (dot-dashed
green) and h ! AA (dotted cyan). Region enclosed by the grey hatched line are excluded at 95% CL.
by the current Higgs coupling measurements.

t� < 3. Once the tt mode (magenta) is open, it quickly dominates the decay branching frac-

tions. The region of 400 GeV < mA/H < 750 GeV with 0.2 < t� < 1 is currently excluded

by this channel. For even smaller t� , no limits are quoted for the tt channel because the cor-

responding Higgs width is so wide that the resonant search results are not applicable [29, 76].

The limits for H ! V V (red), A ! Zh (blue), and H ! hh (green) strongly depend on

the value of c��↵ and vanish under the alignment limit of c��↵ = 0. For c��↵ = 0.1, mA/H

between 200 and 850 GeV for 0.5 < t� < 10 are excluded, with a gap at intermediate masses

around 450 GeV for A ! Zh and H ! V V channel.

The 95% C.L. range of the SM-like Higgs decay width (grey) excludes the low mass

region of A/H given the opening of h ! AA, HH for mA/H < mh/2, as well as low t�

region of t� . 0.2 for c��↵ = 0.1 due to the enhancement of fermion Yukawa couplings.

A thin slice of surviving region from �h constraints around t� ⇠ 10 remains due to the

vanishing of �(h ! AA) in that region. Additionally, a global fit to the LHC SM-like Higgs

coupling measurements excludes t� . 0.4 for c��↵ = 0.1. Finally, the measurement of the four

top production (purple) rate is sensitive to ttH/ttA associated production with A/H ! tt,

constraining a wide region at low t� .

For the Type-II 2HDM (right panel), the results are quite di↵erent at large t� due to
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Conclusion

๏ exotic mode such as A→ZH, H→ZA
➡ once open, dominate  
➡ limits from conventional searches relaxed.  
➡ offer alternative discovery channels 

๏ theoretical considerations + EW: Δm>200 GeV difficult for m>1 TeV
➡ LHC most relevant machine for probing non-degenerate case  

๏ H/A→ττ,γγ most sensitive conventional channel 

๏ mA/H ~ 100 GeV still challenge 

๏ non-resonant search ttZ, tttt relevant 
๏ exotic decay complementary to  

➡ Higgs precision: insensitive to alignment limit 
➡ A→Zh, H→hh, H→VV: vanish under the alignment limit  

๏ other exotic mode: H±→AW/HW, A/H →H±W∓
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Higgs Precision Constraints

Figure 1. 95% C.L. allowed regions enclosed by the solid (dashed) curves from one-loop (tree level)
results under the current LHC limits. Results of Type-I, II, L and F are indicated by the red, green,
blue and orange colors, respectively, with the one-loop level best fitting point of each type marked
by a star of the corresponding color. For loop results, we assume a degenerate non-SM Higgs mass
m� = mH = mA = mH± = 800 GeV, with

p
�v2 = 0 in the left panel and 300 GeV in the right panel.

There is another wrong-sign region along the line cos(� � ↵) = �2 tan� in the small

tan� region, where the Yukawa couplings induced by �2 are �1, while �1 induced couplings

are 1, instead. Such regions, however, are severely constrained by the large corrections to

the loop-induced h�� coupling [50] once t flips sign. Therefore, no such wrong-sign region

appears in the lower-left corner of the plot. Note that there is also an allowed region for Type-

I appearing in the upper left corner at one-loop level, which corresponds to f/W/Z = �1

caused by loop corrections.

Comparing the one-loop results (solid curves) with that of the tree-level (dashed curves)

in Fig. 1, we see that other than the large tan� region of Type-I [48] mainly due to loop

corrections to hZZ coupling, the impact of loop corrections on the allowed region in tan�-

cos(� � ↵) plane is small. The “wrong-sign” region is shifted at one-loop for relatively large

�v
2 since the tree level shift is close to zero in this region.

To compare with experimental observations, we map out the allowed region in 2HDM

parameter space under the current LHC limit to the deviations in various couplings normalized

to the SM value: �i ⌘ i � 1, for i = t, b, ⌧ or Z. Given that di↵erent types of 2HDMs

predict di↵erent Yukawa coupling relations, we present the results in the �i-�j plane.

To better understand the qualitative features, we present the tree-level results first in

Fig. 2 in the �i-�j plane. The shaded regions display the LHC allowed regions for four

types of 2HDMs, with red, green, blue and orange colors referring to Type-I, II, L and F,

respectively. The LHC best fitting points for � are marked by stars in the corresponding

colors. The solid, dashed and dash-dotted lines exhibit the discovery reach of the CEPC,

HL-LHC and LHC of 300 fb�1 luminosity, outside which a discovery of 5� significance or

above could be made. The projected experimental precision on measuring i at di↵erent

– 8 –
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Charged Higgs

๏ EW precision constraints 
   mHpm ~ mH, mA, mh 
๏ direct searches 
   H±→cs, τν, tb 
๏ flavor constraints
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Non-Degenerate Case: Type II

๏ Non-degenerate:  A→ZH, H→ZA

Figure 2. Constraints on the Type-I (left panel) and the Type-II (right panel) 2HDM in mA vs. mH

plane. Top: Parameter space excluded at 95% C.L. by the A/H ! HZ/AZ search in the alignment
limit, c��↵ = 0, for t� = 1.5 (blue), 7 (red) and 30 (green). Bottom: Constraints at 95% C.L. for
c��↵ = 0 and t� = 1.5 from LHC searches for A/H ! HZ/AZ (blue), A/H ! ⌧⌧ (dotted orange),
A/H ! �� (dashed brown), h ! AA/HH (dotted cyan) and ttZ production (green) as well as LEP
searches (purple) and the Higgs width measurement �h 2 (0.08, 9.16) MeV (grey).

⌧) Yukawa couplings. At t� = 30 (green) the A/H ! HZ/AZ search channel constrains the

kinematically allowed region up to Higgs masses of mA/H ⇠ 800 GeV, with the exception of

very small daughter particle masses. The constraints are weakest for intermediate values of

t� ⇠ 7 case (red), with the parent particle mass excluded only up to about 700 GeV.
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 no coverage above mA/H > 2 mt

- A→tt dominant
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Non-Degenerate Case: Type II

๏ Non-degenerate:  A→ZH, H→ZA

Figure 3. Constraints on the Type-I (left panel) and the Type-II (right panel) 2HDM in t� � c��↵

plane. Top: Parameter space excluded at 95% C.L. by the A/H ! HZ/AZ search for mA = 400 GeV
and mH = 50 GeV (red), 150 GeV (blue) and 250 GeV (green), and by the global fit of SM-like
Higgs couplings strength µh (grey). Bottom: Constraints at 95% C.L. for mA = 400 GeV and
mH = 150 GeV from LHC searches for A ! HZ (blue), A ! hZ (dashed dark blue), H ! ⌧⌧

(dotted orange), H ! �� (dashed brown), A ! tt (dot-dashed magenta) and 4t production (dashed
purple) as well as the global fit of SM-like Higgs couplings strength µh (grey hatched region).

almost t�-independent, ghff ⇠ s��↵, resulting in weaker constraints of |c��↵| < 0.35, mainly

from the measurement of the vector boson couplings ghZZ .

For the Type-II 2HDM, both the small and large t� region are tightly constrained by
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