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Figure 6: Summary plot of the fit to the production–decay signal strength products µ
f
i = µi ⇥

µ f . The points indicate the best-fit values while the horizontal bars indicate the 1s CL intervals.
The hatched areas indicate signal strengths which are restricted to positive values due to low
background contamination.
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γγggF   1.03  (  0.11±  ,  0.08±  ) 0.07−
 0.08+ 

ZZggF   0.94  (  0.10−
 0.11+  ,  0.10±  ) 0.04± 

WWggF   1.08  (  0.18−
 0.19+  ,  0.11±  ) 0.15± 

ττggF   1.02  (  0.55−
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γγVBF   1.31  (  0.23−
 0.26+  ,  0.18−
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 0.48+  ) 0.08−
 0.12+ 

WWVBF   0.60  (  0.34−
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 0.42+  ) 0.35−
 0.40+ 

bbVBF   3.03  (  1.62−
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 1.63+  ) 0.24−
 0.38+ 
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 1.10+  ) 0.21−
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Figure 5: Cross sections times branching fraction for ggF, VBF, +� and CC� + C� production in each relevant decay
mode, normalized to their SM predictions. The values are obtained from a simultaneous fit to all channels. The
cross sections of the ggF, � ! 11̄, +�, � ! ,,

⇤ and +�, � ! gg processes are fixed to their SM predictions.
Combined results for each production mode are also shown, assuming SM values for the branching fractions into
each decay mode. The black error bars, blue boxes and yellow boxes show the total, systematic, and statistical
uncertainties in the measurements, respectively. The gray bands show the theory uncertainties in the predictions.
The level of compatibility between the measurement and the SM prediction corresponds to a ?-value of ?SM = 87%,
computed using the procedure outlined in the text with 16 degrees of freedom.
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LHC: 14 TeV, 300 fb-1, 3000 fb-1

1902.00134

Fig. 33: Current and future constraints on i. The left line of each  is the current bound, from Ref. [185].
The central line is the projection to the HL-LHC, with the S1 scenario in light red and S2 in dark red.
The right line is the projection to HE-LHC, with the base scenario in light blue and the optimistic one in
dark blue.

In this section we will focus on two representative classes of CH scenarios that predict a light
scalar with SM-like couplings:

1) the Strongly-Interacting Light Higgs (SILH). In this class the exotic strong dynamics generates a
light scalar doublet H with the same SU(2)w ⇥ U(1)Y charges of the SM Higgs, and it is the
latter which spontaneously breaks the EW symmetry [240, 241]. The doublet H may be part of a
Nambu-Goldstone multiplet, or simply be an accidentally light scalar. The physical Higgs boson
h belonging to the composite doublet behaves as the SM Higgs boson up to corrections induced
by higher-dimensional operators suppressed by the strong coupling scale m⇤.

2) the Strongly-Interacting Light Dilaton (SILD). In this class of theories the strong dynamics is as-
sumed to feature the spontaneous breaking of an approximate scale invariance at a scale fD. In
such a framework the low energy EFT possesses an approximate Nambu-Goldstone mode, the dila-
ton, which automatically has couplings aligned along the direction of those of the SM Higgs [242].
The key difference compared to the SILH is that this is a non-decoupling scenario, in which the
new physics threshold is controlled by the EW scale. We interpret the SILD as a representative
of CH scenarios based on the EW chiral Lagrangian, in which the EW symmetry is non-linearly
realised and the Higgs-like particle h is not embedded in an EW doublet H .

The main goal of this section is to review what we can learn about the CH picture from the
investigation of the Higgs properties at the HL and HE-LHC. We will focus on modifications of the on-
shell couplings, as opposed to off-shell rates like double-Higgs production or V V ! V V scattering. Of
course, more direct ways to test the CH hypothesis include the observation of new resonances. Here we
however assume that the new resonances are too heavy to be directly accessible and focus on the low
energy EFT for the light state h.

The SILH
The operators that dominantly impact on-shell processes involving h are collected in table 43 under the
assumption that H is an EW doublet. We do not include operators of higher dimension and those that are
severely constrained by precision data, which for this reason are expected to lead to negligible corrections
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CEPC /  FCC / ILC

CEPC-CDR, FCC Physics Opportunities, ILC 1903.01629.

collider CEPC FCC-ee ILC
p
s 240 GeV 240 GeV 365 GeV 250 GeV 350 GeV 500 GeVR
Ldt 5.6 ab�1 5 ab�1 1.5 ab�1 2 ab�1 200 fb�1 4 ab�1

production Zh Zh Zh ⌫⌫̄h Zh Zh ⌫⌫̄h Zh ⌫⌫̄h

��/� 0.5% 0.5% 0.9% � 0.71% 2.0% � 1.05 �

decay �(� · BR)/(� · BR)

h ! bb̄ 0.27% 0.3% 0.5% 0.9% 0.46% 1.7% 2.0% 0.63% 0.23%

h ! cc̄ 3.3% 2.2% 6.5% 10% 2.9% 12.3% 21.2% 4.5% 2.2%

h ! gg 1.3% 1.9% 3.5% 4.5% 2.5% 9.4% 8.6% 3.8% 1.5%

h ! WW
⇤ 1.0% 1.2% 2.6% 3.0% 1.6% 6.3% 6.4% 1.9% 0.85%

h ! ⌧
+
⌧
� 0.8% 0.9% 1.8% 8.0% 1.1% 4.5% 17.9% 1.5% 2.5%

h ! ZZ
⇤ 5.1% 4.4% 12% 10% 6.4% 28.0% 22.4% 8.8% 3.0%

h ! �� 6.8% 9.0% 18% 22% 12.0% 43.6% 50.3% 12.0% 6.8%

h ! µ
+
µ
� 17% 19% 40% � 25.5% 97.3% 178.9% 30.0% 25.0%

(⌫⌫̄)h ! bb̄ 2.8% 3.1% � � 3.7% � � � �

Table 3. Estimated statistical precisions for Higgs measurements obtained at the proposed CEPC
program with 5.6 ab�1 integrated luminosity [27, 45], FCC-ee program with 5 ab�1 integrated lumi-
nosity [41, 42], and ILC with various center-of-mass energies [32].

The 2HDM Lagrangian for the Higgs sector is given by

L =
X

i

|Dµ�i|
2
� V (�1,�2) + LYuk , (3.2)

with the CP-conserving potential

V (�1,�2) = m
2
11�

†
1�1 + m

2
22�

†
2�2 � m

2
12(�

†
1�2 + h.c.) +

�1

2
(�†

1�1)
2 +

�2

2
(�†

2�2)
2

+�3(�
†
1�1)(�

†
2�2) + �4(�

†
1�2)(�

†
2�1) +

�5

2

h
(�†

1�2)
2 + h.c.

i
, (3.3)

and a soft Z2 symmetry breaking term m
2
12.

One of the four neutral components and two of the four charged components are eaten

by the SM gauge bosons Z, W
± after the EWSB, providing their masses. The remaining

physical mass eigenstates are two CP-even neutral Higgs bosons h and H, with mh < mH ,

one CP-odd neutral Higgs boson A, plus a pair of charged Higgs bosons H
±. Instead of the

eight parameters appearing in the Higgs potential m2
11,m

2
22,m

2
12,�1,2,3,4,5, a more convenient

set of the parameters is v, tan�,↵,mh,mH ,mA,mH± ,m2
12, where ↵ is the rotation angle

diagonalizing the CP-even Higgs mass matrix. We choose mh = 125 GeV to be the SM-like

Higgs boson.
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2.4 Coupling Extractions and Combinations1983

2.4.1 Coupling Fits1984

In order to extract the implications of the predicted measurement precision shown in Table 2.9 on pos-1985

sible new physics models, constraints on additional contributions to Higgs couplings are derived. The1986

Standard Model makes specific predictions for the Higgs couplings to the SM fermions, g(hff ; SM) ,1987

and to the SM gauge bosons g(hV V ; SM) 1 . The deviation from the Standard Model couplings will be1988

parameterized using:1989

f =
g(hff)

g(hff ; SM)
, V =

g(hV V )

g(hff ; SM)
(2.9)

In addition to couplings which are present at tree level, the Standard Model also predicts effective1990

couplings h�� and hgg, in terms of other SM parameters. Change can be induced by the possible shifts1991

in the Higgs couplings described above. In addition, they can also be altered by loop contributions from1992

new physics states. Hence, they will be introduced as two independent couplings, with their ratios to1993

the SM predictions denoted as � and g .1994

Furthermore, it is possible that the Higgs can decay directly into new physics particles. In this case,1995

two type of new decay channels will be distinguished:1996

1. Invisible decay. This is a specific channel in which Higgs decay into invisible particles. This can1997

be searched for and, if detected, measured.1998

2. Exotic decay. This includes all the other new physics channels. Whether they can be observed, and,1999

if so, to what precision, depends sensitively on the particular final states. In one extreme, they can2000

be very distinct and can be measured very well. In another extreme, they can be in a form which2001

is completely swamped by the background. Whether postulating a precision for the measurement2002

of the exotic decay or treating it as an independent parameter (essentially assuming it can not be2003

measured directly) is an assumption one has to make. Results in both cases will be presented. In2004

the later case, it is common to use the total width �h as an equivalent free parameter.2005

In general, possible deviations of all Standard Model Higgs couplings should be considered. How-2006

ever, in the absence of obvious light new physics states with large couplings to the Higgs boson and2007

other SM particles, a very large deviation (> O(1)) is unlikely. In the case of smaller deviations, the2008

Higgs boson phenomenology will not be sensitive to the deviations e, u, d and s. Therefore, they2009

will not be considered here.2010

CEPC will not be able to directly measure the Higgs coupling to top quarks. A deviation of this2011

coupling from its SM value does enter h�� and hgg amplitudes. However, this can be viewed as2012

parameterized by � and g already. Therefore, there will be no attempt to include t as an independent2013

parameter. In summary of the previous discussions, the following set of 10 independent parameters is2014

considered:2015

b, c, ⌧ , µ, Z , W , � , g, BRinv, �h. (2.10)

In this 10 parameter list, the relation ⌃i�i = �h is used to replace the exotic decay branching ratio with2016

the total width.2017

Several assumptions can be made that can lead to a reduced number of parameters (see also [38, 39]).2018

For instance a 9 parameter fit can be defined assuming lepton universality:2019

b, c, ⌧ = µ, Z , W , � , g, BRinv, �h. (2.11)

1For the discussion of coupling fits and their implications, 00
h

00 is used to denoted the 125 GeV Higgs boson.

Figure 2. Constraints in the (�cZ , �yu) plane from a fit assuming only �cZ , �yu, �yc, �yd and the
corresponding loop induced hgg, h��, hZ� couplings are non-zero. (�yu and �yd are actually for the
3rd generation quarks while �yc is for charm.) For the blue and orange shades, we marginalize over �yc

and �yd. For the red contours on the left panel, further assumptions are made, which are �yc = �yu

and �yd ⇡ 3�cZ (corresponding to rc = rt and rb = F1). For the green contours we assume �yd ⇡ �cZ

(rb = F2) instead. Gauge invariance fixes rV = F2. The magenta and cyan lines correspond to rt = F1

and F2, respectively, while rt = F3,4,5 are covered by the gray region. On the right panel, we also
consider a scenario that the results are not SM-like, in which case some of the models may be preferred
by data.

A some results in the EFT fit

Some results in our EFT paper Ref. [10] are quoted here.

Jiayin: some texts here are directly copied from the draft of our EFT paper, so we need

to remove them or rephrase in the end...

10-parameters in Higgs basis relevant for Higgs measurements and TGC:

�cZ , cZZ , cZ⇤ , c�� , cZ� , cgg , �yu , �yd , �ye , �Z . (A.1)

... Under the framework of SMEFT, the total �
2 from experimental observables can be

written as a function of the Wilson coe�cients in Eq. (A.1) as

�
2 =

X

ij

(c � c0)i �
�2
ij

(c � c0)j , where �
�2
ij

⌘ (�ci ⇢ij �cj)
�1

, (A.2)

and ci=1, ... 10 denotes the 10 parameters in Eq. (A.1) and c0 are the corresponding central

values, which are zero by construction in our study. The uncertainties �ci of the 10 parameters

and the correlation matrix ⇢ can thus be obtained from �
�2
ij

= @
2
�
2

@ci@cj
. Jiayin: Note: this only

works at leading order.
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HWW and HZZ couplings are independent of the energy scale. Such an assumption is
not valid in the EFT framework with the inclusion of the anomalous couplings.

�cZ cZZ cZ� c�� cZ� cgg
eff �yt �yc �yb �y� �y� �Z

10-4

10-3

10-2

10-1

1

pr
ec
is
io
n

precision reach of the 12-parameter EFT fit (Higgs basis)
LHC 300/3000 fb-1 Higgs + LEP e+e-�WW
CEPC 240GeV (5.6 ab-1), without/with HL-LHC

Figure 11.10: One-sigma precision of the twelve parameters in the Higgs basis. The first column
shows the results from the LHC Higgs boson measurements with 300 fb�1 (light gray bars) and
3000 fb�1 (dark gray bars) combined with the LEP diboson (e+

e
�

! WW ) measurement. The
second column shows the results from the CEPC with 5.6 ab�1 data collected at 240 GeV with un-
polarized beam. The results from the CEPC alone are shown in light red bars, and the ones from a
combination of the CEPC and the HL-LHC are shown in dark red bars. For the LHC fits, �yc is fixed
to zero.

Figure 11.11: The 95% CL sensitivity to ⇤/

p
|ci| for the operators in the basis defined in Table 11.6.

The first two columns show the results from the LHC Higgs boson measurements with 300 fb�1 and
3000 fb�1 combined with the LEP diboson (e+

e
�

! WW ) measurement. The last two columns show
the results from the CEPC alone and the combination of the CEPC and the HL-LHC (3000 fb�1). The
results of the global fits are shown as dark colored bars. The results from individual fits (by switching
on one operator at a time) are shown with light colored bars. For the LHC fits, �yc is fixed to zero.

11.1.8 THE HIGGS BOSON SELF-COUPLING

The Higgs boson self-coupling is a critical parameter governing the dynamics of the elec-
troweak symmetry breaking. In the SM, the Higgs boson trilinear and quadrilinear cou-

HL-LHC S1/S2

CEPC 240 GeV at 5.6 ab-1 wi/wo HL-LHC

κb κt|κc κg κW κτ κZ κγ
10-3

10-2

10-1

1

R
el
at
iv
e
Er
ro
r

Precision of Higgs coupling measurement (7-parameter Fit)
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Kappa Framework and EFT Framework
-

limitations of model-independent approaches


•large level of degeneracy

   parameter space for specific model much smaller


•correlation matrix often not provided

       over conservative estimation when not include correlation


•assumptions and simplifications

       may not be valid for a particular model
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model parameter space (compared with SMEFT). Therefore, they are included in our global

fit of operator approach of strong dynamics models only. The electroweak (EW) precision

measurements at the Z-pole also impose strong constraints on the new physics [53, 54]. The

current constraints from the Large Electron Positron Collider (LEP) could be significantly

improved by a Z-pole run at any of the future lepton colliders. While these constraints are

not explicitly considered in our study, we do restrict ourselves to models with suppressed EW

precision corrections (e.g. by imposing custodial symmetries) such that these constraints are

automatically satisfied.

It is also important to compare the reaches of the future Higgs factories to that of the

LHC. For the LHC Run-I Higgs measurements with 5 fb�1 integrated luminosity at
p
s = 7

TeV and 20 fb�1 at
p
s = 8 TeV, we use the results in Ref. [55]. For the LHC with 300 fb�1

and 3000 fb�1 luminosities, we use the ATLAS projections in Ref. [56], which collects the

information from several other studies. The detailed inputs are listed in Appendix A, with

the LHC Run-I results in Table 8 and the ATLAS projections for LHC 300 fb�1 and 3000 fb�1

summarized in Table 9.

3 Global fit framework

To transfer the estimated error on the experimental measurements to the constraints on the

model parameters, we make a global fit by constructing the �2 with the profile likelihood

method

�2 =
X

i

(µBSM

i
� µobs

i
)2

�2
µi

. (3.1)

Here µBSM

i
= (�⇥Br)BSM

(�⇥Br)SM
for various Higgs search channels and �µi

is the experimental pre-

cision on a particular channel. We note that the correlations among di↵erent � ⇥ BR are

usually not provided, and are thus assumed to be zero in the fits. µBSM

i
is predicted in each

specific model, depending on model parameters. For the LHC Run-I, the measured µobs

i
and

corresponding �µi
are given in Table 8. In our analyses, for the future colliders, µobs

i
are set

to be the SM value: µobs

i
= 1, assuming no deviation to the SM observables are observed.

The corresponding �µi
are the estimated error for each process, as shown in Table 1 for the

CEPC, FCC-ee, ILC and Table 9 for the LHC. For the ILC with three di↵erent center of mass

energies, we sum the contribution from each individual channel. For one or two parameter

fit, the corresponding ��2 = �2
� �2

min
for 95% C.L. is 3.84 or 5.99, respectively.

We fit directly to the signal strength µi, instead of the e↵ective couplings i. The latter

are usually presented in most experimental papers. While using -framework is easy to

map to specific models, unlike µi, various i are not independent experimental observables.

Ultimately, fitting to either µi or i should give the same results, if the correlations between

i are properly included. Those correlation matrices, however, are typically not provided.

Therefore, fit to i only, assuming that they are uncorrelated, usually leads to a more relaxed

constraints. Comparison of µ-fit versus -fit results is given later in the example of the 2HDM.
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not explicitly considered in our study, we do restrict ourselves to models with suppressed EW

precision corrections (e.g. by imposing custodial symmetries) such that these constraints are

automatically satisfied.

It is also important to compare the reaches of the future Higgs factories to that of the

LHC. For the LHC Run-I Higgs measurements with 5 fb�1 integrated luminosity at
p
s = 7

TeV and 20 fb�1 at
p
s = 8 TeV, we use the results in Ref. [55]. For the LHC with 300 fb�1

and 3000 fb�1 luminosities, we use the ATLAS projections in Ref. [56], which collects the

information from several other studies. The detailed inputs are listed in Appendix A, with

the LHC Run-I results in Table 8 and the ATLAS projections for LHC 300 fb�1 and 3000 fb�1

summarized in Table 9.

3 Global fit framework

To transfer the estimated error on the experimental measurements to the constraints on the

model parameters, we make a global fit by constructing the �2 with the profile likelihood

method

�2 =
X

i

(µBSM

i
� µobs

i
)2

�2
µi

. (3.1)

Here µBSM

i
= (�⇥Br)BSM

(�⇥Br)SM
for various Higgs search channels and �µi

is the experimental pre-

cision on a particular channel. We note that the correlations among di↵erent � ⇥ BR are

usually not provided, and are thus assumed to be zero in the fits. µBSM

i
is predicted in each

specific model, depending on model parameters. For the LHC Run-I, the measured µobs

i
and

corresponding �µi
are given in Table 8. In our analyses, for the future colliders, µobs

i
are set

to be the SM value: µobs

i
= 1, assuming no deviation to the SM observables are observed.

The corresponding �µi
are the estimated error for each process, as shown in Table 1 for the

CEPC, FCC-ee, ILC and Table 9 for the LHC. For the ILC with three di↵erent center of mass

energies, we sum the contribution from each individual channel. For one or two parameter

fit, the corresponding ��2 = �2
� �2

min
for 95% C.L. is 3.84 or 5.99, respectively.

We fit directly to the signal strength µi, instead of the e↵ective couplings i. The latter

are usually presented in most experimental papers. While using -framework is easy to

map to specific models, unlike µi, various i are not independent experimental observables.

Ultimately, fitting to either µi or i should give the same results, if the correlations between

i are properly included. Those correlation matrices, however, are typically not provided.

Therefore, fit to i only, assuming that they are uncorrelated, usually leads to a more relaxed

constraints. Comparison of µ-fit versus -fit results is given later in the example of the 2HDM.
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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:

�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:
 
H

0

h
0

!
=

 
cos↵ sin↵

� sin↵ cos↵

! 
�
0
1

�
0
2

!
,

A

H
±

= �G1 sin� +G2 cos�

= ��
±
1 sin� + �

±
2 cos�

. (2.2)

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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after EWSB, 5 physical Higgses

CP-even Higgses: h0, H0 , CP-odd Higgs: A0, Charged Higgses: H±

๏ h0/H0 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].

4

alignment limit: cos(β-α)=0, h0 is the SM Higgs with SM couplings.
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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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2HDM parameters
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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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2HDM, LHC/CEPC fit
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Figure 2. The allowed region in the plane of tan� vs. cos(� � ↵) at 95% C.L. for the four types of
2HDM, given LHC and CEPC Higgs precision measurements. For future measurements, we assume
that the measurements agree with SM predictions. The special “arm” regions for the Type-II, L and
F are the wrong-sign Yukawa regions. See text for more details.

Here x is d, e in the Type-II, e in the Type-L and d in the Type-F. Therefore, the survival

parameter space at large tan� is reduced significantly in all these three types.

For the Type-II at the upper right panel of Fig. 2, as a result of larger tan� enhancement

from �d,e and small tan� enhancement from �u, the region around tan� = 1 accommo-

– 13 –
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2HDM, LHC  fit

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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of three future lepton colliders, including ILC and FCC-ee. The details about their precision

measurements by design have been summarized at [27]. The main update is the h ! ��

precision at Fcc-ee, which is 9% instead of 4% because of di↵erent simulation methods [66].

The overall �2 is calculated by substituting the ’s defined in Eq. (3.5) into corresponding

µBSM

i
. For the one-, two- or three-parameter fit, the corresponding ��2 = �2

� �2

min
at 95%

C.L. is 3.84, 5.99 or 7.82, respectively.

6.2 Case with Degenerate Heavy Higgs Masses

We will first show our results in the case with degenerate heavy Higgs massess, m� = mH =

mA = mH± , which satisfies the Z-pole physics constraints automatically.

6.2.1 Constraints in the cos(� � ↵)-tan� plane

In the degenerate masses case, we first show the result, in Fig. 4, of the two-parameter global

fit in cos(� � ↵)-tan� plane at 1-loop level. The red region represents the overall allowed

region with the CEPC precision measurements at 95% C.L. at one-loop level, while the black

dashed line represents the allowed region at tree level. Individual constraints from hbb, hcc,

h⌧⌧ , hZZ and hgg are also shown by colored solid lines. The constraints from hWW and

h�� are much weaker due to worse experimental precisions, hence they are not shown up

in Fig. 4.

Figure 4. 95% C.L. allowed region in the cos(� � ↵)-tan� plane with CEPC Higgs precision mea-
surements at one-loop level for m� = 800 GeV and

p
�v2 = 300 GeV. The red region is the global fit

result with the best fit point indicated by the black star (near tan� = 50 and cos(� � ↵) = 0). As a
comparison, the black dashed line shows the allowed region at tree level. Regions enclosed by curves of
di↵erent colors indicate the domains allowed by individual coupling measurements. The grey shadow
area indicates the theoretically favored region.

– 14 –

Figure 4. 95% C.L. allowed region in the cos(� � ↵)-tan� plane with CEPC Higgs precision mea-
surements. The central red region is the global fit result with the best-fit point indicated by the black
star. Benchmark point of mH = mA = m

±
H

⌘ m� = 800GeV,

p
�v2 = 300GeV is used here. The

constraints from individual couplings are given with the color codes: blue (b), orange (c), purple
(⌧ ), green (Z), cyan (g). The region enclosed by the dashed black lines shows the tree-level two-
parameter global fit result for comparison. Two solid horizontal black lines represent the upper and
lower limit for parameter tan� from theoretical constraints.

the benchmark point m� = 800GeV,

p

�v2 = 300GeV. We note that the upper bound on

tan� and the lower (negative) bound on cos(��↵) coming from g is mainly due to the large

contribution from b-quark loop with a enhanced b. The overall range is slightly smaller than

that obtained from the tree-level only result, shown by region enclosed by the dashed lines.

The distorted shape of the global fit results, comparing to the tree-level only results is due to

the interplay between both the tree-level contribution and loop corrections. Note that while

Z can be measured with less than 0.2% precision, it is less constraining comparing to other

couplings given the 1/ tan� (tan�) enhanced sensitivities for t,c (b,⌧ ) at small (large) tan�

region.

To illustrate the dependence onm� and �v
2, which enter the loop corrections, in Fig. 5, we

show the 95% C.L. allowed region in the cos(��↵)-tan� plane given CEPC Higgs precision,

for m� = 800 GeV,
p

�v2 = 0, 100, 200, 300, 400 GeV (left panel) and m� = 2000 GeV,
p

�v2 = 100, 400, 500, 600 GeV (right panel), indicated by di↵erent colored lines. In general,

including loop corrections shrinks the allowed parameter space, especially for extreme values

of tan�, and for small m� and large �v
2. The small (large) tan� regions are removed due

– 16 –
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2HDM: Loop in the Alignment Limit
-

๏ Type II

CEPC 5 ab-1

for �v2 > 0. In Fig. 5, we show the allowed shaded region in tan� vs. �v2 plane given the

theoretical considerations. Region in tan� and 1/ tan� is symmetric, which is obvious from

Eqs. (5.9) and (5.10). A few representative values of �v2 that we use in our later analyses and

the corresponding acceptable region of tan� are shown in Tab. 4 as well. Note that for � = 0,

i.e. m2

�
= m2

12
/(sin� cos�), tan� is unconstrained, which is consistent with the results of

Ref. [85]. Given the symmetry between tan� and 1/tan� in the above conditions, the largest

region on �v2 occurs at tan� = 1:

�m2

h
< �v2 < (600 GeV)2, (5.11)

which gives �0.258 < � = ��4 = ��5 < 5.949 and 0 < �3 < 6.207.

There are direct searches of non-SM heavy Higgses at the LHC [87], with the dominant

search channel being A/H ! ⌧⌧ . In the framework of MSSM, mA/H is excluded to about

250 GeV for tan� � 1.0, and about 1.5 TeV for tan� � 45. Since the branching ratio of

the dominant search channel A/H ! ⌧⌧ could be highly suppressed once other exotic decay

channels of the non-SM Higgs opens up [88–90], the current exclusion limits could depend
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with �2HDM

1�loop
⌘ g2HDM

1�loop
(�)/gSMtree. In the alignment limit of cos(� � ↵) = 0, tree = 1, the

expression is simplified to be

2HDM

1�loop
|alignment = 1 +�2HDM

1�loop
. (5.14)

The expressions of the non-SM Higgs loop correction to the Higgs couplings are summa-

rized in Appendix B [77–79] under the alignment limit cos(� � ↵) = 0 and with the mass

simplification relation mH± = mA0 = mH0 ⌘ m�. Note that the tree level relations of

W = Z and µ = ⌧ are still approximately valid at 1-loop level.

Figure 6. 95% C.L. constraints on tan� vs. m� plane based on CEPC Higgs precision measurements.
The orange, green, blue and red (from right to the left at the large m� region) are for

p
�v2 ⌘q

m2
�
�

m
2
12

s�c�
=500, 300, 100, 0 GeV, respectively. Regions to the right of the curves for large m� or

to the left of the curves for small m� (enclosed region for the blue curves) are allowed. Four panels
are for Type-I, II, L, and F 2HDM, as labeled at the top of each figure.

Following the same global fitting techniques as in the tree level case, we obtain the 95%

C.L. constraints on the tan� vs. m� plane for four di↵erent types of 2HDM given CEPC

precisions, as shown in Fig. 6. Four benchmark values of
p

�v2 are chosen: 0, 100, 300, and

500 GeV, which correspond to red, blue, green, and orange curves. Regions to the right of

the curves for large m� or to the left of the curves for small m� (enclosed region for the blue
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Figure 6. Three-parameter fitting results at 95% C.L. in the m�-tan� plane with varying cos(��↵)
with CEPC precision. We set

p
�v2 to be 0 (left panel) and 300GeV (right panel). Red, blue and green

curves represent cos(� � ↵) = 0.005, 0,�0.005 respectively. The colored stars show the corresponding
best-fit point. Also shown are the allowed regions under theoretical considerations under the same
color codes.

tan� & 0.5, as well as m� & 350 GeV with a larger range of tan� surviving the CEPC Higgs

precision. Once cos(� � ↵) deviates from zero, tree-level contributions become sizable. Even

for a value of cos(� � ↵) as small as 0.005, tan� region is shrunk to 0.2 � 2 with m� & 500

GeV. For negative cos(� � ↵) = �0.005, while tan� region further shrinks, the allowed m�

can be extended all the way down to about 130 GeV.

We also show the allowed regions in the m�-tan� plane under theoretical considerations

in Fig. 6 with the di↵erent colors for di↵erent choices of cos(��↵). While all ranges of m� and

tan� are allowed in the alignment limit of cos(��↵) = 0, once cos(��↵) deviates away from

0, large m� as well as small and large tan� regions are ruled out by theoretical considerations.

Combining both the theoretical constraints and precision Higgs measurements, a constrained

region in m�-tan� can be obtained for the non-alignment cases.

For
p

�v2 = 300 GeV, larger loop corrections further modify the allowed region in m�

and tan�. The tt̄ threshold region m� ⇡ 350 GeV is inaccessible and the range of tan� is

shrunk to 0.3 � 1.5 when cos(� � ↵) varies from 0 to 0.005. For the negative cos(� � ↵) =

�0.005, the allowed region divides to two parts. The part with m�  1000 GeV has a

wide range for parameter tan�, while for m� > 1000 GeV, 0.4 < tan� < 1.6. Theoretical

considerations further limit the range of tan� to be between 0.35 and 3, as shown by the

shaded region. For cos(� � ↵) = ±0.005, m� has an upper limit of about 2750 GeV from

theoretical considerations.
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Direct Search of Heavy Higgses @ 100 pp
-
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Figure 12: Model dependent exclusion (a) and discovery (b) limits for the 14 TeV LHC (hatched in
black and purple) and a 100 TeV hadron collider (colored) derived with the BDT analysis presented
in Section 4.3. The smaller bound can be reached with 0.3 and 3 ab≠1 while the large bound can
be reached with 3 and 30 ab≠1 at the LHC and a future pp-collider, respectively. The low tan —

region (red) is covered by the top associated heavy Higgs production with decays to top pairs.
While the contribution from the H/Abb̄ vertex dominates the decays for large tan — we neglected
its sub-leading contribution in the analysis covering small tan —. The intermediate tan — region
(orange) is covered by the bottom associated heavy Higgs production with decays to a top pair. The
large tan — region (blue) is covered by the bottom associated heavy Higgs production with decays
to · lepton pairs. The latter two analyses are discussed in [15], and we revisit some aspects of the
analysis in Appendix B.

associated heavy Higgs production can exclude the lower tan — range up to 15 and 18 TeV
for 3 and 30 ab≠1, respectively. The discovery reach extends to 10 and 15 TeV for the same
luminosities. Of course, large uncertainties regarding detector properties, backgrounds, and
BDT performance at 100 TeV make these limits approximate. The complementary bottom
associated heavy Higgs production mode can be used to exclude the intermediate tan —

region up to 4 and 8 GeV for 3 and 30 ab≠1, respectively. Finally the associated heavy Higgs
production with two bottom quarks and decays to a · lepton pair covers the large tan —

range. Together, these channels cover the whole tan — range up to ≥ 10 TeV.
Combining the dominance of the three-top channel over the four-top channel in Figure 11

with the larger cross-section of the three-top channel compared to the four-top channel
observed in Figure 6, the H(A)W ±

b channel provides the main contribution to the limits
presented in Figure 12.

6 Summary and Outlook

Heavy Higgs bosons decaying predominantly into tt̄ final states pose an exceptional challenge
to searches at hadron colliders, particularly when bb̄ associated production is negligible. This
makes it di�cult to probe a variety of motivated theories with heavy Higgs bosons decaying
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Figure 12: Model dependent exclusion (a) and discovery (b) limits for the 14 TeV LHC (hatched in
black and purple) and a 100 TeV hadron collider (colored) derived with the BDT analysis presented
in Section 4.3. The smaller bound can be reached with 0.3 and 3 ab≠1 while the large bound can
be reached with 3 and 30 ab≠1 at the LHC and a future pp-collider, respectively. The low tan —

region (red) is covered by the top associated heavy Higgs production with decays to top pairs.
While the contribution from the H/Abb̄ vertex dominates the decays for large tan — we neglected
its sub-leading contribution in the analysis covering small tan —. The intermediate tan — region
(orange) is covered by the bottom associated heavy Higgs production with decays to a top pair. The
large tan — region (blue) is covered by the bottom associated heavy Higgs production with decays
to · lepton pairs. The latter two analyses are discussed in [15], and we revisit some aspects of the
analysis in Appendix B.
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observed in Figure 6, the H(A)W ±
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Figure 4. Discovery (dashed) and exclusion (solid) reach for BP-A (left) and BP-B (right) at
the LHC (green), HL-LHC (cyan) and a 100 TeV collider (blue) in the tan� vs. mA plane for
mA � mH = 200 GeV. We show the reach for the bb`` channel (top), ⌧⌧`` channel (center) and
thth`` channel (bottom). [FK: Redo ⌧⌧`` analyses with �⇤ BG and 10% syst!] [FK: Redo bb`` with
10% syst?] [FK: Add tt`` channel.] [FK: In some plots (for example lower left corner of upper left
plot), you can see some features from the finite size of sampling e↵ects. If we have time at some
point, can we add more sampling points?]

region is around 0.5 TeV, 1.4 TeV and 3.2 TeV for the LHC, HL-LHC and a 100 TeV

collider respectively.

4 The Charged Higgs Channel: A ! H
±
W

⌥

4.1 Signal Processes

If the mass splitting between the pseudo-scalar and charged Higgs is large, mA > mH± +

mW , the additional decay channel A ! H±W⌥ opens up. This happens in scenarios such
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Z-pole precision
-

Observables FCC-ee CEPC ILC

�mh [GeV] 1.0 ⇥ 10�2 5.9 ⇥ 10�3 1.5 ⇥ 10�2

�↵had 3.8 ⇥ 10�5 * 4.7 ⇥ 10�5 3.8 ⇥ 10�5 *

�mZ [GeV] 1.0 ⇥ 10�4 5.0 ⇥ 10�4 2.1 ⇥ 10�3

�mt [GeV] 2.0 ⇥ 10�2 6.0 ⇥ 10�1 1.7 ⇥ 10�2

�mW [GeV] 7.0 ⇥ 10�4 1.0 ⇥ 10�3 2.5 ⇥ 10�3

��W [GeV] 1.5 ⇥ 10�3 2.8 ⇥ 10�3 5.0 ⇥ 10�3

��Z [GeV] 1.0 ⇥ 10�4 5.0 ⇥ 10�4 7.0 ⇥ 10�4

�A
FB
b

3.0 ⇥ 10�4 1.0 ⇥ 10�4 1.6 ⇥ 10�3 *

�A
FB
c 5.9 ⇥ 10�4 2.2 ⇥ 10�4 3.5 ⇥ 10�3 *

�A
FB
`

9.0 ⇥ 10�6 5.0 ⇥ 10�5 1.0 ⇥ 10�3 *

�Rb 6.0 ⇥ 10�5 4.3 ⇥ 10�5 1.5 ⇥ 10�4

�Rc 1.7 ⇥ 10�4 1.7 ⇥ 10�4 5.2 ⇥ 10�4

�R` 1.0 ⇥ 10�3 2.1 ⇥ 10�3 4.0 ⇥ 10�3

��had [nb] 4.0 ⇥ 10�3 5.0 ⇥ 10�3 3.7 ⇥ 10�2 *

Table 1. The observables and corresponding precision used in S/T/U fitting for each future collider.
Most of the values [40] come from the corresponding CDRs of FCC-ee [41, 42], CEPC [27], and
ILC [33], except for the values with *, which comes from earlier studies [35, 43, 44]. For ILC we choose
its Giga-Z scenario.

Current CEPC FCC-ee ILC

�
correlation � correlation � correlation � correlation

S T U (10�2) S T U (10�2) S T U (10�2) S T U

S 0.04 ± 0.11 1 0.92 �0.68 1.82 1 0.9963 �0.9745 0.370 1 0.9898 �0.8394 2.57 1 0.9947 �0.9431

T 0.09 ± 0.14 � 1 �0.87 2.56 � 1 �0.9844 0.514 � 1 �0.8636 3.59 � 1 �0.9569

U �0.02 ± 0.11 � � 1 1.83 � � 1 0.416 � � 1 2.64 � � 1

Table 2. Estimated S, T , and U ranges and correlation matrices ⇢ij from Z-pole precision measure-
ments of the current results [37], mostly from LEP-I [34], and at future lepton colliders at Table 1.
Gfitter package [36] is used in obtaining those constraints.

predicted precisions for future machines, Gfitter package [36] is used with the precisions

of electroweak measurements in Table 1. In our analyses as detailed in a later section, the

S, T and U contours at 95% Confidence Level (C.L.) are adopted to constrain the 2HDM

parameter spaces, using the �
2 profile-likelihood fit with error-correlation matrix. Compared

to the previous study in Ref. [35], the updated S, T and U in Table 2 lead to stronger con-

straints because of the strong correlations with large o↵-diagonal elements in the correlation

matrices.

A Higgs factory with e
+
e
� collisions at a center-of-mass energy of 240�250 GeV exploits

the Higgsstrahlung process

e
+
e
�

! hZ. (2.1)

Owing to the clean experimental condition and well-constrained kinematics at the lepton

colliders, both the inclusive cross section �(hZ) independent of the Higgs decays, and the
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Type-II 2HDM: non-degenerate
-

Figure 2. Here is in the plane m� vs tan� under the alignment limit condition cos(� � ↵) = 0,

to see the e↵ects of mass splitting of Type-II. It is for �v
2 = m

2
� � m

2
12

s�c�
= (100/300 GeV)2. m� ⌘

mH = mA = mH± , m� ⌘ mH and m� + 50 GeV = mA = mH± , m� ⌘ mH , m� + 100 GeV = mA,
m� + 50 GeV = mH± . For the lower panels, all are same but for �v2 = (300 GeV)2. With this brief
comparison, we can see that once the masses split, the constraints can be stronger.

with C� = 2(1) for � = H
±(H,A).

�
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hV V,1�loop
= � 1

2⇥ 16⇡2

d
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o
. (3.5)

All the B and C function are Passrina-Veltaman Functions.

4 Fitting results in the plane m� and tan �

5 Fitting results in the plane �m� and tan �

6 Fitting results in the plane �ma and �mc

Here we set �ma = mA �mH , �mc = mH± �mH

– 6 –

Complementary to Zpole 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.
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Different Higgs Factories
-

Figure 12. Two-parameter fitting results at 95% C.L. in the cos(� � ↵)-tan� plane with CEPC
(red), FCC-ee (blue) and ILC (green) precisions. The black dashed line indicates the CEPC tree-level
only results as a comparison. For the left panel, m� = 800GeV,

p
�v2 = 300 GeV, and the right panel

m� = 2000GeV,

p
�v2 = 300 GeV.

for the Z-pole precision, FCC-ee has the best performance because of the higher proposed

luminosity at Z-pole. For the combined fit, FCC-ee shows the best constraint, dominanted

by the Z-pole e↵ects.

5 Summary and Conclusions

In this paper, we examined the impacts of the precision measurements of the SM parameters

at the proposed Z-factories and Higgs factories on the extended Higgs sector. We first sum-

marized the anticipated accuracies on determining the EW observables at the Z-pole and the

Higgs factories in Section 2. Those expectations serve as the general guidances and inputs

for the following studies for BSM Higgs sector. We illustrated this by studying in great de-

tail the well-motivated theory, the Type-II 2HDM. Previous works focused on either just the

tree-level deviations, or loop corrections under the alignment limit, and with the assumption

of degenerate masses of the heavy Higgs bosons. In our analyses, we extended the existing

results by including the tree-level and one-loop level e↵ects of non-degenerate Higgs masses.

The general formulation, theoretical considerations and the existing constraints to the model

parameters were presented in Section 3, see Fig. 1�Fig. 3.

The main results of the paper were presented in Section 4, where we performed a global

fit to the expected precision measurements in the full model-parameter space. We first set up

the global �2-fitting framework. We then illustrated the simple case with degenerate heavy

– 25 –

Figure 13. Two-parameter fitting results at 95% C.L. in the �mA-�mC plane with CEPC (red),
FCC-ee (blue) and ILC (green) precisions, similar to Fig. 11. The left and right panels are for Higgs/Z-
pole results individually and combined, respectively. Here mH = 800GeV,

p
�v2 = 300GeV, cos(� �

↵) = 0.

Higgs masses as in Fig. 4 with the expected CEPC precision. We found that in the parameter

space of cos(� � ↵) and tan�, the largest 95% C.L. range of | cos(� � ↵)| . 0.008 could be

achieved for tan� around 1, with smaller and larger values of tan� tightly constrained by

g,c and b,⌧ , respectively. Comparing to the tree-level only results [28], cos(� � ↵) shifts to

negative values for tan� > 1. Smaller heavy Higgs masses and larger �v2 lead to larger loop

corrections, as shown in Fig. 5.

The limits on the heavy Higgs masses also depend on tan�, �v
2 and cos(� � ↵), as

shown in Fig. 6 and alternatively in Fig. 7 varying m
2

12
. While the most relaxed limits can be

obtained under the alignment limit with small �v2, deviation away from the alignment limit

leads to much tighter constraints, especially for allowed range of tan�. The reach seen in

the m�-tan� plane is complementary to direct non-SM Higgs search limits at the LHC and

future pp colliders, especially in the intermediate tan� region when the direct search limits

are relaxed.

It is important to explore the extent to which the parametric deviations from the de-

generate mass case can be probed by the precision measurements. Fig. 8 showed the allowed

deviation for�m� with the expected CEPC precision and Fig. 9 demonstrated the constraints

from the individual decay channels of the SM Higgs boson. As shown in Fig. 10, the Higgs

precision measurements alone constrain �mA,C to be less than about a few hundred GeV,

with tighter constraints achieved for small mH , large �v
2 and small/large values of tan�.

Z-pole measurements, on the other hand, constrain the deviation from mH± ⇠ mA,H . We
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Figure 12. Two-parameter fitting results at 95% C.L. in the cos(� � ↵)-tan� plane with CEPC
(red), FCC-ee (blue) and ILC (green) precisions. The black dashed line indicates the CEPC tree-level
only results as a comparison. For the left panel, m� = 800GeV,

p
�v2 = 300 GeV, and the right panel

m� = 2000GeV,

p
�v2 = 300 GeV.

for the Z-pole precision, FCC-ee has the best performance because of the higher proposed

luminosity at Z-pole. For the combined fit, FCC-ee shows the best constraint, dominanted

by the Z-pole e↵ects.

5 Summary and Conclusions

In this paper, we examined the impacts of the precision measurements of the SM parameters

at the proposed Z-factories and Higgs factories on the extended Higgs sector. We first sum-

marized the anticipated accuracies on determining the EW observables at the Z-pole and the

Higgs factories in Section 2. Those expectations serve as the general guidances and inputs

for the following studies for BSM Higgs sector. We illustrated this by studying in great de-

tail the well-motivated theory, the Type-II 2HDM. Previous works focused on either just the

tree-level deviations, or loop corrections under the alignment limit, and with the assumption

of degenerate masses of the heavy Higgs bosons. In our analyses, we extended the existing

results by including the tree-level and one-loop level e↵ects of non-degenerate Higgs masses.

The general formulation, theoretical considerations and the existing constraints to the model

parameters were presented in Section 3, see Fig. 1�Fig. 3.

The main results of the paper were presented in Section 4, where we performed a global

fit to the expected precision measurements in the full model-parameter space. We first set up

the global �2-fitting framework. We then illustrated the simple case with degenerate heavy
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Figure 13. Two-parameter fitting results at 95% C.L. in the �mA-�mC plane with CEPC (red),
FCC-ee (blue) and ILC (green) precisions, similar to Fig. 11. The left and right panels are for Higgs/Z-
pole results individually and combined, respectively. Here mH = 800GeV,

p
�v2 = 300GeV, cos(� �

↵) = 0.

Higgs masses as in Fig. 4 with the expected CEPC precision. We found that in the parameter

space of cos(� � ↵) and tan�, the largest 95% C.L. range of | cos(� � ↵)| . 0.008 could be

achieved for tan� around 1, with smaller and larger values of tan� tightly constrained by

g,c and b,⌧ , respectively. Comparing to the tree-level only results [28], cos(� � ↵) shifts to

negative values for tan� > 1. Smaller heavy Higgs masses and larger �v2 lead to larger loop

corrections, as shown in Fig. 5.

The limits on the heavy Higgs masses also depend on tan�, �v
2 and cos(� � ↵), as

shown in Fig. 6 and alternatively in Fig. 7 varying m
2

12
. While the most relaxed limits can be

obtained under the alignment limit with small �v2, deviation away from the alignment limit

leads to much tighter constraints, especially for allowed range of tan�. The reach seen in

the m�-tan� plane is complementary to direct non-SM Higgs search limits at the LHC and

future pp colliders, especially in the intermediate tan� region when the direct search limits

are relaxed.

It is important to explore the extent to which the parametric deviations from the de-

generate mass case can be probed by the precision measurements. Fig. 8 showed the allowed

deviation for�m� with the expected CEPC precision and Fig. 9 demonstrated the constraints

from the individual decay channels of the SM Higgs boson. As shown in Fig. 10, the Higgs

precision measurements alone constrain �mA,C to be less than about a few hundred GeV,

with tighter constraints achieved for small mH , large �v
2 and small/large values of tan�.

Z-pole measurements, on the other hand, constrain the deviation from mH± ⇠ mA,H . We
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deviation for�m� with the expected CEPC precision and Fig. 9 demonstrated the constraints
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Distinguish different types of 2HDMs 
-

Figure 2. 95% C.L. allowed regions in the �i-�j plane (i, j = t(c), b, ⌧, Z) from the 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. The regions outside the solid, dashed and dash-dotted lines in
the corresponding colors indicate the 5� discovery reaches of CEPC, HL-LHC and LHC (300 fb�1).

machines is indicated by crossing arrows with the consistent line styles. Also shown are the

values of cos(� � ↵) and tan� by solid and dashed white contour lines. For the two upper

panels, the overlapping two types in the second and fourth quadrants share the same white

contour lines, whereas for the middle left panel, Type-L and Type-F have the opposite sign

in cos(� � ↵): the labeled values are for Type-L. The white contours in the last three panels
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Figure 2. 95% C.L. allowed regions in the �i-�j plane (i, j = t(c), b, ⌧, Z) from the 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. The regions outside the solid, dashed and dash-dotted lines in
the corresponding colors indicate the 5� discovery reaches of CEPC, HL-LHC and LHC (300 fb�1).

machines is indicated by crossing arrows with the consistent line styles. Also shown are the

values of cos(� � ↵) and tan� by solid and dashed white contour lines. For the two upper

panels, the overlapping two types in the second and fourth quadrants share the same white

contour lines, whereas for the middle left panel, Type-L and Type-F have the opposite sign

in cos(� � ↵): the labeled values are for Type-L. The white contours in the last three panels
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Distinguish different types of 2HDMs 
-

Figure 4. 5� discovery regions outside the contour lines in the cos(� � ↵)-tan� plane for CEPC at
tree level (dashed) and one-loop (solid). Red, green, blue and orange colors indicate the results of
Type-I, II, L and F, respectively. We choose mH = mA = mH± = m� = 800 GeV and

p
�v2 = 300

GeV for one-loop curves. Four representative points in Type-I and II are marked with red and green
dots, respectively.

at tree (dashed) and one-loop (solid) level. Red, green, blue and orange colors correspond

to Type-I, II, L and F, respectively. The regions outside the contour lines are accessible

with 5� sensitivity. A degenerate scalar mass of mH = mA = mH± = m� = 800 GeV and
p

�v2 = 300 GeV is used for obtaining the one-loop results. For the Type-I 2HDM, regions

with cos(� � ↵) . �0.1 or cos(� � ↵) & 0.08 are discoverable at more than 5� level. For the

other three types of 2HDMs, the 5� region is even bigger: | cos(� � ↵)| & 0.02 for tan� ⇠ 1.

At small and large values of tan�, the region in cos(� � ↵) is further tightened.

5 Distinguishing the Four Types of 2HDMs

It is encouraging to see the discovery potential at the 5� level from the precision SM mea-

surements and to realize the characteristic features of di↵erent types of 2HDMs as shown in

the last section. We now make a few case studies to quantify the feasibility to distinguish

the four di↵erent types of 2HDMs. Our procedure is that we start with a benchmark point

in the cos(��↵)-tan� plane that permits a 5� discovery at one-loop level with the precision

of CEPC for a particular type of 2HDM, called the target model. We study how the target

model can be distinguished from other types with a quantitative �
2 analysis. In particular,

we take the corresponding µi for that benchmark point as µ1
i
in Eq. (3.2), and perform a �

2

analysis with µ
0
i
being the signal strength of the other 2HDMs. A 2� significance of inconsis-

tency is set as the criterion for the model discrimination, which corresponds to roughly 95%

C.L.
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(cos(� � ↵), tan�) Small tan� Large tan�

Type-I IA: (�0.019,1.0) IB: (�0.077,10)

Type-II IIA: (0.012,0.3) IIB: (0.005,3.0)

Table 4. Benchmark points of cos(� � ↵) and tan� in Type-I and Type-II 2HDMs with a low and
high value of tan�.

We choose four benchmark points for two target models of Type-I (red dots) and Type-II

(green dots) in Fig. 4 at a small and large value of tan� to perform the comparative study.

The values of cos(��↵) and tan� for the benchmark points labelled as IA, IB and IIA, IIB,

are summarized in Table 4.

In Fig. 5, we show the 95% C.L. discrimination regions of di↵erent types of 2HDMs from

the benchmark points of the target models in the cos(� � ↵)-tan� plane. The top (bottom)

two panels are for the benchmark points in Type-I (Type-II), and the left and right panels

are for small and large tan� benchmark points, respectively. In each panel, the benchmark

point is marked with small dots of the respective color, unless it lies outside the plot range

as in the upper-right panel. The solid contour lines indicate the 95% C.L. distinguishable

regions outside the contours at one-loop, with the best fitting points indicated by the stars of

the corresponding colors. Also shown is corresponding significance for the best fitting point.

Regions within the contours are the parameter space of the corresponding 2HDM type that

cannot be distinguished from the target model of the benchmark point at 95% C.L. Note that

lines of identical color to the benchmark point enclose the region that is consistent with the

benchmark point of the target model at 95% C.L. In this process, we do one test for each

point comparing with the benchmark point, thus the number of d.o.f equals the number of

SSMs, which is ten in CEPC.

For the small tan� Benchmark IA of Type-I shown in the upper-left panel, the best fitting

point of Type-II 2HDM is consistent at 0.9� while the region enclosed by the green contour of

Type-II cannot be distinguished from Benchmark IA at 95% C.L. Similar conclusion holds for

Type-L (blue) and Type-F (orange). To see the impact of loop corrections, we also present

the �
2-fit results at tree level, which are shown via dashed contour lines, with numbers

underlined with dashed lines being the best fitting point significance at tree level. Including

loop corrections shifts the 95% C.L. region for all the three types considerably.

For the large tan� Benchmark IB in Type-I shown in the upper-right panel, other than a

small slice of the region for the Type-II 2HDM, all the other three types can be distinguishable

from Benchmark IB at 95% C.L. The loop corrections are more significant here, as the dashed

regions at tree level disappear once loop e↵ects are included. Note that the red curve indicates

the region of the Type-I 2HDM that is consistent with the Benchmark IB, which contains

two regions between two red solid curves in the upper left and upper right corners, as well as

the region enclosed by the red solid curve around tan� ⇠ 2.

For the small tan� Benchmark IIA in Type-II shown in the lower-left panel, while it can

be easily separable from Type-I, the best fitting point in Type-L is very close to Benchmark

– 13 –

Figure 5. 95% C.L. discrimination regions with solid (dashed) contours from one-loop (tree level)
results with respect to the benchmark points (dots) of Type-I (upper panels) and Type-II (lower
panels). Red, green, blue and orange colors refer to the points in Type-I, II, L and F, respectively.
Stars of consistent colors mark the best fitting point, of which the significance of inconsistency are
labelled beside.

IIA with �
2 = 0. As a direct consequence of loop corrections, this is caused by the strong

overlap between Type-II and L in  space displayed in the first panel of Fig. 3. No tree-level

dashed region appears for this benchmark point, again showing the e↵ect of loop corrections.

For the large tan� Benchmark IIB point in Type-II shown in the lower-right panel, while

large part of Type-I parameter space (red) can be consistent, the entire parameter space for

Type-F can be distinguishable from this benchmark point. The di↵erence between the solid

and dashed regions shows that the impact of the loop corrections is indeed large.

In our analyses with the loop corrections, we have kept mH = mA = mH± = 800 GeV

and
p

�v2 = 300 GeV to be the same for all the four types of 2HDMs. Given that the loop

corrections to the Higgs couplings depend on �v
2 and mH/A/H± , allowing these parameters

to vary in addition to cos(� � ↵) and tan� will inevitably increase the 95% C.L. contour

region, making it potentially more ambiguous in di↵erentiating di↵erent types of 2HDMs.
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Higgs factory reach impressive precision


Kappa-scheme/EFT scheme/model specific fit


indirect constraints on new physics models


 complementary to Zpole precision program


 complementary to direct search @ 100 TeV pp


 distinguish different types of 2HDMs

2HDM tree + loop

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.
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Figure 4. 5� discovery regions outside the contour lines in the cos(� � ↵)-tan� plane for CEPC at
tree level (dashed) and one-loop (solid). Red, green, blue and orange colors indicate the results of
Type-I, II, L and F, respectively. We choose mH = mA = mH± = m� = 800 GeV and

p
�v2 = 300

GeV for one-loop curves. Four representative points in Type-I and II are marked with red and green
dots, respectively.

at tree (dashed) and one-loop (solid) level. Red, green, blue and orange colors correspond

to Type-I, II, L and F, respectively. The regions outside the contour lines are accessible

with 5� sensitivity. A degenerate scalar mass of mH = mA = mH± = m� = 800 GeV and
p

�v2 = 300 GeV is used for obtaining the one-loop results. For the Type-I 2HDM, regions

with cos(� � ↵) . �0.1 or cos(� � ↵) & 0.08 are discoverable at more than 5� level. For the

other three types of 2HDMs, the 5� region is even bigger: | cos(� � ↵)| & 0.02 for tan� ⇠ 1.

At small and large values of tan�, the region in cos(� � ↵) is further tightened.

5 Distinguishing the Four Types of 2HDMs

It is encouraging to see the discovery potential at the 5� level from the precision SM mea-

surements and to realize the characteristic features of di↵erent types of 2HDMs as shown in

the last section. We now make a few case studies to quantify the feasibility to distinguish

the four di↵erent types of 2HDMs. Our procedure is that we start with a benchmark point

in the cos(��↵)-tan� plane that permits a 5� discovery at one-loop level with the precision

of CEPC for a particular type of 2HDM, called the target model. We study how the target

model can be distinguished from other types with a quantitative �
2 analysis. In particular,

we take the corresponding µi for that benchmark point as µ1
i
in Eq. (3.2), and perform a �

2

analysis with µ
0
i
being the signal strength of the other 2HDMs. A 2� significance of inconsis-

tency is set as the criterion for the model discrimination, which corresponds to roughly 95%

C.L.
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non-degenerate

Figure 2. 95% C.L. allowed regions in the �i-�j plane (i, j = t(c), b, ⌧, Z) from the 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. The regions outside the solid, dashed and dash-dotted lines in
the corresponding colors indicate the 5� discovery reaches of CEPC, HL-LHC and LHC (300 fb�1).

machines is indicated by crossing arrows with the consistent line styles. Also shown are the

values of cos(� � ↵) and tan� by solid and dashed white contour lines. For the two upper

panels, the overlapping two types in the second and fourth quadrants share the same white

contour lines, whereas for the middle left panel, Type-L and Type-F have the opposite sign

in cos(� � ↵): the labeled values are for Type-L. The white contours in the last three panels
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2HDM: Loop in the Alignment Limit
-

๏ theoretical constraints

adopt the simplification of mH± = mH = mA ⌘ m� so that ⇢-parameter constraint is

automatically satisfied. The results we obtain below show characteristic features of the Higgs

factory sensitivities to heavy Higgs mass, even though the numerical values might di↵er if

masses for heavy Higgses deviate from the simplified relation.

Figure 5. The shaded region indicates the surviving region of 2HDM parameter space of tan�
vs. �v2, after vacuum stability (blue lines), unitarity and perturbativity (red lines) are taken into
account. The corresponding values of � are shown in the upper axis. Here we took the simplification
of mH± = mH = mA ⌘ m� and alignment limit of cos(� � ↵) = 0.

�v2(GeV2) �1002 0 1002 3002 5002

tan�min 0.80 0 0.14 0.43 0.73

tan�max 1.25 +1 7.01 2.33 1.37

Table 4. A few benchmark values for �v2, and the corresponding range of tan� given the theoretical
considerations.

Under the assumption of alignment limit and equal mass for all the heavy Higgses, all

the Higgs quartic couplings are related to a particular linear combination of m2

�
and m2

12
:

�v2 ⌘ m2

�
�m2

12
/(sin� cos�) and we have �v2 = �3v2 �m2

h
= ��4v2 = ��5v2. The above

theoretical considerations can be translated to

m2

h
+ �v2 tan2 � > 0, m2

h
+

�v2

tan2 �
> 0, (5.9)

for �v2 < 0, and

tan2 � +
1

tan2 �
<

64⇡2v4 + 5m4

h
� 48⇡v2m2

h
+ 8�2v4 � 4m2

h
�v2

3�v2(8⇡v2 � 3m2

h
)

, (5.10)
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Figure 2. Constraints in the �v
2-tan� plane with all theoretical considerations taken into account.

The left panel is for m� = 800 GeV and the right panel is for m� = 2000 GeV. The upper panels show
cos(� � ↵) e↵ects with cos(� � ↵) =0.005 (red curves), 0 (alignment limit, blue curves), and �0.005
(green curves) under degenerate heavy Higgs masses mH± = mH = mA ⌘ m� assumption. The lower
panels show the mass splitting e↵ects with varying �mA = �mC = mA/H± �mH .

The search sensitivities at the high-luminosity LHC (HL-LHC) for the heavy Higgs bosons

have been estimated in Ref. [75], with the rescaling of the LHC 7� 8 TeV search limits under
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cos(� � ↵) e↵ects with cos(� � ↵) =0.005 (red curves), 0 (alignment limit, blue curves), and �0.005
(green curves) under degenerate heavy Higgs masses mH± = mH = mA ⌘ m� assumption. The lower
panels show the mass splitting e↵ects with varying �mA = �mC = mA/H± �mH .

The search sensitivities at the high-luminosity LHC (HL-LHC) for the heavy Higgs bosons

have been estimated in Ref. [75], with the rescaling of the LHC 7� 8 TeV search limits under
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Type-I 2HDM: Tree + Loop
-

Figure 6. Allowed region from three-parameter fitting results at 95% C.L. in the m� � tan� plane
with varying cos(� � ↵) under CEPC precision for

p
�v2 = 0 GeV (left panel) and 300 GeV (right

panel) for degenerate mass case. Green, blue and red curves (stars) represent the constraints (best fit
point) for cos(� � ↵) = �0.01, 0, 0.01 respectively. The theoretical allowed region are also shown in
shaded region with the same color.

For cos(��↵) = 0.01, tan� is constrained to be in the range of 0.5 and 20 at 95% C.L., while

for cos(� � ↵) = �0.01, larger values of tan� is allowed.

It is also interesting to see how future precision measurements constrain the soft Z2

breaking parameter m
2
12. Figure 7 shows the fitting results similar to Fig. 6 but for fixing

value of m12 instead of fixing �v
2. For m12 = 0, m� =

p

�v2 is constrained to be less than

around 250 GeV. For larger values of m12, the rather narrow region in the plane as seen in

the right panel indicates a strong correlation between m� and tan�, approximately scaled as

tan� ⇠ (m�/m12)2, which minimizes the corresponding �v
2 value and thus its loop e↵ects.

Figure 7. Allowed region from three-parameter fitting results at 95% C.L. in the m� � tan� plane
with varying cos(� � ↵) under CEPC precision for m12 = 0 GeV (left panel) and 300 GeV (right
panel). The color codes are the same as Fig. 6.
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Type-I 2HDM: non-degenerate
-

Figure 2. Here is in the plane m� vs tan� under the alignment limit condition cos(� � ↵) = 0,

to see the e↵ects of mass splitting of Type-II. It is for �v
2 = m

2
� � m

2
12

s�c�
= (100/300 GeV)2. m� ⌘

mH = mA = mH± , m� ⌘ mH and m� + 50 GeV = mA = mH± , m� ⌘ mH , m� + 100 GeV = mA,
m� + 50 GeV = mH± . For the lower panels, all are same but for �v2 = (300 GeV)2. With this brief
comparison, we can see that once the masses split, the constraints can be stronger.

with C� = 2(1) for � = H
±(H,A).

�
2HDM

hV V,1�loop
= � 1

2⇥ 16⇡2

d

dp2

n
(�

hH+H�)2B0(p
2;m

H± ,mH±) + 2(�
hAA

)2B0(p
2;mA,mA)

+2(�
hHH

)2B0(p
2;mH ,mH)

o
� 1

16⇡2

1

2v

n
2 cos2 2✓W�

hH+H�B0(q;mH± ,mH±)

+2�
hAA

B0(q;mA,mA) + 2�
hHH

B0(q;mH ,mH)

�8 cos2 2✓W�
hH+H�C24(p

2

1, p
2

2, q
2;m

H± ,mH± ,mH±)

�8�
hAA

C24(p
2

1, p
2

2, q
2;mA,mH ,mA)� 8�

hHH
C24(p

2

1, p
2

2, q
2;mH ,mA,mH)

o
. (3.5)

All the B and C function are Passrina-Veltaman Functions.

4 Fitting results in the plane m� and tan �

5 Fitting results in the plane �m� and tan �

6 Fitting results in the plane �ma and �mc

Here we set �ma = mA �mH , �mc = mH± �mH
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Complementary to Zpole precision

larger tan� and smaller �v
2. In particular, for tan� = 7, the allowed ranges of �mA and

�mC shrink to a narrow range around �100 GeV.

Figure 11. Allowed region from three-parameter fitting results at 95% C.L. in the �mA��mC plane
and also varying cos(��↵), for Higgs (solid curve) and Z-pole (dashed curve) constraints (left panel),
and combined constraints (right panels), with upper row for mH = 600 GeV,

p
�v2 = 0, middle row

for mH = 600 GeV,
p
�v2 = 300 GeV, and bottom row for mH = 2000 GeV,

p
�v2 = 0. tan� = 1 is

assumed for all plots. Shaded region is used to indicate the theoretical constraints at cos(� � ↵) = 0.
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In Fig. 11, we take Z-pole precision into account as well. The left panels show Higgs

precision (solid curves) and Z-pole precision (dashed curves) for di↵erent cos(� � ↵) values:

�0.01 (green curve), 0 (blue curve) and 0.01 (red curve). The right panels show the combined

fitting results. Shaded region is used to indicate the theoretical constraints at cos(��↵) = 0.

While the Z-pole precision measurements are more constraining in the mass di↵erence of

�mA and �mC in general, they can always be satisfied for �mC = 0 (m±
H

= mH) or

�mA = �mC (m±
H

= mA). The Higgs precision measurements, on the other hand, could

provide an upper limit on |�mA,C |. When combined together, a more restrictive range of

�mA,C can be achieved.

6.4 Comparison between di↵erent lepton colliders

To compare the sensitivities of di↵erent Higgs factory machine options, in Fig. 12, we show

the reach in cos(� � ↵) � tan� plane for CEPC (red curve), FCC-ee (blue curve) and ILC

(green curve) for m� = 800 GeV (left panel) and 2000 GeV (right panel). Tree level results

with CEPC precision are indicated in black dashed line to guide the eye. The reach of CEPC

and FCC-ee is similar, while ILC has slightly better reach given the various center of mass

energy options.

Figure 12. Allowed region from two-parameter fitting results at 95% C.L. in the cos(� � ↵) � tan�

plane with CEPC (red), FCC-ee (blue) and ILC (green) precision. The black dashed line indicates
the CEPC tree-level only results as a comparison.

p
�v2 is set to be 300 GeV, with m� = 800 GeV

(left panel), and 2000 GeV (right panel). The grey shadow indicates the survival region of theoretical
constraint.

In Fig. 13, we show the 95% C.L. constraints on the �mA ��mC plane with both Higgs

and Z-pole precision measurements under alignment limit. Left panel is for the individual

constraints while the right panel show the combined fit. While ILC has better Higgs precision

reach, FCC-ee is slightly better for Z-pole reach. Combined together, reaches of three machine

options are similar, and the typical allowed mass splitting is about 200 GeV.
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Figure 13. Allowed region from two-parameter fitting results at 95% C.L. in the �mA � �mC

plane with CEPC (red), FCC-ee (blue) and ILC (green) precisions. The left and right panels are for
Higgs/Z-pole results individually and combined, respectively. Here mH = 800 GeV,

p
�v2 = 300 GeV,

cos(� � ↵) = 0, tan� = 1. In the left panel, Higgs precision measurement result is given by solid line
while Z-pole precison measurement result is given by dashed line. The grey shadow in the right panel
indicates the survival region of theoretical constraint.

7 Summary and Conclusions

With the discovery of the SM-like Higgs boson at the LHC, searching for additional Higgs

bosons beyond the SM is strongly motivated from both theoretical and experimental consid-

erations. In the absence of signals from the direct searches in the LHC experiments, it would

be prudent to seek for complementary means, in particular, from the precision measurements

of the SM observables which are sensitive to BSM new physics. In this paper, extending

the previous work on the Type-II 2HDM [35], we performed a comprehensive study for the

Type-I 2HDM from the impacts of the precision measurements of the SM observables at the

proposed Z-factories and Higgs factories on the extended Higgs sector.

First, we listed the latest expected accuracies on determining the EW observables at the

Z-pole and the Higgs factories (Table 3 in Section 2), as a general guidance and inputs for

the following studies. We gave a brief summary for Type-I 2HDM in Section 3 to specify the

model and set the scope for the rest of the paper by introducing the degenerate and non-

degenerate cases. We then presented the existing constraints on the model parameters from

theoretical considerations (Fig. 1 in Section 4) and the LHC bounds from the current searches

and the future expectations (Fig. 2 and Fig. 3 in Section 5). Previous works focused on either

just the tree-level deviations, or loop corrections under the alignment limit, and with the

assumption of degenerate masses of the heavy Higgs bosons. A recent study [35] extended

the previous work to have included the general one-loop e↵ects in the Type-II 2HDM. In our

analyses, we extended the existing results by including the tree-level and one-loop level e↵ects

of non-degenerate Higgs masses in the Type-I 2HDM.

The main results of the paper were presented in Section 6, where we performed a �
2 fit to
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Figure 13. Allowed region from two-parameter fitting results at 95% C.L. in the �mA � �mC

plane with CEPC (red), FCC-ee (blue) and ILC (green) precisions. The left and right panels are for
Higgs/Z-pole results individually and combined, respectively. Here mH = 800 GeV,

p
�v2 = 300 GeV,

cos(� � ↵) = 0, tan� = 1. In the left panel, Higgs precision measurement result is given by solid line
while Z-pole precison measurement result is given by dashed line. The grey shadow in the right panel
indicates the survival region of theoretical constraint.
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plane with CEPC (red), FCC-ee (blue) and ILC (green) precisions. The left and right panels are for
Higgs/Z-pole results individually and combined, respectively. Here mH = 800 GeV,

p
�v2 = 300 GeV,

cos(� � ↵) = 0, tan� = 1. In the left panel, Higgs precision measurement result is given by solid line
while Z-pole precison measurement result is given by dashed line. The grey shadow in the right panel
indicates the survival region of theoretical constraint.

7 Summary and Conclusions

With the discovery of the SM-like Higgs boson at the LHC, searching for additional Higgs

bosons beyond the SM is strongly motivated from both theoretical and experimental consid-

erations. In the absence of signals from the direct searches in the LHC experiments, it would

be prudent to seek for complementary means, in particular, from the precision measurements

of the SM observables which are sensitive to BSM new physics. In this paper, extending

the previous work on the Type-II 2HDM [35], we performed a comprehensive study for the

Type-I 2HDM from the impacts of the precision measurements of the SM observables at the

proposed Z-factories and Higgs factories on the extended Higgs sector.

First, we listed the latest expected accuracies on determining the EW observables at the

Z-pole and the Higgs factories (Table 3 in Section 2), as a general guidance and inputs for

the following studies. We gave a brief summary for Type-I 2HDM in Section 3 to specify the

model and set the scope for the rest of the paper by introducing the degenerate and non-

degenerate cases. We then presented the existing constraints on the model parameters from

theoretical considerations (Fig. 1 in Section 4) and the LHC bounds from the current searches

and the future expectations (Fig. 2 and Fig. 3 in Section 5). Previous works focused on either

just the tree-level deviations, or loop corrections under the alignment limit, and with the

assumption of degenerate masses of the heavy Higgs bosons. A recent study [35] extended

the previous work to have included the general one-loop e↵ects in the Type-II 2HDM. In our

analyses, we extended the existing results by including the tree-level and one-loop level e↵ects

of non-degenerate Higgs masses in the Type-I 2HDM.

The main results of the paper were presented in Section 6, where we performed a �
2 fit to

– 23 –


