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The discovery of the Higgs boson with its mass around 125 GeV by the ATLAS and CMS
Collaborations marked the beginning of a new era in high energy physics. The Higgs boson
will be the subject of extensive studies of the ongoing LHC program. At the same time,
a lepton collider based Higgs factory has been proposed as a possible next step beyond
the LHC, with its main goal as the precise measurement of the properties and probing
potential new physics associated with the Higgs boson. The Circular Electron Positron
Collider (CEPC) is one of such proposed Higgs factories. The CEPC is an e+e− circular
collider proposed by China. Located in a tunnel of approximately 100 km in circumference,
it will operate at a center-of-mass energy of ∼ 240− 250 GeV. After the CEPC, a potential
follow up is a Super Proton-Proton Collider (SPPC) in the same tunnel with an energy
70−100 TeV. In this paper, we present the first estimates on the precision of Higgs property
measurements achievable at the CEPC.
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1 Introduction1

The historic discovery of a Higgs boson in 2012 by the ATLAS and CMS collaborations [1, 2]2

at the Large Hadron Collider (LHC) has opened a new era in particle physics. Subsequent3

measurements of the properties of the new particle have indicated compatibility with the4

Standard Model (SM) Higgs boson [3–7] [need updates]. While the SM has been remarkably5

successful in describing experimental phenomena, it is important to recognize that the SM6

is not a complete theory. In particular, the SM does not predict the parameters in the7

Higgs potential, such as the Higgs mass. The vast difference between the Planck scale8

and the weak scale remains a major mystery. There is not a complete understanding of9

the nature of electroweak phase transition. The discovery of a spin zero Higgs boson, the10

first elementary particle of its kind, only sharpens these questions. It is clear that any11

attempt of addressing these questions will involve new physics beyond the SM. Therefore,12

the Higgs boson discovery marks the beginning of a new era of theoretical and experimental13

explorations.14

A physics program of precision measurement of Higgs properties will be a critical com-15

ponent of any roadmap for high energy physics in the coming decades. Potential new physics16

beyond the SM could lead to observable deviations in the Higgs boson couplings from the17

SM expectations. Typically, such deviations can be parametrized as18

δ = c
v2

M2
NP

, (1.1)

where v and MNP are the vacuum expectation value of the Higgs field and the typical mass19

scale of new physics, respectively. The size of the proportionality constant c depends on20

model, but it should not be much larger than O(1). The current and upcoming LHC runs21

will measure the Higgs couplings to about 5% Ref [8]. At the same time, LHC will directly22

search for new physics from a few hundreds of GeV to at least a TeV. Eq. (1.1) implies that23

probing new physics significantly beyond the LHC reach would require the measurement of24

the Higgs boson couplings at least at percent level accuracy. To achieve such sub-percent25

level of precision will need new facilities, a lepton collider operating as a Higgs factory is a26

natural next step.27

The Circular Electron-Positron Collider (CEPC), proposed by the Chinese particle28

physics community, is one of such possible facilities. The CEPC will be housed in a tun-29

nel with a circumference about 100 km and will operate at a center-of-mass energy of30 √
s ∼ 240 GeV, which maximizes the Higgs boson production cross section through the31

e+e− → ZH process. At the CEPC, in contrast to the LHC, Higgs boson candidate events32

can be identified through a technique known as the recoil mass method without tagging its33

decays. Therefore, Higgs boson production can be disentangled from its decay in a model34

independent way. Moreover, the cleaner environment at a lepton collider allows much better35

exclusive measurement of Higgs boson decay channels. All of these give the CEPC impres-36

sive reach in probing Higgs boson properties. For example, with an integrated luminosity37

of 5 ab−1, over one million Higgs bosons will be produced. With this sample, the CEPC38

will be able to measure the Higgs boson coupling to the Z boson with an accuracy of 0.25%39
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[update], more than a factor of 10 better than the High Luminosity (HL)-LHC. Such a40

precise measurement gives the CEPC unprecedented reach into interesting new physics sce-41

narios which are very difficult to probe at the LHC. The CEPC also has strong capability42

in detecting Higgs boson invisible decay. For example, with 5 ab−1, it can improve the43

accuracy of the measurement of invisible decay branching ratio to 0.14% [update here, do44

we really mean invisible decay?]. In addition, it is expected to have good sensitivities to45

exotic decay channels which are swamped by backgrounds at the LHC. It is also important46

to stress that an e+e− Higgs factory can perform model independent measurement of the47

Higgs boson width. This unique feature in turn allows for model independent determination48

of the Higgs boson couplings.49

This paper documents the first studies of a precision Higgs boson physics program50

at the CEPC. It is organized as follows: Section ?? briefly summarizes the collider and51

detector performance parameters assumed for the studies. Section 4 describes individual52

Higgs boson measurements including the methodology and results from simulation studies.53

Section 5 discusses the combination of individual measurements and the extraction of Higgs54

boson coupling parameters. Finally the implications of these measurements are discussed55

in Section. 8.56

2 Production cross sections of signal and background processes57

Production processes for a 125 GeV SM Higgs boson at the CEPC operating at
√
s ∼58

240−250 GeV are e+e− → ZH (ZH associate production or Higgsstrahlung), e+e− → νν̄H59

(W fusion) and e+e− → e+e−H (Z fusion) as illustrated in Fig. 1. The W and Z fusion60

processes are collectively referred to as vector-boson fusion (VBF) production.61
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Figure 1. Feynman diagrams of the Higgs boson production processes at the CEPC: (a) e+e− →
ZH, (b) e+e− → νν̄H and (c) e+e− → e+e−H.

The total and individual cross sections for the production of a SM Higgs boson with62

a mass of 125 GeV as functions of center-of-mass energy are plotted in Fig. 2 while its63

decay branching ratios and total width are shown in Table 1. As an s-channel process,64

the cross section of the e+e− → ZH process reaches its maximum at
√
s ∼ 250 GeV,65

and then decreases asymptotically as 1/s. The VBF production processes are through66

t−channel exchanges of vector bosons. Their cross sections increase logarithmically as67
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ln2(s/M2
V ). Because of the accidental small neutral-current Zee coupling, the VBF cross68

section is dominated by the W fusion process. Numerical values of these cross sections at69 √
s = 250 GeV are listed in Table 2.70
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Figure 2. Production cross sections of e+e− → ZH and e+e− → (e+e−/νν̄)H as functions of
√
s

for a 125 GeV SM Higgs boson.

Table 1. Standard model predictions of the decay branching ratios and total width of a 125 GeV
Higgs boson. These numbers are obtained from Refs. [9, 10].

Decay mode Branching ratio Relative uncertainties
H → bb̄ 57.7% +3.2%, −3.3%

H → cc̄ 2.91% +12%, −12%

H → τ+τ− 6.32% +5.7%, −5.7%

H → µ+µ− 2.19× 10−4 +6.0%, −5.9%

H →WW ∗ 21.5% +4.3%, −4.2%

H → ZZ∗ 2.64% +4.3%, −4.2%

H → γγ 2.28× 10−3 +5.0%, −4.9%

H → Zγ 1.53× 10−3 +9.0%, −8.8%

H → gg 8.57% +10%, −10%

ΓH 4.07 MeV +4.0%, −4.0%

The CEPC is designed to deliver a total of 5 ab−1 integrated luminosity to two detec-71
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Table 2. Cross sections of Higgs boson production and other SM processes at
√
s = 250 GeV

and numbers of events expected in 5 ab−1. The cross sections are calculated using the Whizard
program [11]. Note that cross sections do not include potential interference effects between the
same final states from different processes after W and Z boson decays (see text).

Process Cross section Events in 5 ab−1

Higgs boson production, cross section in fb
e+e− → ZH 212 1.06× 106

e+e− → νν̄H 6.72 3.36× 104

e+e− → e+e−H 0.63 3.15× 103

Total 219 1.10× 106

Background processes, cross section in pb
e+e− → e+e− (Bhabha) 25.1 1.3× 108

e+e− → qq̄ (γ) 50.2 2.5× 108

e+e− → µ+µ− (γ) [or τ+τ− (γ)] 4.40 2.2× 107

e+e− →WW 15.4 7.7× 107

e+e− → ZZ 1.03 5.2× 106

e+e− → e+e−Z 4.73 2.4× 107

e+e− → e+νW−/e−ν̄W+ 5.14 2.6× 107

tors in 10 years. Over 106 Higgs boson events will be produced during this period. The72

large statistics, well-defined event kinematics and clean collision environment will enable73

the CEPC to measure Higgs boson production cross sections as well as its properties (mass,74

decay width and branching ratios, etc.) with precision far beyond those achievable at the75

LHC. Compared with hadron collisions, e+e− collisions are unaffected by underlying event76

and pile-up effects. Theoretical calculations are less dependent on higher order QCD radia-77

tive corrections. Therefore, more precise tests of theoretical predictions can be performed78

at the CEPC. The tagging of e+e− → ZH events using recoil mass, independent of the79

Higgs boson decay, is unique to lepton colliders. It provides a powerful tool for the model-80

independent measurements of the inclusive e+e− → ZH production cross section, σ(ZH),81

and of Higgs boson decay branching ratios. Combinations of these measurements will enable82

to determine the total Higgs boson decay width and to extract the Higgs boson couplings83

to fermions and vector bosons, providing sensitive probes to potential new physics beyond84

the SM.85

Apart from Higgs boson production, other SM processes include e+e− → e+e− (Bhabha86

scattering), e+e− → Zγ (ISR return), e+e− → WW/ZZ (diboson) as well as the single87

boson production of e+e− → e+e−Z and e+e− → e+νW−/e−ν̄W+. Their cross sections88

and expected numbers of events for an integrated luminosity of 5 ab−1 at
√
s = 250 GeV are89

shown in Table 2 as well. The energy dependence of the cross sections for these and the Higgs90

boson production processes are shown Fig. 3. Note that many of these processes can lead91

to identical final states and thus can interfere. For example, e+e− → e+νeW
− → e+νee

−ν̄e92
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and e+e− → e+e−Z → e+e−νeν̄e have the same final state. Unless otherwise noted, these93

processes are simulated together to take into account interference effects for the studies94

presented in this paper.95

Along with 106 Higgs boson events, 5 × 106 ZZ, 8 × 107 WW and 2.5 × 108 qq̄(γ)96

events will be produced. Though these events are backgrounds to Higgs boson events, they97

are important for the calibration and characterization of the detector performances and for98

the measurements of electroweak parameters.99

Figure 3. Cross sections of main Standard Model processes of e+e− collisions as functions of
center-of-mass energy

√
s obtained from the Whizard program [11]. The calculations include initial-

state radiations (ISR). The single W and Z processes refer to e+e− → e+νW−/e−ν̄W+ and
e+e− → e+e−Z production, respectively. The W and Z fusion processes refer to e+e− → νν̄H and
e+e− → e+e−H production, respectively. Their numerical values at

√
s = 250 GeV can be found

in Table 2.

The following software tools have been used to obtain the results reported in this paper.100

GuineaPig program [12, 13] is used to study beam backgrounds and its energy spectrum.101

A full set of SM samples, including both the Higgs boson signal and SM background events,102

are generated with Whizard [11]. In addition, Madgraph [14] and Pythia [15] event103

generators are used to produce samples for the studies of Higgs boson exotic decays. The104
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CEPC detector simulation is based on the software framework used for ILC studies [16].105

However, changes have been made to both the simulation (Mokka [17]) and reconstruction106

software to adapt to the CEPC detector geometry.107

All Higgs boson signal samples and part of the leading background samples are pro-108

cessed with Geant 4 [18] based full detector simulation and reconstruction. The rest of109

backgrounds are simulated with a dedicated fast simulation tool, where the detector ac-110

ceptances, efficiencies, intrinsic resolutions for different physics objects are parametrized.111

Samples simulated for ILC studies [19] are used for cross checks of some studies.112

The center-of-mass energy of the CEPC Higgs run has not been finalized. While the113

studies of the CEPC machine have assumed an operating energy of
√
s = 240 GeV, an114

energy 250 GeV is chosen for the physics studies presented in this paper to be directly115

comparable to the studies for the ILC and TLEP [20, 21]. However, the results expected116

from these two energies are expected to be very similar.117

3 Higgs boson tagging using recoil mass118

Unlike hadron collisions, the initial-state energy of e+e− collisions is controllable and mea-119

surable. For a Higgsstrahlung event where the Z boson decays to a pair of visible fermions120

(ff), the mass of the system recoiling against the Z boson, commonly known as the recoil121

mass, can be calculated assuming the event has a total energy
√
s and zero total momentum:122

M2
recoil = (

√
s− Eff )2 − p2

ff = s− 2Eff
√
s+m2

ff . (3.1)

Here Eff , pff and mff are, respectively, the total energy, momentum and invariant mass123

of the fermion pair. The Mrecoil distribution should show a peak at the Higgs boson mass124

mH for e+e− → ZH and e+e− → eeH processes, and is expected to be smooth without a125

resonance structure for other processes in the mass region around 125 GeV.126

Two important measurements of the Higgs boson can be performed from the Mrecoil127

mass spectrum. The Higgs boson mass can be measured from the peak position of the128

resonance. The width of the resonance is dominated by the beam energy spread (including129

ISR effects) and energy/momentum resolution of the detector as the natural Higgs boson130

width is only 4.07 MeV. The best precision of the mass measurement can be achieved from131

the leptonic Z → `+`− (` = e, µ) decays. The height of the resonance is a measure of132

the Higgs boson production cross section σ(ZH)1. By fitting the Mrecoil spectrum, the133

e+e− → ZH event yield, and therefore σ(ZH), can be extracted, independent of Higgs134

boson decays. The partial Higgs boson decay width Γ(H → ZZ), or equivalently the135

Higgs-Z boson coupling g(HZZ), can be derived in a model-independent manner. The136

latter is an essential input to the determination of the total Higgs boson decay width.137

Furthermore, Higgs boson branching ratios can then be measured by studying Higgs boson138

decays in selected e+e− → ZH candidates. The recoil mass spectrum has been investigated139

for both leptonic and hadronic Z boson decays as presented below.140

1For the Z → e+e− decay, there will be a small contribution from e+e− → e+e−H production.
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3.1 Z → `+`−141

Events with leptonic Z decays are ideal for studying the recoil mass spectrum of the e+e− →142

ZX events. Z → `+`− decays are easily identifiable and the lepton momenta can be143

precisely measured. Figure 4 shows the reconstructed recoil mass spectra of e+e− → ZX144

candidates in the Z → µ+µ− and Z → e+e− decays. The analyses are based on the full145

detector simulation for the signal events and on the fast detector simulation for background146

events. They are performed with event selections entirely based on the information of147

the two leptons, independent of the final states of Higgs boson decays. This approach is148

essential for the measurement of the inclusive e+e− → ZH production cross section and149

the model-independent determination of the Higgs boson branching ratios. SM processes150

with at least 2 leptons in their final states are considered as backgrounds.151
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Figure 4. The recoil mass spectra of e+e− → ZX candidates for (a) Z → µ+µ− and (b) Z → e+e−

with an integrated luminosity of 5 ab−1.

The event selection of the Z → µ+µ− analysis starts with the requirement of a pair of152

identified muons. Events must have the dimuon invariant mass in the range 80− 100 GeV153

and the recoil mass between 120 GeV and 140 GeV. The muon pair is required to have its154

transverse momentum larger than 20 GeV, and its acolinear angle smaller than 175◦. A155

Boost Decision Tree (BDT) technique is employed to enhance the separation between signal156

and background events. The BDT is trained using the invariant mass, transverse momen-157

tum, polar angle and acollinearity of the dimuon system. For an integrated luminosity of158

5 ab−1, about 22 k of e+e− → ZH → µ+µ−H signal events (corresponding to a selection159

efficiency of ∼ 62%) and 48 k background events pass the selection. Leading background160

contributions after the selection are from ZZ, WW and Zγ events. As shown in Fig. 4(a),161

the analysis has a good signal-to-background ratio. The long high-mass tail is largely due162

to the initial-state radiation.163

Compared to the analysis of the Z → µ+µ− decay, the analysis of the Z → e+e− decay164
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suffers from additional and large background contributions from Bhabha and single boson165

production. A cut based event selection is performed for the Z → e+e− decay. The electron-166

positron pair is required to have its invariant mass in the range 86.2−96.2 GeV and its recoil167

mass between 120 GeV and 150 GeV. Additional selections based on the kinematic variables168

of the electron-positron pair system, the polar angles and the energies of the selected electron169

and positron, are applied. Events from e+e− → e+e−(γ), e+νW− (e−ν̄W+), e+e−Z pro-170

duction are the dominant backgrounds after the selection. This simple cut-based event se-171

lection results in 10k signal events (27% selection efficiency) and 147k background events for172

an integrated luminosity of 5 ab−1. Their recoil mass distributions are shown in Fig. 4 (b).173

Event selections independent of Higgs boson decays are essential for the model-independent174

measurement of σ(ZH). Additional selections using the Higgs boson decay information can,175

however, be applied to improve the Higgs boson mass measurement. This will be particu-176

larly effective in suppressing the large backgrounds from Bhabha scattering and single W177

or Z boson production for the analysis of the Z → e+e− decay. This improvement is not178

implemented in the current study.179

3.2 Z → qq̄180

The recoil mass technique can also be applied to the hadronic Z boson decays (Z → qq̄) of181

the e+e− → ZX candidates. This analysis benefits from a larger Z → qq̄ decay branching182

ratio, but suffers from the fact that jet energy resolution is worse than the track momentum183

and electromagnetic energy resolutions. In addition, ambiguity in selecting jets from the184

Z → qq̄ decay, particularly in events with hadronic decays of the Higgs boson, can degrade185

the analysis performance and also introduce model-dependence to the analysis. Therefore,186

the measurement is highly dependent on the performance of the PFA and the jet clustering187

algorithm.188

Following the same approach as the ILC study [22], an analysis based on the fast189

simulation has been performed [22]. After the event selection, main backgrounds arise190

from WW and Zγ production. Figure 5 shows the reconstructed recoil mass distribution.191

Compared with the leptonic decays, the signal-to-background ratio is considerably worse192

and the recoil mass resolution is significantly poorer.193

3.3 Measurements of σ(ZH) and mH194

The inclusive e+e− → ZH production cross section σ(ZH) and Higgs boson mass mH can195

be extracted from fits to the recoil mass distributions of the e+e− → Z+X → `+`−/qq̄+X196

candidates (Figs. 4, 5). For the leptonic Z → `+`− decays, the recoil mass distribution of197

the signal process e+e− → ZH (and e+e− → e+e−H for the Z → e+e− decay) is modeled198

with a Crystal Ball function whereas the total background is modeled with a polynomial199

function in the fit. As noted above, the recoil mass distribution is insensitive to the intrinsic200

Higgs boson width if it were as small as predicted by the SM. The Higgs boson mass can201

be determined with precision of 6.5 MeV and 14 MeV from the Z → µ+µ− and Z → e+e−202

decay modes, respectively. In combination, an uncertainty of 5.9 MeV can be achieved.203

e+e− → Z +X → qq̄ +X events contribute little to the precision of the Higgs boson mass204

measurement due to the poor Z → qq̄ mass resolution, but dominates the precision of the205
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Figure 5. The recoil mass spectrum of the e+e− → ZX candidates in the Z → qq̄ decay channel
for 5 ab−1 integrated luminosity.

e+e− → ZH cross section measurement benefiting from its large statistics. A relative preci-206

sion of 0.65% of σ(ZH) is predicted from a simple event counting analysis. In comparison,207

the corresponding precision from the Z → e+e− and Z → µ+µ− decays is estimated to be208

2.1% and 0.9%, respectively. The combined precision of the three measurements is 0.5%.209

Table 3 summarizes the expected precisions on mH and σ(ZH) from a CEPC dataset of210

5 ab−1.211

Table 3. Estimated measurement precision for the Higgs boson mass mH and the e+e− → ZH

production cross section σ(ZH) from a CEPC dataset of 5 ab−1.

Z decay mode ∆mH (MeV) ∆σ(ZH)/σ(ZH)

e+e− 14 2.1%
µ+µ− 6.5 0.9%
qq̄ − 0.65%

Combined 5.9 0.5%

4 Analyses of Individual Decay Modes212

Different decay modes of the Higgs boson can be identified through their unique signatures,213

leading to the measurements of production rates for these decays. For the e+e− → ZH214

production process in particular, the candidate events can be tagged from the visible decays215
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of the Z bosons, the Higgs boson decays can then be probed by studying the rest of the216

events. These measurements combined with the inclusive σ(ZH) measurement discussed217

above will permit the extraction of the Higgs boson decay branching ratios in a model-218

independent way.219

In this section, the results of the current CEPC simulation studies of many different220

Higgs boson decay modes are summarized. The expected relative precision from a CEPC221

dataset of 5 ab−1 on the product of the ZH cross section and the Higgs boson decay222

branching ratio, σ(ZH) × BR, are presented. Detailed discussions of individual analyses223

are beyond the scope of this paper and therefore only their main features are presented. For224

the study of a specific Higgs boson decay mode, the other decay modes of the Higgs boson225

often contribute as well. These contributions are fixed to their SM expectations unless226

otherwise noted. However for the combination of all decay modes studied, they are allowed227

to vary within the constraints of the measurements of those decays.228

In addition to the invariant and recoil mass, two other mass observables, visible mass229

and missing mass, are often used in analyses described below. They are defined, respectively,230

as the invariant mass and recoil mass of all visible particles such as charged leptons, photons231

and jets, i.e. practically all particles other than neutrinos.232

Though the current study covers a large number of final states of the ZH production,233

there are many remain to be studied. The sensitivities of some important missing final234

states are obtained by extrapolating from the ILC and FCC-ee studies [19, 21] whenever235

possible. The extrapolation assumes the same signal and background selection efficiencies,236

but takes into account differences such as beam polarization conditions. The expected yields237

for the signal and background processes are scaled to an integrated luminosity of 5 ab−1.238

4.1 H → bb̄, cc̄, gg239

For a SM Higgs boson with a mass of 125 GeV, nearly 70% of all Higgs bosons decay into a240

pair of jets: b-quarks (57.7%), c-quarks (2.9%) and gluons (8.6%). Deviations in branching241

ratios from the SM values are predicted in many beyond SM scenarios. New physics models,242

e.g. SUSY, 2HDM and others [23], predict different Higgs boson coupling to b-quarks,243

leading to potentially large deviations in BR(H → bb̄) from its SM value. The Higgs boson244

couples to gluons through mainly the top-quark loop in the SM. Thus BR(H → gg) is245

sensitive to new colored and massive particles such as a top-quark partner. The Higgs boson246

coupling to c-quarks is likely to be the only coupling to the second generation quarks that247

can be probed at collider experiments. It’s comparison with the Higgs boson couplings to the248

third-generation quarks will provide sensitive tests of fermion mass generation mechanism249

in the SM.250

Experimentally, these measurements pose critical challenges to the CEPC detector per-251

formance, particularly its ability to tag b- and c-quark jets from light-flavored jets (u, d, s, g).252

Thus they are good benchmarks for the design and optimization of the jet flavor tagging253

performance of the CEPC detector.254

Studies are performed in details for e+e− → ZH production with the leptonic decays255

of the Z bosons. The contribution from the Z-fusion process of e+e− → e+e−H is included256

in the e+e− → ZH → e+e−H study. The analysis is based on full simulation for the257
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(a) (b)
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Figure 6. ZH production with H → bb̄, cc̄ and gg decays: the recoil mass distributions of (a)
Z → e+e− and (b) Z → µ+µ−; the dijet mass distributions of Higgs boson candidates for (c)
Z → qq̄ and (d) Z → νν̄.

Higgs boson signal samples and fast simulation for the `+`−qq̄ background samples. After258

selecting the two leading leptons with opposite charge, the rest of the reconstructed particles259

are clustered into two jets to form a hadronically decaying Higgs boson candidate, whose260

invariant mass is required to be between 75 GeV and 150 GeV. The dilepton invariant mass261

is required to be within 70−110 GeV for the e+e− channel and 81−101 GeV for the µ+µ−262

channel. Moreover, the dilepton system must have its transverse momentum in the range263

10− 90 GeV and its recoil mass between 120 GeV and 150 GeV. In addition, a requirement264
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on the polar angle of the Higgs boson candidate, | cos θH | < 0.8, is applied.265

In order to identify the flavors of the two jets of the Higgs boson candidate, variables266

LB and LC are constructed from information such as the secondary decay vertex etc. The267

values of LB (LC) are close to one if both jets are originated from b (c) quarks and are close268

to zero if both have light-quark or gluon origins. An unbinned maximum likelihood fit to the269

Mrecoil, LB and LC distributions of candidate events is used to extract the individual signal270

yields of the H → bb̄, H → cc̄ and H → gg decay modes. The total probability density271

function (PDF) is the sum of signal and background components. For signals, their Mrecoil272

PDFs are modeled by Crystal Ball functions with small exponential tails. The background273

PDF is taken as a sum of two components: a background from Higgs decays to other274

final states such as WW and ZZ, and a combinatorial background from other sources,275

dominated by the e+e− → ZZ → ``qq̄ production. The background from other Higgs276

boson decay channels has the same Mrecoil PDF as the signals. The Mrecoil distribution of277

the combinatorial background is modeled by a second order polynomial. The PDFs of the278

signal LB and LC distributions are described by two dimensional histograms, taken from279

the MC simulated events. The LB and LC distributions of both background components280

are modeled by 2-dimensional histogram PDFs based on the MC simulation. The simulated281

data and the fit results in the Z → `+`− channel are shown in Fig. 6 (a,b). All of the fit282

parameters are extracted from the fit to the data sample except that the normalization283

of the background due to other Higgs boson decays is fixed to the value predicted by284

the MC simulation. The estimated relative statistical precision of the measurements of285

σ(ZH)× BR(H → bb̄, cc̄, gg) are listed in Table 4.286

Table 4 also includes the results of the Z → νν̄ and Z → qq̄ decays. For the Z → qq̄287

final state, events are clustered into four jets and the mass information of jet pairs are288

used to select the Higgs and Z boson candidates. In addition to ZZ, WW is also a major289

background for this analysis, particularly for the H → cc̄ and H → gg decays. As for290

the Z → νν̄ final state, events are clustered into two jets are to form the Higgs boson291

candidate, the invisibly decaying Z boson is inferred from the missing mass of the event.292

Fits similar to the one used in the analysis of the Z → `` channel is subsequently performed293

to statistically separate the H → bb̄, cc̄ and gg decay components. The simulated data and294

the fitted dijet mass distributions of the Higgs boson candidates are shown in Fig. 6 (c,d)295

for Z → qq̄ and Z → νν̄.296

Combining all Z boson decay channels, a relative statistical precision for σ(ZH)×BR297

of 0.3%, 3.3% and 1.3% can be achieved for the H → bb̄, cc̄ and gg decays, respectively.298

4.2 H →WW ∗299

For a 125 GeV SM Higgs boson, the H → WW ∗ decay has the second largest branching300

ratio at 21.5% [24]. The measurement of σ(ZH) × BR(H → WW ∗) provides insight into301

the nature of the electroweak symmetry breaking mechanism. Moreover, this measurement302

is a necessary input to the Higgs boson width measurement discussed in Section 5.2. The303

sensitivity of the measurement is estimated by combining results from the studies of a few304

selected final states (Table 5)) of the H → WW ∗ decay of ZH production. The main305

background process is the SM ZZ production in all cases.306
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Table 4. Expected relative precision on σ(ZH) × BR for the H → bb̄, cc̄ and gg decays from a
CEPC dataset of 5 ab−1.

Z decay mode H → bb̄ H → cc̄ H → gg

Z → e+e− 1.3% 11.7% 6.1%
Z → µ+µ− 1.0% 9.4% 4.8%
Z → qq̄ 0.5% 11.8% 3.7%
Z → νν̄ 0.4% 3.9% 1.5%
Combined 0.3% 3.3% 1.4%

For Z → `+`−, the H → WW ∗ decay final states studied are `ν`′ν and `νqq̄. The307

ZH candidate events are selected by requiring the dilepton invariant mass in the range of308

80–100 GeV and their recoil mass in the range of 120–150 GeV. For Z → νν̄, the `νqq̄309

and qq̄qq̄ final states are considered for the H → WW ∗ decay. The presence of neutrinos310

results in events with large missing mass, which is required to be in the range of 75–140311

(75–150) GeV for the `νqq̄ (qq̄qq̄) final state. The total visible mass of the event must312

be in the range 100–150 GeV for both `νqq̄ and qq̄qq̄ final state. In addition, the total313

transverse momentum of the visible particles must be in the range 20–80 GeV. Additional314

requirements are applied to improve the signal-background separations. For Z → qq̄, the315

H → WW ∗ → qq̄qq̄ decay is studied. Candidate events are reconstructed into 6 jets. Jets316

from Z → qq̄, W → qq̄ and H → WW ∗ → qq̄qq̄ decays are selected by minimizing the χ2
317

of their mass differences to the masses of Z, W and H boson. Figure 7 shows the visible318

and missing mass distributions after the selection of the Z → νν̄ and H → WW ∗ → qq̄qq̄319

final state.320

The relative precision on σ(ZH)×BR(H →WW ∗) from the decay final states studied321

are summarized in Table 5 assuming an integrated luminosity of 5 ab−1. The combination322

of these decay final states leads to a precision of 1.0%. This is likely a conservative estimate323

of the precision as many of the final states of the H →WW ∗ decay remain to be explored.324

Including these missing final states will no doubt improve the precision.325

Table 5. Expected relative precision on the σ(ZH)×BR(H →WW ∗) measurement from a CEPC
dataset of 5 ab−1.

ZH final state Precision
Z → e+e− H →WW ∗ → `ν`′ν, `νqq̄ 2.8%
Z → µ+µ− H →WW ∗ → `ν`′ν, `νqq̄ 2.6%
Z → νν̄ H →WW ∗ → `νqq̄, qq̄qq̄ 1.9%
Z → qq̄ H →WW ∗ → qq̄qq̄ 1.9%

Combined 1.1%
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(a) (b)

Figure 7. ZH production with Z → νν̄ and H → WW ∗ → qq̄qq̄: distributions of (a) the visible
mass and (b) the missing mass of selected events.

4.3 H → ZZ∗326

The H → ZZ∗ decay has a branching ratio 2.64% [24] for a 125 GeV Higgs boson in the SM.327

Events from e+e− → ZH production with the H → ZZ∗ decay have three Z bosons in their328

final states with one of them being off-shell. Z bosons can decay to all lepton and quark329

flavors, with the exception of the top quark. Consequently, the e+e− → ZH → ZZZ∗330

process has a very rich variety of topologies.331

Studies are performed for a few selected ZH final states: Z → e+e− and H → ZZ∗ →332

`+`−qq̄; Z → µ+µ− and H → ZZ∗ → νν̄qq̄; Z → νν̄ and H → ZZ∗ → `+`−qq̄. The333

W and Z boson fusion processes, e+e− → e+e−H and e+e− → νν̄H, are included in the334

Z(e+e−)H and Z(νν̄)H studies assuming their SM values for the rates. For all the final335

states, the SM ZZ production is the main background.336

For Z → e+e− and H → ZZ∗ → `+`−qq̄, electron pairs must have their invariant337

masses between 75–105 GeV, recoil masses between 115–165 GeV, and transverse momenta338

larger than 10 GeV. The invariant masses of the additional lepton pairs must be smaller339

than 100 GeV and the recoil masses of the jet pairs smaller than 220 GeV. The background340

is large in this final state, several times of the expected signal after the selection.341

For Z → µ+µ− and H → ZZ∗ → νν̄qq̄, the muon pairs must have their invariant342

masses between 80–100 GeV, recoil masses between 120–160 GeV and transverse momenta343

larger than 10 GeV. The jet pairs are required to have their invariant masses in the range of344

10–38 GeV. Figure 8 (a) shows the recoil mass distribution of Z → µ+µ− after the selection.345

The background is negligible in this final state.346

The candidates of Z → νν̄ and H → ZZ∗ → `+`−qq̄ are selected by requiring a same-347

flavor lepton pair and two jets. The total visible energy must be smaller than 180 GeV and348
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(a) (b)

Figure 8. ZH production with H → ZZ∗: a) the recoil mass distribution of the µ+µ− system
for Z → µ+µ−, H → ZZ∗ → νν̄qq̄; b) the invariant mass distribution of the µ+µ−qq̄ system for
Z → νν̄, H → ZZ∗ → µ+µ−qq̄.

the missing mass in the range 58–138 GeV. Additional requirements are applied on the mass349

and transverse momenta of the lepton and jet pairs. After the selection, the background is350

about an order of magnitude smaller than the signal.351

Table 6 summarizes the expected precision on σ(ZH)×BR(H → ZZ∗) from the final352

states considered for an integrated luminosity of 5 ab−1. The combination of these final353

states results in a precision of about 5.2%. The sensitivity can be significantly improved354

considering that many final states are not included in the current study. In particular, the355

final state of Z → qq̄ and H → ZZ∗ → qq̄qq̄ which represents a third of all ZH → ZZZ∗356

decay is not studied. Moreover, gain can also be made using multivariate techniques.357

Table 6. Expected relative precision for the σ(ZH) × BR(H → ZZ∗) measurement with an
integrated luminosity 5 ab−1.

ZH final state Precision
Z → µ+µ− H → ZZ∗ → νν̄qq̄ 7.3%
Z → νν̄ H → ZZ∗ → `+`−qq̄ 7.9%

Combined 5.1%

4.4 H → γγ358

The diphoton decay of a 125 GeV Higgs boson has a small branching ratio of 0.23% in359

the SM due to its origin involving massive W boson and top quark in loops. However360
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photons can be identified and measured well, the decay can be fully reconstructed with a361

good precision. The decay also serves as a good benchmark for the performance of the362

electromagnetic calorimeter.363

Studies are performed for the ZH production with H → γγ and four different Z boson364

decay modes: Z → µ+µ−, τ+τ−, νν̄ and qq̄. The Z → e+e− decay is not considered365

because of the expected large background from the Bhabha process. The studies are based366

on the full detector simulation for the Z → qq̄ decay channel and the fast simulation for367

the rest. Photon candidates are required to have energies greater than 25 GeV and polar368

angles of | cos θ| < 0.9. The photon pair with the highest invariant mass is retained as369

the H → γγ candidate and its recoil mass of must be consistent with the Z boson mass.370

For the Z → µ+µ− and Z → τ+τ− decays, a minimal angle of 8◦ between any selected371

photon and lepton is required to suppress backgrounds from the final state radiations. A τ372

identification efficiency of 90% is assumed for the Z → τ+τ− decays. After the selection,373

the main SM background is the e+e− → (Z/γ∗)γγ process where the γ’s arise from the374

initial or final state radiations.375

The diphoton mass is used as the final discriminant for the final separation of signal376

and backgrounds. Figure 9 shows... With an energy resolution of 16%/
√
E ⊕ 1% for the377

electromagnetic calorimeter and an integrated luminosity of 5 ab−1, a relative precision378

of 8.1% on σ(ZH) × BR(H → γγ) can be achieved. The robustness of this projection is379

examined for different assumptions of the electromagnetic energy resolution. An approxi-380

mate 2% improvement (degradation) of the relative precision is expected for an optimistic381

(pessimistic) resolution of 10%√
E
⊕ 1% (20%√

E
⊕ 1%).382

Figure 9. Post-fit Mass spectrum of Z → ll (a) , Z → νν (b) and Z → qq (c) channel,expected
for 5 ab−1 of CEPC ZH data. Ideally we want to show the diphoton invariant and recoil mass
distributions.

4.5 H → Zγ383

Similar to the H → γγ decay, the H → Zγ decay in the SM is mediated by W boson and384

top quark in loops and has a branching ratio of 0.154%. The H → Zγ analysis targets the385

signal process of ZH → ZZγ → νν̄qq̄γ, in which one of the Z bosons decays into a pair of386

quarks and the other decays into a pair of neutrinos.387
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The candidate events are selected by requiring exactly one photon with transverse en-388

ergy between 20–50 GeV and at least two hadronic jets, each with transverse energy greater389

than 10 GeV. The dijet invariant mass and the event missing mass must be within 12 GeV390

and 15 GeV of the Z boson mass, respectively. Additional requirements are applied on the391

numbers of tracks and calorimeter clusters as well as on the transverse and longitudinal392

momenta of the Z boson candidates. The backgrounds are dominated by the processes of393

single boson, diboson, qq̄, and BhaBha production.394

After the event selection, the photon is paired with each of the two Z boson candidates395

to form Higgs boson candidates and the mass differences, dMass = Mqq̄γ−Mqq̄ and dMass =396

Mνν̄γ −Mνν̄ , are calculated. Here the energy and momentum of the νν̄ system are taken397

to be the missing energy and momentum of the event. For signal events, one of the mass398

differences is expected to populate around MH −MZ ∼ 35 GeV whereas the other should399

be part of the continuum background. Figure 10 shows the dMass distribution expected400

from an integrated luminosity of 5 ab−1. Modeling the signal distribution of the correct401

pairing with a Gaussian and the background (including wrong-pairing contribution of signal402

events) with a polynomial, a likelihood fit results a statistical significance of 4σ for the signal,403

corresponding to a relative precision of 21% on σ(ZH)× BR(H → Zγ).404
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Figure 10. The distribution of the mass differences ofMqq̄γ−Mqq̄ andMνν̄γ−Mνν̄ of the selected
H → Zγ → νν̄qq̄γ candidates expected from an integrated luminosity of 5 ab−1. The signal
distribution shown is for the correct pairings of the Higgs boson decays.

This analysis can be improved with additional optimizations and using multivariate405

techniques. Other decay modes such as ZH → ZZγ → qq̄qq̄γ should further improve the406

precision on the σ(ZH)× BR(H → Zγ) measurement.407

4.6 H → τ+τ−408

Taus are intriguing physics objects as its Yukawa coupling to the Higgs boson is relatively409

large, leading to a H → τ+τ− decay branching ratio of 6.32% at mH = 125 GeV in the410
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SM. Due to the rich tau decay products, properties such as the Higgs boson CP can be411

precisely measured. The decay products of tau consist one or three tracks, and a number412

of neutral pions. The tracks and neutral pions, as well as the two photons from the decay413

of the latter, can be well resolved and measured by the CEPC detector.414

Simulation studies are performed for the e+e− → ZH production with H → τ+τ−415

and Z → µ+µ−, νν̄ and qq̄ decays. For Z → µ+µ−, candidates are first required to have a416

pair of oppositely charged muons with their invariant mass between 40–180 GeV and their417

recoil mass between 110–180 GeV. For Z → νν̄, candidates are preselected by requiring a418

missing mass in the range of 65–225 GeV, a visible mass greater than 50 GeV and an event419

visible transverse momentum between 10–100 GeV. For both decays, a BDT selection is420

applied after the preselection to identify di-tau candidates. The BDT utilizes information421

such as numbers of tracks and photons and the angles between them. After these selections,422

the ZH production with the non-tau decays of the Higgs boson is the dominant (>95%)423

background for Z → µ+µ− and contributes to approximately 40% of the total background424

for Z → νν̄. The rest of the background in the Z → νν̄ channel comes from the diboson425

production. For Z → qq̄, candidates are required to have a pair of tau candidates with426

their invariant mass between 20–120 GeV, a pair of jets with their mass between 70–110427

GeV and their recoil mass between 100–170 GeV. The main background is again from the428

ZH production originating from the decay modes other than the intended ZH → qq̄τ+τ−429

decay. The rest of the background is primarily from the ZZ production.430

The final signal yields are extracted from fits to the distributions of variables based431

on the impact parameters of the leading tracks of the two tau candidates as shown in Fig.432

11. Table 7 summarizes the estimated precision on σ(ZH) × BR(H → τ+τ−) expected433

from a CEPC dataset of 5 fb−1 for the three Z boson decay modes studied. The precision434

from the Z → e+e− decay mode extrapolated from the Z → µ+µ− study is also included.435

The e+e− → e+e−H contribution from the Z fusion process is fixed to its SM value in436

the extrapolation. In combination, the relative precision of 0.89% is expected for σ(ZH)×437

BR(H → τ+τ−).438

Table 7. Expected relative precision for the σ(ZH)×BR(H → τ+τ−) measurement from a CEPC
dataset of 5 ab−1.

ZH final state Precision
Z → µ+µ− H → τ+τ− 2.8%
Z → e+e− H → τ+τ− 3.0%
Z → νν̄ H → τ+τ− 3.1%
Z → qq̄ H → τ+τ− 1.0%

Combined 0.89%

The ZH production with Z → `+`−, qq̄ and H → τ+τ− can also be used to extract439

the CP property of the Higgs boson [25]. Using the three tau decay modes with the largest440

branching ratios (π±ν, π±π0ν and `νν), the neutrinos from the tau decay are reconstructed441
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Figure 11. Distributions of the impact parameter variable based on the leading tracks from the
two taus in the Z → `+`− (a) and Z → qq̄ (b) channel, expected for 5 ab−1 of the CEPC data. Here
the “Pull” is defined as (d0/σd0)2 + (z0/σz0)2 with d0 and z0 being the transverse and longitudinal
impact parameters, σd0 and σz0 being their uncertainties.

from the mass, energy and impact parameter constraints. A matrix element based method is442

employed to extract the value of the CP mixing angle between the even and odd components443

of the Hττ coupling. It is estimated that with 5 ab−1 of the CEPC data, a precision of444

2.9◦ can be achieved for this angle, which can shed light on the potential BSM physics.445

4.7 H → µ+µ−446

The dimuon decay of the Higgs boson, H → µ+µ−, is sensitive to the Higgs boson cou-447

pling to the second-generation fermions with a clean final-state signature. In the SM, the448

branching ratio of the decay is 2.18× 10−4 [24] for mH = 125 GeV. Any deviation from the449

SM prediction could be a sign of new physics. The H → µ+µ− decay has been searched for450

by the ATLAS and CMS Collaborations [26, 27] at the LHC, but has yet to be observed.451

To estimate CEPC’s sensitivity for the H → µ+µ− decay, studies are performed for452

the ZH production with the Z decay modes: Z → `+`−, Z → νν̄, and Z → qq̄. In all453

cases, the SM production of ZZ is the dominant background source. Candidate events454

are selected by requiring a pair of muons with its mass between 120 − 130 GeV and their455

recoiling mass consistent with the Z boson mass (in the approximate range of 90−93 GeV,456

depending on the decay mode). Additional requirements are applied to identify specific Z457

boson decay modes. For Z → `+`−, candidate events must have another lepton pair with458

its mass consistent with mZ . In the case of Z → µ+µ−, the muon pairs of the Z → µ+µ−459

and H → µ+µ− decays are selected by minimizing a χ2 based on their mass differences460

with mZ and mH . For the Z → νν̄ decay, a requirement on the missing energy is applied.461

For the Z → qq̄ decay, candidate events must have two jets with their mass consistent with462
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Figure 12. ZH production with the H → µ+µ− decay: dimuon invariant mass distribution of the
selected H → µ+µ− candidates expected from an integrated luminosity of 5 ab−1 at the CEPC.
The distribution combines contributions from Z → `+`−, Z → νν̄, and Z → qq̄ decays.

mZ . To further reduce the ZZ background, differences between the signal and background463

in kinematic variables, such as the polar angle, transverse momentum and energy of the464

candidate H → µ+µ− muon pair, are exploited. Simple criteria on these variables are465

applied for the Z → `+`− and Z → νν̄ decay mode whereas a BDT is used for the Z → qq̄466

decay.467

In all analyses, the signal is extracted through unbinned likelihood fits to the mµµ468

distributions in the range of 120 − 130 GeV with a signal-plus-background model. Ana-469

lytical functions are used model both the signal and background distributions. The signal470

model is a Crystal Ball function while the background model is described by a second-order471

Chebyshev polynomial. The dimuon mass distribution combining all Z boson decay modes472

studied is shown in Fig. 12 with the result of the signal-plus-background fit overlaid. The473

combined relative precision on the σ(ZH)×BR(H → µ+µ−) measurement is estimated to474

be about 15.9% for 5 ab−1 integrated luminosity.475

4.8 H → inv476

In the SM, the Higgs boson can decay invisibly via H → ZZ∗ → νν̄νν̄, as shown in Fig. 13.477

For a Higgs boson mass of 125 GeV, this decay has a branching ratio of 1.06×10−3. In many478

extensions to the SM, the Higgs boson can decay directly to invisible particles [28–31]. In479

this case, the branching ratio can be significantly enhanced.480

The sensitivity of the BR(H → inv) measurement is studied for the Z → `+`− and481

Z → qq̄ decay modes. The H → ZZ∗ → νν̄νν̄ decay is used to model the H → inv decay482
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Figure 13. ZH production with the invisible H → ZZ∗ → νν̄νν̄ decay in the SM.

in both the SM and its extensions. This is made possible by the fact that the Higgs boson is483

narrow scalar so that the production and the decay are fractorized. The main background484

is the SM ZZ production with one of the Z bosons decay invisibly and the other decays485

visibly. Candidate events in the Z → `+`− decay mode are selected by requiring a pair486

of lepton with its mass between 70–100 GeV and event visible energy in the range 90–120487

GeV. Similarly, candidate events in Z → qq̄ are selected by requiring two jets with its488

mass between 80–105 GeV and event visible energy in the range 90–130 GeV. Additional489

selections including using a BDT to exploit the kinematic differences between signal and490

background events are applied.491

Table 8 summarizes the expected precision and 95% CL upper limit on BR(H → inv)492

from a CEPC dataset of 5 ab−1 assuming the uncertainty of σ(ZH) is negligle compared493

with the statistical uncertainty of the analysis. Excluding the H → ZZ∗ → νν̄νν̄ contri-494

bution, a 95% CL upper limit of 0.32% on BR(H → inv) from physics beyond the SM can495

be obtained.496

Table 8. Precision and 95% CL upper limit on BR(H → inv) expected from a CEPC dataset of
5 ab−1.

ZH final state Precision Upper limit
Z → e+e− H → inv (0.11± 0.36)% 0.84%
Z → µ+µ− H → inv (0.11± 0.26)% 0.62%
Z → qq̄ H → inv (0.11± 0.24)% 0.59%

Combined (0.11± 0.16)% 0.42%

4.9 σ(e+e− → νν̄H)× BR(H → bb̄)497

The W -fusion process, e+e− → νν̄H (νν̄H), has a cross section of 3.2% of that of the ZH498

process at
√
s = 250 GeV. The product of its cross section and BR(H → bb̄), σ(νν̄H) ×499

BR(H → bb̄), is a key input quantity to one of the two model-independent methods for500

determining the Higgs boson width at the CEPC. The e+e− → νν̄H → νν̄bb̄ process has501

the same final state as the ZH → νν̄bb̄ process, but has a rate that is approximately one502

– 23 –



sixth of ZH → νν̄bb̄ at
√
s = 250 GeV. The main non-Higgs boson background is the SM503

ZZ production.504

The Z(νν̄)H background is irreducible and can also interfere with νν̄H in the case505

of Z → νeν̄e. However the interference effect is expected to be small and is therefore506

not taken into account in the current study. The νν̄H and Z(νν̄)H contributions can be507

separated through the exploration of their kinematic differences. While the invariant mass508

distributions of the two b-quark jets are expected to be indistinguishable, the recoil mass509

distribution should exhibit a resonance structure at the Z boson mass for Z(νν̄)H and show510

a continuum spectrum for νν̄H. Furthermore, the H bosons are produced with different511

polar angular distributions, see Fig. 14 (a).512

(a) (b)

Figure 14. Distributions of the bb̄ system of the e+e− → νν̄bb̄ candidates: (a) cosine of the polar
angle θ before the event selection and (b) the recoil mass after the event selection. Contributions
from e+e− → νν̄H, ZH and other SM processes are shown. The cos θ distributions are normalized
to unity and therefore only shapes are compared.

Candidate events are selected by requiring their visible energies between 105 GeV and513

155 GeV, visible masses within 100–135 GeV, and missing masses in the range 65–135 GeV.514

The two b-quark jets are identified using the B-likeness variable LB as discussed in Sec-515

tion 4.1. To separate νν̄H and Z(νν̄)H contributions, a 2-dimensional fit in the plane of516

the recoil mass and polar angle of the bb̄ system is performed. The recoil mass resolution517

is improved through a kinematic fit by constraining the invariant mass of the two b-jets518

within its resolution to that of the Higgs boson mass. Figure 14 (b) shows the recoil mass519

distribution of the bb̄ system after the kinematic fit. A fit to the mbb̄ − cos θ distribution520

with both rates of νν̄H and Z(νν̄)H processes as free parameters leads to relative precision521

of 3.1% for σ(νν̄H) × BR(H → bb̄) and 0.33% for σ(ZH) × BR(H → bb̄). The latter522

is consistent with the study of the H → bb̄/cc̄/gg decay described in Section 4.1. Fixing523
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the Z(νν̄)H(bb̄) contribution to its SM expectation yields a relative precision of 2.7% on524

σ(νν̄H)× BR(H → bb̄).525

5 Combinations of Individual Measurements526

5.1 Combined Measurements of σ × BR and BR527

With the measurements of inclusive cross section σ(ZH) and the cross sections of individual528

Higgs boson decay mode σ(ZH) × BR, the Higgs boson decay branching ratio BR can be529

extracted. Most of the systematic uncertainties associated with the measurement of σ(ZH)530

cancels in this procedure. A maximum likelihood fit is used to estimate the precision on531

BRs. For a given Higgs boson decay mode, the likelihood has the form:532

L(BR, θ) = Poisson
[
Nobs

∣∣∣N exp(BR, θ)
]
·G(θ), (5.1)

where BR is the parameter of interest and θ represent nuisance parameters associated with533

systematic uncertainties. Nobs is the number of the observed events, N exp(BR, θ) is the534

expected number of events, and G(θ) is a set of constraints on the nuisance parameters535

within their estimated uncertainties. The number of expected events is the sum of signal536

and background events. The number of signal events is calculated from the integrated537

luminosity, the e+e− → ZH cross section σ(ZH) measured from the recoil method, Higgs538

boson branching ratio BR, the event selection efficiency ε. The number of the expected539

background events, N b, is estimated from Monte Carlo samples. Thus540

N exp(BR, θ) = Lumi(θlumi)× σZH(θσ)× BR× ε(θε) +N b(θb), (5.2)

where θX (X = lumi, σ and ε) are the nuisance parameters of their corresponding pa-541

rameters or measurements. However, systematic uncertainties are not taken into account542

in the current analyses since statistical uncertainties are expected to be dominant for all543

measurements. Thus the nuisance parameters are fixed to their nominal values.544

For the individual analyses discussed in Section 4, contaminations from Higgs boson545

production or decays other than the one under study are fixed to their SM values for sim-546

plicity. In the combination, however, these constraints are removed and the contaminations547

are constrained only by the analyses targeted for their measurements. For example, the548

H → bb̄, cc̄, gg analysis suffers from contaminations from the H → WW ∗, ZZ∗ → qq̄qq̄549

decays. For the analysis discussed in Section 4.1, these contaminations are estimated from550

SM. In the combination fit, they are constrained by the H →WW ∗ and H → ZZ∗ analyses551

described in Sections 4.2 and 4.3, respectively. Taking into account these across-channel552

contaminations properly generally leads to small improvements in precision. For example,553

the precision on σ(ZH)×BR(H → ZZ∗) is improved from 5.4% of the standalone analysis554

to 5.1% from the combination.555

Table 9 summarizes the estimated precision of Higgs boson property measurements. For556

the leading Higgs boson decay modes, namely bb̄, cc̄, gg, WW ∗, ZZ∗ and τ+τ−, percent557

level precision are expected. As it has been discussed in the introduction, this level of558

precision is required to attain sensitivity to many beyond SM physics scenarios.559
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Table 9. Estimated precision of Higgs boson property measurements at the CEPC. All precision
are relative except for mH and BR(H → inv) for which ∆mH and 95% CL upper limit are quoted
respectively.

∆mH ΓH σ(ZH) σ(νν̄H)× BR(H → bb̄)

5.9 MeV 3.3% 0.50% 3.1%

Decay mode σ(ZH)× BR BR

H → bb̄ 0.28% 0.57%
H → cc̄ 3.3% 3.4%
H → gg 1.3% 1.4%
H → τ+τ− 0.8% 0.9%
H →WW ∗ 1.1% 1.2%
H → ZZ∗ 5.1% 5.1%
H → γγ 8.2% 8.3%
H → µ+µ− 16% 16%
(H → inv)BSM − < 0.32%

The best achievable statistical uncertainties for 5 ab−1 are 0.28% for σ(e+e− → ZH)×560

BR(H → bb̄) and 0.5% for σ(e+e− → ZH). Even for these measurements, statistics561

is likely the dominant source of uncertainties. Systematic uncertainties from the effi-562

ciency/acceptance of the detector, the luminosity and the beam energy determination are563

expected to be small. The integrated luminosity can be measured with a 0.1% precision,564

a benchmark already achieved at the LEP [32], and can be potentially improved in the565

future. The center-of-mass energy will be known better than 1 MeV, resulting negligible566

uncertainties on the theoretical cross section predictions and experimental recoil mass mea-567

surements. In summary, all aforementioned measurements will have uncertainties that are568

statistically dominated at the CEPC.569
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5.2 Measurement of Higgs boson width570

The Higgs boson width (ΓH) is of special interest as it is sensitive to BSM physics in571

Higgs boson decays that are not directly detectable or searched for. However, the 4.2 MeV572

width predicted by the SM is too small to be measured with a reasonable precision from573

the distributions of either the invariant mass of the Higgs boson decay products or the574

recoil mass of the system produced in association with the Higgs boson. Unique to lepton575

colliders, the width can be determined from the measurements of Higgs boson production576

cross sections and its decay branching ratios. This is because the inclusive e+e− → ZH577

cross section σ(ZH) can be measured from the recoil mass distribution, independent of578

Higgs boson decays.579

Measurements of σ(ZH) and BR’s have been discussed in Sections 3 and 4. Combining580

these measurements, the Higgs boson width can be calculated in a model-independent way:581

ΓH =
Γ(H → ZZ∗)

BR(H → ZZ∗)
∝ σ(ZH)

BR(H → ZZ∗)
(5.3)

Here Γ(H → ZZ∗) is the partial width of the H → ZZ∗ decay. Because of the small582

expected BR(H → ZZ∗) value for a 125 GeV Higgs boson (2.64% in the SM), the precision583

of ΓH is limited by the H → ZZ∗ statistics. It can be improved using the decay final states584

with the expected large BR values, for example the H → bb̄ decay:585

ΓH =
Γ(H → bb̄)

BR(H → bb̄)
(5.4)

Γ(H → bb) can be independently extracted from the cross section of the W fusion process586

e+e− → νν̄H → νν̄ bb̄:587

σ(νν̄H → νν̄ bb̄) ∝ Γ(H →WW ∗) · BR(H → bb̄) = Γ(H → bb̄) · BR(H →WW ∗) (5.5)

Thus the Higgs boson total width588

ΓH =
Γ(H →WW ∗)

BR(H →WW ∗)
∝ σ(νν̄H → νν̄ bb̄)

BR(H → bb̄) · BR(H →WW ∗)
(5.6)

Here BR(H → bb̄) and BR(H →WW ∗) are measured from the e+e− → ZH process. The589

limitation of this method is the precision of the σ(e+e− → νν̄H → νν̄ bb̄) measurement.590

The precision from the method of 5.3 is 5.4%, dominated by the statistics of e+e− →591

ZH events with H → ZZ∗, after ignoring the measurements correlation with other chan-592

nels. Keeping only the correlations between the measured sub channels appearing in the593

expression of 5.4, the precision on Higgs width is is 3.7%, dominated by the statistics of594

e+e− → νν̄H events with H → bb̄. This method uses the large Br(H → bb̄) value to com-595

pensate the smaller cross section of the W fusion process σvvH . The combined precision of596

the two measurements is 3.3%.597

6 Higgs coupling measurements and Beyond598

In order to extract the implications of the predicted measurement precision shown in Table 9599

on possible new physics models, we would need to translate them into constraints on the600
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parameters in the Lagrangian. This is frequently referred to as Higgs coupling measurement,601

even though we will see from the following that this way of phrasing it can be misleading.602

There are different ways of presenting the constraints. Before going into our result, we603

briefly comment on the reason behind our choice. First, we note that our goal is different604

from analyzing actual data, where a lot of detailed work will be done to derive the conse-605

quences. Instead, we would like to give a broad brushed big picture of the basic capability606

of the Higgs coupling measurement at the CEPC. Ideally, we would like this presentation to607

be simple with a intuitive connection with the observables. We would also like it to be free608

of underlying model assumptions. In addition, it would be convenient if it can interfaced609

directly with higher order computations, RGE evolutions etc. However, achieving all of610

these goals simultaneously is not possible. Two of the most popular approaches are the so611

called κ-framework and the Effective Field Theory (EFT) analysis. As we will discuss in612

more detail, none of these is perfect. At the same time, neither of these is wrong as long613

as we are careful not to over interpreting the result. Another important aspect of mak-614

ing projections on the physics potential of a future experiment is that it will be compared615

with other possible future experiments. Hence, we should follow the most commonly used616

approaches to facilitate such comparisons.617

Motivated by these arguments, in the following, we will present our projections using618

both the κ-framework and EFT approach.619

6.1 Coupling fits in the κ-framework620

The Standard Model makes specific predictions for the Higgs boson couplings to the SM621

fermions, g(hff ; SM) , and to the SM gauge bosons g(hV V ; SM). 2 In the κ-framework,622

the potential deviations are parameterized by623

κf =
g(hff)

g(hff ; SM)
, κV =

g(hV V )

g(hV V ; SM)
, (6.1)

with κi = 1 indicating agreement with the SM prediction.624

In addition to couplings which are present at tree level, the Standard Model also predicts625

effective couplings Hγγ and Hgg, in terms of other SM parameters. Changes in the gluon626

and photon couplings can be induced by the possible shifts in the Higgs boson couplings627

described above. In addition, they can also be altered by loop contributions from new628

physics states. Hence, they will be introduced as two independent couplings, with their629

ratios to the SM predictions denoted as κγ and κg.630

Furthermore, it is possible that the Higgs boson can decay directly into new physics631

particles. In this case, two type of new decay channels will be distinguished:632

1. Invisible decay. This is a specific channel in which Higgs boson decay into invisible633

particles. This can be searched for and, if detected, measured.634

2. Exotic decay. This includes all the other new physics channels. Whether they can635

be observed, and, if so, to what precision, depends sensitively on the particular final636

2For the discussion of coupling fits and their implications, “h′′ is used to denoted the 125 GeV Higgs
boson.
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states. In one extreme, they can be very distinct and can be measured very well. In637

another extreme, they can be in a form which is completely swamped by the back-638

ground. Whether postulating a precision for the measurement of the exotic decay or639

treating it as an independent parameter (essentially assuming it can not be measured640

directly) is an assumption one has to make. In the later case, it is common to use the641

total width Γh as an equivalent free parameter.642

In general, possible deviations of all Standard Model Higgs boson couplings should be643

considered. However, in the absence of obvious light new physics states with large couplings644

to the Higgs boson and other SM particles, a very large deviation (> O(1)) is unlikely. In645

the case of smaller deviations, the Higgs boson phenomenology will not be sensitive to646

the deviations κe, κu, κd and κs. (are they important ever?) Therefore, they will not be647

considered here.648

The CEPC will not be able to directly measure the Higgs boson coupling to top quarks.649

A deviation of this coupling from its SM value does enter Hγγ and Hgg amplitudes. How-650

ever, this can be viewed as parametrized by κγ and κg already. Therefore, we will not include651

κt as an independent parameter. Hence, the following set of 10 independent parameters is652

considered:653

κb, κc, κτ , κµ, κZ , κW , κγ , κg, BRinv, Γh. (6.2)

In this 10 parameter list, the relation ΣiΓi = Γh is used to replace the exotic decay branching654

ratio with the total width.655

Several assumptions can be made that can lead to a reduced number of parameters656

(see also [24, 33]). It can be reduced to a 7-parameter set, by assuming lepton universality,657

and the absence of exotic and invisible decays (excluding h→ ZZ → νννν) [33, 34]:658

κb, κc, κτ = κµ, κZ , κW , κγ , κg. (6.3)

This is useful for hadron collider studies. Since it can not measure the Higgs total width659

with precision, it is more useful for models in which this assumption is satisfied.660

We remark here some of the pros and cons of the κ-framework. κis give a simple and661

intuitive parameterization of potential deviations. It has a direct connection with the ob-662

servables shown in Table 9. It does cover a lot of possible modifications of the coupling.663

At the same time, κ-framework has its limitations. Strictly speaking, it should not be un-664

derstood as modifying the SM renormalizable Lagrangian by a multiplicative factor. Such665

as modification is not physical. For instance, it violates gauge invariance. Therefore, κis666

should not be treated as actual couplings and used in computations. They give a parame-667

terization of the size of the effective vertex. κis don’t summarize all possible effects of new668

physics either. For example, in addition to the overall size, potential new physics can also669

introduce form factors which can change the kinematics of particles connected to a vertex.670

We will see manifestations of this effect in our discussion of the EFT approach. Overall,671

κ-framework does capture the big picture of the capability of precision Higgs measurement672

at CEPC. It is useful as long as we understand its limitation.673

The LHC and especially the HL-LHC will provide valuable and complementary infor-674

mation about the Higgs boson properties. For example, the LHC is capable of directly675
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measuring the top Yukawa coupling through the tth process [35, 36]. In addition, the LHC676

could use differential cross sections to differentiate top-loop contributions and other heavy677

particle-loop contributions to the Higgs boson to gluon coupling [37–40], and similarly to678

separate contributions from different operators to the Higgs boson to vector boson cou-679

plings [41]. For the purpose of the coupling fit in our framework, the LHC with its large680

statistics, helps improving precision on rare processes such as Higgs boson to diphoton cou-681

plings. Note that a large portion of the systematics intrinsic to a hadron collider would be682

canceled by taking ratios of measured cross sections. For example, combining the ratio of683

the rates pp→ h→ γγ and pp→ h→ ZZ∗ and the measurement of hZZ coupling at the684

CEPC can significantly improve the measurement of κγ . These are the most useful inputs685

from the LHC to combine with the CEPC. Similar studies with the ILC can be found in686

Refs. [42–44].687

Table 10. Coupling measurement precision in percent from the 7-parameter fit and 10-parameter fit
described in the text for several benchmark integrated luminosity of the CEPC, and corresponding
results after combination with the HL-LHC. All the numbers refer to are relative precision except
for BRinv of beyond standard model for which 95% CL upper limit are quoted respectively. To
leave some entries vacant for the 7-parameter fit to stress them being dependent parameter under
the fitting assumptions of the 7-parameter.

10-parameter fit 7-parameter fit
CEPC +HL-LHC CEPC +HL-LHC

Γh 3.2 2.5 – –
κb 1.6 1.2 1.0 0.9
κc 2.3 2.0 2.1 1.9
κg 1.6 1.2 1.2 1.0
κW 1.4 1.1 1.0 0.9
κτ 1.6 1.2 1.1 1.0
κZ 0.21 0.21 0.17 0.16
κγ 4.4 1.7 4.3 1.7
κµ 8.1 4.9 – –

BRinv 0.31 0.31 – –

The 10-parameter fit and the 7-parameter fit for several integrated luminosities are688

shown in Table 10, respectively. In addition, the combinations with expectations (with689

theoretical uncertainties included) from the HL-LHC from Ref. [45] are shown in the same690

tables as well.3 We assume the HL-LHC will operate at 14 TeV center-of-mass energy and691

accumulate an integrated luminosity of 3000 fb−1.692

The CEPC Higgs boson properties measurements mark a giant step beyond the HL-693

LHC. First of all, in contrast to the LHC, a lepton collider Higgs factory is capable of694

measuring the absolute width and coupling strengths of the Higgs boson. A comparison with695

3We note here that the LHC and the CEPC have different sources of theoretical uncertainties, for detailed
discussion, see Refs. [24, 34, 46–48].
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Figure 15. The 7 parameter fit result, and comparison with the HL-LHC [45]. The projections for
the CEPC at 250 GeV with 5 ab−1 integrated luminosity are shown. The CEPC results without
combination with the HL-LHC input are shown with dashed edges. The LHC projections for an
integrated luminosity of 300 fb−1 are shown in dashed edges.

the HL-LHC is only possible with model dependent assumptions. One of such comparison696

is within the framework of a 7-parameter fit, shown in Fig. 15. Even with this set of697

restrictive assumptions, the advantage of the CEPC is still significant. The measurement698

of κZ is more than a factor of 10 better. The CEPC can also improve significantly on a set699

of channels which suffers from large background at the LHC, such as κb, κc, and κg. We700

emphasize that this is comparing with the HL-LHC projection with aggressive assumptions701

about systematics. Such uncertainties are typically under much better control at lepton702

colliders. Within this 7 parameter set, the only coupling which the HL-LHC can give a703

competitive measurement is κγ , for which the CEPC’s accuracy is limited by statistics.704

This is also the most valuable input that the HL-LHC can give to the Higgs boson coupling705

measurement at the CEPC, which underlines the importance of combining the results of706

these two facilities.707

We also remark on the couplings which are left out in this fit. The most obvious708

omission is the BRbsm
inv . The CEPC with 5 ab−1 can measure this to a high accuracy as 95%709

upper limit 0.31%, as shown in Table 10. At the same time, the HL-LHC can only manage710

a much lower accuracy 6− 17% [34].711

As we have discussed above, one of the greatest advantages of lepton collider Higgs712

boson factory is the capability of determining the Higgs boson coupling model independently.713

The projection of such a determination at the CEPC is shown in Fig. 16. The advantage714

of the higher integrated luminosity at a circular lepton collider is apparent. The CEPC715
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Figure 16. The 10 parameter fit result for CEPC at 250 GeV with 5 ab−1 integrated luminosity
(blue) and in combination with HL-LHC inputs (red). All the numbers refer to are relative precision
except for BRbsm

inv for which 95% CL upper limit are quoted respectively.

has a clear advantage in the measure of κZ . It is also much stronger in κµ and BRinv716

measurements.717
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Figure 17. The correlation of the 10-parameter fit and 7-parameter fit shown the left and right
panel, respectively. The upper (lower) number in each entry represent the CEPC (combined fit
with HL-LHC) fit results.

In Fig. 17 we show the correlation matrix for the 10-parameter and 7-parameter fit in the718

κ-scheme in percentage. The darker color represent stronger correlations and the numbers719

in the off-diagonal entries represent the correlation before and after combination with HL-720

LHC Higgs precision inputs, in the upper and lower entries, respectively. Comparing the721

10-parameter and 7-parameter fit, the 7-parameter fit has much largre correlations between722

different entries, as the improved precision comparing with 10-parameter fit comes from723

having the total width as a summation of all decay channels. In the 10-parameter fit, the724

only entries with strong correlations are between κZ with Γ and κb, which can be understood725

in the discussion of the large dependence of width determination on inclusive ZH cross726

section measurement. Very naturally, the HL-LHC and CEPC are very complimentary727

and almost all entries after combinations have reduced correlation. One exception is the728

correlations between κZ and κγ as HL-LHC dominants the precision in κγ through the ratio729

measurement in both the 10-parameter fit and 7-parameter fit. In the 7-parameter fit, in730

addition, the correlation between κb and κγ , κW and κg, as well as κg with κb and κc are731

slightly increased. This slight increase in correlation are mainly coming from the HL-LHC732

improving the κg through the fusion rate measurement.733

6.2 Effective-field-theory analysis734

We begin with the assumption that the new physics particles are heavier than the rel-735

evant energy of the Higgs factory. In this case, their effect can be characterized in the736

effective-field-theory (EFT) framework, in which higher dimensional operators supplement737

the Standard Model Lagrangian. Imposing baryon and lepton numbers conservations, all738

higher dimensional operators are of even dimension:739

LEFT = LSM +
∑

i

c
(6)
i

Λ2
O(6)
i +

∑

j

c
(8)
j

Λ4
O(8)
j + · · · (6.4)
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The leading effects of new physics at the electroweak scale would be the dimension-six740

operators. To obtain robust constraints on the Wilson coefficients ci, a global analysis is741

required which includes the contributions from all possible dimension-six operators. While742

a large number of dimension-six operators can be written down, only a subset of them743

contribute to the Higgs processes at leading order. Among these operators, some are much744

better constrained by other measurements. It is thus reasonable to focus on the operators745

that primarily contribute to the Higgs processes and reduce the parameter space by making746

appropriate assumptions, as done in many recent studies of EFT global analysis at future747

lepton colliders [49–55]. Following these studies, we discard the CP-violating operators as748

well as the ones that induce fermion dipole interactions. At leading order, CP-violating749

operators do not have linear contributions to the rates of Higgs processes. While they750

do contribute to the angular observables at the leading order [56, 57], these operators751

are usually much better constrained by EDM experiments [58–60], though some rooms752

are still possible for the CP-violating couplings of Higgs to the heavy flavor quarks and753

leptons [61, 62]. The interference between the fermion dipole interactions with SM terms754

are suppressed by the fermion masses. The corresponding operators also generate dipole755

moments, which are stringently constrained especially for light fermions. For the operators756

that modify the Yukawa matrices, we focus on the five diagonal ones that correspond to757

the top, charm, bottom, tau, and muon Yukawa couplings, which are relevant for the Higgs758

measurements at CEPC.759

Before presenting our projections, we offer some brief comments on the EFT framework.760

In comparison with the κ-framework, a significant advantage of the EFT framework is that761

it gives is physical parameterization of the new physics effect. EFT operators can be used762

directly in computations. It also allows natural inclusion of new observables, with possible763

correlations automatically taken into account. At the same time, the connections with764

experimental observables are less direct and intuitive. Sometimes, the EFT approach is765

referred to as model-independent. This is only accurate to a certain extent. At least, it766

assumes that there are no new light degrees of freedom. In practice, assumptions are often767

made to simplify the set of EFT operators, as we have also done here.768

The electroweak precision observables are already tightly constrained by the LEP Z-769

pole andW mass measurements. The CEPC Z-pole run can further improve the constraints770

set by LEP, thanks to the enormous amount (∼ 1011) of Z bosons that can be collected.771

The W mass can also be constrained within a few MeVs at CEPC even without a dedicated772

WW threshold run. Given that the expected precisions of the Z-pole observables and the773

W mass are much higher than the ones of Higgs observables, in the Higgs analysis, we774

assume that the former ones are perfectly constrained, which significantly simplifies the775

analysis. In particular, in a convenient basis all the contact interaction terms of the form776

hV ff̄ can be discarded since they also modify the fermion gauge couplings. Realistic Z-pole777

constraints have also been considered in recent studies [52, 53, 55], but certain assumptions778

(such as flavor-universality) and simplifications are made. Future studies with more general779

frameworks are desired to fully determine the impact of the Z-pole measurements on the780

Higgs analysis.781

The measurements of the triple gauge couplings (TGCs) from the diboson process782
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CEPC 250GeV (5 ab−1)
uncertainty correlation matrix

δg1,Z δκγ λZ
δg1,Z 1.1× 10−3 1 0.03 -0.89
δκγ 0.8× 10−3 1 -0.40
λZ 1.2× 10−3 1

Table 11. The estimated constraints on aTGCs from the measurements of the diboson process
(e+e− → WW ) in the semi-leptonic channel at CEPC 250GeV with 5 ab−1 data and unpolarized
beams. All angular distributions are used in the fit. We consider only the statistical uncertainties
of the signal events assuming a selection efficiency of 80%.

(e+e− → WW ) play an important role in the Higgs coupling analysis under the EFT783

framework. Focusing on CP-even dimension-six operators, the modifications to the triple784

gauge vertices from new physics can be parameterized by three anomalous TGC parameters785

(aTGCs), conventionally denoted as δg1,Z , δκγ and λZ [63, 64]. Among them, δg1,Z and786

δκγ are generated by operators that also contribute to the Higgs processes. At 250GeV,787

the cross section of e+e− → WW is almost two orders of magnitude larger than the one788

of the Higgsstrahlung process. The measurements of the diboson process thus provide789

strong constraints on the operators that generate the aTGCs. A dedicated study on the790

TGC measurements at CEPC is not available at the current moment. We thus perform791

a simplified analysis to estimate the precision reaches on the aTGCs. Our results are792

shown in Table 11. The analysis roughly follows the methods in Refs. [51, 65]. We use793

only the WW events in the semi-leptonic (electron or muon) channel, which has good794

event reconstructions and also a sizable branching fraction (≈ 29%). In particular, the795

production polar angle, as well as the two decay angles of the leptonic W , can be fully796

reconstructed, which contain important information on the aTGCs. The two decay angles797

of the hadronic W can only be reconstructed with a two-fold ambiguity. We perform a χ2
798

fit of the three aTGC parameters to the binned distribution of all five angles and extract the799

one-sigma precision of the three aTGCs as well as the correlations among them. Without800

a detailed simulation study, we only assume a signal selection efficiency of 80%, and do801

not consider the effects of systematics and backgrounds, assuming they are under control802

after the selection cuts. (Can remove the following if we do not want to directly compare803

with ILC.) Our results are comparable with the ones of ILC 250GeV in Ref. [52], which804

agrees with our expectation since the lack of the longitudinal beam polarization at CEPC805

is compensated with a larger luminosity. We also note that in the TGC analysis at ILC806

500GeV [66], the selection efficiency of WW events in the semi-leptonic channel is around807

70%, while the number of background events is much smaller than the signal one after all808

the selection cuts. While the center of mass energy and the beam polarizations are different,809

this nevertheless provides justifications to the assumptions we made in our analysis.810

Under the assumptions specified above, the contributions to the Higgs and diboson811

processes from dimension-six operators consist of a total number of twelve degrees of free-812

doms. While all non-redundant basis are equivalent, it is particularly convenient to choose813
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OH = 1
2(∂µ|H2|)2 OGG = g2

s |H|2GAµνGA,µν
OWW = g2|H|2W a

µνW
a,µν Oyu = yu|H|2Q̄LH̃uR (u→ t, c)

OBB = g′2|H|2BµνBµν Oyd = yd|H|2Q̄LHdR (d→ b)

OHW = ig(DµH)†σa(DνH)W a
µν Oye = ye|H|2L̄LHeR (e→ τ, µ)

OHB = ig′(DµH)†(DνH)Bµν O3W = 1
3!gεabcW

a ν
µ W b

νρW
c ρµ

Table 12. A complete set of CP-even dimension-six operators that contribute to the Higgs and
TGC measurements, assuming there is no correction to the Z-pole observables and the W mass,
and also no fermion dipole interaction. For Oyu , Oyd and Oye , we only consider the contributions
to the diagonal elements of the Yukawa matrices that corresponds to the top, charm, bottom, tau,
and muon Yukawa couplings.

a basis in which the twelve degrees of freedoms can be mapped to exactly twelve operators,814

while the rest are removed by the assumptions. We consider two such bases in our analysis,815

one is defined by the set of dimension-six operators in Table 12, the other is the so-called816

“Higgs basis,” proposed in Ref. [67]. In the Higgs basis, the parameters are defined in the817

broken electroweak phase, and can be directly interpreted as the size of the Higgs couplings.818

Different from the original Higgs basis, we follow Ref. [51] and normalize the parameters819

associated with the Hgg, Hγγ and HZγ vertices to the SM one-loop contributions, and820

denote them as c̄gg, c̄γγ and c̄Zγ . We further define the parameter c̄ eff
gg to absorb all contri-821

butions to the Hgg vertex, as shown in Eq. 6.13. These redefined parameters can be more822

conveniently interpreted as the precisions of the Higgs couplings analogous to those in the823

κ framework. The exact definitions of the Higgs basis and the translation to the basis in824

Table 12 can be found in the end of the section.825

The estimated precisions of all the Higgs rate measurements in Section 5 (Table 9),826

along with the correlations among them, are included as inputs for the EFT global anal-827

ysis. In addition, we include the angular observables of the channel e+e− → HZ, Z →828

`+`−, H → bb̄, following the studies in Refs. [56, 57]. This channel is almost background-829

free after the selection cuts, with a signal selection efficiency of about 40%. For the TGC830

measurements, we use the results in Table 11 as inputs. The global χ2 is obtained by sum-831

ming over the χ2 of all the measurements. Due to the high precision of the measurements,832

it is shown that for all observables, keeping only the linear terms of all EFT parameters833

gives a very good approximation [51]. This greatly simplifies the fitting procedure, as the834

total χ2 can be written as835

χ2 =
∑

ij

(c− c0)i σ
−2
ij (c− c0)j , where σ−2

ij ≡ (δci ρij δcj)
−1 , (6.5)

where ci’s are the EFT parameters, c0’s are the corresponding central values which are zero836

by construction, as we assume the measurements are SM-like. The one-sigma uncertainties837

δci and the correlation matrix ρ can be obtained from σ−2
ij = ∂2 χ2

/
∂ci∂cj .838

For comparison, we also consider the reaches of the LHC 14TeV with a total lumi-839

nosities of 300 fb−1 or 3000 fb−1, which are combined with the diboson (e+e− → WW )840

measurements at LEP as well as the LHC 8TeV Higgs measurements. For the LHC 14TeV841
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δcZ cZZ cZ□ cγγ cZγ cgg
eff δyt δyc δyb δyτ δyμ λZ

10-4

10-3

10-2

10-1

1

pr
ec
is
io
n

precision reach of the 12-parameter EFT fit (Higgs basis)

LHC 300/3000 fb-1 Higgs + LEP e+e-→WW

CEPC 250GeV (5 ab-1), without/with HL-LHC

Figure 18. One-sigma precision reach of the twelve parameters in the Higgs basis. The first column
shows the results from the LHC Higgs measurements with 300 fb−1 (light shade) and 3000 fb−1 (solid
shade) combined with LEP diboson (e+e− → WW ) measurement. The second column shows the
results from CEPC with 5 ab−1 data collected at 250GeV with unpolarized beam. The results from
CEPC alone are shown in light shades, and the ones from a combination of CEPC and HL-LHC
are shown in solid shades. The charm Yukawa is poorly constrained at the LHC and we simply fix
δyc to zero for the LHC fits.

Higgs measurements, we use the projections by the ATLAS collaboration [45], while the842

composition of each channel is obtained from Refs. [68–72]. The constraints from the LHC843

8TeV Higgs measurements and the diboson measurements at LEP are obtained directly844

from Ref. [73]. While the LHC diboson measurements could potentially improve the con-845

straints on aTGCs set by LEP [74], they are not included in our analysis due to the potential846

issues related to the validity of the EFT [75, 76] and the TGC dominance assumption [77].847

The results of the 12-parameter fit at CEPC are shown in Fig. 18 for the Higgs basis and848

Fig. 19 for the basis in Table 12. The results from LHC Higgs measurements (both 300 fb−1
849

and 3000 fb−1) combined with LEP diboson measurements are shown in comparison. We850

also show the results of the combination of CEPC with HL-LHC (3000 fb−1) in addition851

to the ones of CEPC alone. In Fig. 18, the results are shown in terms of the one-sigma852

precision of each parameter. The LHC results are shown with gray columns with 300 fb−1
853

(3000 fb−1) in light (solid) shades, while the CEPC ones are shown with the red columns,854

with the CEPC-alone (combination with HL-LHC) results shown in light (solid) shades. In855

Fig. 19, the results are presented in terms of the reaches of Λ/
√
|ci| at 95% confidence level856

(CL), where Λ is the scale of new physics and ci is the corresponding Wilson coefficient for857

each operator, defined in Eq. 6.4. Four columns are shown separately for LHC 300 fb−1,858

LHC 3000 fb−1, CEPC alone and CEPC combined with HL-LHC. The results of the global859

fits are shown with solid shades. The results from individual fits are shown with light860

shades, which are obtained by switching on one operator at a time with the rest fixed to861

zero.862

It is transparent from Fig. 18 that CEPC provides very good reaches on the precisions863
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OH OWW OBB OHW OHB OGG Oyt Oyc Oyb Oyτ Oyμ O3W
0.1

1

10

102
95% CL reach from the 12-parameter EFT fit

LHC 300/fb Higgs + LEP e+e-→WW
LHC 3000/fb Higgs + LEP e+e-→WW
CEPC 250GeV (5/ab) only
CEPC 250GeV (5/ab) + HL-LHC

light shade: individual fit (one operator at a time)
solid shade: global fit

Figure 19. The 95%CL reach on Λ/
√
|ci| for the operators in the basis defined in Table 12. The

first two columns show the results from LHC Higgs measurements with 300 fb−1 and 3000 fb−1

combined with LEP diboson (e+e− →WW ) measurement. The last two columns show the results
from CEPC alone and the combination of CEPC and HL-LHC (3000 fb−1). The results of the global
fits are shown with solid shades. The results from individual fits (by switching on one operator at
a time) are shown with light shades. The charm Yukawa is poorly constrained at the LHC and we
simply fix δyc to zero for the LHC fits.

of Higgs couplings, which are of one order of magnitude better than the ones at the LHC.864

For the parameters c̄γγ , c̄Zγ and δyµ, the clean signal and small branching ratios of the865

corresponding channels (H → γγ/Zγ/µµ) makes the HL-LHC precisions comparable with866

the CEPC ones. The combination with additional LHC measurements thus provides non-867

negligible improvements, especially for those parameters. It should be noted that, while δyt868

modifies theHgg vertex via the top loop contribution, CEPC alone could not discriminate it869

from theHgg contact interaction (c̄gg in Eq. 6.14) obtained from integrating out a heavy new870

particle in the loop. The parameter c̄ eff
gg absorbs both contributions and reflects the overall871

precision of the Hgg coupling. The combination with the LHC tt̄H measurements could872

resolve this flat direction. The CEPC measurements, in turn, could improve the constraint873

on δyt set by the LHC by providing much better constraints on the other parameters that874

contribute to the tt̄H process. We also note that the measurement of the charm Yukawa875

coupling is not reported in Ref. [45], while the projection of its constraint has a large876

variation among different studies and can be much larger than one [78–83]. We, therefore,877

fix δyc = 0 for the LHC-only fits, as treating δyc as an unconstrained free parameter878

generates a flat direction in the fit which makes the overall reach much worse. The CEPC,879

on the other hand, provides excellent measurements of the charm Yukawa and can constrain880

δyc to a precision of ∼ 2%.881

Regarding the reaches of Λ/
√
|ci| in Fig. 19, it is also clear that CEPC has a significantly882

better performance than the LHC. If the couplings are naïvely assumed to be of order one883

(ci ∼ 1), the Higgs measurements at CEPC would be sensitive to new physics scales at884

multiple TeVs. While the individual reach for some of the operators at the LHC can be885
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comparable to the ones at CEPC (e.g., OWW and OBB from the measurement of H →886

γγ), the reaches of CEPC are much more robust under a global framework thanks to its887

comprehensive measurements of both the inclusive HZ cross section and the exclusive rates888

of many Higgs decay channels. Operators OGG and Oyt both contribute to the Hgg vertex.889

While the CEPC could provide strong constraints on either of them if the other is set to890

zero, they can only be constrained in a global fit if the tt̄h measurements at the LHC are891

also included. It is also important to note that the validity of EFT could be a potential892

issue for the LHC measurements [75]. Depending on the size of the couplings, the inferred893

bounds on the new physics scale Λ could be comparable with or even smaller than the894

energy scale probed by the LHC. The CEPC has a smaller center of mass energy and much895

better precisions, which ensures the validity of EFT for most new physics scenarios.896

In Table 13 and Fig. 20, we present for CEPC the numerical results of the global fit in897

terms of the one-sigma precisions of the 12 parameters and the correlations among them.898

The results assume an integrated luminosity of 5 ab−1 at 250GeV with unpolarized beams,899

both without and with the combination of HL-LHC (3000 fb−1) Higgs measurements. With900

both the one-sigma bounds and the correlation matrix, the corresponding chi-squared can901

be reconstructed, which can be used to derive the constraints in any other EFT basis or any902

particular model that can be matched to the EFT. This offers a convenient way to study the903

reaches on new physics models, as detailed knowledge of the experimental measurements904

are not required.905

Higgs basis
δcZ cZZ cZ� c̄γγ c̄Zγ c̄ eff

gg δyt δyc δyb δyτ δyµ λZ
0.0058 0.0052 0.0029 0.043 0.11 0.011 – 0.020 0.0069 0.0086 0.080 0.0011
0.0050 0.0046 0.0028 0.016 0.083 0.0092 0.050 0.020 0.0061 0.0078 0.049 0.0011

ci/Λ
2 [TeV−2] of dimension-six operators

cH cWW cBB cHW cHB cGG cyt cyc cyb cyτ cyµ c3W
0.19 0.042 0.042 0.12 0.17 – – 0.32 0.088 0.12 1.3 0.18
0.17 0.035 0.035 0.11 0.16 0.0018 0.82 0.32 0.086 0.12 0.81 0.17

Table 13. The one-sigma uncertainties for the 12 parameters from CEPC (250GeV, 5 ab−1) in
the Higgs basis and the basis of dimension-six operators. For both cases, the upper (lower) row
correspond to results without (with) the combination of the HL-LHC Higgs measurements.. Note
that, without the tt̄h measurements, δyt can not be constrained in a global fit, thus cGG and cyt
can not be resolved.

Higgs total width: In our EFT framework, it is explicitly assumed that the Higgs906

total width is the sum of all the widths of its SM decay channels. This is because the EFT907

expansion in Eq. 6.4 relies on the assumption that the new physics scale is sufficiently large,908

while any potential Higgs exotic decay necessarily introduces light BSM particles, thus in909

direct conflict with this assumption. One could nevertheless treat the Higgs total width910

as a free parameter in the EFT global fit and obtain an indirect constraint of it, as done911

in Ref. [52]. With this treatment, we found that the CEPC can constrain the Higgs total912

width to a precision of 1.8% (1.7% if combined with HL-LHC). This result is significantly913

better than the one from the 10-parameter coupling fit (3.2%/2.5%). The improvement914

is mainly because the HWW and HZZ couplings are treated as being independent in915
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Figure 20. The correlation matrix of the 12-parameter fit at the CEPC in the Higgs basis (left)
and the basis of dimension-six operators (right). The upper (lower) entries correspond to results
without (with) the combination of the HL-LHC Higgs measurements.

the 10-parameter coupling fit, while in the EFT framework they are related to each other916

under gauge invariance and custodial symmetry. It should also be noted that the Higgs917

width determined using Eq. (5.3) and (5.6) explicitly assumes that the HWW and HZZ918

couplings are independent of the energy scale. Such an assumption is not valid in the EFT919

framework with the inclusion of the anomalous couplings.920

The “12-parameter” effective-field-theory framework921

The Higgs basis is proposed in Ref. [67] and applied in EFT studies of the LHC Higgs922

measurements such as Refs. [73, 86]. While the SM and the dimension-six operators are923

included with gauge invariances imposed, the parameters in the Higgs basis are defined in924

the broken electroweak phase Lagrangian, which makes the connection to measurements925

more straightforward. We follow the framework in Ref. [51], which applies the Higgs basis926

to measurements at future lepton colliders. For simplicity, the CP-violating operators and927

the ones that induce fermion dipole interactions are discarded, and the Z-pole observables928

and W mass are assumed to be SM-like.929

The SM and dimension-6 operators relevant for our study are930

L ⊃ LhV V + Lhff + Ltgc , (6.6)
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where the couplings of the Higgs to the SM gauge bosons are

LhV V =
h

v

[
(1 + δcW )

g2v2

2
W+
µ W

−µ + (1 + δcZ)
(g2 + g′2)v2

4
ZµZ

µ

+ cWW
g2

2
W+
µνW

−µν + cW� g
2(W−µ ∂νW

+µν + h.c.)

+ cgg
g2
s

4
GaµνG

aµν + cγγ
e2

4
AµνA

µν + cZγ
e
√
g2 + g′2

2
ZµνA

µν

+ cZZ
g2 + g′2

4
ZµνZ

µν + cZ� g
2Zµ∂νZ

µν + cγ� gg
′Zµ∂νAµν

]
. (6.7)

Not all the parameters in Eq. 6.7 are indepedent. Imposing gauge invariances, we choose
to rewrite δcW , cWW , cW� and cγ� as4

δcW = δcZ + 4δm ,

cWW = cZZ + 2s2
θW
cZγ + s4

θW
cγγ ,

cW� =
1

g2 − g′2
[
g2cZ� + g′2cZZ − e2s2

θW
cγγ − (g2 − g′2)s2

θW
cZγ
]
,

cγ� =
1

g2 − g′2
[
2g2cZ� + (g2 + g′2)cZZ − e2cγγ − (g2 − g′2)cZγ

]
, (6.8)

where δm is induced by custodial symmetry breaking effects and is set to zero in our931

framework. While the modifications to the Yukawa couplings are in general 3× 3 complex932

matrices in the family space, we focus on the diagonal ones of t, c, b, τ, µ which are933

relevant for the measurements,934

Lhff = −h
v

∑

f=t,c,b,τ,µ

mf (1 + δyf )f̄RfL + h.c. . (6.9)

The anomalous triple gauge couplings (aTGCs) are given by

Ltgc = igsθWA
µ(W−νW+

µν −W+νW−µν)

+ ig(1 + δgZ1 )cθWZ
µ(W−νW+

µν −W+νW−µν)

+ ig [(1 + δκZ)cθWZ
µν + (1 + δκγ)sθWA

µν ]W−µ W
+
ν

+
ig

m2
W

(λZcθWZ
µν + λγsθWA

µν)W−ρv W+
ρµ , (6.10)

where Vµν ≡ ∂µVν − ∂νVµ for V = W±, Z, A. Gauge invariance further imposes δκZ =

δg1,Z − t2θW δκγ and λZ = λγ , thus leaving three independent aTGC parameters, which
are chosen to be δg1,Z , δκγ and λZ . Two of them, δg1,Z and δκγ , are related to Higgs
observables and can be written as

δg1,Z =
1

2(g2 − g′2)

[
−g2(g2 + g′2)cZ� − g′2(g2 + g′2)cZZ + e2g′2cγγ + g′2(g2 − g′2)cZγ

]
,

δκγ = − g2

2

(
cγγ

e2

g2 + g′2
+ cZγ

g2 − g′2
g2 + g′2

− cZZ
)
. (6.11)

4In this subsection, sθW , cθW and tθW are shorthands for sin θW , cos θW and tan θW , where θW is the
weak mixing angle.
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In the Higgs basis, we therefore have the following 12 parameters:935

δcZ , cZZ , cZ� , cγγ , cZγ , cgg , δyt , δyc , δyb , δyτ , δyµ , λZ . (6.12)

A full list of the relevant observables in terms of the 12 EFT parameters can be found in936

Ref. [51]. In particular, for the EFT parameters we consider only their tree level contribu-937

tions, except for the Hgg vertex for which we also include the contributions of δyt and δyb938

via the fermion loops. We also follow Ref. [51] and normalize cγγ , cZγ and cgg with respect939

to the SM 1-loop contributions to the Hγγ, HZγ and Hgg vertices. The corresponding940

parameters are denoted by c̄γγ , c̄Zγ and c̄gg, defined as941

Γγγ
ΓSM
γγ

' 1− 2c̄γγ ,
ΓZγ

ΓSM
Zγ

' 1− 2c̄Zγ , (6.13)

and942

Γgg
ΓSM
gg

' 1 + 2 c̄ eff
gg ' 1 + 2 c̄gg + 2.10 δyt − 0.10 δyb . (6.14)

They are related to the original parameters by943

c̄γγ '
cγγ

8.3× 10−2
, c̄Zγ '

cZγ
5.9× 10−2

, c̄gg '
cgg

8.3× 10−3
. (6.15)

It should be noted that, without the inclusion of LHC tt̄h measurements, the CEPC mea-944

surements alone could only constrain a linear combination of cgg and δyt. In this case, the945

two parameters can be replaced by c̄ eff
gg (defined in Eq. 6.14) which parametrize the total946

contribution to the Hgg vertex.947

To translate to the basis in Table 12, we first choose a different normalization of the
Wilson coefficients, defined as

LD6 =
cH
v2
OH +

κWW

m2
W

OWW +
κBB
m2
W

OBB +
κHW
m2
W

OHW +
κHB
m2
W

OHB

+
κGG
m2
W

OGG +
κ3W

m2
W

O3W +
∑

f=t,c,b,τ,µ

cyf
v2
Oyf , (6.16)

in order to simplify the expressions. In this basis, the aTGCs are given by

δg1,Z = − κHW
c2
θW

,

δκγ = − κHW − κHB ,
λZ = − κ3W , (6.17)
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The translation between the two bases is straightforward, given by

δcZ = − 1

2
cH ,

cZZ =
4

g2 + g′2
(−κHW − t2θW κHB + 4 c2

θW
κWW + 4 t2θW s

2
θW
κBB) ,

cZ� =
2

g2
(κHW + t2θW κHB) ,

cγγ =
16

g2
(κWW + κBB) ,

cZγ =
2

g2
(κHB − κHW + 8 c2

θW
κWW − 8 s2

θW
κBB) ,

cgg =
16

g2
κGG ,

δyf = − 1

2
cH − cyf . (6.18)

It should be noted that Eq. 6.17 and Eq. 6.18 are only valid under the assumptions made in
our analysis, more specifically, that there is no correction to the Z-pole observables and the
W mass. The general expressions for the aTGCs can be found in Ref. [87]. Basis translations
from the Higgs basis to the SILH’ basis (and others) are provided in Ref. [67]. To go from
the SILH’ basis to the one in Table 12, one simply trades OW ,OB for OWW ,OWB, using

OB = OHB +
1

4
OBB +

1

4
OWB ,

OW = OHW +
1

4
OWW +

1

4
OWB , (6.19)

where OWB is directly related to the Z-pole measurements and is discarded in our analysis.948

6.3 The Higgs self-coupling949

The Higgs boson self-coupling is a critical parameter governing the dynamics of the elec-950

troweak symmetry breaking. In the Standard Model, the Higgs trilinear and quadrilinear951

couplings are fixed once the values of the electroweak VEV and the Higgs mass are known.952

Any deviation from the SM prediction is thus clear evidence of new physics beyond the SM.953

The Higgs trilinear coupling is probed at the LHC with the measurement of the double-954

Higgs process, pp → HH. Current bounds on the Higgs trilinear coupling is at the O(10)955

level, while the HL-LHC is expected to improve the precision to the level of O(1) [? ]. The956

prospects for extracting the Higgs quadrilinear coupling are much less promising, even for957

a 100TeV hadron collider [? ].958

To measure the double-Higgs processes at a lepton collider, a sufficiently large center of959

mass energy (& 400GeV) is required, which is likely to be achieved only at a linear collider.960

The CEPC, instead, can probe the Higgs trilinear coupling via its loop contributions to the961

single Higgs processes. This indirect approach nevertheless provides competitive reaches962

since the loop suppression is compensated by the high precision of the Higgs measurements963

at CEPC [88]. With a precision of 0.5% on the inclusive HZ cross section at 250GeV,964
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the Higgs trilinear coupling can be constrained to a precision of 40%, assuming all other965

Higgs couplings that contributes to e+e− → HZ are SM-like. 5 While this indirect bound966

is comparable to the direct ones at linear colliders, it relies on strong assumptions which are967

only applicable to some specific models. A more robust approach is to include all possible968

deviations on the Higgs couplings simultaneously and constrain the Higgs trilinear coupling969

in a global fit. The EFT framework presented in Section 6.2 is ideal for such an analysis. We970

follow Ref. [54] and include the one-loop contributions of the trilinear Higgs coupling to all971

the relevant Higgs production and decay processes. The new physics effect is parameterized972

by the quantity δκλ ≡ κλ − 1, where κλ is the ratio of the Higgs trilinear coupling to its973

SM value,974

κλ ≡
λ3

λsm
3

, λsm
3 =

m2
h

2v2
. (6.20)

The global fit is performed simultaneously with δκλ and the 12 EFT parameters in Sec-975

tion 6.2. The results are presented in Table 14. The results for HL-LHC are also shown,976

which were obtained in Ref. [89] under the same global framework. For CEPC 250GeV, the977

one-sigma bound on δκλ is around ±4, significantly worse than the 40% in the δκλ-only fit.978

This is a clear indication that it is difficult to resolve the effects of δκλ from those of other979

Higgs couplings. For HL-LHC, the reach on δκλ is still dominated by the double-Higgs980

process. However, as a result of the destructive interferences among diagrams, the double-981

Higgs process at LHC could not constrain δκλ very well on its positive side, even with the982

use of differential observables [? ]. The combination of HL-LHC and CEPC 250GeV thus983

provides a non-trivial improvement to the HL-LHC result alone, in particular for the two-984

sigma bound on the positive side, which is improved from +6.1 to +3.6. This is illustrated985

in Fig. 21, which plots the profiled χ2 as a function of δκλ for the two colliders.986

bounds on δκλ ∆χ2 = 1 ∆χ2 = 4

CEPC 250GeV (5 ab−1) [−3.7, +3.9] [−7.3, +7.9]

HL-LHC [−0.9, +1.3] [−1.7, +6.1]

HL-LHC + CEPC 250GeV [−0.8, +1.1] [−1.6, +3.6]

250GeV (5 ab−1) + 350GeV (1.5 ab−1) [−0.56, +0.56] [−1.1, +1.1]

Table 14. The ∆χ2 = 1 (one-sigma) and ∆χ2 = 4 (two-sigma) bounds of δκλ for various scenarios,
obtained in a global fit by profiling over all other EFT parameters. The results for HL-LHC are
obtained from Ref. [89].

It is also important to note that the reach on δκλ in the global framework is significantly987

improved if an additional run at 350GeV is available. The global constraint on δκλ is988

improved by almost one order of magnitude with 1.5 ab−1 data collected at the 350GeV on989

top of the 5 ab−1 at 250GeV. The usefulness of the 350GeV run in discriminating different990

EFT parameters is already discussed in Section 6.2. In addition, it was pointed out in991

Refs. [54, 88] that the sensitivity of σ(HZ) to δκλ is maximized near the HZ threshold and992

5 A better precision can be obtained by also using the exclusive channels, such as σ(HZ)×BR(H → bb̄),
but would require an even stronger assumption that all Higgs couplings contributing to the branching ratios
are also SM-like except the Higgs trilinear coupling.
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Figure 21. Chi-square as a function of δκλ after profiling over all other EFT parameters for
HL-LHC, CEPC and their combination.

decreases as the center of mass energy increases – a feature not exhibited by the other EFT993

parameters. Measuring e+e− → HZ at two different energies is thus particularly helpful in994

discriminating δκλ with other EFT parameters.995

We also note that a future proton collider running at ECM = 100 TeV can significantly996

improve the precision on the trilinear coupling to be about 5%. [Not sure whether we need997

this. Also ILC 1 TeV].998

6.4 Higgs and top couplings999

Interactions of the Higgs boson with the top quark are widely viewed as a window to possible1000

new physics beyond the Standard Model. Parameterizing effects of new physics in terms1001

of dimension-six gauge-invariant operators modifying the Higgs-top interactions [? ? ], the1002

Higgs top couplings physics potential at CEPC can be evaluated [? ? ? ? ]. This EFT1003

basis enlarges the Higgs EFT considered above. Moreover, the CP violation effects in the1004

third generation Yukawas, which can be reflect as the complexity of the Wilson coefficients1005

of operator Oyt and Oyb ,1006

∆yt = ySM
t

(
<[Cyt ]

v3

2mtΛ2
+ i=[Cyt ]

v3

2mtΛ2

)
(6.21)

∆yb = ySM
t

(
<[Cyb ]

v3

2mbΛ2
+ i=[Cyb ]

v3

2mbΛ2

)
(6.22)

In this section, we show the effect of introducing CP phases in the Yukawa operators in1007

Higgs physics. For more detailed discussion on a complete set of Higgs and Top operators,1008

see Ref. [? ]. Oyt and Oyt , the dominant sources of constraints are from H → γγ and1009

H → gg for Oyt , and H → gg and H → bb̄ for Oyb . Given that H → gg measurements are1010

sensitive to both operators, a joint analysis of Oyt and Oyb will yield a significantly different1011

result comparing to individual operator analysis. In this section, we perform a joint analysis1012

for these two operators in terms of Yukawa coupling strengths and the associated CP phases,1013

and highlight the important physics cases for such considerations.1014
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Figure 22. Results for analysis on Cyt and Cyb in presentation of the projected allowed regions
for modification to top and bottom Yukawa couplings in magnitude and CP phase at 68% and
95% confidence level. The results for CEPC are shown in black curves. The source of individual
constraints for the single operator analysis are labelled correspondingly. For a joint analysis of
simultaneous appearance of both Oyt and Oyb operators, the results for CEPC are shown in the
enlarged yellow (95%) and green regions (68%) with thick brown boundary lines.

We show in Fig. 22 constraints on the top and bottom Yukawa coupling strengths and1015

their CP phases in the left panel and right panel, respectively. The 68% and 95% exclusion1016

bands are shown in solid and dashed lines, respectively. The limits for CEPC are shown1017

in bright black and magenta lines for individual operator analysis and the bright green and1018

yellow shaded regions representing the 68% and 95% allowed parameter space, respectively.1019

The dimmed thick black curves represent turning on both operators OtH and ObH at the1020

same time, using a profile-likelihood method profiling over other parameters. Furthermore,1021

in the left panel the cyan band represents constraints from HL-LHC tt̄H measurements, red1022

bands are constraints from CEPC H → gg measurements and blue bands are constraints1023

from CEPC H → γγ measurements. Similarly in the right panel, the cyan bands are1024

constraints from H → bb̄ and the red bands are constraints from H → gg at CEPC.1025

The left panel of Fig. 22 shows that the expected sensitivity on the modification in the1026

magnitude of top Yukawa is at around ±3% for the single operator analysis, which is relaxed1027

to [−9.5%,+3%] for the joint analysis allowing the bottom Yukawa and the associated CP1028

phase to vary freely, in the case of zero CP phase in the top Yukawa. The phase of the1029

top Yukawa could be constrained to be ±0.16π. The constraints on the phase of the top1030

Yukawa is driven by the H → γγ measurements, where a sizable phase shift will enlarge1031

the Higgs to diphoton rate via reducing the interference with SM W -loop. The constraints1032

on the magnitude of the top Yukawa modification is driven by the H → gg measurements1033

due to the dominant contribution to H → gg being from top-loop. Note that constraints1034

from H → gg measurement is not entirely vertical, this is a result of the different sizes of1035
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the top loop contribution to Hgg through scalar and pseudoscalar couplings. Similarly, as1036

shown in the right panel of Fig. 22 for the bottom Yukawa magnitude modification, the1037

constraint is ±2.5% and, for the bottom Yukawa CP phase, the constraints changes from1038

±0.47π to no constraint for simultaneous modification to top Yukawa.1039

6.5 Higgs Exotic Decays1040

Higgs boson can be an important portal to new physics beyond the Standard Model. Such1041

new physics could manifest itself through Higgs exotic decays if some of the degrees of1042

freedom are light. The Higgs boson BSM decays have a rich variety of possibilities. To1043

organize this study on Higgs boson BSM decays. We focus on two-body Higgs decays1044

into BSM particles, dubbed as Xi, H → X1X2, which are allowed to subsequently decay1045

further, up to four-body final states. The cascade decay modes are classified into four1046

cases, schematically shown in Fig. 23. These processes can be motivated by SM+singlet1047

extensions, two-Higgs-doublet-models, SUSY models, Higgs portals, gauge extensions of the1048

SM [90–92].1049

h h h h

h h h

h → 2 h → 2 → 3 h → 2 → 3 → 4 h → 2 → (1 + 3)

h → 2 → 4 h → 2 → 4 → 6 h → 2 → 6

h h h h

h h h

h → 2 h → 2 → 3 h → 2 → 3 → 4 h → 2 → (1 + 3)

h → 2 → 4 h → 2 → 4 → 6 h → 2 → 6

h h h h

h h h

h → 2 h → 2 → 3 h → 2 → 3 → 4 h → 2 → (1 + 3)

h → 2 → 4 h → 2 → 4 → 6 h → 2 → 6

h h h h

h h h

h → 2 h → 2 → 3 h → 2 → 3 → 4 h → 2 → (1 + 3)

h → 2 → 4 h → 2 → 4 → 6 h → 2 → 6

Figure 23. The topologies of the SM-like Higgs exotic decays.

For CEPC running at the center of mass energy 240 ∼ 250 GeV, the most important1050

Higgs production mechanism is Z-Higgs associated production e+e− → Z∗ → ZH. The Z1051

boson with visible decays enables Higgs tagging using the “recoil mass” technique. A cut1052

around the peak of the recoil mass spectrum would remove the majority of the SM back-1053

ground. To demonstrate a typical Higgs exotic search at CEPC, we show one benchmark1054

processes from our analysis,H → jj+/ET and H → bb̄+/ET. In the last part of this section,1055

we present the summary for Higgs exotic decay physics potential at CEPC for an integrated1056

luminosity of 5 ab−1 and 10 ab−1 operated at 240 GeV. The details of these analysis can1057

be found in Ref. [92].1058

For numerical analyses, we generate both the signal and the background events for a1059

240 GeV electron-positron collider with MadGraph5 at parton level [93] We describe here1060

our parameter choices for the detector effects, and our pre-selection cuts that are universal1061

for the analyses for all Higgs exotic decay mode. All of the visible particles in the final1062

state are required to have | cos θ| < 0.98, or equivalently |η| < 2.3. The final state particles1063

are required to be well separated with yij ≡ 2 min
(
E2
i , E

2
j

)
(1− cos θij)/E

2
vis > 0.001. We1064

only study the case where the Z boson decays into `+`− where `± = e±, µ±. The signal1065

events are required to contain at least a pair of opposite-sign same-flavor charged leptons1066

with an opening angle greater than 80◦, and satisfy E` > 5 GeV and |m``−mZ | < 10 GeV,1067

where m`` is the invariant mass of the di-lepton system. The recoil mass is defined as1068
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Figure 24. left panel: The invariant mass distribution of the SM backgrounds for `+`−ν`ν̄`jj in
the mjj-/ET plane. Right panel: The 95% C.L. upper limit on the Higgs exotic decay branching
fractions into jj + /ET for various lightest detector-stable particle mass m1 and mass splittings
m2 −m1.

m2
recoil ≡ s− 2

√
sE`` +m2

`` where E`` = E`+ + E`− . The recoil mass is required to satisfy1069

|mrecoil −mh| < 5 GeV. To suppress the ISR contribution to the backgrounds6, for Higgs1070

exotic decay modes without missing energy, we require the events to have the total visible1071

energy Evis > 225 GeV. We mimic the detector resolution effect by adding Gaussian1072

smearing effects on the four-momentum of the particles, details can be found in Ref. [92].1073

h→ jj + /ET1074

The SM-like Higgs boson decays into X2X1 with X2 → X1jj through an off-shell interme-1075

diate state gives raise to this exotic decay mode. Beyond the pre-selection cut and the recoil1076

mass cut, we require that there are two additional jets which satisfyEj > 10 GeV and | cos θj | <1077

0.98. The dominant background after the recoil mass cut will clearly be the Higgsstrahlung1078

process with H → ZZ∗ → qq̄νν̄. After the recoil mass cut, the SM background cross1079

section is 0.063 fb. The dijet invariant mass (mjj) distribution and the two-dimensional1080

differential distribution of mjj versus /ET of the SM background after the recoil mass cut1081

are shown in the left panel of Fig. 24. There is a clear valley in the distribution between 351082

to 75 GeV, in which none of the Z bosons from the SM-like Higgs boson decay are on-shell1083

and thus the H → qq̄ν`ν̄` is doubly suppressed.1084

We use the likelihood function of the mbb̄-/ET distribution to derive the exclusive limit.1085

The results are shown in the right panel of Fig. 24 in the plane of X1, mass m1, and the1086

mass splitting between X2 and X1, m2 −m1 for h→ jj + /ET. The exclusion limits on the1087

branching fraction in the bulk region of the parameter space reach 3× 10−4 ∼ 8× 10−4 for1088

h→ jj + /ET.1089

6Corrections from beamstrahlung effect [? ] and ISR effect [? ] need to be carefully taken into account
for certain processes relying a precise reconstruction of the recoil mass.
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Table 15. The current and projected limits on selected Higgs exotic decay modes for the (HL-)LHC
and CEPC with 5 ab−1 integrated luminosity, based upon results from Ref. [92]. The projections
for the HL-LHC are collected in the third column, where the limits for 100 fb−1 and 300 fb−1 alone
are shown in parentheses and square brackets respectively.

Decay 95% C.L. limit on Br
Mode LHC HL-LHC CEPC

/ET 0.23 0.056 0.014
(bb̄) + /ET – [0.2] 1×10−4

(jj) + /ET – – 4×10−4

(τ+τ−) + /ET – [1] 8×10−5

bb̄+ /ET – [0.2] 2×10−4

jj + /ET – – 5×10−4

τ+τ− + /ET – – 8×10−5

(bb̄)(bb̄) 1.7 (0.2) 6×10−4

(cc̄)(cc̄) – (0.2) 8×10−4

(jj)(jj) – [0.1] 2×10−3

(bb̄)(τ+τ−) [0.1] [0.15] 4×10−4

(τ+τ−)(τ+τ−) [1.2] [0.2 ∼ 0.4] 2×10−4

(jj)(γγ) – [0.01] 1×10−4

(γγ)(γγ) [7×10−3] 4×10−4 8×10−5

From the exclusion limits shown in the right panel of Fig. 24, we find that when the1090

mass splitting m2 − m1 is around 80 GeV, the future lepton colliders have the strongest1091

sensitivities on these Higgs exotic channels, reaching around 3.1× 10−4 for H → jj + /ET.1092

When X1 is light and m2 −m1 is large, the energy is shared by the two jets and the X1.1093

Consequently, when the mass splitting m2−m1 is around 80 GeV, the dijet invariant mass1094

will be around 40∼60 GeV, falling in the “valley” of low SM background as shown in the left1095

panel of Fig. 24. For heavier X1, the MET will be lower due to less momentum available1096

for the LSP. The optimal limits will be reached for an even smaller mass splitting.1097

Summary and outlook on Higgs exotic decays at CEPC1098

We summarize the set of Higgs exotic decays in Table 15, including current and projected1099

LHC constraints, and limits from our study for the CEPC with 5 ab−1 integrated luminos-1100

ity. For the LHC constraints, we tabulate both the current limits and projected limits on1101

these exotic decay channels from various references. We choose to focus on comparison for1102

particular benchmark points, which is sufficient to demonstrate the qualitative difference1103

between the LHC and CEPC.1104

In the summary in Table 15 and the corresponding Fig. 25, the exotic Higgs decay1105

channels are selected such that they are hard to be constrained at the LHC. The improve-1106

ments on the limits of the Higgs exotic decay branching fractions vary from one to four1107

orders of magnitude for these channels. The lepton colliders can improve the limits on the1108

Higgs invisible decays beyond the HL-LHC projection by one order of magnitude, reaching1109

the SM invisible decay branching fraction of 0.12% from H → ZZ∗ → νν̄νν̄ [24]. After1110

subtraction of the SM contribution to the Higgs to invisible decays, a 95% C.L. upper limit1111

can be placed on BSM Higgs For the Higgs exotic decays into hadronic particle plus miss-1112
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Figure 25. The 95% C.L. upper limit on selected Higgs exotic decay branching fractions at
HL-LHC, ILC and CEPC, based on Ref [92]. The benchmark parameter choices are the same as in
Table 15. We put several vertical lines in this figure to divide different types of Higgs exotic decays.

ing energy, bb̄ + /ET, jj + /ET and τ+τ− + /ET, the future lepton colliders improve on the1113

HL-LHC sensitivity for these channels by roughly three to four orders of magnitude. This1114

great advantage benefits a lot from low QCD background and the Higgs tagging from recoil1115

mass technique at future lepton colliders. As for the Higgs exotic decays without missing1116

energy, the improvement varies between two to three orders of magnitude, except for the1117

one order of magnitude improvement for the (γγ)(γγ) channel. Being able to reconstruct1118

the Higgs mass from the final state particles at the LHC does provide additional signal-1119

background discrimination power and hence the improvement from CEPC on Higgs exotic1120

decays without missing energy is less impressive than for those with missing energy. Fur-1121

thermore, as discussed earlier, leptons and photons are relatively clean objects at the LHC1122

and the sensitivity at the LHC on these channels will be very good. CEPC complements1123

the HL-LHC for hadronic channels and channels with missing energy.1124

7 Constraining anomalous HV V interactions at the CEPC collider1125

7.1 Introduction to HV V anomalous couplings1126

In this section, we study the extent to which CP parity of a Higgs boson, and more generally1127

its anomalous couplings to gauge bosons, can be measured at the CEPC collider based on1128

the dominant Higgs production and decay process e+e−(→ Z∗) → ZH → µ+µ−bb̄. Full1129

description of this analysis can be found in Ref. [94]. In this process, one of the Z-boson is1130

offshell where q2 is equal to the collision energy. This feature, as detailed in Ref. [94], plays1131

an important role in comparing the sensitivities with the LHC experiments.1132

Studies of spin, parity, and couplings of a Higgs boson employ generic parameterisations1133

of scattering amplitudes. Such parameterisations contain all possible tensor structures1134

consistent with assumed symmetries and Lorentz invariance. We follow the notation of1135

Refs. [94–96] and write the general scattering amplitude that describes interactions of a1136

spin-zero boson with the gauge bosons, such as ZZ,1137

A(XJ=0 → V V ) =
1

v

(
g1m

2
V ε
∗
1ε
∗
2 + g2f

∗(1)
µν f∗(2),µν + g4f

∗(1)
µν f̃∗(2),µν

)
. (7.1)
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In Eq. (7.1), f (i),µν = εµi q
ν
i − ενi qµi is the field strength tensor of a gauge boson with mo-1138

mentum qi and polarisation vector εi; f̃ (i),µν = 1/2εµναβfαβ is the conjugate field strength1139

tensor. Parity-conserving interactions of a scalar (pseudo-scalar) are parameterised by1140

the couplings g1,2(g4), respectively. In the Standard Model (SM), the only non-vanishing1141

H → ZZ coupling is at tree-level is g1 = 2i, while g2 is generated through radiative1142

corrections. In this study, we focus on the determination of anomalous couplings of the1143

predominantly J CP = 0++ Higgs-like boson to SM gauge bosons since existing experi-1144

mental data already disfavours other exotic spin-parity assignments [3, 4, 97, 97–101]. We1145

therefore assume that the coupling constants satisfy a hierarchical relation g1 � g2,4 and1146

that non-standard couplings always provide small modifications of the SM contributions.1147

It is convenient to express the results of the measurement of the anomalous couplings1148

in terms of physical quantities. Five independent numbers are needed to parameterise the1149

couplings since one overall complex phase is not measurable. We take one of these numbers1150

to be the H → V V interaction rate; the remaining four real numbers parameterise ratios1151

of couplings and their relative phases. We find it convenient to use effective fractions of1152

events defined as1153

fgi =
|gi|2σi

|g1|2σ1 + |g2|2σ2 + |g4|2σ4
, (7.2)

to parameterise coupling ratios. The phases are defined as φgi = arg (gi/g1). The advantage1154

of introducing fractions fgi is that, for fixed tensorial structure of the HVV vertex, they are1155

invariant under independent re-scalings of all couplings. The parameter fg4 is particularly1156

of interest as it is the fraction of a CP -odd contribution to the total production cross section1157

of a Higgs boson with the assumption g2 = 0. For the ease of comparison with CMS studies,1158

we will use fa2 and fa3 instead of fg2 and fg4, respectively. To compare with the sensitivities1159

in other experiments with different m2
Z∗ , such as the H → ZZ → 4` decay in the LHC1160

experiments where mZ∗ is significantly less than the value in the Z∗ → ZH at the CEPC1161

collider, we also define fdec
a2 and fdec

a3 values correspond to cross sections defined in decay1162

H → V V .1163

7.2 Kinematics in the e+e− → Z∗ → ZH process1164

At the e+e− collider, three types of observables can be used to measure tensor couplings of1165

the Higgs bosons.1166

1. Cross sections, especially their dependences on virtualities of weak bosons [102–104],1167

as shown in Figure 26 for the e+e− → Z∗ → ZH process. The threshold behaviour for1168 √
s < 250 GeV of the cross sections e+e− → Z∗ → XZ has been suggested as a useful1169

observable to determine the spin of the new boson [105]. Similarly, in a mixed CP -1170

case, the dependence of e+e− → ZH cross section on the energy of the collision will1171

differ from a pure J CP = 0++ case as seen in Figure 26. Therefore, a measurement1172

of the cross section at several different energies will give us useful information about1173

anomalous HV V couplings. However this feature is not included in this study as we1174

assume a single value of the collision energy for the Higgs boson productions at the1175

CEPC collider.1176

– 51 –



 [GeV]                                s
210 215 220 225 230 235 240 245 250 255

 [
fb

] 
  

  
  

  
  

  
  

  
  

  
  

σ

50

100

150

200

250

300

350

400

Figure 26. Left: Cross sections for e+e− → Z∗ → ZX process as a function of
√
s for three

models: SM Higgs boson (0+, solid), scalar with higher-dimension operators (0+
h , short-dashed), and

pseudoscalar (0−, long-dashed). All cross sections are normalised to SM value at
√
s = 250 GeV.

Right: Higgs production and decay at the e+e− or pp collider with e+e−(qq̄)→ Z∗ → ZH → `+`−bb̄
as shown in the parton collision frame. Right:

2. Angular distributions for the angles defined in Figure 26. Examples of such distri-1177

butions with different H → V V couplings are shown in Figure 27, where numeric1178

simulation is compared with analytical predictions as in Ref [94].1179

3. Angular distributions or other observables that are sensitive to interference between1180

CP -even and CP -odd couplings. Examples include forward-backward asymmetry with1181

respect to cos θ1 or cos θ2 and non-trivial phase in the Φ distributions shown in Fig-1182

ure 27. Such asymmetries require undefined CP to appear; as the result, CP violation1183

would follow as an unambiguous interpretation e.g. once the forward-backward asym-1184

metry is observed.1185

To get the most optimal sensitivity, it is important to employ all available observables1186

described above and not limit oneself to CP -specific ones, such as inferences.1187

7.3 Expected signal and backgrounds1188

Productions and decays of the Higgs bosons at the CEPC collider are simulated with the1189

JHU generator [95, 96], a dedicated Monte Carlo program, that incorporates all the anoma-1190

lous couplings, spin correlations, interference of all contributing amplitudes.1191

The number of signal events are calculated using SM Higgs boson cross sections and1192

branching fractions from Ref. [24]. We assume only small contributions of anomalous cou-1193

plings which would not change this number significantly. The cross section ratios for1194

the g2 and g4 terms where g1 = 0, g4(2) = 1 compared to the SM contribution where1195

g1 = 0, g2 = g4 = 0 are calculated with the JHU generator to be σ4(2)/sigma1 = 8.07(34.1).1196

We apply simple acceptance selections on the two muons pT (µ) > 5 GeV, η(µ) < 2.4. As1197

the angular variables do not rely on the Higgs boson decay products, there is no selection1198

on the b jets. After acceptance selections, the number of signal events is estimated to be1199

8 events per fb−1. The effective number of background events is estimated to be 10% of1200

the number of signal events and is modelled with the e+e− → ZZ → `+`−bb̄ process in1201

Madgraph.1202
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Figure 27. Distributions of the observables in the e+e− → ZH → (`+`−)H analysis at
√
s =

250 GeV, from left to right: cos θ1, cos θ2, and Φ. Points show simulated events and lines show
projections of analytical distributions. Four scenarios are shown: SM scalar (0+, red open circles),
pseudoscalar (0−, blue diamonds), and two mixed states corresponding to fa3 = 0.5 with φa3 = 0

(green squares) and π/2 (magenta points). In all cases we choose fa2 = 0.

7.4 Analysis methods1203

The H → ZZ anomalous couplings can be measured by performing a multi-dimensional fit1204

to match observed kinematic distributions in various processes to theory predictions. Theo-1205

retical input to the fit involves real parameters such as for example ~ζ = {fa2, φa2, fa3, φa3, ...}1206

in Eq. (7.2) which, once known, can be used to derive the couplings. To set up a fit process,1207

we follow Ref. [95] and introduce the likelihood function for N candidate events1208

L = exp (−nsig − nbkg)

N∏

i

(
nsig × Psig(~xi; ~ζ) + nbkg × Pbkg(~xi)

)
, (7.3)

where nsig is the number of signal events, nbkg is the number of background events, and1209

P(~xi; ~ζ) is the probability density function for signal or background. Each candidate event1210

i is characterised by a set of kinematic observables such as ~xi = {~Ω}i as defined in Fig. 26 or1211

matrix element likelihood ratiosD0− andDCP as in Ref [94]. The number of observables and1212

free parameters can be extended or reduced, depending on the desired fit. In this analysis1213

we explore the full three-dimensional fit based on the analytical predictions that have been1214

validated using simulation. The background probability density function is modelled from1215

simulation.1216

The non-uniform reconstruction efficiency are modelled with the acceptance function1217

G which enters the Psig characterisation and is given by the step-function1218

G(m1,m2, ~Ω) =
∏

`

θ(|ηmax| − |η`(m1,m2, ~Ω)|) ,

where η` = ln cot(θ`/2) is the pseudorapidity of a lepton and |ηmax| is the maximal pseu-1219

dorapidity in reconstruction. We also assume that the detection efficiency does not change1220

within the detector acceptance, otherwise G is multiplied by the non-uniform function.1221

Several thousand statistically-independent experiments are generated and fitted to es-1222

timate the sensitivity to fa2 and fa3, defined as the smallest values that can be measured1223
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Figure 28. Distribution of fitted values of fa2 and fa3 in a large number of generated experiments.
In the left and middle plots, only the parameter shown is floated. Other parameters are fixed to SM
expectations. Right plot: simultaneous fit of non-zero fa2 and fa3, with 68% and 95% confidence
level contours shown.

with 3σ away from 0. We then convert these values in terms of the parameters fdec
a2,a3 to1224

compare with the sensitivities from other experiments. Figure 28 shows precision on fa2 and1225

fa3 obtained with generated experiments. As can be seen there, the expected sensitivity1226

for fa3 is 0.007, which translates to very different constraints on fdec
a3 of 1.3× 10−4. This is1227

because the m2
Z∗ in the Z∗ → ZH process at the CEPC collider is much higher than the1228

value in H → ZZ∗ decays, leading to much larger cross-section ratio σ4/σ1. And therefore1229

measuring a similar fraction of events caused by the pseudoscalar anomalous couplings at1230

higher m2
Z∗ value means a sensitivity to a smaller value of g4. Similarly the expected sen-1231

sitivity for fa2 is 0.018, which translates to very different sensitivity for fdec
a2 of 2 × 10−4

1232

for the same consideration as in the fa3. We also confirm that precision on fa3 does not1233

change significantly if φa3 is either floated or kept fixed provided that the measured value1234

of fa3 is at least 3σ away from zero. A simultaneous fit of fa2 and fa3 can also performed1235

with the 68% and 95% confidence level contours shown in Figure 28.1236

7.5 Summary and Conclusions1237

The expected sensitivity to the anomalous couplings in the Z∗ → ZH process has been1238

estimated the CEPC collider, assuming 5ab−1 at
√
s = 250 GeV. The fdec

a3 parameter, also1239

refereed to as fCP , is defined as the CP -odd cross section fraction in the H → ZZ decays1240

is of particular interest. In the presence of new physics continuations from pseudoscalars,1241

values as small as fCP ∼ 1.3× 10−4 in can be discovered at 3σ level at the CEPC collider,1242

a factor of 3 smaller compared to the ultimate sensitivity from HL-LHC experiments as1243

shown in Ref [94]. Higher order corrections or in the presence of new physics contributions,1244

values as small as fdec
a2 ∼ 2× 10−4 can be measured at 3σ level, a factor of 300 better than1245

the current best estimate using the H → ZZ → 4` decays in the HL-LHC experiments.1246

Note that in this analysis, signal kinematics can be reconstructed inclusively by tagging1247

Z → `+`− decay and using energy-momentum constraints. The H → bb̄ decays are only1248

used to estimate the number of signal and background events. Further improvements can1249

be achieved by exploring kinematics in the H → bb̄ decays, considering other Z decay1250
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final states, and combining with the overall cross-section dependence of the signal with a1251

threshold scan in
√
s.1252

8 Implications1253

In this section, we briefly discuss the most important physics implications of the Higgs1254

measurements at the CEPC. The measurements of the Higgs boson properties are essential1255

to the understanding of the nature of electroweak symmetry breaking, which remains to be1256

a central and open question in the Standard Model. In the SM, it is parameterized by the1257

so-called “Mexican Hat” Higgs potential,1258

V (H) = −1

2
µ2|H|2 +

λ

4
|H|4, (8.1)

with the vacuum expectation value (VEV) of the Higgs field spontaneously breaking the1259

SU(2)L × U(1)Y gauge symmetry down to U(1)em, and generating masses for the W and1260

Z bosons. With the measurements of the Fermi constant (from muon decay) and the Higgs1261

boson mass, the two parameters in Eq. 8.1, µ2 and λ, are determined to very good precisions,1262

and thus the SM Higgs potential is fully determined. However, we would like to emphasize1263

that this simplicity is somewhat misleading, as our knowledge of the electroweak symmetry1264

breaking is far from complete. First of all, even though the values of these parameters1265

can be fixed by the experimental measurement, the SM does not contain an explanation1266

of their sizes, and in particular why the electroweak scale appears to be many orders of1267

magnitude smaller than the Planck scale. Further more, the Mexican Hat potential as well1268

as the SM itself are model assumptions which needs to be explicitly tested by experiments1269

before they are established to be correct. In this section, we will focus on the potential of1270

using precision measurement of Higgs properties at the CEPC to address these important1271

questions.1272

8.1 Naturalness of the electroweak scale1273

An important question associated with the electroweak symmetry breaking is naturalness.1274

It arises from the need to explain the presence of the weak scale Λweak ∼ 102 GeV in terms1275

of a more fundamental theory. New physics is necessarily involved in such a theory, as the1276

SM itself could not answer this question. There are many new physics models which can1277

potentially answer this question. However, a key question for any model of electroweak1278

symmetry breaking, regardless of the model details, is what the scale of new physics is.1279

For instance, if the new physics is the quantum gravity scale, MPlanck = 1019 GeV, then an1280

immediate question is how to explain the 17 orders of magnitude difference between it and1281

the electroweak scale. This is often denoted as the naturalness/hierarchy/fine-tuning prob-1282

lem. More generally, the weak scale in any such model can be expressed using dimensional1283

analysis as1284

Λ2
weak ∼ c1M

2
1 + c2M

2
2 + ..., (8.2)

where Mi ∼ MNP are the scale of new physics. They are typically the masses of the new1285

physics particles. The ci are numerical coefficients that depend on the details of the model.1286
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However, we do note expect them to be very different from order one. Therefore, a large1287

and precise cancellation is needed if MNP � ΛEW, with the level of tuning proportional1288

to M2
NP. The discovery of the spin-zero Higgs boson deepens this mystery. While it is1289

possible to generate a large cancellation by imposing symmetries instead of tuning – one1290

well-known example is the chiral symmetry which protects the masses of the light fermions1291

from receiving large quantum corrections – there is no obvious symmetry that protects the1292

mass of the Higgs boson if it is an elementary scalar particle. To avoid an excessive amount1293

of fine tuning in the theory, the new physics cannot be too heavy, and should preferably be1294

below the TeV scale. This is the main argument for TeV new physics based on naturalness.1295

Searching for new physics which leads to a natural electroweak symmetry breaking has1296

been and will continue to be a main part of the physics program at the LHC. Looking for1297

signals from the direct production of the new physics particles, the LHC will probe the1298

new physics scale up to a few TeV. At the same time, as we will show below, the precision1299

measurements at the CEPC can provide competitive reaches, and has the potential of1300

probing significant higher new physics scales for many scenarios. In addition, the reach of1301

the LHC searches has a strong dependence on the production and decay modes of the new1302

physics particles. The measurements at the CEPC thus provides crucial complementary1303

information and can cover some scenarios that the LHC has difficulties to probe. Indeed,1304

the precision measurement of the Higgs couplings offers a very robust way of probing new1305

physics related to electroweak symmetry breaking. Any such new physics would necessarily1306

contain particles with sizable couplings to the Higgs boson, which leave their imprints in1307

the Higgs couplings. Such a model independent handle is of crucial importance, given the1308

possibility that the new physics could simply be missed by the LHC searches designed based1309

on our wrong expectations of it.1310

In the following, we demonstrate the potential of probing new physics in several broad1311

classes of models which can address the naturalness of the electroweak symmetry breaking.1312

One obvious idea is that the Higgs boson is a composite particle instead of an elementary1313

one. After all, many composite light scalars already exist in nature, such as the QCD1314

mesons. The composite Higgs can thus be regarded as a close analogy of the QCD mesons.1315

A light Higgs boson can be naturally obtained if it is implemented as a pseudo-Nambu-1316

Goldstone boson with new dynamics at scale f . Its physics can be described be a chiral1317

Lagrangian similar to that of the low energy QCD. The explicit breaking comes from the1318

couplings which are responsible for the SM fermion masses, and the SM gauge couplings.1319

In this case, the Higgs boson would not unitarize theWW scattering amplitude completely,1320

and its coupling to W and Z will be shifted by (only true in minimal models?)1321

κW , κZ '
√

1− v2

f2
. (8.3)

Therefore, the measurement of κZ provides a strong and robust constraint on f . Taking the1322

results of the 10-parameter fit in Table 10, a precision of 0.21% on κZ implies that values1323

of f below 2.7GeV are excluded at 95%CL. For specific models, an even stronger bound1324

on f , up to around 5TeV, can be obtained by exploiting also its contributions to other1325

Higgs couplings [107]. The masses of the composite resonances are given by mρ ∼ gρf ,1326
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Figure 3: Potential coverage of composite-type global symmetry models in terms
of resonance mass m⇢ and Higgs mixing parameter ⇠ ⌘ v2/f 2 via direct searches
at the LHC (dark blue) and precision Higgs measurements (light blue). (Tempo-
rary stand-in for a dedicated plot a la Thamm, Torre, & Wulzer 1502.01701
– NC)

1.2 Global symmetry135

Global symmetry approaches to the weak scale cover a vast array of specific mod-136

els and UV completions, but share the common features of an approximately el-137

ementary Standard Model-like Higgs mixing with heavier resonances and further138

influenced by the presence of light fermionic resonances.139

Tree level140

In global symmetry solutions, the Higgs is a pNGB of a spontaneously broken141

global symmetry. This invariably implies tree-level corrections, which can be142

interpreted as arising from mixing between the Standard Model-like Higgs and143

heavy states associated with the spontaneously broken global symmetry. This144

mixing is typically proportional to v2/f 2, where f is the decay constant associated145

with the broken global symmetry, although precise corrections may vary between146

Higgs couplings to fermions and gauge bosons depending on the model. As shown147

in Fig. 3, the precision attainable at the CEPC probes this mixing to better than one148

part in one hundred, translating to an energy reach of several TeV. In the simplest149

composite realizations of global symmetries, bounds on v2/f 2 translate directly150

6

Figure 29. Limits on the composite Higgs model from both direct searches at the LHC and
precision measurement at the CEPC. Is this reproduced from Ref. [106]? (needs to be updated)

where gρ is the coupling of the new strong interaction, with a size typically much larger1327

than one. This indicates that the CEPC has the potential to probe composite resonance1328

scales much above 10TeV, which is far beyond the reach of the LHC direct searches. The1329

Higgs measurements at the CEPC thus provides a strong and robust test of the idea of1330

naturalness in the composite Higgs models.1331

Due to the large Higgs boson coupling to the top quark, arguably the most important1332

particle in addressing the naturalness problem is the top partner. For example, in super-1333

symmetric models (SUSY), the particle mainly responsible for stabilizing the electroweak1334

scale is the scalar top, t̃. The presence of stop will modify the Higgs couplings via a loop1335

contribution, which is most notable for the Hgg and Hγγ couplings since they are also1336

generated at one-loop order in the SM. The dominant effect is on the Hgg coupling,1337

κg − 1 ' m2
t

4m2
t̃

. (8.4)

The measurement of κg at the CEPC, up to 1% accuracy, will allow us to probe stop mass1338

up to 900 GeV [108, 109]. The situation is also very similar for non-SUSY models with1339

fermionic top partners, with the bounds on the top partner mass being even stronger than1340

the stop one [109]. The more detailed exclusion region in the top partner parameter space1341

is presented in Fig. 30 for both scenarios. This gives us another important handle to test1342

the idea of naturalness. We note that, in favorable cases, the search of stop at the LHC1343

run 2 can set a stronger limit on the stop mass. However, this limit depends strongly on1344

the assumption of the mass spectrum of the other superpartners, as well as the relevant1345

decay modes of the stop. As a result, there will still be significant gaps remaining in the1346

parameter space after the upcoming runs of the LHC, and even very light stops cannot be1347
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Figure 3: Excluded parameter space and expected sensitivities at the 2� CL of current (gray)
and future data (various colors) for spin-0 top-partners in the mt̃2 versus mt̃1 plane. In the

left plot, we assume tan � � 1 and hb̃1b̃1 coupling vanishes (Eq. (5.47)), while in the right
plot, tan � is large to maximize the D-term contributions in the stop and sbottom sector
(Eq. (5.48)). We assume that top partners are the only BSM contributions to the Higgs
couplings and can contribute to exotic Higgs decay through h � t̃t̃ and, possibly, h � b̃1b̃1.
The other Higgs couplings are fixed to their SM values. For both plots, we require mb̃1

to
be real in the allowed region.

Eq. (5.45).
As anticipated in Section 5.1, the lower bounds on the masses are strongest for mt̃1 = mt̃2

and weaker for split masses. The constraints and projections along the degenerate direction
for high masses arise dominantly from the presence of the two stops in the hgg and h��
loops. Comparing the two plots in this region, we see that the D-term contribution in the
stop mass matrix Eq. (5.25) and in the Higgs-stop-stop couplings Eqs. (5.29)–(5.31), as well
as including the sbottom contribution, only slightly extends the constraints and projections
at the O(1%) level. When one of the stops becomes lighter than half the Higgs mass,
constraints arise from h � t̃t̃ (left plot) and from h � t̃t̃ and h � b̃1b̃1 (right plot). If
one of the stops becomes heavy, the coupling of the Higgs to the lighter stop with mass
below mh/2 becomes small and the Higgs decay to the lighter stop vanishes. However, in
the presence of a light left-handed sbottom (corresponding to a light left-handed stop, t̃1),
the Higgs decay width to sbottoms is large; while the current data is unable to rule out the
mt̃2 < mh/2 region entirely, future LHC Run 3 data can su�ciently constrain exotic Higgs
decays to probe this region completely.

25

200 400 600 800 1000

200

400

600

800

1000

m t~1 [GeV]

m
t~
2
[G
eV

]

Spin-0
gh b~1 b

~
1
= 0

FC
C-
ee

δσ
zh =

0.1%

δσ
zh =

0.2%

Figure 11: Expected sensitivities at the 2� C.L. of FCC-ee for spin-0 models with additional
constraints from ��Zh. In the left plot, we assume tan � � 1 and hb̃1b̃1 coupling vanishes
(Eq. (5.47)), while in the right plot, tan � is large to maximize the D-term contributions in
the stop and sbottom sector (Eq. (5.48)).

CEPC and FCC-ee [71, 72, 93]), we observe additional constraints in the non-degenerate
region when tan � � 1. As seen in Fig. 11, less additional parameter space is constrained
when tan � is large. If we were to increase the statistics of the future lepton colliders and
improve the measurement on ��Zh to 0.1%, we start to probe more of the non-degenerate
region in both cases. With 0.1% of data, we can also robustly rule out mt̃1 � 150 GeV
in both cases. However, one should note that this is tied to the ansatz that t̃1 is mostly
left-handed in our setup, which fixes the b̃1 mass. This is also the reason why the limits are
not symmetric under the interchange of t̃1 and t̃2. It would be interesting to study fully the
large-mixing region of small stop- and sbottom-masses in the MSSM to find robust lower
bounds.

For fermionic top partners, which we consider to be part of an EFT, we do not implement
a full one-loop analysis, as there can be additional dimension-six operators generated at the
UV scale that could also contribute to the Higgstrahlung cross-section. However, we can still
make a conservative estimate of the contribution to the Zh cross section from the top-partners
using WFR in the EFT with the assumption that there are no large cancellations between
the loop-e�ects and higher-dimension operators. With this assumption, the deviation in the
Zh cross-section, from the the finite contributions to Higgs WFR in the multiple fermionic
top partner model in Section 5.2.4, is given by,

��Zh = � m2
t

8⇡2

�
⇢2

m2
T1

+
(1 � ⇢)2

m2
T2

�
. (A.70)
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Figure 2: Left: LHC and CEPC precision Higgs constraints in the mt̃1 � mt̃2

plane from Higgs couplings to gluons and photons, from [] Right: Coverage of
blind spots including precision measurement of the Zh cross section. ( Obtain
up-to-date CEPC-specific plots – NC)

Higgs, the correction to gluons and photons is proportional to120
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where mt̃1 , mt̃2 are the stop mass eigenstates and Xt = At � µ cot � is the off-121

diagonal mixing parameter in the stop mass matrix. The mixing parameter is122

bounded from above by the avoidance of tachyonic stops, and from below by123

precision measurements of the Higgs coupling to gluons and photons. A robust124

bound may be placed on the stop sector whenever the minimum value exceeds the125

maximum value []. The strongest constraints arise in the degenerate limit when126

mt̃1 = mt̃2 , in which case the CEPC is capable of probing stop masses close to the127

TeV scale; this is illustrated in the left panel of Fig. 2. However, the modification128

of Higgs couplings is highly sensitive to the mixing in the stop sector, and blind129

spots arise when the mixing leads to vanishing deviations in the Higgs coupling130

to gluons and photons []. However, as illustrated in the right panel of Fig. 2, these131

blind spots may be covered by precision measurements of the Zh cross section,132

which is sensitive to loop-level corrections to the tree-level hZZ coupling that are133

generically nonzero in the gluon/photon blind spot [].134

5

500 1000 1500 2000

500

1000

1500

2000

mT1 [GeV]

m
T 2
[G
eV

]

Spin-1/2
ρ = 1/2

Current expected sensitivity
LHC Run 3

LHC Run 4 / Current limit

CEPC

ILC

FCC-ee/hh

Figure 10: Excluded parameter space and expected sensitivities at the 2� C.L. of current
and future data (various colors) for two spin-1/2 top partners in the mT2 versus mT1 plane.
The left plot shows the case in which both spin-1/2 top partners contribute equally to
canceling the Higgs-mass contribution of the top-quark loop, i.e. ⇢ = 1/2, where ⇢ is defined
in Eq. (5.58). In the right plot, T2 contributes with the same sign as the top-quark to the
Higgs mass, but both contributions are cancelled by T1, ⇢ = 3/2. The latter allows for a
“stealth” limit (black dotted line), in which Higgs precision measurements are not sensitive
to the presence of spin-1/2 top-partners.

We find that with Higgs precision measurements alone, the HL-LHC can constrain spin-
0 and spin-1/2 top partners almost to O(500) GeV in theories where there is only one
spin-1/2 top partner or there is minimal mixing between the states. With proposed future
lepton and hadron colliders this can be extended to the TeV scale. Spin-1 top partners are
generically excluded to the multi-TeV regime. However, we have also identified a number of
“blind-spots” where top partners can still be light even if future colliders are realized. In
particular, if there is a hierarchy between multiple top partners from mixing of the states,
the standard probe using gluon-fusion can be avoided. However, there are still bounds from
Higgs precision measurements that are complementary to what is probed by gluon fusion.
For instance, in the case of spin-0 top partners, in the extreme limit where one eigenvalue
becomes lighter than mh/2, constraints from gluon-fusion Higgs production can still be
avoided but there are strong bounds instead from the new contribution to the total width of
the Higgs. Nevertheless, there still exist particular points in parameter space that can avoid
all Higgs precision measurements, similar to the light-sbottom window [91,92]. While these
blind-spots were known for spin-0 cases, we have extended them to lower masses and included
decays, and demonstrated that they can also occur in fermionic top partner models as well.
This provides an interesting model building direction, since minimal fermionic top-partner
models, such as in Little Higgs theories, are generically in more tension with Higgs precision
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Figure 12: Expected sensitivities at the 2� C.L. of FCC-ee for two spin-1/2 top-partner
model with additional constraints from ��Zh. The projected sensitivity from FCC-ee is
taken from Fig. 10.

We find that the stealth region in the right panel of Fig. 10 can be covered to the TeV
scale by the measurement of ��Zh from future lepton colliders as shown in Fig. 12. This is a
conservative estimate, and the e�ects would in general be larger unless there was a symmetry
or additional tuning of di�erent contributions at the UV scale.

Finally, we briefly comment on di-Higgs production, which also is quadratically sensitive
to the Higgs-top-partner coupling. Similar to gg � h, colored top partners contribute
to the double Higgs production process, gg � hh, at the loop-level [97]. It contains two
Higgs vertices, which can spoil this cancellation, and naively we would expect some coverage
of the “blind-spots” by measuring the deviation of �(gg � hh) from its SM prediction.
However, even at future colliders, the total cross section for double-Higgs production is
much smaller than single-Higgs production making this a di�cult measurement without
much discriminating power.

At a 100 TeV hadron collider, with 30 ab�1 of data, we can measure this cross section
to 1.6% accuracy [98]. However, even so, it is notoriously hard to di�erentiate between
new colored particles in the loop and a change in the triple Higgs coupling [99]. We leave
for future work a calculation of the constraints that includes a shape analysis of the m2

hh

spectrum near the light top-partner mass threshold.
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Figure 4: Left: LHC and CEPC precision Higgs constraints in the mT1�mT2 plane
from Higgs couplings to gluons and photons assuming equal couplings, from []
Right: Coverage of blind spots including precision measurement of the Zh cross
section. Obtain up-to-date CEPC-specific plots – NC

into lower bounds on the tuning of the electroweak scale, but this tuning may be151

avoided in Little Higgs models and related constructions.152

Loop level153

Global symmetry approaches to naturalness likewise feature a plethora of new154

states near the weak scale, albeit with the same statistics as their Standard Model155

counterparts. While corrections to Higgs couplings from loops of these new par-156

ticles are typically sub-dominant compared to tree-level corrections, they provide157

a more immutable test of naturalness. As with supersymmetry, the largest cor-158

rections are typically due to the fermionic top partner sector, due to the large159

coupling of these partners to the Higgs and their proximity to the weak scale. As160

such partners typically carry Standard Model quantum numbers, the most striking161

corrections are to the loop-level couplings of the Higgs to gluons and photons.162

Consider a theory involving two top partners T1, T2 whose couplings are dic-163

tated by the global symmetry protecting the Higgs mass. In this case corrections164

to the Higgs coupling to gluons and photons are proportional to165
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7

Figure 30. 95%CL Limits on the stop (left) and fermionic top partner (right) from Higgs coupling
measurements at various current and future collider scenarios, including the CEPC. This figure is
reproduced from Ref. [109].
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Figure 9. Projected constraints in the folded stop mass plane from a one-parameter fit to the Higgs–photon–

photon couplings from future experiments. Directly analogous to Fig. 7. Results from the ILC 250/500/1000

would be similar to CEPC; lower-energy ILC measurements provide even weaker constraints. These constraints

are subdominant to the constraints on left-handed folded stops arising from T -parameter measurements, which

are the same as those for ordinary stops in the left-hand column of Fig. 5.

could only modify the Higgs–photon coupling, the Higgs–photon–Z coupling, and (at a subleading

level) the Higgs–Z–Z coupling. Yet the Higgs–photon coupling measurements, even at future e+e�

colliders, have very limited sensitivities. Even FCC-ee Higgs measurements could only probe folded

stops up to 400 GeV, as illustrated in Fig. 9 (which updates the result in [32] to include CEPC). Notice

that we have also taken into account of a precise determination of �(h � ��)/�(h � ZZ) at HL-LHC.

It has been demonstrated that combing this with Higgs measurements at future e+e� colliders could

result in a significant improvement of sensitivity to Higgs–photon–photon coupling [87, 88].

On the other hand, the reach of the electroweak precision we derived in this article (the left

column of Fig. 5) applies to folded stops as well as the usual stops. Except for the blind spot in the

parameter space, future EWPT could probe left-handed folded stops, via their correction to the T

parameter, up to 600 GeV (e.g. at the ILC) or even 1 TeV (e.g. at FCC-ee). CEPC’s preliminary

plans fall close to the ILC reach, but conceivable upgrades could achieve similar reach to FCC-ee.

These EWPT constraints would surpass the Higgsstrahlung constraints on folded SUSY estimated in

ref. [65]. Improved measurements of the W mass, then, may be one of the most promising routes

to obtaining stronger experimental constraints on folded SUSY. Therefore, with the help of future

electroweak precision measurements, we can test the fine tuning of folded SUSY at the few percent

level.
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Figure 6: Left: CEPC reach for color-neutral folded stops in Folded SUSY from
Higgs couplings to photons, from []. Right: CEPC reach in the mass scale of
neutral scalar top partners due to loop-level corrections to �Zh, from []
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which the CEPC is able to place constraints in the hundreds of GeV on a scenario218

that is otherwise largely untestable at colliders.219

1.4 Other solutions220

Symmetries are not the only mechanism for explaining the origin of the weak221

scale, though other solutions may not be manifestly natural in the same way. How-222

ever, even non-symmetry explanations for the value of the weak scale (excepting223

anthropic ones) generically entail some degree of coupling between new degrees224

of freedom and the Higgs itself. This typically leads to deviations in Higgs cou-225

plings, new exotic decay modes of the Higgs, or a combination thereof.226

An archetypal example of non-symmetry solutions is the relaxion, in which227

the value of the weak scale is set by the evolution of an axion-like particle across228

its potential in the early universe. The relaxion necessarily couples to the Higgs229

10

Figure 31. Left: The fractional deviation of σZh at the Higgs factory in the scalar singlet
top partner model with the H†Hφ†tφt interaction, reproduced from Ref. [110]. Right: Projected
constraints in the folded stop mass plane from the Hγγ coupling measurements at HL-LHC and
CEPC, reproduced from Ref. [108]. The dot-dashed red contours indicates the fine-tuning in the
Higgs mass from the quadratic sensitivity to stop soft terms.

completely excluded. On the other hand, the measurement of the Hgg coupling offers a1348

complementary way of probing the stop that is independent of the decay modes of the stop.1349

It is also possible that the top partner does not have the same SM gauge quantum1350

numbers as the top quark. A particularly interesting possibility is that the top partner is a1351

SM singlet. In such scenarios, it is very difficult to search for the top partner at the LHC. It1352

is nontrivial to construct models with SM-singlet top partners that resolve the fine-tuning1353
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Nature of EW phase transition
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LHC upgrades won’t go much further

“wiggles” in Higgs potential

Big difference in triple Higgs coupling

Figure 32. A schematic drawing illustrating the question of the nature of the electroweak phase
transition. Left: Our current knowledge of the Higgs potential. Right: Based on our current
knowledge, we could not distinguish the SM Mexican Hat potential from an alternative one with
more wiggles.

problem of the electroweak scale [111, 112]. Nevertheless, they offer an extreme example1354

that new physics with a scale of a few hundred GeVs could still be alive after the current and1355

future LHC runs. However, as mentioned earlier, any model that addresses the electroweak1356

naturalness problem would inevitably contain sizable couplings to the Higgs boson. The1357

Higgs coupling measurements at the CEPC thus offer an ideal way of testing this type of1358

models, which is very important for making robust arguments on the naturalness problem.1359

As an example, we consider a scalar top partner φt with its only interaction to the SM fields1360

given by H†Hφ†tφt [110, 113]. This interaction contributes to the Higgs propagator at one-1361

loop level, and induces a universal shift to all Higgs couplings. The precise measurement1362

of the inclusive HZ cross section imposes a strong constraint on κZ and provides the best1363

reach on the mass of the top partner, mφ. As we can see from the left panel of Fig. 31,1364

the CEPC will be able to probe mφ up to around 700GeV, giving an non-trivial test of1365

naturalness even in this very difficult scenario. A more concrete model is the so-called1366

“folded SUSY”, in which the top partners are scalars analogous to the stops in SUSY. The1367

projected constraints in the folded stop mass plane is shown on in the right panel of Fig. 31,1368

which are at least around 350GeV for both stops.1369

8.2 Electroweak phase transition1370

The measurement of the properties of the Higgs boson at the LHC has been consistent with1371

the SM so far. At the same time, the nature of the electroweak phase transition remains1372

unknown. While we have a very good knowledge of the sizes of the electroweak VEV and1373

the Higgs mass, they only allows us to uncover a small region of the Higgs potential near1374

the vacuum, and the global picture of the Higgs potential is largely undetermined. This1375

is shown schematically in Fig 32. The remaining region of the Higgs potential is difficult1376

to probe, even with an upgraded LHC. Meanwhile, it has important consequences on the1377

early universe cosmology and the understanding of our observable world. For example, it is1378

crucial in determining whether the electroweak phase transition is of first order or second1379

one. The nature of the electroweak phase transition can also be relevant for the matter1380

anti-matter asymmetry in the Universe, as a large class of models of baryogenesis rely on a1381

first order electroweak phase transition. The CEPC has the capability of probing many of1382
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g111 can, thus, provide a probe of TC and the SFOEWPT-viable regions of singlet extensions.

As discussed in Section Higgs chapter, one expects a ⇠ 25% determination of this parameter

at the HL-LHC. A factor of four improvement may be feasible with di-Higgs production at the

high-luminosity ILC and a factor of six with the pp100 option for the SPPC. discuss indirect

probes of self-coupling.
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3.2 Modified Higgs couplings to SM particles

The aforementioned scenarios may lead to changes in the Higgs boson couplings to other

particles through the e↵ect of Higgs mixing and/or new loop contributions. In the case of

doublet-singlet mixing, for example, the SM-like state h1 and singlet-like state h2 may be

written as

h1 = cos ✓h + sin ✓S

h2 = sin ✓h � cos ✓S . (3.1)

Assuming m2 > m1/2, the SM-like Higgs has no new decays and its branching ratios are

unchanged from the SM. However, the production cross section, and thus, signal strength,

will be reduced by cos2 ✓. Present LHC data imply cos2 ✓ >⇠ 0.66, a bound expected to increase

to ⇠ 0.95 with the HL LHC. Fig. 4 shows the distribution of parameter space points for a

SFOEWPT transition in the cos ✓-m2 plane for 2mh > m2 > m1/2. One observes that there

exist considerable possibilities for observation of deviations from SM Higgs signal strength

in EWPT-viable regions or parameter space with high precision studies. The TLEP350

– 8 –

Figure 33. The deviation in the Higgs boson self-coupling in a generic singlet model that could
produce first order electroweak phase transition, reproduced from Ref. [114]. Black dots are points
where the phase transition is of first order. g111 is the triple Higgs boson coupling.

these models and potentially revealing the nature of the electroweak phase transition and1383

the origin of baryogenesis.1384

It is well known that, under the assumption of a minimal Higgs potential and the1385

Higgs sector of the SM, the electroweak phase transition is of second order. New physics1386

with sizable couplings to the Higgs boson are needed to make the phase transition a first1387

order one. The measurement of the triple Higgs coupling offers an ideal testing ground for1388

these new physics models. Being the third derivative, it carries more information about1389

the global shape of the Higgs potential than the mass. It can also be determined to a1390

reasonable precision at the future colliders, unlike the quartic Higgs coupling. Indeed, most1391

models with first order electroweak phase transition predict a triple Higgs coupling with1392

large deviations from the SM prediction. This is demonstrated with a simple example in1393

Fig 33, which shows the deviation in the Higgs boson self-coupling for a generic singlet1394

model. For the model points that produces a first order phase transition, the value of triple1395

Higgs coupling indeed covers a wide range and can be different from the SM prediction by1396

up to 100%.1397

The CEPC could probe the triple Higgs coupling via its loop contributions to single1398

Higgs processes. As pointed out in Section 6.3, it will have a limited reach in the most1399

general scenario where all Higgs couplings are allowed to deviate from SM values. An1400

additional run at 350GeV helps improve the reach, while a direct measurement using the1401

double-Higgs processes would have to wait for a future proton proton collider, or a lepton1402

collider running at much higher energies. However, it should be noted that the model inde-1403

pendent approach in Section 6.3 makes no assumption on any possible connection between1404

the triple Higgs coupling and other couplings. In practice, to induce large deviation in triple1405

Higgs coupling requires the new physics to be close to the weak scale, while the presence of1406

such new physics will most likely induce deviations in other Higgs couplings as well, such1407
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as the couplings to the electroweak gauge bosons. Without some symmetry or fine tuning,1408

both deviations are expected to come in at the order of v2/M2
NP. Such deviations can be1409

probed very well at lepton colliders.1410

For example

- Both within the reach of the Higgs factories.

operators, there is no symmetry distinction between the (h†h)3 operator and the operator
[@µ(h†h)]2, so they are expected to be generated as well, and a↵ect the Z � h couplings.

We begin by considering the simplest example of a theory where these couplings are
generated at tree-level by integrating out a massive singlet S coupled to the Higgs. As
we will see, this example represents the “easiest” case, where it is straightforward to get
a first-order phase transition, with large associated signals for both the CEPC and SPPC.
Since this is an “easy” case, we will use it largely to illustrate the important physics points
parametrically. We will then move to the “hard” case, where the order of the transition is
only a↵ected at 1-loop.

The important interactions for this toy model are given by

m2h†h + �̃(h†h)2 + m2
SS2 + ãSh†h + b̃S3 + ̃S2h†h + h̃S4 (8)

The couplings ã, b̃ can be set to zero by a Z2 symmetry under which S ! �S, but absent
such a symmetry they should be present. They give rise to both the modified Higgs potential
as well the oblique Higgs operator upon integrating out S at tree-level

FIG : TREE EXCHANGE DIAGRAMS (9)

and we find

m2h†h + �(h†h)2 +
a2

m2
S

(h†h)3 +
a2

m2
S

(@µ(h†h))2 (10)

Here we have introduced a = ã/mS, b = b̃/mS as the dimensionless strength of the cubic
interactions at the scale mS, and � = �̃� a2, = (̃ + ab).

Let us once again simplify our analysis by assuming that the quadratic term (h†h) is
negligible; the the first-order transition is driven as above with � < 0,  > 0, and we can
determine the electroweak scale and Higgs masses as

v2 = m2
S

�

a2
, m2

H = �v2 (11)

We can also find the shift in the Z � h coupling from the oblique Higgs operator

�Zh =
a2v2

m2
S

=
�


(12)

In order not to avoid an unwanted O(1) shift to the Z � h coupling, we must have  � �.
This is perfectly consistent since � is highly perturbative. It is interesting that despite the
presence of a relatively strong coupling of the Higgs to a new massive state, there are no
di�culties whatsoever with large precision electroweak corrections; this is closely related to
the fact that the O(1) deviation in the Higgs cubic couplings associated with the (h†h)3 term
does not radiatively induce precision electroweak operators at one-loop.

Now, the perturbative consistency of our analysis demands that we must have b, a < 4⇡
and ̃ < 16⇡2. Actually the bounds on , a are more stringent, since these couplings induce
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ã

ã
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g111 can, thus, provide a probe of TC and the SFOEWPT-viable regions of singlet extensions.

As discussed in Section Higgs chapter, one expects a � 25% determination of this parameter

at the HL-LHC. A factor of four improvement may be feasible with di-Higgs production at the

high-luminosity ILC and a factor of six with the pp100 option for the SPPC. discuss indirect

probes of self-coupling.
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3.2 Modified Higgs couplings to SM particles

The aforementioned scenarios may lead to changes in the Higgs boson couplings to other

particles through the e�ect of Higgs mixing and/or new loop contributions. In the case of

doublet-singlet mixing, for example, the SM-like state h1 and singlet-like state h2 may be

written as

h1 = cos �h + sin �S

h2 = sin �h � cos �S . (3.1)

Assuming m2 > m1/2, the SM-like Higgs has no new decays and its branching ratios are

unchanged from the SM. However, the production cross section, and thus, signal strength,

will be reduced by cos2 �. Present LHC data imply cos2 � >� 0.66, a bound expected to increase

to � 0.95 with the HL LHC. Fig. 4 shows the distribution of parameter space points for a

SFOEWPT transition in the cos �-m2 plane for 2mh > m2 > m1/2. One observes that there

exist considerable possibilities for observation of deviations from SM Higgs signal strength

in EWPT-viable regions or parameter space with high precision studies. The TLEP350
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Figure 6. The region of parameter space where a strongly first-order EWPT occurs in the

Singlet benchmark model. Also shown are the fractional deviations of the e+e� � hZ

cross section (left panel) and Higgs cubic self-coupling (right panel) from their SM val-

ues. Solid/black lines: contours of constant EWPT strength parameter � (see Eq. (2.9)).

Dashed/orange lines: contours of constant �hZ/�3 corrections. In the shaded region, phase

transition into a wrong vacuum (with ��� �= 0) occurs before the EWPT.

space at > 3 sigma level in all such models. However, scenarios where the first-order

EWPT is due to a non-colored BSM scalars are just as plausible. LHC will not be

able to probe these scenarios: in fact, even when � is electrically charged, the shift it

induces in h � �� in the region compatible with a first-order EWPT is too small to be

probed even at the HL-LHC. On the other hand, e+e� Higgs factories will be able to

comprehensively explore such scenarios, primarily due to a very precise measurement

of the Higgsstrahlung cross section, �(e+e� � Zh). The impressive sensitivity of this

measurement expected at the ILC and, especially, at TLEP, makes it a uniquely robust

and powerful tool for addressing the issue of EWPT dynamics.

An important limitation of our analysis is that all our benchmark models have a

single scalar field. The most important new e�ect in the presence of multiple fields

with masses around the weak scale is the possibility of accidental cancellations in the

BSM loop contributions to Higgs couplings. For example, in the MSSM, the stop sector
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Figure 22: Higgs self coupling deviation and first order electroweak phase transition. Left panel: A
generic singlet model. Black dots are points where the phase transition is of first order. g111 is the triple
Higgs coupling [67]. Right panel: A singlet model with a Z2 symmetry [68]. Orange dashed lines are
contours of fractional deviation. The region within the thick black curves has first order electroweak
phase transition. n the shaded region, phase transition into a wrong vacuum.

first order, we expect a significant deviation in the triple Higgs coupling. This is shown in the left panel of1

Fig. 22, where the deviation can vary as much as ⇠100%. A more restricted scenario, in which a discrete2

Z2 symmetry is imposed on the singlet, has also been considered [68, 72]. A first order electroweak3

phase transition is significantly harder in this scenario. It requires stronger couplings between the Higgs4

boson and the singlet, which is limited at least by perturbativity. In this case, the expected loop induced5

deviation in the triple Higgs coupling is generically smaller, about 10� 15%, as shown in the right panel6

of Fig. 22. From the projections of the accuracy of Higgs self coupling measurement shown in Fig. 21,7

CEPC has excellent reach in the more general case. For the case with Z2 symmetry, SPPC will be needed8

to make a more decisive determination based on the self coupling measurement and direct production of9

the additional singlet.10

New physics a↵ecting the nature of the electroweak phase transition will also modify the coupling11

between the SM-like Higgs and other SM states. It is here where the CEPC has the greatest strength.12

For example, in the general singlet model, the correction to the Higgs-Z coupling, parameterized by Z ,13

is on the order of v2/M2
S , for MS being the typical new physics scale. The projection on the accuracy of14

measuring this coupling at the CEPC is about 0.25%. Therefore, generically, Z measurement at CEPC15

will allow us to probe the singlet as heavy as 5 TeV. At the same time, for first order phase transition, the16

singlet mass is typically hundreds of GeV. Therefore, CEPC can completely cover the possible parameter17

space just by measuring Z in this case. Even in the di�cult case of the singlet model with a Z2 symmetry,18

the expected deviation of the cross section �hZ ( Z) is about 0.6% (0.5%), as shown in the left panel19

of Fig. 23. Therefore, CEPC will see the first evidence of new physics even in this very di�cult case.20

In more general classes of models, the new physics which modifies the Higgs coupling can carry other21

SM gauge quantum numbers, such as electric charge and/or color. In such cases, there will be significant22

change in the h ! gg and h ! �� couplings. One such example is shown in the right panel of Fig. 23,23

with 6% deviation in h�� coupling expected. From the projection shown in Fig. 20, we see that the24

CEPC can have sensitivity to such new physics.25

Another important question associated with the electroweak symmetry breaking is naturalness. The26
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For example

- Both within the reach of the Higgs factories.

operators, there is no symmetry distinction between the (h†h)3 operator and the operator
[@µ(h†h)]2, so they are expected to be generated as well, and a↵ect the Z � h couplings.

We begin by considering the simplest example of a theory where these couplings are
generated at tree-level by integrating out a massive singlet S coupled to the Higgs. As
we will see, this example represents the “easiest” case, where it is straightforward to get
a first-order phase transition, with large associated signals for both the CEPC and SPPC.
Since this is an “easy” case, we will use it largely to illustrate the important physics points
parametrically. We will then move to the “hard” case, where the order of the transition is
only a↵ected at 1-loop.

The important interactions for this toy model are given by

m2h†h + �̃(h†h)2 + m2
SS2 + ãSh†h + b̃S3 + ̃S2h†h + h̃S4 (8)

The couplings ã, b̃ can be set to zero by a Z2 symmetry under which S ! �S, but absent
such a symmetry they should be present. They give rise to both the modified Higgs potential
as well the oblique Higgs operator upon integrating out S at tree-level

FIG : TREE EXCHANGE DIAGRAMS (9)

and we find

m2h†h + �(h†h)2 +
a2

m2
S

(h†h)3 +
a2

m2
S

(@µ(h†h))2 (10)

Here we have introduced a = ã/mS, b = b̃/mS as the dimensionless strength of the cubic
interactions at the scale mS, and � = �̃� a2, = (̃ + ab).

Let us once again simplify our analysis by assuming that the quadratic term (h†h) is
negligible; the the first-order transition is driven as above with � < 0,  > 0, and we can
determine the electroweak scale and Higgs masses as

v2 = m2
S

�

a2
, m2

H = �v2 (11)

We can also find the shift in the Z � h coupling from the oblique Higgs operator

�Zh =
a2v2

m2
S

=
�


(12)

In order not to avoid an unwanted O(1) shift to the Z � h coupling, we must have  � �.
This is perfectly consistent since � is highly perturbative. It is interesting that despite the
presence of a relatively strong coupling of the Higgs to a new massive state, there are no
di�culties whatsoever with large precision electroweak corrections; this is closely related to
the fact that the O(1) deviation in the Higgs cubic couplings associated with the (h†h)3 term
does not radiatively induce precision electroweak operators at one-loop.
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g111 can, thus, provide a probe of TC and the SFOEWPT-viable regions of singlet extensions.

As discussed in Section Higgs chapter, one expects a � 25% determination of this parameter

at the HL-LHC. A factor of four improvement may be feasible with di-Higgs production at the

high-luminosity ILC and a factor of six with the pp100 option for the SPPC. discuss indirect

probes of self-coupling.
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Figure 3. Correlation between the critical temperature and SM-like Higgs scalar self-coupling in the

singlet-extended SM.

Pseudo-Goldstone Higgs goes here

3.2 Modified Higgs couplings to SM particles

The aforementioned scenarios may lead to changes in the Higgs boson couplings to other

particles through the e�ect of Higgs mixing and/or new loop contributions. In the case of

doublet-singlet mixing, for example, the SM-like state h1 and singlet-like state h2 may be

written as

h1 = cos �h + sin �S

h2 = sin �h � cos �S . (3.1)

Assuming m2 > m1/2, the SM-like Higgs has no new decays and its branching ratios are

unchanged from the SM. However, the production cross section, and thus, signal strength,

will be reduced by cos2 �. Present LHC data imply cos2 � >� 0.66, a bound expected to increase

to � 0.95 with the HL LHC. Fig. 4 shows the distribution of parameter space points for a

SFOEWPT transition in the cos �-m2 plane for 2mh > m2 > m1/2. One observes that there

exist considerable possibilities for observation of deviations from SM Higgs signal strength

in EWPT-viable regions or parameter space with high precision studies. The TLEP350
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Figure 6. The region of parameter space where a strongly first-order EWPT occurs in the

Singlet benchmark model. Also shown are the fractional deviations of the e+e� � hZ

cross section (left panel) and Higgs cubic self-coupling (right panel) from their SM val-

ues. Solid/black lines: contours of constant EWPT strength parameter � (see Eq. (2.9)).

Dashed/orange lines: contours of constant �hZ/�3 corrections. In the shaded region, phase

transition into a wrong vacuum (with ��� �= 0) occurs before the EWPT.

space at > 3 sigma level in all such models. However, scenarios where the first-order

EWPT is due to a non-colored BSM scalars are just as plausible. LHC will not be

able to probe these scenarios: in fact, even when � is electrically charged, the shift it

induces in h � �� in the region compatible with a first-order EWPT is too small to be

probed even at the HL-LHC. On the other hand, e+e� Higgs factories will be able to

comprehensively explore such scenarios, primarily due to a very precise measurement

of the Higgsstrahlung cross section, �(e+e� � Zh). The impressive sensitivity of this

measurement expected at the ILC and, especially, at TLEP, makes it a uniquely robust

and powerful tool for addressing the issue of EWPT dynamics.

An important limitation of our analysis is that all our benchmark models have a

single scalar field. The most important new e�ect in the presence of multiple fields

with masses around the weak scale is the possibility of accidental cancellations in the

BSM loop contributions to Higgs couplings. For example, in the MSSM, the stop sector
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Figure 22: Higgs self coupling deviation and first order electroweak phase transition. Left panel: A
generic singlet model. Black dots are points where the phase transition is of first order. g111 is the triple
Higgs coupling [67]. Right panel: A singlet model with a Z2 symmetry [68]. Orange dashed lines are
contours of fractional deviation. The region within the thick black curves has first order electroweak
phase transition. n the shaded region, phase transition into a wrong vacuum.

first order, we expect a significant deviation in the triple Higgs coupling. This is shown in the left panel of1

Fig. 22, where the deviation can vary as much as ⇠100%. A more restricted scenario, in which a discrete2

Z2 symmetry is imposed on the singlet, has also been considered [68, 72]. A first order electroweak3

phase transition is significantly harder in this scenario. It requires stronger couplings between the Higgs4

boson and the singlet, which is limited at least by perturbativity. In this case, the expected loop induced5

deviation in the triple Higgs coupling is generically smaller, about 10� 15%, as shown in the right panel6

of Fig. 22. From the projections of the accuracy of Higgs self coupling measurement shown in Fig. 21,7

CEPC has excellent reach in the more general case. For the case with Z2 symmetry, SPPC will be needed8

to make a more decisive determination based on the self coupling measurement and direct production of9

the additional singlet.10

New physics a↵ecting the nature of the electroweak phase transition will also modify the coupling11

between the SM-like Higgs and other SM states. It is here where the CEPC has the greatest strength.12

For example, in the general singlet model, the correction to the Higgs-Z coupling, parameterized by Z ,13

is on the order of v2/M2
S , for MS being the typical new physics scale. The projection on the accuracy of14

measuring this coupling at the CEPC is about 0.25%. Therefore, generically, Z measurement at CEPC15

will allow us to probe the singlet as heavy as 5 TeV. At the same time, for first order phase transition, the16

singlet mass is typically hundreds of GeV. Therefore, CEPC can completely cover the possible parameter17

space just by measuring Z in this case. Even in the di�cult case of the singlet model with a Z2 symmetry,18

the expected deviation of the cross section �hZ ( Z) is about 0.6% (0.5%), as shown in the left panel19

of Fig. 23. Therefore, CEPC will see the first evidence of new physics even in this very di�cult case.20

In more general classes of models, the new physics which modifies the Higgs coupling can carry other21

SM gauge quantum numbers, such as electric charge and/or color. In such cases, there will be significant22

change in the h ! gg and h ! �� couplings. One such example is shown in the right panel of Fig. 23,23

with 6% deviation in h�� coupling expected. From the projection shown in Fig. 20, we see that the24

CEPC can have sensitivity to such new physics.25

Another important question associated with the electroweak symmetry breaking is naturalness. The26
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Figure 34. (a) Induced |H|6 couplings after integrating out the singlet. (b) Induced wavefunction
renormalization of the Higgs, |H†∂H|2.

We will now demonstrate this in the context of models. Instead of a comprehensive1411

survey, we will focus here on some of the simplest possibilities which are also difficult to1412

probe. The minimal model that has been well studied in this class introduces an additional1413

singlet scalar which couples to the Higgs boson [114–119]. The general potential of the1414

Higgs boson and the new scalar S is1415

V (H,S) =
1

2
µ2|H|2 +

λ

4
|H|4 +m2

SS
2 + ãS|H|2 + κ̃S2|H|2 + b̃S3 + λSS

4. (8.5)

After integrating out the singlet, it will generate an |H|6 interaction (shown in panel (a) in1416

Fig. 34), which, after electroweak symmetry breaking, leads to a modification of the triple1417

Higgs coupling on the order of v2/m2
S . At the same time, it will also generate the operator1418

|H†∂H|2. This leads to a wave function renormalization, which gives rises to universal1419

shift of the Higgs couplings. In particular, the modification of the HZZ coupling is also1420

of order ∼ v2/m2
S . We thus expect κZ , which is constrained within 0.25% even with the1421

inclusive HZ measurement alone, to provide the best constraining power on this model.1422

This is explicitly verified with a scan in the model parameter space, shown in Fig. 35. The1423

model points with a first order phase transition are projected on the plane of the HZZ1424

and triple Higgs couplings. Indeed, for model points with a large deviation in the triple1425

Higgs coupling, a sizable deviation in the HZZ coupling is also present. In this model,1426

constraining power of the HZZ coupling measurement at CEPC is almost the same as the1427

triple Higgs coupling measurement at a future 100TeV hadron collider. A more detailed1428

view of the parameter space of the real singlet model is presented in Fig. 36. In addition to1429

the deviations in σ(HZ) at CEPC, the sensitivities of the current and future electroweak1430

precision tests are also presented [? ]. The σ(HZ) measurement, with a projected precision1431

of 0.5%, indeed provides the best sensitivity in this scenario. We thus conclude that CEPC1432

has an excellent coverage in the full model space that gives a first order electroweak phase1433

transition.1434
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Figure 5: Collider observables in the real scalar singlet model. Points in theory space with a first order
phase transition are shown in orange, points with a strongly first order phase transition are shown in
blue, and points with a strongly first order phase transition that also produces detectable gravitational
waves are shown in red. The figure is reproduced from Ref. [14].

where ✓ is the Higgs-singlet mixing angle, and IB is a loop function. The Higgs triple self-coupling
�3 also deviates from the Standard Model prediction due to the Higgs-singlet mixing. Then the self-
coupling is predicted to be [61]

�3 =
�
6�hv

�
cos3 ✓ +

�
6ahs + 6�hsvs

�
sin ✓ cos2 ✓

+
�
6�hsv

�
sin2 ✓ cos ✓ +

�
2as + 6�svs

�
sin3 ✓ . (9)

In the Standard Model we have �3 = �3,SM ⌘ 3M2
h/v ' 191 GeV. If the singlet is light, Ms < Mh/2,

then the Higgs boson acquires an exotic decay channel, h ! SS, which may be invisible depending
on the stability of S. The rate for this decay is

�(h ! SS) =
�2

211

32⇡Mh

s
1 � 4M2

s

M2
h

(10)

where

�211 =
�
2ahs + 2�hsvs

�
cos3 ✓ +

�
4�hsv � 6�hv

�
sin ✓ cos2 ✓

+
�
6�svs + 2as � 4�hsvs � 4ahs

�
sin2 ✓ cos ✓ +

�
�2�hsv

�
sin3 ✓ . (11)

is the effective tri-linear coupling of the mass eigenstates. Measurements of the Higgs boson at the
LHC already strongly constrain the invisible decay channel, which requires �211 ⌧ 1 or Ms > Mh/2.

The complementarity between first order electroweak phase transition and precision Higgs ob-
servables is shown in Fig. 5 for the singlet extension of the Standard Model. Orange points correspond

8

Figure 35. The hZZ and hhh couplings in the real scalar singlet model of Eq. 8.5. The points
in this figure represent models with a first order electroweak phase transition, and are obtained
by scanning over the theory space. Points with a first order phase transition are shown in orange,
points with a strongly first order phase transition are shown in blue, and points with a strongly first
order phase transition that also produces detectable gravitational waves are shown in red. This
figure is reproduced from Ref. [120].
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A more restricted scenario, in which a discrete Z2 symmetry is imposed on the singlet,1435

has also been considered [115, 119]. It is significantly more difficult to achieve a first order1436

electroweak phase transition in this scenario, since the singlet could only modify the Higgs1437

potential at loop levels. To produce the same level of deviation in the Higgs potential, a1438

much stronger coupling between the Higgs boson and the singlet is required, which often1439

– 62 –



0.7
0.7

0.9

0.9

-0.01

-0.007

-0.004

1.8 2.0 2.2 2.4 2.6 2.8 3.0

160

180

200

220

240

260

280

k

m
f
HGe

V
L

h=2, Singlet, hZZ

0.7

0.7

0.9

0.9

0.1

0.15

0.2

1.8 2.0 2.2 2.4 2.6 2.8 3.0

160

180

200

220

240

260

280

k

m
f
HGe

V
L

h=2, Singlet, h^3

Figure 6. The region of parameter space where a strongly first-order EWPT occurs in the

Singlet benchmark model. Also shown are the fractional deviations of the e+e� ! hZ

cross section (left panel) and Higgs cubic self-coupling (right panel) from their SM val-

ues. Solid/black lines: contours of constant EWPT strength parameter ⇠ (see Eq. (2.9)).

Dashed/orange lines: contours of constant �hZ/�3 corrections. In the shaded region, phase

transition into a wrong vacuum (with h�i 6= 0) occurs before the EWPT.

space at > 3 sigma level in all such models. However, scenarios where the first-order

EWPT is due to a non-colored BSM scalars are just as plausible. LHC will not be

able to probe these scenarios: in fact, even when � is electrically charged, the shift it

induces in h ! �� in the region compatible with a first-order EWPT is too small to be

probed even at the HL-LHC. On the other hand, e+e� Higgs factories will be able to

comprehensively explore such scenarios, primarily due to a very precise measurement

of the Higgsstrahlung cross section, �(e+e� ! Zh). The impressive sensitivity of this

measurement expected at the ILC and, especially, at TLEP, makes it a uniquely robust

and powerful tool for addressing the issue of EWPT dynamics.

An important limitation of our analysis is that all our benchmark models have a

single scalar field. The most important new e↵ect in the presence of multiple fields

with masses around the weak scale is the possibility of accidental cancellations in the

BSM loop contributions to Higgs couplings. For example, in the MSSM, the stop sector
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Figure 6. The region of parameter space where a strongly first-order EWPT occurs in the

Singlet benchmark model. Also shown are the fractional deviations of the e+e� ! hZ

cross section (left panel) and Higgs cubic self-coupling (right panel) from their SM val-

ues. Solid/black lines: contours of constant EWPT strength parameter ⇠ (see Eq. (2.9)).

Dashed/orange lines: contours of constant �hZ/�3 corrections. In the shaded region, phase

transition into a wrong vacuum (with h�i 6= 0) occurs before the EWPT.

space at > 3 sigma level in all such models. However, scenarios where the first-order

EWPT is due to a non-colored BSM scalars are just as plausible. LHC will not be

able to probe these scenarios: in fact, even when � is electrically charged, the shift it

induces in h ! �� in the region compatible with a first-order EWPT is too small to be

probed even at the HL-LHC. On the other hand, e+e� Higgs factories will be able to

comprehensively explore such scenarios, primarily due to a very precise measurement

of the Higgsstrahlung cross section, �(e+e� ! Zh). The impressive sensitivity of this

measurement expected at the ILC and, especially, at TLEP, makes it a uniquely robust

and powerful tool for addressing the issue of EWPT dynamics.

An important limitation of our analysis is that all our benchmark models have a

single scalar field. The most important new e↵ect in the presence of multiple fields

with masses around the weak scale is the possibility of accidental cancellations in the

BSM loop contributions to Higgs couplings. For example, in the MSSM, the stop sector
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(b) σ(HZ)
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Figure 5. Same as Fig. 1, for the “LH stau” model (see Table 1).

(The accuracy of the self-coupling measurement at an ILC-1T with luminosity upgrade

is estimated to be about 13% [1], while at TLEP it can be measured with a preci-

sion of about 30% via its contribution to Higgsstrahlung [46].) Thus, it appears that

the Higgsstrahlung cross section provides the most sensitive probe of this challenging

scenario.

5 Discussion

In this paper, we considered several toy models which can induce a first-order elec-

troweak phase transition in the early Universe. In all models, we found a strong cor-

relation between the strength of the phase transition and the deviations of the Higgs

couplings from the SM. This suggests that precise measurements of the Higgs couplings

have a potential to definitively determine the order of the electroweak phase transition.

Such a determination would be not only fascinating in its own right, but would also

have implications for other important questions in particle physics and cosmology, such

as viability of electroweak baryogenesis.

We emphasize that an electron-positron Higgs factory, such as the proposed ILC or

TLEP, plays an absolutely crucial role in determining the order of the phase transition.

Models where the BSM scalar responsible for a first-order EWPT is colored can be

probed at the LHC, with HL-LHC providing a coverage of the relevant parameter
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(c) Hγγ coupling

Figure 37. Deviations in the triple Higgs, σ(HZ) and Hγγ couplings in models with Z2 symmetry.
In each plot, the dashed orange lines are contours of constant deviations in the corresponding quan-
tity, the solid black lines are contours of constant electroweak phase transition strength parameter
ξ (not defined in the text...), and the shaded region is excluded for producing a color-breaking
vacuum. The figures are reproduced from Ref. [115]. I checked with the original paper and the 2nd
plot is indeed σ(HZ), not κZ . The plot label is very confusing...

exceeds the limits imposed by the requirement of perturbativity. For the same reason, the1440

expected loop induced deviation in the triple Higgs coupling is also generically smaller in1441

this case, and is about 10−15%, as shown in Fig. 37(a). Even in this difficult case, we see in1442

Fig. 37(b) that the expected deviation of the cross section σ(HZ) is about 0.6%. Therefore,1443

the CEPC will see the first evidence of new physics even in this very difficult case. In the1444

more general classes of models, the new physics which modifies the Higgs boson coupling1445

could carry other SM gauge quantum numbers, such as electric charge and/or color. In1446

such cases, there will be significant modifications to the Hgg and Hγγ couplings. One such1447

example is shown in Fig. 37(c), with a 6% deviation in the Hγγ coupling expected in order1448

to obtain a first order phase transition. As shown in Table 10, the combination of CEPC1449

and HL-LHC measurements could constrain κγ to a precision of 1.7%, and would test this1450

scenario with a sensitivity of more than three standard deviations.1451

In general, the newly discovered Higgs particle could serve as a gateway to new physics.1452

One generic form of the Higgs boson coupling to new physics is the so-called Higgs portal,1453

H†HONP, where ONP is an operator composed out of new physics fields. Since H†H is1454

the lowest dimensional operator that is consistent with all the symmetries in the Standard1455

Model, it is easy to construct scenarios in which such Higgs portal couplings are the most1456

relevant ones for the low energy phenomenology of new physics. The singlet extended Higgs1457

sector and the scalar top partner, discussed earlier, are special examples of this scenario.1458

In general, the Higgs portal interactions will shift the Higgs boson couplings, and can be1459

thoroughly tested at the CEPC. Moreover, if the new physics is lighter than mH/2, the1460

Higgs portal coupling will lead to new Higgs decay channels. We have already seen in1461

Section 6.5 that the CEPC has an excellent capability of probing such exotic decays, and1462

could cover a vast range of decay signals.1463

– 63 –



9 Conclusion1464

The Higgs boson is responsible for the electroweak symmetry breaking. It is the only1465

fundamental scalar particle in the Standard Model observed so far. The discovery of such a1466

particle at the LHC is a major breakthrough on both theoretical and experimental fronts.1467

However, the Standard Model is likely only an effective theory at the electroweak scale.1468

To explore potential new physics at the electroweak scale and beyond, complementary1469

approaches of direct searches at the energy frontier as well as precision measurements will1470

be needed. The current LHC and the planned HL-LHC have the potential to significantly1471

extend its new physics reach and to measure many of the Higgs boson couplings with1472

precision of a few percents.1473

However, many new physics models predict Higgs boson coupling deviations at the sub-1474

percent level, beyond those achievable at the LHC. The CEPC complements the LHC and1475

will be able to study the properties of the Higgs boson in great details with unprecedented1476

precision. Therefore it is capable of unveiling the true nature of this particle. At the CEPC,1477

most Higgs boson couplings can be measured with precision at a sub-percent level. More1478

importantly, the CEPC will able to measure many of the key Higgs boson properties such1479

as the total width and decay branching ratios model independently, greatly enhancing the1480

coverage of new physics searches. Furthermore, the clean event environment of the CEPC1481

will allow the detailed study of known decay modes and the identification of potential1482

unknown decay modes that are impractical to test at the LHC.1483

This paper provides a snapshot of the current studies, many of them are ongoing1484

and more analyses are needed to fully understand the physics potential of the CEPC.1485

Nevertheless, the results presented here have already built a strong case for the CEPC as a1486

Higgs factory. The CEPC has the potential to “undress” the Higgs boson as what the LEP1487

has done to the Z boson, and shed light on new physics.1488

References1489

[1] ATLAS, Observation of a new particle in the search for the Standard Model Higgs boson1490

with the ATLAS detector at the LHC , Phys. Lett. B716 (2012) 1–29, arXiv:1207.72141491

[hep-ex].1492

[2] CMS, Observation of a new boson at a mass of 125 GeV with the CMS experiment at the1493

LHC , Phys. Lett. B716 (2012) 30–61, arXiv:1207.7235 [hep-ex].1494

[3] ATLAS, Measurements of Higgs boson production and couplings in diboson final states with1495

the ATLAS detector at the LHC , Phys. Lett. B726 (2013) 88–119, arXiv:1307.14271496

[hep-ex]. [Erratum: Phys. Lett.B734,406(2014)].1497

[4] ATLAS, Evidence for the spin-0 nature of the Higgs boson using ATLAS data, Phys. Lett.1498

B726 (2013) 120–144, arXiv:1307.1432 [hep-ex].1499

[5] CMS, Observation of a new boson with mass near 125 GeV in pp collisions at
√
s = 7 and1500

8 TeV , JHEP 1306 (2013) 081, arXiv:1303.4571 [hep-ex].1501

[6] CMS, Evidence for the direct decay of the 125 GeV Higgs boson to fermions, Nature Phys.1502

10 (2014) , arXiv:1401.6527 [hep-ex].1503

– 64 –

http://dx.doi.org/10.1016/j.physletb.2012.08.020
http://arxiv.org/abs/1207.7214
http://arxiv.org/abs/1207.7214
http://arxiv.org/abs/1207.7214
http://dx.doi.org/10.1016/j.physletb.2012.08.021
http://arxiv.org/abs/1207.7235
http://dx.doi.org/10.1016/j.physletb.2014.05.011, 10.1016/j.physletb.2013.08.010
http://arxiv.org/abs/1307.1427
http://arxiv.org/abs/1307.1427
http://arxiv.org/abs/1307.1427
http://dx.doi.org/10.1016/j.physletb.2013.08.026
http://dx.doi.org/10.1016/j.physletb.2013.08.026
http://dx.doi.org/10.1016/j.physletb.2013.08.026
http://arxiv.org/abs/1307.1432
http://dx.doi.org/10.1007/JHEP06(2013)081
http://arxiv.org/abs/1303.4571
http://dx.doi.org/10.1038/nphys3005
http://dx.doi.org/10.1038/nphys3005
http://dx.doi.org/10.1038/nphys3005
http://arxiv.org/abs/1401.6527


[7] CMS, Constraints on the spin-parity and anomalous HVV couplings of the Higgs boson in1504

proton collisions at 7 and 8 TeV , Phys. Rev. D92 (2015) no. 1, 012004, arXiv:1411.34411505

[hep-ex].1506

[8] P. Glaysher, ATLAS Higgs physics prospects at the high luminosity LHC ,1507

vol. EPS-HEP2015, p. 160. Proceedings, 2015 European Physical Society Conference on1508

High Energy Physics (EPS-HEP 2015): Vienna, Austria, July 22-29, 2015.1509

[9] LHC Higgs Cross Section Working Group, Handbook of LHC Higgs Cross Sections: 1.1510

Inclusive Observables, arXiv:1101.0593 [hep-ph].1511

[10] LHC Higgs Cross Section Working Group, Handbook of LHC Higgs Cross Sections: 2.1512

Differential Distributions, arXiv:1201.3084 [hep-ph].1513

[11] W. Kilian, T. Ohl, and J. Reuter, WHIZARD: Simulating Multi-Particle Processes at LHC1514

and ILC , Eur. Phys. J. C71 (2011) 1742, arXiv:0708.4233 [hep-ph].1515

[12] M. Month and S. Turner, Frontiers of particle beams: observation, diagnosis and correction,1516

Proceedings, Joint US-CERN School on Particle Accelerators, Capri, Italy (1988).1517

http://link.springer.com/book/10.1007/BFb0018278.1518

[13] D. Schulte, Beam-beam simulations with GUINEA-PIG , Presented at the 5th International1519

Computational Accelerator Physics Conference, Monterey, California, USA, 1998.1520

http://cds.cern.ch/record/382453.1521

[14] J. Alwall, M. Herquet, F. Maltoni, O. Mattelaer, and T. Stelzer, MadGraph 5 : Going1522

Beyond , JHEP 1106 (2011) 128, arXiv:1106.0522 [hep-ph].1523

[15] T. Sjostrand, S. Mrenna, and P. Z. Skands, PYTHIA 6.4 Physics and Manual , JHEP 06051524

(2006) 026, arXiv:hep-ph/0603175 [hep-ph].1525

[16] S. Aplin, J. Engels, and F. Gaede, A production system for massive data processing in1526

ILCSoft , . http://inspirehep.net/record/889841.1527

[17] P. Mora de Freitas and H. Videau, Detector simulation with MOKKA / GEANT4: Present1528

and future, Presented at the International Workshop on physics and experiments with1529

future electron-positron linear colliders, Jeju Island, Korea (2002).1530

http://inspirehep.net/record/609687.1531

[18] S. Agostinelli et al., GEANT4: A Simulation toolkit , Nucl. Instrum. Meth. A506 (2003)1532

250.1533

[19] D. Asner, T. Barklow, C. Calancha, K. Fujii, N. Graf, et al., ILC Higgs White Paper ,1534

arXiv:1310.0763 [hep-ph].1535

[20] H. Baer, T. Barklow, K. Fujii, Y. Gao, A. Hoang, et al., The International Linear Collider1536

Technical Design Report - Volume 2: Physics, arXiv:1306.6352 [hep-ph].1537

[21] TLEP Design Study Working Group, First Look at the Physics Case of TLEP , JHEP 14011538

(2014) 164, arXiv:1308.6176 [hep-ex].1539

[22] Y. Haddad, Feasibility of a minimum bias analysis of e+e− → ZH → qq̄ +X at a 250 GeV1540

ILC , arXiv:1404.3164 [hep-ph].1541

[23] J. F. Gunion, H. E. Haber, G. L. Kane, and S. Dawson, The Higgs Hunter’s Guide, Front.1542

Phys. 80 (2000) 1. http://cds.cern.ch/record/425736.1543

[24] LHC Higgs Cross Section Working Group, Handbook of LHC Higgs Cross Sections: 3. Higgs1544

Properties, arXiv:1307.1347 [hep-ph].1545

– 65 –

http://dx.doi.org/10.1103/PhysRevD.92.012004
http://arxiv.org/abs/1411.3441
http://arxiv.org/abs/1411.3441
http://arxiv.org/abs/1411.3441
http://arxiv.org/abs/1101.0593
http://arxiv.org/abs/1201.3084
http://dx.doi.org/10.1140/epjc/s10052-011-1742-y
http://arxiv.org/abs/0708.4233
http://link.springer.com/book/10.1007/BFb0018278
http://cds.cern.ch/record/382453
http://dx.doi.org/10.1007/JHEP06(2011)128
http://arxiv.org/abs/1106.0522
http://dx.doi.org/10.1088/1126-6708/2006/05/026
http://dx.doi.org/10.1088/1126-6708/2006/05/026
http://dx.doi.org/10.1088/1126-6708/2006/05/026
http://arxiv.org/abs/hep-ph/0603175
http://inspirehep.net/record/889841
http://inspirehep.net/record/609687
http://dx.doi.org/10.1016/S0168-9002(03)01368-8
http://dx.doi.org/10.1016/S0168-9002(03)01368-8
http://dx.doi.org/10.1016/S0168-9002(03)01368-8
http://arxiv.org/abs/1310.0763
http://arxiv.org/abs/1306.6352
http://dx.doi.org/10.1007/JHEP01(2014)164
http://dx.doi.org/10.1007/JHEP01(2014)164
http://dx.doi.org/10.1007/JHEP01(2014)164
http://arxiv.org/abs/1308.6176
http://arxiv.org/abs/1404.3164
http://cds.cern.ch/record/425736
http://arxiv.org/abs/1307.1347


[25] X. Chen and Y. Wu, Search for CP violation effects in the h→ ττ decay with e+e−1546

colliders, Eur. Phys. J. C77 (2017) no. 10, 697, arXiv:1703.04855 [hep-ph].1547

[26] ATLAS, Search for the dimuon decay of the Higgs boson in pp collisions at
√
s = 13 TeV1548

with the ATLAS detector , Phys. Rev. Lett. 119 (2017) no. 5, 051802, arXiv:1705.045821549

[hep-ex].1550

[27] CMS, Search for a standard model-like Higgs boson in the µ+µ− and e+e− decay channels1551

at the LHC , Phys. Lett. B744 (2015) 184–207, arXiv:1410.6679 [hep-ex].1552

[28] R. E. Shrock and M. Suzuki, Invisible Decays of Higgs Bosons, Phys. Lett. 110B (1982)1553

250.1554

[29] K. Griest and H. E. Haber, Invisible Decays of Higgs Bosons in Supersymmetric Models,1555

Phys. Rev. D37 (1988) 719.1556

[30] C. Englert, T. Plehn, D. Zerwas, and P. M. Zerwas, Exploring the Higgs portal , Phys. Lett.1557

B703 (2011) 298–305, arXiv:1106.3097 [hep-ph].1558

[31] C. Bonilla, J. W. F. Valle, and J. C. Romão, Neutrino mass and invisible Higgs decays at1559

the LHC , Phys. Rev. D91 (2015) no. 11, 113015, arXiv:1502.01649 [hep-ph].1560

[32] ALEPH, DELPHI, L3, OPAL, LEP Electroweak, Electroweak Measurements in1561

Electron-Positron Collisions at W-Boson-Pair Energies at LEP , Phys. Rept. 532 (2013)1562

119, arXiv:1302.3415 [hep-ex].1563

[33] LHC Higgs Cross Section Working Group, LHC HXSWG interim recommendations to1564

explore the coupling structure of a Higgs-like particle, arXiv:1209.0040 [hep-ph].1565

[34] S. Dawson, A. Gritsan, H. Logan, J. Qian, C. Tully, et al., Working Group Report: Higgs1566

Boson, arXiv:1310.8361 [hep-ex].1567

[35] CMS, Search for the associated production of the Higgs boson with a top-quark pair , JHEP1568

1409 (2014) 087, arXiv:1408.1682 [hep-ex].1569

[36] ATLAS, Search for H → γγ produced in association with top quarks and constraints on the1570

Yukawa coupling between the top quark and the Higgs boson using data taken at 7 TeV and 81571

TeV with the ATLAS detector , Phys. Lett. B740 (2015) 222, arXiv:1409.3122 [hep-ex].1572

[37] A. Banfi, A. Martin, and V. Sanz, Probing top-partners in Higgs+jets, JHEP 1408 (2014)1573

053, arXiv:1308.4771 [hep-ph].1574

[38] A. Azatov and A. Paul, Probing Higgs couplings with high pT Higgs production, JHEP1575

1401 (2014) 014, arXiv:1309.5273 [hep-ph].1576

[39] C. Grojean, E. Salvioni, M. Schlaffer, and A. Weiler, Very boosted Higgs in gluon fusion,1577

JHEP 1405 (2014) 022, arXiv:1312.3317 [hep-ph].1578

[40] M. Buschmann, C. Englert, D. Goncalves, T. Plehn, and M. Spannowsky, Resolving the1579

Higgs-Gluon Coupling with Jets, Phys. Rev. D90 (2014) 013010, arXiv:1405.76511580

[hep-ph].1581

[41] J. Ellis, V. Sanz, and T. You, Complete Higgs Sector Constraints on Dimension-61582

Operators, JHEP 1407 (2014) 036, arXiv:1404.3667 [hep-ph].1583

[42] T. Han, Z. Liu, and J. Sayre, Potential Precision on Higgs Couplings and Total Width at1584

the ILC , Phys. Rev. D89 (2014) 113006, arXiv:1311.7155 [hep-ph].1585

[43] M. Klute, R. Lafaye, T. Plehn, M. Rauch, and D. Zerwas, Measuring Higgs Couplings at a1586

Linear Collider , Europhys. Lett. 101 (2013) 51001, arXiv:1301.1322 [hep-ph].1587

– 66 –

http://dx.doi.org/10.1140/epjc/s10052-017-5258-y
http://arxiv.org/abs/1703.04855
http://dx.doi.org/10.1103/PhysRevLett.119.051802
http://arxiv.org/abs/1705.04582
http://arxiv.org/abs/1705.04582
http://arxiv.org/abs/1705.04582
http://dx.doi.org/10.1016/j.physletb.2015.03.048
http://arxiv.org/abs/1410.6679
http://dx.doi.org/10.1016/0370-2693(82)91247-3
http://dx.doi.org/10.1016/0370-2693(82)91247-3
http://dx.doi.org/10.1016/0370-2693(82)91247-3
http://dx.doi.org/10.1103/PhysRevD.37.719
http://dx.doi.org/10.1016/j.physletb.2011.08.002
http://dx.doi.org/10.1016/j.physletb.2011.08.002
http://dx.doi.org/10.1016/j.physletb.2011.08.002
http://arxiv.org/abs/1106.3097
http://dx.doi.org/10.1103/PhysRevD.91.113015
http://arxiv.org/abs/1502.01649
http://dx.doi.org/10.1016/j.physrep.2013.07.004
http://dx.doi.org/10.1016/j.physrep.2013.07.004
http://dx.doi.org/10.1016/j.physrep.2013.07.004
http://arxiv.org/abs/1302.3415
http://arxiv.org/abs/1209.0040
http://arxiv.org/abs/1310.8361
http://dx.doi.org/10.1007/JHEP09(2014)087, 10.1007/JHEP10(2014)106
http://dx.doi.org/10.1007/JHEP09(2014)087, 10.1007/JHEP10(2014)106
http://dx.doi.org/10.1007/JHEP09(2014)087, 10.1007/JHEP10(2014)106
http://arxiv.org/abs/1408.1682
http://dx.doi.org/10.1016/j.physletb.2014.11.049
http://arxiv.org/abs/1409.3122
http://dx.doi.org/10.1007/JHEP08(2014)053
http://dx.doi.org/10.1007/JHEP08(2014)053
http://dx.doi.org/10.1007/JHEP08(2014)053
http://arxiv.org/abs/1308.4771
http://dx.doi.org/10.1007/JHEP01(2014)014
http://dx.doi.org/10.1007/JHEP01(2014)014
http://dx.doi.org/10.1007/JHEP01(2014)014
http://arxiv.org/abs/1309.5273
http://dx.doi.org/10.1007/JHEP05(2014)022
http://arxiv.org/abs/1312.3317
http://dx.doi.org/10.1103/PhysRevD.90.013010
http://arxiv.org/abs/1405.7651
http://arxiv.org/abs/1405.7651
http://arxiv.org/abs/1405.7651
http://dx.doi.org/10.1007/JHEP07(2014)036
http://arxiv.org/abs/1404.3667
http://dx.doi.org/10.1103/PhysRevD.89.113006
http://arxiv.org/abs/1311.7155
http://dx.doi.org/10.1209/0295-5075/101/51001
http://arxiv.org/abs/1301.1322


[44] M. E. Peskin, Estimation of LHC and ILC Capabilities for Precision Higgs Boson Coupling1588

Measurements, arXiv:1312.4974 [hep-ph].1589

[45] ATLAS Collaboration, Projections for measurements of Higgs boson signal strengths and1590

coupling parameters with the ATLAS detector at a HL-LHC , ATL-PHYS-PUB-2014-0161591

(2014) . http://cds.cern.ch/record/1956710.1592

[46] A. Denner, S. Heinemeyer, I. Puljak, D. Rebuzzi, and M. Spira, Standard Model1593

Higgs-Boson Branching Ratios with Uncertainties, Eur. Phys. J. C71 (2011) 1753,1594

arXiv:1107.5909 [hep-ph].1595

[47] L. G. Almeida, S. J. Lee, S. Pokorski, and J. D. Wells, Study of the standard model Higgs1596

boson partial widths and branching fractions, Phys. Rev. D89 (2014) 033006,1597

arXiv:1311.6721 [hep-ph].1598

[48] G. P. Lepage, P. B. Mackenzie, and M. E. Peskin, Expected Precision of Higgs Boson1599

Partial Widths within the Standard Model , arXiv:1404.0319 [hep-ph].1600

[49] J. Ellis and T. You, Sensitivities of Prospective Future e+e- Colliders to Decoupled New1601

Physics, JHEP 03 (2016) 089, arXiv:1510.04561 [hep-ph].1602

[50] J. Ellis, P. Roloff, V. Sanz, and T. You, Dimension-6 Operator Analysis of the CLIC1603

Sensitivity to New Physics, arXiv:1701.04804 [hep-ph].1604

[51] G. Durieux, C. Grojean, J. Gu, and K. Wang, The leptonic future of the Higgs, JHEP 091605

(2017) 014, arXiv:1704.02333 [hep-ph].1606

[52] T. Barklow, K. Fujii, S. Jung, R. Karl, J. List, T. Ogawa, M. E. Peskin, and J. Tian,1607

Improved Formalism for Precision Higgs Coupling Fits, arXiv:1708.08912 [hep-ph].1608

[53] T. Barklow, K. Fujii, S. Jung, M. E. Peskin, and J. Tian, Model-Independent Determination1609

of the Triple Higgs Coupling at e+e− Colliders, arXiv:1708.09079 [hep-ph].1610

[54] S. Di Vita, G. Durieux, C. Grojean, J. Gu, Z. Liu, G. Panico, M. Riembau, and1611

T. Vantalon, A global view on the Higgs self-coupling at lepton colliders, arXiv:1711.039781612

[hep-ph].1613

[55] W. H. Chiu, S. C. Leung, T. Liu, K.-F. Lyu, and L.-T. Wang, Probing 6D Operators at1614

Future e−e+ Colliders, arXiv:1711.04046 [hep-ph].1615

[56] M. Beneke, D. Boito, and Y.-M. Wang, Anomalous Higgs couplings in angular asymmetries1616

of H → Z`+`− and e+e− → HZ, JHEP 11 (2014) 028, arXiv:1406.1361 [hep-ph].1617

[57] N. Craig, J. Gu, Z. Liu, and K. Wang, Beyond Higgs Couplings: Probing the Higgs with1618

Angular Observables at Future e+ e− Colliders, JHEP 03 (2016) 050, arXiv:1512.068771619

[hep-ph].1620

[58] S. M. Barr and A. Zee, Electric Dipole Moment of the Electron and of the Neutron, Phys.1621

Rev. Lett. 65 (1990) 21–24. [Erratum: Phys. Rev. Lett.65,2920(1990)].1622

[59] J. Fan and M. Reece, Probing Charged Matter Through Higgs Diphoton Decay, Gamma Ray1623

Lines, and EDMs, JHEP 06 (2013) 004, arXiv:1301.2597 [hep-ph].1624

[60] ACME, J. Baron et al., Order of Magnitude Smaller Limit on the Electric Dipole Moment1625

of the Electron, Science 343 (2014) 269–272, arXiv:1310.7534 [physics.atom-ph].1626

[61] Y. T. Chien, V. Cirigliano, W. Dekens, J. de Vries, and E. Mereghetti, Direct and indirect1627

constraints on CP-violating Higgs-quark and Higgs-gluon interactions, JHEP 02 (2016) 011,1628

arXiv:1510.00725 [hep-ph]. [JHEP02,011(2016)].1629

– 67 –

http://arxiv.org/abs/1312.4974
http://cds.cern.ch/record/1956710
http://dx.doi.org/10.1140/epjc/s10052-011-1753-8
http://arxiv.org/abs/1107.5909
http://dx.doi.org/10.1103/PhysRevD.89.033006
http://arxiv.org/abs/1311.6721
http://arxiv.org/abs/1404.0319
http://dx.doi.org/10.1007/JHEP03(2016)089
http://arxiv.org/abs/1510.04561
http://arxiv.org/abs/1701.04804
http://dx.doi.org/10.1007/JHEP09(2017)014
http://dx.doi.org/10.1007/JHEP09(2017)014
http://dx.doi.org/10.1007/JHEP09(2017)014
http://arxiv.org/abs/1704.02333
http://arxiv.org/abs/1708.08912
http://arxiv.org/abs/1708.09079
http://arxiv.org/abs/1711.03978
http://arxiv.org/abs/1711.03978
http://arxiv.org/abs/1711.03978
http://arxiv.org/abs/1711.04046
http://dx.doi.org/10.1007/JHEP11(2014)028
http://arxiv.org/abs/1406.1361
http://dx.doi.org/10.1007/JHEP03(2016)050
http://arxiv.org/abs/1512.06877
http://arxiv.org/abs/1512.06877
http://arxiv.org/abs/1512.06877
http://dx.doi.org/10.1103/PhysRevLett.65.21
http://dx.doi.org/10.1103/PhysRevLett.65.21
http://dx.doi.org/10.1103/PhysRevLett.65.21
http://dx.doi.org/10.1007/JHEP06(2013)004
http://arxiv.org/abs/1301.2597
http://dx.doi.org/10.1126/science.1248213
http://arxiv.org/abs/1310.7534
http://dx.doi.org/10.1007/JHEP02(2016)011
http://arxiv.org/abs/1510.00725


[62] R. Harnik, A. Martin, T. Okui, R. Primulando, and F. Yu, Measuring CP violation in1630

h→ τ+τ− at colliders, Phys. Rev. D88 (2013) no. 7, 076009, arXiv:1308.1094 [hep-ph].1631

[63] K. Hagiwara, S. Ishihara, R. Szalapski, and D. Zeppenfeld, Low-energy effects of new1632

interactions in the electroweak boson sector , Phys. Rev. D48 (1993) 2182–2203.1633

[64] G. Gounaris et al., Triple gauge boson couplings, arXiv:hep-ph/9601233 [hep-ph].1634

http://alice.cern.ch/format/showfull?sysnb=0215385. [,525(1996)].1635

[65] L. Bian, J. Shu, and Y. Zhang, Prospects for Triple Gauge Coupling Measurements at1636

Future Lepton Colliders and the 14 TeV LHC , JHEP 09 (2015) 206, arXiv:1507.022381637

[hep-ph].1638

[66] I. Marchesini, Triple gauge couplings and polarization at the ILC and leakage in a highly1639

granular calorimeter , PhD thesis, Hamburg U. (2011) .1640

http://www-library.desy.de/cgi-bin/showprep.pl?thesis11-044.1641

[67] A. Falkowski, Higgs Basis: Proposal for an EFT basis choice for LHC HXSWG ,1642

LHCHXSWG-INT-2015-001 (March, 2015) . https://cds.cern.ch/record/2001958.1643

[68] ATLAS, Projections for measurements of Higgs boson cross sections, branching ratios and1644

coupling parameters with the ATLAS detector at a HL-LHC , ATL-PHYS-PUB-2013-0141645

(2013) . https://cds.cern.ch/record/1611186.1646

[69] ATLAS, HL-LHC projections for signal and background yield measurements of the H → γγ1647

when the Higgs boson is produced in association with t quarks, W or Z bosons,1648

ATL-PHYS-PUB-2014-012 (2014) . https://cds.cern.ch/record/1741011.1649

[70] ATLAS, Update of the prospects for the H → Zγ search at the High-Luminosity LHC ,1650

ATL-PHYS-PUB-2014-006 (2014) . https://cds.cern.ch/record/1703276.1651

[71] ATLAS, Prospects for the study of the Higgs boson in the VH(bb) channel at HL-LHC ,1652

ATL-PHYS-PUB-2014-011 (2014) . https://cds.cern.ch/record/1740962.1653

[72] ATLAS, Studies of the VBF H → τlτhad analysis at High Luminosity LHC conditions,1654

ATL-PHYS-PUB-2014-018 (2014) . https://cds.cern.ch/record/1956732.1655

[73] A. Falkowski, M. Gonzalez-Alonso, A. Greljo, and D. Marzocca, Global constraints on1656

anomalous triple gauge couplings in effective field theory approach, Phys. Rev. Lett. 1161657

(2016) no. 1, 011801, arXiv:1508.00581 [hep-ph].1658

[74] A. Butter, O. J. P. Éboli, J. Gonzalez-Fraile, M. C. Gonzalez-Garcia, T. Plehn, and1659

M. Rauch, The Gauge-Higgs Legacy of the LHC Run I , JHEP 07 (2016) 152,1660

arXiv:1604.03105 [hep-ph].1661

[75] R. Contino, A. Falkowski, F. Goertz, C. Grojean, and F. Riva, On the Validity of the1662

Effective Field Theory Approach to SM Precision Tests, JHEP 07 (2016) 144,1663

arXiv:1604.06444 [hep-ph].1664

[76] A. Falkowski, M. Gonzalez-Alonso, A. Greljo, D. Marzocca, and M. Son, Anomalous Triple1665

Gauge Couplings in the Effective Field Theory Approach at the LHC , JHEP 02 (2017) 115,1666

arXiv:1609.06312 [hep-ph].1667

[77] Z. Zhang, Time to Go Beyond Triple-Gauge-Boson-Coupling Interpretation of W Pair1668

Production, Phys. Rev. Lett. 118 (2017) no. 1, 011803, arXiv:1610.01618 [hep-ph].1669

[78] ATLAS, Search for the Standard Model Higgs and Z Boson decays to J/ψ γ: HL-LHC1670

projections, ATL-PHYS-PUB-2015-043 (2015) . http://cds.cern.ch/record/2054550.1671

– 68 –

http://dx.doi.org/10.1103/PhysRevD.88.076009
http://arxiv.org/abs/1308.1094
http://dx.doi.org/10.1103/PhysRevD.48.2182
http://arxiv.org/abs/hep-ph/9601233
http://alice.cern.ch/format/showfull?sysnb=0215385
http://dx.doi.org/10.1007/JHEP09(2015)206
http://arxiv.org/abs/1507.02238
http://arxiv.org/abs/1507.02238
http://arxiv.org/abs/1507.02238
http://www-library.desy.de/cgi-bin/showprep.pl?thesis11-044
https://cds.cern.ch/record/2001958
https://cds.cern.ch/record/1611186
https://cds.cern.ch/record/1741011
https://cds.cern.ch/record/1703276
https://cds.cern.ch/record/1740962
https://cds.cern.ch/record/1956732
http://dx.doi.org/10.1103/PhysRevLett.116.011801
http://dx.doi.org/10.1103/PhysRevLett.116.011801
http://dx.doi.org/10.1103/PhysRevLett.116.011801
http://arxiv.org/abs/1508.00581
http://dx.doi.org/10.1007/JHEP07(2016)152
http://arxiv.org/abs/1604.03105
http://dx.doi.org/10.1007/JHEP07(2016)144
http://arxiv.org/abs/1604.06444
http://dx.doi.org/10.1007/JHEP02(2017)115
http://arxiv.org/abs/1609.06312
http://dx.doi.org/10.1103/PhysRevLett.118.011803
http://arxiv.org/abs/1610.01618
http://cds.cern.ch/record/2054550


[79] G. T. Bodwin, F. Petriello, S. Stoynev, and M. Velasco, Higgs boson decays to quarkonia1672

and the Hc̄c coupling , Phys. Rev. D88 (2013) no. 5, 053003, arXiv:1306.5770 [hep-ph].1673

[80] G. Perez, Y. Soreq, E. Stamou, and K. Tobioka, Constraining the charm Yukawa and1674

Higgs-quark coupling universality , Phys. Rev. D92 (2015) no. 3, 033016,1675

arXiv:1503.00290 [hep-ph].1676

[81] I. Brivio, F. Goertz, and G. Isidori, Probing the Charm Quark Yukawa Coupling in1677

Higgs+Charm Production, Phys. Rev. Lett. 115 (2015) no. 21, 211801, arXiv:1507.029161678

[hep-ph].1679

[82] F. Bishara, U. Haisch, P. F. Monni, and E. Re, Constraining Light-Quark Yukawa1680

Couplings from Higgs Distributions, arXiv:1606.09253 [hep-ph].1681

[83] L. M. Carpenter, T. Han, K. Hendricks, Z. Qian, and N. Zhou, Higgs Boson Decay to Light1682

Jets at the LHC , Phys. Rev. D95 (2017) no. 5, 053003, arXiv:1611.05463 [hep-ph].1683

[84] K. Fujii et al., Physics Case for the 250 GeV Stage of the International Linear Collider ,1684

arXiv:1710.07621 [hep-ex].1685

[85] M. Benedikt, Future Circular Collider Study Status Overview , .1686

https://indico.cern.ch/event/618254.1687

[86] A. Falkowski, Effective field theory approach to LHC Higgs data, Pramana 87 (2016) no. 3,1688

39, arXiv:1505.00046 [hep-ph].1689

[87] A. Falkowski and F. Riva, Model-independent precision constraints on dimension-61690

operators, JHEP 02 (2015) 039, arXiv:1411.0669 [hep-ph].1691

[88] M. McCullough, An Indirect Model-Dependent Probe of the Higgs Self-Coupling , Phys. Rev.1692

D90 (2014) 015001, arXiv:1312.3322 [hep-ph].1693

[89] S. Di Vita, C. Grojean, G. Panico, M. Riembau, and T. Vantalon, A global view on the1694

Higgs self-coupling , JHEP 09 (2017) 069, arXiv:1704.01953 [hep-ph].1695

[90] D. Curtin, R. Essig, S. Gori, P. Jaiswal, A. Katz, et al., Exotic decays of the 125 GeV Higgs1696

boson, Phys.Rev. D90 (2014) 075004, arXiv:1312.4992 [hep-ph].1697

[91] LHC Higgs Cross Section Working Group, D. de Florian et al., Handbook of LHC Higgs1698

Cross Sections: 4. Deciphering the Nature of the Higgs Sector , arXiv:1610.079221699

[hep-ph].1700

[92] Z. Liu, L.-T. Wang, and H. Zhang, Exotic decays of the 125 GeV Higgs boson at future1701

e+e− lepton colliders, arXiv:1612.09284 [hep-ph].1702

[93] J. Alwall, R. Frederix, S. Frixione, V. Hirschi, F. Maltoni, O. Mattelaer, H. S. Shao,1703

T. Stelzer, P. Torrielli, and M. Zaro, The automated computation of tree-level and1704

next-to-leading order differential cross sections, and their matching to parton shower1705

simulations, JHEP 07 (2014) 079, arXiv:1405.0301 [hep-ph].1706

[94] I. Anderson et al., Constraining anomalous HVV interactions at proton and lepton1707

colliders, Phys. Rev. D89 (2014) no. 3, 035007, arXiv:1309.4819 [hep-ph].1708

[95] Y. Gao, A. V. Gritsan, Z. Guo, K. Melnikov, M. Schulze, and N. V. Tran, Spin1709

determination of single-produced resonances at hadron colliders, Phys. Rev. D81 (2010)1710

075022, arXiv:1001.3396 [hep-ph].1711

[96] S. Bolognesi, Y. Gao, A. V. Gritsan, K. Melnikov, M. Schulze, N. V. Tran, and1712

– 69 –

http://dx.doi.org/10.1103/PhysRevD.88.053003
http://arxiv.org/abs/1306.5770
http://dx.doi.org/10.1103/PhysRevD.92.033016
http://arxiv.org/abs/1503.00290
http://dx.doi.org/10.1103/PhysRevLett.115.211801
http://arxiv.org/abs/1507.02916
http://arxiv.org/abs/1507.02916
http://arxiv.org/abs/1507.02916
http://arxiv.org/abs/1606.09253
http://dx.doi.org/10.1103/PhysRevD.95.053003
http://arxiv.org/abs/1611.05463
http://arxiv.org/abs/1710.07621
https://indico.cern.ch/event/618254
http://dx.doi.org/10.1007/s12043-016-1251-5
http://dx.doi.org/10.1007/s12043-016-1251-5
http://dx.doi.org/10.1007/s12043-016-1251-5
http://arxiv.org/abs/1505.00046
http://dx.doi.org/10.1007/JHEP02(2015)039
http://arxiv.org/abs/1411.0669
http://dx.doi.org/10.1103/PhysRevD.90.015001
http://dx.doi.org/10.1103/PhysRevD.90.015001
http://dx.doi.org/10.1103/PhysRevD.90.015001
http://arxiv.org/abs/1312.3322
http://dx.doi.org/10.1007/JHEP09(2017)069
http://arxiv.org/abs/1704.01953
http://dx.doi.org/10.1103/PhysRevD.90.075004
http://arxiv.org/abs/1312.4992
http://arxiv.org/abs/1610.07922
http://arxiv.org/abs/1610.07922
http://arxiv.org/abs/1610.07922
http://arxiv.org/abs/1612.09284
http://dx.doi.org/10.1007/JHEP07(2014)079
http://arxiv.org/abs/1405.0301
http://dx.doi.org/10.1103/PhysRevD.89.035007
http://arxiv.org/abs/1309.4819
http://dx.doi.org/10.1103/PhysRevD.81.075022
http://dx.doi.org/10.1103/PhysRevD.81.075022
http://dx.doi.org/10.1103/PhysRevD.81.075022
http://arxiv.org/abs/1001.3396


A. Whitbeck, On the spin and parity of a single-produced resonance at the LHC , Phys. Rev.1713

D86 (2012) 095031, arXiv:1208.4018 [hep-ph].1714

[97] CMS, Study of the Mass and Spin-Parity of the Higgs Boson Candidate Via Its Decays to Z1715

Boson Pairs, Phys. Rev. Lett. 110 (2013) no. 8, 081803, arXiv:1212.6639 [hep-ex].1716

[98] CMS, Measurement of Higgs boson production and properties in the WW decay channel1717

with leptonic final states, JHEP 01 (2014) 096, arXiv:1312.1129 [hep-ex].1718

[99] CMS, Measurement of the properties of a Higgs boson in the four-lepton final state, Phys.1719

Rev. D89 (2014) no. 9, 092007, arXiv:1312.5353 [hep-ex].1720

[100] CMS, Combined search for anomalous pseudoscalar HVV couplings in VH(H → bb̄)1721

production and H → VV decay , Phys. Lett. B759 (2016) 672–696, arXiv:1602.043051722

[hep-ex].1723

[101] CMS, Constraints on anomalous Higgs boson couplings using production and decay1724

information in the four-lepton final state, Phys. Lett. B775 (2017) 1–24,1725

arXiv:1707.00541 [hep-ex].1726

[102] D. Stolarski and R. Vega-Morales, Directly Measuring the Tensor Structure of the Scalar1727

Coupling to Gauge Bosons, Phys. Rev. D86 (2012) 117504, arXiv:1208.4840 [hep-ph].1728

[103] J. Ellis, D. S. Hwang, V. Sanz, and T. You, A Fast Track towards the ‘Higgs’ Spin and1729

Parity , JHEP 11 (2012) 134, arXiv:1208.6002 [hep-ph].1730

[104] R. Boughezal, T. J. LeCompte, and F. Petriello, Single-variable asymmetries for measuring1731

the ‘Higgs’ boson spin and CP properties, arXiv:1208.4311 [hep-ph].1732

[105] S. Y. Choi, D. J. Miller, M. M. Muhlleitner, and P. M. Zerwas, Identifying the Higgs spin1733

and parity in decays to Z pairs, Phys. Lett. B553 (2003) 61–71, arXiv:hep-ph/02100771734

[hep-ph].1735

[106] A. Thamm, R. Torre, and A. Wulzer, Future tests of Higgs compositeness: direct vs1736

indirect , JHEP 07 (2015) 100, arXiv:1502.01701 [hep-ph].1737

[107] J. Gu, H. Li, Z. Liu, S. Su, and W. Su, Learning from Higgs Physics at Future Higgs1738

Factories, JHEP 12 (2017) 153, arXiv:1709.06103 [hep-ph].1739

[108] J. Fan, M. Reece, and L.-T. Wang, Precision Natural SUSY at CEPC, FCC-ee, and ILC ,1740

arXiv:1412.3107 [hep-ph].1741

[109] R. Essig, P. Meade, H. Ramani, and Y.-M. Zhong, Higgs-Precision Constraints on Colored1742

Naturalness, JHEP 09 (2017) 085, arXiv:1707.03399 [hep-ph].1743

[110] N. Craig, C. Englert, and M. McCullough, New Probe of Naturalness, Phys. Rev. Lett. 1111744

(2013) 121803, arXiv:1305.5251 [hep-ph].1745

[111] Z. Chacko, H.-S. Goh, and R. Harnik, The Twin Higgs: Natural electroweak breaking from1746

mirror symmetry , Phys. Rev. Lett. 96 (2006) 231802, arXiv:hep-ph/0506256 [hep-ph].1747

[112] G. Burdman, Z. Chacko, H.-S. Goh, and R. Harnik, Folded supersymmetry and the LEP1748

paradox , JHEP 02 (2007) 009, arXiv:hep-ph/0609152 [hep-ph].1749

[113] N. Craig, M. Farina, M. McCullough, and M. Perelstein, Precision Higgsstrahlung as a1750

Probe of New Physics, JHEP 1503 (2015) 146, arXiv:1411.0676 [hep-ph].1751

[114] S. Profumo, M. J. Ramsey-Musolf, C. L. Wainwright, and P. Winslow, Singlet-catalyzed1752

electroweak phase transitions and precision Higgs boson studies, Phys. Rev. D91 (2015)1753

035018, arXiv:1407.5342 [hep-ph].1754

– 70 –

http://dx.doi.org/10.1103/PhysRevD.86.095031
http://dx.doi.org/10.1103/PhysRevD.86.095031
http://dx.doi.org/10.1103/PhysRevD.86.095031
http://arxiv.org/abs/1208.4018
http://dx.doi.org/10.1103/PhysRevLett.110.081803
http://arxiv.org/abs/1212.6639
http://dx.doi.org/10.1007/JHEP01(2014)096
http://arxiv.org/abs/1312.1129
http://dx.doi.org/10.1103/PhysRevD.89.092007
http://dx.doi.org/10.1103/PhysRevD.89.092007
http://dx.doi.org/10.1103/PhysRevD.89.092007
http://arxiv.org/abs/1312.5353
http://dx.doi.org/10.1016/j.physletb.2016.06.004
http://arxiv.org/abs/1602.04305
http://arxiv.org/abs/1602.04305
http://arxiv.org/abs/1602.04305
http://dx.doi.org/10.1016/j.physletb.2017.10.021
http://arxiv.org/abs/1707.00541
http://dx.doi.org/10.1103/PhysRevD.86.117504
http://arxiv.org/abs/1208.4840
http://dx.doi.org/10.1007/JHEP11(2012)134
http://arxiv.org/abs/1208.6002
http://arxiv.org/abs/1208.4311
http://dx.doi.org/10.1016/S0370-2693(02)03191-X
http://arxiv.org/abs/hep-ph/0210077
http://arxiv.org/abs/hep-ph/0210077
http://arxiv.org/abs/hep-ph/0210077
http://dx.doi.org/10.1007/JHEP07(2015)100
http://arxiv.org/abs/1502.01701
http://dx.doi.org/10.1007/JHEP12(2017)153
http://arxiv.org/abs/1709.06103
http://arxiv.org/abs/1412.3107
http://dx.doi.org/10.1007/JHEP09(2017)085
http://arxiv.org/abs/1707.03399
http://dx.doi.org/10.1103/PhysRevLett.111.121803
http://dx.doi.org/10.1103/PhysRevLett.111.121803
http://dx.doi.org/10.1103/PhysRevLett.111.121803
http://arxiv.org/abs/1305.5251
http://dx.doi.org/10.1103/PhysRevLett.96.231802
http://arxiv.org/abs/hep-ph/0506256
http://dx.doi.org/10.1088/1126-6708/2007/02/009
http://arxiv.org/abs/hep-ph/0609152
http://dx.doi.org/10.1007/JHEP03(2015)146
http://arxiv.org/abs/1411.0676
http://dx.doi.org/10.1103/PhysRevD.91.035018
http://dx.doi.org/10.1103/PhysRevD.91.035018
http://dx.doi.org/10.1103/PhysRevD.91.035018
http://arxiv.org/abs/1407.5342


[115] A. Katz and M. Perelstein, Higgs Couplings and Electroweak Phase Transition, JHEP 14071755

(2014) 108, arXiv:1401.1827 [hep-ph].1756

[116] A. Noble and M. Perelstein, Higgs self-coupling as a probe of electroweak phase transition,1757

Phys. Rev. D78 (2008) 063518, arXiv:0711.3018 [hep-ph].1758

[117] B. Henning, X. Lu, and H. Murayama, What do precision Higgs measurements buy us? ,1759

arXiv:1404.1058 [hep-ph].1760

[118] S. Profumo, M. J. Ramsey-Musolf, and G. Shaughnessy, Singlet Higgs phenomenology and1761

the electroweak phase transition, JHEP 0708 (2007) 010, arXiv:0705.2425 [hep-ph].1762

[119] D. Curtin, P. Meade, and C.-T. Yu, Testing Electroweak Baryogenesis with Future1763

Colliders, JHEP 1411 (2014) 127, arXiv:1409.0005 [hep-ph].1764

[120] P. Huang, A. J. Long, and L.-T. Wang, Probing the Electroweak Phase Transition with1765

Higgs Factories and Gravitational Waves, Phys. Rev. D94 (2016) no. 7, 075008,1766

arXiv:1608.06619 [hep-ph].1767

– 71 –

http://dx.doi.org/10.1007/JHEP07(2014)108
http://dx.doi.org/10.1007/JHEP07(2014)108
http://dx.doi.org/10.1007/JHEP07(2014)108
http://arxiv.org/abs/1401.1827
http://dx.doi.org/10.1103/PhysRevD.78.063518
http://arxiv.org/abs/0711.3018
http://arxiv.org/abs/1404.1058
http://dx.doi.org/10.1088/1126-6708/2007/08/010
http://arxiv.org/abs/0705.2425
http://dx.doi.org/10.1007/JHEP11(2014)127
http://arxiv.org/abs/1409.0005
http://dx.doi.org/10.1103/PhysRevD.94.075008
http://arxiv.org/abs/1608.06619

	1 Introduction
	2 Production cross sections of signal and background processes
	3 Higgs boson tagging using recoil mass
	3.1 Z+-
	3.2 Zq
	3.3 Measurements of (ZH) and mH

	4 Analyses of Individual Decay Modes
	4.1 Hb, c, gg
	4.2 HWW*
	4.3 HZZ*
	4.4 H
	4.5 HZ
	4.6 H+-
	4.7 H+-
	4.8 Hinv
	4.9 (e+e-H)BR(Hb) 

	5 Combinations of Individual Measurements
	5.1 Combined Measurements of BR and BR
	5.2 Measurement of Higgs boson width

	6 Higgs coupling measurements and Beyond
	6.1 Coupling fits in the -framework
	6.2 Effective-field-theory analysis
	6.3 The Higgs self-coupling
	6.4 Higgs and top couplings
	6.5 Higgs Exotic Decays 

	7 Constraining anomalous HVV interactions at the CEPC collider
	7.1 Introduction to HVV anomalous couplings
	7.2 Kinematics in the e+e-Z*ZH process
	7.3 Expected signal and backgrounds
	7.4 Analysis methods
	7.5 Summary and Conclusions

	8 Implications
	8.1 Naturalness of the electroweak scale
	8.2 Electroweak phase transition

	9 Conclusion

