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This document [CGv2: remove: currently in preliminary draft form,] aims to provide an assessment of the potential of future
colliding beam facilities to perform Higgs boson studies. The analysis builds on the submissions made by the proponents
of future colliders to the European Strategy Update process, and takes as its point of departure the results expected at the
completion of the HL-LHC program. This report presents quantitative results on many aspects of Higgs physics for future
collider projects using uniform methodologies for all proposed machine projects of sufficient maturity.
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[ANv1: Please note: Abbreviations should be introduced at the first mention in the main text – no abbreviations23

lists. Suggested structure of main text (not enforced) is provided below.]24

Introduction25

[ANv1: authors: BEATE - reviewers: Maria + Christophe ] [CGv2: Reviewed on 01.05]26

27

This article presents the results of the Standard Model (SM) Higgs boson studies performed by the Higgs@FutureColliders28

group based on the input submitted to the Update of the European Strategy by the various proponents of new high-luminosity29

energy-frontier particle accelerator projects beyond the High Luminosity LHC (HL-LHC). This report is part of the mandate given30

to this group by the RECFA (restricted ECFA) committee, see Appendix B. [CGv2: Should we swap the two appendices and31

have the mandate in the first place?] The exploration of the Higgs boson through direct searches and precision measurements32

at future colliders is among the most important aspects of their scientific programmes.33

The colliders considered for this document are High-Energy LHC (HE-LHC), Future Circular Colliders (FCCee,eh,hh) [1],34

the Circular Electron-Positron Collider (CEPC) [2], the International Linear Collider (ILC) [3], the Compact Linear Collider35

(CLIC) [4], and the Large Hadron electron Collider [5] (LHeC or HE-LHeC 1 ). The physics results that are expected by the36

completion of HL-LHC2 are assumed to represent the scenario from where these future colliders would start. Furthermore, a37

muon collider is also briefly illustrated, but given the less advanced stage, it is only discussed where appropriate and it is not38

part of the default analyses performed. The potential of a γγ collider (based on an e+e− collider and laser beams) for Higgs39

boson physics has been studied a while ago [6,7] and more recently again in context of plasma-wakefield driven accelerators [8]40

1For HE-LHeC no analysis was performed here, but it is expected that the relative improvements w.r.t. LHeC are expected to be similar as from HL-LHC to
HE-LHC

2For the purpose of this document, we assume that in the Higgs sector no significant deviations are observed.[CGv2: this assumption extends beyond the
Higgs sector, no? Throughout the document, we assume that no deviation to the SM is observed anywhere]



but is not addressed further in this report. Plasma-wakefield driven accelerators also have a promise to provide multi-TeV e+e−41

colliders (e.g. [8]) but are not addressed further here.42

A table of the colliders and their parameters (type,
√

s, polarisation P , integrated luminosity L , the run time) is given in43

Table 1. A graphical display of the time line and luminosity values is shown in Fig. 1. The parameters used are taken from44

the references also given in that Table. For the purpose of this study, only inputs as provided by the various collaborations45

are used, and there is no attempt to make any judgement on the validity of the assumptions made to estimate the projected46

measurement uncertainties (see also mandate in Appendix B). We would also caution to consider any differences between47

projections at the level of 20% as genuine. [KEv2: Not happy with this sentence, re English, there seems to be a "not"48

missing. In addition, projections for what?] In many cases these are likely not intrinsic but rather due to choices made which49

can be addressed in principle when more time is available. For instance, CEPC and FCC-ee at
√

s = 240 GeV expect to acquire50

a very similar luminosity and should obtain very similar results if both use two optimized detectors. Differences between the51

projected results originate likely from different choices made in the analyses at this stage. [BHv2: I added these sentences52

here... is that reasonable to say???] [CGv2: The differences in the EFT fits between FCC-ee and CEPC can result53

from different inputs in the EW sectors. Nominally, CEPC doesn’t have low energy runs as intensive as FCC-ee. On54

the other hand, for the kappa fits that mostly really only on the Higgs measurements, the difference should be smaller.55

In the kappa-1,2,3 scenarios, CEPC is doing better than FCC-ee for κZ and κγ probably due to missing analyses at56

FCC-ee. When combined with HL-LHC in kappa-4, the results are essentially the same.]57

Figure 1. Time line of various collider projects starting at time T0. Given are the luminosity values and energies, also shown
in Table 1. [BHv2: Do we want this figure? I will try to make it prettier anyway, and fix HE-LHC and FCChh lumi
values.] [CGv2: I think this figure is useful and give a clear overview of the different run scenarios. Should we
mention in the caption that the definition of "year" is however slightly different for the different colliders? ]

For the following sections the tables and plots are labelled using the acronyms given in Table 1. The energy subscript58

indicates the highest energy stage of the given collider, and the results always assume that it is combined with results from the59

lower energy stages.60

At the heart of the Higgs physics programme is the question how the Higgs boson couples to Standard Model elementary61

particles. [CGv2: New attempt, taking into account the comments by Patrick and Alain: Within the SM itself, all62

these couplings are uniquely determined. But new physics beyond the SM (BSM) can modify these couplings in many63

different ways. The structure of these deformations is in general model-dependent. One important goal of the Higgs64

programme at the future colliders is certainly to identify, or least constrain, these deformations from the measurements65

the Higgs production cross section (σ ) times decay branching ratio (BR). Ultimately, these studies will be used to asses66

the fundamental parameters of the new physics models. For the time being, in the absence of knowledge of new physics67

[ANv2: instead of "the new physics anatomy"], we need to rely on a parametrisation of our ignorance in terms of68

continuous deformations of the Higgs boson couplings. Different assumptions allow to capture different classes of new69

physics dynamics. First, in the so-called κ-framework [13, 14], often used to interpret the LHC measurements, the70

Higgs couplings to the SM particles are assumed to kept the same helicity structures as in the SM. While it offers71
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Table 1. Summary of the future colliders considered in this report. The number of detectors given is the number of detectors
running concurrently, and only counting those relevant to the entire Higgs physics programme. The luminosity provided is that
used in the individual reports, and for ee colliders corresponds to the sum of the luminosities recorded by the detectors. For
HL-LHC this is also the case while for HE-LHC and FCChh it corresponds to 75% of that. The values for

√
s are approximate,

e.g. when a scan is proposed as part of the programme this is included in the closest value (most relevant for the Z, W and t
programme). For the polarisation, the values given correspond to the electron and positron beam, respectively. For HL-LHC,
HE-LHC, FCC, CLIC and LHeC the luminosity values are taken from Ref. [9]. For these colliders the number of seconds per
year is 1.2×107 based on CERN experience [9]. CEPC (ILC) assumes 1.3×107 (1.6×107) seconds for the annual integrated
luminosity calculation. When two values for the inst. luminosity are given these are before and after a luminosity upgrade
planned. The last column gives the abbreviation used in this report in the following sections. When the entire programme is
discussed, the highest energy value label is used, e.g. ILC500 or CLIC3000. It is always inclusive, i.e. includes the results of the
lower-energy versions of that collider. Also given are the shutdowns (SDs) needed between energy stages of the machine. SDs
planned during a run at a given energy are included in the respective energy line.

Collider type
√

s P [%] N(Det.) Linst L time Refs Abbreviation
[e−/e+] [1034] cm−2s−1 [ab−1] [years]

HL-LHC pp 14 TeV - 2 5 6.0 12 [10] HL-LHC
HE-LHC pp 27 TeV - 2 16 15.0 20 [10] HE-LHC
FCC-hh pp 100 TeV - 2 30 30.0 25 [1] FCC-hh
FCC-ee ee MZ 0/0 2 100/200 150 4 [1]

2MW 0/0 2 25 10 1-2
240 GeV 0/0 2 7 5 3 FCC-ee240

2mtop 0/0 2 0.8/1.4 1.5 5 FCC-ee365
(+1) (1y SD before 2mtop run)

ILC ee 250 GeV ±80/±30 1 1.35/2.7 2.0 11.5 [3, 11] ILC250
350 GeV ±80/±30 1 1.6 0.2 1 ILC350
500 GeV ±80/±30 1 1.8/3.6 4.0 8.5 ILC500

(+1) (1y SD after 250 GeV run)
CEPC ee MZ 0/0 2 17/32 16 2 [2] CEPC

2MW 0/0 2 10 2.6 1
240 GeV 0/0 2 3 5.6 7

CLIC ee 380 GeV ±80/0 1 1.5 1.0 8 [12] CLIC380
1.5 TeV ±80/0 1 3.7 2.5 7 CLIC1500
3.0 TeV ±80/0 1 6.0 5.0 8 CLIC3000

(+4) (2y SDs between energy stages)
LHeC ep 1.3 TeV 0/0 1 0.8 1.0 15 [9] LHeC

HE-LHeC ep 2.6 TeV 0/0 1 1.5 2.0 20 [1] HE-LHeC
FCC-eh ep 3.5 TeV 0/0 1 1.5 2.0 25 [1] FCC-eh
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a convenient exploration tool that captures the dominant effects of well motivated new physics scenarios on a set of72

on-shell Higgs observables, the κ-framework suffers from some limitations and includes some biases that will prevent73

to put the Higgs program in perspective with other measurements, see e.g. the discussion in Ref. [15] and at the74

beginning of section 2. An alternative approach, based on Effective Field Theory (EFT), considers new Higgs couplings75

with different helicity structures not presented in the SM but potentially generated by new heavy degrees of freedom. ]76

The Higgs width determination is also discussed in both contexts,[CGv2: The Higgs width is not really discussed in the77

EFT context] as is the possible decay of the Higgs bosons into new particles that are either "invisible" (observed through78

missing energy - or missing transverse energy) or "untagged", to which none of the Higgs analyses considered in the study are79

sensitive.80

Furthermore, the sensitivity of the data to the Higgs self-coupling is analysed based on single-Higgs and di-Higgs production81

measurements by future colliders. Due to lack of access to the simulated data by the collaborations, in particular differential82

kinematical distributions, it is, however, not possible here to perform a study with similar rigor as the single-Higgs-coupling83

determinations presented above.84

All colliders have provided extensive documentation on their Higgs physics programme. However, sometimes different85

choices are made e.g. on which parameters to fit for and which to fix, what theoretical uncertainties to assume, which operators86

to consider in e.g. the EFT approach. This would lead to an unfair comparison of prospects from different future colliders, with87

consequent confusing scientific information.88

In this report we aim to have a clear, reasonable and unique approach to the assumptions made when comparing the89

projections for the future.90

In this document only inclusive cross section times branching ratio measurements, and in some cases ratios of inclusive91

measurements, are used. It is well known that probing the Higgs boson at high pT enhances the sensitivity to new physics and92

the analysis presented here does not capture this. As a result of this, the true power of high-energy colliders (where
√

ŝ� mH )93

for probing Higgs physics is underestimated.94

This document is organised as follows. Section 1 discusses the methodology, including the systematic uncertainties on the95

theoretical calculations which are common to all colliders. Section 2 presents the study made on the Higgs boson couplings to96

SM elementary particles. The results found in the context of the κ-framework (briefly summarised in section 2.1) are presented97

in section 2.2. Likewise, the results from the EFT fits (summarised in section 2.3) are collected in section 2.4. Particular98

attention is dedicated to the Higgs self-coupling in section 3 and the Higgs boson rare decays, in section 4. The prospects for99

measurements of Higgs boson CP properties are given in section 5, and the prospects for precision measurements of the mass100

and width are summarized in section 6.101

Section 7 presents two examples of future studies that would be important to deepen to get a more complete view of the102

Higgs physics potential at future colliders. The first is on the Muon Collider (section 7.1), while the second indicates new103

global phenomenological studies to extract information from possible new physics from available precision measurements and104

those that could be made available from future particle accelerators (section 7.2).105

1 Methodology106

[ANv1: authors: BEATE - reviewers: Maria + Christophe ] [CGv2: Reviewed on 01.05]107

The various colliders measure values for the cross sections times branching ratios, σ× BR. At hadron colliders the main108

processes are gluon-gluon-fusion (ggF), vector boson fusion (VBF), Higgs-strahlung (VH, where V = Z,W ) and ttH production.109

At lepton colliders, Higgs-strahlung (ZH) dominates at low values of
√

s, while at high
√

s values the VBF process becomes110

dominant. At lepton-hadron colliders, the Higgs boson is dominantly produced via WW fusion in the t-channel.111

The extraction of the couplings of the Higgs boson relies on a simultaneous fit of all the projected measurements of σ×BR,112

and their comparison to the SM values. As such, it is sensitive to both the experimental uncertainties as well as theoretical113

uncertainties on the production cross sections and branching ratios.114

At the HL-LHC and HE-LHC, these theoretical uncertainties are taken from the S2 scenario of the HL-LHC [10], which115

assumes that the current uncertainties can be reduced by a factor of two by the end of the HL-LHC running in twenty years. For116

the studies at future lepton colliders we use the future projections for the theory uncertainties on the partial width values given117

in Table 16. [MCv2: Remove HE from line 321 (following Andrew’s comment and pending confirmation by Jorge), and118

add a sentence explaining that as a working hyphothesis, for HE-LHC a further factor of 2 is assumed with respect119

to the HL-LHC S2 baseline. If this sounds too aggressive we can add a remark noting that since most of the final HL-120

LHC results for couplings are systematically limited, without incorporating such an additional factor of 2, HL-LHC121

and HE-LHC results would be essentially the same except for statistically limited couplings.] For the HE-LHC a further122

factor two is assumed compared to HL-LHC for all systematic uncertainties [BHv2: I put this sentence, OK?]. At the FCC-hh123

a 1% total uncertainty is assumed, combined for the luminosity and cross section normalisation [1]. [CGv2: MLM wanted124
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a comment here.] [ANv2: comment addressed, as follows:] Indeed, HL-LHC projections already assume 1% uncertainty125

on the luminosity. At FCC-hh it is also assumed that theory uncertainties will be negligible, also thanks to PDF uncertainty126

reduction from FCC-eh and/or LHeC. [BHv2: I don’t like this phrasing and propose instead: It is expected that this 1%127

is dominated by the luminosity uncertainty and that theory uncertainties will be negligible in comparison, also thanks128

to the PDF uncertainty reduction from FCC-eh and/or LHeC.] For HL-LHC and HE-LHC a luminosity if 1% is assumed.129

Note to readers: the LHeC will be addressed asap in this section.[BHv2: We really have to do this!!]130

Electroweak precision observables also contribute significantly in the EFT-based analysis. At present, LEP still provides131

the best constraints in many cases, and these are used here, except when new higher precision measurements are expected132

to be made by the given collider. For instance, for the HL-LHC and HE-LHC projections LEP values for the constraints on133

trilinear gauge couplings are used while for e.g. all FCC machines the values expected from FCC-ee are used. [CGv2: It might134

be confusing to refer to TGC as EWPO... Also, for HL-LHC, we use the new constraint on mW , not the LEP value...135

Things will be clear with the table in the Appendix, but we might want to change the wording a bit.]136

The fits presented in this report have been produced using the fitting framework of the HEPfit package [16], a general137

tool to combine information from direct and indirect searches and test the Standard Model and its extensions. We use the138

Markov-Chain Monte-Carlo implementation provided by the Bayesian Analysis Toolkit [17], to perform a Bayesian statistical139

analysis of the sensitivity to deformations from the SM at the different future collider projects. The experimental projections140

for the different observables included in the fits are implemented in the likelihood assuming Gaussian distributions, with SM141

central values and standard deviations given by the corresponding projected uncertainties. Model parameters are assumed to142

have flat priors. Finally, theory uncertainties, when included, are introduced via nuisance parameters with Gaussian priors.143

All projected measurements of the observables relevant to the various analyses presented in this article are listed in144

Appendix C.145

2 The Higgs boson couplings to fermions and vector bosons146

[ANv1: authors: CHRISTOPHE, RICCARDO; Reviewers: Elisabeth + Wouter] [ANv1: from CG: READY for RE-147

VIEW] [WVv1: Review done] [EPv1: Review OK]148

[CGv2: New version of the small intro to the kappa’s and EFT taking in account various comments received.]149

Within the SM, all the Higgs couplings are uniquely fixed in terms of the Fermi constant and the masses of the different150

particles. Measuring the Higgs couplings thus requires a parametrization of the deformations away from the SM induced by new151

physics. The kappa-framework is the simplest of such a parametrization. It is directly related to experimental measurements152

of the Higgs production and decay modes and for this reason, it has been widely used by the community. It only compares153

the experimental measurements to their best SM predictions and do not require any new BSM computations per se. From a154

more theoretical perspective, its relevance arises from the fact that it actually fully captures the leading effects in single Higgs155

processes of well motivated scenarios. For instance, in the minimal supersymmetric standard model with R-parity, all dominant156

corrections induced by the new super-partners and scaling like the ratio, m2
h/m2

susy, of the Higgs mass squared over the squared157

mass scale of the new particles, appear as shifts of the Higgs couplings with the same SM helicity structures while new helicity158

structures are only generated as subleading effects further suppressed by a loop factor. In scenarios where the Higgs boson159

from a strongly-interacting sector as a composite (pseudo-Goldstone) boson, the leading deformations to the SM scale like160

ξ = v2/ f 2, the squared ratio of the weak scale over the dynamical scale of the strong interaction, and they are all preserving the161

helicity structure of the interactions already present in the SM. The constraints derived in the kappa analysis can thus be readily162

exploited to derive constraints on the new physics parameters. This kappa-framework has, however, its own limitations when163

Higgs measurements need to be put in perspective and compared to processes with different particle multiplicities or combined164

with other measurements done in different sectors or at different energies. An effective field theory (EFT) approach naturally165

extends the kappa-framework. First it allows to exploit polarisation- and angular-dependent observables that a κ-analysis will166

remain blind to. Also an EFT analysis reveals a useful tool to probe the Higgs boson in the extreme kinematical regions relevant167

for colliders operating far above the weak scale exploring the tails of kinematical distributions, even though these observables168

have not been fully exploited yet in the studies presented by the different future collider collaborations. EFT also offers a169

consistent setup where predictions can be systematically improved via the inclusion of both higher loop corrections in the SM170

couplings and further new physics corrections encoded in operators of even higher dimensions.171

Both approaches will be studied in this document and we will report the fits to the experimental projected measurements172

obtained in these two frameworks. As an illustration, a concrete interpretation of the results obtained will be done in the context173

of composite Higgs models.174

2.1 The kappa framework175

[ANv1: authors: WOUTER; Reviewers: Elisabeth + Fabio][WVv1: Ready for review][EPv1: Review OK][FMv1:176

OK]177
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2.1.1 Choice of parametrization178

The kappa framework, described in detail in Ref. [13, 14] , facilitates the characterisation of Higgs coupling properties in terms179

of a series of Higgs coupling strength modifier parameters κi, which are defined as the ratios of the couplings of the Higgs180

bosons to particles i to their corresponding Standard Model values. The kappa framework assumes a single narrow resonance181

so that the zero-width approximation can be used to decompose the cross-section as follows182

(σ ·BR)(i→ H → f ) =
σi ·Γ f

ΓH
, (1)

where σi is the production cross section through the initial state i, Γ f the partial decay width into the final state f and ΓH the183

total width of the Higgs boson. The κ parameters are introduced by expressing each of the components of Eq. (1) as their SM184

expectation multiplied by the square of a coupling strength modifier for the corresponding process at leading order:185

(σ ·BR)(i→ H → f ) =
σSM

i κ2
i ·ΓSM

f κ2
f

ΓSM
H κ2

H
→ µ

f
i ≡

σ ·BR
σSM ·BRSM

=
κ2

i ·κ2
f

κ2
H

, (2)

where µ
f

i is the rate relative to the SM expectation (as given in Tables 15 and 16) and κ2
H is an expression that adjusts the SM186

Higgs width to take account of modifications κi of the SM Higgs coupling strengths:187

κ
2
H ≡∑

j

κ2
j ΓSM

j

ΓSM
H

. (3)

When all κi are set to 1, the SM is reproduced. For loop-induced processes, e.g. H→ γγ , there is a choice of either resolving the188

coupling strength modification in its SM expectation, i.e. κγ(κt ,κW ) or keeping κγ as an effective coupling strength parameter.189

For the results presented in the document, we choose to describe loop-induced couplings with effective couplings, resulting190

in a total of 10 κ parameters: κW , κZ , κc, κb, κt , κτ , κµ , and the effective coupling modifiers κγ , κg and κZγ . We note the191

parameter κt is only accessible above the ttH threshold as the processes involving virtual top quarks are all described with192

effective coupling modifiers (κg,κZγ ,κγ ), hence standalone fits to low-energy (lepton) colliders have no sensitivity to κt in the193

κ-framework fits considered here.3194

2.1.2 Modeling of invisible and untagged Higgs decays195

The κ-framework can be extended to allow for the possibility of Higgs boson decays to invisible or untagged BSM particles.196

The existence of such decays increases the total width ΓH by a factor 1/(1−BRBSM), where BRBSM is the Higgs branching197

fraction to such BSM particles. Higgs boson decays to BSM particles can be separated in two classes: decays into invisible198

particles, which are experimentally directly constrained at all future colliders (e.g ZH,H→ invisible), and decays into all other199

’untagged’ particles.200

Reflecting this distinction we introduce two branching fraction parameters BRinv and BRunt so that201

ΓH =
ΓSM

H ·κ2
H

1− (BRinv +BRunt)
, (4)

where κ2
H is defined in Eq. (3).202

For colliders that can directly measure the Higgs width, BRunt can be constrained together with κi and BRinv from a joint fit to203

the data. For standalone fits to colliders that cannot, such as the HL-LHC, either an indirect measurement can be included, such204

as from off-shell Higgs production, or additional theoretical assumptions must be introduced. A possible assumption is |κV | ≤1205

(V =W,Z), which is theoretically motivated as it holds in a wide class of BSM models but suffers some exceptions [18] (for206

more details see [14], section 10).207

2.1.3 Fitting scenarios208

To characterize the performance of future colliders in the κ-framework, we defined four benchmark scenarios, which are209

listed in Table 2. The goal of the kappa-0 benchmark, is to perform validation comparisons with results directly produced210

by the Future Collider collaborations, when available. [CGv1: Are kappa-0 fits available for all colliders in the submitted211

documents? This paragraph wants to say that we did a comparison with such fits but I had the impression that the212

inputs are not always available.] [WVv1: Adressed by adding ’when available’ as discussed this morning.] [CGv1:213

3 At high Higgs/jet pT , gg→ H becomes directly sensitive to κt . However, high-pT regions are not separately considered in the κ-framework fits reported
here. Furthermore, there is no sensitivity to the sign of the κ parameters as the loop-induced processes with sensitivity to the sign have all been described with
effective modifiers. Single top production is sensitive to the sign but not used in the κ fits presented here (but used in the CP studies). Finally, note that, for
vector-boson-fusion, the small interference effect between W- and Z boson fusion is neglected.
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Ok.] Results of kappa-0 benchmarks are generally not included in the report when comparisons agree well. The goal of214

benchmarks kappa-1,2,3 is to display the impact of theoretical uncertainties on the standalone κ results of the various future215

colliders (comparison of kappa-1 and kappa-2), and to expose the impact of allowing BSM Higgs decays, in combination with216

a measured or assumed constraint on the width of the Higgs, on the standalone κ results (comparison kappa-2 and kappa-3).217

Finally, a comparison of scenarios kappa-3 and kappa-4 shows the impact of combing the HL-LHC data with each future218

accelerators.219

Experimental uncertainties – defined as statistical uncertainties and, when provided, experimental systematic uncertainties,220

background theory uncertainties and signal-acceptance related theory uncertainties – are included in all scenarios. Theory221

uncertainties, included from scenario kappa-2 onwards, entail uncertainties on the Higgs branching fractions predictions for all222

future colliders and uncertainties on production cross-section predictions for hadron colliders, as described in section 1.223

Scenario Exp. Uncertainties Theo. Uncertainties BRinv BRunt include HL-LHC

kappa-0 yes no fixed at 0 fixed at 0 no

kappa-1 yes no measured fixed at 0 no
kappa-2 yes yes measured fixed at 0 no
kappa-3 yes yes measured measured no

kappa-4 yes yes measured measured yes

Table 2. Definition of the benchmark scenarios used to characterize future colliders in the κ-framework. [CGv2: It is bit
disturbing to insist on 4 scenarios when the table clearly lists 5, also in the text][WVv2: Removed word ’four’].

2.2 Results from the kappa-framework studies and comparison224

[ANv1: authors: MARIA; Reviewers: Elisabeth + Fabio]225

The κ-framework discussed in the previous section was validated comparing the results obtained with the scenarios226

described as kappa-0, kappa-1 and kappa-2 to the original results presented by the Collaborations to the European Strategy. In227

general, good agreement is found. The only difference to note is the computation of the κt reach for the HL-LHC, projected to228

be 3.2% in Ref. [10] and found to be 2.9% with the framework used for this report and benchmark scenario kappa-2. This229

difference, at the level of less than 10%, is understood to be due to the different assumptions on the correlations and to the230

granularity of the input information used in Ref. [10] and in this paper. This effect is considered reasonably small and does not231

constitute a problem for the studies presented in this paper.232

Table 3 shows the effect of theoretical uncertainties on the Higgs branching ratio on the result. The integrated luminosity and233

running conditions considered for each collider are described in Table 1. This comparison is not suitable for hadron colliders,234

where as shown for HL-LHC in Ref. [10] the baseline input results to the benchmark fits include sizeable theoretical production235

uncertainties for signal and backgrounds. Table 3 is therefore restricted to future lepton colliders, and only to couplings where236

the impact of theory uncertainties is significant. The effect increases in relevance as the measurements become more precise,237

and it is most visible for κW , which has the smallest combined statistical and experimental uncertainty. In the initial stages of the238

colliders, the ratio of expected κW precisions in the kappa-2 and kappa-1 scenarios is close to 1, whereas it grows substantially239

when considering the full program: kappa-2/kappa-1=0.55%/0.28% ≈ 2 with the full ILC program (ILC250 and ILC500),240

and kappa-2/kappa-1=0.37%/0.11%≈ 4 with the full CLIC program (CLIC380, CLIC1500 and CLIC3000). The source of this241

increased impact of theoretical uncertainties is discussed in detail in Section 2.4. when the precision is poor the effect of theory242

errors in negligible (1.8[EPv1: comment also on the CLIC380 number for κγ ? Maybe it is obvious that it is so large?]243

[MCv1: There is no impact of the theoretical uncertainties on it so I would not comment here - my understanding is244

that for CLIC380 there is no input from the collaboration and the parameter is floating in the fit][MCv2: I suggest we245

reuse the ? we are using for Kγ here. Though it is not exactly the same case, the parameter is floating in the fit?]246

Table 4 shows the expected precision of the κ parameters in the final benchmark scenario discussed in this paper, in which247

95% CL limits on BRunt and BRinv are set, for the three possibilities using the LHC tunnel: HL-LHC, LHeC, and HE-LHC. The248

results correspond to the kappa-4 scenario, which combines the data of LHeC and HE-HLC with the HL-LHC. The individual249

collider results (kappa-3) can be found in table 21 in appendix D. As discussed in the previous section for these hadron colliders,250

it is important to note that since no direct access to the Higgs width is possible in this case a bound on |κV |< 1 is applied for251

these sets of results. Cases in which a particular parameter has been fixed to the SM value due to lack of sensitivity are shown252

with a dash (-). An example of this is κc, accessible at LHeC but not at HL-LHC and HE-LHC.253

Table 5 shows the corresponding kappa-4 scenario for the different lepton colliders and a final FCC-ee/eh/hh combination,254
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always combined with the HL-LHC results. The results for the standalone colliders in the kappa-3 scenario can also be found255

in table 22 in Appendix D. The integrated luminosity and running conditions considered for each collider in this comparison256

are taken for Table 1. The kappa-3 and kappa-4 scenarios are given to allow a comparison between each collider standalone257

performance and its combination with the HL-LHC results. The constraints on ΓH derived from the fit parameters using Eq. 4258

are also presented, to be discussed in detail in section 6. Note that when HL-LHC is combined with a lepton collider the259

assumption |κV |< 1 is not longer necessary, and therefore it is not used as a constrain in these kappa-4 fits. Not all colliders260

reported results for all possible decay modes in the original reference documentation listed in table1, the most evident example261

of this being the Zγ channel. In the standalone fit scenario (kappa-3) the corresponding parameters were left free in the fits, and262

in the kappa-4 scenario the HL-LHC results drive the result. They are therefore omitted and indicated as ∗ in the table. [MCv2:263

Left general, can rephrase to only mean ZGamma. Why is ILC250 reporting results for MuMu and GammaGamma264

and CLIC380 no? (see the appendix for kappa-3. I checked the original input ]265

[MCv2: Following Riccardo’s comment, Kappa-0 should be added at least to the appendix - after Granada?. If it266

arrives the following paragraph should be added, if not commented out:] For completeness, the results of the different267

κ-framework fits for the benchmark scenarios described in the previous section are reported in Appendix D. This includes268

scenario kappa-0, in which no additional invisible or untagged branching ratio is allowed in the fits.269

[MCv1: Note to external reviewers: A check on the correlations introduced when moving from kappa-2 ( BRinv)270

to kappa-3 (BRinv, BRunt , constraints on the width) is being finalised to fully understand the effect of the additional271

degrees of freedom, and will be reported in the final version of this document. Editorial remarks discussing the tables272

might also be added to the text. Some information about the correlations among the kappas will also be added. ][JBv1:273

I think the comment about what info will be shown in the final version regarding the correlations should NOT go to274

the external reviewers. We want comments on what is in here, not on what is not at the moment. None of the collider275

projects report any info on the correlation of the kappas anyway.][MCv1: Ok, but adding this sentence or something of276

the sort was discussed/requested yesterday in the meeting. I let Fabio and Elisabeth decide if to remove it.] [JBv1: OK.277

I probably misunderstood the comment/discussion yesterday (Sorry). I thought we simply meant that it was something278

to look at. In any case, I think I insist here. We should not anticipate something we didnt even look at yet.] [MCv1:279

Ok,I converted this to a comment for now - lets follow up0 by email] [EPv1: I have no strong opinion on the subject;280

the "note to external reviewers" proposed by Maria looks fine to me.] [MCv2: Correlation needs to be discussed for281

the final version of the report - only after Granada?][CGv2: Before releasing the document, we need to at least check282

the correlation between BRunt and kb]283

The results of the kappa-4 benchmark scenario are also presented graphically in Figure 2. Note that while hadron colliders284

and lepton colliders are shown together, the caveat that a bound on |κV |< 1 is required for HL-LHC, HE-LHC and LHeC still285

applies. Parameters fixed to the Standard Model value or left floating in the fit are not displayed.286
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Table 3. Note to readers: Preliminary results. Further checks will be performed before releasing the document
Comparison of the results of the kappa-1 and kappa-2 scenarios described in section 2 for future lepton colliders, highlighting
the impact of the theoretical uncertainties on the systematically dominated couplings. All values are given in percentage. The
integrated luminosity and running conditions considered for each collider in this comparison are described in Table 1. Both the
initial stage and the full program for each collider is considered, with "ILC500" corresponding to ILC250+ILC350+ILC500,
"CLIC3000" to CLIC380+CLIC1500+CLIC3000 and "FCC-ee365" to FCC-ee240+FCC-ee365. [CGv1: Should we try to provide
an explanation to the large difference in κW at ILC and CLIC?][MCv1: Reference to the section on EFT results where
Jorge discussed this effect added to the text (not to the caption)]

Scenario ILC250 ILC500 CLIC380 CLIC3000 CEPC FCC-ee240 FCC-ee365

κW (%) kappa-1 1.8 0.28 0.85 0.11 1.3 1.3 0.43
kappa-2 1.8 0.55 0.99 0.37 1.4 1.3 0.63

κZ (%) kappa-1 0.28 0.22 0.49 0.23 0.13 0.19 0.16
kappa-2 0.32 0.27 0.52 0.28 0.2 0.25 0.23

κg (%) kappa-1 2.3 0.93 2.5 0.85 1.5 1.6 1.
kappa-2 2.4 1.2 2.6 1.1 1.6 1.8 1.2

κγ (%) kappa-1 6.7 3.4 97.[MCv2: ??] 2.2 3.7 4.7 3.9
kappa-2 6.8 3.5 98. [MCv2: ? ] 2.3 3.7 4.8 3.9

κc (%) kappa-1 2.4 1.1 4.3 1.3 2.1 1.7 1.2
kappa-2 2.5 1.3 4.3 1.4 2.2 1.8 1.4

κb (%) kappa-1 1.7 0.48 1.8 0.18 1.2 1.3 0.59
kappa-2 1.8 0.75 1.9 0.54 1.3 1.4 0.82

κτ (%) kappa-1 1.9 0.69 3. 0.87 1.3 1.4 0.72
kappa-2 1.9 0.84 3.1 0.96 1.4 1.4 0.86
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Table 4. Note to readers: Preliminary results. Further checks will be performed before releasing the document
Expected relative precision (%) of the κ parameters in the kappa-4 scenario described in section 2 for the HL-LHC, LHeC, and
HE-LHC. A bound on |κV | ≤ is applied since no direct access to the Higgs width is possible, thus the uncertainty on κW and κZ
is one-sided. For the remaining kappa parameters one standard deviation is provided in ±. The corresponding 95%CL upper
limit on BRinv is also given. In this kappa-4 scenario BRunt is a floating parameter in the fit, to propagate the effect of an
assumed uncertain total width on the measurement of the other κi. Based on this constraint the reported values on BRunt are
inferred. Cases in which a particular parameter has been fixed to the SM value due to lack of sensitivity are shown with a dash
(−). The integrated luminosity and running conditions considered for each collider in this comparison are described in Table 1.
[MCv1: I reordered the paragraph to put the sentence up in the caption to join with the other comment about inv and
untagged.] [CGv1: It would be important to comment about the existence or absence of correlations when we go from
kappa-2 to kappa-3] [MCv1: I added a sentence for the reviewers in the text to anticipate the finalchecks: please
check / edit as needed. ] [JBv1: OK to look into this for final version. But I’m against anticipating anything that we
have not checked yet to the reviewers.][MCv1: Ok... I leave this one to Fabio and Elisabeth as reviewers][EPv1: cf my
comment in the text] [EPv1: why does the κt number for HL-LHC+LHeC goes to 2.7% if there is no sensitivity for
LHeC standalone? Is it only the rounding?] [MCv1: Rounding or the extra information in the fit causing a small
difference] [CGv2: Is there an explanation why LHeC is doing better than HE LHC for BRunt? Is it due to the better
sensitivity to kb? We should check and report the correlation between BRunt and kb. Why don’t you report the
bound of ΓH as in the next table (I know that it comes with some caveat as for BRunt). Maria, I don’t understand why
you want to put a ? for BRunt at HE-LHC. ][MCv2: The star was misplaced, I wanted to put it next to invisible: there
is no input for Jorge to use for BrInvisible for HE, so all that the fit is doing is using HL + the info from the other
kappas. And I removed the Gamma bc of an older request related also to Bunt, the argument was to reinforce that
hadron colliders cannot measure it. I have no problems re-adding the line, but we should discuss tomorrow]

kappa-4 scenario HL-LHC HL-LHC + LHeC HL-LHC + HE-LHC
κW (%, ≤ 1) −1.7 −0.3 −0.8
κZ (%, ≤ 1) −1.3 −0.7 −0.7

κg (%) ±2.2 ±1.6 ±1.1
κγ (%) ±1.7 ±1.4 ±0.82
κZγ (%) ±11. ±11. ±3.7
κc (%) − 3.7 −
κt (%) ±2.8 ±2.7 ±1.6
κb (%) ±2.6 ±1.1 ±1.4
κµ (%) ±4.4 ±4.4 ±1.7
κτ (%) ±1.6 ±1.3 ±0.88

BRinv (<%, 95% CL) 1.9 1. 1.5 [MCv2: ∗ or how?]

BRunt (<%, 95% CL) inferred using constraint |κV | ≤ 1
4.1 1.2 2.2
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Table 5. Note to readers: Preliminary results. Further checks will be performed before releasing the document
Expected relative precision (%) of the κ parameters in the kappa-4 (combined with HL-LHC) scenario described in section 2
for future accelerators beyond the LHC era. The corresponding 95%CL upper limits on BRunt and BRinv and the derived
constraint on the Higgs width (in %) are also given. No requirement on κV is applied in the combination with HL-LHC, since
the lepton colliders provide the necessary access to the Higgs width. Cases in which a particular parameter has been fixed to the
SM value due to lack of sensitivity are shown with a dash (-). A star (∗) indicates the cases in which a parameter has been left
free in the fit due to lack of analysis input in the reference documentation. The integrated luminosity and running conditions
considered for each collider in this comparison are described in Table 1. Both the initial stage and the full program of the
colliders is considered, with "ILC500" corresponding to ILC250+ILC350+ILC500, "CLIC3000" to CLIC380+CLIC1500+CLIC3000,
and "FCC-ee365" to FCC-ee240+FCC-ee365. FCC-ee/eh/hh corresponds to the combined performance of FCC-ee240+FCC-ee365,
FCC-eh and FCC-hh. [CGv1: If I understand correctly, kV<1 is not imposed here. But it was imposed for HL-LHC. so
the combination uses 2 different assumptions. Is that true?] [MCv1: Sentence added, but better sentence from Jorge
to come ][JBv1: Christophe already added a comment with the relevant info. I made a small edit to say explicitly that
the constraint is not used here][MCv1: Ok, solved then] [CGv1: Again, can we comment on the correlations] [MCv1:
I added a sentence for the reviewers in the text to anticipate the final checks: please check / edit as needed. Depending
on the results per collider we will need to see if it is better mentioned in the caption or in the text itself. ][JBv1: Same
as before: OK to look into this for final version, but I’m against anticipating anything that we have not checked yet to
the reviewers.]

2*kappa-4 scenario HL-LHC+
ILC250 ILC500 CLIC380 CLIC3000 CEPC FCC-ee240 FCC-ee365 FCC-ee/eh/hh

κW (%) 1.1 0.52 0.86 0.5 0.97 0.97 0.58 0.21
κZ (%) 0.32 0.27 0.47 0.42 0.23 0.24 0.23 0.21
κg (%) 1.4 0.99 1.6 0.96 1.1 1.2 1. 0.58
κγ (%) 1.4 1.3 1.6[MCv2: ∗?] 1.3 1.3 1.4 1.3 0.64
κZγ (%) ∗ ∗ ∗ 5.8 6.3 ∗ ∗ 0.89
κc (%) 2. 1.3 4.1 1.5 2. 1.6 1.3 1.
κt (%) 2.6 2.5 2.7 1.9 2.6 2.6 2.6 0.95
κb (%) 1.2 0.71 1.3 0.63 0.96 1. 0.76 0.52
κµ (%) 4.2 3.9 4.4[MCv2 : ∗] 3.5 3.9 4. 3.9 0.48
κτ (%) 1.2 0.75 1.4 0.86 0.98 1. 0.75 0.53

BRinv (<%, 95% CL) 0.23 0.2 0.31 0.32 0.27 0.22 0.19 0.024
BRunt (<%, 95% CL) 1.8 1.4 2.8 2.5 1.1 1.2 1. 1.

ΓH (%) 2.4 1.4 2.7 1.7 1.9 2. 1.4 0.91
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Figure 2. Expected relative precision (%) of the κ parameters in the kappa-4 scenario described in section 2. For details, see
tables 4 and 5. [MCv2: Not perfect color wise, but I hope better now for colorblindness and B/W (not easy...). Proper
font for logo to be fixed still.][CGv2: Should we add a ? or a warning directly on the BRunt panel for the hadron
collider?][MCv2: star added]
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2.3 Effective field theory descriptions of Higgs boson couplings287

[ANv1: authors: JORGE; Reviewers: Keith + Wouter][ANv1: for JB: Ready for Review][WVv1: Review com-288

pleted][JBv1: Sugestions implemented]289

According to the modern understanding of particle physics, the SM should be viewed as an Effective Field Theory (EFT)290

valid below a physical UV cut-off scale Λ. According to this view, in the energy regime E� Λ the dynamics is described by an291

effective Lagrangian, including in principle all possible local gauge invariant operators and organized in an expansion in inverse292

powers of Λ,293

LEff = LSM +
1
Λ

L5 +
1

Λ2 L6 +
1

Λ3 L7 +
1

Λ4 L8 + · · · , Ld = ∑
i

c(d)i O
(d)
i , (5)

where each O
(d)
i is a local SU(3)c×SU(2)L×U(1)Y -invariant operator of canonical mass dimension d, built using only fields294

from the light particle spectrum, which here we assume to the be the SM one. Moreover, LSM represents the renormalizable295

SM Lagrangian that nicely complies with most of the experimental measurements made so far. [JBv1: I replaced ALL296

by MOST before ”experimental measurements” because we have neutrino oscillations and others] [RRv1: Then it is297

probably better to say all apart from neutrino masses, whose smallness is nicely accounted by L5 with a large Λ] The298

contribution of the higher order terms Ld≥5 to physical amplitudes is suppressed by (E/Λ)d−4, where E is the relevant energy299

scale of the process. The success of LSM in explaining the data indicates that either the scale of new physics Λ is large, or that300

the structure of the terms Ld≥5 is particularly clever, or perhaps a combination of both. The Wilson coefficients c(d)i encode301

the virtual effects of the heavy new physics in low-energy observables. Their precise form in terms of masses and couplings302

of the new particles can be obtained via matching with the ultraviolet (UV) completion of the SM [19], or inferred using303

power-counting rules [20, 21].304

Assuming lepton and baryon numbers are conserved independently, all relevant operators in the previous expansion are305

of even dimension. Therefore, all leading-order new physics effects start at dimension d = 6. In this report we restrict our306

studies to the first order contributions from new physics effects. The resulting Lagrangian is that of the so-called dimension-6307

Standard Model Effective Field Theory (SMEFT). In a bottom-up approach, one can write a complete basis for the dimension-6308

SMEFT Lagrangian using a total of 59 types of operators [22], for a total of 2499 taking into account flavour indices [23]. For309

the calculations presented in this report we use the dimension-six basis first presented in [22], the so-called Warsaw basis, with310

minor modifications.4 In the discussion presented in this section, however, we will use a different parameterization, which is311

usually deemed as more transparent from the point of view of Higgs physics.312

Only a relatively small subset of these 2499 interactions contributes directly to Higgs physics. This can further be reduced313

by using extra assumptions on: 1) the UV completion of the SM; or 2) the strength of the constraints set by other types of314

observables. As as starting point let us assume that:315

1. The dynamics of CP and flavour violation are determined by the structure of ordinary Yukawa couplings, i.e. the EFT316

satisfies the criterion of Minimal Flavour Violation (MFV) [24]. We restrict to first order effects in the MFV expansion.5317

2. Dipole operators and four-fermion contact interactions receive stronger constraints from other processes (e.g. di-lepton318

or di-jet production) and therefore we can neglect their effects in Higgs observables. For the moment, we will also319

assume that the constraints from electroweak precision measurements are strong enough so that the contributions from320

the corresponding operators to Higgs processes is negligible.321

Under such assumptions there are a total of nine combinations of dimension-six operators that contribute to single Higgs322

interactions in the effective Lagrangian after electroweak symmetry breaking. Their effects in the unitary gauge and at leading323

order can be conveniently expressed in the parameterization of [25,26], the so-called Higgs basis. (See section 3 and appendices324

A and B in [25] for the map between the Wilson coefficients in several different dimension-6 operator bases and the parameters325

of the Higgs basis.) In particular, the new physics contributions to CP-even Higgs boson couplings to vector bosons can be326

4By using a perturbative field redefinition we trade the operators OφWB and OφD in Ref. [22] for the operators iDµ φ †σaDν φW a
µν and iDµ φ †Dν φBµν .

5In particular, this implies that the coefficients of the operators O f φ in [22], which generate direct contributions to the fermion masses and Yukawa
interactions, are of the form (C f φ )i j = c f φ (y f )i j , with y f the SM Yukawa couplings.

14/51



written in terms of the following interactions in the physical basis:327

∆L hvv
6 =

h
v

[
2δcwm2

WW+
µ W−µ +δczm2

ZZµ Zµ

+cww
g2

2
W+

µνW−µν + cw�g2 (W−µ ∂νW+
µν +h.c.

)
+cgg

g2
s

4
Ga

µν Ga
µν + cγγ

e2

4
Aµν Aµν + czγ

e
√

g2 +g′ 2

2
Zµν Aµν + czz

g2 +g′ 2

4
Zµν Zµν

+cz�g2Zµ ∂ν Zµν + cγ�gg′Zµ ∂ν Aµν

]
,

(6)

where only cgg, δcz, cγγ , czγ , czz, cz� are independent parameters:328

δcw = δcz +4δm,

cww = czz +2s2
wczγ + s4

wcγγ ,

cw� =
1

g2−g′ 2
[
g2cz�+g′ 2czz− e2s2

wcγγ − (g2−g′ 2)s2
wczγ

]
,

cγ� =
1

g2−g′ 2
[
2g2cz�+(g2 +g′ 2)czz− e2cγγ − (g2−g′ 2)czγ

]
, (7)

and sw≡ sinθw denotes the weak mixing angle. The new physics contributions to the W mass, δm, are zero in the limit of infinite329

precision of the electroweak precision measurements, yielding the custodial relation δcw = δcz between the contributions to the330

SM-like couplings to vector bosons. For the Higgs boson interaction with fermions, the Higgs basis parameters are given by,331

∆L hff
6 =−h

v ∑
f∈u,d,e

δy f m f f̄ f +h.c.. (8)

As it was pointed out in [27], the same dynamics generating some of the couplings in Eq. (6) also induces modifications in the332

so-called anomalous triple gauge couplings (aTGC). These anomalous interactions are parameterized by means of 3 couplings:333

δg1,z, δκγ , λz [28], where the first two can be written as:334

δg1,z =
1

2(g2−g′ 2)

[
cγγ e2g′ 2 + czγ(g2−g′ 2)g′ 2− czz(g2 +g′ 2)g′ 2− cz�(g2 +g′ 2)g2] ,

δκγ = −g2

2

(
cγγ

e2

g2 +g′ 2
+ czγ

g2−g′ 2

g2 +g′ 2
− czz

)
. (9)

The remaining aTGC parameter, λz, which parametrizes dimension-six interactions of the form εabcW a ν
µ W b ρ

ν W c µ

ρ , is however335

an independent degree of freedom, and it must be added to the study to exploit the complementarity between aTGC and Higgs336

measurements in a general way. This leaves us with a total of 10 parameters:337

SMEFT1 ≡
{

cgg, δcz, cγγ , czγ , czz, cz�, δyu, δyd , δye, λz
}
. (10)

We must note that the physics program of the different future colliders, by themselves or in combination with the HL-LHC, will338

allow an independent determination of the Higgs couplings to the third and second families of up quarks and charged leptons.339

Testing Higgs-fermion interactions in a family-dependent way in the SMEFT framework requires removal of the assumption340

of MFV. In this case δyt,c and δyτ,µ can be considered as independent parameters, making a total of 12 parameters in this341

non-MFV scenario:342

SMEFT′1 ≡
{

cgg, δcz, cγγ , czγ , czz, cz�, δyt,c, δyb, δyτ,µ , λz
}
. (11)

While this parameterization can be used to illustrate the different experimental sensitivity to each fermion coupling to the Higgs343

boson, one must take into account that removing the MFV assumption will typically introduce large flavour changing neutral344

currents (FCNC). These are strongly constrained by current existing data. Therefore, the scenario SMEFT′1 may require severe345

fine tuning in the new dynamics generating δy f .346

So far, the above parameterizations are valid to describe new physics in single Higgs interactions. If one wants to extend the347

formalism to describe new effects in multi-Higgs couplings, only one extra operator is needed in the SMEFT approach. In the348

Higgs basis this can be parameterized in terms of contributions to the Higgs self-coupling:349

∆L h,self
6 =−δλ3vh3. (12)
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The impact of this coupling in single Higgs processes and its extraction from Higgs pair production will be discussed in350

section 3.351

[KEv1: What is meant is that all other dimension six interactions are constrained to be small] At this point we recall352

that, so far, all other interactions entering in Higgs processes but not directly involving the Higgs boson, were assumed to353

be constrained to very small values by other observables, e.g. electroweak precision measurements. While this may be a354

reasonable assumption from the point of view of the precision of current Higgs data, this may not be the case at future colliders355

without an improvement of the corresponding EW measurements. In fact, within the SMEFT formalism, this assumption of356

infinite precision or perfect EW measurements was also[WVv1: perhaps ’already’ is better here?] used above to remove357

contributions from certain Higgs interactions. For instance, dimension-six contributions to Zēe vertices also generate contact358

interactions of the form hZēe, which are assumed to be absent in the limit of perfect EW measurements. The relative importance359

of the effects of the latter in, e.g., ZH production grows with the energy. At high energy colliders they may therefore introduce360

sizeable effects, even if the EW measurements constrain the corresponding low-energy effects to be small. In general, a robust361

study of the sensitivity to deviations in Higgs couplings requires requires the inclusion of the constraints from EWPO in the362

Global fit. [KEv1: Suggest replacement: In general, a robust study of the sensitivity to deviations in Higgs couplings363

requires the inclusion of the constraints from EWPO.][JBv1: Done] Inevitably, removing the assumption of perfect EW364

measurements also introduces extra degrees of freedom in the fit. Assuming flavour universality, a total of ten operators in the365

Warsaw basis contribute to the study of EWPO, understood as the set of measurements of W and Z on-shell properties, which366

can be obtained from the experimental measurements of the W mass or the Z-pole observables. However, the EWPO only367

constrain eight combinations of these ten operators. In the parameterization of the Higgs basis, these effects are conveniently368

expressed allowing δm 6= 0 in Eq. (7), and adding also the possibility of deviations in the effective couplings of the W and Z369

boson with fermions (and the associated interactions including the Higgs):370

∆L v f f ,hv f f
6 =

g√
2

(
1+2

h
v

)
W+

µ

(
δgW`

L ν̄ γ̄µ e+δgWq
L ūγµ d +δgWq

R ūγµ d +h.c.
)

+
√

g2 +g′ 2
(

1+2
h
v

)
Zµ

[
∑

f=u,d,e,ν
δgZ f

L f̄ γµ f + ∑
f=u,d,e

δgZ f
R f̄ γµ f

]
, (13)

where, again, not all terms are independent6:371

δgW`
L = δgZν

L −δgZe
L , δgWq

L = δgZu
L VCKM−VCKMδgZd

L , (14)

Also, for light quarks the terms introducing charged-current interactions do not interfere with the SM amplitudes in the limit372

mq → 0 and is also neglected in what follows. Adding the independent parameters to the previously introduced SMEFT1373

scenario we obtain our first benchmark for the global fit to Higgs and EW data,374

SMEFT2 ≡ SMEFT1 +
{

δm,δgZu
L ,δgZd

L ,δgZν
L ,δgZe

L ,δgZu
R ,δgZd

R ,δgZe
R

}
. (15)

where now, of course, we will take into account the actual projections for EW precision measurements at each collider.375

Comparing the results of that fit with those of the idealized scenario described by SMEFT1 one can study the impact of the EW376

measurements in the results on the Higgs fit.377

Departing from the assumption of fermion universality has the inconvenience, again, of introducing FCNC directly mediated378

by W and Z exchanges. To soften the issue in the quark sector we will assume the light quark couplings are related by a U(2)379

flavour symmetry. For the case of leptons we will still consider all 3 lepton couplings to vary independently. We will therefore380

consider, for illustration purposes, a second more general benchmark for the global fit, extending the parameterization in381

SMEFT′1 to382

SMEFT′2 ≡ SMEFT′1 +{δm}+
{
(δgZu

L )qi ,(δgZd
L )qi ,(δgZν

L )`,(δgZe
L )`,(δgZu

R )qi ,(δgZd
R )qi ,(δgZe

R )`

}
q1=q2 6=q3, `=e,µ,τ

, (16)

with a total of 30 new physics parameters.383

A summary of the different fitting scenarios described above and whose results have been studied in the preparation of this384

report is given in Table 6. As mentioned before, extensions of these benchmarks, adding the extra operator needed to describe385

the effects of the Higgs self-coupling, will be one the main points of discussion in section 3.386

The previous fitting benchmarks have been designed to explore (almost) all possible effects that could affect the physics of387

Higgs couplings within the assumptions of the SMEFT framework in a general way. In comparison with the phenomenological388

6Here we choose a slightly different convention for the dependent couplings with respect to [25,26], and we express everything in terms of the modifications
of the neutral currents.
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EWPD Flavour Number of
Scenario assumptions assumptions new physics parameters

SMEFT1 Infinite precision Universal (MFV) 10
SMEFT′1 Infinite precision Non-MFV 12

SMEFT2 Projected uncertainties Universal (MFV) 18
SMEFT′2 Projected uncertainties Non-MFV 30

Table 6. Benchmark scenarios used for the study of sensitivity to new physics modifications in single Higgs couplings within
the framework of the SMEFT. (When the effects of the Higgs self-interaction, either in single or double Higgs production, are
considered, one extra parameter needs to be added. See section 3.)

descriptions provided by the κ framework, one notes that in the SMEFT Higgs decays are restricted by construction to389

final states with SM particles. Recent studies [15] have also considered the possibility of having extra decays, modelled390

by simply adding extra free parameters for BRinv and BRunt , to study the impact of these parameters in the fit. Extending391

the formalism to include new contributions to the invisible Higgs width, BRinv, or into other exotic decays in BRunt is of392

course possible, but requires to extend the low-energy spectrum of fields used as a basis to construct the EFT. Doing this393

consistently requires to introduce light non-SM fields and recreate the EFT basis, including all physically independent operators394

with the new particles. Without extra assumptions on the nature of such particles (masses and quantum numbers), the new395

operators will in general also modify other processes apart from the Higgs decays, affecting other parts of the global fit. [FMv1:396

Are there simple extensions or examples where this would not happen? What about a Higgs portal with H decay to397

invisible?][JBv1: Yes, the portal is one of the examples I mentioned in one of the meetings to let the invisible width398

free. For the exotic not invisible I guess it is a bit more complicated and it would require more assumptions.][CGv1:399

Even the portal models can have some sizable EW effects. For instance the |H|2S model will induce a mass mixing and400

hence gives an IR log-divergent contributions to S and T. In any case, adding ΓH as a free parameter in the EFT fit will401

make the analysis more model-dependent (and not less as it is claimed/hoped for).] [JBv1: Good point about the portal.402

The relevant message is what you say at the end, that adding these extra parameters adds some model-dependence403

rather than removing it. That is what I tried to comunicate with the sentence saying "without extra assumptions...”404

but I was deliberately soft in the comment but maybe we can be more explicit.][RRv1: It seems to me that light states405

with EW quantum numbers for the Higgs to decay to are hard to swallow because of EWPT, or really in a corner.406

Then if the final state particles carry any symmetry that avoids them to mix with the Higgs we are safe. Ex. H†HSS or407

H†Hψ̄ψ . Not sure about Christophe’s example: I guess S is heavy and meadiates the coupling to the invisible final staes408

h decays into..In that case it coincides with my example...anyway all this is of little relevance][CGv1: The conclusion409

is that we don’t have a good set-up yet where it makes sense to add the width as a free parameter. Riccardo we’ll say410

that there is not a good set-up yet where it makes sense to keep all the operators we have been considering...][RRv1:411

set up is not totally neat like for most things we are doing, but given the Higgs couplings are small it is seems rather412

easy to sneak in a small but relevant invisible width, see for instance https://arxiv.org/pdf/1402.6287.pdf][FMv2: One413

additional problem is the by introducing Γunt one introduces a flat direction with cH , at least for the rate measurements414

in hadron colliders. ] This goes beyond the scope of the studies in the present report, where we adhere to the standard415

definition of the SMEFT.416

Finally, while the setup described above aims for generality, in many cases it is convenient to add some perspective417

regarding the nature of the UV theory, to frame the EFT results in terms of particularly well-motivated scenarios. Examples of418

theoretically motivated scenarios include composite Higgs models. Under the assumptions described in [20, 21] the low energy419

17/51



signatures of these kind of models can be parameterized in terms of the following effective Lagrangian:420

LSILH =
cφ

Λ2
1
2

∂µ(φ
†
φ)∂ µ(φ †

φ)+
cT

Λ2
1
2
(φ †↔Dµ φ)(φ †↔Dµ

φ)− c6

Λ2 λ (φ †
φ)3 +

(cy f

Λ2 y f
i jφ

†
φψ̄LiφψR j +h.c.

)
+

cW

Λ2
ig
2

(
φ

†↔D a
µ φ

)
DνW a µν +

cB

Λ2
ig′

2

(
φ

†↔Dµ φ

)
∂ν Bµν +

cφW

Λ2 igDµ φ
†
σaDν φW a µν +

cφB

Λ2 ig′Dµ φ
†
σaDν φBµν

+
cγ

Λ2 g′ 2φ
†
φBµν Bµν +

cg

Λ2 g2
s φ

†
φGA µν GA

µν

− c2W

Λ2
g2

2
(DµW a

µν)(DρW a ρν)− c2B

Λ2
g′ 2

2
(∂ µ Bµν)(∂ρ Bρν)− c2G

Λ2
g2

S
2
(Dµ GA

µν)(Dρ GA ρν)

+
c3W

Λ2 g3
εabcW a ν

µ W b ρ

ν W c µ

ρ +
c3G

Λ2 g3
S fABCGA ν

µ GB ρ

ν GC µ

ρ ,

(17)

where the different Wilson coefficients can be written in terms of the couplings and masses of the resonances, denoted in short421

by g? . 4π and m?, as422

cφ ,6,y f

Λ2 ∼ g2
?

m2
?

≡ 1
f 2 ,

cT

Λ2 ∼
y4

t

16π2
1

m2
?

,

cW,B,φW,φB,γ,g

Λ2 ∼ 1
m2
?

,
c2W,2B,2G,3W,3G

Λ2 ∼ 1
g2
?

1
m2
?

,

(18)

up to O(1) factors. The expression for cT has been derived under the most favorable hypothesis where the new physics423

preserves custodial symmetry. Note also that, for the relevant case of a pseudoNG-boson Higgs, cg,γ benefit from a further424

suppression ∼ y2
t /16π2. Moreover, in explicit constructions based on warped compactifications cφW,φB,3W,3G arise at "loop425

level" and have a further suppression ∼ g2
?/16π2, which of course matters only when g? is not maximally strong. [RRv1:426

Where the expression for cT is derived under the most favorable hypothesis for custodial symmetry. For the relevant427

case of a pseudoNG-boson Higgs cg,γ benefit from a further suppression∼ y2
t /16π2. Moreover, in explicit constructions428

based on warped compactifications cφW,φB,3W,3G arise at "loop level" and have a further suppression ∼ g2
?/16π2, which429

of course matters only when g? is not maximally strong. ][JBv1: Added. thanks for the clarifications. Will fix also the430

results part]431

Although the particular structure of the previous Lagrangian is not fully general, it provides a theoretically sound benchmark432

to interpret the results of our studies from a more BSM-oriented perspective. The contributions from the different SILH Wilson433

coefficients in the Lagrangian (17) to the parameters of the Higgs basis can be found in Ref. [25].434

2.4 Results from the EFT framework studies435

[ANv1: authors: JORGE; Reviewers: Keith + Wouter][WVv1: Review completed]436

In the previous section we have detailed the counting of the different degrees of freedom that enter in the SMEFT fit437

scenarios summarized in Table 6 using the so-called Higgs basis. While physical results do not depend on the choice of basis,438

in some cases a particular basis may be convenient for computational, presentation or interpretational purposes. (Note that439

the physical interpretation of each dimension-six operator does depend on the basis.) From the point of view of the results440

presented in this section, however, we are mostly interested in comparing the sensitivity to deformations with respect to the441

SM in the Higgs couplings at the different future collider projects. To assess these deformations with respect to the SM in a442

basis-independent way one can project the results of the SMEFT fit onto a set of on-shell properties of the Higgs boson, via the443

following Higgs effective couplings:444

geff 2
HX ≡

ΓH→X

ΓSM
H→X

. (19)

By definition, these quantities, constructed from physical observables, are basis independent. These definitions are also445

convenient to compare in a straightforward manner the SMEFT results with those of the κ framework for the single Higgs446

couplings. Such definition is, however, not phenomenologically possible for the top-Higgs coupling and the Higgs self-447

interaction. For the present report we will sidestep these issues by: (1) defining the effective top coupling in a similar448

way to all other fermions; (2) to connect and compare with all current studies of the Higgs self-interaction, we will define449

ghhh ≡ δλ3/λ SM
3 = δκ3.450

[RRv1: For the on-shell couplings of Higgs to ZZ and WW we have more than one term in the Lagrangian: cH , cT451

, cW etc so the above definition of gHX does not capture all linear combinations of coefficients and we must consider452

other observables, like ZH at high energy. Of course in motivated scenarios like the SILH this issue does not arise cause453
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only cH matters for on-shell coupling to vectors. Should we comment on this?][JBv1: I added a modification below to454

add part of the comment. I need to think a bit more about how we should address here the low-energy/high-energy455

complementarity.]456

Note that, at the dimension-six level and truncating the physical effects at order 1/Λ2 one can always express the previous457

effective couplings in terms of the dimension-six operators via a linear transformation. Provided one has a large enough set of458

such effective couplings one can then map the effective coupling result into Wilson coefficients, and viceversa. (Of course, the459

former are not a basis per se and the connection is only well-defined at a fixed order in perturbation theory and in the EFT460

expansion.) The single Higgs couplings plus ghhh are however not enough to match the number of parameters in eqs. (10)-(11).461

In particular, the on-shell couplings geff
HZZ,WW in Eq. (19) involve only one particular combination of the different types of EFT462

contributions to the HZZ and HWW vertices. We note, however, that, from the point of view of the interpretation in terms of463

motivated scenarios like those described below Eq. (18), the contributions to such interactions are dominated only by cφ , unless464

g? ∼ 4π . For that reason we will also present our results by adding the predictions for the (pseudo) observable aTGC obtained465

from the di-boson analysis. These extra parameters offer a measure of the Higgs couplings to gauge boson with a non-SM466

Lorentz structure. As long as we restrict the analysis to observables around the Higgs mass scale, this approach with on-shell467

effective couplings and aTGC is perfectly appropriate. When high-energy observables are considered, like in section 2.4.3,468

it will have to revisited. [CGv1: I’ve added the previous sentence to stress again the fact that the effective coupling469

approach is fine for low-energy measurements only] [WVv1: Also is linear transformation to d-6 how the fits are470

actually performed? If so, I would mention that here.][JBv1: I dont undestand this comment][WVv1: What I meant is:471

how do you actually produce the numbers for the effective couplings: you use this mapping between wilson coefficients472

and effective couplings that you see here are linear explicitly in your setup?][JBv1: At dimension 6 keeping only 1/Λ2
473

the mapping can only be linear. I do the fit in a dimension six operator basis (as indicated) in prevous section and from474

the posterior likelihood of the operator coefficients I generate the likelihood of the different effective couplings. In any475

case I dont think we should mention this here. It is said at the beggining that one can project the results of fit to the eff.476

couplings. Maybe we can discuss for final version as I may not have completely understood the point.]477

In the global fit, where we also add those combinations of operators that can contribute to EWPO, extra information needs478

to be added to illustrate the constraints on the different degrees of freedom included in the fit. Following a similar approach as479

for the Higgs couplings, one could report the sensitivity to modifications in the effective couplings of the Z to fermions, which480

can be defined from the Z-pole measurements of the Z decays and asymmetries. [This type of results will be also provided481

in the final version of this report] [JBv1: Impossible to have the figures ready for today]482

In what follows we discuss the results of the global SMEFT fit from the point of view of the expected sensitivity to483

modifications of the Higgs couplings. Before presenting the results of this global fit we discuss the impact of the theory484

uncertainties in Higgs processes using for that purpose the results in the benchmark named SMEFT′1.485

2.4.1 Impact of Standard Model theory uncertainties in Higgs calculations486

As important as it is to have very precise experimental measurements of the different Higgs processes, it is also fundamental487

from the point of view of their physical interpretation to have theoretical calculations for the predictions of such processes with488

comparable or better precision. In this sense, to quantify to what extent an experimental measurement with uncertainty δexp can489

be translated into a constraint on new physics,7 one needs to know the corresponding uncertainty δSM for the SM prediction. In490

order to extract the maximum experimental information, ideally, δSM� δexp. The sources of the SM uncertainty are typically491

separated in two types of contributions:492

• Parametric theory uncertainties (ThPar). For a given observable O, this is the error associated to the propagation of the493

experimental error of the SM input parameters to the SM prediction OSM.494

• The second source of uncertainty is due to the fact that, in practice, OSM is only known to a finite order in perturbation495

theory. The estimate of the net size associated with the contribution to OSM from missing higher-order corrections is496

usually referred to as intrinsic theory uncertainty (ThIntr).497

Of course, in the interpretation of any measurement in a particular extension of the SM, there are also errors associated with498

the missing corrections in the expansion(s) including the new physics parameters. In the case at hand, these would come499

from NLO corrections in the perturbative expansion including dimension-6 interactions or, from the point of view of the EFT500

expansion, from q4/Λ4 effects coming from either the square of the dimension-6 contributions to the amplitudes, or the SM501

interference with amplitudes involving dimension-8 operators or double insertions of the dimension-6 ones. Note that all502

these corrections affect the interpretation of a measurement in terms of pinpointing what is the source of the deformation from503

the SM, i.e. which particular operator and how large its coefficient can be, but not on the size of the overall deformation per504

7Or, equivalently, to what extent a measurement agrees with the SM.
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se. [CGv1: Maybe a word of caution on the validity of the EFT analysis could be added. Since for the operators we505

are considering, the sensivity is good, this is surely not an issue. ] [JBv1: OK. Something like that should be added. I506

will think about the comment for the final doc.] [RRv1: The validy of EFT and the issue of higher orders I am afraid507

is being overemphasized: if we are studying the reach it means we are considering the situation where new physics508

barely emerges from the SM background, so we can treat it as a small perturbation, and forget about all refinements.509

Of course if we see a 10% deviation and we have per mille sensitivity that is another story... ] The latter is only controlled510

by the SM theoretical uncertainty. Because of that, and in the absence of a fully developed program including such contributions511

in the SMEFT framework, we restrict the discussion in this section to SM uncertainties only. Prior to showing the results of512

the global fit, we discuss here the impact of the two types of SM theory errors described above, from the point of view of the513

calculations of the predictions for Higgs observables. For that purpose we will use the scenario SMEFT′1, where the uncertainty514

associated to the precision of EWPO has already been “factorized”. In this scenario each fermion coupling is also treated515

separately, thus being sensitive to the uncertainties in the different H→ f f̄ decay withs. Finally, we will also restrict the study516

in this subsection to the case of future lepton colliders only. (We always consider them in combination with the HL-LHC517

projections. For the latter we keep the theory uncertainties as reported by the WG2 studies [10].518

[FMv2: The counting and naming of the parameters in the Higgs basis is 12. 13 parameters appear after the519

mapping into the effective couplings/pseudo-observable basis. After having given so many details on how the ci are520

defined in the Higgs basis, then no information on the (redundant) mapping to pseudo-observables is given anywhere.521

In the Higgs basis cWW is not independent. This is reflected in the fact that ge f f
ww and ge f f

zz are basically the same. I find522

all of this confusing (see also the new comment by CG)][JBv2: Agreed. I removed ge f f
ww .] In Table 7 and Figure 3 we show523

the results of the global fit for the benchmark scenario SMEFT′1, indicating the results obtained including/excluding the different524

sources of SM theory uncertainties. As is apparent, if the SM errors were reduced to a level where they become sub-dominant,525

the experimental precision would allow to test deviations in some of the couplings at the one per-mille level, e.g. geff
hWW at CLIC.526

The assumed precision of the SM theory calculations and inputs, however, prevents from reaching this level of sensitivity. The527

most notable obstacle to achieve this close to per-mille level of precision are the intrinsic uncertainties for the e+e−→ ZH528

and, especially, in e+e−→ Hν̄ν , estimated to be ∼0.5%. In reaching this level of theoretical precision it was assumed that529

predictions at NNLO in the EW coupling for both processes will be available. This is within reach for ZH production, but530

will be more challenging for e+e−→ Hν̄ν . With enough effort in the theory side [29–31], however, this type of uncertainties531

can be considered to be reducible. If the necessary resources are dedicated to develop these types of calculations, it should be532

possible to achieve, or even surpass, the required level of precision. This is not the case for the SM parametric errors, which533

depend on the experimental measurements of the corresponding input parameters. From the results of the fits, the largest effect534

of this type of uncertainty affects the effective coupling of the bottom to the Higgs. The corresponding SM error in H→ bb̄535

depends on the precision of the bottom quark mass, whose projected future determination was assumed to be ∼ 13 MeV. Taking536

into account the projected improvements from Lattice QCD calculations, this should be a conservative estimate [29]. Other537

parametric uncertainties, e.g. in H→ cc̄,gg and associated to mc and αS, are larger than the one for H→ bb̄ but have a smaller538

effect in the results due to the also smaller experimental errors expected in the corresponding channels.539

In what follows we will assume that the final sensitivity to BSM deformations is only limited by the experimental inputs540

(either direct measurements or SM parametric uncertainties) but that theory calculations can improve to a level where the541

corresponding intrinsic errors become sub-dominant.542

2.4.2 The Global EFT fit543

The main results of this section are summarised in Table 8, where we compare the 68% probability sensitivity to deviations in544

the Higgs couplings from the global SMEFT fit to Higgs, di-boson and EWPO at future colliders. We show the projections for545

the fits with and without flavour universality assumptions, given by the scenarios SMEFT2 and SMEFT′2, respectively. Note that546

the SMEFT′2 scenarios not only has ghtt 6= ghcc, ghττ 6= ghµµ , but also treats in a family-dependent way the corrections to Z f f̄547

couplings, which typically leads to more relaxed contraints from EWPO. The impact of the EWPO in the fit will be discussed548

below. The results for the more general scenario SMEFT′2 are also shown in Figure 4 where we compare the results across549

colliders. In the lower panel of Figure 4we also show the relative improvement compared to the HL-LHC results. In both table550

and figure we illustrate the impact of the data taking at different energy stages at each collider. As in the previous sections, we551

distinguish between the initial energy stage where each collider can start operating as a Higgs factory, and subsequent upgrades552

to higher energies. In the case of FCC, we also consider the results in combination with the other collider options foreseen as553

part of the FCC integrated program.554

From the results we observe that, while the LHeC and HE-LHC would help in pushing the knowledge of some of the Higgs555

couplings closer to the 1 percent threshold, a future lepton collider seems to be required to go beyond this point, beating that556

precision for several of the gHX parameters. In particular, even at a low energy run, all future lepton colliders can bring the557

precision of the Higgs coupling to vector bosons below 0.5%. (Note also that lepton colliders are the only type of Higgs factory558

able to provide an absolute normalization for the Higgs couplings, via the measurement of the e+e−→ ZH cross section using559
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Benchmark HL-LHC +
SMEFT1 ILC250 ILC CLIC380 CLIC CEPC FCC-ee240 FCC-ee

geff
HZZ [%] ExpStat 0.24 0.15 0.33 0.088 0.31 0.33 0.24

ExpStat + ThPar 0.25 0.16 0.34 0.11 0.31 0.34 0.24
ExpStat + ThIntr 0.31 0.27 0.38 0.29 0.35 0.37 0.31

ExpStat + Th 0.31 0.27 0.38 0.3 0.36 0.38 0.32
geff

Hγγ
[%] ExpStat 1.2 1.1 1.4 1.1 1.2 1.2 1.2

ExpStat + ThPar 1.2 1.1 1.4 1.1 1.2 1.2 1.2
ExpStat + ThIntr 1.2 1.2 1.4 1.1 1.2 1.2 1.2

ExpStat + Th 1.3 1.2 1.4 1.1 1.2 1.2 1.2
geff

HZγ
[%] ExpStat 8. 4.4 8.8 3.5 6.2 9.8 9.3

ExpStat + ThPar 8. 4.4 8.8 3.5 6.2 9.8 9.3
ExpStat + ThIntr 8. 4.8 8.9 4.1 6.2 9.8 9.5

ExpStat + Th 8. 4.8 8.9 4.1 6.2 9.8 9.5
geff

Hgg[%] ExpStat 1.1 0.77 1.3 0.73 0.72 0.92 0.81
ExpStat + ThPar 1.1 0.78 1.3 0.74 0.72 0.93 0.81
ExpStat + ThIntr 1.1 0.81 1.3 0.77 0.75 0.96 0.84

ExpStat + Th 1.2 0.82 1.3 0.78 0.75 0.96 0.85
gHtt [%] ExpStat 2.6 2.4 2.7 1.9 2.6 2.6 2.6

ExpStat + ThPar 2.6 2.4 2.7 1.9 2.6 2.6 2.6
ExpStat + ThIntr 2.6 2.4 2.7 1.9 2.6 2.6 2.6

ExpStat + Th 2.6 2.4 2.7 1.9 2.6 2.6 2.6
gHcc[%] ExpStat 1.7 1.1 3.9 1.3 1.7 1.3 1.1

ExpStat + ThPar 1.8 1.2 4. 1.4 1.8 1.4 1.2
ExpStat + ThIntr 1.7 1.1 4. 1.3 1.8 1.3 1.2

ExpStat + Th 1.8 1.3 4. 1.4 1.8 1.4 1.3
gHbb[%] ExpStat 0.66 0.39 0.91 0.17 0.47 0.56 0.46

ExpStat + ThPar 0.73 0.5 0.96 0.35 0.56 0.64 0.55
ExpStat + ThIntr 0.7 0.48 0.97 0.36 0.52 0.6 0.52

ExpStat + Th 0.77 0.58 1. 0.48 0.61 0.68 0.61
gHττ [%] ExpStat 0.76 0.56 1.3 0.72 0.61 0.65 0.57

ExpStat + ThPar 0.77 0.57 1.3 0.72 0.61 0.65 0.57
ExpStat + ThIntr 0.79 0.61 1.3 0.76 0.64 0.68 0.61

ExpStat + Th 0.79 0.61 1.3 0.77 0.64 0.68 0.61
gHµµ [%] ExpStat 4.1 3.9 4.3 3.4 3.8 3.9 3.8

ExpStat + ThPar 4.1 3.9 4.3 3.4 3.8 3.9 3.8
ExpStat + ThIntr 4.1 3.9 4.3 3.4 3.8 3.9 3.8

ExpStat + Th 4.1 3.9 4.3 3.4 3.8 3.9 3.8
δg1Z [×102] ExpStat 0.038 0.0086 0.03 0.0012 0.061 0.063 0.035

ExpStat + ThPar 0.038 0.0086 0.03 0.0012 0.061 0.063 0.035
ExpStat + ThIntr 0.038 0.0086 0.03 0.0012 0.062 0.064 0.036

ExpStat + Th 0.038 0.0086 0.03 0.0012 0.062 0.064 0.036
δκγ [×102] ExpStat 0.054 0.011 0.041 0.0026 0.089 0.085 0.049

ExpStat + ThPar 0.054 0.011 0.041 0.0026 0.09 0.086 0.049
ExpStat + ThIntr 0.054 0.011 0.042 0.0026 0.089 0.086 0.049

ExpStat + Th 0.054 0.011 0.042 0.0026 0.089 0.085 0.049
λZ [×102] ExpStat 0.041 0.014 0.042 0.0018 0.09 0.089 0.05

ExpStat + ThPar 0.041 0.014 0.042 0.0018 0.09 0.089 0.05
ExpStat + ThIntr 0.041 0.014 0.042 0.0018 0.09 0.089 0.05

ExpStat + Th 0.041 0.014 0.042 0.0018 0.09 0.089 0.05

Table 7. [Preliminary results. Further checks will be performed before releasing the document] Comparison of the
sensitivity at 68% probability to deviations in the different effective Higgs couplings and aTGC from the SMEFT′1 fit, under
different assumptions for the SM theory uncertainties. We compare the results obtained neglecting both intrinsic and parametric
uncertainties, including each of them separately, and adding the full SM uncertainty. [WVv1: Sorry confused here a bit.
What precisely is the interpretation of these numbers? Could you explain this more clearly in the caption. Are these
percentages, absolute numbers? Also I am not sure how to interpret your phrase ’impact on 68% coupling reach’
Can you rephrase this is a more clear way?][JBv1: Check now. For the couplings is percentage. For the aTGC is
abosulte (they are zero in SM).[CGv2: It is very confusing to report 13 effective couplings here while SMEFT1’ has
only 12 independent parameters]]
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Figure 3. Note to readers: Preliminary results. Further checks will be performed before releasing the document
Impact of the different sources of SM theory uncertainties in coupling reach at the different lepton-collider projects. Using dark
to light shades we show the results without SM theory uncertainties (darkest shade), only with the intrinsic uncertainty
(medium), and the full SM error (lightest shade). The solid line indicates the result with SM parametric uncertainties only. The
most significant differences are found for the effective coupling to vector bosons (dominated by intrinsic uncertainties) and to
bottom quarks (controlled by the parametric error associated to mb. See table 7 and text for details. [JBv1: PRELIM. NEEDS
FIXES AND IMPROVED LEGEND]) Note to readers: Style and ”readability” to be improved in final version

the recoil mass method.)[WVv1: Not sure how far you want to take this argument here - but one could point out that560

having that Gamma-H information is also crucial in determining if a low observed cross-section is due to a deviating561

coupling, or is the result of a non-zero BR-BSM ][JBv1: True. I will leave that for next version.]562

With similar luminosities collected at 240 GeV, the overall performances of CEPC and the 240 GeV run of FCC-ee are563

expected to be approximately the same. 8In particular, focusing our attention to the Higgs couplings to vector bosons, both564

machines would be able to measure the HZZ coupling with a precision of ∼ 0.3%. After running at 365 GeV and completing565

the 14 year physics program of the FCC-ee collider9 the precision of the HZZ coupling would be however further reduced566

to ∼ 0.2%, a 30% better result. For the ILC, this would require to go beyond the proposed baseline, and increase the centre-567

of-mass energy to 500 GeV, with a combined run time of 22 years. Finally, although the determination of the different Higgs568

couplings obtained from the 380 GeV run of CLIC would be somewhat less precise than at the other machines, the data taken at569

high-energies allow to reach, and in some cases even surpass, that precision already after the 1.5 TeV run.[JBv2: CHECK]570

After the 23-year program, CLIC would be finally able to reach 1 per-mille accuracy on the Higgs coupling to vector bosons.We571

also note that, while the high-energy runs of the lepton machines would give access to the ttH threshold, the precision on572

the top Yukawa coupling will be still dominated by the HL-LHC measurement. At low-energy lepton colliders only a minor573

8The differences between the CEPC and FCC-ee results at 240 GeV are simply due to the details of the available projections from each collider project. In
particular, the better sensitivity to the HZγ coupling at CEPC is simply due to the absence of a projections for the H→ Zγ channel at the FCC-ee.

9Note that this also includes the runs at the Z pole and WW threshold, which are crucial for the EW precision program. The total run time as Higgs factory
is 8 years.
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improvement can be achieved in the SMEFT′2 scenario 10, via improvements in the precision of the other couplings involved in574

the extraction of geff
Htt from the ttH channels at the HL-LHC. Only the FCC project seems to be able to achieve a significant575

improvement on that front, after including in the picture the measurements possible at the 100 TeV pp collider. [FMv2: Should576

the prospects to set indirect limits on top quark couplings from lepton colliders at low energy be mentioned here? E.g.,577

arXiv:1809.03520] Moreover, even after the full physics program of any of the future leptonic machines, there are several578

other couplings whose precision are still above the one percent threshold, mainly those associated to rare decays and that are579

statistically limited. Only a future lepton collider combined with a high-luminosity hadron machine like the FCC-hh would be580

able to bring down all the main Higgs couplings below 1%, as can be seen in the last column in Table 8. In this regard we581

also note the role of the FCC-eh measurements, which would also help to push down the precision in the determination of the582

couplings to vector bosons and b quarks, after the completion of the FCC-ee program.583

A comparison between the results of the global fit with those obtained in the previous section assuming perfect EW584

measurements illustrate the relative importance of the EWPO in the extraction of the different Higgs couplings from the global585

fit [32]. Figure 5 compares the two results for the future Higgs factories at lepton colliders. In most cases the impact is quite586

mild and, in the case of FCC-ee almost inexistent due to the rich program for measuring the EWPO at the Z pole and above.587

Note to readers : this should be also the case, to a good extent, for the CEPC. We observe some difference which may588

be due to the inclusion of a somewhat smaller set of projections for EWPO compared to FCC-ee. We are investigating589

the issue. For the ILC, which intends to run only at 250 GeV and would not significantly contribute to the EWPO program,590

there is a slight deterioration in the precision of the HVV couplings. This could be ameliorated by using also the information591

from a high-energy run, as can be seen for CLIC, where there is little impact on the precision of the same HVV effective592

couplings.593

One must take into account that, with the set of projections available from each future collider project, the global fit594

results presented here are, in some cases, not entirely consistent, due to some approximations present in the projections for595

e+e−→W+W−. Indeed, these are typically reported in terms of the precision on the aTGC but, except for the CLIC studies596

presented in [33], they are obtained assuming that new physics can only modify δg1z, δκγ and λZ , but not the other couplings597

involved in the production or decays of the WW pairs 11 (this explains the large difference in the CLIC results for those598

parameters between the global fit and the one computed under the assumption of perfect EW measurements. See Figure 5.) The599

aTGC dominance assumption was a good approximation at LEP2, due to the comparatively more precise constraints from the600

Z-pole measurements at LEP/SLD, but is something to be tested at future colliders, especially for those projects where a run at601

the Z-pole will not happen. In those cases, the result presented here must therefore be interpreted with caution [32].602

2.4.3 Interpretation in BSM scenarios603

In this subsection we adopt a more BSM-oriented perspective and present the global fit results in a way that can be easily604

matched to theory motivated scenarios, such as composite Higgs models. For that purpose we will restrict the results to the605

set of dimension-6 interactions in the effective Lagrangian in eq. (17) and adopt the usual presentation of results in terms606

of the bounds on the dimension-6 operator coefficients. We will also extend the global fits presented in previous sections,607

adding further studies available in the literature about high-energy probes of the EFT. These are designed to benefit from608

the growth-with-energy of the contributions of certain dimension-6 operators in physical processes, leading to competitive609

constraints on new physics, without necessarily relying on extreme experimental precision. In this regard, we note that these610

studies are usually not performed in a fully global way within the EFT framework, but rather focus on the most important effects611

at high energies. Therefore, the results when such processes dominate in the bounds on new physics should be considered612

with a certain amount of caution, although they should offer a reasonable approximation under the assumptions in (17,18). In613

particular, we will add the following high-energy probes using di-boson and di-fermion processes:614

• The constraints on the W and Y oblique parameters (which can be mapped into C2W,2B) from fermion pair production at615

the HL-LHC, HE-LHC [10], FCC-hh [35], ILC at 500 GeV [35] and CLIC [33].616

• The study in Ref. [36] of the MZH distribution in pp→ ZH,H → bb̄ in the boosted regime for the HL-LHC [10] and617

FCC-hh [37]. (This was not available for the HE-LHC.) Note that both CLIC (and to a lesser extent ILC) have access to618

similar physics in the leptonic case, from the ZH measurements at 1.5/3 TeV (500 GeV).619

• The pTV distribution in pp→WZ from Ref. [38] for the HL-LHC, HE-LHC and FCC-hh.620

10We remind that in the SMEFT2 scenario, the corrections to the Yukawa interactions of the different fermion families are universal, and therefore the
improvements observed in the Top coupling in that case are attributed to the access to the charm interaction.

11For the ILC studies [3, 15, 34] part of this dependence is taken into account, adding those contributions from dimension-6 operator coefficients that are
enhanced by a factor s/2m2

W . This approximation, justified in the high-energy limit, may not be a good assumption for the ILC run at 250 GeV, but should work
well for the aTGC projections at 500 GeV. (These were not available in [3] and we take them from [15].)
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HL-LHC +
Benchmark HL-LHC LHeC HE-LHC ILC250 ILC CLIC380 CLIC CEPC FCC-ee240 FCC-ee FCC-ee/eh/hh

geff
HZZ [%] SMEFT2 3.1 1.5 2.3 0.37 0.21 0.38 0.11 0.34 0.34 0.24 0.12

SMEFT′2 3.4 1.8 2.6 0.4 0.22 0.39 0.11 0.39 0.34 0.24 0.12
geff

HWW [%] SMEFT2 2.7 1.3 2. 0.38 0.22 0.39 0.12 0.33 0.34 0.26 0.11
SMEFT′2 2.9 1.5 2.2 0.42 0.22 0.39 0.11 0.38 0.34 0.26 0.12

geff
Hγγ

[%] SMEFT2 3.3 1.7 2.2 1.2 1.1 1.4 1.1 1.2 1.2 1.1 0.32
SMEFT′2 3.5 2. 2.5 1.3 1.1 1.4 1.1 1.2 1.2 1.2 0.33

geff
HZγ

[%] SMEFT2 11. 10. 4.3 9.6 6.6 9.7 3.7 6.2 9.8 9.3 0.66
SMEFT′2 11. 10. 4.4 10. 6.7 9.8 3.7 6.2 9.8 9.3 0.69

geff
Hgg[%] SMEFT2 1.9 1.5 1.1 1.1 0.78 1.3 0.73 0.73 0.92 0.81 0.38

SMEFT′2 1.9 1.5 1.1 1.1 0.79 1.3 0.73 0.75 0.93 0.81 0.46
gHtt [%] SMEFT2 2.8 2.2 1.7 1.5 1.1 2.3 1.1 1.5 1.2 1.1 0.61

SMEFT′2 2.8 2.7 1.7 2.6 2.4 2.7 2.4 2.6 2.6 2.6 1.6
gHcc[%] SMEFT2 2.8 2.2 1.7 1.5 1.1 2.3 1.1 1.5 1.2 1.1 0.61

SMEFT′2 − 3.9 − 1.8 1.2 4. 1.4 1.8 1.4 1.3 0.84
gHbb[%] SMEFT2 3.8 1.3 2.6 0.78 0.51 0.97 0.35 0.57 0.63 0.55 0.26

SMEFT′2 4.1 1.7 2.9 0.81 0.51 0.99 0.35 0.61 0.64 0.55 0.32
gHττ [%] SMEFT2 3.1 1.7 2.2 0.8 0.58 1.2 0.71 0.62 0.65 0.57 0.3

SMEFT′2 3.4 1.9 2.5 0.83 0.59 1.3 0.73 0.65 0.66 0.57 0.45
gHµµ [%] SMEFT2 3.1 1.7 2.2 0.8 0.58 1.2 0.71 0.62 0.65 0.57 0.3

SMEFT′2 5.4 4.5 2.9 4.1 3.8 4.3 3.4 3.8 3.9 3.8 0.42
δg1Z [×102] SMEFT2 0.56 0.37 0.39 0.078 0.045 0.043 0.012 0.068 0.063 0.035 0.017

SMEFT′2 0.6 0.42 0.44 0.09 0.048 0.043 0.012 0.073 0.064 0.036 0.018
δκγ [×102] SMEFT2 2.8 1.6 2.2 0.11 0.063 0.093 0.03 0.089 0.085 0.049 0.047

SMEFT′2 3.1 1.8 2.4 0.13 0.067 0.097 0.03 0.09 0.086 0.049 0.047
λZ [×102] SMEFT2 3.1 2.9 3. 0.042 0.014 0.043 0.0018 0.094 0.089 0.05 0.045

SMEFT′2 3.2 2.9 3. 0.042 0.014 0.043 0.0018 0.097 0.089 0.05 0.045

Table 8. [Preliminary results. Further checks will be performed before releasing the document] Sensitivity at 68%
probability to deviations in the different effective Higgs couplings and aTGC from a global fit to the projections available at
each future collider project. Results obtained for the Global SMEFT fit benchmarks denoted as SMEFT2 and SMEFT′2 in the
text. The numbers for all future colliders are shown in combination with the HL-LHC results (1st column).

These are of course only a small sample of the high-energy precision probes that could be tested at future colliders (and at621

HL-LHC) so the results presented are not an exhaustive study the potential of the different machines in this regard.622

The results of this fit are shown in Figure 6 after the full run of each future collider project. Apart from the 68% probability623

bounds for each operator from the global fit we also present the results assuming only one operator is generated by the UV624

dynamics. The difference between both results is indicative of the correlations between the different operators in the fit.625

These can, in some cases, be rather large. A full study of such correlations goes beyond the scope of this report, but it is626

worth mentioning that some of the largest correlations typically occur between Oγ , OφW , OφB, OW , OB where all contribute627

to the Higgs interactions with neutral vector bosons. Large correlations also connect Og and Oyu [WVv1: WOuld you be628

able to give an indication what you call a large correlation? is it >50%, >90%, >99%? That would make it a bit more629

quantitative][JBv1: It depends on the collider and pair of pars. I think no one would call anything below 50% as large630

so we can define that as threshold. For the particular operators mentioned they are usually above 65% but sometimes631

it can go up to 9X%.]. These are typically constrained along the H→ gg direction with better precision than the one obtained632

for Oyu from the corresponding ttH process at the different colliders.633

A meaningful interpretation of these results in terms of a broad class of composite Higgs models can be obtained under the634

assumptions leading to the dependence of the Wilson coefficients on new physics coupling, g?, and mass, m?, described in635

Eq. (18) and below (i.e. we assume cg,γ and cφV,3V are loop suppressed in yt and g?, respectively). In Figure 7 we translate636

the results of the fit in Figure 6 in terms of the 95% probability constraints in the (g?,m?) plane under such assumptions, and637

setting all O(1) coefficients exactly to 1, i.e.638

cφ ,6,y f
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?
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cW,B
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1
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1
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,

cT
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y4

t

16π2
1
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t

16π2
1

m2
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?

16π2
1

m2
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16π2
1

m2
?

.

(20)

We focus the comparison, again, on the full physics program at each future collider project (solid regions), but also show for the639

region delimited by the low energy runs, or the FCC-ee for the case of the FCC project (the boundaries are indicated by the640

dashed lines). In the right panel of that figure we also show, for illustration purposes, the individual constraints set by several641

of the operators in (17). The modifications of the on-shell Higgs properties discussed in this report are mainly controlled,642

within the SILH assumptions, by the contributions to the operators Oφ and Oy f , both of which set similar constraints in the643
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Figure 4. Note to readers: Preliminary results. Further checks will be performed before releasing the document
Sensitivity at 68% probability to deviations in the different effective Higgs couplings and aTGC from a global fit to the
projections available at each future collider project. Results obtained within the SMEFT framework in the benchmark SMEFT′2.
[CGv1: Can we use a set of colors optimised for color-blind people and for B&W printers? See for instance:
http://www.color-blindness.com/coblis-color-blindness-simulator/] Note to readers: Style
and ”readability” to be improved in final version

global fit. These give the leading constraints in strongly coupled scenarios. Electroweak precision measurements, on the other644

hand, are more affected by a combination of OW,B and set bounds independently of the new physics coupling. Finally, some of645

the high-energy probes included in the analysis provide the most efficient way of testing weakly coupled scenarios. Note to646

readers: The implications of some of these results will be discussed in detail, and in combination with the information647

from direct searches, by the working group dedicated to BSM studies.648
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Figure 5. Note to readers: Preliminary results. Further checks will be performed before releasing the document 68%
probability reach on Higgs couplings and aTGC at the different lepton colliders from the Global fit SMEFT′2, compared with
the results obtained assuming infinite precision for the EWPO (Scenario SMEFT′1). The difference (partially) illustrates the
impact of the EW constraints on the Higgs results. See text for discussion and caveats on this study. [JBv1: Updating
today...] [CGv1: Can we use a set of colors optimised for color-blind people and for B&W printers? See for instance:
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and ”readability” to be improved in final version
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Global fit to the EFT operators in the Lagrangian 17. We show the marginalized 68% probability reach for each Wilson
coefficient ci/Λ2 in Eq. (17) from the global fit (solid bars). The reach of the vertical lines indicate the results assuming only
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Figure 7. Note to readers: Preliminary results. Further checks will be performed before releasing the document.
(Left) Allowed regions in the (g?,m?) plane from the fit presented in Figure 6, using the SILH power-counting described in
Eq. (18) and below (solid regions). Dashed lines indicate the regions constrained by the corresponding low-energy runs (or
FCC-ee only for the case of the FCC project). (Right) The same showing the constraints set by some of the operators
individually, for the illustrative case of the HL+FCC. In this case, the constraints from the on-shell Higgs measurements mainly
affect Oφ and Oy f . Note to readers: Style and ”readability” to be improved in final version
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3 The Higgs boson self-coupling649

[ANv1: authors: CHRISTOPHE, ELISABETH; Reviewers: Beate + Fabio]650

The Higgs field is responsible for the spontaneous breaking of the electroweak symmetry, and for the generation of all the651

SM particle masses, because its potential features a global minimum away from the origin. Within the SM, this potential is652

fully characterised by two parameters that can be experimentally inferred from the measurements of the Fermi constant and of653

the Higgs mass (v = 1/
√√

2GF ≈ 246 GeV)654

V (h) =
1
2

m2
hh2 +λ3vh3 +

1
4

λ4h4, with λ
SM
3 = λ

SM
4 =

m2
h

2v2 . (21)

However the Higgs potential could show sizeable departures from the SM form, eq. 21. The understanding of EW655

symmetry breaking will remain hypothetical until experimental measurements reconstruct the shape of the Higgs potential. The656

measurement of the Higgs potential is therefore a high priority goal on the agenda of all future colliders.657

Unfortunately, the Higgs self-interactions, apart from the simple kinematical 2-point interaction that corresponds to the658

Higgs boson mass, are not physical observables. Therefore a theoretical framework is needed to infer their values from659

experimental measurements. One needs a general parametrisation of the departures from the SM that allows the various Higgs660

couplings to vary continuously. Within this framework, one makes accurate predictions of various observables as a function of661

the modified Higgs couplings and a global fit then leads to a determination of all these couplings. Effective Field Theory offers662

us such a theoretically sound framework in which higher order calculations can be performed to provide solid and improvable663

predictions able to cope with systematic and statistic experimental uncertainties. As in section 2.3, we will focus our attention664

on EFT where the EW symmetry is linearly realised, i.e. under the assumption that no new heavy degree of freedom acquires665

its mass from the Higgs expectation value. In that case, there are only two dimension-6 operators that induce a deviation of the666

Higgs self-couplings667

L = L SM +
cH

2 f 2 ∂µ |φ |2∂
µ |φ |2−

c6GF m2
h√

2 f 2
|φ |6

⇒ κ3 ≡
λ3

λ SM
3

= 1+
(

c6−
3
2

cH

)
v2

f 2 , κ4 ≡
λ4

λ SM
4

= 1+
(

6c6−
25
3

cH

)
v2

f 2 . (22)

The modifications of the cubic and quartic self-interactions are related in this model. Independent modifications are only obtained668

when operators of dimension 8 are considered. [FMv2: For the normalisation of the operators. Either reintroduce Λ or use669

f = v. This latter choice simplifies the expressions. Also mention that one needs to apply a non-liner field redefinition670

to be able to consider the cH as a constant shift to (all) the Higgs coupling.]671

The most direct way to assess the Higgs cubic self-interaction is through the measurement of double Higgs production672

either at hadron colliders, where the production is dominated by gluon fusion, gg→ HH, or at lepton colliders via double673

Higgs-strahlung, e+e−→ ZHH, particularly relevant at low energies, or via vector boson fusion (VBF), e+e−→ HHνeν̄e,674

more important at centre of mass energies above 1.1 TeV. At leading order, double Higgs production receives a contribution675

proportional to the cubic coupling, for both pp and e+e− collisions, as shown in Fig. 8. Figure 9 shows the dependence of676

the inclusive double Higgs production cross section when the value of the Higgs cubic coupling is varied, assuming no other677

deviation from the SM. Gluon fusion production at a hadron collider has been computed within the SM at NNLO accuracy in678

the infinite top limit and at NLO with the full top mass dependence, leading to a prediction whose theoretical and parametric679

uncertainties are of the order of a few percent. For the LHC at 14 TeV, the cross section is predicted to be 36.69+2.1%
−4.9% fb, about680

three orders of magnitude smaller than the single Higgs production, which makes the double Higgs channel a challenging681

process to observe. The most up-to-date analysis relies on the combination of the bb̄γγ and bb̄ττ decay channels to reach682

almost 5σ evidence for double Higgs production at HL-LHC (see Table 55 and Fig. 65 of Ref [10]), which can be translated683

into a 68% CL bound of order 50% on the deviation of the Higgs cubic coupling relative to the SM prediction. Note that the684

mapping of the inclusive gg→ HH cross-section onto a value of the Higgs cubic self-coupling is not unique: for instance,685

at 14 TeV LHC, a value of the cross-section equal to the SM prediction corresponds either to κ3 = 1 or to κ3 ≈ 6.2. This686

ambiguity can however be discriminated by analysing the shape of the invariant mass distribution of the reconstructed two687

Higgs system, viz. the larger the value of κ3, the more mhh is peaked close to threshold. This kinematic information is a crucial688

element of the BDT-based analysis performed at HL-LHC. However the BDT is often trained to optimise the significance of the689

SM cross section for double Higgs production and therefore it is not necessarily optimised for the determination of the Higgs690

self-coupling directly, leaving room for possible improvement towards an even higher sensitivity. At lepton colliders, double691

Higgs-strahlung, e+e−→ ZHH, gives stronger constraints on positive deviations of κ3, while VBF is better in constraining692

negative deviations.693
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Figure 8. Representative Feynman diagrams for the leading contribution to double Higgs production at hadron (left) and
lepton (right) colliders. Extracting the value of the Higgs self-coupling, in red, requires a knowledge of the other Higgs
couplings that also contribute to the same process. The contribution proportional to the cubic Higgs self-coupling involves an
extra Higgs propagator that dies off at high energy. Therefore, the kinematic region close to threshold is more sensitive to the
Higgs self-coupling. [FMv2: For consistency with the ggHH and ZHH prodution plots, I would eliminate the last
diagram of the VBF ones.I would also mention the possibility of a NC current for VBF and, finally, refer to the table
of cross sections, in the appendix. ]

Modified Higgs self-interactions can also affect, at higher orders, the single Higgs processes [40–42] and even the694

electroweak precision observables [43–45]. Since the experimental sensitivities on these latter observables are better than for695

the double Higgs production, one can devise alternative ways to assess the value of the Higgs self-interactions. To be viable696

these alternative methods need to be able to disentangle a variation due to a modified Higgs self-interaction from variations due697

to another deformation of the SM. It is important in particular in a global analysis when all EFT parameters are left free to float.698

This cannot always be done relying only on inclusive measurements [46, 47] and it calls for detailed studies of kinematical699

distributions with an accurate estimate of the relevant uncertainties [48]. For a 240 GeV lepton collider, the change of the ZH700

production cross section at NLO induced by a deviation of the Higgs cubic coupling amounts to701

σ
NLO
ZH ≈ σ

NLO,SM
ZH (1+0.014δκ3). (23)

Thus, to be competitive with the HL-LHC constraint, the ZH cross-section needs to be measured with an accuracy better than702

0.7%. Alternatively, in models with parametrically large deviations of the Higgs cubic coupling, its contribution to single Higgs703

processes at one loop can impact the fit to single Higgs couplings often performed without considering this extra parameter.704

[BHv1: I was unable to parse the sentence above. What are you trying to say??][EPv1: not sure either I understand :(]705

In order to set quantitative goals in the determination of the Higgs self-interactions, it is useful to understand how large706

the deviations from the SM could be while remaining compatible with the existing constraints on the different single Higgs707

couplings. From an agnostic point of view, the Higgs cubic coupling can always be linked to the independent higher dimensional708

operator |H|6 that does not alter any other Higgs couplings. Still, theoretical considerations set an upper bound on the deviation709

of the trilinear Higgs couplings. Within the plausible linear EFT assumption discussed above, perturbativity imposes a maximum710

deviation of the Higgs cubic self-interaction, relative to the SM value, of the order of [46, 49]711

|κ3|< 600ξ , (24)

where ξ is the typical size of the deviation of the single Higgs couplings to other SM particles [20]. However, the stability712

condition of the EW vacuum, i.e. the requirement that no other deeper minimum results from the inclusion of higher dimensional713

operators in the Higgs potential, gives the bound,714

|κ3|< 70ξ . (25)

At HL-LHC ξ can be determined with a precision of 1.5% at best, corresponding to a sensitivity on the Higgs self-coupling715

of about 100%, and thus somewhat inferior but roughly comparable than the direct sensitivity of 50% [10]. Parametric716

enhancements of the deviations of Higgs cubic self-coupling relative to the single Higgs couplings require a particular dynamics717

for the new physics. An example is encountered in Higgs portal models where the Higgs boson mixes with a SM neutral scalar718

field possibly contributing to the dark matter relic abundance. In more traditional scenarios addressing the hierarchy problem,719

29/51



Figure 9. Double Higgs production at hadron (left) [39] and lepton (right) [33] colliders as a function of the modified Higgs
cubic self-coupling. [CGv2: The RHS plot will be changed. First, the ILC500 ZHH xs will be added and the horizontal
bands will be erased since the bound on klambda depends on the value of klambda][FMv2: To be more consistent
with the left-hand plot can we also use λ3/λ SM

3 in the right-handed one? I would also take out the
MadGraph5_aMC@NLO tag on the first one.]

such as supersymmetric or composite models, the deviation of κ3 is expected to be of the order ξ and is likely to remain below720

the experimental sensitivity.721

The sensitivity of the various future colliders to the Higgs cubic coupling can be obtained using five different methods:722

1. an exclusive analysis of HH production, i.e., a fit of the double Higgs cross section considering only deformation of the723

Higgs cubic coupling;724

2. a global analysis of HH production, i.e., a fit of of the double Higgs cross section considering also all possible deformations725

of the single Higgs couplings that are already constrained by single Higgs processes;726

(a) the global fit does not consider the effects at higher order of the modified Higgs cubic coupling to single Higgs727

production and to Higgs decays;728

(b) these higher order effects are included;729

3. an exclusive analysis of single Higgs processes at higher order, i.e., considering only deformation of the Higgs cubic730

coupling;731

4. a global analysis of single Higgs processes at higher order, i.e., considering also all possible deformations of the single732

Higgs couplings.733

Until recently, the method (1.) was mostly followed. For most colliders, it gives similar results as method (2.a) as the734

single Higgs constraints are weaker than that derived from HH production. A notable exception is at FCC-hh where the 1%735

uncertainty on the top Yukawa coupling can challenge the determination of κ3 at the 5% level. [BHv1: I found that sentence736

awkward, very long and wondered if a "not" is missing? In think you want to say: Until recently, the method (1.) was737

mostly followed. For most colliders, it gives similar results as method (2.a) as the single Higgs constraints are weaker738

than that derived from HH production. A notable exception being at FCC-hh where the 1% uncertainty on the top739

Yukawa coupling can challenge the determination of κ3 at the 5% level. ] [EPv1: I think I agree so I changed to your740

suggestion, but maybe Christophe should validate.] Method (2.b) should be considered for peculiar scenarios where the741

deviation of the Higgs cubic coupling is parametrically enhanced compared to other Higgs coupling deviations. Insufficient742

information is currently available, both on the experimental side, e.g. the correlations among the diffferent mhh bins, and on the743

theoretical side, e.g. full EFT dependence of the double Higgs production cross section, for Method (2.b) to be implemented744

in a consistent way. Therefore, we do not report any result for that method. Methods (3) and (4) are particularly relevant for745

low-energy colliders below the double Higgs production threshold. Above this threshold, these methods can still be relevant to746

complement results from the double Higgs analysis, for instance by helping to resolve the degeneracy between the SM and a747
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second minimum of the likelihood. While this does not modify the 1σ bound on κ3, it can impact the bound starting at the 2σ748

level due to the non-Gaussian profile of the likelihood.749

Table 9 reports the sensitivity at the various colliders of the Higgs cubic coupling determination. The results are also750

summarised in Fig. 10. Even though the likelihood is not a symmetric function of κ3, the current level of precision in this751

EFT analysis is not good enough to robustly assess an asymmetric error and we report only symmetrised bounds. Note to752

readers: Several numbers are still being computed and will be added in the coming days, as well as an explanation on753

how they were computed. Comparison with estimates in the various ESU documents will be done and discussed in the754

next iteration of the document.755

collider method 1 method 2.a method 3 method 4

HL-LHC 50% 51%� 126%� 270%
HE-LHC 10-20% tba 72%� 50%
FCC-hh 5% tba tba 25%�
ILC250 − − 35%� 47%�
ILC350 − − 35%� 44%�
ILC500 23% tba 31%� 36%�

CLIC380 − − 92%� 49%�
CLIC1500 36% tba 68%� 48%�
CLIC3000

+11
−7 % tba 55%� 47% �

FCC-ee240 − − 21%� 46%�
FCC-ee365 − − 20%� 32%�

CEPC − − 18%� 46%�

Table 9. Sensitivity at 68% probability on the Higgs cubic self-coupling at the various FCs. All the numbers reported, except
in the first row, correspond to a simplified combination of the considered collider with HL-LHC which is approximated by a
50% constraint on κ3 (the numbers with a � correspond to results computed by the Higgs@FC working group.). For the
leptonic colliders, the runs are considered in sequence. For the colliders with

√
s. 400 GeV methods 1 and 2.a cannot be used.

Note to readers: Several numbers are still being computed and will be added in the coming days. And the numbers
reported here are still preliminary. Further checks will be performed before releasing the document. LHeC will be
added too. [CGv2: We don’t have enough information to reproduce results of method 1 (we don’t have an EFT BDT
and the bin distributions in mhh doesn’t give good result. This is also preventing us to obtain sensbible results for
Method 2. I’ll drop this column in the table and I’m trying to obtain a crude estimate of the impact of a global fit vs
an exclusive fit. These estimates will go in the text.]

With a 50% sensitivity on κ3, HL-LHC will establish the existence of the Higgs self-interaction at 95%CL. Several of the756

proposed FCs will reach a sensitivity of order 20%, thus establishing the existence of the self-interaction at 5σ .757

Even more remarkable, CLIC3000 can reach a sensitivity of order 10% and FCChh of the order of 5%, where one could start758

probing the size of the quantum corrections to the Higgs potential directly.759

4 Rare Higgs boson decays760

[ANv1: authors: FABIO; Reviewers: Jorgen + Maria][FMv1: Jorgen reviewed. Ready for Maria’s review.]761

There are many reasons for the interest in rare Higgs boson decays. First, they provide access to Higgs couplings which762

are expected to be small in the SM and have not yet been directly probed. A leading example is the coupling to second and763

first generation fermions, whose determination would test the hypothesis that same Higgs doublet is responsible for the mass764

generation of the lighter states of the SM. More specifically, the measurement of several Yukawa couplings will allow the765

comparison of ratios of couplings with ratios of masses on the one hand, and test constants of proportionality on the other. The766

second motivation is that processes which are predicted to be rare in the SM, offer enhanced sensitivity to new physics residing767

at high scales. A leading example is the search for flavour-changing neutral interactions, which are extremely suppressed in the768

SM and if detected would reliably point to the existence of new physics. Third, peculiar and rare final state signatures can769

have a special connection with beyond-the-SM scenarios. One example is H decaying to invisible, which is used to constrain770

scenarios featuring DM candidates. In the SM, the H can decay invisibly via H→ 4ν with a branching ratio of 0.11%. Finally,771

Yukawa interactions with first generation fermions are the cornerstone of the low-energy constraints on CP violation of the772

couplings on the third generation. The typical example here are limits obtained by the EDM’s on the CP-odd interaction of the773

third generation fermions (section 5).774

31/51



0 10 20 30 40 50

 [%]3κ68% CL bounds on 

HL-LHC

HE-LHC

CEPC
240FCC
365FCC
250ILC
350ILC
500ILC

 380CLIC
1500CLIC
3000CLIC

hhFCC

pp ee
  method 1
  method 2.a
  method 3
  method 4

Higgs@FC WG

April 2019

50%

20%

23%

36%

11%

5%

51%
150%

46%

50%

12%

270%

50%

46%

46%

32%

47%

44%

36%

49%

48%

47%

25%

23%

36%

11%

50%

12%

46%

46%

32%

47%

44%

36%

49%

48%

47%

♦

♦

♦

♦

♦

♦

♦

♦

♦

♦

♦

♦

♦

Figure 10. Summary of the sensitivity on the Higgs cubic self-coupling at the various FCs. The numbers with a � correspond
to results computed by the Higgs@FC working group. Note to readers: Several numbers are still being computed and will
be added in the coming days. And the numbers reported here are still preliminary. Further checks will be performed
before releasing the document. LHeC will be added too.

The reach of various colliders for rare decays, depends in the first place on the available statistics of the Higgs bosons being775

produced. The expected rates are presented in the Appendix, Table 15.776

In the following, we restrict ourselves to a summary of the prospects to bound or determine the size of the interactions of777

the Higgs to the other SM particles through decays. These can occur either directly, through a process which is proportional to778

a tree-level coupling squared, i.e. all decays H→ f̄ f , where f is any SM fermion of the first or second generation, or indirectly,779

i.e. through interfering amplitudes or loops, such as H → γγ and H → γZ. We will also briefly present results on very rare780

exclusive decays, which are typically indirect and yet could provide information on the light-quark Yukawa couplings. We781

follow the notation introduced in the κ-framework and consider the rescaling factors κi = yi/ySM
i introduced previously for the782

couplings to quarks κu,κd ,κc,κs and for κµ , and for the loop induced processes, κγ and κZγ . The values of κµ ,κγ ,κZγ ,κc have783

been obtained from the κ−3,4 fits presented in Section 2.2 and we do not reproduce them here, while the upper bounds on784

κu,κd ,κs (κc for hadron colliders) are obtained from the upper limits on BRunt. Constraints on flavor changing Higgs boson785

interactions are not reported here.786

A final comment can be made on the electron Yukawa coupling. The current limit κe < 611 [50] is based on the direct787

search for h→ e+e−. A preliminary study at the FCCee [51] has assessed the reach of a dedicated run at
√

s = mh. At this788

energy the cross section for e+e−→ h is 1.64 fb, which reduces to 0.3 with an energy spread equal to the SM Higgs width.789

According to the study, with 2 ab−1 per year achievable with an energy spread of 6 MeV, a significance of 0.4σ could be790

achieved, equivalent to an upper limit of 2.5 times the SM value, while the SM sensitivity would be reached in a five year run.791

The constraints on invisible BRs are reported in Table 11. We remind that in the SM BRSM
inv = BR(H → 4ν) = 0.11%.792

Shown are both the estimated projections for direct searches for invisible decays using signatures of missing transverse or total793

energy, and the results from the kappa-4 fit presented earlier in Table ??. It is seen that the e+e− colliders generally improve794

the sensitivity by about a factor 10 compared to HL-LHC. FCC-hh improves it by another order of magnitude and will probe795

values below that of the SM.796

While the limits quoted on κc from hadron colliders (see Table 10) have been obtained indirectly, we mention that progress797

in inclusive direct searches for H→ cc̄ at the LHC has been reported from ATLAS together with a projection for the HL-LHC.798

Currently the upper bound on the charm coupling is κc < 104 [52]. With HL-LHC it is expected to improve to be sensitive to799

values of 6-21 [10]. [MCv1: If we give the Run2 data limit for ATLAS , should we also give the LHCb prospect?]800
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Table 10. Upper bounds on the κi for u,d,s and the c (at hadron colliders) at 95% CL, obtained from the upper bounds on
BRunt in the kappa-3 scenario. [BHv2: I think putting just dashes for the ee colliders is not optimal. How about we put
there "measured directly, see Table X"? Also, I just realized the HE-LHC bound is below 1 for κc, i.e. it reaches the
SM sensitivity. Maybe we should point this out in the text? Finally, it would be nice to make a plot of this? Maybe
then including the direct measurements at ee colliders?]

HL-LHC LHeC HE-LHC ILC250 ILC CLIC380 CLIC CEPC FCC-ee240 FCC-ee FCC-ee/eh/hh
κu 570. 350. 450. 380. 330. 470. 440. 290. 310. 290. 280.
κd 270. 170. 210. 180. 160. 220. 210. 140. 140. 140. 130.
κs 13. 8.1 10. 8.6 7.5 11. 10. 6.7 7. 6.7 6.4
κc 1.2 0.74 measured directly, see Table 22

Table 11. Limits on the invisible BR of the Higgs boson for decays to new particles. The SM decay, H→ 4ν , has been
subtracted as a background. Given are the values of the direct searches using missing (transverse) momentum searches and the
constraint derived from the coupling fit (see Table ??) in the kappa-4 scenario.

Collider Name Upper bound on BRinv at 95% CL [%]
direct searches kappa-4

HL-LHC 2.6 1.9
HL-LHC & LHeC 2.3 1.0

pp HL-LHC & HE-LHC n.a. 1.4
FCC-hh 0.025 0.024

CEPC 0.3 0.27
FCC-ee240 0.3 0.22

FCC-ee 0.19
e+e− ILC250 0.3 0.23

ILC 0.20
CLIC380 0.69 0.32

CLIC 0.31

Exclusive Higgs decays to a vector meson (V ) and a photon, H→V γ , V = ρ,ω,φ ,J/ψ,ϒ directly probe the Higgs bottom,801

charm strange, down and up quark Yukawas [53–55]. Within the LHC, the Higgs exclusive decays are the only direct probe802

of the u and d Yukawa couplings, while if s-tagging could be implemented at the LHC [55], then the strange Yukawa could803

be probed both inclusively and exclusively. On the experimental side, both ATLAS and CMS have reported upper bounds804

on H→ J/ψγ [56, 57], H→ φγ and h→ ργ [58, 59]. These processes receive contributions from two amplitudes only one805

of which is proportional to the Yukawa coupling. Since the contribution proportional to the Yukawa is smaller, the largest806

sensitivity to the Higgs q-quark coupling is via the interference between the two diagrams. The prospects for probing light807

quark Yukawas within future LHC runs employing the direct probe from exclusive decays are not competitive with indirect808

limits that can be set from production or global fit or inclusive search for c-Yukawa [10, 60]. However, the information coming809

from exclusive decays will be relevant regardless of the global fit sensitivity. For example, a limit of ys/yb . 50 could be set810

HL-LHC and . 25 at FCC-hh. [FMv1: tbc.]811

5 Sensitivity to Higgs CP812

[ANv1: authors: FABIO; Reviewers: Christophe + Beate] [BHv1: Review done]813

Barring the strong-CP problem, in the SM the only source of CP violation stems from fermion mixing in the charged814

currents, while the Higgs boson is predicted to have CP-even, flavour-diagonal interactions. Detecting non-zero CP-odd815

components in the Higgs interactions with the SM particles, would therefore clearly point to physics beyond the Standard816

Model. Departures from the SM can be efficiently parametrised in terms of a limited set of (flavor conserving) dimension-6817
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operators. Employing the Higgs basis, the (P-violating/C-conserving) CP-violating (CPV) HVV couplings are given by818

δL hvv
CPV =

h
v

[
c̃gg

g2
s

4
Ga

µν G̃a
µν + c̃aa

e2

4
Aµν Ãµν + c̃za

e
√

g2 +g′2

2
Zµν Ãµν + c̃zz

g2 +g′2

4
Zµν Z̃µν + c̃ww

g2

2
W+

µνW̃−µν

]
, (26)

where, gs, g and g′ are the SU(3), U(1)Y and SU(2)L gauge coupling constants and Ṽµν = 1
2

µνρσ
Vρσ . Out of the four819

electroweak parameters, only three are independent at this order in the EFT expansion. In particular,820

c̃ww = c̃zz +2s2
θ c̃za + s4

θ c̃aa. (27)

The (P-violating/C-violating) CP-violating (yet flavour-diagonal) interactions of the Higgs boson with fermions can be821

parametrised as822

L h f f
CPV =−κ̄ f m f

h
v

ψ̄ f (cosα + iγ5 sinα)ψ f , (28)

where the angle α parametrizes the departure from the CP-even case. Another, equivalent parametrization employs κ f = κ̄ f cosα823

and κ̃ f = κ̄ f sinα , where κ f = 1+δy f in the notation used for the CP conserving cases in the κ-framework (with κ > 0). The824

pure scalar coupling corresponds to α = 0 (κ̃ f = 0), a pure pseudoscalar coupling to α = 90◦ (κ f = 0), while CP violation825

occurs in all other intermediate cases.826

Sensitivity to the CP-odd operators can arise from two distinct classes of observables. The first class includes CP-even827

observables, such as total cross sections or single particle inclusive distributions. In this case, CP-odd operators contribute in a828

way that is analogous to CP-even operators, i.e. affecting rates and shapes. The second class includes observables that are829

built to be directly sensitive to CP violation, i.e. they are zero (at the lowest order) if CP is conserved. Limits obtained from830

this second class are therefore automatically insensitive to the presence of higher-dimensional CP-conserving operators and831

deviations from zero would uniquely point to CP violation.832

Sensitivity to the CP-odd Hgg interaction comes from gluon fusion processes at the inclusive level, while direct sensitivity833

to CP violation can arise only starting from final states featuring at least two jets in the final state. Studies performed at the834

LHC exist, yet no dedicated investigation for future colliders has been documented. Sensitivity to the CP-odd HVV weak835

operators comes from Higgs-strahlung processes (WH and ZH), the vector boson fusion and the Higgs decay into four charged836

leptons (H→ 4`). Studies have been performed both at the level of rates/distributions and via CP-sensitive observables [10].837

CP-violation effects in the couplings to fermions have been considered for the top quark and the tau lepton.838

Proposals to access information on CP violation in the top quark interactions exist for both classes of observables, yet839

studies at future colliders have been mostly based on rates and distributions. These focus on ttH at hadron colliders and on ttH840

and tH final states at e+e− colliders and ep colliders, respectively, which are also sensitive to the absolute signs of CP-even and841

CP-odd interactions through interference effects. For example, by studying distributions in ttH, the HL-LHC will be able to842

exclude a CP-odd Higgs at 95%CL with about 200 fb−1 of integrated luminosity. CLIC 1.5 TeV foresees to measure the mixing843

angle for the top quark, αt in tt̄h better than 15◦. At LHeC, a Higgs interacting with the top quarks with a CP-odd coupling can844

be excluded at 3 sigmas with 3 ab−1. At FCCeh a precision of 1.9% could be achieved on αt .845

The most promising direct probe of CP violation in fermionic Higgs decays is the τ+τ− decay channel, which benefits846

from a relatively large branching fraction (6.3%). Accessing the CP violating phase requires a measurement of the linear847

polarisations of both τ leptons and the azimuthal angle between them. This can be done by analysing the angular distribution of848

the various components of the tau decay products and by building suitable CP sensitive quantities (such as triple products of849

three-vectors or acoplanarities). The estimated sensitivities for the CP-violating phases, ατ of the τ Yukawa coupling and c̃zz850

extracted from CP-sensitive variables are collected in table 12.851

Before concluding this section, we recall that CP-violating Yukawa couplings are well constrained from bounds on the852

electric dipole moments (EDMs) [61–66] under the assumption of i) no cancellation with other contributions to EDMs, ii) SM853

values for the CP-even part of the Yukawa couplings.854

CP violation in the top quark sector can be constrained by the EDM of the electron, giving κ̃t < 0.001 once the latest limits855

of the ACME collaboration are considered [67]. For the bottom and charm Yukawas the strongest limits come from the neutron856

EDM, κ̃b < 5 and κ̃c < 21 when theory errors are taken into account. For the light quark CPV Yukawas, measurements of the857

neutron EDM give a rather weak constraint on the strange quark Yukawa of κ̃s < 7.2, while the bound on the mercury EDM858

translates into strong bounds on the up and down Yukawas of κ̃u < 0.11 and κ̃d < 0.05 (no theory errors, 90% CL). For the859

tau Yukawa, using the latest ACME measurement gives κ̃τ < 0.3, while for the electron Yukawa, provides an upper bound of860

κ̃e < 1.9×10−3.861

Assuming a SM Yukawa coupling of the Higgs to the electron, one can easily compare the EDM indirect limits with the862

prospects on direct ones for the top quark discussed above and those on the τ lepton collected in Table 12 by using the relations863

between (κ̄,α) and (κ, κ̃). One finds that the direct top quark limits are not competitive with the indirect ones, while those on864

the τ lepton are comparable with the current indirect ones.865
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Table 12. Upper bounds on the CP phase α of the Yukawa coupling for tau leptons and the CP-violating coefficient c̃zz
entering the HZZ coupling.

Collider Name ατ c̃zz

HL-LHC 8◦ 0.33 (0.061)
pp HE-LHC – 0.13

FCC-hh – 0.11

CEPC – 0.061
e+e− FCC-ee240 10◦ –

ILC250 4◦ 0.014
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6 The Higgs boson mass and full width866

[ANv1: authors: WOUTER, BEATE; Reviewers: Jorge + Leandro][WVv1: Ready for review] [JBv1: Done. There is867

some overlap with the discussion on the theory uncertainties in the higgs couplings in other sections but I think it is ok.868

There were several typos and notational stuff but I fixed myself. Only one issue at the end, related to the interpretation869

of the measurements and extraction of the width.] [BHv1: Have addressed comment by JB, ready for final review I870

think]871

The current best measurement of the Higgs boson mass, based on the ATLAS and CMS analyses of H→ ZZ∗ and H→ γγ872

events in the LHC Run-2 data is 125.18±0.16 GeV [68]. Future accelerators are expected to be able to substantially improve873

the precision of this mass measurement.874

The mass measurements at lepton colliders in the center-of-mass energy range 240-350 GeV analyse the recoil mass of the875

Higgs boson in e+e−→ ZH events, with Z→ e+e−,µ+µ−. Only the statistical uncertainties on the mass measurements are876

shown as systematic uncertainties in this recoil mass analysis are expected to be negligible. The CLIC mass measurements at877

higher center-of-mass energies analyse the H → bb̄ invariant mass distribution in e+e−→ H(→ bb̄)νν events. The quoted878

mass resolutions based on mbb measurements account only for statistical uncertainties, but are sensitive to b-jet energy scale879

uncertainties. A e+e− → Z(→ bb̄)νν calibration sample for the energy scale is expected to yield comparable statistics to880

the Higgs sample. The mass measurement at HL-LHC is based on the analysis of H → Z(l+l−)Z(l+l−) events. While the881

calibration of lepton momentum scales has not been studied in detail, a resolution of 10-20 MeV is projected to be plausibly in882

reach with the assumption that the higher statistics can help to significantly improve muon pT systematic uncertainties.883

Table 13 summarizes the expected precision of Higgs boson mass measurements of future accelerators. Also shown is the884

impact of the mH uncertainty on the H→ ZZ∗ decay width. Already with HL-LHC it will be possible to reduce this impact to885

the level of about 0.2%. At this value, the parametric uncertainty on Higgs partial widths, (primarily on ZZ∗,WW ∗) is much886

smaller than the expected precision at any hadron collider. For the e+e− colliders the precision on the W and Z couplings is of887

that order, so that the mH precision needs to be further improved to about 10 MeV to avoid any limitations to the Higgs coupling888

extraction precision (assuming the uncertainty due to higher order processes gets improved in the future, see Table ??). [JBv1:889

A bit redundant the use of the word precision but I guess it is unavoidable.]

Collider Scenario Strategy δmH (MeV) Ref. δ (ΓZZ∗) (%)

LHC Run-2 m(ZZ),m(γγ) 160 [68] 1.9
HL-LHC m(ZZ) 10-20 [10] 0.12-0.24

ILC250 ZH recoil 14 [3] 0.17
CLIC380 ZH recoil 78 [69] 1.3
CLIC1400 m(bb) in Hνν 3012 [69] 0.56
CLIC3000 m(bb) in Hνν 23 [69] 0.53

CEPC ZH recoil 5.9 [2] 0.07

Table 13. Overview of expected precision of Higgs boson mass measurements for future accelerators scenarios. For the
lepton colliders (ILC, CLIC, CEPC) the projected uncertainties listed are statistical only. The impact of δmH on δΓZZ∗

reported in this Table is calculated as 1.2% · (δmH/100 MeV), following [70]. [JBv2: For CLIC at 1500 and 3000 GeV I
think the uncertainty on the Higgs mass are 36 and 28, respectively, according to the Update baseline paper.][WVv2:
The footnote at CLIC-1400 does not actually render in the document. this should be fixed.]

890

In the SM, the width of a 125 GeV H boson is predicted to be around 4 MeV, see Table 16, i.e. three orders of magnitude891

smaller than that of the weak bosons and of the top quark. It is therefore very challenging to measure it directly. All methods892

considered so far at colliders are in fact indirect and model dependent to various degrees. Three methods have been proposed at893

the LHC, and are considered for future hadron colliders.894

The most direct method involves the diphoton decay mode and it is based on the measurement of the shape of the invariant895

mass of the diphoton close to the Higgs boson mass. This observable has a dependence on the width from signal-background896

interference effects. The foreseen sensitivity, however, will not allow to probe values close to the SM predictions, and can897

provide constraints of about 8−22×ΓSM [10].898

A second method extracts the width indirectly from a global fit of the Higgs boson couplings by employing specific899

assumptions. For example, in the κ framework, assuming κZ ≤ 1 and BRunt = 0 one can determine the width from the fit. 13
900

13In fact, the width and the branching ratio to undetected final states are not independent observables. In the analysis presented in Sec. 2.2 we opted to fit
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A third method is based on the combination of two independent measurements in gluon fusion production of a H boson901

with subsequent decay into a ZZ final state: gg→ H→ ZZ∗, where the H boson is on shell (and at least one of the final state Z902

off shell) and gg→ ZZ with two on-shell Z bosons, where the H boson contribution is off shell [71]. In the SM, the ratio of the903

off-shell over the on-shell rate is directly proportional to the total width and weakly sensitive to the top and Z boson couplings904

of the Higgs boson [72]. Even though in generic BSM scenarios including the EFT, the interpretation of the off-shell/on-shell905

ratio as an extraction of the width is model dependent and limited in scope, this ratio can provide very useful information906

on other key aspects of the Higgs couplings, e.g. their energy dependence [73]. It is foreseen that, with the HL-LHC and907

improvements in the theoretical calculations, ΓH can be measured with a precision of up to 20% using this method [10].908

At lepton colliders the mass recoil method allows to directly measure the inclusive cross-section of the ZH process without909

making any assumption on the Higgs BR’s. This possibility is unique to lepton colliders as it derives from the precise knowledge910

of the total initial energy of the event. In combination with measurements of exclusive Higgs decays cross-sections, it allows to911

extract the total width ΓH with a mild model dependence. The simplest way is to consider the ratio of the ZH cross section912

(from the recoil method) with the H→ ZZ branching ratio (extracted from the ZH,H→ ZZ∗ rate)913

σ(e+e−→ ZH)

BR(H→ ZZ∗)
=

σ(e+e−→ ZH)

Γ(H→ ZZ∗)/ΓH
'
[

σ(e+e−→ ZH)

Γ(H→ ZZ∗)

]
SM
×ΓH , (29)

where the last approximate equality assumes a cancellation of new physics effects, which holds, for instance, in the κ framework.914

This method is limited by the relatively poor statistical precision of the H→ ZZ BR measurement, and can be improved using915

other decays (particularly the bb and WW decays) and the usage of the e+e−→ Hνν̄ process. This method is used for CEPC.916

For FCC-ee and CLIC the κ-formalism is used to extract the width, similar to what is done in this report for Table ??. For ILC,917

the width reported here was extracted using an EFT formalism.918

Table 14 summarizes the expected relative precision that can be reached on the Higgs width at future lepton colliders.919

Collider δΓH (%) Ref. Method

ILC250 2.4 [3] EFT fit
ILC 1.6 [3, 11] EFT fit
CLIC350 4.7 [69] κ-framework
CLIC350+1400 2.6 [69] κ-framework
CLIC 2.5 [69] κ-framework

CEPC 3.1 [74] σ(ZH,νν̄H), BR(H→ Z,bb̄,WW )
FCC-ee240 2.7 [1] κ-framework
FCC-ee 1.3 [1] κ-framework

Table 14. Overview of expected precision of Higgs boson width measurements for future accelerators scenarios, as provided
in the references given in the third column. All listed uncertainties are statistical only. [BHv2: maybe remove sentence above
as systematics should be negligible for this.] The "method" refers to the technique used for the extraction of the width values.

7 Future studies of the Higgs sector, post-European Strategy920

7.1 Higgs prospects at the muon collider921

[ANv1: authors: LEANDRO; Reviewers: Riccardo + Jorgen] [ANv1: Ready for Review][ANv1: Reviewed][FMv2:922

First pass] [ANv2: checked also by Barbara Mele][ANv2: ready for final review - 1/5]923

Electron-positron colliders offer a well-defined value of the collision energy of the hard-scattering process and a relatively924

clean event, as opposed to hadron collisions where the underlying event and the high-level of event pileup challenge the925

reconstruction of the hard scattering event and its measurement.926

The main limitation to the collision energy of circular electron-positron colliders is due to the low mass of the elec-927

trons/positrons which leads to large fraction of their energy emitted as synchrotron radiation. The solutions pursued so far to928

reach high lepton collision energies are based on limiting the energy loss by synchrotron radiation by reducing the curvature929

either by increasing the radius of the circular colliders or by employing linear colliders. However, the beam acceleration does930

require a number of RF cavities imposing a machine of large dimensions.931

BRunt and calculate ΓH from Eq. 4.
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With a mass of about two hundred times that of electrons, muons do not suffer significant energy losses due to synchrotron932

radiation (the loss goes as the inverse of the fourth power of the mass) and therefore could be accelerated up to multi-TeV933

collision energies. For example, if the LHC ring were used, with the proposed HE-LHC dipoles (Nb3Sn, 16 T), muons would934

collide at an energy close to
√

s= 14 TeV, compared to the 0.2 to 0.4 TeV of an electron-positron collider.935

Alternatively, a collider with
√

s = 125 GeV could be a very compact (diameter ∼ 60 m) Higgs factory using s-channel936

production of Higgs bosons. However, it should be noted that the expected rate of produced Higgs bosons by s-channel is small,937

because the instantaneous luminosity possible at this machine [75], and the the cross section (taking into account both the beam938

energy spread and the initial state radiation effects) [76]. [ANv2: comment from Keith addressed]939

Muon production, cooling, lifetime and physics background pose severe challenges to the accelerator and detector940

technologies. Although the study of a Muon Collider (machine and physics prospects) is not as mature as those of other future941

proposed colliders, its physics potential certainly merits consideration.942

Currently, two different configurations have been proposed for the muon collider. In the first configuration, muons are943

produced by the decay of hadronically produced charged pions or kaons, and cooled before they undergo the acceleration [75].944

In the second configuration, muons are produced at threshold (in the centre of mass frame) by high energy positron collisions945

with atomic electrons [77]. The first configuration has been originally proposed for µ+µ− collision at the Higgs boson pole946

(
√

s∼125.5 GeV), while the second is mainly considered for very high energy collisions, in the range of O(10) TeV.947

At muon collision c.m. energies
√

s& 10 TeV, assuming the point cross section σ ' 4πα2/(3s)' 1 fb·(10TeV/
√

s)2, the948

requirement of a percent statistical precision in the measurement of heavy particle pair production would imply an integrated949

luminosity of the order L ∼ 10 ab−1(
√

s/10TeV)2). This could correspond to a 10-year physics run with an instantaneous950

luminosity of the order 1035(
√

S/10TeV)2cm−2s−1 [78]. At such large values of
√

s, both the single-Higgs and the multi-Higgs951

production mechanisms are dominated by vector-boson fusion (VBF) processers, which provides very large statistical Higgs952

samples [79]. As an example, at
√

s∼ 14 TeV, with 20 ab−1, one would produce about 20 million single Higgs, 90.000 Higgs953

pairs, and 140 triple Higgs final states, with presumably quite moderate background. Although there are currently just some954

preliminary analysis of the Higgs production in such an environment this would be a robust basis to considerably advance955

on the Higgs couplings determination. The Higgs self-coupling sector might be explored with unprecedented precision. In956

particular, with the above Higgs production statistics, and no unexpectedly difficult background, an accuracy of few percent for957

the trilinear Higgs coupling, and a few tens of percent for the quadrilinear Higgs coupling might be reached at
√

s∼ 14 TeV,958

with 20 ab−1, assuming all the remaining Higgs and EW parameters at their SM value. Many other investigations of the Higgs959

properties might significantly benefit from such collider configuration [78, 79].960

7.2 Higgs prospects studies beyond this report961

[ANv1: authors: RICCARDO; Reviewers: Fabio + Christophe]962

Note to readers: in preparation.963

8 Summary964

[ANv1: authors: JORGEN,KEITH; Reviewers: Wouter + Riccardo][WVv1: Reviewed - no comments ]965

The precision study of the Higgs boson will be the primary guaranteed deliverable of any future collider facility. The966

apparent uniqueness of the Higgs boson, as the only fundamental scalar boson thus far discovered, justifies the importance967

which it is accorded in planning for future facilities.968

Several future colliders have been proposed in the context of the update of the European Strategy for Particle Physics. The969

potential of these machines for Higgs boson physics has been intensely studied by the proponents of these machines. The970

purpose of the Higgs@FutureCollider Working Group (Higgs@FC WG) and this report is to provide a coherent comparison of971

the reach of these machines in the exploration of the Higgs sector. We have assumed the baseline provided by the approved972

programme of the HL-LHC and quantified the additional information that would be provided by each of the future facilities.973

Taking into account the inputs submitted to the strategy process and our dedicated discussions with proponents of future974

colliders, we provide a preliminary report on the comparisons achieved, using both the simplified kappa framework and an975

alternative EFT framework. The comparisons are made in reasonable frameworks developed based on current knowledge, with976

the prime objective to allow a clear and coherent comparison. Where relevant we note the potential caveats in the approaches977

taken. We have also reported on the rare decays of the Higgs boson, on measurements of its mass and width, and on the978

expectations for CP violation studies.979

This preliminary report is intended to inform the community. It will be the starting point for further discussions at the Open980

Symposium organized in Granada (Spain) on 13-16 May, 2019. The final version of this document and the discussions in981

Granada will provide input to the Physics Briefing Book of the Physics Preparatory Group, which will, in turn, serve as input982

for strategic discussions in the European Strategy Group.983
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Table 15. Cross sections for the main production channels and corresponding total rates expected for Higgs boson production
at colliders (as defined in Table 1).

Collider (P) Ntot σtot ggH VBF WH ZH tt̄H tH HH
CC/NC (CC VBF)

LHC 16.7 ·106 56 pb 48.6 3.77 1.36 0.88 0.510 0.074 0.031
HL-LHC 190 ·106 62 pb 54.7 4.26 1.50 0.99 0.613 0.090 0.037
HE-LHC 2.5 ·109 168 pb 147 11.8 3.40 2.47 2.86 0.418 0.140
FCChh 28 ·109 936 pb 802 69 15.7 11.4 32.1 4.70 1.22

CEPC 1.1 ·106 199 fb 6.19/0.28 192.6
FCCee 1.0 ·106 199 fb 6.19/0.28 192.6

ILC250 (-80/30) 0.5 ·106 313 fb 15.4/0.70 297
ILC500 (-80/30) 0.6 ·106 262 fb 158/7.8 96 0.41 0.2

CLIC380 (0/0) 0.16 ·106 160 fb 40/7.4 113 – 0.029 (0.0020)
CLIC1500(0/0) 0.82 ·106 329 fb 290/30 7.5 1.3 0.082 (0.207)
CLIC3000(0/0) 2.7 ·106 532 fb 480/49 2 0.48 0.037 (0.77)

CLIC380 (-80/0) 0.21 ·106 209 fb 68/8.7 133 – 0.034 (0.0024)
CLIC1500(-80/0) 1.4 ·106 574 fb 528/35 8.8 1.70 0.97 (0.37)
CLIC3000(-80/0) 4.6 ·106 921 fb 860/57 2.4 0.61 0.043 (1.38)
CLIC380 (+80/0) xx ·106 112 fb 13/6.0 93 – 0.024 (0.0016)
CLIC1500(+80/0) xx ·106 91 fb 59/24 6.2 0.89 0.068 (0.045)
CLIC3000(+80/0) xx ·106 138 fb 96/40 1.7 0.34 0.30 (1.56)

LHeC (0) 0.13 ·106 130 fb 110/20 0.07 0.01
HE-LHeC (0) 0.49 ·106 247 fb 206/41 0.37 0.04

FCCeh (0) 1.35 ·106 674 fb 547/127 4.2 0.26
LHeC (-80) 0.22 ·106 221 fb 197/24 0.12 0.02

HE-LHeC (-80) 0.84 ·106 420 fb 372/48 0.67 0.07
FCCeh (-80) 2.38 ·106 1189 fb 1040/149 7.6 0.47

B Mandate agreed by RECFA in consultation with the PPG “Higgs physics with future1146

colliders in parallel and beyond the HL-LHC”1147

In the context of exploring the Higgs sector, provide a coherent comparison of the reach with all future collider programmes1148

proposed for the European Strategy update, and to project the information on a timeline.1149

• For the benefit of the comparison, motivate the choice for an adequate interpretation framework (e.g. EFT, κ , ...) and1150

apply it, and map the potential prerequisites related to the validity and use of such framework(s).1151

• For at least the following aspects, where achievable, comparisons should be aim for:1152

– Precision on couplings and self-couplings (through direct and indirect methods);1153

– Sensitivities to anomalous and rare Higgs decays (SM and BSM), and precision on the total width;1154

– Sensitivity to new high-scale physics through loop corrections;1155

– Sensitivities to flavour violation and CP violating effects.1156

• In all cases the future collider information is to be combined with the expected HL-LHC reach, and the combined1157

extended reach is to be compared with the baseline reach of the HL-LHC.1158

• In April 2019, provide a comprehensive and public report to inform the community.1159
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Table 16. Partial decay widths for the Higgs boson to specific final states and the uncertainties in their calculation [70]. The
uncertainties arise either from limitations in the theoretical calculation (THU) and parametric uncertainties (PU). The
parametric uncertainties are due to the finite precision on the quark masses, PU(mq), on the strong coupling constant, PU(αs),
and on the Higgs boson mass, PU(MH ). The columns labelled "current uncertainty" and "partial width" refer to the current
precision [70], while the predictions for the future are taken from ref. [80]. For the future, the parametric uncertainties assume a
precision of δmb = 13 MeV, δmc = 7 MeV, δmt = 50 MeV, δαs = 0.0002 and δMH = 10 MeV. [FMv2: Should we write
also the prediction and THU for the total width?] [FMv2: Isn’t a factor of 10 missing in the numbers?][BHv2: Ooops,
yes, fixed!], [KEv2: I think we should quote full width.] [BHv2: I was not finished, the table was just undergoing
changes. It used to be BR but I was in the middle of changing it to partial width. I have now finishes (except not sure
about what we use for the errors on the width?)]

Decay Partial width current unc. ∆Γ/Γ [%] future unc. ∆Γ/Γ [%]

[keV] THU PU(mq) PU(αs) PU(MH ) THU PU(mq) PU(αs) PU(MH )

H→ bb̄ 2379 < 0.4 1.4 0.4 − 0.2 0.6 < 0.1 −

H→ τ+τ− 256 < 0.3 − − − < 0.1 − − −

H→ cc̄ 118 < 0.4 4.0 0.4 − 0.2 1.0 < 0.1 −

H→ µ+µ− 0.89 < 0.3 − − − < 0.1 − − −

H→W+W− 883 0.5 − − 2.6 0.4 − − 0.1

H→ gg 335 3.2 < 0.2 3.7 − 1.0 − 0.5 −

H→ ZZ 108 0.5 − − 3.0 0.3 − − 0.1

H→ γγ 9.3 < 1.0 < 0.2 − − < 1.0 − − −

H→ Zγ 6.3 5.0 − − 2.1 1.0 − − 0.1

total 4096 What do we use? Just the linear sum? Checking with Jorge

• ECFA helps in the creation of a working group relevant for the Strategy process, especially for the Physics Preparatory1160

Group (PPG).1161

• Towards the Open Symposium the working group will work together with the PPG to provide a comprehensive and1162

public report to inform the community, i.e. this is not an ECFA report.1163

• The working group has a scientific nature, i.e. not a strategic nature; it uses the input submitted to the Strategy process to1164

map the landscape of Higgs physics at future colliders.1165

• The “convenors” in the PPG who are connected to this specific topic (Beate Heinemann and Keith Ellis) and the ECFA1166

chair will be included as ex-officio observers.1167
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Figure 11. Sketch of time line of various collider projects starting at the "earliest start time" stated in the respective
documents. [BHv2: I now got feedback that we do want this and so will try to make it prettier and fix some issues.]

C Inputs1168

In this section the inputs used in this analysis are listed. In all cases the relative uncertainty on the measurement is given1169

corresponding to a Gaussian 1σ uncertainty.1170

45/51



Table 17. Inputs used for CEPC and FCC-ee projections. All uncertainties are given as fractional 68% CL intervals and are
taken to be symmetric. The upper limits are given at 68% CL.

CEPC240
δσZH/σZH 0.005

δ µZH,bb 0.003068
δ µZH,cc 0.0326
δ µZH,gg 0.0127
δ µZH,ττ 0.0082

δ µZH,WW 0.0098
δ µZH,ZZ 0.0509
δ µZH,γγ 0.0684
δ µZH,µµ 0.171
δ µZH,Zγ 0.1568
δ µννH,bb 0.029991
BRBSM

H,inv < 0.0015

FCC-ee240 FCC-ee365
δσZH/σZH 0.005 0.009

δ µZH,bb 0.003 0.005
δ µννH,bb 0.031 0.009
δ µZH,cc 0.022 0.065
δ µZH,gg 0.019 0.035

δ µZH,WW 0.012 0.026
δ µZH,ZZ 0.044 0.12
δ µZH,ττ 0.009 0.018
δ µZH,γγ 0.09 0.18
δ µZH,µµ 0.19 0.4
δ µννH,cc 0.1
δ µννH,gg 0.045
δ µννH,ZZ 0.1
δ µννH,ττ 0.08
δ µννH,γγ 0.22
BRBSM

H,inv <0.0015 <0.003
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Table 18. Inputs used for CEPC and FCC-ee projections. All uncertainties are given as fractional 68% CL intervals and are
taken to be symmetric. The upper limits are given at 68% CL.

FCC-ee240 FCC-ee365 CEPC240
δσZH 0.005 0.009 0.005

δ µZH,bb 0.003 0.005 0.003068
δ µν ,bb 0.031 0.009 0.029991

δ µZH,cc 0.022 0.065 0.0326
δ µZH,gg 0.019 0.035 0.0127

δ µZH,WW 0.012 0.026 0.0098
δ µZH,ZZ 0.044 0.12 0.0509
δ µZH,ττ 0.009 0.018 0.0082
δ µZH,γγ 0.09 0.18 0.0684
δ µZH,µµ 0.19 0.4 0.171
δ µZH,Zγ 0.1568
δ µν ,cc 0.1
δ µν ,gg 0.045
δ µν ,ZZ 0.1
δ µν ,ττ 0.08
δ µν ,γγ 0.22
BRBSM

H,inv <0.0015 <0.003 <0.0015
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Table 19. Inputs used for CLIC projections at the three energy stages and two polarisations. All uncertainties are given as
fractional 68% CL intervals and are taken to be symmetric. The upper limits are given at 68% CL.

CLIC380
Polarization: e−: -80% e+: 0% e−: +80% e+: %

δσZH,Z→ll/σZH,Z→ll 0.0361 0.0407
δσZH,Z→qq/σZH,Z→qq 0.0174 0.0196

δ µννH,bb 0.0137 0.0411
δ µννH,cc 0.1897 0.5692
δ µννH,gg 0.0759 0.2277
δ µZH,bb 0.0081 0.0092
δ µZH,cc 0.1336 0.1508
δ µZH,gg 0.0574 0.0649

δ µZH,WW 0.0508 0.0573
δ µZH,ττ 0.0588 0.0664
BRBSM

H,inv <0.0027 <0.003

CLIC1500
Polarization: e−: -80% e+: 0% e−: +80% e+: %

δ µννH,bb 0.0025 0.015
δ µννH,cc 0.0392 0.235
δ µννH,gg 0.0325 0.195
δ µZH,bb 0.0275 0.062
δ µeeH,bb 0.0148 0.0334
δ µttH,bb 0.0564 0.1501

δ µννH,WW 0.0067 0.04
δ µννH,ZZ 0.0358 0.215
δ µννH,γγ 0.1 0.6
δ µννH,Zγ 0.275 1.65
δ µννH,ττ 0.0275 0.165
δ µννH,µµ 0.2417 1.45

CLIC3000
Polarization: e−: -80% e+: 0% e−: +80% e+: %

δ µννH,bb 0.0017 0.01
δ µννH,cc 0.0367 0.22
δ µννH,gg 0.0225 0.135
δ µZH,bb 0.0454 0.1025
δ µeeH,bb 0.0158 0.0358

δ µννH,WW 0.0033 0.02
δ µννH,ZZ 0.0208 0.125
δ µννH,γγ 0.05 0.3
δ µννH,Zγ 0.1583 0.95
δ µννH,ττ 0.0233 0.14
δ µννH,µµ 0.1333 0.8

Direct constraint on Higgs self-interaction
δλH3 0.11

From Binned analysis
∆χ2

HH 1
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Table 20. Inputs used for FCC-hh

FCC-hh
δ µggF,4µ 0.0185
δ µggF,γγ 0.0145
δ µggF,Zγ 0.0161
δ µggF,µµ 0.0122

δ (BRµµ/BR4µ) 0.013
δ (BRγγ/BR2e2µ) 0.008
δ (BRγγ/BRµµ) 0.0138
δ (BRµµγ/BRγγ) 0.0182

δ (σbb
ttH/σbb

ttZ) 0.019
δ µbb

ggHH 0.035
Invisible decays

BRBSM
H,inv <0.000125

Direct constraint on Higgs self-interaction
δλH3 0.05
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D Benchmark Scenario Fits1171

[MCv2: Table for Kappa-0 to come]1172

Table 21. Note to readers: Preliminary results. Further checks will be performed before releasing the document
Expected relative precision (%) of the κ parameters in the kappa-3 (standalone) scenario described in section 2 for the
HL-LHC,LHeC, and HE-LHC. A bound on |κV | ≤ is applied since no direct access to the Higgs width is possible, thus the
uncertainty on κW and κZ is one-sided. For the remaining kappa parameters one standard deviation is provided in ±. The
corresponding 95%CL upper limit on BRinv is also given. In this scenario BRunt is a floating parameter in the fit, to propagate
the effect of an assumed uncertain total width on the measurement of the other κi. Based on this constraint the reported values
on BRunt are inferred. Cases in which a particular parameter has been fixed to the SM value due to lack of sensitivity are shown
with a dash (−). In the case of κt sensitivity at the LHeC, note that the framework relies as input on µttH , and does not take into
consideration µtH . The integrated luminosity and running conditions considered for each collider in this comparison are
described in Table 1. [MCv2: Appendix]

kappa-3 scenario HL-LHC LHeC HE-LHC
κW (%, ≤ 1) −1.7 −0.4 −0.9
κZ (%, ≤ 1) −1.3 −1.2 −0.8

κg (%) ±2.2 ±3.1 ±1.4
κγ (%) ±1.7 − ±0.96
κZγ (%) ±11. − ±4.0
κc (%) − 3.9 −
κt (%) ±2.8 − ±2.0
κb (%) ±2.6 ±1.5 ±1.7
κµ (%) ±4.4 − ±1.8
κτ (%) ±1.6 ±2.9 ±1.1

BRinv (<%, 95% CL) 1.9 1.6 2.6

BRunt (<%, 95% CL) inferred using constraint |κV | ≤ 1
4.1 1.6 2.6 [MCv2: ∗ ?]
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Table 22. Note to readers: Preliminary results. Further checks will be performed before releasing the document
Expected relative precision (%) of the κ parameters in the kappa-3 (standalone collider) scenario described in section 2 for
future accelerators beyond the LHC era. The corresponding 95%CL upper limits on BRunt and BRinv and the derived constraint
on the Higgs width (in %) are also given. Cases in which a particular parameter has been fixed to the SM value due to lack of
sensitivity are shown with a dash (-). A star (∗) indicates the cases in which a parameter has been left free in the fit due to lack
of input in the reference documentation. The integrated luminosity and running conditions considered for each collider in this
comparison are described in Table 1. Both the initial stage and the full program of the colliders is considered, with "ILC500"
corresponding to ILC250+ILC350+ILC500, "CLIC3000" to CLIC380+CLIC1500+CLIC3000, and "FCC-ee365" to
FCC-ee240+FCC-ee365. FCC-ee/eh/hh corresponds to the combined performance of FCC-ee240+FCC-ee365, FCC-eh and
FCC-hh.

kappa-3 scenario ILC250 ILC500 CLIC380 CLIC3000 CEPC FCC-ee240 FCC-ee365 FCC-ee/eh/hh
κW (%) 1.8 0.57 1. 0.5 1.4 1.3 0.64 0.21
κZ (%) 0.34 0.28 0.52 0.42 0.24 0.26 0.24 0.21
κg (%) 2.4 1.2 2.6 1.1 1.6 1.8 1.3 0.62
κγ (%) 6.8 3.5 89. [MCv2: ∗?] 2.4 3.8 4.8 3.9 0.65
κZγ (%) ∗ ∗ ∗ 7. 8.3 ∗ ∗ 0.89
κc (%) 2.5 1.3 4.4 1.5 2.2 1.8 1.4 1.
κt (%) − 6.9 − 2.7 − − − 1.
κb (%) 1.9 0.77 2. 0.64 1.3 1.4 0.84 0.55
κµ (%) 15. 9.5 290. [MCv2: ∗?] 5.9 9. 10. 8.9 0.48
κτ (%) 2. 0.86 3.1 1. 1.4 1.4 0.88 0.58

BRinv (<%, 95% CL) 0.23 0.2 0.32 0.32 0.28 0.22 0.19 0.024
BRunt (<%, 95% CL) 1.8 1.4 2.8 2.5 1.1 1.2 1.1 1.

ΓH (%) 3.8 1.6 4.2 1.7 2.7 2.8 1.6 0.96
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