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Higgs Precision Measurements
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Precision: Higgs couplings
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Fig. 25: (left) Summary plot showing the total expected ±1� uncertainties in S2 (with YR18 systematic
uncertainties) on the ggH (top) and VBF (bottom) production cross sections in the different decay modes
normalised to the SM predictions for ATLAS(blue) and CMS (red). The filled coloured box corresponds
to the statistical and experimental systematic uncertainties, while the hatched grey area represent the
additional contribution to the total uncertainty due to theoretical systematic uncertainties. In the cases
where the extrapolation is performed only by one experiment, same performances are assumed for the
other experiment and this is indicated by a hatched bar. (right) Summary plot showing the total expected
±1� uncertainties in S2 (with YR18 systematic uncertainties) on the ggH (top) and VBF (bottom) pro-
duction cross sections in the different decay modes normalised to the SM predictions for the combination
of ATLAS and CMS extrapolations. For each measurement, the total uncertainty is indicated by a grey
box while the statistical, experimental and theory uncertainties are indicated by a blue, green and red line
respectively. In addition, the numerical values are also reported.
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 Parameter normalized to SM value 

2− 0 2 4 6 8

Total Stat. Syst. SM PreliminaryATLAS
-1 = 13 TeV, 24.5 - 79.8 fbs

| < 2.5
H

y = 125.09 GeV, |Hm
 = 71%

SM
p           Total    Stat.   Syst.

γγggF   0.96  (  0.14±  ,  0.11±  ) 0.08−
 0.09+ 

ZZggF   1.04  (  0.15−
 0.16+  ,  0.14±  ) 0.06± 

WWggF   1.08  (  0.19±  ,  0.11±  ) 0.15± 

ττggF   0.96  (  0.52−
 0.59+  ,  0.36−

 0.37+  ) 0.38−
 0.46+ 

ggF comb.   1.04  (  0.09±  ,  0.07±  ) 0.06−
 0.07+ 

γγVBF   1.39  (  0.35−
 0.40+  ,  0.30−

 0.31+  ) 0.19−
 0.26+ 

ZZVBF   2.68  (  0.83−
 0.98+  ,  0.81−

 0.94+  ) 0.20−
 0.27+ 

WWVBF   0.59  (  0.35−
 0.36+  ,  0.27−

 0.29+  ) 0.21± 

ττVBF   1.16  (  0.53−
 0.58+  ,  0.40−

 0.42+  ) 0.35−
 0.40+ 

bbVBF   3.01  (  1.61−
 1.67+  ,  1.57−

 1.63+  ) 0.36−
 0.39+ 

VBF comb.   1.21  (  0.22−
 0.24+  ,  0.17−

 0.18+  ) 0.13−
 0.16+ 

γγ VH   1.09  (  0.54−
 0.58+  ,  0.49−

 0.53+  ) 0.22−
 0.25+ 

ZZ VH   0.68  (  0.78−
 1.20+  ,  0.77−

 1.18+  ) 0.11−
 0.18+ 

bb VH   1.19  (  0.25−
 0.27+  ,  0.17−

 0.18+  ) 0.18−
 0.20+ 

 comb.VH   1.15  (  0.22−
 0.24+  ,  0.16±  ) 0.16−

 0.17+ 

γγ tH+ttH   1.10  (  0.35−
 0.41+  ,  0.33−

 0.36+  ) 0.14−
 0.19+ 

VV tH+ttH   1.50  (  0.57−
 0.59+  ,  0.42−

 0.43+  ) 0.38−
 0.41+ 

ττ tH+ttH   1.38  (  0.96−
 1.13+  ,  0.76−

 0.84+  ) 0.59−
 0.75+ 

bb tH+ttH   0.79  (  0.59−
 0.60+  ,  0.29±  ) 0.52± 

 comb.tH+ttH   1.21  (  0.24−
 0.26+  ,  0.17±  ) 0.18−

 0.20+ 

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 Run-II: ATLAS-CONF-2019-005 HL-LHC: 1902.00134
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collider CEPC FCC-ee ILCp
s 240GeV 240GeV 365GeV 250GeV 350GeV 500GeVR
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 1. Estimated statistical precisions for Higgs boson measurements obtained at the proposed
CEPC program with 5.6 ab�1 integrated luminosity [1], FCC-ee program with 5 ab�1 integrated
luminosity [2, 3], and ILC with various center-of-mass energies [4].

2 The Higgs observables at future lepton colliders

To set up the baseline of our study, we hereby list the running scenarios of various machines in

terms of their center-of-mass energies and the corresponding integrated luminosities, as well

as the estimated precisions of relevant Higgs boson measurements that are used in our global

analyses in Tab. 1. The anticipated accuracies for CEPC and FCC-ee are comparable for most

channels, except for h ! ��. There are several factors that contribute to the di↵erence for

this channel, which include the superior resolution of the CMS-like electromagnetic calorime-

ter that was used in FCC-ee analyses, and the absence of background from beamstrahlung

photons [? ].

3 MSSM and  frame work

Wei: Do we need some introduction about MSSM? How simple or detailed?

Move the discussion of chi2 after the Higgs mass coupling discussion. To transfer

these precision observables to our model parameters, we construct the �
2 with the profile

likelihood method

�
2

Total
= �

2

mass + �
2

µ (3.1)

– 2 –

Precision: Higgs couplings

CEPC-CDR , FCC-ee,  ILC Operating Scenarios
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Study strategies

Experimental Observables: Δ" !

Maximal likelihood: ∆$" Absolute $"

Parameters in New Physics Models

Fitting
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Model dependent Model independent 
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Model dependent Model independent 

Model dependent :

Popularly used for various 
exclusion recast 



Study strategies

Experimental Observables: Δ" !

Maximal likelihood: ∆$" Absolute $"

Parameters in New Physics Models

Fitting

#. %. &. = (%#)* +,-,().)-

!! = (#!
"#$$#!

%&')(

(&# !)(
,    #'

()* = 1

#. %. &. = /0( %& %12)-3,1*)2 …

"!567 =
(σ×Br)567
(σ×Br)67

8

Model dependent Model independent 

Model independent

Ø Exclusion
Ø Claim discovery ?  
Ø Model discrimination ?
Ø Compatibility  test ?



2HDM: Brief Introduction

l Two Higgs Doublet Model
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2HDM: Brief Introduction

l Two Higgs Doublet Model Soft breaking of Z2 

Hard breaking of Z2 
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2HDM: Brief Introduction

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

Soft %! symmetry breaking: &+!
!

&++
! , &!!

! , (+, (!, (,, (-, (. ), tan - , .,&/ , &0 , &1, &0±

246 GeV 125. GeV
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Exclusion: Tree Level

Alignment limit :
cos 5 − 7 = 0
: 2<=> = :(?>)

1910.06269
WS
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2HDM Type-II

https://arxiv.org/abs/1910.06269


2HDM: One-Loop Level

14

Φ

h h h h
Φ

Main contribution

Parameter : /01 2 − 4 , 5678, 9@,9A,9@± ,9BC
C

Various Triple Higgs couplings



2HDM: !""# + %&'&(&)*+&
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−125"GeV" < 4v" < 600"GeV"

4 ∈ ( −0.26, 5.95 )
4: = 4; = 4< − 0.258 = −4

Theoretical constraints

λv! ≡ mD
! −m+!

! /sEcE

cos β − α = 0,
)! ≡ )" = )# = )"±



Exclusion : Loop Level
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2HDM Type-II
CEPC



Exclusion : Loop Level
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CEPC LHC Run-II2HDM Type-I
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Choose one point of BSM as the observed,  to see if SM is rejected.

If the future observable is same to Type-I,
The center region can not claim a  discovery
The two sides region can claim
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Type-II, L, F: 
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d.o.f. = # SSMs (" ) hypothesized model ( Null model ):  One physical point

BMs: 
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• compatibility  test method
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Test Type-I with Type-II:
�	�)���	�)�����)���-����
����)������
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�)������)���	���)�
���-����,)�!! ����-��-
�

d.o.f. = # SSMs (" )

hypothesized model ( Null model ):  Type-II, instead of SM
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If there is points of Type-I is allowed, 
then  BM of Type-II is compatible
under CEPC precision
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• Type-II
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These analyses are suitable for any two models !



EWPT: Type-II

Figure 8. The allowed parameter space in the plane of mH � tan� (left), �mA ��mC (right). The
grey points survive all theoretical and current experimental constraints. The green ones are able to
provide a SFOEWPT, while the red ones are allowed by future precision measurements from CEPC.

We perform a random parameter scan in the above parameter region, with the total number

of samples exceeding 1 billion, for both Type-I and Type-II models.

In Fig. 8 we show the scan results for the Type-II 2HDM. The grey scatter points are

the regions allowed by B physics, theoretical constraints, heavy Higgs direct searches and SM

Higgs precision measurements at the current LHC Run-II, and constraints from EW oblique

operators. The green points are a subset of the grey ones, which can generate a SFOEWPT,

and the red points are further required to meet the constraints from future Higgs precision

measurements at CEPC. Compared to Case 1 (Fig. 5), which assumed the alignment limit

and set mH± = mA, here we could divide the whole allowed region into 4 classes,

• Class A: Regions with mH < 350 GeV. Here the region has mH± ⇡ mA > mH , and the

mass splitting is about (300,500) GeV to meet the constraintmH± > 580 GeV. Generally
p

�v2 ⇡ 0 to allow for such a large mass splitting and tan� is within the region selected

by the theoretical constraints shown in Fig. 1. This region can also be divided into two

subgroups based on sign(b). When sign(b) = +, mH < 200 GeV, tan� 2 (5, 10) can

escape the constraints from the H ! ⌧⌧ channel as in the right panel of Fig. 2. At

the same time, the large mass splitting mA � mH > 450 GeV weakens the constraint

from the A ! HZ channel [132]. Another subgroup is sign(b) = �, the so-called

wrong-sign Yukawa coupling region with cos(��↵) ⇡ 2/ tan�. Here mH can reach 350

GeV, cos(��↵) 2 (0.2, 0.4), and LHC direct searches require tan� < 10 [142]. Because

of the large mass splitting in this region, �F0/|F
SM

0
| is too large to produce a stable

vacuum.

– 22 –
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Electroweak phase transition

2011.04540 ( WS, A G. Williams, M. Zhang)

https://arxiv.org/abs/2011.04540


EWPT: Triple Higgs Couplings
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preliminary



EWPT: Triple Higgs Couplings
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preliminary



Summary: Higgs precision measurements

30

�:����.��� �
:.�
� �.���.���
 ����
������� $" ���
��

�.��������������.
� �������������
���	�

�.���.�.�
�.����
�.�.�� ��
�
��.
�.����������


����
�.�.�.�������� �
.���������	��

Ø These analyses are suitable for any two models !
Ø Connected to multi-Higgs couplings …



Thanks !
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Backup
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Higgs+ Z

• What are various g_phphphi?
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2HDM: Brief Introduction

l Two Higgs Doublet Model
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2HDM: Brief Introduction

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

Soft %! symmetry breaking: &+!
!

&++
! , &!!

! , (+, (!, (,, (-, (. ), tan - , .,&/ , &0 , &1, &0±

246 GeV 125. GeV
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We can do the similar research between any two models



2HDM: Tree Level Model Distinction

Varying tan -

cos(- − .)
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2HDM: Tree Level Model Distinction

Varying tan -

cos(- − .)

Type-I  ↔ Type-II
Type-L ↔ Type-F
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