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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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Figure 5: Cross sections times branching fraction for ggF, VBF, VH and ttH+tH 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, H ! bb̄, VH, H ! WW⇤ and VH, H ! ⌧⌧ processes are fixed to their SM predictions.
Combined results for each production mode are also shown, assuming SM values for the branching ratios 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.
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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 240GeV 240GeV 250GeV 350GeV 500GeVR
Ldt 5 ab�1 5 ab�1 2 ab�1 200 fb�1 4 ab�1

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

��/� 0.51% 0.57% 0.71% 2.1% - 1.06 - -

decay �(� ·BR)/(� ·BR)

h ! bb̄ 0.28% 0.28% 0.42% 1.67% 1.67% 0.64% 0.25% 9.9%

h ! cc̄ 2.2% 1.7% 2.9% 12.7% 16.7% 4.5% 2.2% -

h ! gg 1.6% 1.98% 2.5% 9.4% 11.0% 3.9% 1.5% -

h ! WW
⇤ 1.5% 1.27% 1.1% 8.7% 6.4% 3.3% 0.85% -

h ! ⌧
+
⌧
� 1.2% 0.99% 2.3% 4.5% 24.4% 1.9% 3.2% -

h ! ZZ
⇤ 4.3% 4.4% 6.7% 28.3% 21.8% 8.8% 2.9% -

h ! �� 9.0% 4.2% 12.0% 43.7% 50.1% 12.0% 6.7% -

h ! µ
+
µ
� 17% 18.4% 25.5% 97.6% 179.8% 31.1% 25.5% -

(⌫⌫̄)h ! bb̄ 2.8% 3.1% 3.7% - - - - -

Table 3. Estimated statistical precisions for Higgs measurements obtained at the proposed CEPC
program with 5 ab�1 integrated luminosity [9], FCC-ee program with 5 ab�1 integrated luminosity [6],
and ILC with various center of mass energies [21].
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I. INTRODUCTION
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๏ Type-II Two Higgs Doublet Model  

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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Loop-level
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show effect of Δmh: 3 GeV, 2 GeV, 1 GeV
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MSSM
-

MSSM Higgs sector

ℎ𝛾𝛾 and ℎ𝑔𝑔 couplings 

1412.3107 J. Fan, M. Reece, L. Wang

๏ gauge and Yukawa couplings (αeff)

๏ hgg and hγγ  
(same order as SM)

hZZ: sin(β-αeff);   huu: cos(αeff)/sin(β), hdd, hll: -sin(αeff)/cos(β);  
hbb: + large vertex cor.

the results presented below are for the CEPC precisions. We compare the reaches of the

CEPC, the FCC-ee and the ILC in Sec. 7.

3 The Higgs and stop sector of the MSSM

3.1 The Higgs mass in the MSSM

In our analyses, we identify the light CP-even Higgs h in the MSSM as the observed 125 GeV

SM-like Higgs. Its mass receives large radiative corrections, dominantly from the stop sector,

as well as the sbottom sector at large tan�. There have been extensive studies of the MSSM

loop correction to the Higgs masses up to next to next order [14–16], which includes full one-

loop contributions as well as the leading two-loop contributions O
�
↵t↵s,↵b↵s,↵

2
t ,↵t↵b,↵

2

b

�

to the Higgs two-point functions. There are also works considering the three-loop e↵ects at

order O(↵t,b↵
2
s,↵

2

t,b
↵s,↵

3

t,b
) [36], as well as approximate evaluation at order O(↵2

t↵
2
s) [37].

The CP-even Higgs mass matrix is given by

MHiggs =
sin 2�

2

 
cot� m

2

Z
+ tan� m

2

A
�m

2

Z
�m

2

A

�m
2

Z
�m

2

A
tan� m

2

Z
+ cot� m

2

A

!
+

 
�11 �12

�12 �22

!
, (3.1)

with the first term being the tree-level contributions and �11,�12,�22 in the second term

are the loop-induced Higgs mass corrections [14, 17, 38]. The masses for the CP-even Higgses

are obtained by the diagonalization of the mass matrix:

M
2

H,h, eff
=

m
2

A
+m

2

Z
+�22 +�11

2
±

⇣(m2

A
+m

2

Z
)2 + (�22 ��11)2

4
�m

2

Am
2

Z cos2 2�

+
(�22 ��11) cos 2�

2
(m2

A �m
2

Z)�
�12 sin 2�

2
(m2

A +m
2

Z) +
�2

12

4

⌘
1/2

. (3.2)

The e↵ective mixing angle ↵eff between CP-even scalars is defined by

 
h

H

!
=

 
cos↵eff sin↵eff

� sin↵eff cos↵eff

! 
ReH0

u � vu

ReH0

d
� vd

!
, (3.3)

which takes the form of

tan↵eff =
�(m2

A
+m

2

Z
) sin� cos� +�12

m
2

Z
cos2 � +m

2

A
sin2 � +�11 �m

2

h0,eff

. (3.4)

Out of all the supersymmetric particles, the stop sector gives the dominant loop contri-

butions to the Higgs sector. The stop mass matrix depends on the Hu�Hd mixing parameter

µ and soft SUSY breaking parameters m
Q̃
, m

t̃R
, and trilinear coupling At:

M
2

t̃
=

 
m

2

Q̃
+m

2
t +m

2

Z
(1
2
�

2

3
s
2

W
) cos 2� mt(At � µ cot�)

mt(At � µ cot�) m
2

t̃R
+m

2
t +

2

3
m

2

Z
s
2

W
cos 2�

!
. (3.5)
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The stop left-right mixing parameter is defined as Xt ⌘ At � µ cot�, which enters the o↵-

diagonal term, and plays an important role in the radiative corrections to the Higgs mass.

For our analyses below, we assume mass degeneracy of left- and right-handed top squarks

and take the most relevant model parameters as:

tan�,mA,mSUSY ⌘ m
Q̃
= m

t̃R
, Xt. (3.6)

3.2 Higgs couplings with ↵eff method

The e↵ective lagrangian of the Higgs couplings to pair of fermions and gauge bosons can be

written as [39]

L = Z
m

2

Z

v
ZµZ

µ
h+ W

2m2

W

v
W

+

µ W
µ�

h+ g
↵s

12⇡v
G

a

µ⌫G
aµ⌫

h+ �
↵

2⇡v
Aµ⌫A

µ⌫
h

�

⇣
t

X

f=u,c,t

mf

v
ff̄ + b

X

f=d,s,b

mf

v
ff̄ + ⌧

X

f=e,µ,⌧

mf

v
ff̄

⌘
h (3.7)

with i =
g
BSM
hii

g
SM
hii

being the Higgs coupling normalized to the SM value. Given that the Yukawa

coupling structure of the MSSM is the same as that of the Type-II 2HDM, u, d,l and V

follow the tree-level expression of the Type-II 2HDM, with the mixing angle ↵ being replaced

by the e↵ective mixing angle ↵eff [14, 17], including radiative corrections:

ku =
cos↵eff

sin�
, kd,l = �

sin↵eff

cos�
, kV = sin(� � ↵eff ). (3.8)

This is the so-called “↵eff method” [40], which is used in our analyses to count for the MSSM

loop corrections to the SM-like Higgs couplings to the SM particles. This e↵ective method is

in good agreement to the full loop results [17, 41], under the heavy gluino mass assumption

that we adopted in our analyses.

Given the high experimental precision in h ! bb̄ channel: �µb = 0.27% at the CEPC [3,

42], and large Br
h!bb̄

= 57.7%, Higgs factories are particularly sensitive to MSSM contri-

butions to b. In addition to the loop contributions to ↵eff , which enters b via Eq. (3.8),

additional MSSM loop corrections to b are included in our analyses, which is characterized

by �mb.

b = �
sin↵eff

cos�
̃
b

h
, ̃

b

h
=

1

1 +�mb

✓
1��mb

1

tan↵eff tan�

◆
. (3.9)

Assuming large sbottom and gluino masses, the dominant loop contribution to �mb comes

from the stop sector [43]:

�m
stop

b
=

h
2
t

16⇡2
µAt tan�I(mt̃1

,m
t̃2
, µ). (3.10)

The loop-induced Higgs couplings, hgg and h�� receive contributions from the SUSY

sector as well, which are of the same order as the SM contributions. Therefore, hgg and h��

could provide extra sensitivity to the MSSM parameter space [10, 12]. In particular, given

– 5 –
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-

•earlier work: h➝gg, h➝ɣɣ 
  
•FeynHiggs: mh, αeff , Δmb  

•assume no deviation, 95% C.L. region     

 Fan, Reece, Wang, 1402.3107; Fan and Reece, 1401.7671,  
 Drozd, Ellis, Quevillon and You, 1504.02409, 1512.03003

2 The Higgs precision measurements and �2
fit

The analyses of precision measurements of Higgs decay channels have been performed at the

CEPC [3, 25], the FCC-ee [26–29], as well as the ILC [6, 30–32] in recent years. A summary

of the most updated results on �(� ⇥ Br)/(� ⇥ Br), as well as the total production cross

section ��/�, can be found in Table 3 in Ref. [33], which will be used in our current study.

The dominant production channel at 240�250 GeV is the associated Zh production, with the

best measured channel being h ! bb̄, given its large decay branching fraction. A precision

of about 0.3% can be achieved for this channel. The precisions for h ! gg, WW
⇤
, ⌧

+
⌧
� are

about 1%, while h ! cc̄ is about 2�3%. The precisions for h ! ZZ
⇤
, �� are worse, about

5�7% given its suppressed decay branching fractions. The sensitivities for the three Higgs

factories are very similar. Weak boson fusion (WBF) process e
+
e
�

! ⌫⌫̄h becomes more

important at higher center of mass energy, with a precision of about 0.23% can be achieved

for h ! bb̄ channel at the ILC 500 GeV with 4 ab�1 integrated luminosity [6, 31].

To analyze the implication of Higgs precision measurements on the MSSM parameter

space, we perform a multi-variable �
2 fit

�
2

total
= �

2

mh
+ �

2

µ =
(mMSSM

h
�m

obs

h
)2

(�mh)2
+

X

i=f,V..

(µMSSM

i
� µ

obs

i
)2

(�µi)2
, (2.1)

in which µ
MSSM

i
= (� ⇥Bri)MSSM/(� ⇥Bri)SM is the signal strength for various Higgs search

channels. Here �
2
mh

and �
2
µ refer to contributions to the overall �2

total
from the Higgs mass

and signal strength measurements, respectively. For �2
mh

, given the small experimental uncer-

tainties and the relatively large theoretical uncertainties in determining mh in the MSSM, we

set �mh to be 3 GeV, taking into account uncertainties coming from higher order radiative

corrections [20–23], as well as propagating uncertainties from SM input parameters like mt.

Results with smaller �mh = 1 GeV and 2 GeV are also presented in Sec. 6 to show the im-

pact of possible future improvement in mh calculation including higher order corrections [34].

For �
2
µ, �µi is the experimental expected precision in determining the signal strength for a

particular Higgs decay channel.

For future Higgs factories, µobs

i
are set to be unity in our analyses, assuming no deviations

from the SM predictions are observed3. Usually, the correlations among di↵erent search

channels at Higgs factories are not provided and are thus assumed to be zero.

In our analyses, we determine the allowed parameter region at the 95% Confidence Level

(C.L.) by a multi-variable fit to the Higgs decay signal strengths of various channels and

Higgs mass. 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. Note that when we present our results of

three-parameter fit in Sec. 6, we project the three dimensional space onto two-dimensional

plane for several benchmark points in the third dimension of the parameter space. Most of

3
If deviations are observed in the future, we can use the same �

2
fit method to determine the constrained

parameter space, with µ
obs
i being the observed experimental central value [35].
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Figure 2. 95% C.L. allowed region in Xt vs. mSUSY plane with CEPC precisions for mA = 1 TeV
(left panel), 1.5 TeV (middle panel) and 2 TeV (right panel). For each panel, di↵erent colored region
corresponds to di↵erent values of tan�.

parameters (mA, tan�, mSUSY, Xt), we scan in the range:

mA 2 (200, 3000) GeV, tan� 2 (1, 50), (6.1)

Xt 2 (�5000, 5000) GeV,mSUSY 2 (200, 3000) GeV,

with µ = 500 GeV. The fitting results vary little when µ varies. For the 3D fit performed in

our analyses, we fix one variable to a set of benchmark values. When presenting results in

the 2D parameter space, we project the 3D results onto the 2D space for a given set of values

of the third parameter.

In Fig. 2, we show the 95% C.L. allowed region in Xt�mSUSY plane for various values of

tan� with the CEPC precisions. The left, middle and right panels are formA = 1, 1.5, 2 TeV,

respectively. The low tan� case receives strong constraints from the Higgs mass precision,

especially for smaller values of mA, as explained in the last section. For mA = 1 TeV (left

panel), tan�  25 is completely excluded. The survived region is around the stop max-mixing

section of |Xt| ⇡ 2mSUSY. Only Xt > 0 branch survives given the 
b

h
e↵ects, as explained in

the last section. For mA = 1.5 TeV (middle panel), tan� < 10 is excluded. For tan� = 10,

a small slide of Xt < 0 survives combining all three contributions to �
2

total
. Larger regions

open up for larger values of tan�. For mA = 2 TeV (right panel), tan� as small as 3 is still

allowed. Precision constraints from both the mass and the couplings are relaxed for larger

tan� and larger mA, resulting in large survival parameter spaces in Xt vs. mSUSY.

In Fig. 3, we show the 95% C.L. allowed region in mSUSY vs. mA plane with the CEPC

precisions for Xt = 0 (zero-mixing, left panel) and Xt = 2mSUSY (max-mixing, right panel).

Regions to the right of the curve are the 95% C.L. allowed regions for di↵erent values of

tan�. For the zero-mixing case, small tan� receives the strongest constraints, with tan�  4

is excluded totally. For tan� = 50, mA � 1350 GeV and mSUSY � 850 GeV are still allowed.

Note that for the zero-mixing case, the most important constraints for mA come from the
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mSUSY vs. Xt

-

Figure 1. 95% C.L. allowed region in the plane of mSUSY � Xt under CEPC precisions for
(mA, tan�) = (1 TeV, 30) (upper panels), (2 TeV, 30) (middle panels) and (2 TeV, 3) (lower panels).
For each row, the panels from left to right show �

2
mh

, �2
gg+�� , �

2
µ0 , and �

2
total. Di↵erent color band

corresponds to the �
2 value. See text for details.

b is reduced for larger values of mA. For mA = 2 TeV, tan� = 30, there is larger allowed

parameter region when combing all three �2s together. For mA = 2 TeV, with small tan� = 3

(bottom row), while the sensitivity to the Higgs precision measurements are similar to that

of the large tan� case, stronger constraints from the Higgs mass lead to the final surviving

region to be mSUSY > 1.5 TeV, | Xt
mSUSY

| ⇡ 2 [44].

6 Multi-variable �2
fit results

In this section, we explore the 95% C.L. allowed region with the Higgs precision measure-

ments at the CEPC in various MSSM parameter spaces. With the four most relevant MSSM
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mSUSY vs. Xt
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Figure 2. 95% C.L. allowed region in Xt vs. mSUSY plane with CEPC precisions for mA = 1 TeV
(left panel), 1.5 TeV (middle panel) and 2 TeV (right panel). For each panel, di↵erent colored region
corresponds to di↵erent values of tan�.

parameters (mA, tan�, mSUSY, Xt), we scan in the range:

mA 2 (200, 3000) GeV, tan� 2 (1, 50), (6.1)

Xt 2 (�5000, 5000) GeV,mSUSY 2 (200, 3000) GeV,

with µ = 500 GeV. The fitting results vary little when µ varies. For the 3D fit performed in

our analyses, we fix one variable to a set of benchmark values. When presenting results in

the 2D parameter space, we project the 3D results onto the 2D space for a given set of values

of the third parameter.

In Fig. 2, we show the 95% C.L. allowed region in Xt�mSUSY plane for various values of

tan� with the CEPC precisions. The left, middle and right panels are formA = 1, 1.5, 2 TeV,

respectively. The low tan� case receives strong constraints from the Higgs mass precision,

especially for smaller values of mA, as explained in the last section. For mA = 1 TeV (left

panel), tan�  25 is completely excluded. The survived region is around the stop max-mixing

section of |Xt| ⇡ 2mSUSY. Only Xt > 0 branch survives given the 
b

h
e↵ects, as explained in

the last section. For mA = 1.5 TeV (middle panel), tan� < 10 is excluded. For tan� = 10,

a small slide of Xt < 0 survives combining all three contributions to �
2

total
. Larger regions

open up for larger values of tan�. For mA = 2 TeV (right panel), tan� as small as 3 is still

allowed. Precision constraints from both the mass and the couplings are relaxed for larger

tan� and larger mA, resulting in large survival parameter spaces in Xt vs. mSUSY.

In Fig. 3, we show the 95% C.L. allowed region in mSUSY vs. mA plane with the CEPC

precisions for Xt = 0 (zero-mixing, left panel) and Xt = 2mSUSY (max-mixing, right panel).

Regions to the right of the curve are the 95% C.L. allowed regions for di↵erent values of

tan�. For the zero-mixing case, small tan� receives the strongest constraints, with tan�  4

is excluded totally. For tan� = 50, mA � 1350 GeV and mSUSY � 850 GeV are still allowed.

Note that for the zero-mixing case, the most important constraints for mA come from the

– 9 –
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mA vs. MSUSY

-

mSUSY 
small tanβ, mh 
large tanβ, mh+coupling

mA: coupling
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mA vs. tanβ
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Figure 4. 95% C.L. allowed region in tan� vs. mA plane with the CEPC precisions for Xt = 0 (zero
mixing, left panel) and Xt = 2mSUSY (max-mixing, right panel). For each panel, di↵erent colored
curve corresponds to di↵erent values of mSUSY, with region above the curve allowed. The LHC Run-II
direct search limits based on A/H ! ⌧⌧ [48] are shown in the grey shaded region.

values of mA, with region above the curve allowed, except for the mA = 2 TeV (blue curves)

in the right panel, in which region between two curves is allowed. In general, mA < 1 TeV

are excluded for both the zero-mixing and max-mixing cases. The lower limits on tan� are

relaxed for larger values of mA, and is sensitive to the values of mA for 1.5 TeV < mA < 2

TeV. For the max-mixing case and a given mA, there are the upper limit for mSUSY at large

tan�, as shown in the right panel of Fig. 5. This is due to the too large contribution to mh

for larger values of mSUSY. For mA = 3 TeV, the upper limit for mSUSY is larger than 3 TeV,

therefore not shown in the plot.

To illustrate the potential impact of future improvement in the MSSM prediction of mh,

in Fig. 6, we show the 95% C.L. allowed region in mA vs. mSUSY plane for �mh = 3 GeV

(solid curve) 2 GeV (dashed curve) and 1 GeV (dotted curve). The lower limit on mSUSY

for the zero-mixing case, and the upper limit on mSUSY for the max-mixing case depend

sensitively on the values of �mh. Therefore, it is crucial to improve the precision in the mh

calculation in the MSSM, which allows us to obtain tight constraints on the SUSY mass scale,

in particular, on the stop sector, once Higgs precision measurements are available at future

Higgs factories.

– 11 –

mSUSY: mh

complementary to 
LHC direct search



S. Su 14

mSUSY vs. tanβ
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Figure 5. 95% C.L. allowed region in tan� vs. mSUSY plane with the CEPC precisions for Xt = 0
(zero-mixing, left panel) and Xt = 2mSUSY (max-mixing, right panel). For each panel, di↵erent
colored curve corresponds to di↵erent values of mA, with region above the curve allowed, except for
the mA = 2 TeV (blue curves) in the right panel, in which region between two curves is allowed.

Figure 6. 95% C.L. allowed region in mSUSY vs. mA plane with CEPC precisions for Xt = 0 (zero-
mixing, left panel) and Xt = 2mSUSY (max-mixing, right panel). For each panel, di↵erent colored
curve corresponds to di↵erent values of �mh = 1, 2, 3 GeV, with region to the right of the curve
allowed.
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mA vs. MS
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Figure 7. 95% C.L. allowed region in mSUSY vs. mA plane (top row), and tan� vs. mA (bottom
row) for Xt = 0 (zero-mixing, left panels) and Xt = 2mSUSY (max-mixing, right panels), with the
CEPC (solid), the FCC-ee (dotted) and the ILC (dashed) precision. The LHC Run-II direct search
limits based on A/H ! ⌧⌧ [48] are shown in the grey shaded region in the bottom panels.

7 Comparison between di↵erent Higgs factories

To compare the reach for three di↵erent Higgs factories, we show the 95% C.L. allowed region

in Fig. 7 in the parameter space of mSUSY vs. mA (upper two panels) and tan� vs. mA (lower

two panels) for the zero-mixing and max-mixing cases. While the CEPC and the FCC-ee has

similar reach, the reach in mA for the ILC is better because of better precisions on Higgs

measurements of hbb and hWW , given the increased rate of the WBF processes at higher

center of mass energies. Limits of mSUSY and tan� (for large mSUSY) are nearly the same

for all the three Higgs factories because it is mainly controlled by the precision in Higgs mass
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ILC: better limit on mA. 

Better hbb, hWW.
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  Conclusion 
-

๏ Higgs factory reach impressive precision: mass + couplings 

๏ 𝛘2mh dominate for small tanβ 

๏ 𝛘2couplings (hbb): small to moderate mA 

๏ hgg,hɣɣ: constrain MSUSY for tanβ > 7 (max-mixing) 

๏ mA: sensitive to Higgs couplings 

๏ tanβ, MSUSY, Xt,: sensitive to Higgs mass 

๏ MSUSY depends sensitively on Δmh 

๏ CEPC/FCC-ee/ILC: reach comparable 

๏ complementary to direct search @ pp


