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Higgs Precision Measurements
-

LHC: 7+8 TeV

processes. The categorisation not only improves the analysis sensitivity, but also allows for the discrim-
ination among di↵erent production processes. Figure 1 summarises the signal-strength measurements of
di↵erent production processes that are used as inputs to the combinations.
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Figure 1: Summary of the signal-strength measurements, as published, from individual analyses that are inputs
to the combinations. The Higgs boson mass column indicates the mH value at which the result is quoted. The
overall signal strength of each analysis (black) is the combined result of the measurements for di↵erent production
processes (blue) assuming SM values for their cross-section ratios. The error bars represent ±1� total uncertainties,
combining statistical and systematic contributions. The green shaded bands indicate the uncertainty on the overall
signal strength obtained by each analysis. The combined signal strength of the H ! �� analysis also includes the
ttH contribution which is listed separately under ttH production.
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6.3 Fermion- and boson-mediated production processes and their ratio 19
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Figure 4: Values of the best-fit s/sSM for the overall combined analysis (solid vertical line) and
separate combinations grouped by production mode tag, predominant decay mode, or both.
The s/sSM ratio denotes the production cross section times the relevant branching fractions,
relative to the SM expectation. The vertical band shows the overall s/sSM uncertainty. The
horizontal bars indicate the ±1 standard deviation uncertainties in the best-fit s/sSM values
for the individual combinations; these bars include both statistical and systematic uncertainties.
(Top left) Combinations grouped by analysis tags targeting individual production mechanisms;
the excess in the ttH-tagged combination is largely driven by the ttH-tagged H ! gg and
H ! WW channels as can be seen in the bottom panel. (Top right) Combinations grouped by
predominant decay mode. (Bottom) Combinations grouped by predominant decay mode and
additional tags targeting a particular production mechanism.
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Higgs Precision Measurements
-

LHC: 14 TeV, 300 fb-1, 3000 fb-1

SM. The cross section measurements of the dominant production mode, gg ! H, reach an ultimate
experimental precision of ⇠4%, which is close to the limit given by the assumed luminosity uncertainty
of 3%1. This will provide a stringent constraint on possible beyond-SM (BSM) contributions to the
gg! H process, that is dominated in the SM by loop diagrams via top and bottom quarks. The rare tt̄H
production cross-section should be measured with an ultimate precision of about ⇠10% and accordingly
enable precise measurements of the top Yukawa-coupling (not including the tt̄H,H ! bb̄ channel in
this projection). For illustration and in addition to the dominant qq ! ZH process, the precision on the
gg ! ZH contribution is shown which becomes relevant at high pT (H) [14] in the VH ! bb̄ channel.
No special selection is made to enhance this production mode in the H ! bb̄ analysis so the sensitivity is
low. However, a dedicated analysis might allow to search for new physics in the gg ! ZH loop process
at the HL-LHC.

µ/µ∆
0 0.2 0.4

(comb.)

(VBF-like)

(comb.)

(incl.)

(comb.)

(comb.)

(comb.)

ATLAS Simulation Preliminary
 = 14 TeV:s -1Ldt=300 fb∫ ; -1Ldt=3000 fb∫

γγ→H

 ZZ→H

 WW→H

γ Z→H

b b→H

ττ→H

µµ→H

γγ→H

 ZZ→H

 WW→H

γ Z→H

b b→H

ττ→H

µµ→H

µ/µ∆
0 0.2 0.4

(ttH-like)
(incl.)

(comb.)
(VBF-like)

(ZH-like)
(WH-like)

(comb.)
(incl.)

(VBF-like)
(1j)
(0j)

(comb.)
(ggF-like)
(VBF-like)

(ttH-like)
(VH-like)
(comb.)

(ttH-like)
(ZH-like)

(WH-like)
(VBF-like)

(1j)
(0j)

(comb.)

ATLAS Simulation Preliminary
 = 14 TeV:s -1Ldt=300 fb∫ ; -1Ldt=3000 fb∫

γγ→H

ZZ→H

WW→H

γZ→H
b b→H

ττ→H
µµ→H

γγ→H

ZZ→H

WW→H

γZ→H
b b→H

ττ→H
µµ→H

0.7→

0.9→

Figure 1: Relative uncertainty on the signal strength µ for all Higgs final states considered in this note in
the di↵erent experimental categories used in the combination, assuming a SM Higgs boson with a mass
of 125 GeV expected with 300 fb�1 and 3000 fb�1of 14 TeV LHC data. The uncertainty pertains to the
number of events passing the experimental selection, not to the particular Higgs boson process targeted.
The hashed areas indicate the increase of the estimated error due to current theory systematic uncertain-
ties. The abbreviation “(comb.)” indicates that the precision on µ is obtained from the combination of
the measurements from the di↵erent experimental sub-categories for the same final state, while “(incl.)”
indicates that the measurement from the inclusive analysis was used. The left side shows only the com-
bined signal strength in the considered final states, while the right side also shows the signal strength in
the main experimental sub-categories within each final state.

Additional information about the Higgs boson coupling properties can be gained through the search

1A luminosity uncertainty of 3% is assumed for both the 300 fb�1 and 3000 fb�1 scenarios, which has been agreed to by
the ATLAS and CMS experiments for projections.
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ATL-PHYS-PUB-2014-016

�µ/µ 300 fb�1

All unc. No theory unc.
H ! �� (comb.) 0.13 0.09

(0j) 0.19 0.12
(1j) 0.27 0.14

(VBF-like) 0.47 0.43
(WH-like) 0.48 0.48
(ZH-like) 0.85 0.85
(ttH-like) 0.38 0.36

H ! ZZ (comb.) 0.11 0.07
(VH-like) 0.35 0.34
(ttH-like) 0.49 0.48

(VBF-like) 0.36 0.33
(ggF-like) 0.12 0.07

H ! WW (comb.) 0.13 0.08
(0j) 0.18 0.09
(1j) 0.30 0.18

(VBF-like) 0.21 0.20
H ! Z� (incl.) 0.46 0.44

H ! bb̄ (comb.) 0.26 0.26
(WH-like) 0.57 0.56
(ZH-like) 0.29 0.29

H ! ⌧⌧ (VBF-like) 0.21 0.18
H ! µµ (comb.) 0.39 0.38

(incl.) 0.47 0.45
(ttH-like) 0.74 0.72

3000 fb�1

All unc. No theory unc.
0.09 0.04
0.16 0.05
0.23 0.05
0.22 0.15
0.19 0.17
0.28 0.27
0.17 0.12
0.09 0.04
0.13 0.12
0.20 0.16
0.21 0.16
0.11 0.04
0.11 0.05
0.16 0.05
0.26 0.10
0.15 0.09
0.30 0.27
0.14 0.12
0.37 0.36
0.14 0.13
0.19 0.15
0.16 0.12
0.18 0.14
0.27 0.23

Table 1: Relative uncertainty on the signal strength µ for the combination of Higgs analyses at 14 TeV,
with 300 fb�1 (left) and 3000 fb�1 (right), assuming a SM Higgs boson with a mass of 125 GeV and
assuming production cross sections as in the SM. For both 300 and 3000 fb�1 the first column shows
the results including current theory systematic uncertainties, while the second column shows the uncer-
tainties obtained using only the statistical and experimental systematic uncertainties. The abbreviation
“(comb.)” indicates that the precision on µ is obtained from the combination of the measurements from
the di↵erent experimental sub-categories for the same final state, while “(incl.)” indicates that the mea-
surement from the inclusive analysis was used.
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Higgs Precision Measurements
-

CEPC /  FCC / ILC

CEPC-preCDR, TLEP Design Study Working Group, ILC Operating Scenarios.

2 The Higgs precision measurements at future lepton colliders

At future lepton colliders, the dominant channel to measure the Higgs boson properties is the

Higgsstrahlung process, e+e� ! hZ, at center of mass energies of around 240�250GeV. Due

to the nature of lepton colliders, both the inclusive cross section, �(hZ), and the exclusive ones

of di↵erent Higgs decays in terms of �(hZ)⇥BR, can be measured to remarkable precisions.

The invisible decay width of the Higgs can also be very well constrained. In addition, the

cross section of WW fusion process for Higgs production grows with energy. While it can not

be measured very well at 240�250GeV, at higher center of mass energies (in particular at

linear colliders), such a fusion process becomes significantly more important and can provide

crucial complementary information. For
p
s > 500 GeV, tth production can also be used as

well.

collider CEPC FCC-ee ILCp
s 240GeV 240GeV 250GeV 350GeV 500GeV

R Ldt 5 ab�1 10 ab�1 2 ab�1 200 fb�1 4 ab�1

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

��/� 0.51% 0.4% 0.71% 2.1% - 1.06 - -

decay �(� ·BR)/(� ·BR)

h ! bb̄ 0.28% 0.2% 0.42% 1.67% 1.67% 0.64% 0.25% 9.9%

h ! cc̄ 2.2% 1.2% 2.9% 12.7% 16.7% 4.5% 2.2% -

h ! gg 1.6% 1.4% 2.5% 9.4% 11.0% 3.9% 1.5% -

h ! WW ⇤ 1.5% 0.9% 1.1% 8.7% 6.4% 3.3% 0.85% -

h ! ⌧+⌧� 1.2% 0.7% 2.3% 4.5% 24.4% 1.9% 3.2% -

h ! ZZ⇤ 4.3% 3.1% 6.7% 28.3% 21.8% 8.8% 2.9% -

h ! �� 9.0% 3.0% 12.0% 43.7% 50.1% 12.0% 6.7% -

h ! µ+µ� 17% 13% 25.5% 97.6% 179.8% 31.1% 25.5% -

(⌫⌫̄)h ! bb̄ 2.8% 2.2% 3.7% - - - - -

Table 1. Estimated statistical precisions for Higgs measurements obtained at the proposed CEPC
program with 5 ab�1 integrated luminosity [1], FCC-ee program with 10 ab�1 integrated luminosity [2],
and ILC with various center of mass energies [45].

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

in terms of center of mass energy and the corresponding integrated luminosity, as well as the

estimated precisions of relevant Higgs measurements that we use in our global analyses:

• CEPC According to the preCDR [1], CEPC plans to collect 5 ab�1 data at 240GeV.

The estimations on the measurements of the Higgsstrahlung process e+e� ! hZ with

various final states, as well as the WW fusion process with Higgs decaying to bottom

pairs (e+e� ! ⌫⌫̄h, h ! bb̄), are summarized in Table 1. Since systematic uncertainties

– 4 –
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100 TeV pp 

• hγγ, hZγ: percent level 

• htt: ~1%
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Kappa framework and EFT Framework
-

Two model-independent approaches 

EFT frameworkkappa framework

74 HIGGS PHYSICS AT CEPC

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, BR

inv

, �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, BR

inv

, �h. (2.11)

1For the discussion of coupling fits and their implications, 00h00 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 � c
0

)i �
�2

ij (c � c
0

)j , where ��2

ij ⌘ (�ci ⇢ij �cj)
�1 , (A.2)

and ci=1, ... 10

denotes the 10 parameters in Eq. (A.1) and c
0

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.

– 6 –
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Figure 7: One-sigma precision reach of future lepton colliders on our e�ective-field-theory
parameters. All results but the light-shaded columns include the 14 TeV LHC (with
3000 fb≠1) and LEP measurements. LHC constraints also include measurements carried
out at 8 TeV. Note that, without run above the tt̄h threshold, circular colliders alone do not
constrain the c̄gg and ”yt e�ective-field-theory parameter individually. The combination
with LHC measurements however resolves this flat direction. The horizontal blue lines on
each column correspond to the constraints obtained when one single parameter is kept at
the time, assuming all others vanish. The red stars correspond to the constraints assuming
vanishing aTGCs. The GDPs of future lepton colliders are shown on the right panel. See
main text for comparisons with the LHC GDPs.

”yt. The resulting bounds on ”yt are then even substantially better than that set by the
LHC alone.

The twelve-parameter GDPs for the combination of future lepton collider, LHC 3000 fb≠1

and LEP measurements are displayed on the right panel of Fig. 7. Corresponding nu-
merical values are 0.0077, 0.0054, 0.0049, 0.0058 for CEPC, FCC-ee, ILC and CLIC,
respectively. Varying prospective constraints on the charm Yukawa measurement compli-
cate the comparison with the high-luminosity LHC. The ATLAS collaboration estimated
the h æ J/Â “ branching fraction could be constrained to be smaller than 15 times its
standard model value with 3 ab≠1 at 14 TeV [80]. Such a constraint would translate into
a one-sigma precision reach on ”yc of order one. To broadly cover the range spent by
other studies [81–85], we vary the expected precision reach on ”yc in the 0.01 ≠ 10 range.
The combination of LHC 300 fb≠1 (3000 fb≠1) and LEP measurements only then leads to
GDPs in the 0.065 ≠ 0.116 (0.039 ≠ 0.069) interval, one order of magnitude worst than
when future lepton collider measurements are included. On the other hand, with ”yc set
to zero, the eleven-parameter GDP for the combination of LHC 300 fb≠1 (3000 fb≠1) and
LEP measurements only is of 0.078 (0.044). In comparison, when future lepton collider
measurements are also included, the corresponding eleven-parameter GDP are 0.0073,
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Higgs factories, the data up to

p
s = 350 GeV are combined. The dashed horizontal lines show the ±1% band,

relevant for sensitivity to multi-TeV new physics.

the uncertainties in the theoretical calculations of Higgs properties.

4 Precise measurements of the EWSB parameters
Electroweak loops have the remarkable property of being sensitive to the existence of weakly-coupled
particles, even if they cannot be directly produced or observed in current experiments. For example,
the measurements of the Z resonance line-shape parameters, undertaken at LEP during a dedicated scan
in 1993, led to a prediction of the top quark mass mtop of 172 ± 20 GeV by the time of the Moriond
conference in March 1994 [51]. The uncertainty on mtop was dominated by the range of assumptions
for the Higgs boson mass, varied from 60 to 1000 GeV. When the top quark was discovered at the
Tevatron in 1995, and its mass measured with precision of a few GeV within one standard deviation of
the prediction, the Electroweak fits of the LEP data became sensitive to the only remaining unknown
quantity in the Standard Model, the Higgs boson mass mH, predicted to be mH = 99+28

�23 GeV [52]. It is
remarkable that the observation of the H(126) particle at the LHC falls, once again, within one standard
deviation of this prediction.

These two historical examples are specific of the Standard Model, with its particle content – and
nothing else. Now that the Higgs boson mass is measured with a precision of a fraction of a GeV, and
barring accidental or structural cancellations, these fits rule out the existence of any additional particle
that would have contributed to the Electroweak loop corrections in a measurable way. As emphasized
in Ref. [52], the corrections to the W and Z masses do not necessarily decouple when the mass of new
additional particles increase (contrary to the corrections to, e.g., (g � 2)µ). For example, the top-quark
loop correction scales like (m2

top � m2
b)/m

2
W. The Electroweak loop corrections are also delicately

sensitive to the details of the Electroweak Symmetry Breaking Mechanism.
As summarized in Section 2, the TLEP physics programme offers the potential of considerable

improvements in the precision of a large number of Electroweak observables. The outstandingly large
luminosity, the precise energy definition, the absence of energy bias due to beamstrahlung, and an ac-
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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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-

๏ SM + real scalar singlet

In the last example of our study for future collider constraints on generic strong dynamics,

we adopt the fitting results in EFT coe�cients given in Ref. [38] since various scenarios

can only be meaningfully discussed in power counting of the structure of the induced EFT

operators. EFT provides more complex and rich structure for the Higgs couplings, which

requires the inclusion of additional measurements to ensure the parameters are reasonably

well-constrained. In particular, diboson process (e+e� ! WW ) and the angular observables

in e+e� ! hZ are included in the global fit in addition to the Higgs rate measurements.

In the EFT framework, the �2 from the Higgs rate measurements and other measurements

can be constructed in a similar way as Eq. (3.1), with µBSM
i being a function of the EFT

parameters (i.e., Wilson coe�cients).

4 SM with a real singlet extension

We first apply this global fit to the simplest extension to the SM with a real scalar singlet.

The general Lagrangian for this model is,

L = LSM +
1

2
(@µS)

2 � 1

2
m2

SS
2 � ⇤SHS(H†H)� 1

2
�SHS2(H†H)� 1

3!
⇤SS

3 � 1

4!
�SS

4, (4.1)

where H is the SM Higgs doublet and S is the new real singlet field.

This simplest extension to the SM could already induce many test scenarios. Such model

is of particular interest as it can in general help enhance the electroweak phase transition to

be a strong first order one [57], which is needed for electroweak baryogengesis. With certain

constraints on the model parameters, it is also a good description of the scalar section for the

next to minimal supersymmetric Standard Model [58, 59] in the decoupling regime.

The Lagrangian given in Eq. (4.1) can be categorized into two scenarios: Z2 preserving

and Z2 breaking. In the Z2 preserving scenario, the Lagrangian is further simplified: ⇤SH =

⇤S = 0, reducing the number of free parameters in this model to be three. Note that in

the Z2 limit, it is still possible to have spontaneous Z2 breaking once S acquires a vacuum

expectation value (VEV), leaving us same number of terms for the interaction Lagrangian

comparing to the Z2 breaking case, but still with only three free parameters. Since the

purpose of this study is to focus on the Higgs physics implications, instead of the extraction

of singlet model parameters, we do not single out spontaneous Z2 breaking as a separate

scenario.

The biggest di↵erence between the Z2 preserving and the Z2 breaking is that the latter

enables the singlet-Higgs mixing. The 125 GeV Higgs is one of the mass eigenstates, which

is a mixture of real component of the SM doublet hSM and the singlet S:

h125 = cos ✓ hSM + sin ✓ S, (4.2)

where ✓ is the mixing angle. All of the SM-like Higgs couplings to other SM particles are

scaled down by cos ✓ at tree level: i = gSM+singlet
i /gSMi = cos ✓. Since cos ✓ does not exceed

unity, the modifications of the Higgs couplings through mixing with the singlet always lead to
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๏ after EWSB, 2 physical Higgse: CP-even Higgses: hSM, singlet S

๏ Z2 breaking: mixing between hSM and S
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Figure 1. For SM plus one real singlet model, left panel shows the ��2 as a function of the singlet-
SM Higgs doublet mixing angle | sin ✓| in the Z2-breaking case for CEPC (red), FCC-ee(green) and
ILC (blue) from Higgs precision measurements. Right panel shows the 95% C.L. limit on the Wilson
coe�cient c6v2/⇤2 vs. cHv2/⇤2. The vertical dashed lines indicate the one parameter fit limit on
cHv2/⇤2 with c6 set to be 0. The corresponding values of the mixing angle | sin ✓| and changes to
trilinear Higgs coupling ��3/�SM

3 are shown in the upper and right axes of this figure.

a reduction of the Higgs couplings to SM particles. This mixing angle description remains the

same for both a light and a heavy singlet-like scalar and is used widely due to its simplicity.

As the first and simplest application of the global fit, we apply the global �2
� fit to the

SM plus a singlet model with the only fitting parameter being sin ✓. The ��2 distribution is

shown in the left panel of Fig. 1 for the CEPC, ILC and FCC-ee precisions. The mixing angle

| sin ✓| is constrained to be 0.62, 0.058 and 0.052 for the CEPC, ILC and FCC-ee, respectively,

at 95% C.L.

While the mixing angle sin ✓ captures the most important tree-level e↵ect for the Higgs

properties, it does not characterize the changes to the Higgs trilinear coupling, and neither

the loop corrections to Higgs physics from the singlet field, e.g. Ref. [60]. To fully explore

the changes of the SM Higgs property in models with an extra real scalar singlet, we adopt

the EFT language to examine all the possible e↵ects.

After integrating out the singlet field, the general EFT with dimension-six operators can

be written as,

�L =
cH
⇤2

OH +
c6
⇤2

O6, with OH ⌘ 1

2
(@µ|H†H|)2, O6 ⌘ |H†H|3. (4.3)

The operator OH induces a universal shift in the Higgs couplings through the Higgs wave-

function renormalization. The mixing angle ✓ can be mapped with cH as 1� cos ✓ ' ✓2/2 '
1/2⇥ cHv2/⇤2, for v = 246 GeV.

– 8 –
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O6, with OH ⌘ 1
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(@µ|H†H|)2, O6 ⌘ |H†H|3. (4.3)

The operator OH induces a universal shift in the Higgs couplings through the Higgs wave-

function renormalization. The mixing angle ✓ can be mapped with cH as 1� cos ✓ ' ✓2/2 '
1/2⇥ cHv2/⇤2, for v = 246 GeV.
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a reduction of the Higgs couplings to SM particles. This mixing angle description remains the

same for both a light and a heavy singlet-like scalar and is used widely due to its simplicity.

As the first and simplest application of the global fit, we apply the global �2
� fit to the
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shown in the left panel of Fig. 1 for the CEPC, ILC and FCC-ee precisions. The mixing angle

| sin ✓| is constrained to be 0.62, 0.058 and 0.052 for the CEPC, ILC and FCC-ee, respectively,

at 95% C.L.
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properties, it does not characterize the changes to the Higgs trilinear coupling, and neither
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| sin ✓| is constrained to be 0.62, 0.058 and 0.052 for the CEPC, ILC and FCC-ee, respectively,

at 95% C.L.
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properties, it does not characterize the changes to the Higgs trilinear coupling, and neither

the loop corrections to Higgs physics from the singlet field, e.g. Ref. [60]. To fully explore
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be written as,
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| sin ✓| is constrained to be 0.62, 0.058 and 0.052 for the CEPC, ILC and FCC-ee, respectively,

at 95% C.L.
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properties, it does not characterize the changes to the Higgs trilinear coupling, and neither
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same for both a light and a heavy singlet-like scalar and is used widely due to its simplicity.

As the first and simplest application of the global fit, we apply the global �2
� fit to the

SM plus a singlet model with the only fitting parameter being sin ✓. The ��2 distribution is

shown in the left panel of Fig. 1 for the CEPC, ILC and FCC-ee precisions. The mixing angle

| sin ✓| is constrained to be 0.62, 0.058 and 0.052 for the CEPC, ILC and FCC-ee, respectively,

at 95% C.L.

While the mixing angle sin ✓ captures the most important tree-level e↵ect for the Higgs

properties, it does not characterize the changes to the Higgs trilinear coupling, and neither

the loop corrections to Higgs physics from the singlet field, e.g. Ref. [60]. To fully explore

the changes of the SM Higgs property in models with an extra real scalar singlet, we adopt

the EFT language to examine all the possible e↵ects.

After integrating out the singlet field, the general EFT with dimension-six operators can

be written as,
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a reduction of the Higgs couplings to SM particles. This mixing angle description remains the

same for both a light and a heavy singlet-like scalar and is used widely due to its simplicity.

As the first and simplest application of the global fit, we apply the global �2
� fit to the

SM plus a singlet model with the only fitting parameter being sin ✓. The ��2 distribution is

shown in the left panel of Fig. 1 for the CEPC, ILC and FCC-ee precisions. The mixing angle

| sin ✓| is constrained to be 0.62, 0.058 and 0.052 for the CEPC, ILC and FCC-ee, respectively,

at 95% C.L.

While the mixing angle sin ✓ captures the most important tree-level e↵ect for the Higgs

properties, it does not characterize the changes to the Higgs trilinear coupling, and neither

the loop corrections to Higgs physics from the singlet field, e.g. Ref. [60]. To fully explore

the changes of the SM Higgs property in models with an extra real scalar singlet, we adopt

the EFT language to examine all the possible e↵ects.

After integrating out the singlet field, the general EFT with dimension-six operators can

be written as,
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(@µ|H†H|)2, O6 ⌘ |H†H|3. (4.3)
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a reduction of the Higgs couplings to SM particles. This mixing angle description remains the

same for both a light and a heavy singlet-like scalar and is used widely due to its simplicity.

As the first and simplest application of the global fit, we apply the global �2
� fit to the

SM plus a singlet model with the only fitting parameter being sin ✓. The ��2 distribution is

shown in the left panel of Fig. 1 for the CEPC, ILC and FCC-ee precisions. The mixing angle

| sin ✓| is constrained to be 0.62, 0.058 and 0.052 for the CEPC, ILC and FCC-ee, respectively,

at 95% C.L.

While the mixing angle sin ✓ captures the most important tree-level e↵ect for the Higgs

properties, it does not characterize the changes to the Higgs trilinear coupling, and neither

the loop corrections to Higgs physics from the singlet field, e.g. Ref. [60]. To fully explore

the changes of the SM Higgs property in models with an extra real scalar singlet, we adopt

the EFT language to examine all the possible e↵ects.

After integrating out the singlet field, the general EFT with dimension-six operators can

be written as,

�L =
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O6, with OH ⌘ 1

2
(@µ|H†H|)2, O6 ⌘ |H†H|3. (4.3)

The operator OH induces a universal shift in the Higgs couplings through the Higgs wave-

function renormalization. The mixing angle ✓ can be mapped with cH as 1� cos ✓ ' ✓2/2 '
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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 v
1

and v
2

are the vacuum expectation values of the neutral components which satisfy
the relation:

p
v2
1

+ v2
2

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

2

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� = v

2

/v
1

. In the case in which a soft breaking of the Z
2

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±2:
 
H0

h0

!
=

 
cos↵ sin↵

� sin↵ cos↵

! 
�0

1

�0

2

!
,

A

H±
= �G

1

sin� +G
2

cos�

= ��±
1

sin� + �±
2

cos�
. (2.2)

Two types of couplings that are of particular interest are ZAH0/h0 couplings and
H0/h0V 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 ZAH0 and ZAh0

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 H0V V and h0V V couplings are:

gH0V V =

m2

V

v
cos(� � ↵), gh0V V =

m2

V

v
sin(� � ↵). (2.4)

2For 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
v21 + v22 = 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

@ H0

h0

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 H0V V and h0V V couplings are [34]:

gH0V V =

m2
V

v
cos(� � ↵), gh0V V =

m2
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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2HDM parameters
-

ɸ1 ɸ2

Type I u,d,l

Type II u d,l

lepton-specific u,d l

flipped u,l d

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

I. INTRODUCTION

WNMSSM = YuHuQu+ YdHdQd+ YeHdLe+ ⌅SHuHd +
1
3⇤S

3

test (1)

m2
11, m

2
22, ⌅1, ⌅2, ⌅3, ⌅4, ⌅5

v, tan ⇥,�,mh,mH ,mA,mH±
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�
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u

⇥
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�

⇤ H0
d

H�
d

⇥

⌅ (2)
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2
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2 vd/

⌅
2 (3)
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⇥
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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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Tree-level 2HDM fit
-

2HDM, LHC/FCC fit
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Figure 1.
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Tree-level 2HDM fit
-

κ-fit vs Δμ/μ  fit 
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Figure 2. The comparison between the CEPC (red line), ILC (blue line), FCC-ee (green line) and

LHC (orange line) reach in the plane cos(� � ↵) vs. tan�. We also show the global fitting results to

e↵ective couplings from the 7 parameter fit of FCC-ee (cyan line), instead of fitting to �µ/µ. Scaled

FCC-ee results with 5.0 ab�1, 25 ab�1 and 50 ab�1 are shown in dashed green lines, from outer to

inner region. Dashed orange line is ’LHC 3000 + FCC-pp (h��, htt)’. Wei: For di↵erent panels, just

di↵erent combinations of lines.

– 7 –
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2HDM Model Distinction
-

higgsobscepc[kz_, kw_, kg_, kgamma_, kb_, kt_, ktau_] :=
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we define cH = cos(α-β)  and cy = tan β
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of various running scenarios. With the dashed red lines from the outer to inner, we present

the CEPC 2.5, 10, and 25 ab�1 luminosity reach. In particular, results with CEPC 10 ab�1

are almost the same as the FCC-ee 10 ab�1.

We also show the comparison between the results using the signal strength µ-fit (red

region) or the e↵ective coupling -fit (red line) for the CEPC precision. We adopt the precision

for  using CEPC 7-parameter fit [1]. The results with -fit are less restrained than that of

the µ-fit since no correlations between i have been taken into account. Numerically, except

for the Type-I, the range of | cos(� � ↵)| at tan� ⇡ 1 with -fit is about 3 times that of the

µ-fit for all three types of 2HDM. For Type II and Type-F, the CEPC -fit results are similar

to those of the HL-LHC, while for Type-I and -L, the CEPC -fit results are still better than

those of the HL-LHC. This demonstrates the under estimation of the Higgs physics potential

if using  results without full correlation information.
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Figure 4. �(V /d) vs �e for four di↵erent types of 2HDM, varying tan� and cos(��↵). The left
panel is for cos(� � ↵) < 0 and the right panel is for cos(� � ↵) > 0. The green, blue and red lines
are for | cos(� � ↵)| = 0.01, 0.02, 0.03 respectively. The dashed lines are for di↵erent tan� values, as
labeled in the plot. The black cross indicates the estimated experimental errors with a random central
point.

Once a deviation of the Higgs couplings to the SM is observed, simultaneous measure-

ments of various couplings can be used to distinguish di↵erent types of 2HDM. In Fig. 4, we

plot �e vs. �(V /d) for four di↵erent types of 2HDM, for | cos(� � ↵)| = 0.01 (green),

0.02 (blue) and 0.03 (red). Left and right panels are for negative and positive cos(� � ↵),

respectively. Dashed lines are for di↵erent values of tan�, as labeled next to the lines. We

also indicate the experimental precision of those couplings by the black cross, with a random

central point, for the purpose of comparison.

Type-I, II, L and Type-F are well separated, occupying the second, fourth, first and third

quadrant, respectively, for cos(� � ↵) < 0. For the cos(� � ↵) > 0, the behavior is similar,

except for exchange of the quadrants of Type-I $ Type-II and Type-L $ Type-F. For Type-I

and II, �e = �d. Therefore, the variations of the coupling deviation with cos(� � ↵) are
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2HDM: Loop in the Alignment Limit
-

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.
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Constraints from Vacuum stabiltiy, Unitarity and Perturbativity

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�v

2

3�v2(8⇡v2 � 3m2
h)

, (5.10)
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2HDM: Loop in the Alignment Limit
-

๏ Type II

FCC 10 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

highly on the non-SM Higgs spectrum. The direct search limits on the heavy charged Higgs

H± above mt are relatively weak given the large SM backgrounds for the dominant H± ! tb

channel, and the relatively small branching fraction of H± ! ⌧⌫ [91].

Flavor physics consideration usually constrains the charged Higgs mass to be larger than

about 600 GeV for the Type-II 2HDM [91]. However, the charge Higgs contributions to

various flavor observables can be cancelled by other new particles in a specific model [92] and

be relaxed consequently. In our analyses, we focus on the indirect search potential of the

Higgs factories on the masses of heavy Higgses. Therefore, we do not impose flavor constrains

on the 2HDM parameter space, as well as the LHC direct search limits.

5.2.2 2HDM loop e↵ects

We define the normalized Higgs coupling including loop e↵ects as:

2HDM
loop ⌘ g2HDM

tree + g2HDM
loop

gSMtree + gSMloop

= tree +
g2HDM
loop (�)

gSMtree

1

1 +
gSM
loop

gSM
tree

+
hg2HDM

loop (SM)

gSMtree
� tree

gSMloop
gSMtree

i 1

1 +
gSM
loop

gSM
tree

(5.12)

in which tree ⌘ g2HDM
tree /gSMtree, g2HDM

loop (�) and g2HDM
loop (SM) are the 2HDM loop corrections

involving heavy Higgses, and SM particles only, respectively.

To the leading order of 1-loop correction, Eq. (5.12) simplifies to

2HDM
1�loop = tree +�2HDM

1�loop +
hg2HDM

1�loop(SM)

gSMtree
� tree

gSM1�loop

gSMtree

i

, (5.13)
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with �2HDM
1�loop ⌘ g2HDM

1�loop(�)/g
SM
tree. 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
� � m2

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

– 20 –
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Figure 3. 95% C.L. constraints on tan� vs. m� plane based on FCC-ee 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
� � m2

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.
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2HDM: Loop in the Alignment Limit
-

๏ Type II, varying luminosity
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of 5, 10, 25 and 50 ab�1. Type-II is presented, for benchmark of
p
�v2 = 300 GeV .

Figure 5. 95% C.L. constraints on tan� vs. cos(��↵) plane based on Higgs precision measurements.
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2HDM: Tree + Loop
-

tree only

Figure 4. 95% C.L. Higgs precision constraints on tan� vs. m� plane, assuming integrated luminosity

of 5, 10, 25 and 50 ab�1. Type-II is presented, for benchmark of
p
�v2 = 300 GeV .

Figure 5. 95% C.L. constraints on tan� vs. cos(��↵) plane based on Higgs precision measurements.
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2HDM: Tree + Loop
-

Varying λv2

Figure 6. 95% C.L. constraints on tan� vs. cos(� � ↵) plane based on FCC-ee Higgs precision

measurements. The first is two-parameter fit and the others are three-parameter fit, projected to

plane. With using m� = 700 GeV, the green line appears in both places. For m� = 2000 GeV andp
�v2 =600 GeV, �2

min=87, very bad.
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2HDM: Tree + Loop
-

125 500 1000 1500 2000
0.1

0.2

0.5

1

2

5

10
15
20

mϕ(mH0=mA=mH± , GeV)

ta
nβ

FCC, 2HDM one-loop correction,type-I
95%CL, Sqrt(λv2 ) = 0 GeV
95%CL, Sqrt(λv2 ) = 100 GeV
95%CL, Sqrt(λv2 ) = 300 GeV
95%CL, Sqrt(λv2 ) = 500 GeV

Sqrt(λv2 ) = Sqrt(mϕ
2-

m12
2

sβ cβ
)

125 500 1000 1500 2000
0.1

0.2

0.5

1

2

5

10
15
20

mϕ(mH0=mA=mH± , GeV)

ta
nβ

FCC, 2HDM one-loop correction,type-II
95%CL, Sqrt(λv2 ) = 0 GeV
95%CL, Sqrt(λv2 ) = 100 GeV
95%CL, Sqrt(λv2 ) = 300 GeV
95%CL, Sqrt(λv2 ) = 500 GeV

Sqrt(λv2 ) = Sqrt(mϕ
2-

m12
2

sβ cβ
)

Figure 3. 95% C.L. constraints on tan� vs. m� plane based on FCC-ee 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
� � m2

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.

– 8 –

N. Chen, T. Han, SS, W. Su, Y. Wu,  
work in progress



S. Su 26

Direct Search of Heavy Higgses @ 100 pp
-

Conventional search

Craig et. al., 1605.08744(a) Exclusion limits
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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 6: 5� Discovery (cyan) and 1.645� exclusion (white) reach for gg ! A ! HZ ! ⌧+⌧�l+l� at 14 TeV
LHC. The left plot is for the luminosity of 100fb�1(solid line) and 300fb�1(dashed line).The right
plot is for the luminosity of 1000fb�1(solid line) and 3000fb�1(dashed line).
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Figure 7: 5� Discovery (cyan) and 1.645� exclusion (white) reach for gg ! A ! HZ ! ⌧+⌧�l+l� at 100 TeV
LHC. The left plot is for the luminosity of 100fb�1(solid line) and 300fb�1(dashed line).The right
plot is for the luminosity of 1000fb�1(solid line) and 3000fb�1(dashed line).
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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 �v2 = m2
� � m2

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
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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
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FIG. 2: The 1� (left) and 2� (right) fit to the (�S ,�T ,�U) on the (�MA ,�MH±) plane. We fix t� = 1

and the alignment limit of c��↵ = 0, with MH = 500 GeV.

1. Type-I

Note that in Type-I, the HiggsBound program will always throw an error when the mass is too

large. Thus in higher range of mass, there is only few points see FIG. ??.

For the one-loop correction of the cross section of Zh production at electron collider, in the CEPC-

preCDR[2], they estimate that the precision could reach 0.51% when combining all channels. Thus

we use this to exclude parameters in FIG. ??.
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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 �v2 = m2
� � m2

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
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2;mH ,mH)

o
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+2�hAAB0(q;mA,mA) + 2�hHHB0(q;mH ,mH)
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2
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�8�hAAC24(p
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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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N. Chen, T. Han, SS, W. Su, Y. Wu, work in progress
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  Perturbative Models 
-

•SM with a real singlet extension 

•2HDM (Type I, II, L, F) 

•MSSM
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MSSM
-

~ 3 GeV uncertainties (higher loops, mt,…)MSSM Higgs sector

ℎ𝛾𝛾 and ℎ𝑔𝑔 couplings 

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

MSSM Higgs sector

Loop-level

𝛿𝑚ℎ = 3 GeV,  MSSM uncertainty
> 0.24 GeV,  LHC Run-I
>> 5.9 MeV, CEPC

𝒎𝑨,𝒎𝑺𝑼𝑺𝒀 = 𝒎 𝑸 = 𝒎 𝒖,
𝐭𝐚𝐧 𝛃,  𝑿𝒕 = 𝑨𝒕 − 𝝁 𝐭𝐚𝐧𝜷

0407244: S. Heinemeyer

Package: FeynHiggs

MassMSSM Higgs sector

Tree-level: mixing angle 𝛼 Loop-level: 𝛼𝑒𝑓𝑓

𝐻
ℎ =

cos 𝛼𝑒𝑓𝑓 sin 𝛼𝑒𝑓𝑓
−sin 𝛼𝑒𝑓𝑓 cos 𝛼𝑒𝑓𝑓

𝐻𝑑

𝐻𝑢

hZZ:sin(𝛽 − 𝛼𝑒𝑓𝑓)
hbb: −sin 𝛼𝑒𝑓𝑓 / cos 𝛽 …

Loop modified effective Higgs couplings

Yukawa and gauge couplings

MSSM parameters:  
mA, tanβ, MS, Xt, 

µ=500 GeV, other irrelevant

•Higgs mass

• gauge and Yukawa couplings • hgg and hγγ
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mA vs. Xt

-

tanβ=30, µ=500 GeV, mA=2000 GeV 

Figure 8.
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Figure 8.
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Figure 8.
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Figure 8.
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H. Li, SS, W. Su, work in progress
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mA vs. tanβ
-

Figure 9.
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Figure 9.
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H. Li, SS, W. Su, work in progress
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mA vs. tanβ
-

Figure 9.
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Figure 9.
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Complementary to LHC direct search

Summary of Higgs precision

Xt = 6 mSUSY

H. Li, SS, W. Su, work in progress
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mA vs. MS

-

Figure 9.
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Figure 9.
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H. Li, SS, W. Su, work in progress
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  Conclusion 
-

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
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Figure 1. For SM plus one real singlet model, left panel shows the ��2 as a function of the singlet-
SM Higgs doublet mixing angle | sin ✓| in the Z2-breaking case for CEPC (red), FCC-ee(green) and
ILC (blue) from Higgs precision measurements. Right panel shows the 95% C.L. limit on the Wilson
coe�cient c6v2/⇤2 vs. cHv2/⇤2. The vertical dashed lines indicate the one parameter fit limit on
cHv2/⇤2 with c6 set to be 0. The corresponding values of the mixing angle | sin ✓| and changes to
trilinear Higgs coupling ��3/�SM

3 are shown in the upper and right axes of this figure.

a reduction of the Higgs couplings to SM particles. This mixing angle description remains the

same for both a light and a heavy singlet-like scalar and is used widely due to its simplicity.

As the first and simplest application of the global fit, we apply the global �2
� fit to the

SM plus a singlet model with the only fitting parameter being sin ✓. The ��2 distribution is

shown in the left panel of Fig. 1 for the CEPC, ILC and FCC-ee precisions. The mixing angle

| sin ✓| is constrained to be 0.62, 0.058 and 0.052 for the CEPC, ILC and FCC-ee, respectively,

at 95% C.L.

While the mixing angle sin ✓ captures the most important tree-level e↵ect for the Higgs

properties, it does not characterize the changes to the Higgs trilinear coupling, and neither

the loop corrections to Higgs physics from the singlet field, e.g. Ref. [60]. To fully explore

the changes of the SM Higgs property in models with an extra real scalar singlet, we adopt

the EFT language to examine all the possible e↵ects.

After integrating out the singlet field, the general EFT with dimension-six operators can

be written as,

�L =
cH
⇤2

OH +
c6
⇤2

O6, with OH ⌘ 1

2
(@µ|H†H|)2, O6 ⌘ |H†H|3. (4.3)

The operator OH induces a universal shift in the Higgs couplings through the Higgs wave-

function renormalization. The mixing angle ✓ can be mapped with cH as 1� cos ✓ ' ✓2/2 '
1/2⇥ cHv2/⇤2, for v = 246 GeV.

– 8 –

SM+singlet
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Conclusion
-

2HDM tree + loop

Figure 6: 5� Discovery (cyan) and 1.645� exclusion (white) reach for gg ! A ! HZ ! ⌧+⌧�l+l� at 14 TeV
LHC. The left plot is for the luminosity of 100fb�1(solid line) and 300fb�1(dashed line).The right
plot is for the luminosity of 1000fb�1(solid line) and 3000fb�1(dashed line).
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Figure 7: 5� Discovery (cyan) and 1.645� exclusion (white) reach for gg ! A ! HZ ! ⌧+⌧�l+l� at 100 TeV
LHC. The left plot is for the luminosity of 100fb�1(solid line) and 300fb�1(dashed line).The right
plot is for the luminosity of 1000fb�1(solid line) and 3000fb�1(dashed line).

[2] F. Febres Cordero, L. Reina and D. Wackeroth, Phys. Rev. D 80, 034015 (2009)
doi:10.1103/PhysRevD.80.034015 [arXiv:0906.1923 [hep-ph]].

[3] S. Dittmaier et al. [LHC Higgs Cross Section Working Group Collaboration], doi:10.5170/CERN-2011-002
arXiv:1101.0593 [hep-ph].
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FIG. 2: The 1� (left) and 2� (right) fit to the (�S ,�T ,�U) on the (�MA ,�MH±) plane. We fix t� = 1

and the alignment limit of c��↵ = 0, with MH = 500 GeV.

1. Type-I

Note that in Type-I, the HiggsBound program will always throw an error when the mass is too

large. Thus in higher range of mass, there is only few points see FIG. ??.

For the one-loop correction of the cross section of Zh production at electron collider, in the CEPC-

preCDR[2], they estimate that the precision could reach 0.51% when combining all channels. Thus

we use this to exclude parameters in FIG. ??.
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Figure 3. 95% C.L. constraints on tan� vs. m� plane based on FCC-ee 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
� � m2

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.
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Figure 6. 95% C.L. constraints on tan� vs. cos(� � ↵) plane based on FCC-ee Higgs precision

measurements. The first is two-parameter fit and the others are three-parameter fit, projected to

plane. With using m� = 700 GeV, the green line appears in both places. For m� = 2000 GeV andp
�v2 =600 GeV, �2

min=87, very bad.
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A→ HZ → 𝛕𝛕ll

Complementary to  
- pp direct search 
- Z-pole precision 
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Conclusion
-

MSSM

Summary of Higgs precision

Xt = 6 mSUSY

Figure 9.

– 13 –

Complementary to pp direct search

Figure 8.
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-

Conclusion

An exciting journey ahead of us!

LHC 100 TeV ppLepton Collider
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  Backup Slides 

-
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  Strong Dynamics 
-

•Minimum composite Higgs Model (MCHM) 

•General EFT patterns of strong interacting models 
with a light Higgs  
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Composite Higgs in one slide
-

๏ Higgs is the PNGB of the spontaneous breaking of G⇒H  

๏ EWSB is induced by vacuum misalignment, parametrized by ξ=v2/f2 

๏ mass of SM fermion generated by mixing with composite states   

๏ light top partners can be searched at the LHC 

๏ minimal composite Higgs Model (MCHM): SO(5)/SO(4) 

- hVV 

- hff: depends on the fermion representation 

a fundamental particle as in the SM, SUSY model or gauge extensions of the SM, would

be a composite particle as a bound state of additional strong dynamics of the underlying

physics model. Higgs now can be viewed as a pseudo-Nambu-Goldstone boson, whose mass is

protected by the global symmetry breaking scale parameter f generated by the condensation

of strongly interacting particles. The separation between the electroweak scale and the com-

posite scale f is naturally a tuning parameter, representing the fine-tuning of the underlying

composite model.

There is a vast range of plausible composite Higgs models. To evaluate the physics reach

of the Higgs precision measurements on this broad class of models, we adopt two approaches

in discussing the results. The first approach is to interpret the Higgs precision results in the

Minimal Composite Higgs Model (MCHM) [93] with various embedding of the partners of

the SM fermions5. The second approach is to adopt the language of EFT and followed the

discussion of the patterns of strong interactions [96], comparing the implication of the Higgs

precisions on the so called Accidentally Light Higgs (ALH), Strongly Interacting Light Higgs

(SILH) [97], and a general SILH (GSILH). Each of those patterns has di↵erent assumptions

on the symmetries of the underlying strong dynamics. We discuss in details about their

underlying assumptions in the following sections.

6.1 Minimal Composite Higgs Models

The MCHMs represent a minimal embedding of the Higgs as a pseudo-Nambu-Goldstone

boson of the global symmetry SO(5)/SO(4) that respects custodial symmetry. We investigate

and find a way to best present limits on various tower fermion representations in the MCHMs,

following the notation and calculations detailed in Ref. [98].

In the minimal coset SO(5)/SO(4), gauge invariance fixes the rescaled gauge coupling

V to be

V ⌘ gCH
hV V

gSMhV V

=
p

1� ⇠ , (6.1)

where ⇠ ⌘ v2/f2 parameterizes the vacuum misalignment. To simplify the notation, in this

section, we refer to the rescaled couplings of the SM Higgs ih as i. The modification to

the Yukawa couplings depends on the fermion representations. In many models, the rescaled

Higgs to fermion couplings t or b can be either

F1 ⌘ 1� 2⇠p
1� ⇠

, F2 ⌘
p

1� ⇠ , (6.2)

if summed over all the tower contributions. In these cases ⇠ is the only model parameter at

leading order for a specific model. For some more complex embedding of the fermions, such

as MCHM14�14�10, MCHM14�5�10 and MCHM5�14�10, the Higgs couplings, are modified in

a more complex way [98]. The corresponding Yukawa couplings are related to functions F3,4,5,

which depend on several microscopic Yukawa couplings, with the explicit expressions can be

5For recent studies focusing on the future collider perspective, see, e.g., Refs. [94, 95].
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6.1 Minimal Composite Higgs Models

The MCHMs represent a minimal embedding of the Higgs as a pseudo-Nambu-Goldstone

boson of the global symmetry SO(5)/SO(4) that respects custodial symmetry. We investigate

and find a way to best present limits on various tower fermion representations in the MCHMs,

following the notation and calculations detailed in Ref. [98].

In the minimal coset SO(5)/SO(4), gauge invariance fixes the rescaled gauge coupling

V to be

V ⌘ gCH
hV V

gSMhV V

=
p

1� ⇠ , (6.1)

where ⇠ ⌘ v2/f2 parameterizes the vacuum misalignment. To simplify the notation, in this

section, we refer to the rescaled couplings of the SM Higgs ih as i. The modification to

the Yukawa couplings depends on the fermion representations. In many models, the rescaled

Higgs to fermion couplings t or b can be either

F1 ⌘ 1� 2⇠p
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, F2 ⌘
p

1� ⇠ , (6.2)

if summed over all the tower contributions. In these cases ⇠ is the only model parameter at

leading order for a specific model. For some more complex embedding of the fermions, such

as MCHM14�14�10, MCHM14�5�10 and MCHM5�14�10, the Higgs couplings, are modified in

a more complex way [98]. The corresponding Yukawa couplings are related to functions F3,4,5,

which depend on several microscopic Yukawa couplings, with the explicit expressions can be

5For recent studies focusing on the future collider perspective, see, e.g., Refs. [94, 95].
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MCHM
-

๏ Fermion representation

found in Ref. [98]. The resulting Higgs couplings vary in a certain range, even for a fixed

value of ⇠. In several limiting cases when one of the microscopic Yukawa couplings turns o↵,

these additional coupling functions reduce to simpler functions of F1 and F2.

Note that these simple closed form expressions are obtained by summing over the infinite

tower fermions. In reality, the summation is truncated after a few tower fermions, generating

a more complicated and scattered relation between model parameters. For simplicity and as

the modifications to the Higgs couplings are dominated by the first few tower fermions in

most cases, we adopt these simplified formulae to obtain a qualitative physics reach of the

Higgs precision program in the MCHMs.

5, 10

10-5-10 5-5-10 14-14-10 14-5-10 5-14-10
MCHM 14-1-10 5-10-10
Reps. 14-10-10 5-1-10

10-14-10

t, g F1 F2 F1 F2 F3 F4 F5

b F1 F1 F2 F2 F1 F1 F1

CEPC

⇠ ⇥ 103 2.56 2.36 4.19 3.87 2.78 – 2.56 2.71 – 2.36 2.36 – 2.04

f [TeV] 4.86 5.06 3.80 3.95 4.67 – 4.86 4.72 – 5.07 5.07 – 5.45

ILC

⇠ ⇥ 103 2.19 2.02 3.44 3.20 2.31 – 2.19 2.06 – 2.01 1.87 – 1.72

f [TeV] 5.26 5.48 4.19 4.35 5.12 – 5.26 5.42 – 5.48 5.69 – 5.93

FCC-ee

⇠ ⇥ 103 1.80 1.66 3.06 2.74 1.85 – 1.80 1.70 – 1.66 1.66 – 1.41

f [TeV] 5.79 6.04 4.45 4.70 5.72 – 5.80 5.97 – 6.05 6.05 – 6.56

Table 5. 95% C.L. bound on ⇠ and global symmetry breaking scale parameter f for the MCHMs
with various embedding of the fermion content, under CEPC, ILC, and FCC-ee Higgs precisions.

We tabulate in Table 5 various MCHM fermion representations and the corresponding

leading modifications to t (so as to g) and b, while the modifications to Z always follow

function F2. All the Higgs couplings only depend on one parameter ⇠ for the first four cases

when t and b is either F1 or F2. The remaining three embeddings have extra parameter

dependence that enters F3,4,5.

Adopting the global fitting method as described in Sec. 3, we obtain the 95% C.L. range

on the ⇠, which is listed in Table 5 for CEPC, ILC, and FCC-ee Higgs measurement precisions.

We further translate the corresponding limits on ⇠ into the more intuitive limits on composite

scale parameter f . We note that t can be well constrained by h ! gg here as we assume the

h ! gg process does not receive additional new physics contribution. We do not make any

assumption on the model prediction of c. If further assumptions are made (e.g. c = t),

a marginal improvement on the constraint of ⇠ is expected, as the bounds on V and b are

much more constraining. At 95% C.L., ⇠ can be limited to be less than a few times 10�3,

assuming future measurements follow SM expectations. The composite scale is constrained

– 26 –

MCHM: ξ=v2/f2 < 10-3, f > 4 TeV
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MCHM
-

to be bigger than 4 TeV. For the embeddings with t related to function F3,4,5, the 95% C.L.

bounds of ⇠ and f vary in a certain range, given the extra parameter dependence.
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Figure 11. The 68% C.L. (solid lines) and 95% C.L. (dashed lines) constraints in the (�V , �t)
plane at various future Higgs factories from a four-parameter fit with V (= Z = W ), t, c, and
b. The left panel shows the constraints for CEPC, FCC-ee and ILC, while the right panel shows the
LHC 95% C.L. constraints as well. Also shown are the predicted deviation of t and V for di↵erent
fermion embeddings, as a function of ⇠. The magenta and cyan lines correspond to t = F1 and F2,
respectively, while t = F3,4,5 are covered by the gray region. The labels on each part of the gray
region indicate which ones of t = F3,4,5 cover this part.

Once deviations of the Higgs couplings are observed at future colliders, di↵erent embed-

ding of the fermion tower might be distinguished through the predicted correlations between

Higgs couplings. In Fig. 11, we show in the �V -�t plane the 68% C.L. and 95% C.L.

exclusion limits of the Higgs precision measurements of CEPC, FCC-ee and ILC, obtained

from a global fit in a reduced parameter space of the four parameters V , t, c, and b. The

loop contributions of these parameters in the hgg, h��, hZ� couplings are also included. In

the right panel, the 95% C.L. from the LHC 300 fb�1 and 3000 fb�1 runs are also shown for

comparisons with the lepton colliders.

The four-parameter fit is very useful in capturing the main characterization of the MCHMs

without making specific assumptions on the fermion representations. The projection to the

�V -�t plane allows us to focus on the two couplings most relevant for the MCHMs. For

specific fermion representations, the parameter space is further constrained, implying certain

correlations between �V and �t. For t = F1 or F2 defined in Eq. (6.2), both �Z and �t
are fixed by the value of ⇠, shown by the magenta and cyan lines in Fig. 11. For t = F3,4,5

with the variation of additional model parameters, the predicted range is covered by the gray

region.

– 27 –

to be bigger than 4 TeV. For the embeddings with t related to function F3,4,5, the 95% C.L.

bounds of ⇠ and f vary in a certain range, given the extra parameter dependence.
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Figure 11. The 68% C.L. (solid lines) and 95% C.L. (dashed lines) constraints in the (�V , �t)
plane at various future Higgs factories from a four-parameter fit with V (= Z = W ), t, c, and
b. The left panel shows the constraints for CEPC, FCC-ee and ILC, while the right panel shows the
LHC 95% C.L. constraints as well. Also shown are the predicted deviation of t and V for di↵erent
fermion embeddings, as a function of ⇠. The magenta and cyan lines correspond to t = F1 and F2,
respectively, while t = F3,4,5 are covered by the gray region. The labels on each part of the gray
region indicate which ones of t = F3,4,5 cover this part.

Once deviations of the Higgs couplings are observed at future colliders, di↵erent embed-

ding of the fermion tower might be distinguished through the predicted correlations between

Higgs couplings. In Fig. 11, we show in the �V -�t plane the 68% C.L. and 95% C.L.

exclusion limits of the Higgs precision measurements of CEPC, FCC-ee and ILC, obtained

from a global fit in a reduced parameter space of the four parameters V , t, c, and b. The

loop contributions of these parameters in the hgg, h��, hZ� couplings are also included. In

the right panel, the 95% C.L. from the LHC 300 fb�1 and 3000 fb�1 runs are also shown for

comparisons with the lepton colliders.

The four-parameter fit is very useful in capturing the main characterization of the MCHMs

without making specific assumptions on the fermion representations. The projection to the

�V -�t plane allows us to focus on the two couplings most relevant for the MCHMs. For

specific fermion representations, the parameter space is further constrained, implying certain

correlations between �V and �t. For t = F1 or F2 defined in Eq. (6.2), both �Z and �t
are fixed by the value of ⇠, shown by the magenta and cyan lines in Fig. 11. For t = F3,4,5

with the variation of additional model parameters, the predicted range is covered by the gray

region.
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OH = 1
2(@µ|H2|)2 OGG = g2s |H|2GA

µ⌫G
A,µ⌫

OW = ig
2 (H

†�a !DµH)D⌫W a
µ⌫ OYu = Yu|H|2Q̄LH̃uR

OB = ig0

2 (H† !DµH)@⌫Bµ⌫ OYd
= Yd|H|2Q̄LHdR

OHW = ig(DµH)†�a(D⌫H)W a
µ⌫ OYe = Ye|H|2L̄LHeR

OHB = ig0(DµH)†(D⌫H)Bµ⌫ O3W = 1
3!g✏abcW

a ⌫
µ W b

⌫⇢W
c ⇢µ

OBB = g02|H|2Bµ⌫Bµ⌫

Table 6. Operators in the SILH basis considered in our study. Assuming no corrections to electroweak
precision observables, only one combination of OW and OB is left after imposing the electroweak
precision constraints of cW + cB = 0. While Yu/d/e are 3⇥ 3 matrices in general, we only consider the
relevant diagonal ones yt, yc, yb, y⌧ and yµ. In this table, ✏abc is the totally anti-symmetric tensor for
SU(2).

The right panel of Fig. 11 shows clearly that the Higgs measurements at future lepton

colliders can significantly improve the constraints on the MCHMs from the corresponding

measurements at the LHC for more than one order of magnitude. Once deviations of Higgs

couplings are measured, di↵erent embeddings of Fermion contents could also be tested. This

is, of course, due to the much better determination of the Higgs couplings at lepton col-

liders. In particular, the coupling of Higgs to the Z boson is very well constrained by the

Higgsstrahlung processes, while at the LHC it is probed by the Higgs decay h ! 4` or the

V H production mode and su↵ers from systematic uncertainties.

6.2 General Patterns of Strongly Interacting Light Higgs

Given the richness and depth of strong dynamics with a light Higgs, it would be very informa-

tive to understand Higgs factory potentials on strong dynamics models under some generic

arguments about the patterns of corresponding EFTs. In our analyses, we consider three

typical patterns of strong dynamics with a light Higgs [96]: ALH, SILH and GSILH. These

three cases are categorizations of general patterns of strong interactions rather than explicit

models.

To capture the main feature of these cases without the loss of generality, we work in the

EFT framework with dimension-6 (D6) operators, parameterized by

L6 =
1

m2
⇤

X

i

ciOi , (6.3)

where m⇤ is the new physics scale and the coe�cients cis are generally determined by the

coupling of new physics, denoted as g⇤, as well as the SM gauge couplings (gs, g and g0, for

SU(3), SU(2) and U(1), respectively) and Yukawa couplings yf . A collection of the relevant

operators Oi are listed in Table 6. Amongst these operators, OH requires renormalization of

the Higgs field and shifts the Higgs couplings universally to other SM particles, Oy operators

further modifies the Higgs Yukawa couplings. Operators OBB, OHB, OHW , OB, OW , and

OGG directly modify Higgs to gauge boson couplings. Operators OW , OB, OHW , OHB, and
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OH OW OB OHW OHB OBB OGG Oyu Oyd Oye O3W

ALH g2⇤ 1 1 1 1 1 1 g2⇤ g2⇤ g2⇤
g2

g2⇤

GSILH g2⇤ 1 1 1 1 y2t
16⇡2

y2t
16⇡2

g2⇤ g2⇤ g2⇤
g2

g2⇤

SILH g2⇤ 1 1 g2⇤
16⇡2

g2⇤
16⇡2

y2t
16⇡2

y2t
16⇡2

g2⇤ g2⇤ g2⇤
g2

16⇡2

Table 7. Estimation of the magnitudes of ci’s for the operators in Table 6 for the three scenarios
of ALH, GSILH, and SILH. Note the di↵erence between this and Table 2 of Ref. [96] is due to the
di↵erent normalization of operators.

O3W also contribute to electro-weak precision observables or anomalous TGCs. Consequently,

having additional measurements other than Higgs properties is crucial for developing global

constraints on these operators.

For three strong dynamics cases that we consider here, the estimated parametric counting

and scaling of the operators are listed in Table 2 of Ref. [96], which are reproduced here in

Table 7. For each of these cases, there are only two free parameters: g⇤ and m⇤. However,

it should be noted that Table 7 provides an estimation on the size of the ci’s rather than

their predicted values, which are available only if the model is specified. We therefore do not

assume any relations among the operators in Table 7, but only use the estimated coupling

size to derive the scale of new physics m⇤.

We derive the reach of the scale of new physics m⇤ as a function of g⇤ for three individual

scenarios from the 95% C.L. constraints on the overall coe�cient of EFT operators derived

in Ref. [38], which is translated to m⇤/
p
ci as shown in Fig. 12 for CEPC (red) , ILC (blue),

and FCC-ee (green) Higgs precisions. The Higgs measurements from HL-LHC are included in

the total �2 to further optimize the reach. The HL-LHC improves the limits through better

diphoton statistics and ttH processes that compliment Higgs factory measurements. Note

that this is di↵erent from the global analyses on the 2HDM and MCHM in precious sections,

where the inclusion of HL-LHC Higgs measurements does not a↵ect the results much. In

addition to the Higgs measurement inputs as listed in Section. 2, the angular observables in

e+e� ! hZ and the constraints on anomalous TGCs from measurements of e+e� ! WW

are also included in Ref. [38] to help discriminate di↵erent EFT parameters and maximize the

overall precision reach. Ref. [38] also assumed that CEPC is able to collect 200 fb�1 data at

350GeV. Both CEPC and FCC-ee 350GeV measurements are obtained by scaling from ILC

350GeV, assuming statistical uncertainties dominate. The di↵erence between unpolarized

beams and polarized beams has also been taken into count.

Note that Ref. [38] only focuses on operators in Table 6 that can be probed by Higgs

processes and diboson production (e+e� ! WW ). Furthermore, relation cW + cB = 0 is

imposed such that there is no additional contributions to the electroweak precision observ-

ables, resulting in only one combination of OW and OB survives. Ignoring the flavor changing

e↵ects and only taken into account the relevant diagonal Yukawa couplings yt, yc, yb, y⌧ and

yµ, we end up with 12 coe�cients to be constrained by the global fit.
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Figure 12. The 95% C.L. constraints on the overall coe�cient of Oi from Ref. [38], which are
translated into the SILH basis and presented in the form m⇤/

p
ci. Estimated Higgs measurement

precision from CEPC, ILC, and FCC-ee are used with the inclusion of HL-LHC Higgs precision.

Figure 13. The 95% C.L. limit on the new physics scale for the three cases of ALH (dotted lines),
GSILH (dashed lines) and SILH (solid lines) as a function of g⇤ with CEPC (red), ILC (blue) and
FCC-ee (green) precision. The left plot is the results obtained using fit on individual operators, and
the right plot is the results obtained using global fit of all 12 operators. The operator that is most
sensitive (therefore determines the best reach) is labelled alongside the curves.

Fig. 12 shows the results from individual constraints on operators obtained by switching

on one of them at a time (light shade) and the other from a 12-parameter global fit (solid

shade). The single operator fit results are typically factors of a few better for operators

involving electroweak gauge bosons, due to their correlation in Higgs physics. We also note

here the typical scale from a global fit on these operators are around 1�3 TeV with ci ⇠ 1,

with the exception of m⇤/cBB and m⇤/cGG, which could reach around 10 TeV. This is because

the leading order contribution from the SM to h ! ��, gg appears at one-loop level.
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Figure 12. The 95% C.L. constraints on the overall coe�cient of Oi from Ref. [38], which are
translated into the SILH basis and presented in the form m⇤/

p
ci. Estimated Higgs measurement

precision from CEPC, ILC, and FCC-ee are used with the inclusion of HL-LHC Higgs precision.
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Figure 13. The 95% C.L. limit on the new physics scale for the three cases of ALH (dotted lines),
GSILH (dashed lines) and SILH (solid lines) as a function of g⇤ with CEPC (red), ILC (blue) and
FCC-ee (green) precision. The left plot is the results obtained using fit on individual operators, and
the right plot is the results obtained using global fit of all 12 operators. The operator that is most
sensitive (therefore determines the best reach) is labelled alongside the curves.

Fig. 12 shows the results from individual constraints on operators obtained by switching

on one of them at a time (light shade) and the other from a 12-parameter global fit (solid

shade). The single operator fit results are typically factors of a few better for operators

involving electroweak gauge bosons, due to their correlation in Higgs physics. We also note

here the typical scale from a global fit on these operators are around 1�3 TeV with ci ⇠ 1,

with the exception of m⇤/cBB and m⇤/cGG, which could reach around 10 TeV. This is because

the leading order contribution from the SM to h ! ��, gg appears at one-loop level.
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Figure 12. The 95% C.L. constraints on the overall coe�cient of Oi from Ref. [38], which are
translated into the SILH basis and presented in the form m⇤/

p
ci. Estimated Higgs measurement

precision from CEPC, ILC, and FCC-ee are used with the inclusion of HL-LHC Higgs precision.
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Figure 13. The 95% C.L. limit on the new physics scale for the three cases of ALH (dotted lines),
GSILH (dashed lines) and SILH (solid lines) as a function of g⇤ with CEPC (red), ILC (blue) and
FCC-ee (green) precision. The left plot is the results obtained using fit on individual operators, and
the right plot is the results obtained using global fit of all 12 operators. The operator that is most
sensitive (therefore determines the best reach) is labelled alongside the curves.

Fig. 12 shows the results from individual constraints on operators obtained by switching

on one of them at a time (light shade) and the other from a 12-parameter global fit (solid

shade). The single operator fit results are typically factors of a few better for operators

involving electroweak gauge bosons, due to their correlation in Higgs physics. We also note

here the typical scale from a global fit on these operators are around 1�3 TeV with ci ⇠ 1,

with the exception of m⇤/cBB and m⇤/cGG, which could reach around 10 TeV. This is because

the leading order contribution from the SM to h ! ��, gg appears at one-loop level.
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