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ABSTRACT

This document 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. This report is still preliminary and is distributed for the purposes of discussion at the
Open Symposium in Granada (13-16/05/2019).
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1 Introduction

This article presents the results of the Standard Model (SM) Higgs boson studies performed by the Higgs@ FutureColliders
group based on the input submitted to the Update of the European Strategy by the various proponents of new high-luminosity
energy-frontier particle accelerator projects beyond the High Luminosity LHC (HL-LHC). This report fulfils part of the
mandate given to this group by the restricted ECFA (REFCA) committee, see Appendix A. The exploration of the Higgs boson
through direct searches and precision measurements at future colliders is among the most important aspects of their scientific
programmes.

The colliders considered for this document are High-Energy LHC (HE-LHC), Future Circular Colliders (FCC,e ¢p 1) [11,
the Circular Electron-Positron Collider (CEPC) [2], the International Linear Collider (ILC) [3], the Compact Linear Collider
(CLIC) [4], and the Large Hadron electron Collider [5] (LHeC or HE-LHeC ! ). The physics results that are expected by the
completion of HL-LHC are assumed to represent the scenario from where these future colliders would start. Furthermore,
a muon collider is also briefly illustrated, but given the less advanced stage, it is not part of the default analyses performed.
The potential of a yy collider (based on an e*e™ collider and laser beams) for Higgs boson physics has been studied a while
ago [6,7] and more recently again in context of plasma-wakefield driven accelerators [8]. Plasma-wakefield driven accelerators
also offer promise to provide multi-TeV eTe™ colliders (e.g. [8]) and are addressed briefly later in this report.

A table of the colliders and their parameters (type, /s, polarisation &2, integrated luminosity ., the run time) is given in
Table 1. A graphical display of the time line and luminosity values is shown in Fig. 1. The parameters used are taken from
the references also given in that table. For the purpose of this study, only inputs as provided by the various collaborations
are used, and there is no attempt to make any judgement on the validity of the assumptions made in estimating the projected
measurement uncertainties (see also mandate in Appendix A).

For the following sections the tables and plots are labelled using the acronyms given in Table 1. The energy subscript
indicates the highest energy stage of the given collider, and the results always assume that it is combined with results from the
lower energy stages.

IFor 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
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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 instantaneous and
integrated luminosities provided are that used in the individual reports, and for ete™ colliders the integrated luminosity
corresponds to the sum of those recorded by the detectors. For HL-LHC this is also the case while for HE-LHC and FCCy, 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 ¢ 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 instantaneous and integrated
luminosity values are taken from Ref. [9]. For these colliders the number of seconds per year is 1.2 x 107 based on CERN
experience [9]. CEPC (ILC) assumes 1.3 x 107 (1.6 x 107) seconds for the annual integrated luminosity calculation. When two
values for the instantaneous 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. ILCsgg or CLIC30q0. 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 NG P [%]  N(Det.) Linst <z Time Refs. Abbreviation
[e~/e™t] [10°**]cm™2s~! | [ab™!] [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 My 0/0 2 100/200 150 4 [1]
2My 0/0 2 25 10 1-2
240 GeV 0/0 2 7 5 3 FCC-eejqo
240 0/0 2 0.8/1.4 1.5 5 FCC-eezg5
(+1) (1y SD before 2m;,), run)
ILC ee 250 GeV  4+80/£30 1 1.35/2.7 2.0 11.5 [3,11] ILCys9
350 GeV  £80/+30 1 1.6 0.2 1 ILC359
500 GeV  £80/£30 1 1.8/3.6 4.0 8.5 ILCsq9
(+1) (1y SD after 250 GeV run)
CEPC ee My 0/0 2 17/32 16 2 [2] CEPC
2My 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] CLIC3g9
1.5 TeV +80/0 1 3.7 2.5 7 CLIC500
3.0 TeV +80/0 1 6.0 5.0 8 CLIC3000
(+4) (2y SDs between energy stages)
LHeC ep 1.3TeV - 1 0.8 1.0 15 [9] LHeC
HE-LHeC | ep 2.6 TeV - 1 1.5 2.0 20 [1] HE-LHeC
FCC-eh ep 3.5TeV - 1 1.5 2.0 25 [1] FCC-eh
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Figure 1. Time line of various collider projects starting at time 7p. Given are the luminosity values and energies, also shown
in Table 1. For the clarification of the meaning of a year of running, see the caption to Table 1. Figure 13 in the appendix
reworks this figure using the earliest possible start date (i.e. the calendar date of 7j) given by the proponents.

At the heart of the Higgs physics programme is the question of how the Higgs boson couples to Standard Model elementary
particles. Within the SM itself, all these couplings are uniquely determined. But new physics beyond the SM (BSM) can modify
these couplings in many different ways. The structure of these deformations is in general model-dependent. One important
goal of the Higgs programme at the future colliders is to identify, or least constrain, these deformations primarily from the
measurements the Higgs production cross section, &, times decay branching ratio, BR)?. Ultimately, these studies will be used
to asses the fundamental parameters of the new physics models. For the time being, in the absence of knowledge of new physics,
we need to rely on a parametrisation of our ignorance in terms of continuous deformations of the Higgs boson couplings.
Different assumptions allow to capture different classes of new physics dynamics. First, in the so-called x-framework [13, 14],
often used to interpret the LHC measurements, the Higgs couplings to the SM particles are assumed to keep the same helicity
structures as in the SM. While it offers a convenient exploration tool that does not require other computations than the SM
ones and still captures the dominant effects of well motivated new physics scenarios on a set of on-shell Higgs observables,
the k-framework suffers from some limitations that will be discussed later and it includes some biases that will prevent to
put the Higgs programme in perspective with other measurements, see e.g. the discussion in Ref. [15] and at the beginning
of Section 3. An alternative approach, based on Effective Field Theory (EFT), considers new Higgs couplings with different
helicity structures, with different energy dependence or with different number of particles. They are not present in the SM but
they can potentially generated by new heavy degrees of freedom.

Furthermore, the sensitivity of the data to the Higgs self-coupling is analysed based on single-Higgs and di-Higgs production
measurements by future colliders. Due to lack of access to the simulated data of the collaborations, in particular differential
kinematical distributions, it is not possible in this case to perform a study with similar rigor as the analysis of the single-Higgs-
coupling presented above.

The Higgs width determination is also discussed as is the possible decay of the Higgs bosons into new particles that are
either "invisible" (observed through missing energy - or missing transverse energy) or "untagged", to which none of the Higgs
analyses considered in the study are sensitive. Rare decays and CP aspects are also discussed.

All colliders have provided extensive documentation on their Higgs physics programme. However, sometimes different
choices are made e.g. on which parameters to fit for and which to fix, what theoretical uncertainties to assume, which operators
to consider in e.g. the EFT approach. This would lead to an unfair comparison of prospects from different future colliders,
with consequent confusing scientific information. In this report, we aim to have a clear, reasonable and unique approach to the
assumptions made when comparing the projections for the future.

In general, one should not over-interpret 20% differences between projected sensitivities for partial widths of different
future projects. In many cases, these are likely not significant. For instance, CEPC and FCC-ee at /s = 240 GeV expect

2The Higgs couplings could be constrained less directly from processes with no Higgs in the final state or without even a non-resonant Higgs. But the main
focus of the study presented in this report will be on the information obtained from the measured ¢ x BR. Still, note that, at lepton colliders, the ZH associated
production can be measured without the decay of the decay of the Higgs.
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to acquire a very similar luminosity and should obtain very similar results if both use two optimized detectors and analyses.
Differences between the projected sensitivities, when considering only results from the /s = 240 GeV run, originate likely
from different choices made in the analyses at this stage or, in some cases, an analysis has not yet been performed. For the EFT
analysis the measurements at different /s values plays an important role, and this results in significant differences as CEPC and
FCC-ee have proposed different integrated luminosities at the different /s values and CEPC lacks a run at /s = 365 GeV. It is
also useful to keep in mind that the target luminosity values have some uncertainties, and historically colliders have sometimes
exceeded them (e.g. LHC by a factor of about two in instantaneous luminosity) and sometimes fallen short.

In this document only inclusive cross section times branching ratio measurements, and in some cases ratios of inclusive
measurements, are used. It is well known that probing the Higgs boson at high pr enhances the sensitivity to new physics and
the analysis presented here does not capture this. As a result of this, the true power of high-energy colliders (where v/§ > my)
for probing Higgs physics is underestimated.

This document is organised as follows. Section 2 discusses the methodology, including the systematic uncertainties on the
theoretical calculations which are common to all colliders. Section 3 presents the study made on the Higgs boson couplings to
SM elementary particles. The results found in the context of the x-framework (briefly summarised in Section 3.1) are presented
in Section 3.2. Likewise, the results from the EFT fits (summarised in Section 3.3) are collected in Section 3.4. The impact
of theory uncertainties on the Higgs projections is discussed in Section 3.5. Particular attention is dedicated to the Higgs
self-coupling in Section 4 and the Higgs boson rare decays, in Section 5. The prospects for measurements of Higgs boson
CP properties are given in Section 6, and the prospects for precision measurements of the mass and width are summarized in
Section 7.

Section 8 presents future studies that would be important to deepen to get a more complete view of the Higgs physics
potential at future colliders. The Muon Collider (Section 8.1) and plasma-wakefield accelerators (Section 8.1) are discussed first,
and then phenomenological studies that relate the precision measurements to new physics models are discussed (Section 8.3).

In the appendix, all theoretical and experimental input parameters related to the Higgs observables are provided, and some
results that seemed too detailed for the main body, are also shown.

2 Methodology

The various colliders measure values for the cross sections times branching ratios, 6 x BR. At hadron colliders the main
processes are gluon-gluon-fusion (ggF), vector boson fusion (VBF), Higgs-strahlung (VH, where V = Z, W) and ¢7H production.
At lepton colliders, Higgs-strahlung (ZH) dominates at low values of /s, while at high /s values the VBF process becomes
dominant. At lepton-hadron colliders, the Higgs boson is dominantly produced via WW or ZZ fusion in the #-channel.

The extraction of the couplings of the Higgs boson relies on a simultaneous fit of all the projected measurements of o xBR,
and their comparison to the SM values. As such, it is sensitive to both the experimental uncertainties as well as theoretical
uncertainties on the production cross sections and branching ratios.

At the HL-LHC, these theoretical uncertainties are taken from the S2 scenario of the HL-LHC [10], which assumes that the
current uncertainties can be reduced by a factor of two by the end of the HL-LHC running in twenty years. For the studies at
future lepton colliders we use the future projections for the theory uncertainties on the partial width values given in Table 18. At
the FCC-hh a 1% total uncertainty is assumed, combined for the luminosity and cross section normalisation [1]. It is expected
that this 1% is dominated by the luminosity uncertainty and that theory uncertainties will be negligible in comparison, also
thanks to the PDF uncertainty reduction from FCC-eh and/or LHeC. For HL-LHC and HE-LHC a luminosity uncertainty of 1%
is assumed. For LHeC the theoretical uncertainties on the charged-current and neutral-current production processes are taken to
be 0.5% [16]. For the decays the uncertainties as given in Table 18 are used.

Some caution must be taken when studying the HE-LHC results provided here. They are derived from the same inputs
as the HL-LHC ones evolved with integrated luminosity and increased cross section, and assuming no correlation between
ATLAS and CMS projections. This is a simplified approach, and all the HE-LHC results are thus approximations. However,
they agree reasonably well with the S2” scenario presented in Ref. [10], which assumes a further reduction in the theoretical
systematic uncertainties by another factor of two with respect to the S2 scenario at the HL-LHC, i.e. roughly four times smaller
than current studies from Run 2. It must be noted that such reduction of the uncertainty is not motivated on solid theoretical
grounds and it is simply an hypothesis.

For the purpose of the analyses presented here, it is assumed that all observables of relevance have the SM value and there
are no new physics effects present in the simulated data. If new physics effects are observed e.g. in the data from the 2nd or 3rd
LHC run, either in the Higgs sector or otherwise, the analysis method and assumptions made will likely change significantly.

The combination of any future data with HL-LHC results is done assuming no correlations between the colliders. In
general we consider this to be a good approximation. However, in the case of the HL-LHC and HE-LHC combination, this
simplification cannot easily be justified and has to be considered when studying the results. The presence of correlations would
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generally decrease the relative improvement the HE-LHC brings compared to HL-LHC alone for such an inclusive analysis,
and in that sense the results presented can be considered as optimistic due to this simplification.

In the input HL-LHC predictions it is assumed that the intrinsic theory systematic uncertainties for the various production
modes are uncorrelated. A consequence of this assumption is that, when Higgs model parameters are constructed that represent
(directly or indirectly) an average over independent measurements with independent theory uncertainties that are all interpreted
to measure the same physics quantity (e.g. the global signal strength u, or the EFT parameter ¢y in Eq. (19) below), such
averages can have smaller (theory) uncertainties than the component measurements. This reduced average uncertainty occurs
by virtue of the choices:

e to consider the input systematic uncertainties to be independent;

e to interpret different classes of measurement to measure the same physics.

The impact of the choice of correlation between theory systematic uncertainties should be carefully investigated in the future,
but was not possible with the set of inputs provided for the preparation of this document. Where the effect of theory error
averaging was observed to be prominent in the presented results, e.g. in Section 3.4, it is mentioned.

Electroweak precision observables also contribute significantly in the EFT-based analysis. At present, LEP still provides the
best constraints in many cases, and these are used here, except when new higher precision measurements are expected to be
made by the given collider. For instance, for the HL-LHC and HE-LHC projections, LEP values are used for the constraints on
electroweak precision observables, whilst all FCC machines use the values expected from FCC-ee.

The fits presented in this report have been produced using the fitting framework of the HEPfit package [17], a general tool
to combine information from direct and indirect searches and test the Standard Model and its extensions [18—-21]. We use the
Markov-Chain Monte-Carlo implementation provided by the Bayesian Analysis Toolkit [22], to perform a Bayesian statistical
analysis of the sensitivity to deformations from the SM at the different future collider projects. The experimental projections
for the different observables included in the fits are implemented in the likelihood assuming Gaussian distributions, with SM
central values and standard deviations given by the corresponding projected uncertainties. Model parameters are assumed to
have flat priors. Finally, theory uncertainties, when included, are introduced via nuisance parameters with Gaussian priors.

The projected uncertainties of all measurements of observables, relevant to the various analyses presented in this article, are
listed in Appendix C.

3 The Higgs boson couplings to fermions and vector bosons

Within the SM, all the Higgs couplings are uniquely fixed in terms of the Fermi constant and the masses of the different particles.
Measuring the Higgs couplings thus requires a parametrization of the deviations from the SM induced by new physics. The
kappa-framework is the simplest parametrization directly related to experimental measurements of the Higgs boson production
and decay modes. For this reason, it has been widely used by the community. It only compares the experimental measurements
to their best SM predictions and does not require any new BSM computations per se. From a more theoretical perspective,
its relevance arises from the fact that it actually fully captures the leading effects in single Higgs processes of well motivated
scenarios. For instance, in the minimal supersymmetric standard model with R-parity, all dominant corrections to the Higgs
couplings induced by the new super-partners are of order m2, /m§USY relative to the SM predictions (mgsy is the mass of
the new particles) and they appear as shifts of the Higgs couplings with the same SM helicity structures while new helicity
structures are only generated as subleading effects further suppressed by a loop factor. In scenarios where the Higgs boson
arises from a strongly-interacting sector as a composite (pseudo-Goldstone) boson, the leading deformations to the SM scale
like & = (g2/ g%M) m%V /m? (m, and g, are the overall mass scale of the strong sector resonances and their mutual coupling
respectively) and they all preserve the helicity structure of the interactions already present in the SM. The constraints derived in
the kappa analysis can thus be readily exploited to derive constraints on the new physics parameters. This kappa-framework
has, however, its own limitations when Higgs measurements need to be put in perspective and compared to processes with
different particle multiplicities or combined with other measurements done in different sectors or at different energies. An
effective field theory (EFT) approach naturally extends the kappa-framework. First, it allows to exploit polarisation- and
angular-dependent observables that a x-analysis will remain blind to. Also an EFT analysis constitutes a useful tool to probe
the Higgs boson in the extreme kinematical regions relevant for colliders operating far above the weak scale, exploring the tails
of kinematical distributions, even though these observables have not been fully exploited yet in the studies presented by the
different future collider collaborations. EFT also offers a consistent setup where predictions can be systematically improved via
the inclusion of both higher loop corrections in the SM couplings and further new physics corrections encoded in operators of
even higher dimensions.

Both approaches will be studied in this document and we will report the fits to the experimental projected measurements
obtained in these two frameworks. As an illustration, a concrete interpretation of the results obtained will be done in the context
of composite Higgs models.
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3.1 The kappa framework

3.1.1 Choice of parametrization

The kappa framework, described in detail in Ref. [13, 14], facilitates the characterisation of Higgs coupling properties in terms
of a series of Higgs coupling strength modifier parameters k;, which are defined as the ratios of the couplings of the Higgs
bosons to particles i to their corresponding Standard Model values. The kappa framework assumes a single narrow resonance
so that the zero-width approximation can be used to decompose the cross section as follows

()','-Ff

(0-BR)(i—H — f) = T,

; ey
where 0; is the production cross section through the initial state i, I'y the partial decay width into the final state f and I'y the
total width of the Higgs boson. The k parameters are introduced by expressing each of the components of Eq. (1) as their SM
expectation multiplied by the square of a coupling strength modifier for the corresponding process at leading order:

SM 2 1°SM -2 2 12
M2 "™ osm-BRgsm v

where uif is the rate relative to the SM expectation (as given in Tables 17 and 18) and k3 is an expression that adjusts the SM
Higgs width to take into account of modifications k; of the SM Higgs coupling strengths:

21-SM
58
2 _ Jt
Ky = 3)
Ty

When all k; are set to 1, the SM is reproduced. For loop-induced processes, e.g. H — 77, there is a choice of either resolving the
coupling strength modification in its SM expectation, i.e. &y(k;, ki) or keeping ky as an effective coupling strength parameter.
For the results presented in the document, we choose to describe loop-induced couplings with effective couplings, resulting in a
total of 10 k parameters: Ky, Kz, K¢, Kp, K, K¢, K, and the effective coupling modifiers ky, K, and kz,. The couplings &, K4, Ky,
and x, that are only weakly constrained from very rare decays are not included in the combined x-framework fits presented in
this section, their estimated limits are discussed separately in Section 5. We note the parameter k; is only accessible above
the tH threshold as the processes involving virtual top quarks are all described with effective coupling modifiers (kg, Kzy, Ky),
hence standalone fits to low-energy (lepton) colliders have no sensitivity to k; in the k-framework fits considered here.’

3.1.2 Modeling of invisible and untagged Higgs decays

The x-framework can be extended to allow for the possibility of Higgs boson decays to invisible or untagged BSM particles.
The existence of such decays increases the total width Ty by a factor 1/(1 — BRgsy ), where BRgsys is the Higgs branching
fraction to such BSM particles. Higgs boson decays to BSM particles can be separated in two classes: decays into invisible
particles, which are experimentally directly constrained at all future colliders (e.g ZH,H — invisible), and decays into all other
’untagged’ particles.

Reflecting this distinction we introduce two branching fraction parameters BR;,, and BR,,; so that:
M-

I'y= , 4
" 1- (BRinv + BRunt)

where k7 is defined in Eq. (3).

For colliders that can directly measure the Higgs width, BR,,,; can be constrained together with x; and BR;;,, from a joint fit to
the data. For standalone fits to colliders that cannot, such as the HL-LHC, either an indirect measurement can be included, such
as from off-shell Higgs production, or additional theoretical assumptions must be introduced. A possible assumption is |ky| <1
(V =W, Z), which is theoretically motivated as it holds in a wide class of BSM models but suffers some exceptions [23] (for
more details see [14], Section 10).

3.1.3 Fitting scenarios

To characterise the performance of future colliders in the x-framework, we defined four benchmark scenarios, which are listed
in Table 2. The goal of the kappa-0 benchmark is to present the constraining power of the x-framework under the assumption
that there exist no light BSM particles to which the Higgs boson can decay. The goal of benchmarks kappa-1,2 is to expose the

3 At high Higgs/jet pr, gg — H becomes directly sensitive to k;. However, high-p7 regions are not separately considered in the x-framework fits reported
here. Furthermore, there is no sensitivity to the sign of the x 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 x 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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impact of allowing BSM Higgs decays, in combination with a measured or assumed constraint on the width of the Higgs, on
the standalone k results. Finally, the goal of the kappa-3 benchmark is to show the impact of combining the HL-LHC data with
each of the future accelerators. In all scenarios with BSM branching fractions, these branching fractions are constrained to be
positive definite.

Experimental uncertainties — defined as statistical uncertainties and, when provided, experimental systematic uncertainties,
background theory uncertainties and signal-acceptance related theory uncertainties — are included in all scenarios. Theory
uncertainties on the Higgs branching fractions predictions for all future colliders and uncertainties on production cross section
predictions for hadron colliders, as described in Section 2, are partially included; intrinsic theory uncertainties, arising from
missing higher-order corrections, are not included in any of the benchmarks, while parametric theory uncertainties arising from
the propagation of experimental errors on SM parameters are included in all scenarios. A detailed discussion and assessment of
the impact of theory uncertainties is given in Section 3.5.

Table 2. Definition of the benchmark scenarios used to characterize future colliders in the x-framework.

Scenario BR;,, BR;: include HL-LHC
kappa-0 fixedatO fixed atQ no
kappa-1 measured fixed at 0 no
kappa-2 measured measured no
kappa-3 measured measured yes

3.2 Results from the kappa-framework studies and comparison

The k-framework discussed in the previous section was validated comparing the results obtained with the scenarios described
as kappa-0 and kappa-1 to the original results presented by the Collaborations to the European Strategy. In general, good
agreement is found. The only difference to note is the computation of the k; reach for the HL-LHC, projected to be 3.2% in
Ref. [10] and found to be 2.9% with the framework used for this report and benchmark scenario kappa-2. This difference, at
the level of less than 10%, is understood to be due to the different assumptions on the correlations and to the granularity of
the input information used in Ref. [10] and in this paper. This effect is considered reasonably small and does not constitute a
problem for the studies presented in this paper.

The results of the kappa-0 scenario described in the previous section are reported in Table 3. In this scenario, no additional
invisible or untagged branching ratio is allowed in the fits, and colliders are considered independently. This is the simplest
scenario considered in this report, and illustrates the sheer power of the kappa framework to constrain new physics, and the
potential for it of the different colliders discussed. In general the precision is at the per cent level, and that in the final stage
of the future colliders a precision of the order of few per-mille would reachable for several couplings, for instance kw and
k7. Cases in which a particular parameter has been fixed to the SM value due to lack of sensitivity are shown with a dash (-).
Examples of this are k., not accessible at HL-LHC and HE-LHC, and k;, only accessible above the t#H/tH threshold. Not all
colliders reported results for all possible decay modes in the original reference documentation listed in Tablel, the most evident
example of this being the Z7y channel. In this standalone collider scenarios, the corresponding parameters were left to float in
the fits, and in the kappa-3 scenario the HL-LHC results drive the result. They are indicated with * in the tables.

This kappa-0 scenario can be expanded to account for invisible decays (kappa-1) and invisible and untagged decays
(kappa-2), still considering individual colliders in a standalone way. The overall effect of this additional width is a slight
worsening of the precision of the kappa parameters from the kappa-0 scenario to the kappa-1, and further on to the kappa-2. It
is most noticeable for Ky, kz and kj,. For comparison of the total impact, the kappa-2 scenario results can be found in Table 24
in Appendix D.

Table 4 shows the expected precision of the x parameters in the final benchmark scenario discussed in this paper in which
95% CL limits on BRy¢ and BR,y are set, for the three possibilities using the LHC tunnel: HL-LHC, LHeC, and HE-LHC. The
results correspond to the kappa-3 scenario, which combines the data of LHeC and HE-HLC with the HL-LHC. As discussed
before, for these hadron colliders a constraint on |ky| <1 is applied in this case, as no direct access to the Higgs width is
possible.

Table 5 shows the corresponding kappa-3 scenario for the different lepton colliders and a final FCC-ee/eh/hh combination,
all combined with the HL-LHC results. The integrated luminosity and running conditions considered for each collider in this
comparison are taken for Table 1. The constraints on I'y derived from the fit parameters using Eq. 4 are discussed in detail in
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Table 3. Expected relative precision (%) of the x parameters in the kappa-0 scenario described in Section 2 for future
accelerators. Colliders are considered independently, not in combination with the HL-LHC. No BSM width is allowed in the fit:
both BRyy¢ and BRj,y are set to 0, and therefore Ky is not constrained. 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 "ILCsgg" corresponding to ILCy50+ILC350+ILCsqg, "CLIC3000" to CLIC3539+CLIC509+CLIC3000,
and "FCC-ee3¢s5" to FCC-eenq0+FCC-eesq5. FCC-ee/eh/hh corresponds to the combined performance of FCC-eey49+FCC-eesgs,
FCC-eh and FCC-hh.

kappa—O‘HL—LHC‘LHeC‘HE—LHC ILCas0 ILCs0|CLIC3g0 CLIC)509 CLIC3000 | CEPC |FCC-ee49 FCC-ee36s FCC-ee/eh/hh

Kw (%)] 12 [075] 066 | 1.8 029 086 017 011 | 13 13 0.43 0.15

Ky (% ) 10 | 12| 06 [029 023| 05 026 023 |013| 02 0.17 0.12

K (%) | 22 | 36| 14 | 23 097 | 25 1.3 09 | 15 1.7 1.0 0.52
;cy (%) | 17 | 75| 098 | 67 34 | 98« 5.0 22 | 37| 47 3.9 0.35
kzy (%)| 10 — | 40 | 9%  86x | 120x 15 69 | 82| 8Ix 75% 0.7
K (%) | — | 40| - 25 13 | 43 1.8 14 | 22 1.8 13 0.95
k(%) | 28 | — | 20 — 69 - - 2.6 - - - 1.0
K (%)| 27 | 21| 17 | 18 05| 19 048 038 | 1.2 1.3 0.67 0.45
Ky (%) 44 | — 1.8 15 94 | 320% 13 58 | 89 10 8.9 0.42
ke (%)| 16 |33 ] 1.1 | 19 07 | 30 13 089 | 13 1.4 0.73 0.49

Section 7. In this case when HL-LHC is combined with a lepton collider the assumption |ky| <1 is not longer necessary, and
therefore it is not used as a constrain in these kappa-3 fits. For those particular analyses not reported in the original reference
documentation listed in Table 1 (e.g. kzy) the HL-LHC prospects drive the combination. They are indicated with * in the tables.

We have examined the correlations of the lepton collider kappa-3 fits. In the initial stage of ILC (ILC»s0), K, Kg, Kp, K; and
K;au show sizeable correlations (> 70%), with the largest corresponding to k3, and k; (93%). There is practically no correlation
between Ky and kz (8%). The untagged branching fraction is not particularly correlated with the couplings, with the largest
correlation corresponding to kz (50%), and an anti correlation (-20%) seen for kz, where the only information comes from
the HL-LHC data. In the case of FCC-ee365, we see a slight correlation between xz and ky (30%), and a similar correlation
between these and the untagged branching fraction (30-50%). The correlations between kj, Kz, K, and Ky are mild, with the
largest value corresponding once again to kj and k; (74%). In this case there is also no strong correlation between the untagged
branching fraction and the couplings, with the largest correlation corresponding to k7 (50%), followed by k3, (30%). Again an
anti correlation (-20%) is seen for kzy. For CLIC30q the situation is markedly different, with large correlations between kz and
kw (80%), and between the untagged branching fraction and xz, K and k3, (90%, 80%, 70% respectively). The correlations
between kj, Kz, K, K and Ky are not negligible, with the highest corresponding to x;, and Kk (70%). In this case, kj; and
K¢ are correlated to 45%. Further studies of the correlations will be pursed to gain a more global view of the Higgs precision
programme.

The results of the kappa-3 benchmark scenario are also presented graphically in Figure 2. Note that while hadron colliders
and lepton colliders are shown together, the caveat that a bound on |xy | < 1 is required for HL-LHC, HE-LHC and LHeC still
applies. Parameters fixed to the Standard Model value are not displayed.

Intrinsic theoretical uncertainties for future lepton colliders are omitted in Tables 3, 4 and 5. Their effect is discussed in
detail in Section 3.5.
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Table 4. Expected relative precision (%) of the k parameters in the kappa-3 scenario described in Section 2 for the HL-LHC,
LHeC, and HE-LHC. A bound on |ky| < 1 is applied since no direct access to the Higgs width is possible, thus the uncertainty
on Ky and K7 is one-sided. For the remaining kappa parameters one standard deviation is provided in &. The corresponding
95%CL upper limit on BR;,y is also given. In this kappa-4 scenario BRy, is a floating parameter in the fit, to propagate the
effect of an assumed uncertain total width on the measurement of the other x;. Based on this constraint the reported values on
BRy 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 (—). An asterisk (*) indicates the cases in which there is no analysis input in the reference documentation, and
HL-LHC dominates the combination. In the case of x; sensitivity at the LHeC, note that the framework relies as input on Uz,
and does not take into consideration u,z. The integrated luminosity and running conditions considered for each collider in this
comparison are described in Table 1.

kappa-3 scenario ‘ HL-LHC | HL-LHC + LHeC | HL-LHC + HE-LHC

K (%, < 1) 17 03 038

Kz (%, < 1) 13 —07 ~0.7

Ky (%) +2.2 +1.6 +1.1

iy (%) +1.7 +1.5 +0.82

Kzy (%) +10. +11. % +3.7
K, (%) - +3.7 -

K, (%) 2.8 127 % +1.6

K, (%) 2.6 +1.2 +1.4

Ky (%) +4.4 +4.4 +1.7

Kr (%) +1.6 +1.3 +0.87

BRiny (<%,95%CL) | 19 | 1.1 | 1.5 %
BRyy (<%. 95% CL) » 1‘nferred uls'lglg constra‘unt |kv| §21‘2

Table 5. Expected relative precision (%) of the k parameters in the kappa-3 (combined with HL-LHC) scenario described in
Section 2 for future accelerators beyond the LHC era. The corresponding 95%CL upper limits on BRyy; and BRjy,, and the
derived constraint on the Higgs width (in %) are also given. No requirement on Ky 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 (—). An asterisk (x) indicates the cases in which there is no
analysis input in the reference documentation, and HL-LHC dominates the combination. 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 "ILCsgg" corresponding to ILCys9+ILC359+ILCsqp, "CLIC3000" to
CLIC380+CLIC509+CLIC3000, and "FCC-eesgs" to FCC-ee49+FCC-eesgs5. FCC-ee/eh/hh corresponds to the combined
performance of FCC-ee,40+FCC-eesgs5, FCC-eh and FCC-hh.

kappa-3 scenario HL-LHC+
ILCpso ILCsg | CLIC339 CLICis00 CLIC3000 | CEPC | FCC-eezq9 FCC-ee365 FCC-ee/eh/hh

Kw (%) 1.1 0.29 0.75 0.4 0.38 0.95 0.95 0.41 0.2
K7(%) 029 023 0.44 0.39 0.39 0.18 0.19 0.17 0.17
Ko (%) 1.4 0.84 1.5 1.1 0.86 1.1 1.2 0.89 0.53
Ky (%) 1.3 1.2 1.5% 1.3 1.1 1.2 1.3 1.2 0.36
Kzy (%) 11x  1lx 11.% 8.4 5.7 6.3 11.% 10.x 0.7
K. (%) 2. 1.2 4.1 1.9 1.4 2. 1.6 1.3 0.97
K (%) 2.7 2.4 2.7 1.9 1.9 2.6 2.6 2.6 0.95
K (%) 1.2 0.57 1.2 0.61 0.53 0.92 1. 0.64 0.48
Ky (%) 42 3.9 4 4% 4.1 3.5 3.9 4. 3.9 0.44
Kz (%) 1.1 0.64 1.4 0.99 0.82 0.96 0.98 0.66 0.49

BRin (<%, 95% CL) | 026  0.22 0.63 0.62 0.61 0.27 0.22 0.19 0.024

BRun (<%, 95% CL) | 1.8 1.4 2.7 2.4 2.4 1.1 1.2 1. 1.
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Figure 2. Expected relative precision (%) of the Kk parameters in the kappa-3 scenario described in Section 2. For details, see

Tables 4 and 5.
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3.3 Effective field theory description of Higgs boson couplings

As already discussed, the k-framework provides a convenient first parametrization of new physics in single Higgs processes.
By construction, it is perfectly suitable to spot a deviation from the SM, but it does not provide a systematic description of
new physics. As such it does not permit to correlate different processes nor to describe their energy dependence, which is
certainly a drawback when trying to develop a strategic perspective. When aiming at a more systematic approach one must
distinguish the two cases of light and heavy new physics. In the first case, there is no simple and systematic description. One
must proceed case by case, perhaps with the aid of simplified models. While we are not aware of any attempt at a general
analysis, it should be noted that light degrees of freedom carrying electroweak quantum numbers seem disfavored, and that
the less constrained options involve portal type interactions of the Higgs to SM singlets. Examples in the latter class can
involve mixing to a new light CP-even scalar S, or the trilinear couplings to scalar ( 45%) or fermion () bilinears. In these
cases, besides the presence of new processes, e.g. the production of a sequential Higgs-like scalar, the effect on single Higgs
production and decay are well described by the x-framework, including the option for an invisible width into new physics states.
Heavy new physics can instead be systematically described in the effective Lagrangian approach. This fact, and the richer set of
consistent and motivated heavy new physics options, gives particular prominence to the effective Lagrangian approach. One
can distinguish two broad classes of heavy new physics depending on the origin of the corresponding mass scale, which we
henceforth indicate by A. In the first class, A is controlled by the Higgs VEV and it can hardly exceed 47v ~ 3 TeV . The
effective Lagrangian corresponds here to the so-called Higgs-EFT, which cannot be written as a polynomial expansion in gauge
invariant operators [24,25]. In this scenario, which is in this respect analogous to Technicolor, deviations in Higgs couplings
and EWPT are expected to exceed their present bounds, unless the new physics effect can be tuned to be small for each and
every coupling, which makes it rather implausible. In the second class, basically including all the more plausible scenarios, A is
not controlled by the Higgs VEV, and can virtually be arbitrarily large. In that case the effective Lagrangian corresponds to the
so-called SMEFT. It is polynomial in gauge invariant operators and organised as an expansion in inverse powers of A:

1 1 1 1 (d) ~(d)
Lo = Lsmt L L5 + 5L + o3 g Bt fd:;% o; ®)

In the previous equation, each ﬁl@ is a local SU(3), x SU(2)1, x U(1)y-invariant operator of canonical mass dimension d,
built using only fields from the light particle spectrum. Moreover, Zsym represents the renormalizable SM Lagrangian that
nicely complies with basically all the measurements made so far in particle physics, with the exception of the tiny neutrino
masses, which are however nicely described by the next term, .%5. The contribution of the higher order terms %> 5 to physical
amplitudes is suppressed by (E/A)?~*, where E is the relevant energy scale of the process. The Wilson coefficients cgd) encode
the virtual effects of the heavy new physics in low-energy observables. Their precise form in terms of masses and couplings
of the new particles can be obtained via matching with the ultraviolet (UV) completion of the SM [26], or inferred using
power-counting rules [27,28].

The success of Z5y in explaining the data indicates that either the scale of new physics A is large, or that the structure of
the terms .%);>5 is particularly elaborate, or perhaps a combination of both. Moreover it is important to stress that in general we
expect new physics at multiple and even widely separated scales, and that the parametrization in terms of a single scale A is a
simplification. It is however clear that given the good but limited precision of future high energy experiments only the lowest
scale is expected to matter. In particular, given the observed suppression of lepton and baryon number violation, the operators
mediating such violation, which appear already in %5 and %%, must be further suppressed if A is as low as to be interesting in
collider physics. That suppression could be due to approximate symmetries or simply because the dynamics generating these
processes is > A. The same remarks apply to flavour and CP violation.

Assuming lepton and baryon numbers are conserved independently, all relevant operators in the previous expansion are of
even dimension. Therefore new physics effects start at dimension d = 6. In this report we work under the assumption that A is
large enough for d = 6 to dominate over d > 8 (but see comment below) and restrict our studies to the effective Lagrangian
truncated part d = 6. The resulting Lagrangian is that of the so-called dimension-6 Standard Model Effective Field Theory
(SMEFT). In a bottom-up approach, one can write a complete basis for the dimension-6 SMEFT Lagrangian using a total of 59
types of operators [29], for a total of 2499 taking into account flavour indices [30]. For the calculations presented in this report
we use the dimension-six basis first presented in [29], the so-called Warsaw basis, with minor modifications.* In the discussion
presented in this section, however, we will use a different parameterization, which is usually deemed to be more transparent
from the point of view of Higgs physics.

One must notice that in any realistic situation there will be structure in the coefficients of the 2499 operators of dimension
6. For instance, if they were a set of structureless O(1) numbers, then the experimental constraints from flavour and/or CP
violation on A would already be much stronger than from any foreseeable study of Higgs and EW processes. Moreover in

4By using a perturbative field redefinition we trade the operators Oywp and Opp in Ref. [29] for the operators iDH q)+craD"¢W;jv and iD”qz)"'D"d)B,w.
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realistic situations we should also expect structure in the coefficients of flavour preserving operators. In other words some
coefficients may be significantly smaller than others. This remark, together with a sensitivity limited to A’s that are not very
much above the energy of the processes, implies that it may in principle happen that operators of dimension 8 are equally or
more important than the dimension 6 operators. We shall later mention a natural example of this phenomenon. In structured
scenarios like the SILH [27], it is easy to address this caveat, also thanks to the fact that the operators that matter in %% are
much fewer than in the general case (even after imposing flavour violation). The message here is that the reduction to pure
dimension 6, with full neglect of dimension 8, while reasonable and useful, contains nonetheless an assumption which may not
be universally true for all observables even in simple motivated models.

When considering Higgs data, one can reasonably focus on a relatively small subset of the 2499 operators in .%. In
particular the vast subset of 4-fermion operators, whether flavour and CP preserving or not, can be more strongly constrained by
other processes. Thus, it makes sense to neglect this whole class, with the exception of one particular four-fermion interaction
that contributes to the muon decay and thus directly affects the Fermi constant, see caption in Table 6. The dipole operators,
instead do directly affect Higgs production, however under very general and plausible assumptions on the flavour structure of
new physics, the coefficients of these operators display the same structure and the same chiral suppression of Yukawa couplings.
The consequence is that, with the possible exception of processes involving the top quark, their effect in Higgs production is
expected to be negligible given that the leading SM contribution (for instance in e™e™ — hZ) as well as the other new physics
effects are not chirally suppressed. Furthermore, as far as Higgs decays are concerned, the dipole operators only contribute to
three (or more)-body final states (for instance H — bby) and as such they are easily seen to be negligible. In what follows we
shall thus neglect this whole class, and leave the consideration of their effect in top sector to future studies. Eliminating these
two classes, there remain three other classes: 1) purely bosonic operators, 2) generalized Yukawas, 3) Higgs-fermion current
operators. Neglecting CP violating operators in class 1, the corresponding structures are shown in Table 6. Operators in class 2
and 3, per se, can still contain CP- or flavour-violating terms, on which experimental constraints are rather strong. In order to
proceed we shall consider two alternative scenarios to minimize the remaining flavour and/or CP violations:

1. Flavour Universality, corresponding to

(6)

i oYy ¥ vy, ¥

q.u,dleud 19,1
=<Y,, and Aij ,Aij,<><5,-j, (6)

where Y;6) are the coefficients of dimension-6 operators of class 2, which control the flavour structure of the modifications

to the SM Yukawa matrices Y r. Similarly, A/ and A’/ represent the combinations of dimension-6 operators of class
3, which induce flavour-dependent modifications of the neutral and charged current couplings of the fermions to the

EW vector bosons. In terms of the Wilson coefficients of the operators in Table 6 one has Y}6) =crp (f =u,d,e);

A = cy s for the operators involving the right-handed fermion multiplets (f = u,d, e,ud); and A = célfz, AN = c((;} for
the left-handed ones (f = ¢,[). The choice in (6) corresponds to Minimal Flavour Violation (MFV) [31] in the limit where
terms only up to linear in the Yukawa matrices are considered. Notice that Minimal Flavour Violation corresponds to the
assumption that the underlying dynamics respects the maximal flavour symmetry group SU(3)>. A more appropriate
name would then perhaps be Maximal Flavour Conservation.

2. Neutral Diagonality, corresponding to a scenario where Yu(j . While not proportional to the corresponding Yukawa
matrices are nonetheless diagonal in the same basis. That eliminates all flavour-changing couplings to the Higgs boson.
Similarly the A?]i”’d’g’e’"dA’ ?J‘:é, while not universal, are such that no flavour-changing couplings to the Z-boson are
generated. In fact we shall work under the specific assumption where flavour universality is respected by the first two
quark families, and violated by the third quark family and by leptons. This choice, per se, does not correspond to any
motivated or even plausible scenario (it is rather cumbersome to produce sizeable flavour non-universality without any
flavour violation). We consider it principally to test the essential constraining power of future machines and because it
is widely studied by the community. Moreover non-universality limited to the third quark family is an often recurring
feature of scenarios motivated by the hierarchy problem. That is simply because the large top Yukawa makes it intricately
involved in the EW symmetry breaking dynamics and calls for the existence of various top partners.

Working in the unitary gauge and performing suitable redefinition of fields and input parameters the effective Lagrangian
can be conveniently expressed in the parameterization of [32,33], the so-called Higgs basis. Considering only the terms that are
relevant for our analysis, we can identify five classes of terms

— Higgs trilinear:
AL = 83003, o
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<~ x4
Table 6. Dimension six operators considered in the SMEFT analysis. The hermitian derivatives D and D ¢ are defined as:
pRs — pRs —
Dy =Dy —Dy and Dj = 6,Dy — Dy, 0, while By, W, and Gﬁv denote the SM gauge boson field-strengths. See text for

details. Apart from these, the effects of the four-lepton operator (&) 1221 = (l_ 1Y lz) (1_2}/“1 1), which modifies the prediction for
the muon decay amplitude, must also be included in the fit since we use the Fermi constant as one of the SM input parameters.

Operator Notation Operator Notation

b
X3 e WEYWPWRH Oy

_ 9 (970)’ Oy
S o0> (070)D(070)  Oun (07Du0) (DH9)9) o
X242 ¢T 9B,y BHY Oyp oT oWy, WarY Oow

0T oW, BHY Oywa 079G}, GAY OyG

P w242 (¢-I-¢)([£¢’€£_) (Oes);; o

S (070) (710dz)  (Cuag);; (079) (@,9up) (Cu),;
@ibu) ) (o), @Wibge)fred)) (05

D y2ein  (9TiDu9)@k1eR)  (Ope),

S (6'iDu0) @ al) () (6'iDGO)GL 1 oual) (05
0'iDu)@pu)  (0ns),  (O'iDuO) e df)  (Ona),
(@7iDy¢) (it ¥ dp) (@md)ij

The impact of this coupling in single Higgs processes and its extraction from Higgs pair production will be discussed in
Section 4.

— Higgs couplings to vector bosons:

h
ALIVY = 5 25cwm%VWJWJ+5ch%ZHZH

2
8 - -
+Cyw 3WJVW”V +ewng® (Wy Wi, +he)

g ’ ey/g?+¢'? g+’

e
g %3 Gl Gl + Cyy T AuvApy + ZuvAuy + 22— ZuvZuy

2
+cO gZZ[J avZuv +cyo gg/Zu avA,uv ) 3
where only cgg, 8¢, Cyy, €y, €z, c;0 are independent parameters:
oc, = O8c,+40m,
Cow = Cup+2 sin’ Oy + sin* Bcyy,
1 . .
con = a7 [gZCZD +g'%c —e*sin? B,cpy — (g% — g’ %) sin? B2yl
1
8 = pa_gn [2¢%c+ (8 +8 %) e — oy — (&8 =8 %)ey] s ®

where 6,, denotes the weak mixing angle while 8m is an independent parameter from % controlling the deviation of m3, with
respect to its tree level SM value.
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— Trilinear Gauge Couplings:

12

ALTCC = ieSKk AVYWIW, +igcos B, |8giz (Wi, W H — W, ,WHZ¥ 4 (5glzfi—26;<y)zﬂijwv—
+iglz sin 6, W7 YW, PAL +cos 0, W, YW, P Z4 (10)
m%V wrtu 1% P wrtu v P )

where of the three coefficients g; ; and dk, depend on cgg, O¢;, Cyy, Czy, Cozy €0

1
8s12 = (&8 [eme’s? +eq(e’ — g8 —calg® +82)8 7 — (g’ +£ )8’
2 2 2_ 2
8 € 8§ —8
oKy = -5 <C7’7g2+g +Czy Tig? czz>7 (11)
while A, is an independent parameter.
- Yukawa couplings:
h A _
A.Zg‘ff:—; Y Oyrmpff+he, (12)

feud,e

where Sy rmy should be thought as 3 x 3 matrices in flavour space. FCNC are avoided when Sy r is diagonal in the same
basis as m . Under the assumption of Flavour Universality (6y 1)ij = Oyy x §jj, corresponding to a total of three parameters
0¥y, 0y4, 0y.. The assumption of Neutral Diagonality corresponds instead to (Syf) ij = 0(yr)i x 8; (no summation) corre-
sponding to 9 parameters J,, &, & for the ups and similarly for downs and charged leptons. In practice only & ., &, and J;
are expected to matter in plausible models and in the experimental situations presented by all future colliders. This adds two
parameters with respect to Flavour Universality.

— Vector couplings to fermions:

h A A A
A.,Zﬁvff’hvff = % <1 + 2) W, <5gzw\777”e + SgEVqﬁyudJr Sgyevqﬁy”dJrh.c.)
%
h
+ Vgitg'? <1+2)Z Z 58Lff7uf+ Z SngfYMf] (13)
v f=udeyv f=ud.e
where, again, not all terms are independentS:
Sgp =bgf¥ —bgf¢,  bey = Sgf"Verm — Vekmbgl”. (14)

In the case of Flavour Universality, all the 5g are proportional to the identity correspondlng to a total of 8 parameters:
(8¢7)i; = g7 x &j, etc. However the right handed charged current, associated to dgp ¢ does not interfere with the SM
amplitudes in the limit m, — 0 and can be neglected, reducing the number of parameters to 7.

In the case of Neutral Diagonality, the assumption Sg,- j o< 0;; is relaxed, allowing for the four coefficients associated to

the third quark family (Sg%”)g, (Sg%d)33, (3g§“)33, (Sgﬁd)% as well as all diagonal coefficients associated to leptons to be
different. This adds 10 further parameters with respect to the flavour Universal case.

In conclusion considering single Higgs and EW processes (i.e. neglecting the Higgs trilinear) in the scenarios of Flavour
Universality and Neutral Diagonality we end up with respectively 18 and 30 independent parameters:

SMEFTry = {Sm, Cgg) 5Cza Cyy, Czy, Czzy Cz0, 6yu7 5)’d, 8)13, A'Z} + {5g%u,5gfd,5gfv,5g 6gZu 53’%‘1,55’%‘?} 7 (15)
SMEFTNp = {6"’!, Cgg» (SCza Cyy, Czy, Czzy Cz00, 6)7[, 5yc, 6)’!)7 6);1, Sy“’ lz}
+{ (3570 (867")a (887 (8671 (885" (5" (965): } | (16
qQ1=027#q3, (=e,11,T

While we have chosen to present the degrees of freedom used in the different fitting scenarios described above using the
parameterization of the Higgs basis, one can of course do the same in any other basis. In particular, the mapping between the

SHere we choose a slightly different convention for the dependent couplings with respect to [32,33], and we express everything in terms of the modifications
of the neutral currents.

15/58



Higgs basis parameters in the previous Lagrangians and the Wilson coefficients in other popular dimension-6 bases in the
literature can be found in Section 3 and appendices A and B in [32].

The previous two scenarios will be used to study the sensitivity at future colliders to general departures from the SM in
the global fit to EWPO, Higgs boson rates and diboson production. We will, however, also consider another more simplified
scenario, designed exclusively to study (1) the interplay between the EW and Higgs constraints, and (2) the impact of the SM
theory uncertainties in Higgs boson processes. The impact of the EW precision constraints on Higgs boson measurements will
be illustrated comparing the results of the fit in the SMEFTnp scenario, with the analogous ones assuming the electroweak
precision observables are known with infinite accuracy, both from experiment and theory. We will refer to this idealized case as
a scenario with perfect EW constraints. In practice, this means that any new physics contributions to the EWPO are bounded to
be exactly zero. This includes all possible corrections to the V f f vertices as well as any possible modification to the W mass,

ie.
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As also mentioned above, in this scenario it is also implicit that the SM theory uncertainties on EWPO are negligible, which
makes it suitable to isolate the effect of the SM theory uncertainties in Higgs processes in the fit. Imposing the previous
constraints in Eq. (16) we are thus left with a total of 12 parameters for this scenario assuming perfect EW constraints:

SMEFTPEW = { Cggs 6627 Cyy, Czys Czzy Cz00, Syh 5yC7 5)’1;; 5)’% 5)’;17 2’Z} (]8)

Finally, while the setup described above aims at some generality, it makes sense to add some perspective on the nature
of the UV theory and to frame the EFT results in terms of particularly well-motivated scenarios. Understandably, heavy new
physics is the more visible in low energy observables the more strongly it is coupled. In this respect models with a Composite
Higgs (CH) are the natural arena in which to perform indirect studies of new physics. The basic idea of CH models is that all
the degrees of freedom of the SM apart from the Higgs are elementary. The Higgs instead arises as a bound state from a strong
dynamics. In the simplest possible situation such dynamics is roughly described by two parameters, the overall mass scale
and its overall coupling strength, respectively m, and g,. The prototypical template for such a two-parameter description is
offered by large N gauge theories, which are characterized by the overall mass of their resonances (m,) and by their mutual
coupling g. ~ 47 /+/N. Concrete and largely calculable realizations of the scenario have been constructed in the context of
warped compactifications and of their holographic interpretation, for reviews see e.g. [34,35]. Of course, as in all matters, it
is easy to imagine more elaborate situations, but at the very least the minimal case can provide a first perspective on future
machines. Indeed a more interesting variation concerns the top quark, which in motivated scenarios can become partially and
even fully composite. Under the assumptions described in [27,28], the low energy signatures of these kind of models can be
parameterized in terms of the following effective Lagrangian:

1
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(19)

where the different Wilson coefficients can be written in terms of the couplings and masses of the resonances, denoted in short
by g« < 4m and my, as
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up to O(1) factors. The expression for ¢r has been derived under the most favorable hypothesis where the new physics preserves
custodial symmetry Note also that, for the relevant case of a pseudoNG-boson Higgs, ¢, y benefit from a further suppression
~y; / 1672. Moreover, in expllclt constructions based on warped compactifications cgw,¢p,3w 3¢ arise at "loop level" and have
a further suppression ~ g2 /1672, which of course matters only when g, is not maximally strong.
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A few remarks concerning the above effective Lagrangian are in order. Notice first of all that the only effects enhanced by
the strong coupling g, are those on the first line and involving non linearities in the Higgs field. That is not surprising given that
in CH, the Higgs itself is strongly interacting while the other SM degrees of freedom are not. In view of that, see discussion
in Section 8.3, in CH the measurements of Higgs couplings compete very well with much more precise measurements, like
EWPT, which are not directly zooming in on the strongly coupled nature of the Higgs boson. Secondly, notice that in CH the
whole set w?¢2D is subdominant and neglected in lowest approximation. However, the operator basis used above, which is the
one naturally dictated by the structure of the model, is not precisely the one we used for our global analysis. In particular, the
operators associated with cow 2p 26 can be turned, by a field redefinition, into a particular combination of 4-fermion operators
and one particular and flavour universal combination of the w?>¢>D. Third, the CH models, when considering gg — HH at
high energy, offer a nice example of dim-8 operators potentially winning over dim-6 ones. Indeed, as mentioned above, when
the Higgs is a composite PseudoNGBoson, the coefficient of the dim-6 operator is further suppressed by a top loop factor
yl2 /1672 [36]. However that is not the case of the dim-8 operator DpdﬁD‘O ¢G,yGH*Y which simply comes with coefficient
~ g% /m?. One can then easily see that when the experimental accuracy in the measurement of gg — HH is worse than
O(y?/167?), the sensitivity on m, is dominated by the dim-8 operator.

Although the particular structure of the previous Lagrangian is not fully general, it provides a theoretically sound benchmark
to interpret the results of our studies from a more BSM-oriented perspective. The contributions from the different SILH Wilson
coefficients in the Lagrangian (19) to the parameters of the Higgs basis can be found in [32].

3.4 Results from the EFT framework studies

In the previous section we have detailed the counting of the degrees of freedom that enter in the different SMEFT fit scenarios
using the so-called Higgs basis. While physical results do not depend on the choice of basis, in some cases a particular basis
may be convenient for computational, presentation or interpretational purposes (note that the physical interpretation of each
dimension-six operator does depend on the basis). From the point of view of the results presented in this section, however, we
are mostly interested in comparing the sensitivity to deformations with respect to the SM in the Higgs couplings at the different
future collider projects. To assess these deformations with respect to the SM in a basis-independent way one can project the
results of the SMEFT fit onto a set of on-shell properties of the Higgs boson, via the following Higgs effective couplings:

Iuox
g2 = FSJ . (21)
H—X

By definition, these quantities, constructed from physical observables, are basis independent. These definitions are also
convenient to compare in a straightforward manner the SMEFT results with those of the k framework for the single Higgs
couplings. Such definition is, however, not phenomenologically possible for the top-Higgs coupling and the Higgs self-
interaction. For the present report we will sidestep these issues by: (1) defining the effective top coupling in a similar way to all
other fermions; (2) to connect and compare with all current studies of the Higgs self-interaction, we will define g, = A3/ ),3SM.
Note that, at the dimension-six level and truncating the physical effects at order 1/A? one can always express the previous
effective couplings in terms of the dimension-six operators via a linear transformation. Provided one has a large enough set
of such effective couplings, one can then map the effective coupling result into Wilson coefficients, and viceversa (of course,
the former are not a basis per se and the connection is only well-defined at a fixed order in perturbation theory and in the
EFT expansion). The single Higgs couplings plus gy, are however not enough to match the number of free parameters in the
SMEEFT fits, even in the simplified scenario SMEFTpgw in eq. (18). In particular, the on-shell couplings g}’}quz‘ aww ineq. (21)
do not capture all possible linear combinations of the different types of EFT interactions contributing to the HZZ and HWW
vertices.® For that reason we will also present our results by adding the predictions for the (pseudo) observable aTGC obtained
from the di-boson analysis. These extra parameters offer a measure of the Higgs couplings to gauge boson with a non-SM
Lorentz structure. As long as we restrict the analysis to observables around the Higgs mass scale, this approach with on-shell
effective couplings and aTGC is perfectly appropriate. When high-energy observables are considered, like in Section 3.4.2, it
would have to be revisited. (In that section, however, we will present the results directly in terms of the Wilson coefficients, for
easier interpretation in terms of BSM scenarios.) Even after adding the aTGC, in the SMEFTpgw scenario where dm = 0 the
g%ffzz uww couplings are not independent, and therefore we will present the results reporting only the coupling to Z bosons.
In the global fit scenarios SMEFTry and SMEFTNp, where we also add those combinations of operators that can contribute
to EWPO, extra information needs to be added to illustrate the constraints on the different degrees of freedom included in the
fit. Since Om is now a free parameter, we report separately the ngfzz gww couplings. Following a similar approach as for the
Higgs couplings, one can report the sensitivity to modifications in the effective couplings of the Z to fermions, which can be

OWe note, however, that, from the point of view of the interpretation in terms of motivated scenarios like those described below Eq. (20), the contributions
to such interactions are dominated only by cy, unless g, ~ 47.
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defined from the Z-pole measurements of the Z decays and asymmetries, e.g.
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In what follows, we discuss the results of the SMEFT fit from the point of view of the expected sensitivity to modifications
of the Higgs couplings in the scenarios SMEFTry and SMEFTNp. As it was done in the fits in the x framework, we will
present the results assuming that at future colliders only the SM theory uncertainties associated to the knowledge of the SM
input parameters are not negligible. (As also discussed there, for the HL-LHC and HE-LHC scenarios we always consider the
uncertainties agreed in the studies in [10].) The impact of these and other SM theory uncertainties in Higgs processes will be
discussed afterwards in Section 3.5, using for that purpose the results in the benchmark SMEFTpgw.

3.4.1 SMEFT fit results

The main results of this section are summarised in Table 7, where we compare the 68% probability sensitivity to deviations in
the Higgs couplings from the global SMEFT fit to Higgs, di-boson and EWPO at future colliders. We show the projections for
the fits with and without flavour universality assumptions, given by the scenarios SMEFTgy and SMEFTnp, respectively. Note
that the SMEFTnp scenario not only has gj’_}ft # nggc, g?iff” # gfiﬂ;l u» but also treats in a family-dependent way the corrections
to Zf f couplings, which typically leads to more relaxed constraints from EWPO. The impact of the EWPO in the fit will
be discussed below. The results for the more general scenario SMEFTyp are also shown in Figure 3 where we compare the
results across colliders. In the lower panel of Figure 3 we also show the relative improvement compared to the HL-LHC
results. In both table and figure we illustrate the impact of the data taking at different energy stages at each collider. As in the
previous sections, we distinguish between the initial energy stage when each collider can start operating as a Higgs factory, and
subsequent upgrades to higher energies. In the case of FCC, we also consider the results in combination with the other collider
options foreseen as part of the FCC integrated program.

Although in this section we will be mainly interested in the comparison of the sensitivities to modifications of Higgs
couplings, for completeness we show in Figure 4 the results of the remaining degrees of freedom included in the SMEFTp fit,
i.e. the precisions for the corresponding Zff couplings. An important remark is in order regarding the results presented in
this figure. The precisions obtained for some of the lepton EW couplings show a clear disparity between CEPC and FCC-ee,
disfavoring the former. This difference is completely artificial and simply due to the fact that the projections for EWPO for
several observables, specially in a lepton non-universal way, are not available for the CEPC [2]. A priori the final CEPC
capabilities from the point of view of the EWPO should not be significantly different than those for FCC-ee, at least regarding
those measurement possible below 240 GeV.” We will comment more on this below and its implications for the CEPC Higgs
results. Similarly, one would expect that the FCC-ee precision for the couplings to b and ¢ quarks will be similar to the CEPC
ones, but the projections from the latter for the corresponding observables are more optimistic than the FCC-ee ones.

Focusing our attention to the results for the Higgs couplings, from the results we observe that, while the LHeC and HE-LHC
would help in pushing the knowledge of some of the Higgs couplings closer to the 1 percent threshold, a future lepton collider
appears to be required to go beyond this point, beating that precision for several of the g%fgf parameters. One must also note that
the improvement at the HE-LHC on the Higgs couplings is mostly dominated by the assumptions on the reduction of theory and
systematics with respect to HL-LHC which, as explained in Section 2, are reduced by fiat, rather than by a detailed workplan
for the reduction of uncertainties. If such hypothesised improvement is not realised, the HE-LHC reach would be, with a few
exceptions, not far from the HL-LHC one.

Even at a low energy run, all future lepton colliders can bring the precision of the Higgs coupling to vector bosons below
0.5% (note also that lepton colliders are the only type of Higgs factory able to provide an absolute normalization for the Higgs
couplings, via the measurement of the e™e™ — ZH cross section using the recoil mass method). With similar luminosities
collected at 240 GeV, the overall performances of CEPC and the 240 GeV run of FCC-ee are expected to be comparable.®
In particular, focusing our attention to the Higgs couplings to vector bosons, both machines would be able to measure the
effective HZZ coupling with a precision of ~ 0.3%. After running at 365 GeV and completing the 14 year physics program of
the FCC-ee collider” the precision of the HZZ coupling would be further reduced to ~ 0.2%, a 30% better result. For the ILC,
running at 250 GeV would bring a precision of ~ 0.4 —0.5% for g?_;fzz. This would be pushed down to 0.2% with an increase
of the centre-of-mass energy to 500 GeV and after collecting 4 ab~! of data, with a total combined run time of 22 years.

"The absence of a run around the #7 threshold would, however, prevent measuring the top quark mass with increased precision, which is also a key observable
in the EWPO analysis.

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 HZ7y coupling at CEPC is simply due to the absence of a projections for the H — Z7y 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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Finally, although the determination of the different Higgs couplings obtained from the 380 GeV run of CLIC would be
somewhat less precise than at the other machines, the data taken at high-energies allow to reach that precision already after the
1.5 TeV run. After the 23-year program, CLIC would be able to reach a two per-mille accuracy on the Higgs coupling to vector
bosons.

Turning our attention to the Higgs couplings to fermions, a similar pattern of improvements can be observed for the
couplings to bottom quark and 7 lepton. The top quark Yukawa is not directly accessible for lepton colliders running below
the t#H threshold. Indeed, below threshold the top quark coupling can only be accessed via its contribution to the SM-loop
induced processes, e.g. H — gg. In the EFT framework, however, these can also receive corrections from new local operators,
preventing the extraction of g‘}}f,. In these cases, only a minor improvement can be achieved in the SMEFTxp scenario '°, due to
the more precise determinations of the other couplings involved in the extraction of gif from the #¢H channels at the HL-LHC.
The high-energy runs of the lepton machines would give access to the ##H threshold. ILC studies at 500 GeV —included in
this study— project a determination of g;_lfft with a precision ~ 6-7%. This could be significantly improved by running slightly
above threshold, at 550 GeV, where due to the increased statistics it would be possible to access the same coupling at the 3%
level [3]. Similar precision is projected for the CLIC run at 1500 GeV. Note that in order to take full advantage of these studies
it is necessary to also have an adequate determination of the Ztf couplings. These also contribute to the 1tH process and are
not precisely constrained by current data. Here we use the results from [37] for ILC at 500 GeV and from [38] for CLIC. In
any case, these projected uncertainties for ngft would still be similar to the one from the HL-LHC determination of the top
Yukawa coupling. Only the FCC project would be able to surpass that precision on its own, after including in the picture the
measurements possible at the 100 TeV pp collider. The improvement in this case comes from the measurement of the 1#H /1tZ
cross sections, which then also relies on a precise measurement of the Zft coupling. For the FCC this would come from the
FCC-ee run at 365 GeV [39]. It should be recalled that in all these studies of the 1#H or ¢tZ processes, both at hadron and lepton
colliders, we are making explicit use of the assumption that other interactions such as four-fermion or dipole operators can
be neglected. A fully global analysis of these processes has to include those operators as well, including the corresponding
constraints.

Finally, even after the full physics program of any of the future leptonic machines, there are several couplings whose
precision are still above the one percent threshold, mainly those associated to rare decays and that are statistically limited.
Only a future lepton collider combined with a high-luminosity hadron machine like the FCC-hh would be able to bring down
all the main Higgs couplings below 1%, as can be seen in the last column in Table 7. In this regard, we also note the role of
the FCC-eh measurements, which would also help to push down the precision in the determination of the couplings to vector
bosons and b quarks, after the completion of the FCC-ee program.

A comparison between the results of the global fit with those obtained assuming perfect EW measurements —scenario
SMEFTpgw- illustrates the relative importance of the EWPO in the extraction of the different Higgs couplings from the global
fit [40]. Figure 5 compares the two results for the future Higgs factories at lepton colliders. In most cases the impact is quite
mild and, in the case of FCC-ee, almost nonexistent due to the rich program for measuring the EWPO at the Z pole and above.
This should be also the case, to a good extent, for CEPC. The small difference in their results is related with the status of the
available projections for the EWPO at CEPC, which are missing some observables relevant for the direct constraint of the Zee
interactions in the scenario without lepton universality, e.g. the ratio R, = I'z_paa/Tz—sce. (See figure 4.) For the ILC run at 250
GeV there is a slight deterioration in the precision of the ZV'V couplings. This comes from the absence of a Z pole run which, a
priori, would negatively affect the program of electroweak precision measurements possible at this collider. While not included
in the analysis presented in this report, we must note that preliminary studies of the radiative return process e™e™ — Zy at
250 GeV with polarized beams show that it could be possible to improve the current measurement of the electron polarized
asymmetry, A,, by a factor of 10 [3]. This could help to ameliorate the loss in precision in ggfzz_ aww- This can also be achieved
by including the information from a high-energy run, as can be seen for CLIC, where there is little impact on the precision of
the same HV'V effective couplings.

One must take into account that, with the set of projections available from each future collider project, the global fit
results presented here are, in some cases, not entirely consistent, due to some approximations present in the projections for
ete™ — WTW™. Indeed, these are typically reported in terms of the precision on the aTGC but, except for the CLIC studies
presented in [41], they are obtained assuming that new physics can only modify dg1., 6ky and Az, but not the other couplings
involved in the production or decays of the WW pairs '!. This explains the large difference for those parameters in the CLIC
results between the global fit and the ones computed under the assumption of perfect EW measurements, see Figure 5.) The

10We remind that in the SMEFTgy scenario, the corrections to the Yukawa interactions of the different fermion families are universal. Therefore, in that
scenario, the apparent improvement on the Top coupling is in most instances directly linked to the percent level precision of the measurement of the coupling to
charm quarks.

For the ILC studies [3, 15,42] part of this dependence is taken into account, adding those contributions from dimension-6 operator coefficients that are
enhanced by a factor s/ 2m‘2,V. 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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Table 7. 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
SMEFTEy and SMEFTyp in the text. The numbers for all future colliders are shown in combination with the HL-LHC results
(3" column).

HL-LHC +
‘ Benchmark ‘ HL-LHC ‘ LHeC  HE-LHC 1ILCys ILCs09 CLIC3sg0 CLIC500 CLIC3000 CEPC  FCC-eeyqo FCC-ee  FCC-ee/eh/hh

g, (%) SMEFTry 3.2 1.8 2.5 0.41 0.21 0.65 0.27 0.2 0.45 0.46 0.26 0.13
SMEFTxp 3.6 2.1 2.9 0.47 0.22 0.66 0.27 0.2 0.52 0.47 0.26 0.13

gt w %] SMEFTxy 2.9 1.6 2.1 0.42 0.22 0.64 0.24 0.18 0.43 0.45 0.27 0.13
SMEFTxp 3.2 1.8 2.5 0.48 0.23 0.65 0.24 0.18 0.51 0.46 0.27 0.13

g (%] SMEFTgy 3.4 2. 2.4 1.2 1.1 1.4 1.2 1.1 1.2 1.2 1.1 0.33
SMEFTxp 3.7 2.2 2.8 1.3 1.1 1.4 1.2 1.1 1.2 1.2 1.2 0.34

&ty (%] SMEFTry 11. 10. 43 9.6 6.6 9.7 47 3.7 6.2 9.9 9.3 0.66

SMEFTxp 11. 10. 45 10. 6.7 9.8 4.7 3.7 6.3 9.9 9.4 0.7

giime %] SMEFTry 22 1.5 1.2 1.1 0.79 1.3 0.96 0.74 0.76 0.94 0.81 0.42
SMEFTxp 2.2 1.6 1.3 1.1 0.79 1.3 0.97 0.75 0.79 0.95 0.82 0.49

g5t (%) SMEFTky 2.9 2.3 1.8 1.5 1.1 2.3 1.3 1.1 1.5 1.2 1.1 0.65

SMEFTxp 2.9 2.7 1.7 2.6 2.4 2.7 2. 2. 2.6 2.6 2.6 1.6

gt %] SMEFTry Same as g5if, Same as g§if,

SMEFTxp - 4. - 1.8 1.2 4. 1.9 1.4 1.9 1.4 1.3 0.95

gt 1%] SMEFTgy 4.7 1.6 3. 0.79 0.51 L. 0.46 0.38 0.62 0.69 0.55 0.4
SMEFTxp 5.1 1.9 3.4 0.83 0.52 L. 0.47 0.38 0.67 0.7 0.56 0.44

gt (%] SMEFTry 3.2 2. 23 0.81 0.59 1.2 0.91 0.72 0.65 0.69 0.57 0.3
SMEFTxp 3.5 2.2 2.6 0.85 0.6 1.3 0.93 0.73 0.7 0.7 0.57 0.45

gt (%] SMEFTxy Same as g3t . Same as gt .

SMEFTxp 5.5 4.6 3.1 4.1 3.9 43 4. 3.4 3.8 3.9 3.8 0.42
8g12[x10%] | SMEFTwy 0.64 0.47 0.43 0.086  0.046 0.044 0.013 0.012 0.089 0.085 0.036 0.017
SMEFTxp 0.67 0.52 0.49 0.1 0.051 0.045 0.014 0.012 0.092 0.086 0.037 0.019
Sy [x107] SMEFTky 3. 22 24 0.12 0.063 0.094 0.04 0.029 0.089 0.086 0.049 0.047
SMEFTxp 3.2 2.4 2.7 0.14 0.068 0.098 0.041 0.03 0.089 0.086 0.049 0.047
Az[x107] SMEFTry 3.2 3. 3. 0.042  0.014 0.043 0.0053 0.0018 0.11 0.1 0.05 0.045
SMEFTxp 3.2 3. 3.1 0.042  0.014 0.043 0.0053 0.0018 0.11 0.1 0.05 0.045

aTGC dominance assumption was a good approximation at LEP2, due to the comparatively more precise constraints from the
Z-pole measurements at LEP/SLD, but is something to be tested at future colliders, especially for those projects where a run at
the Z-pole will not happen. In those cases, the results presented here must therefore be interpreted with caution [40].

3.4.2 Results for BSM-motivated effective Lagrangians

In this subsection, we adopt a more BSM-oriented perspective and present the global fit results in a way that can be easily
matched to theory-motivated scenarios, such as composite Higgs models. For that purpose, we will restrict the results to the
set of dimension-6 interactions in the effective Lagrangian in eq. (19) and adopt the usual presentation of results in terms
of the bounds on the dimension-6 operator coefficients. We will also extend the global fits presented in previous sections,
adding further studies available in the literature about high-energy probes of the EFT. These are designed to benefit from
the growth-with-energy of the contributions of certain dimension-6 operators in physical processes, leading to competitive
constraints on new physics, without necessarily relying on extreme experimental precision. In this regard, we note that these
studies are usually not performed in a fully global way within the EFT framework, but rather focus on the most important effects
at high energies. Therefore, the results when such processes dominate in the bounds on new physics should be considered with
a certain amount of caution, although they should offer a reasonable approximation under the assumptions in (19) and (20). In
particular, we will add the following high-energy probes using di-boson and di-fermion processes:

e The constraints on the W and Y oblique parameters (which can be mapped into cow 2p) from fermion pair production at
the HL-LHC, HE-LHC [10], FCC-hh [43], ILC at 500 GeV [41,43]'? and CLIC [41].

e The study in Ref. [44] of the Mzy distribution in pp — ZH,H — bb in the boosted regime for the HL-LHC [10] and
FCC-hh [45]. (This was not available for the HE-LHC.) Note that both CLIC (and to a lesser extent ILC) have access to
similar physics in the leptonic case, from the ZH measurements at 1.5/3 TeV (500 GeV).

e The pry distribution in pp — WZ from Ref. [46] for the HL-LHC, HE-LHC and FCC-hh.

These are of course only a sample of the high-energy precision probes that could be tested at future colliders (and at HL-LHC)
so the results presented are not an exhaustive study the potential of the different machines in this regard. (See, e.g., [47,48].)

12We use an extrapolation of the CLIC results at 380 GeV in [41] to the energy and luminosity of ILC at 500 GeV.
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Figure 3. 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
SMEFTNp.

The results of this fit are shown in Figure 6 after the full run of each future collider project, and in Table 8. Apart from
the 68% probability bounds for each operator from the global fit, we also present the results assuming only one operator is
generated by the UV dynamics. The difference between both results is indicative of the correlations between the different
operators in the fit. These can, in some cases, be rather large. A full study of such correlations goes beyond the scope of this
report, but it is worth mentioning that some of the largest correlations typically occur between &y, Oyw, Opp, Ow, O wWhere
all contribute to the Higgs interactions with neutral vector bosons. Large correlations also connect &, and &,,. These are
typically constrained along the H — gg direction with better precision than the one obtained for &), from the corresponding
ttH process at the different colliders.

For those operators whose effects are mainly constrained by Higgs observables, e.g. &y and 0y, the evolution of the
results in the table follows essentially the same pattern as in the discussion of the Higgs coupling results of the SMEFT fit.
Likewise, similar considerations must be taken into account when comparing the results across colliders, in particular regarding
the dependence of the HE-LHC results on the assumptions of the reduction of the theory/systematic uncertainties, which
control most of the improvement with respect to HL-LHC. (See comment on the S2’ assumptions in Section 2.) Also regarding
the results at high luminosity/energy upgrades of the LHC, some of the numbers in Table 8, namely those involving a single
operator fit to ¢y, may look surprising, given that the projections for most Higgs observables at such machines are expected to
be dominated by the theory/systematic uncertainties. These results are marked with a © in the table. For instance, the HL-LHC
result corresponds to a precision in an overall Higgs coupling modification at the level of 0.8%. This is below the dominant
signal theory uncertainties assumed in the HL-LHC S2 hypothesis. As explained in Section 2, this is a consequence of the
assumptions in the treatment of theory/systematic uncertainties in the simplified set of inputs used in this report for the HL-LHC
fits. A rough estimate of the bound that would result from assuming 100% correlated signal theory uncertainties would return,
for the same case, ¢y / A2 ~ 0.42 TeV~2, illustrating the impact of the choice of assumption in the treatment of these theory
systematics. Given the implications of these bounds in terms of constraining BSM scenarios (as will be illustrated below, cgy
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Figure 4. Sensitivity at 68% probability to deviations in the different EW couplings from a global fit to the projections
available at each future collider project. Results obtained within the SMEFT framework in the benchmark SMEFTNp. See text
for details, in particular regarding the CEPC results.

sets some of the most important constraints in composite Higgs models), this is an issue that should be carefully studied at
hadron colliders, as it will become (even more) relevant at the end of the HL-LHC era.

A meaningful interpretation of these results in terms of a broad class of composite Higgs models can be obtained under the
assumptions leading to the dependence of the Wilson coefficients on new physics coupling, g., and mass, m,, described in
Eq. (20) and below (i.e. we assume ¢,y and cyy 3y are loop suppressed in y; and g, respectively). In Figure 7 we translate
the results of the fit in Figure 6 in terms of the 95% probability constraints in the (g.,m,) plane under such assumptions, and
setting all O(1) coefficients exactly to 1, i.e.

o6y _ g_i cws _ 1 cawapae _ 1 1
A2 m2’ A2 m?’ A2 g2 m?’ 23)
er_ ot 1 re _ 3 1 cower _ & 1 cwac _ 11
A2 1622 A2 16m2m?’ A2 16mim? AL lem2m2

We focus the comparison, again, on the full physics program at each future collider project (solid regions), but also show
the region delimited by the low energy runs, or the FCC-ee for the case of the FCC project (the boundaries are indicated by
the dashed lines). In the right panel of that figure we also show, for illustration purposes, the individual constraints set by
several of the operators in (19) for the FCC fit. The modifications of the on-shell Higgs properties discussed in this report are
mainly controlled, within the SILH assumptions, by the contributions to the operators & and &), both of which set similar
constraints in the global fit for this collider. These give the leading constraints in strongly coupled scenarios. Electroweak
precision measurements, on the other hand, are more affected by a combination of Oy p and set bounds independently of the

new physics coupling. Finally, some of the high-energy probes included in the analysis provide the most efficient way of testing
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Figure 5. 68% probability reach on Higgs couplings and aTGC at the different lepton colliders from the Global fit SMEFTyp,
compared with the results obtained assuming infinite precision for the EWPO (scenario SMEFT pgy ). The difference (partially)
illustrates the impact of the EW constraints on the Higgs results. See text for discussion and caveats on this study.

weakly coupled scenarios. The implications of some of these results will be discussed in detail, and in combination with the
information from direct searches, in Ref. [49].

3.5 Impact of Standard Model theory uncertainties in Higgs calculations

As important as it is to have very precise experimental measurements of the different Higgs processes, it is also fundamental
from the point of view of their physical interpretation to have theoretical calculations for the predictions of such processes
with comparable or better precision. In this sense, to quantify to what extent an experimental measurement with uncertainty
Oexp can be translated into a constraint on new physics,'® one needs to know the corresponding uncertainty gy for the SM
prediction. In order to extract the maximum experimental information, ideally, dsm < Oexp. The sources of the SM uncertainty
are typically separated in two types of contributions:

e Parametric theory uncertainties (Thp,). For a given observable O, this is the error associated to the propagation of the
experimental error of the SM input parameters to the SM prediction Ogy.

e The second source of uncertainty is due to the fact that, in practice, Osy is only known to a finite order in perturbation
theory. The estimate of the net size associated with the contribution to Ogy from missing higher-order corrections is
usually referred to as intrinsic theory uncertainty (Thyy).

Of course, in the interpretation of any measurement in a particular extension of the SM, there are also errors associated with the
missing corrections in the expansion(s) including the new physics parameters. In the particular case of the EFT framework,
these would come from NLO corrections in the perturbative expansion including dimension-6 interactions or, from the point
of view of the EFT expansion, from ¢*/A* effects coming from either the square of the dimension-6 contributions to the
amplitudes, or the SM interference with amplitudes involving dimension-8 operators or double insertions of the dimension-6
ones. Note that all these corrections affect the interpretation of a measurement in terms of pinpointing what is the source of the
deformation from the SM, i.e. which particular operator and how large its coefficient can be, but not on the size of the overall
deformation per se. The latter is only controlled by the SM theoretical uncertainty. Because of that, and in the absence of a

130r, equivalently, to what extent a measurement agrees with the SM.

23/58



B HL-LHC W HL+LHeC M HL+HELHC HL+ILCpso HL+CLIC1500 M HL+CEPC
I M HL+ILCs00 I HL+CLIC3000

10 May 2019 Global fit to L§|_LH 140.32

1
>
®
3.2 £
E
<
10
32.

| .

Figure 6. Global fit to the EFT operators in the Lagrangian (19). We show the marginalized 68% probability reach for each
Wilson coefficient ¢;/A? in Eq. (19) from the global fit (solid bars). The reach of the vertical lines indicate the results assuming
only the corresponding operator is generated by the new physics.

fully developed program including such contributions in the SMEFT framework, we restrict the discussion in this section to SM
uncertainties only.

In the previous sections the results for future colliders after the HL/HE-LHC era were presented taking into account
parametric uncertainties only. This was done to illustrate the final sensitivity to BSM deformations in Higgs couplings, as
given directly by the experimental measurements of the different inputs (i.e. Higgs rates, diBoson measurements, EWPO or the
processes used to determine the values of the SM input parameters). On the other hand, for this scenario to be meaningful, it
is crucial to also study the effect in such results of the projections for the future intrinsic errors. This is needed to be able to
quantify how far we will be from the assumption that such intrinsic errors become subdominant and, therefore, which aspects
of theory calculations should the theory community focus on to make sure we reach the maximum experimental sensitivity at
future colliders.

In this section we discuss more in detail the impact of the two types of SM theory errors described above, from the point
of view of the calculations of the predictions for Higgs observables. This will be done both within the k framework and also
in the context of the EFT results. For the results from the x-framework we will use the most general scenario considered in
Section 3.1, i.e. kappa-3, which allows non-SM decays. On the EFT side, we will use the scenario SMEFTpgw, where the
uncertainty associated to the precision of EWPO has already been “factorized”. In this scenario each fermion coupling is
also treated separately, thus being sensitive to the uncertainties in the different H — ff decay widths. Finally, we will also
restrict the study in this subsection to the case of future lepton colliders only (we always consider them in combination with the
HL-LHC projections. For the latter we keep the theory uncertainties as reported by the WG2 studies [10]).

In Table 9 we show the results of the K fit for the benchmark scenario kappa-3, indicating the results obtained includ-
ing/excluding the different sources of SM theory uncertainties. Similarly, Table 10 shows the results of the EFT fit for the
benchmark scenario SMEFTpgw. For the EFT results the impact of the different theory uncertainties is also illustrated in
Figure 8. As can be seen, if the SM errors were reduced to a level where they become sub-dominant, the experimental precision
would allow to test deviations in some of the couplings at the one per-mille level, e.g. the coupling to vector bosons at CLIC
in the SMEFT framework (the presence of extra decays would however reduce the precision to the 0.4% level, as shown in
the kappa-3 results). The assumed precision of the SM theory calculations and inputs, however, prevents reaching this level
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Figure 7. (Left) Allowed regions in the (g,n,) plane from the fit presented in Figure 6, using the SILH power-counting
described in Eq. (20) 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 comparing the results from the global fit with 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 0y and Oy,

of sensitivity. The most notable obstacle to achieve this close to per-mille level of precision are the intrinsic uncertainties
for the eTe™ — ZH and, especially, in ete™ — HVV, estimated to be ~0.5%. In reaching this level of theoretical precision
it was assumed that predictions at NNLO in the EW coupling for both processes will be available. This is within reach for
ZH production, but it may be more challenging for ete™ — HVV (and H — VV* — 4f). However, with enough effort on the
theory side [50-52],this type of uncertainties can be reduced. If the necessary resources are dedicated to develop these types of
calculations, it should be possible to achieve, or even surpass, the required level of precision. This is not the case for the SM
parametric errors, which depend on the experimental measurements of the corresponding input parameters. From the results of
the fits, the largest effect of this type of uncertainty on the determination of the fermion couplings affects the effective coupling
of the bottom to the Higgs. The corresponding SM error in H — bb depends on the precision of the bottom quark mass, whose
projected future determination was assumed to be ~ 13 MeV. Taking into account the projected improvements from Lattice
QCD calculations, this should be a conservative estimate [50]. Other parametric uncertainties, e.g. in H — ¢¢, gg and associated
to m. and @, are larger than the one for H — bb but have a smaller effect in the results due to the also smaller experimental
errors expected in the corresponding channels. From the point of view of the Higgs decays into vector bosons, the predictions
of H — ZZ*,WW* have a strong dependence on the value of the Higgs mass. It it therefore important to accompany the precise
measurements of the Higgs couplings with equally precise measurements of the Higgs mass, to the level of 10 MeV. This would
be possible at 240/250 GeV lepton colliders but more challenging at CLIC, where the final precision on My is expected at
the level of 20-30 MeV (see Section 7). In the kappa-framework, the fact that the dependence of the production e™e™ Higgs
cross sections on My is less severe helps to reduce the impact of the My uncertainty in the CLIC results. This is no longer
the case once we move to the more general description of the SMEFT. In that case, non-SM like interactions contribute to the
effective HZZ and HWW couplings, and the information on H — WW* becomes relevant to determine g§i,,. This explains the
deterioration in the precision of that coupling in the CLIC results, emphasising again the necessity of a precise determination of

My.
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Table 8. 68% probability reach on the different Wilson coefficients in the Lagrangian Eq. (19) from the global fit. In

parenthesis we give the corresponding results from a fit assuming only operator is generated by the UV physics. See text for

details, in particular regarding the results marked with a ',
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Table 9. Comparison of the sensitivity at 68% probability to deviations in the different Higgs couplings modifiers in the
kappa-3 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.

Benchmark HL-LHC +
kappa-3 ILCys9 ILCsgg CLIC3gg CLICi5090 CLIC3000 CEPC FCC-eepqyp FCC-eesqs

K (%) Expstat 1.1 0.28 0.75 0.4 0.37 0.94 0.95 0.41
Expstat + Thpar 1.1 0.29 0.75 0.4 0.38 0.95 0.95 0.41
Expstat + Thipe 1.1 0.52 0.85 0.54 0.49 0.97 0.97 0.58
Expstat + Th 1.1 0.52 0.86 0.54 0.49 0.97 0.97 0.58
Kz[%] Expstat 0.28 0.22 0.44 0.39 0.38 0.18 0.19 0.17
Expstat + Thpar 0.29 0.23 0.44 0.39 0.39 0.18 0.19 0.17
Expstat + Thingr 0.32 0.27 0.46 0.42 0.41 0.23 0.24 0.22
Expstat + Th 0.32 0.27 0.47 0.42 0.41 0.24 0.24 0.23
i [%] Expstat 1.4 0.82 1.5 1.1 0.83 1.1 1.2 0.88
Expstat + Thpar 1.4 0.84 1.5 1.1 0.86 1.1 1.2 0.89

Expstat + Thiner 1.4 0.97 1.6 1.1 0.95 1.1 1.2 1.

Expstat + Th 1.4 0.99 1.6 1.2 0.97 1.1 1.2 1.

Ky (%] Expstat 1.3 1.2 1.5 1.3 1.1 1.2 1.2 1.2
Expstat + Thpar 1.3 1.2 1.5 1.3 1.1 1.2 1.3 1.2

Expstat + Thipe 1.4 1.3 1.5 1.4 1.3 1.3 1.4 1.3

Expstat + Th 1.4 1.3 1.6 1.4 1.3 1.3 1.4 1.3

sz[%] Expstat 11. 11. 11. 8.4 5.7 6.3 11. 10.
Expstat + Thpyr 11. 11. 11. 8.4 5.7 6.3 11. 10.

Expstat + Thiner 11. 11. 11. 8.4 5.8 6.3 11. 11.

Expstat + Th 11. 11. 11. 8.4 5.8 6.4 11. 11.

K [%] Expstat 2. 1.1 4. 1.8 1.3 1.9 1.5 1.2
Expstat + Thpar 2. 1.2 4.1 1.9 1.4 2. 1.6 1.3

Expstat + Thine 2. 1.2 4. 1.8 1.4 1.9 1.5 1.3

Expstat + Th 2. 1.3 4.1 1.9 1.5 2. 1.6 1.3

K [%] Expstat 2.6 2.4 2.7 1.9 1.9 2.6 2.6 2.6
Expstat + Thpar 2.7 2.4 2.7 1.9 1.9 2.6 2.6 2.6

Expstat + Thingr 2.7 2.4 2.7 1.9 1.9 2.6 2.6 2.6

Expstat + Th 2.6 2.4 2.7 1.9 1.9 2.6 2.6 2.6
K| %] EXpstat 1.1 0.47 1.2 0.5 0.4 0.87 0.96 0.56
Expstat + Thpyr 1.2 0.57 1.2 0.61 0.53 0.92 1. 0.64
Expstat + Thipgr 1.2 0.64 1.2 0.64 0.54 0.91 0.99 0.69
Expstat + Th 1.2 0.72 1.3 0.73 0.63 0.96 1. 0.76

Ky [%] Expstat 4.2 3.9 4.4 4.1 3.5 3.9 4. 3.9
Expstat + Thpar 4.2 3.9 4.4 4.1 3.5 3.9 4. 3.9

Expstat + Thpe 4.2 3.9 4.4 4.1 3.5 3.9 4. 3.9

Expstat + Th 4.2 3.9 4.4 4.1 3.5 3.9 3.9 3.9
Kz [%)] Expsiat 1.2 0.64 1.4 0.99 0.8 0.95 0.98 0.66
Expstat + Thpar 1.1 0.64 1.4 0.99 0.82 0.96 0.98 0.66
Expstat + Thipe 1.2 0.74 1.4 1. 0.85 0.98 1. 0.75
Expstat + Th 1.2 0.75 1.4 1. 0.86 0.98 1. 0.75
BRiny,95% EXpstat 0.26 0.23 0.63 0.62 0.62 0.27 0.22 0.19
Expstat + Thpyr 0.26 0.22 0.63 0.62 0.61 0.27 0.22 0.19
Expstat + Thiner 0.26 0.23 0.63 0.62 0.61 0.27 0.22 0.19
Expstat + Th 0.26 0.23 0.63 0.62 0.62 0.27 0.22 0.19

BRunt,95% Expstat 1.8 1.4 2.7 2.4 2.4 1.1 1.2 1.1
Expstat + Thpar 1.8 1.4 2.7 2.4 2.4 1.1 1.2 1.1

Expstat + Thine 1.8 1.4 2.7 2.4 2.4 1.1 1.2 1.1

Expsiac + Th 1.8 1.4 2.7 2.4 2.4 1.1 1.2 1.1
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Table 10. Comparison of the sensitivity at 68% probability to deviations in the different effective Higgs couplings and aTGC

from the SMEFTpgw 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.

Benchmark HL-LHC +
SMEFTPEW ILC250 ILC500 CLIC38() CLIC 1500 CLIC3()0() CEPC FCC-36240 FCC-ee
g %] EXPstat 0.26 0.16 0.4 0.14 0.089 0.43 0.46 0.25
Expsiac + Thpar | 0.27 0.17 0.6 0.27 0.2 0.44 0.46 0.26
Expsiat + Thine | 0.33 0.28 0.45 0.33 0.32 0.47 0.5 0.34
Expstat + Th 0.33 0.28 0.64 0.4 0.36 0.48 0.5 0.35
g;,ffw[%] EXpstat 1.2 1.1 1.4 1.2 1.1 1.2 1.2 1.2
Expsiat + Thpar 1.2 1.1 1.4 1.2 1.1 1.2 1.2 1.2
Expstat + Thner 1.2 1.2 1.4 1.3 1.1 1.2 1.3 1.2
) Expsat + Th 1.3 1.2 1.4 1.3 1.1 1.2 1.3 1.2
8517 (%] EXPsiat 8.1 4.4 9. 43 3.5 6.2 9.9 9.3
Expstat + Thpar 8.1 45 9. 4.4 3.5 6.2 9.9 9.3
Expstat + Thinir 8.1 49 9.1 53 4.2 6.2 9.9 9.6
Expseat + Th 8.1 4.9 9.1 53 4.2 6.2 10. 9.6
g5 e %] EXPstat 1.1 0.78 1.3 0.94 0.73 0.75 0.94 0.81
Expstat + Thpar 1.1 0.78 1.3 0.96 0.75 0.75 0.94 0.81
Expsiat + Thinir 1.1 0.82 1.3 0.99 0.78 0.78 0.97 0.85
Expstat + Th 1.2 0.82 1.4 1. 0.79 0.79 0.98 0.85
g (%) EXpstat 2.6 24 2.7 1.9 1.9 2.6 2.6 2.6
Expstat + Thpar 2.6 2.4 2.7 1.9 1.9 2.6 2.6 2.6
Expsiat + Thine | 2.6 2.4 2.7 1.9 1.9 2.6 2.6 2.6
Expsiat + Th 2.6 2.4 2.7 1.9 1.9 2.6 2.6 2.6
& %) EXpsiat 1.7 1.1 3.9 1.8 1.3 1.8 1.3 1.1
Expstat + Thpar 1.8 1.2 4. 1.9 1.4 1.8 14 13
Expstat + Thinir 1.7 1.1 4. 1.8 1.3 1.8 1.3 1.2
Expsiac + Th 1.8 1.3 4. 1.9 1.4 1.9 1.4 1.3
gt (%] EXPstat 0.66 0.39 0.92 0.3 0.17 0.53 0.62 0.46
Expseat + Thpar | 0.73 0.5 1. 0.47 0.38 0.61 0.69 0.55
Expsiat + Thie | 0.7 0.49 0.97 0.46 0.38 0.58 0.66 0.53
Expsa; + Th 0.77 0.58 1.1 0.58 0.51 0.66 0.73 0.62
g %] EXPsiat 0.76 0.56 1.3 0.91 0.72 0.65 0.69 0.57
Expsat + Thpae | 0.76 0.57 13 0.93 0.74 0.65 0.69 0.57
Expsiat + Thie | 0.79 0.61 1.3 0.95 0.77 0.68 0.72 0.62
Expsat + Th 0.79 0.61 1.3 0.96 0.78 0.69 0.73 0.62
&5 %] EXpsiat 4.1 3.9 43 4. 3.4 3.8 3.9 3.8
Expsta + Thpar 4.1 3.9 43 4. 3.4 3.8 3.9 3.8
Expsiat + Thine | 4.1 3.9 43 4. 3.4 3.8 3.9 3.8
Expstat + Th 4.1 3.9 43 4. 3.4 3.8 3.9 3.8
8g17[x10?] EXpsiat 0.039  0.0086 0.03 0.0034 0.0012  0.087 0.085 0.036
Expsiac + Thpae | 0.039  0.0086 0.03 0.0034 0.0012  0.087 0.086 0.036
Expsiac + The | 0.039  0.0086  0.031 0.0034 0.0012  0.087 0.086 0.037
Expsat + Th 0.039  0.0086  0.031 0.0034 0.0012  0.087 0.086 0.037
Sicy[x 107] EXPstat 0.056  0.011 0.043 0.0073 0.0026 0.09 0.086 0.049
Expsia + Thpye | 0.056  0.011 0.043 0.0073 0.0026 0.09 0.086 0.049
Expsat + Thie | 0.056  0.011 0.044 0.0074 0.0026 0.09 0.086 0.05
Expsiac + Th 0.056  0.011 0.044 0.0074 0.0026  0.089 0.086 0.05
Az[x10?] EXPstat 0.041  0.014  0.043 0.0053 0.0018 0.11 0.1 0.05
Expsac + Thpae | 0.041  0.014  0.042 0.0053 0.0018 0.11 0.1 0.05
Expswac + Thipe | 0.041  0.014  0.043 0.0053 0.0018 0.11 0.1 0.05
Expsiat + Th 0.041  0.014  0.042 0.0053 0.0018 0.11 0.1 0.05
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4 The Higgs boson self-coupling

The Higgs field is responsible for the spontaneous breaking of the electroweak symmetry, and for the generation of all the SM
particle masses, because its potential features a global minimum away from the origin. Within the SM, this potential is fully
characterised by two parameters that can be experimentally inferred from the measurements of the Fermi constant and of the

Higgs mass (v = 1/v/v/2Gr ~ 246 GeV)

1 1 2
V() = Smigh? + Aok’ + Jhah?,  with A5M =AM = % (24)

However, the Higgs potential could show sizeable departures from the SM form, described in eq. (24). The understanding of
EW symmetry breaking will remain hypothetical until experimental measurements reconstruct the shape of the Higgs potential.
The measurement of the Higgs potential is therefore a high priority goal on the physics programme of all future colliders.

Unfortunately, the Higgs self-interactions, apart from the simple kinematical 2-point interaction that corresponds to the
Higgs boson mass, are not physical observables. Therefore, a theoretical framework is needed to infer their values from
experimental measurements. One needs a general parametrisation of the departures from the SM that allows the various Higgs
couplings to vary continuously. Within this framework, one makes accurate predictions of various observables as a function of
the modified Higgs couplings and a global fit then leads to a determination of all these couplings. Effective Field Theory offers
us such a theoretically sound framework in which higher order calculations can be performed to provide solid and improvable
predictions able to cope with systematic and statistic experimental uncertainties. As in Section 3.3, we will focus our attention
on EFT where the EW symmetry is linearly realised, i.e. under the assumption that no new heavy degree of freedom acquires
its mass from the Higgs expectation value. In that case, there are only two dimension-6 operators that induce a deviation of the
Higgs self-couplings

c ce ASM
L = 2N 500 PoH 9 — 5l
o 13 3 V2 o A,4 25 v2
= K3:A?’SN[:1+<C6_2C¢> p7 :W:l"" 6C6_?C¢ ﬁ (25)

In particular, the operator proportional to ¢y requires a non-linear field definition to keep the Higgs boson kinetic term
canonically normalised. The modifications of the cubic and quartic self-interactions are related in this model. Independent
modifications are only obtained when operators of dimension 8 are considered.

The most direct way to assess the Higgs cubic self-interaction is through the measurement of double Higgs production
either at hadron colliders, where the production is dominated by gluon fusion, gg — HH, or at lepton colliders via double
Higgs-strahlung, e™e™ — ZHH, particularly relevant at low energies, or via vector boson fusion (VBF), ete™ — HHV, V., more
important at centre-of-mass energies of 1 TeV and above. At leading order, double Higgs production receives a contribution
proportional to the cubic coupling, for both pp and e e~ collisions, as shown in Fig. 9. Figure 10 shows the dependence of
the inclusive double Higgs production cross section when the value of the Higgs cubic coupling is varied, assuming no other
deviation from the SM. Gluon fusion production at a hadron collider has been computed within the SM at NNLO accuracy in the
infinite top mass limit and at NLO with the full top mass dependence, leading to a prediction whose theoretical and parametric
uncertainties are of the order of a few percent. For the LHC at 14 TeV, the cross section is predicted to be 36.69:%:532 fb, about
three orders of magnitude smaller than the single Higgs production, which makes the double Higgs channel a challenging
process to observe. The most up-to-date analysis relies on the combination of the bbyy and bbtt decay channels to reach
almost 5 standard deviation evidence for double Higgs production at HL-LHC (see Table 55 and Fig. 65 of Ref [10]), which
can be translated into a 68% CL bound of order 50% on the deviation of the Higgs cubic coupling relative to the SM prediction.
Note that the mapping of the inclusive gg — HH cross section onto a value of the Higgs cubic self-coupling is not unique: for
instance, at 14 TeV LHC, a value of the cross section equal to the SM prediction corresponds either to k3 = 1 or to k3 ~ 6.2.
This ambiguity can however be resolved by analysing the shape of the invariant mass distribution of the reconstructed two
Higgs boson system: the larger the value of k3, the more myy is peaked close to threshold. This kinematic information is
a crucial element of Boosted Decision Trees (BDT) based analysis performed at HL-LHC. However the BDT and the final
selection cuts are often devised to optimise the significance of the SM cross section for double Higgs production and therefore
it is not necessarily optimised for the determination of the Higgs self-coupling directly, leaving room for possible improvement
towards an even higher sensitivity. At lepton colliders, double Higgs-strahlung, ete™ — ZHH, gives stronger constraints on
positive deviations (k3 > 1), while VBF is better in constraining negative deviations, (k3 < 1). While at HL-LHC, values of
k3 > 1, as expected in models of strong first order phase transition, result in a smaller double-Higgs production cross section
due to the destructive interference, at lepton colliders for the ZHH process they actually result in a larger cross section, and
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Figure 9. 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. See Table 17 for the SM rates. At lepton colliders, double Higgs production
can also occur via vector boson fusion with neutral currents but the rate is about ten times smaller. 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.

hence into an increased precision. For instance at ILCsqy, the sensitivity around the SM value is 27% but it would reach 18%
around k3 = 1.5.

Modified Higgs self-interactions can also affect, at higher orders, the single Higgs processes [55-57] and even the
electroweak precision observables [58—60]. Since the experimental sensitivities for these observables are better than for double
Higgs production, one can devise alternative ways to assess the value of the Higgs self-interactions. To be viable, these
alternative methods need to be able to disentangle a variation due to a modified Higgs self-interaction from variations due to
another deformation of the SM. This is important in particular in a global analysis, when all EFT parameters are left free to float.
This cannot always be done relying only on inclusive measurements [61, 62] and it calls for detailed studies of kinematical
distributions with an accurate estimate of the relevant uncertainties [63]. For a 240 GeV lepton collider, the change of the ZH
production cross section at NLO induced by a deviation of the Higgs cubic coupling amounts to

o0 ~ oD O ™M(140.014 6x3). (26)

Thus, to be competitive with the HL-LHC constraint, the ZH cross section needs to be measured with an accuracy below 1%,
but this is expected to be achieved by e™e™ Higgs factories at 240/250 GeV. However, other single Higgs coupling modifications
also change the ZH cross section, and these different dependencies must be disentangled via a global fit of Higgs data. Not
surprisingly, such global fits to single Higgs data often suffer from some degeneracy among the different Higgs coupling
deviations which are significantly reduce with extra information from kinematical differential distributions or from inclusive
rate measurements performed at two different energies (see for instance the k3 sensitivities reported in Table 11 for FCC-ees4q
vs FCC-eesg5; note that it is the combination of the two runs at different energies that improve the global fit, a single run at
365 GeV alone would not do much better than the single run at 240 GeV).

Note that, in principle, large deformations of k3 could also alter the fit of single Higgs processes often performed at leading
order, i.e. neglecting the contribution of k3 at next-to-leading order. It was shown in [61] that a 200% uncertainty on k3 could
for instance increase the uncertainty in gy or gigg by around 30-40%.

In order to set quantitative goals in the determination of the Higgs self-interactions, it is useful to understand how large
the deviations from the SM could be while remaining compatible with the existing constraints on the different single Higgs
couplings. From an agnostic point of view, the Higgs cubic coupling can always be linked to the independent higher dimensional
operator |H |® that does not alter any other Higgs couplings. Still, theoretical considerations set an upper bound on the deviation
of the trilinear Higgs couplings. Within the plausible linear EFT assumption discussed above, perturbativity imposes a maximum
deviation of the Higgs cubic self-interaction, relative to the SM value, of the order of [24,61]

|| < Min(600&,47), (27)
where £ is the typical size of the deviation of the single Higgs couplings to other SM particles [27]. However, the stability

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

31/58



' " HH production at 14 TeV LHC at (N)LO in QCD 3 O ' L I LI
e, My =125 GeV. MSTW2008 (NJLO pdl (8%c]) = 4.5 —— ¢e 2 vwHH 1400 Gev '-Ax E
102L Ry, | = E -----ge + vvHH 3000 GeV =
e 4 -~ ge » ZHH 500 GeV =
g i SO " ey 355 —— ee + ZHH 1400 GeV E
T Mgy ot “E E
5 101f — ? g 3F =
v Ty - =
2 SN - 2.5F 3
= pp-=ttHH gyl = =
5 qpof - 2F =
15t g
101k — e 1= =
po—rZt w 0‘52_ _z
1 1 1 1 1 1 L a_. | | | I L T
-4 -3 -2 -1 0 1 2 3 4 - -0.5 0 0.5 1 1.5 2

SM SM

A3/ A3 As /A3

Figure 10. Double Higgs production at hadron (left) [53] and lepton (right) [54] colliders as a function of the modified Higgs
cubic self-coupling. See Table 17 for the SM rates. At lepton colliders, the production cross sections do depend on the
polarisation but this dependence drops out in the ratios to the SM rates (beam spectrum and QED ISR effects have been
included).

operators in the Higgs potential, gives the bound,
K3 S 708 (28)

At HL-LHC, & can be determined with a precision of 1.5% at best, corresponding to a sensitivity on the Higgs self-
coupling of about 100%, and thus somewhat inferior but roughly comparable to the direct sensitivity of 50% [10]. Parametric
enhancements of the deviations of Higgs cubic self-coupling relative to the single Higgs couplings require a particular dynamics
for the new physics. An example is encountered in Higgs portal models where the Higgs boson mixes with a SM neutral scalar
field possibly contributing to the dark matter relic abundance. In more traditional scenarios addressing the hierarchy problem,
such as supersymmetric or composite models, the deviation of k3 is expected to be of the order £ and is likely to remain below
the experimental sensitivity.

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

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

2. aglobal analysis of HH production, i.e., a fit of of the double Higgs cross section considering also all possible deformations
of the single Higgs couplings that are constrained by single Higgs processes;

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

(b) these higher order effects are included;

3. an exclusive analysis of single Higgs processes at higher order, i.e., considering only deformation of the Higgs cubic
coupling; technically, this will be a one dimensional EFT fit where only the linear combination of the two operators of
Eq. (25) corresponding to the k3 deformation is turned on;

4. a global analysis of single Higgs processes at higher order, i.e., considering also all possible deformations of the single
Higgs couplings. Technically, this will be a 30-parameter EFT fit done within the scenario SMEFTNp scenario of Eq. (16).
The contribution of k3 to EWPO at 2-loop could also be included but for the range of k3 values discussed here, the size
of effects would be totally negligible.

Most of the studies of the Higgs self-couplings at Future Colliders were done following Method (1). In order to maximize
the sensitivity to A, the analyses rely on sophisticated BDTs, and a simple recasting within an EFT framework is not an easy
task. A pragmatic approach was followed along the line of what was proposed in [61]: different bins in myy are considered
and the experimental uncertainty on the total rate is distributed in the different bins according to their number of expected
events. This certainly ignores the bin-to-bin correlations and it does not take into account either that the background itself has a
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non-trivial shape as a function of myy. Nevertheless, the results obtained that way are in good agreement with those quoted by
the different collaborations. This approach has the advantage that it can be easily generalised to a global EFT analysis that
considers all the operators modifying also the single Higgs couplings, Methods (2). One should keep in mind that the bounds
derived that way represent a crude estimate that waits for a proper experimental study'4.

For most colliders, the single Higgs constraints are strong enough that they give a contribution to the double Higgs
production below its experimental sensitivity. And Method (1) and Method (2) lead to rather similar bound on k3. A notable
exception is at FCC-hh where the 1% uncertainty on the top Yukawa coupling results in a deviation of the double Higgs
production rate at a level comparable to the one induced by a shift of k3 by 5%. While a parametric enhancement of the
deviation in k3 compared to the other Higgs couplings deviations could make its higher order contributions to single Higgs
processes as important as the leading order ones and thus could in principle modify the global fit, in practice, the constraints set
by the double Higgs production are strong enough that there is hardly any difference in the results obtained using Methods (2a)
and (2b). Methods (3) and (4) are particularly relevant for low-energy colliders below the double Higgs production threshold.
Above this threshold, these methods can still be relevant to complement results from the double Higgs analysis, for instance by
helping to resolve the degeneracy between the SM and a second minimum of the likelihood. While this does not modify the 1o
bound on k3, it can impact the bound starting at the 2o level due to the non-Gaussian profile of the likelihood. It should be
remembered that the single Higgs data used in Methods (3) and (4) have not been optimised for the extraction of the Higgs
self-coupling that would benefit from further differential information. Therefore, the bounds on k3 should be considered as
conservative and are certainly improvable.

Table 11 reports the sensitivity at the various colliders for the Higgs cubic coupling determination. For all results a simple
combination with the HL-LHC results is done, i.e. by using a 50% uncertainty on k3. For reference, the HL-LHC bound on
k3 obtained using Method (3) without combining with the double-Higgs production data would be 125%. The Method (3)
bound for the standalone collider, without the use of any HL-LHC information, would be 90%, 126%, 37%, 32%, 120%, 80%,
65%, 21%, 21%, 19% respectively at HE-LHC, ILC250, ILC350, ILC500, CLIC380, CLIC1500, CLIC3000, FCC-66240, FCC-ee365,
FCC-ee/eh/hh. The results are also summarised in Fig. 11. Even though the likelihood is not a symmetric function of x3, the
current level of precision in this EFT analysis is not good enough to robustly assess an asymmetric error and we report only
symmetrised bounds. For the global EFT fits, we limit ourselves to the SMEFTnp scenario, see Eq. (16). Even though we do
not report any sensitivity on k3 at muon-collider, we note that preliminary studies [64] indicate that a 10 TeV (resp. 30 TeV)
machine could reach a 3% (resp. 1%) sensitivity.

With a 50% sensitivity on k3, HL-LHC will exclude the absence of the Higgs self-interaction (k3 = 0) at 95%CL. Several of
the proposed FCs will reach a sensitivity of order 20%, thus establishing the existence of the self-interaction at 5. Even more
remarkable, CLIC30gg can reach a sensitivity of order 10% and FCCy,, of the order of 5%, where one could start probing the
size of the quantum corrections to the Higgs potential directly.

5 Rare Higgs boson decays

There are many reasons for the interest in rare Higgs boson decays. First, they provide access to Higgs couplings which are
expected to be small in the SM and have not yet been directly probed. A leading example is the coupling to second and first
generation fermions, whose determination would test the hypothesis that the same Higgs doublet is responsible for the mass
generation of the lighter states of the SM. More specifically, the measurement of several Yukawa couplings will allow the
comparison of ratios of couplings with ratios of masses on the one hand, and test constants of proportionality on the other. The
second motivation is that processes which are predicted to be rare in the SM, offer enhanced sensitivity to new physics residing
at high scales. A leading example is the search for flavour-changing neutral interactions, which are extremely suppressed in the
SM and if detected would reliably point to the existence of new physics. Third, peculiar and rare final state signatures can
have a special connection with beyond-the-SM scenarios. One example is H decaying to invisible particles, which is used
to constrain scenarios featuring DM candidates. In the SM, the H can decay invisibly via H — 4v with a branching ratio of
0.11%. Finally, Yukawa interactions with first generation fermions are the cornerstone of the low-energy constraints on CP
violation of the couplings on the third generation. The typical example here are limits obtained by the EDM’s on the CP-odd
interaction of the third generation fermions (Section 6).

The reach of various colliders for rare decays, depends in the first place on the available statistics of the Higgs bosons being
produced. The expected rates are presented in the Appendix B, Table 17.

In the following, we restrict ourselves to a summary of the prospects to bound or determine the size of the interactions of
the Higgs to the other SM particles through decays. These can occur either directly, through a process which is proportional to

14A detailed myy binned analysis was not available for HE-LHC, hence we could not estimate the &3 sensitivity along Method (2) for that collider. Similarly,
for CLIC3000, the granularity of the available information was not sufficient to match the announced sensitivity, and therefore we did venture into a complete
study along Method (2) either. In both cases, our checks led to the conclusion that there will not be any noticeable difference between the sensitivity obtained
in Methods (1) and (2).

33/58



Table 11. Sensitivity at 68% probability on the Higgs cubic self-coupling at the various future colliders. All the numbers
reported correspond to a simplified combination of the considered collider with HL-LHC, which provides approximated by a
50% constraint on k3. The numbers in the first column (i.e. "di-H excl." or Method (1)) correspond to the results given by the
future collider collaborations and in parenthesis, we report our derived estimate obtained in the binned analysis described in the
text. In the three last columns, i.e. Methods (2a), (3) and (4), we report the 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, hence the dash signs in the corresponding cells. No sensitivity was computed along Method (2.a) for HE-LHC
and CLIC30q0 but our initial checks do not show any difference with the sensitivity obtained for Method (1). Due to the lack of
results available for the ep cross section in SMEFT, we do not present any result for LHeC nor HE-LHeC.

collider (1) di-Hexcl. (2.a) di-H glob.  (3) single-H excl.  (4) single-H glob.

HL-LHC 0% (50%) 52% 46% 50%
HE-LHC 10-20% (n.a.) n.a. 41% 50%
ILCyso - - 28% 49%
ILC3s0 - - 28% 47%
ILCs0p 27% (27%) 27% 26% 37%
CLIC339 - - 45% 50%
CLIC 500 36% (36%) 36% 40% 49%
CLIC3000 g (na) na. 35% 49%
FCC-6824Q - - 19% 48%
FCC-eess - - 19% 34%
FCC-ee/eh/hh 5% (5%) 6% 18% 25%
CEPC - - 17% 49%

Table 12. Upper bounds, in % , on the ; for u, d, s and ¢ (at hadron colliders) at 95% CL, obtained from the upper bounds on
BRyy in the kappa-3 scenario.

| HL-.LHC +LHeC +HE-LHC | +ILCspp +CLIC3000 +CEPC +FCC-eersy +FCC-ee/eh/hh

Ky 570. 320. 420. 330. 430. 290. 310. 280.
Ki 270. 150. 200. 160. 200. 140. 140. 130.
K 13. 7.3 9.4 7.5 9.9 6.6 7. 6.4
Ke 1.2 0.87 measured directly

a tree-level coupling squared, i.e. all decays H — ff, where f is any SM fermion of the first or second generation, or indirectly,
i.e. through interfering amplitudes or loops, such as H — vy and H — yZ. We will also briefly present results on very rare
exclusive decays, which could provide indirect information on the light-quark Yukawa couplings. We follow the notation
introduced in the x-framework and consider the rescaling factors k; = y;/ yl.SM introduced previously for the couplings to quarks
Ky, K4, Ke, Ks and for Ky, and for the loop induced processes, ky and kzy. The values of &, Ky, Kzy, K. have been obtained from
the kappa-3,-4 fits presented in Section 3.2 and we do not reproduce them here, while the upper bounds on x,, Ky, ks (k. for
hadron colliders) are obtained from the upper limits on BRy,;. Constraints on flavour-changing Higgs boson interactions are not
reported here.

The constraints of the couplings to first and second generation quarks are given in Table 12 and displayed in Fig. 12, based
on the results on BRyy. For k. the hadron colliders reach values of ¢'(e0), and lepton colliders and LHeC are expected to
improve the precision by about two orders of magnitude, to a 1-2%. For the strange quarks the constraints are about 5-10x the
SM value while for the first generation it ranges from 100-600x the SM value. For those, compared to the HL-LHC, the other
colliders improve by about a factor of two. For HL-LHC, HE-LHC and LHeC, the determination of BR relies on assuming
kv < 1. For ky, kzy and K, the lepton colliders do not significantly improve the precision compared to HL-LHC but the higher
energy hadron colliders, HE-LHC and FCCy;,, achieve improvements of factor of 2-3 and 5-10, respectively, in these couplings.

For the electron Yukawa coupling, the current limit k, < 611 [65] is based on the direct search for 4 — eTe™. A preliminary
study at the FCC,, [66] has assessed the reach of a dedicated run at /s = my. At this 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. According to the study, with 2 ab™! per year
achievable with an energy spread of 6 MeV, a significance of 0.4 standard deviations could be 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.

While the limits quoted on k. from hadron colliders (see Table 12) have been obtained indirectly, we mention that progress
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Figure 11. Sensitivity at 68% probability on the Higgs cubic self-coupling at the various FCs. All the numbers reported
correspond to a simplified combination of the considered collider with HL-LHC which is approximated by a 50% constraint on
k3. The numbers for Method(1), i.e. "di-H excl.", correspond to the results given by the future collider collaborations. For
Methods "di-H glob." (2a), "single-H excl." (3) and "single-H glob." (4) we report the 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, hence the dash signs. No sensitivity was computed along Method (2.a) for HE-LHC and CLIC3¢gg
but our initial checks do not show any difference with the sensitivity obtained for Method (1). Due to the lack of results
available for the ep cross section in SMEFT, we do not present any result for LHeC nor HE-LHeC.

in inclusive direct searches for H — c¢ at the LHC has been reported from ATLAS together with a projection for the HL-LHC.
Currently the upper bound on the charm coupling is k. < 104 [67]. With HL-LHC, it is expected to improve to be sensitive to
values of 6-21, while LHCb, with the foreseen detector improvement could reach a sensitivity of 5-10 [10].

Exclusive Higgs decays to a vector meson (V) and a photon, H — V7,V = p, ®,¢,J/w, Y directly probe the Higgs bottom,
charm strange, down and up quark Yukawas [68—70]. Within the LHC, the Higgs exclusive decays are the only direct probe
of the u and d Yukawa couplings, while if s-tagging could be implemented at the LHC [70], then the strange Yukawa could
be probed both inclusively and exclusively. On the experimental side, both ATLAS and CMS have reported upper bounds
onH — J/yy[71,72], H— ¢y and h — p7y [73,74]. These processes receive contributions from two amplitudes, only one
of which is proportional to the Yukawa coupling. Since the contribution proportional to the Yukawa is smaller, the largest
sensitivity to the Higgs g-quark coupling is via the interference between the two diagrams. The prospects for probing light
quark Yukawas within future LHC runs employing the direct probe from exclusive decays are not competitive with indirect
limits that can be set from production or global fit or inclusive search for c-Yukawa [10,75]. However, the information coming
from exclusive decays will be relevant regardless of the global fit sensitivity. For example, a limit of |y,/y,| < 50 could be set
HL-LHC [10] and y,/y, < 25 at FCCyy, [1].

The constraints on invisible BRs to new particles are reported in Table 13, where the SM H — 4v process (BRSM =
BR(H — 4v) = 0.11%) is treated as background. Shown are the estimated projections for direct searches for invisible decays
using signatures of missing transverse or total energy, and the results from the kappa-3 fit presented earlier in Table 5. Also
shown is a kappa-fit where all SM BR values are fixed and only BRjyy is free in the fit. It is seen that the ete™ colliders
generally improve the sensitivity by about a factor 10 compared to HL-LHC. FCC-hh improves it by another order of magnitude
and will probe values below that of the SM. Comparing the three determination of the BR;,, for the various colliders, it is seen
that the kappa-fit improves the direct constraint by up to a factor of two, although in most cases the improvement is modest.
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Figure 12. Summary plot illustrating the limits that can be obtained from rare Higgs decays on the couplings.

6 Sensitivity to Higgs CP

Barring the strong-CP problem, in the SM the only source of CP violation stems from fermion mixing in the charged currents,
while the Higgs boson is predicted to have CP-even, flavour-diagonal interactions. Detecting non-zero CP-odd components in
the Higgs interactions with the SM particles, would therefore clearly point to physics beyond the Standard Model. Departures
from the SM can be efficiently parametrised in terms of a limited set of (flavour conserving) dimension-6 operators. Employing
the Higgs basis, the (P-violating/C-conserving) CP-violating (CPV) HVV couplings are given by

h~2 5 ~62 5 ~e/2+’2 5 ~2_’_/2 . _ 2 o
83(}311‘;\‘// = ; [ng %GZVG‘ZLV +Caa ZA#\’A#V +Ca %Z;WA“V + %Zuvzuv + Cyww %W;vayv] ) (29)

where, g;, g and g’ are the SU(3), SU(2), and U(1)y gauge coupling constants and V,,, = 3€*YP°V,5. Out of the four
electroweak parameters, only three are independent at this order in the EFT expansion. In particular,

Crow = Coz + 2550+ 5§ Caa- (30)

The (P-violating/C-violating) CP-violating (yet flavour-diagonal) interactions of the Higgs boson with fermions can be
parametrised as

Loy = —RymyWy(cos o+ i sin )y (1)

where the angle o parametrizes the departure from the CP-even case. Another, equivalent parametrization employs Ky = Ky cos o
and Ky = Krsino, where Ky = 14 0y in the notation used for the CP conserving cases in the x-framework (with x > 0). The
pure scalar coupling corresponds to & = 0 (Ky = 0), a pure pseudoscalar coupling to o = 90° (k¢ = 0), while CP violation
occurs in all other intermediate cases.

Sensitivity to the CP-odd operators can arise from two distinct classes of observables. The first class includes CP-even
observables, such as total cross sections or single particle inclusive distributions. In this case, CP-odd operators contribute in a
way that is analogous to CP-even operators, i.e. affecting rates and shapes. The second class includes observables that are
built to be directly sensitive to CP violation, i.e. they are zero (at the lowest order) if CP is conserved. Limits obtained from
this second class are therefore automatically insensitive to the presence of higher-dimensional CP-conserving operators and
deviations from zero would uniquely point to CP violation.

Sensitivity to the CP-odd hgg interaction comes from gluon fusion processes at the inclusive level, while direct sensitivity to
CP violation can arise only starting from final states featuring at least two jets in the final state. Studies performed at the LHC
exist, yet no dedicated investigation for future colliders has been documented. Sensitivity to the CP-odd AVV weak operators
comes from Higgs-strahlung processes (WH and ZH), the vector boson fusion and the Higgs decay into four charged leptons
(H — 4¢). Studies have been performed both at the level of rates/distributions and via CP-sensitive observables [10].
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Table 13. Limits on the invisible BR of the Higgs boson for decays to new particles. The SM decay, H — 4v, has been
subtracted as a background. Given are the values of the direct searches using missing (transverse) momentum searches, the
constraint derived from the coupling fit (see Table 5) in the kappa-3 scenario, and the result from a fit in the k framework where
only modifications of BRj,, are allowed.

Collider 95% CL upper bound on BRj,, [%]
Direct searches | kappa-3 fit ‘ Fit to BR;,y only

HL-LHC 2.6 1.9 1.9

HL-LHC & HE-LHC 1.5 1.5
FCC-hh 0.025 0.024 0.024

HL-LHC & LHeC 2.3 1.1 1.1
CEPC 0.3 0.27 0.26
FCC-eep0 0.3 0.22 0.22
FCC-eesps 0.19 0.19
ILC»s0 0.3 0.26 0.25
ILCsqg 0.22 0.22
CLIC3g 0.69 0.63 0.60
CLIC500 0.62 0.41
CLIC3000 0.61 0.30

CP-violation effects in the couplings to fermions have been considered for the top quark and the tau lepton. Proposals to
access information on CP violation in top quark interactions exist for both classes of observables, yet studies at future colliders
have been mostly based on rates and distributions. These focus on ¢#H at hadron colliders and on ¢##H and tH final states at
ete™ colliders and ep colliders, respectively, which are also sensitive to the absolute signs of CP-even and CP-odd interactions
through interference effects. For example, by studying distributions in ##H, the HL-LHC will be able to exclude a CP-odd
Higgs at 95%CL with about 200 fb~! of integrated luminosity. CLIC 1.5 TeV foresees to measure the mixing angle for the top
quark, oy in #7H to better than 15°. At LHeC, a Higgs interacting with the top quarks with a CP-odd coupling can be excluded
at 3 sigmas with 3 ab~!. At FCC,, a precision of 1.9% could be achieved on ;.

The most promising direct probe of CP violation in fermionic Higgs decays is the 777~ decay channel, which benefits
from a relatively large branching fraction (6.3%). Accessing the CP violating phase requires a measurement of the linear
polarisations of both 7 leptons and the azimuthal angle between them. This can be done by analysing the angular distribution of
the various components of the tau decay products and by building suitable CP sensitive quantities (such as triple products of
three-vectors or acoplanarities). The estimated sensitivities for the CP-violating phases, ¢; of the T Yukawa coupling and &,
extracted from CP-sensitive variables are collected in Table 14.

Table 14. Upper bounds on the CP phase o of the Yukawa coupling for 7 leptons and the CP-violating coefficient ¢, entering
the HZZ coupling. The result in parenthesis for the HL-LHC is obtained with the same method used for the CEPC study.

Name ‘ O ‘ Czz ‘ Ref.
HL-LHC 8% | 0.45(0.13) | [10]
HE-LHC - 0.18 [10]

CEPC - 0.11 [2]

FCC-eepqo | 10° - [1]

ILC;s0 4° 0.014 [3]

Before concluding this section, we recall that CP-violating Yukawa couplings are well constrained from bounds on the
electric dipole moments (EDMs) [76—81] under the assumptions of i) no cancellation with other contributions to EDMs, ii) SM
values for the CP-even part of the Yukawa couplings.

CP violation in the top quark sector can be constrained by the EDM of the electron, giving K; < 0.001 once the latest limits
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of the ACME collaboration are considered [82]. For the bottom and charm Yukawas the strongest limits come from the neutron
EDM, &, < 5 and &, < 21 when theory errors are taken into account. For the light quark CPV Yukawas, measurements of the
neutron EDM give a rather weak constraint on the strange quark Yukawa of K; < 7.2, while the bound on the mercury EDM
translates into strong bounds on the up and down Yukawas of k;, < 0.11 and &; < 0.05 (no theory errors, 90% CL). For the T
Yukawa coupling, using the latest ACME measurement gives K < 0.3, while for the electron Yukawa, provides an upper bound
of &, < 1.9x 1073,

Assuming a SM Yukawa coupling of the Higgs to the electron, one can easily compare the indirect limits from EDMs with
the prospects for direct ones. Using the relations between (&, o) and (K, K) one can convert the results for both the top quark
(given above) and for the 7 lepton (collected in Table 14). One finds that the direct top quark limits are not competitive with the
indirect ones, while those on the 7 lepton are comparable with the current indirect ones.

7 The Higgs boson mass and full width

The current best measurement of the Higgs boson mass, based on the ATLAS and CMS analyses of H — ZZ* and H — yy
events in the LHC Run-2 data is 125.18 £0.16 GeV [83]. Future accelerators are expected to substantially improve the precision
of this mass measurement.

The mass measurements at lepton colliders in the centre-of-mass energy range 240-350 GeV analyse the recoil mass of the
Higgs boson in e™e™ — ZH events, with Z — e*e™, 11~ Only the statistical uncertainties on the mass measurements are
shown, as systematic uncertainties in this recoil mass analysis are expected to be negligible. The CLIC mass measurements at
higher centre-of-mass energies analyse the H — bb invariant mass distribution in e*e~ — H(— bb)vv events. The quoted
mass resolutions based on my, measurements account only for statistical uncertainties, but are sensitive to b-jet energy
scale uncertainties. This systematic uncertainty can be constrained with a e*e~ — Z(— bb)vv calibration sample which is
expected to yield comparable statistics to the Higgs sample. The mass measurement at HL-LHC is based on the analysis of
H — Z(I"17)Z(I'"I™) events. While the calibration of lepton momentum scales has not been studied in detail, a resolution of
10-20 MeV is projected to be plausibly in reach with the assumption that the higher statistics can help to significantly improve
muon pr systematic uncertainties.

Table 15 summarizes the expected precision of Higgs boson mass measurements of future accelerators. Also shown is the
impact of the my uncertainty on the H — ZZ* partial decay width. Already with HL-LHC, it will be possible to reduce this
impact to the level of about 0.2%. At this value, the parametric uncertainty on Higgs partial widths, (primarily on ZZ*, WW*) is
much smaller than the expected precision at any hadron collider. For the e*e™ colliders the precision on the W and Z couplings
is of that order, so that the my precision needs to be further improved to about 10 MeV to avoid any limitations to the Higgs
coupling extraction precision (assuming the uncertainty due to higher order processes gets improved in the future, see Table 18).

Table 15. 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 §my on 8T 7z
reported in this table is calculated as 1.2% - (6my /100 MeV), following Ref. [84].

Collider Scenario Strategy Ompy MeV) Ref.  6(T'zz) (%)

LHC Run-2 m(ZZ),m(yy) 160 [83] 1.9
HL-LHC m(ZZ) 10-20 [10] 0.12-0.24
1ILC»50 ZH recoil 14 [3] 0.17
CLIC3g9 ZH recoil 78 [85] 1.3

CLIC 500 m(bb) in Hvv 301 [85] 0.56
CLIC3000 m(bb) in Hvv 23 [85] 0.53
FCC-ee ZH recoil 11 [86] 0.13
CEPC ZH recoil 59 2] 0.07

In the SM, the width of a 125 GeV H boson is predicted to be around 4 MeV, i.e. three orders of magnitude smaller than
that of the weak bosons and of the top quark. It is therefore very challenging to measure it directly. All methods considered so

151 Ref. [85] the values are 36 MeV (for /s =1.5TeV) and 28 MeV (for /s = 3 TeV) are based on unpolarized beams. The values quoted here are for the
default scenario of 80% electron polarisation assumed throughout.
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far at colliders are in fact indirect and model dependent to various degrees. Three methods have been proposed at the LHC, and
are considered for future hadron colliders.

The most direct method involves the diphoton decay mode and it is based on the measurement of the shape of the invariant
mass of the diphoton close to the Higgs boson mass. This observable has a dependence on the width from signal-background
interference effects. The foreseen sensitivity, however, will not allow to probe values close to the SM predictions, and can
provide constraints of about 8 —22 x I'sy [10].

A second method extracts the width indirectly from a global fit of the Higgs boson couplings by employing specific
assumptions. For example, in the k-framework, assuming xz < 1 and BRyy; = 0 one can determine the width from the fit. 16

A third method is based on the combination of two independent measurements in gluon fusion production of a H boson
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 Z
off shell) and gg — ZZ with two on-shell Z bosons, where the H boson contribution is off shell [87]. The ratio of the off-shell
over the on-shell rate is directly proportional to the total width [88]. Even though in generic BSM scenarios including the
EFT, the interpretation of the off-shell/on-shell ratio as an extraction of the width is model dependent, this ratio can provide
useful information on other key aspects of the Higgs couplings, e.g. their energy dependence [89]. It is foreseen that, with
the HL-LHC and improvements in the theoretical calculations, I'y can be measured with a precision of up to 20% using this
method [10].

At lepton colliders, the mass recoil method allows to directly measure the inclusive cross section of the ZH process without
making any assumption on the Higgs BR’s. This possibility is unique to lepton colliders as it relies on the precise knowledge of
the total initial energy of the event. In combination with measurements of exclusive Higgs decays cross sections, it allows to
extract the total width I'y with a mild model dependence. The simplest way is to consider the ratio of the ZH cross section
(from the recoil method) with the H — ZZ branching ratio (extracted from the ZH,H — ZZ" rate)

o(ete” - ZH) o(ete” — ZH) [G(e'*'e‘ — ZH)

BR(H —»77*) T(H—Z2Z)/Ty | T(H—ZZ*)

] x Ty, (32)
SM

where the last approximate equality assumes a cancellation of new physics effects, which holds, for instance, in the k-framework.
This method is limited by the relatively poor statistical precision of the H — ZZ BR measurement. More in general, even in
scenarios where such a cancellation does not hold, e.g. in an EFT, a global fit can be performed to extract information on the
width, using other decays (particularly the bb and WW decays) and channels (e"e~ — HVV). This method is used for CEPC.
For FCC-ee and CLIC the k-formalism is used to extract the width, similar to what is done in this report for Table 5. For ILC,
the width reported here was extracted using an EFT formalism that does not assume that there is only one operator that governs
the interactions between the Higgs boson and the Z boson (as it is implicitly done in the k-framework). In this determination of
'y, angular distributions and polarisation asymmetries are used to constrain the free parameters that result from relaxing this
assumption [15], in addition to the parameters used by the x-formalism for the other lepton colliders. This fit is different to the
EFT fits performed in Section 3.4.

Table 16 summarizes the expected relative precision that can be reached on the Higgs width at future lepton colliders,
comparing the estimates of the standalone estimates of the future lepton colliders to the results of the kappa-3 scenario fits
performed in this article (with HL-LHC data included). It is seen that the result obtained in the kappa-3 fit is generally more
constraining than the results quoted in the references, primarily as this result also includes the constraint from the HL-LHC
data, and, in some cases, uses a different approach to modelling changes to the total width. In both cases, the best precision is
obtained for the ILC5y9 and FCC-ee3q5 scenarios.

8 Future studies of the Higgs sector, post-European Strategy

8.1 Higgs prospects at the muon collider
Electron-positron colliders offer a well-defined value of the collision energy of the hard-scattering process and a relatively clean
event, as opposed to hadron collisions where the underlying event and the high-level of event pileup challenge the reconstruction
of the hard scattering event and its measurement.

The main limitation to the collision energy of circular electron-positron colliders is due to the low mass of the elec-
trons/positrons which leads to large fraction of their energy emitted as synchrotron radiation. The solutions pursued so far to
reach high lepton collision energies are based on limiting the energy loss by synchrotron radiation by reducing the curvature
either by increasing the radius of the circular colliders or by employing linear colliders. However, the beam acceleration does
require a number of RF cavities imposing a machine of large dimensions.

161n fact, the width and the branching ratio to undetected final states are not independent observables. In the analysis presented in Section 3.2 we opted to fit
BRyn and calculate I'y from Eq. (4).
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Table 16. Overview of expected precision of Higgs boson width measurements for future accelerator scenarios. The result
given in the second column refers to the width extraction as performed by the future lepton colliders using the stated technique,
and as provided in the references given. The last column of the table lists the width extracted from the kappa-3 scenario fit. It
also includes the HL-LHC measurements (but excludes the constraint ki < 1 that is used in HL-LHC-only fits).

Collider 6y (%) Extraction technique standalone result oy (%)
from Ref. kappa-3 fit
ILCys0 2.4 EFT fit [3] 2.4
ILCs09 1.6 EFT fit [3, 11] 1.1
CLIC35 4.7 Kk-framework [85] 2.6
CLIC500 2.6 K-framework [85] 1.7
CLIC3000 2.5 k-framework [85] 1.6
CEPC 3.1 o(ZH,vVvH), BR(H — Z,bb,WW) [90] 1.8
FCC-eeyqg 2.7 K-framework [1] 1.9
FCC-ees¢s 1.3 k-framework [1] 1.2

With a mass of about two hundred times that of electrons, muons do not suffer significant energy losses due to synchrotron
radiation (the loss goes as the inverse of the fourth power of the mass) and therefore could be accelerated up to multi-TeV
collision energies. For example, if the LHC ring were used, with the proposed HE-LHC dipoles (Nb3zSn, 16 T), muons would
collide at an energy close to 1/s= 14 TeV, compared to the 0.2 to 0.4 TeV of an electron-positron collider.

Alternatively, a collider with /s = 125 GeV could be a very compact (diameter ~ 60 m) Higgs factory using s-channel
production of Higgs bosons [91]. However, it should be noted that the expected rate of produced Higgs bosons by s-channel is
small, given the instantaneous luminosity possible at this machine [92], and the limited production cross section (taking into
account both the beam energy spread and the initial state radiation effects) [93-95]. Estimates of the achievable precision on
Higgs couplings for such a machine are given in [96].

Muon production, cooling, lifetime and physics background pose severe challenges to the accelerator and detector
technologies. Although the study of a Muon Collider (machine and physics prospects) is not as mature as those of other future
proposed colliders, its physics potential certainly merits consideration.

Currently, two different configurations have been proposed for the muon collider. In the first configuration, muons are
produced by the decay of hadronically produced charged pions or kaons, and cooled before they undergo the acceleration [92].
In the second configuration, muons are produced at threshold (in the centre of mass frame) by high energy positron collisions
with atomic electrons [97]. The first configuration has been originally proposed for ut ™ collision at the Higgs boson pole
(/s ~125 GeV), while the second is mainly considered for very high energy collisions, in the range of O(10) TeV.

At muon collision c.m. energies /s > 10 TeV, assuming the point cross section & ~ 4xa®/(3s) ~ 1 fb-(10TeV/\/s)?, the
requirement of a percent statistical precision in the measurement of heavy particle pair production would imply an integrated
luminosity of the order L ~ 10 ab—!(,/s/10TeV)?). This could correspond to a 10-year physics run with an instantaneous
luminosity of the order 1033 (1/S/10TeV)2ecm2s~! [98]. At such large values of /s, both the single-Higgs and the multi-Higgs
production mechanisms are dominated by vector-boson fusion (VBF) processers, which provides very large statistical Higgs
samples [64]. As an example, at \/s ~ 14 TeV, with 20ab~!, one would produce about 20 million single Higgs, 90,000
Higgs pairs, and 140 triple Higgs final states, with presumably quite moderate background. Although there is currently only
preliminary analysis of the Higgs production in such an environment this would be a robust basis to considerably advance
on the Higgs couplings determination. The Higgs self-coupling sector might be explored with unprecedented precision. In
particular, with the above Higgs production statistics, and no unexpectedly difficult background, an accuracy of few percent for
the trilinear Higgs coupling, and a few tens of percent for the quadrilinear Higgs coupling might be reached at /s ~ 14 TeV,
with 20 ab~!, assuming all the remaining Higgs and EW parameters at their SM value. Many other investigations of the Higgs
properties might significantly benefit from such collider configuration [64,98].

8.2 Higgs physics at multi-TeV ¢"¢~ colliders
The length of linear accelerators proposed today, is largely determined by the electric field gradients that can be achieved
with RF cavities. For the superconducting RF technology used by ILC the limit is about 35 MV/m while for the drive-beam
technology, envisaged for CLIC, it is about 100 MV/m.

Much higher gradients (up to 1000 times more acceleration compared to RF) can be achieved using plasma-wakefield
acceleration, where laser pulses [99-102], electron [103, 104] or proton [105] bunches (called drivers) can excite ultra-high
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fields in plasma devices. Thus this is a very promising technique for future high energy e*e~ and yy colliders !”. The ALEGRO
Collaboration [8] has been formed with the goal of designing an Advanced Linear Collider (ALIC) based on this technology. A
summary of the facilities operating today and planned for the future, as well as the R&D needed, are given in [8]. The physics
opportunities of an e™e™ collider with /s up to 100 TeV are also discussed there.

The minimum instantaneous luminosity that needs to be achieved for probing cross sections of new particles interacting
weakly at energies in the 10 — 100 TeV is found to be 103 cm~2s~!. With such a collider, an integrated luminosity of 30 ab™!
could be collected within a few years. With this dataset, the Higgs physics programme is similar to that of a Multi-TeV muon
collider outlined above. It is also being considered to have such a collider at lower collision energies, in the range between
myz and 3 TeV. Here, it would have the same physics programme as the other proposed colliders, assuming that comparable
luminosity values can be achieved and background conditions are similar.

The proposed ALIC collider [8] would achieve /s = 30 TeV with a peak luminosity of 103® cm™2s~! in a tunnel of 9 km
length. While the principle of acceleration has been proven, there are many issues that need to be resolved before a collider
based on plasma-technology can be achieved, but none are considered to be show-stoppers at present. The primary focus of the
R&D programme is the beam quality which is addressed at lower-energy applications (e.g. free-electron lasers, fixed target
experiments) and will benefit the development of a collider based on this technology.

8.3 What and Why: Higgs prospect studies beyond this report

The purpose of this subsection is to place the Higgs coupling measurements in perspective with other new physics studies
performed at future colliders with the aim of providing answers to the following two questions: What are we going to learn?,
What can we possibly discover? [49]. The unknown territory of energy and precision to be explored may have different
discoveries in store, including unexpected ones. Given the scope of this document, a discussion of the various options would
hardly be self-contained, and would miss, by definition, the most exciting case of unexpected discoveries. On the other hand,
by focusing on some open problems in particle physics, it is possible to structure a self-contained discussion at least around
the first question. The hierarchy problem (HP), dark matter (DM) and the electroweak phase transition (EW®T) are issues
on which we shall definitely make progress. Flavour could also be added to this list, but mostly in the measure in which it is
connected to the HP.

In view of its centrality, and of the controversial regard in which it is sometimes held, a succinct but modern appraisal of the
HP is needed. The HP is a paradox challenging the modern effective field theory (EFT) view of particle physics. The challenge
is presented by the clash between infrared (IR) Simplicity and Naturalness. IR Simplicity is an unavoidable feature of any EFT
when making observations at energies much below its fundamental scale Ayy. In practice that is due to the decoupling of the
infinite (complicated) set of non-renormalizable couplings in favor of the finite (simple) set of renormalizable ones. Naturalness
instead arises by viewing EFT parameters as functions of more fundamental ones: in this point of view it is expected that
any specific structure, like the presence of a very small parameter, should be accounted for by symmetries and selection rules
rather than by accidents. Now, the structure of the SM is such that several crucial experimental facts like approximate baryon
and lepton numbers, lightness of neutrinos, GIM suppression of FCNC, custodial symmetry all remarkably and beautifully
follow from IR Simplification. That is by assuming Ayy >> m,,..x. However when considering the Higgs mass parameter, one
famously finds that Ayy > my is inconsistent with the predicate of Naturalness. In the SM, IR Simplicity can thus only be
obtained at the price of un-Naturalness. But this is only half of the problem. The other half is that models realizing Naturalness,
like supersymmetry (SUSY) or Composite Higgs (CH), invariably sacrifice Simplicity. Indeed all these natural extensions have
concrete structural difficulties in reproducing the observed simplicity in flavour, CP violating and electroweak observables. In
order to meet the corresponding experimental constraints, these scenarios must rely on clever constructions mostly associated
with ad hoc symmetries, like flavour symmetries or custodial symmetry, which in the SM are either not needed or automatic.
The paradoxical tension between Simplicity and Naturalness is what defines the hierarchy problem: no win-win scenario seems
to be available.

The paradox could already be formulated before LEP, and gained in importance with more and more precise flavour and
electroweak data that demands a more elaborate structure in natural models. Futhermore, the ever stronger bounds from direct
searches for ‘Natural’ agents at Tevatron and LHC imply the need for some amount of un-Naturalness, or fine tuning, even in
models like SUSY or CH that aimed at full Naturalness. Depending on the scenario, the finesse of the cancellation in the Higgs
mass parameter needed to lift new physics out of LHC reach can be quantified to roughly range from 1/10 to 1/10°.

The test of Naturalness vs. Simplicity offers one concrete criterion to compare future machines across their reach in three
different sets of measurements: direct searches, Higgs couplings, EW precision tests (EWPT).

e Direct searches: Natural models all possess computational control over the Higgs squared mass. The result varies in a
finite range, and a small or vanishing result can only be achieved by tuning different contributions against one another.

17For yy colliders it is sufficient to accelerate two e~ beams which is technically less demanding than accelerating positrons
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Indicating by Ami, the most sizeable contribution, the tuning is simply measured by
£=mi/Am3; (33)

with mpy the observed Higgs mass. Because of its large Yukawa coupling, the most sizeable effects come from coloured
states associated with the top, the so-called top-partners. Models can be broadly classified into three classes according to
the dependence of Am%q on the top partner mass mr:

— Soft: Am?, ~ m>. This situation is realized in SUSY with soft terms generated at a high scale. In the absence of
any tuning mr ~ mpy ~ 100 GeV, within the energy range of LEP and Tevatron.

— SuperSoft: Am?% ~ (3y?)/(4w*)m%. This situation is realized in SUSY with low scale mediation and in CH.
Without any tuning one expects mg ~ my /+/3y? /4w% ~ 450 GeV, within the reach of the LHC.

— HyperSoft: Am%, ~ (3A;)/(167%) m2.. The mechanism of Neutral Naturalness is a prime example. The top partner
mass is naturally pushed around 1.5 TeV.

A ~ 10 TeV reach on mr like offered by FCC-hh or muon-collider (the top partners have often EW quantum numbers)
will thus probe Naturalness down to € = 1071073, 1072 in respectively Soft, SuperSoft and HyperSoft scenarios.

Higgs couplings: The deviations dg;, from the SM in single and multi-Higgs couplings satisfy

Sgn/en™™ ~ ce, (34)

with ¢ a coupling-dependent coefficient, and € the Higgs mass correction defined in (33). In basically all models, there
always exists a set of couplings where ¢ ~ O(1). The only exception is strictly supersoft SUSY, where one can cleverly
go down to ¢ ~ 0.1. Not surprisingly full Naturalness basically mandates O(1) deviations in Higgs couplings.

The best measurements that will be carried out at future machines aim at 10~ precision on some of the Higgs couplings,
in particular ggww and ggzz. This should be compared to the reach in € in direct searches. In particular, Higgs couplings
probe less than direct searches in the simplest high scale SUSY models. But one must not forget that these models admit
countless variants, with additional states, in particular SM singlets, and with a spread spectra. So one cannot completely
discount the relevance of Higgs couplings to probe these models. In any case, one should not underestimate the value of
Higgs precision programme that can measure the Higgs couplings with a 103 precision. The equal relevance of Higgs
studies and direct searches for CH models seems robust.

In view of parametric uncertainties, 1073 seems like a limiting (or at least a critical) sensitivity to BSM deviations
in single Higgs production near threshold. However these deviations are all associated with operators of dimension
> 6, whose effects grow with energy when considering processes with a sufficient number of legs, like gg — HH,hV,
or VV — HH,V;V,. And one must then consider the possibility of obtaining a better sensitivity by measuring such
processes. For instance, FCC-hh can probe gg — HV; and VV — VV up to € ~ 1% [66]. Lepton machines might
compete better: while CLIC can reach a sensitivity to € ~ 1072 in VV — HH [106], still one order of magnitude poorer
than single Higgs measurements, a recent analysis [64] of a muon collider shows the £ = 1073 wall is beaten for a CM
energy of 10 TeV. A u-dream machine running at 30 TeV could go down to & = 2 x 10~* [64], which competes well
even with the reach on top partners (~ 14 TeV) for such a machine.

EWPT: While Higgs couplings are prime sensors of Naturalness, EWPT sense the dynamics of EWSB indirectly,
via loops. To make this concrete, consider the § parameter, defined with the normalization of [107]. For all models,
encompassing supersymmetry, CH or technicolor one can write a parametric formula

2.2 2
o Ow gy my,
S~ L 35

where m., g, indicate overall mass and coupling of the new dynamics (the most obvious expectation being m,. ~ mr),
while N measures the number of new degrees of freedom. Theoretical considerations set the upper bound g.v/N < 47,

which is saturated in CH and technicolor where § ~ m3, /m?. In these models a measurement of S translates into an

iAndirect measurement of the scale m.. In the case of CH, one obtains S=3x 10 2¢, indicating that a sensitivity to
S ~ few x 107> corresponds to 10~ sensitivity in Higgs couplings/fine tuning. Supersymmetric models are instead well
below the saturation of the upper bound, as in that case the g. is of the order of SM couplings, principally gw and y;,
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while the multiplicity N is O(1) [108]. One can then very roughly write S ~ (g /47)(m2,,,/m2) implying m, > 1 TeV
is enough to make s < 1073, below the wildest dreams of an FCC-ee.

Very much like for Higgs couplings, we can consider the sensitivity to the same class of dim-6 operators contributing to S
in processes with more legs, where the growth with energy can be exploited A crucial comparison here is that between
the reach of a Z-pole machine like the FCC-ee and CLIC which can study processes such as ete” — hZ hy, WW at
higher energies'®. The available CLIC studies estimate its reach as § ~ 0.5 x 107>, This should be compared to the
estimated reach of 5 x 107> at FCC-ee. Again the systematics of the two measures would be drastically different, with
CLIC dominated by statistics and with FCC-ee dominated by parametric and intrinsic systematics.

The above analysis also offers the starting point for the consideration of other motivations and other viewpoints. As we
mentioned at the beginning the EW phase transition and DM offer alternative motivations. We will discuss them briefly in what
follows.

The interest in the order of the EW phase transition is largely related to baryogenesis. A strongly first order transition
with sizeable sources of CP violation from BSM dynamics could generate the observed cosmological baryon asymmetry. The
corresponding new physics would impact both future colliders and precision low energy studies. In particular a first order phase
transition implies a O(1) change in the Higgs potential at finite temperature, indicating the possibility for important effects also
at zero temperature, the regime we can test at colliders. The connection between T # 0 and T = 0 is however model dependent
and one can broadly distinguish two scenarios. In the absence of new symmetries 7' # 0 and 7' = 0 are directly connected and
the Higgs trilinear is expected to be O(1) off its SM prediction (see e.g. [109]). On the other hand in the presence of extra
symmetries [110] there could be a further phase separation between T # 0 and 7 = 0 in which case deviations can be smaller
but hardly smaller than a few % [111]. The low energy implications of EW baryogenesis concern electric dipole moments
(edms) from new sources of CP violation. Here it must be noticed that the present bound d, < 10~2° e-cm on the electron edm
is already very strongly constraining many scenarios. Moreover there are serious plans to improve the sensitivity on d, by
a few orders of magnitude in the future. A thorough analysis is not available to our knowledge, but it would be interesting
in order to better appreciate the impact of such improved measurements on the space of possibilities, as that conditions the
importance of Higgs trilinear studies. It should however be kept in mind that the EW®T could be viewed as interesting per se,
regardless of baryogenesis, as it is an essential part of the history of our Universe. It also offers a new bridge between Higgs
physics and gravitational physics: in case of a strong first order phase transition, the EW®T would be the source of a stochastic
gravitational wave (GW) background and future GW experiments like LISA could proffer complementary probes of the Higgs
potential [112].

The search for Dark Matter (DM) at future colliders is a broad field whose implications cannot be even partially described
here. One crucial strength of a machine with a reach in the multi-TeV range is that it should be able to discover the minimal
incarnation of DM, the one which arises from the purely radiatively split EW multiplets. Amazingly, this simple and well
motivated class of models is hardly directly detectable in view of its loop suppressed spin independent cross section (see
Table 1 in [113]). Focussing on Higgs studies the basic question is: to what extent can an invisible Higgs width be associated
to DM? The answer is given in Fig. 4 of ref. [114]: considering all present constraints there remains a very small region
around mpy = mpy /2, and part of this region will be explored, by direct DM detection experiments a long time before the
future precision Higgs studies. The chance that DM sits in this region seems slim but a discovery in direct detection would
certainly add to the Higgs programme. One should also keep in mind that the Higgs boson can decay invisibly to new particles
that are not by themselves stable with the right relic abundance, but that would be part of a more complex DM sector whose
abundance would not set by its interactions with the Higgs but rather by its own internal dynamics. Twin sectors of Mirror Twin
Higgs models [115] and strongly coupled dark sectors [116] are examples of this type and they offer a motivation to search for
invisible decays of the Higgs.

9 Summary

The precision study of the Higgs boson will be the primary guaranteed deliverable of any future collider facility. The apparent
uniqueness of the Higgs boson, as the only fundamental scalar boson thus far discovered, justifies the importance which it is
accorded in planning for future facilities.

Several future colliders have been proposed in the context of the update of the European Strategy for Particle Physics. The
potential of these machines for Higgs boson physics has been intensely studied by the proponents of these machines. The
purpose of the Higgs @FutureCollider Working Group (Higgs @FC WG) and this report is to provide a coherent comparison of

18The latter processes are sensitive to slightly different combinations of operator coefficients than S at low energy, but in well motivated models like CH, this
difference is often subdominant, and at worse they represent equally interesting but different combinations.
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the reach of these machines in the exploration of the Higgs sector. We have assumed the baseline provided by the approved
programme of the HL-LHC and quantified the additional information that would be provided by each of the future facilities.

Taking into account the inputs submitted to the strategy process and our dedicated discussions with proponents of future
colliders, we provide a preliminary report on the comparisons achieved, using both the simplified kappa framework and an
alternative EFT framework. The comparisons are made in reasonable frameworks developed based on current knowledge, with
the prime objective to allow a clear and coherent comparison. Where relevant we note the potential caveats in the approaches
taken. We have also reported on the rare decays of the Higgs boson, on measurements of its mass and width, and on the
expectations for CP violation studies.

This preliminary report is intended to inform the community. It will be the starting point for further discussions at the Open
Symposium organized in Granada (Spain) on 13-16 May, 2019. The final version of this document and the discussions in
Granada will provide input to the Physics Briefing Book of the Physics Preparatory Group, which will, in turn, serve as input
for strategic discussions in the European Strategy Group.
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A Mandate agreed by RECFA in consultation with the PPG “Higgs physics with future
colliders in parallel and beyond the HL-LHC”

In the context of exploring the Higgs sector, provide a coherent comparison of the reach with all future collider programmes
proposed for the European Strategy update, and to project the information on a timeline.

e For the benefit of the comparison, motivate the choice for an adequate interpretation framework (e.g. EFT, x, ...) and
apply it, and map the potential prerequisites related to the validity and use of such framework(s).

e For at least the following aspects, where achievable, comparisons should be aim for:

Precision on couplings and self-couplings (through direct and indirect methods);

Sensitivities to anomalous and rare Higgs decays (SM and BSM), and precision on the total width;

Sensitivity to new high-scale physics through loop corrections;

Sensitivities to flavour violation and CP violating effects.

e In all cases the future collider information is to be combined with the expected HL-LHC reach, and the combined
extended reach is to be compared with the baseline reach of the HL-LHC.

e In April 2019, provide a comprehensive and public report to inform the community.

e ECFA helps in the creation of a working group relevant for the Strategy process, especially for the Physics Preparatory
Group (PPG).

e Towards the Open Symposium the working group will work together with the PPG to provide a comprehensive and
public report to inform the community, i.e. this is not an ECFA report.

e The working group has a scientific nature, i.e. not a strategic nature; it uses the input submitted to the Strategy process to
map the landscape of Higgs physics at future colliders.

e The “convenors” in the PPG who are connected to this specific topic (Beate Heinemann and Keith Ellis) and the ECFA
chair will be included as ex-officio observers.
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B Theoretical Cross Sections and Partial Width Uncertainties

Table 17. Cross sections for the main production channels expected for Higgs boson production at the different types of

colliders (as defined in Table 1).

pp collider Total | ggH

ZH

Cross Section ¢ [pb]
VBF WH

ttH

tH ggHH

LHC (13TeV) | 56 | 48.6

377 136 0.88

0.510 0.074 0.031

HL-LHC 62 547 426 150 099 0.613 0.090 0.037
HE-LHC 168 147 11.8 340 247 286 0418 0.140
FCCyy, 936 | 802 69 157 114 32.1 4.70 1.22
Cross Section o [fb]
eTe” collider (2,- /| P,+) | Total VBF ZH  tiH ZHH
CC/NC (CC VBF)
CEPC 199 | 6.19/0.28 192.6
FCC,. 199 | 6.19/0.28 192.6
ILC»s50 (-80/30) 313 | 15.4/0.70 297
ILCs09 (-80/30) 262 158/7.8 96 0.41 0.2
CLIC3g (0/0) 160 40/7.4 113 - 0.029 (0.0020)
CLIC500(0/0) 329 290/30 7.5 1.3 0.082 (0.207)
CLIC3000(0/0) 532 480/49 2 0.48  0.037 (0.77)
CLIC3g0 (-80/0) 209 68/8.7 133 - 0.034 (0.0024)
CLIC500(-80/0) 574 528/35 8.8 1.70 0.97 (0.37)
CLIC3000(-80/0) 921 860/57 24 061 0.043 (1.38)
CLIC3g¢ (+80/0) 112 13/6.0 93 - 0.024 (0.0016)
CLIC500(+80/0) 91 59/24 6.2 0.89 0.068 (0.045)
CLIC3000(+80/0) 138 96/40 1.7 0.34 0.30 (1.56)
Cross Section o [fb]
e~ p collider (£2,-) | Total VBF tH HH
(CC VBF)
LHeC (0) 130 110720 0.07 0.01
HE-LHeC (0) 247 206/41 0.37 0.04
FCC,;, (0) 674 547/127 4.2 0.26
LHeC (-80) 221 197/24 0.12 0.02
HE-LHeC (-80) 420 372/48 0.67 0.07
FCC,, (-80) 1189 | 1040/149 7.6 0.47
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Table 18. Partial decay widths for the Higgs boson to specific final states and the uncertainties in their calculation [84]. The
uncertainties arise either from intrinsic limitations in the theoretical calculation (Thyy) and parametric uncertainties (Thpy,y).
The parametric uncertainties are due to the finite precision on the quark masses, Thp,.(1,), on the strong coupling constant,
Thp,(0L), and on the Higgs boson mass, Thp,(Mp). The columns labelled "partial width" and "current uncertainty" and refer
to the current precision [84], while the predictions for the future are taken from ref. [117]. For the future uncertainties, the

parametric uncertainties assume a precision of 8my, = 13 MeV, dm,. =7 MeV, 6m, = 50 MeV, d o, = 0.0002 and

oMy = 10 MeV.
Decay Partial width current unc. AI'/T [%] future unc. AT'/T [%]
[keV] Thyaye  Thpar(my)  Thpa(@s)  Thpy(my) | Thie  Thpa(my)  Thpa(0)  Thpar(my)

H — bb 2379 <04 1.4 0.4 — 0.2 0.6 <0.1 -
H— 11" 256 <03 — — — < 0.1 — — —
H —cc 118 <04 4.0 0.4 — 0.2 1.0 < 0.1 -
H—putu- 0.89 <03 - - - <0.1 - - -
H—WW~ 883 0.5 — — 2.6 0.4 — — 0.1
H—gg 335 32 <02 3.7 - 1.0 - 0.5 -
H—Z7ZZ 108 0.5 — — 3.0 0.3 — — 0.1
H— vy 9.3 <1.0 <0.2 — — <1.0 — — —
H—Zy 6.3 5.0 — — 2.1 1.0 — — 0.1
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C Inputs

In this section we report some information relative to the inputs to the strategy process. Fig. 13 shows the start date and extent
of the runs of proposed future projects, using the earliest start time provided in the submitted documentation.

o] 2l | Jel L] L Je] [ ] [ e [ ] [ el | ] ] =] ||
w

CEPC 240 GeV Z
ILC e 250 GeV 500 GeV & 350 GeV

LHeC

Figure 13. Sketch of timeline of various collider projects starting at the "earliest start time" stated in the respective documents.
For FCC-eh/hh this figure assumes that it is not preceeded by FCC-ee. If it comes after FCC-ee it would start in the early 2060s.

The uncertainties on inputs for all the colliders used in our analysis are listed in Tables 19-23. In all cases the relative
uncertainty on the measurement is given corresponding to a Gaussian 10 uncertainty.

Table 19. 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-eepyg FCC-eezq5 CEPC

S0z 0.005 0.009 0.005

O UzH b 0.003 0.005 0.003068
5,uva7bb 0.031 0.009 0.029991
OUZH cc 0.022 0.065 0.0326
5lleH,gg 0.019 0.035 0.0127
Ouzrww 0.012 0.026 0.0098
OlzH 77 0.044 0.12 0.0509
OUzm 1 0.009 0.018 0.0082
SNZH,W 0.09 0.18 0.0684
5/1211#” 0.19 0.40 0.171
6[12[-1727 0.1568
6.uva,cc 0.10

6,uva,gg 0.045

OlvvH 77 0.10

OlvvH T 0.08

1) HyvH yy 0.22

BRPY— <0.0015  <0.003  <0.0015
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Table 20. Inputs used for ILC 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.

Polarization: e :-80% et: +30% e : +80% eT: -30%
ILCys0
85621 /0zm 0.01064 0.01064
OlyvH bb 0.0427 0.1739
OlzH bb 0.00717 0.00717
OUzH cc 0.04377 0.04377
SUUzH ¢ 0.03692 0.03692
OlzH 7z 0.09488 0.09488
OlzH ww 0.02429 0.02429
SUzH vt 0.01693 0.01693
OlzH yy 0.1792 0.1792
OUZH uu 0.3795 0.3795
BRESM <0.0027 <0.0021
ILC3s0
0071 /OzH 0.02454 0.04245
OlyvH bb 0.02487 0.1769
OlyvH cc 0.25856 1.8621
OlvvH gg 0.10479 0.7542
OUvvH 72 0.27217 1.9092
OlyvH Ww 0.07758 0.565687
OlyvH 11 0.21774 1.5556
OlyvH yy 0.61237 4.24264
OlyvH up 2.17732 15.792
OlzH bb
OlzH cc 0.14970 0.2593
OlzH gg 0.11432 0.1980
OlzH 7z 0.3402 0.58926
OlzH ww 0.07622 0.1320
OlzH 0.05445 0.09429
OlzH vy 0.53073 0.91924
OlzH uu 1.18392 2.05061
BRESM <0.0096 <0.0154
ILCs0o
8671 /0zm 0.01666 0.01666
5Gt;H,bb/GttH,bb 0.1957 0.1957
OlyvH bb 0.00411 0.01513
OlyvH cc 0.03481 0.14231
OUyvH gg 0.02297 0.09488
OlyvH 7z 0.04746 0.18974
OlyvHWww 0.01351 0.05536
OlyvH rt 0.038764 0.15812
OlvvH vy 0.10674 0.43482
O UyvH 0.3953 1.6602
OUzH bb 0.010053 0.010053
OUzH cc 0.07117 0.07117
SUzH ¢ 0.05931 0.05931
SUzH 77 0.13836 0.13836
Olzu ww 0.03047 0.03047
OlzH 1 0.02415 0.02415
OlzH vy 0.18579 0.18579
OlzH yy 0.47434 0.47434
BRESM <0.0069 <0.0050

Direct constraint on Higgs self-interaction
oAy 0.27 54/58




Table 21. 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 1 -80%eT:0% e :+80% et 0%
00717511/ Oz 2511 0.0361 0.0407
6GZH’Z*>qq/GZH7Z*>qq 0.0174 0.0196
O UyvH bb 0.0137 0.0411
OlyvH cc 0.1897 0.5692
OUyvH gg 0.0759 0.2277
O Uz bp 0.0081 0.0092
OHZH cc 0.1336 0.1508
OlzH gq 0.0574 0.0649
OUzH ww 0.0508 0.0573
OUzH tc 0.0588 0.0664
BRESM <0.0027 <0.003

CLIC;500
Polarization: e -80%eT:0% e :+80% et 0%
OlyvH bb 0.0025 0.015
OUyvH cc 0.0392 0.235
OlyvH gg 0.0325 0.195
O UzH bp 0.0275 0.062
O UeeH bb 0.0148 0.0334
O UsiH pb 0.0564 0.1501
O lyvH Ww 0.0067 0.04
OlvvH 7z 0.0358 0.215
OUyvH yy 0.1 0.6
OlyvH zy 0.275 1.65
5[-1va,171' 0.0275 0.165
OlyvH pu 0.2417 1.45

CLIC3000
Polarization: e :-80%e¢t:0% e :+80% eT: 0%
O UyvH bb 0.0017 0.01
OHyvH cc 0.0367 0.22
OlyvH gg 0.0225 0.135
O Uz bp 0.0454 0.1025
O UeeH bb 0.0158 0.0358
O lyvH Ww 0.0033 0.02
OlyvH 77 0.0208 0.125
Slivvi yy 0.05 0.3
OlyvH zy 0.1583 0.95
5/4va,11 0.0233 0.14
OlyvH puu 0.1333 0.8
Direct constraint on Higgs self-interaction
51113 0.11
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Table 22. Inputs used for LHeC and FCC-eh projections. All uncertainties are given as fractional 68% CL intervals and are

taken to be symmetric.

Observable LHeC FCC-eh
50—WBF,bb/0-WBF,bb 0.008 0.0025
50'231:71,1,/0'23[:’;,;9 0.023 0.0065
SGWBF,CC/GWBF,CC 0.071 0.022
5023[:7“/623}7,“ 0.200 0.058
OOWBF,gg/ OWBF,g¢ 0.058 0.018
SGZBF,gg/GZBF,gg 0.160 0.047
50—WBF,WW/O-WBF,WW 0.062 0.019
SGZBF,WW/O_ZBF?WW 0.170 0.050
Sowprzz/0owsrzz 0120 0.038
5623]:722/6231:,22 0.350  0.100
50—WBF,TT/GWBF,TT 0.052 0.016
50—ZBF,‘E‘E/O-ZBF,‘ET 0.150 0.042
S0wBFyy/ OWBFyy 0.15  0.046
00zBF,yy/ OzBF,yy 0.42 0.120

Table 23. Inputs used for FCC-hh. All uncertainties are given as fractional 68% CL intervals and are taken to be symmetric.

FCC-hh
OlggF au 0.0185
OlgoF,yy 0.0145
5‘ugg1:7zy 0.0161
OlgoF,up 0.0122
O(BRyyu /BRay) 0.013
O(BRyy/BRye2y) 0.008
O(BRyy/BRyy.) 0.0138
O(BRy;1y/BRyy) 0.0182
5(c%%, /o) 0.019
Sublyy 0.035
Invisible decays
BRESM <0.000125
Direct constraint on Higgs self-interaction
Oy 0.05
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D Additional Kappa Scenario Fits

Table 24. Expected relative precision (%) of the k parameters in the kappa-2 (standalone) scenario described in section 2 for
the HL-LHC,LHeC, and HE-LHC. A bound on |xy| < 1 is applied since no direct access to the Higgs width is possible, thus
the uncertainty on ky and xz is one-sided. For the remaining kappa parameters one standard deviation is provided in £. The
corresponding 95%CL upper limit on BR;yy is also given. In this scenario BRyy, is a floating parameter in the fit, to propagate
the effect of an assumed uncertain total width on the measurement of the other x;. Based on this constraint the reported values
on BRyy¢ 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 k; sensitivity at the LHeC, note that the framework relies as input on Ly, and does not take into
consideration Llz. A star (x) 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.

kappa-2 scenario | HL-LHC | LHeC | HE-LHC

Kw (%, < 1) —1.7 -0.6 -0.9
Kz (%, < 1) 13 | —12 0.8
ke (%) 422 | 439 +1.4
Ky (%) +1.7 +7.8 +0.96
Kzy (%) +10. - +4.0
K (%) — +4.3 -
K, (%) 4+2.8 - +2.0
x5 (%) 426 | 423 1.7
Ky (%) +4.4 - +1.8
K (%) +1.6 | +3.6 +1.1
BRiy (<%, 95%CL) | 1.9 | 22 | 26«
BR,, (<%, 95% CL) 1nf31jrled us‘lng;(z)nst‘ramt | §V6| <1
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Table 25. Expected relative precision (%) of the k parameters in the kappa-2 (standalone collider) scenario described in
section 2 for future accelerators beyond the LHC era. The corresponding 95%CL upper limits on BR,,; and BRj,, 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 (-). An asterisk (x) 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 "ILCsgg" corresponding to ILC;50+ILC350+ILCsq9, "CLIC3000" to CLIC339+CLIC|5090+CLIC3000, and
"FCC-eesps5" to FCC-een49+FCC-eese5. FCC-ee/eh/hh corresponds to the combined performance of FCC-eep49+FCC-eesgs,
FCC-eh and FCC-hh.

kappa—2 scenario ‘ILC250 ILC5()0 CLIC380 CLIC150() CLIC30()0 ‘ CEPC‘FCC-GCMO FCC-GC365 FCC-ee/eh/hh

Kw (%) 1.8 0.31 0.86 0.39 0.38 1.3 1.3 0.44 0.2
Kz (%) 0.3 0.24 0.5 0.39 0.39 0.18 0.21 0.18 0.17
K, (%) 2.3 0.98 2.5 1.3 0.97 1.5 1.7 1.0 0.56
Ky (%) 6.8 34 88.%x 5. 2.3 3.7 4.8 39 0.37
Kzy (%) 87 .x 75.% 110.x 15. 7. 8.2 70.% 66.x 0.71
K. (%) 2.5 1.3 4.4 1.9 1.4 2.2 1.8 1.3 0.98
K (%) - 6.9 - - 2.7 - - - 1.0
Kp (%) 1.8 0.6 1.9 0.62 0.53 1.3 1.3 0.69 0.5
Ky (%) 15. 94 290.% 13. 5.9 9. 10. 8.9 0.44
K (%) 1.9 0.72 3.1 1.3 0.95 1.4 14 0.74 0.54
BRiny (<%, 95%CL) | 026  0.23 0.64 0.65 0.65 0.28 0.22 0.19 0.024
BRyn (<%, 95% CL) | 1.8 14 2.7 2.4 2.4 1.1 1.2 1.1 1.0
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