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  2HDM Higgs Sector 
-

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

I. INTRODUCTION
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๏ 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:
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For more details about the model, see Ref. [11].
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๏ h 125 GeV, cos(β-α)~0, H non-SM like  
๏ H 125 GeV, sin(β-α)~0

Alignment limit
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2HDM parameters
-

ɸ1 ɸ2

Type I u,d,l

Type II u d,l

lepton-specific u,d l

flipped u,l d

๏ parameters (CP-conserving, flavor limit, Z2 symmetry)

I. INTRODUCTION
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soft Z2 breaking: m122

higgsobscepc[kz_, kw_, kg_, kgamma_, kb_, kt_, ktau_] :=
�kz2, kz2 kb2 � kh[kz, kw, kg, kgamma, kb, kt, ktau],
kz2 kt2 � kh[kz, kw, kg, kgamma, kb, kt, ktau],
kz2 kg2 � kh[kz, kw, kg, kgamma, kb, kt, ktau],
kz2 kw2 � kh[kz, kw, kg, kgamma, kb, kt, ktau],
kz2 ktau2 � kh[kz, kw, kg, kgamma, kb, kt, ktau], kz4 �
kh[kz, kw, kg, kgamma, kb, kt, ktau], kz2 kgamma2 � kh[kz, kw, kg, kgamma, kb, kt, ktau],

kz2 ktau2 � kh[kz, kw, kg, kgamma, kb, kt, ktau],
kw2 kb2 � kh[kz, kw, kg, kgamma, kb, kt, ktau]�;

(*CEPC projected precisions on measured cross sections*)
higgsprecepc = �0.51 � 100, 0.28 � 100, 2.2 � 100,

1.6 � 100, 1.5 � 100, 1.2 � 100, 4.3 � 100, 9.0 � 100, 17 � 100, 2.8 � 100�;
chisquarecepc[{kz_, kw_, kg_, kgamma_, kb_, kt_, ktau_}, lumif_] :=

求和
Sum�

�higgsobscepc[kz, kw, kg, kgamma, kb, kt, ktau][[i]] - 1�2 � higgsprecepc[[i]]2 � lumif,
{i, 1,

长度
Length[higgsprecepc]}�

2HDM - I

cosα
sin β = sin(β - α) + cos(α-β)

tan β

- sinα
cos β = sin(β - α) - cos(α - β)* tan β

we define cH = cos(α-β)  and cy = tan β

dlistp =
表格
Table�

伪随机实数
RandomReal[] � 20, {i, 1, 2}�;

dlistm =
表格
Table�-

伪随机实数
RandomReal[] � 20, {i, 1, 2}�;

(*arglist={kz_,kw_,kg_,kgamma_,kb_,kt_,ktau_};*)
(*arglist=�1- 1

2
cH2+ 1

8
cH4,1- 1

2
cH2+ 1

8
cH4,�1- 1

2
cH2+ 1

8
cH4+ cH

cy
	,�1- 1

2
cH2+ 1

8
cH4+cH/cy	,

�1- 1
2
cH2+ 1

8
cH4-cH*cy	,�1- 1

2
cH2+ 1

8
cH4+cH/cy	,�1- 1

2
cH2+ 1

8
cH4-cH*cy	�;*)

arglist = �
平方根
Sqrt�1 - cH2�,

平方根
Sqrt�1 - cH2�,

平方根
Sqrt�1 - cH2� +

cH

cy
,
平方根
Sqrt�1 - cH2� +

cH

cy
,

2HDM_step1_1.nb     3

246 GeV

tanβ, cos(β-α), 
control tree level h0 couplings 

125 GeV
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Higgs Precision Search Limits
10

FIG. 5. 95% C.L. excluded region in tan� - cos(��↵) plane for Type-I (left panel) and Type-II (right panel) 2HDM, with LHC
searches of various channels. mA is set to be 400 GeV and mH is set to be 150 GeV. Also shown is the excluded grey region
through the global fit of SM-like Higgs couplings with current LHC measurements, and brown region for �h /2 (0.08, 9.16)
MeV. Generally for the precision measurements constraints, the central region between the two lines around cos(� � ↵) = 0
are allowed, as well as the “arm” region of Type-II with the wrong-sign Yukawa coupling.
[FK: 1. (@Felix) Update caption]
[FK: 2. A ! HZ: update bounds + CMS 13]
[FK: 3. Why is pp ! 4t constant with c��↵? Where does the bound come from? You just require cot� < 1.1 (@Felix) add
bound once we understand this.]
[FK: 4 Is it A or H to �� / ⌧⌧?]
[FK: 5. Why does A ! HZ not get suppressed at low tanb due to A ! tt channel?]
[FK: 6. in right panel: change �0.1 < c��↵ < 0.5 ?]
[FK: 7: Update A > hZ with both ATLAS and CMS curve.]
[FK: 8: Should we remove �h. It’s worse than BR(h) anyway]
[SS: Do we need Gammah here? And tt channel? Covered by the other channels.] [Wei: Done! In fig1, A/H ! tt is not
covered by 4t, but here covered, because here mH=150 GeV]

interpreted the colored excluded region through the con-
ventional search methods in planemA�tan� with bench-
mark point cos(� � ↵) = 0.05,mA = mH = mH± ,m

2
12 =

m
2
A
s�c� . For Type-I the small tan� < 10 region could

be well probed, to 400 GeV for tan� < 10. For Type-II,
except for similar constrained region at small tan� < 3,
tan� > 10 is also strongly restricted to 1 TeV. The cov-
ered region gets larger with larger cos(��↵). [FK: Again,
the last paragraph just described a plot. A conclusion
should summarize the results of the paper, not just de-
scribe a plot in words.] Our study about exotic Higgs
decays were shown in upper panels of ??-Fig. 14. [FK:
Update] From the results in the plane mA � mH of ??,
we can conclude if the daughter particle mass is less than
2mt, the excluded parent particle mass could reach 800
GeV. For parameters with large tan� and cos(��↵) = 0
in Type-II 2HDM, |mA �mH | > mZ can be totally ex-
cluded for mA/H  800 GeV. To compare the exotic

searches, SM Higgs precision measurements and conven-
tional LHC direct searches, we choose a few benchmark
points to show out in lower panels of ??-Fig. 14. we can
conclude the exotic decay searches could cover some re-
gion where the conventional ones are not reachable, es-
pecially for the region with moderate large (small) tan�
around cos(� � ↵) = 0 for Type-I (Type-II).

After all in this work we reinterpreted the additional
Higgs search limits in the framework of Type-I and Type-
II 2HDMs with the latest LHC reports. Through com-
paring various search results, we can conclude that addi-
tional Higgs exotic decay searches are well complemen-
tary to the conventional searches.
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  2HDM Higgs Sector 
-

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

@ H
0

h
0

1

A =

0

@ cos↵ sin↵

� sin↵ cos↵

1

A

0

@ �
0
1

�
0
2

1

A ,
A

H
±

= �G1 sin � +G2 cos �

= ��
±
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(� � ↵)

2 cos ✓w
(pH0 � pA)

µ
, gAh0Z =

g cos(� � ↵)

2 cos ✓w
(ph0 � pA)

µ
, (4)

gH±H0W⌥ =
g sin(� � ↵)

2
(pH0 � pH±)µ, gH±h0W⌥ =

g cos(� � ↵)

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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Dominant Production (~alignment)

๏ dominant pair production @ CEPC360  (~ alignment) 

   Drell-Yan: e+e- → HA, e+e- → H+H- 

๏ Neutral Higgses: conventional search channel 

๏ Neutral Higgses: exotic search channel when phase space open 
     unsupressed: H ➞ ZA, AA, H+H- , WH± ,    A➞ ZH, WH±  
     suppressed: H ➞ hSM hSM, A➞ ZhSM

γγ, ZZ, WW, ττ, bb, tt

small Br A: absent 
H: suppressed 
(~ alignment)

good  
@ CEPC350

difficult @ LHC 
above threshold  
@ CEPC350 
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Current Direct Search Limits
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FIG. 1. Constraints for degenerate heavy Higgs mass spectrum mA = mH = mH+ . We show the 95% C.L. exclusion region
in the mA/H vs. tan� plane on the Type-I 2HDM with cos(� � ↵) = 0.1 (left) and Type-II 2HDM with cos(� � ↵) = 0.05
(right) originating from i) the measurement of the Higgs width �h (gray contour), ii) the conventional search results on
H/A ! ⌧⌧, tt, ��, V V (thin red contours), and iii) exotic decay channels A ! hZ, H ! hh, h ! AA (thick blue contours).
Region enclosed by the gray hatched line are excluded at 95% CL. by the current Higgs coupling measurements.
[SS: CBA value for Type I and II are switched.]
[FK: 1: Update h ! AA results for direct searches.]
[FK: 2: Add ttH > 4t results.]
[FK: 3: The cuto↵ at �/m = 0.2 looks like a step function. Can we make that smoother in the table? Smaller grid spacing?]
[FK: 4: Should H ! ⌧⌧ also be cuto↵ at �/m = 0.2?]
[FK: 5: Is the hatched region really horizontal? It should also exclude mA < mh/2 since all conventional Higgs BR are
suppressed. Maybe just show hatched line for mA > mh/2?]
[FK: 6: Update A > hZ with both ATLAS and CMS curve.]
[FK: @Wei Let me know if you have any color suggestions (I will use green for the SM measurements)]

production cross-section at NNLO level, and 2HDMC [66]
code for Higgs decay branching ratio at tree level.

In Fig. 8, we show the current collider limits in the
2HDM mH/A � tan� plane, taking into account the di-
rect search channels mentioned above. We assume de-
generate heavy Higgs masses mA = mH = mH+ such
that exotic decays involve two BSM Higgses are not kine-
matically open. c��↵ is fixed to be 0.1 (left panel) for
the Type-I 2HDM and 0.05 (right panel) for the Type-
II 2HDM, which are consistent with the SM-like Higgs
coupling measurements. Non-zero values of c��↵ are rel-
evant for A ! Zh, H ! hh and H ! V V . The soft Z2

breaking pamareter m2
12 is chosen to be m

2
12 = m

2
H
s�c�

to satisfy theoretical consideration of unitarity and vac-
uum stability.

For the Type-I 2HDM (left panel), current direct
searches are mostly sensitive at t� < 10. This is be-
cause the main production modes, gluon fusion and b-
associated production, are both cot�-enhanced from bot-
tom and top Yukawa couplings. The limits from the

fermionic modes of A/H ! bb (purple), ⌧⌧ (orange) and
µµ (yellow), as well as A/H ! �� (blue region) have
weak dependence on the value of c��↵. They exclude the
low mass region below the top threshold of mA/H . 2mt

for t� < 2. Once tt mode (magenta) is open, it quickly
dominates the decay branching fractions. Region of 400
GeV < mA/H < 750 GeV with 0.2 < t� < 1 is cur-
rently excluded. For even smaller tan� region, no limits
are quoted for the tt channel because the SM-like Higgs
width is so wide that the resonant search results are not
applicable [25, 67].

The limits for H ! V V (green), A ! Zh (red), and
H ! hh (cyan) have strong dependence on the value of
c��↵, which vanish under the alighment limit of c��↵ =
0. For c��↵ = 0.1 (left panel of Fig. 8), mA/H between
200 and 850 GeV for 0.5 < t� < 10 could be excluded,
with a gap around 450 GeV for A ! Zh and H ! V V

channel.

The 95% C.L. range of the SM-like Higgs decay width
(grey) also exclude the low mass region of A/H given

0.1 0.05
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FIG. 3. 95% C.L. excluded region in mA vs. mH plane for the Type-I (left panel) and the Type-II (right panel) 2HDM for
c��↵ = 0 and tan� = 1.5. Channels included are the LHC searches of A/H ! HZ/AZ (blue), A/H ! ⌧⌧ (orange), A/H ! ��

(red), h ! AA/HH (cyan). Also included are the rate measurements of ttZ (green), �h /2 (0.08, 9.16) MeV (grey) and LEP
searches (purple).
[FK: 1. (@Felix) Update Caption]
[FK: 2. A ! HZ: update bounds + CMS 13]
[FK: 3. h ! AA, Gammah: update bounds (probably wrong), extend to m = 0]
[FK: 4. (@everyone) is there anything we miss in the open gap region?]

via Higgs coupling prevision measurements, we notice
that while the indirect search lost sensitivity around the
alignment limit, in which the couplings of the 125 GeV
Higgs is identical to that of the SM Higgs at tree level,
the direct search limits are complementary given the en-
hanced sensitivity under the alignment limit. Combining
both search results, the low t� region would be excluded
for the Type-I 2HDM and the large t� region would be
excluded for the Type-II 2HDM.

Fig. 12 shows the complementary reach of the Higgs
couplings precision measurements (gray region), and the
direct exclusion limits from various BSM Higgs search
channels, for mA = 400 GeV and mH = 150 GeV. Note
that while the exclusion region of the fermionic channel
(⌧⌧ , µµ, bb and tt), as well as the diphoton mode ��

shows weak dependence on the value of c��↵, A ! hZ

has more exclusion power for large |c��↵|, and exotic
mode of A ! HZ has more exclusion power for small
|cba|. Combining all the direct and indirect searches, for
the Type-I 2HDM, regions of |c��↵| & 0.4 and t� . 5 are
excluded by the current LHC searches. The exclusion for
the Type-II 2HDM is tighter... [SS: Need to understand
Type II plots better for di↵erent curves.]

[SS: Add values of sigma X Br exxp limit, for the un-
derstanding of the plots.] [SS: small mH, Br (A to HZ)
dominating. CBA independent for small mH.] [SS: Check

h,H convention for the right plot.] [FK: Gap region:
gHbb = gH⌧⌧ = 0 ]

C. tan� vs. mA

Fig. 14 shows the 95% C.L. exclusion region in mA�t�

plane for the Type-I (left panel) and the Type-II (right
panel) 2HDM for mH = 200 GeV, with LHC 8 (13) TeV
A/H ! HZ/AZ searches, indicated by the region en-
closed by the solid (dashed) boundary. The gap in the
exclusion range of mA around 200 GeV corresponds to
|mA � mH |  mZ , when A/H ! HZ/AZ is kinemati-
cally forbidden.
The largest reach is obtained under the alignment limit

of c��↵ = 0. For the Type-I 2HDM, t� up to about 10
can be excluded for mA > 300 GeV. Reach in t� is re-
duced when c��↵ gets bigger. The CMS 8 TeV results
constraints the value of small mA when H ! AZ is kine-
matically open. t� up to about 2 can be exlcuded. Re-
gions with large t� is typically unconstrained, given the
suppression of all the Yukawa couplings ar large t� .
For the Type-II 2HDM, the exclusion region is larger

given the enhanced bottom and tau Yukawa couplings
at large t� . For large mA > 300 region, heavy Higgs
mass up to about 800 GeV can be excluded for almost

Current Direct Search Limits
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Search for BSM Higgses

๏ Charged Higgs is challenge @ LHC !  
๏ Flavor constraints:  

➡ Type II 2HDM: mH± > 650 GeV 
➡ Type I 2HDM: light Higgs allowed. 

๏ Conventional search channel  

mH± < mt:  
ttbar production with  
t➞ bH±, H± ➞ τν or cs

and above for both large and small tan �, but reaches a minimum at tan � =
p

mt/mb ⇠ 8.
The branching ratio decreases rapidly when the charged Higgs mass becomes close to the
top mass.

100 120 140 160 180
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20
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mH± HGeVL

ta
n
b

0.5%

1%2%

5%

BR It Æ H± b M

Figure 1. Branching fractions of BR(t ! H
±

b) in the mH± � tan � plane.

Conventionally, a light charged Higgs is assumed to either decay into ⌧⌫ or cs, with
the corresponding couplings being

gH±⌧⌫ =
g

2
p

2mW

m⌧ tan �(1 ± �5), (2.5)

gH±cs =
g

2
p

2mW

[(ms tan � + mc cot �) ± (ms tan � � mc cot �)�5] . (2.6)

If there is an additional light neutral Higgs boson h
0 or A, additional decay channels into

h
0
W/AW open up. The couplings are determined by the gauge coupling structure, as well

as the mixing angles [32]:

gH±h0W⌥ =
g cos(� � ↵)

2
(ph0 � pH±)µ, (2.7)

gH±AW⌥ =
g

2
(pA � pH±)µ, (2.8)

with pµ being the incoming momentum for the corresponding particle.
The H

± ! h
0
W channel for a light charged Higgs is open only if we demand the

heavy CP-even neutral Higgs H
0 to be the observed 126 GeV SM-like Higgs. In this case

| cos(� � ↵)| ⇠ 1 is preferred by experiments and the H
±
h
0
W

± coupling is unsuppressed.
The H

±
AW

± coupling is independent of sin(� � ↵) and always unsuppressed. There is no
H

± ! H
0
W since it is kinematically forbidden given mH± < mt and mH0 � 126 GeV.

In the generic 2HDM, there are no mass relations between the charged scalars, the
scalar and pseudoscalar states. Therefore both the decays H

± ! h
0
W and H

± ! AW can
be accessible or even be dominant in certain regions of the parameter space. It was shown
in Ref. [33] that in the Type II 2HDM with Z2 symmetry, imposing all experimental and

– 4 –
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Figure 8: Observed and expected 95% CL exclusion limits on (a) �(pp ! tbH+) ⇥ B(H+ ! ⌧⌫) and (b)
B(t ! bH+) ⇥ B(H+ ! ⌧⌫) as a function of the charged Higgs boson mass in 36.1 fb�1 of pp collision data atp

s = 13 TeV, after combination of the ⌧had-vis+jets and ⌧had-vis+lepton channels. In the case of the expected limits,
one- and two-standard-deviation uncertainty bands are also shown. As a comparison, the observed exclusion limits on
B(t ! bH+)⇥B(H+ ! ⌧⌫) obtained with the Run-1 data at

p
s = 8 TeV [16] and on�(pp ! tbH+)⇥B(H+ ! ⌧⌫)

obtained with the dataset collected in 2015 at
p

s = 13 TeV [22] are also shown.

Table 4: Impact of systematic uncertainties on the expected 95% CL limit on�(pp ! tbH+)⇥B(H+ ! ⌧⌫), for two
H+ mass hypotheses: 170 GeV and 1000 GeV. The impact is obtained by comparing the expected limit considering
only statistical uncertainties (stat. only) with the expected limit when a certain set of systematic uncertainties is added
in the limit-setting procedure. In the absence of correlations and assuming Gaussian uncertainties, the row “All”
would be obtained by summing in quadrature (linearly) the individual contributions of the systematic uncertainties
if these were much larger (smaller) than the statistical uncertainties.

Source of systematic Impact on the expected limit (stat. only) in %
uncertainty mH+ = 170 GeV mH+ = 1000 GeV
Experimental

luminosity 2.9 0.2
trigger 1.3 <0.1
⌧had-vis 14.6 0.3
jet 16.9 0.2
electron 10.1 0.1
muon 1.1 <0.1
Emiss

T 9.9 <0.1
Fake-factor method 20.3 2.7
⌥ modelling 0.8 �
Signal and background models

tt̄ modelling 6.3 0.1
W/Z+jets modelling 1.1 <0.1
cross-sections (W/Z/VV/t) 9.6 0.4
H+ signal modelling 2.5 6.4

All 52.1 13.8

21

1807.07915

mH± < 160 GeV excluded.
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Search for non-SM Higgses

๏ suppressed production of e+e- → A hSM  
๏ CP-violating 2HDM:  HiHj production with Hi ➞ Hj Hk 
๏ singlet mixing with a light singlet: Hi ➞ hSM S 
๏ …

Other possible processes


