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ABSTRACT: LEP precision on electroweak measurements was sufficient not to hamper the
extraction of Higgs couplings at the LHC. But the foreseen permille-level Higgs measure-
ments at future lepton colliders might suffer from parametric electroweak uncertainties in
the absence of a dedicated electroweak program. We perform a joint, complete and consis-
tent effective-field-theory analysis of Higgs and electroweak processes. The full electroweak-
sector dependence of the ete™ — WW production process is notably accounted for, us-
ing statistically optimal observables. Up-to-date HL-LHC projections are combined with
CEPC, FCC-ee, ILC and CLIC ones. For circular colliders, our results demonstrate the
importance of a new Z-pole program for the robust extraction of Higgs couplings. At lin-
ear colliders, we show how exploiting multiple polarizations and centre-of-mass energies is
crucial to mitigate contaminations from electroweak parameter uncertainties on the Higgs
physics program. We also investigate the potential of alternative electroweak measure-
ments to compensate for the lack of direct Z-pole run, considering for instance radiative
return to these energies. Conversely, we find that Higgs measurements at linear colliders
could improve our knowledge of the Z couplings to electrons.
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1 Introduction

The precision electroweak (EW) program carried out at electron-positron colliders had
a long-lasting impact on particle physics and definitively contributed to establishing the
standard model (SM) at the quantum level [1]. It even gave the first concrete evidences
for the top quark and the Higgs boson that were out of direct reach. Since its discovery
in 2012, the Higgs boson has actually become the central figure in the field and it very
much sets the agenda for the next future colliders [2]. While there is a strong consensus
towards a eTe~ Higgs factory, its actual design, either circular or linear, is still under fierce
debate. Both options have their own pros and cons: the linear colliders are extendable in



energy and there is neither technical nor unbearable economical impediments to polarize
their beams. On the other hand circular colliders can reach higher luminosity, especially
at low energies. Indeed, from centre-of-mass energies relevant for a Higgs program around
250 GeV, circular colliders are able to deliver integrated luminosities growing roughly like
1/,/5° towards lower \/s (power losses from synchrotron radiation scale like \/5"), while
linear collider luminosities rising approximately linearly towards higher /s can be achieved.
That is why a circular Higgs factory would already start as a Z and W pair factory.

Bringing Higgs coupling determinations to the level of precision achieved by the previ-
ous generation of lepton colliders on electroweak parameters naturally raises the question
of the interplay between those two sectors. They have remained mostly decoupled so far
due to the large hierarchy in the constraints they are subject to [3, 4]. Higgs coupling mea-
surements did not have sufficient accuracy either to be affected by electroweak parameter
uncertainties nor to reduce them, except in the well-known case of anomalous triple gauge
couplings (aTGCs) [5]. Our knowledge of Higgs couplings is nevertheless sufficient for their
quantum corrections to electroweak processes not to significantly entangle the two sectors.
On the contrary, it was recently shown that the much more uncertain couplings of the top
quark to gauge bosons have sizeable loop-level impact on Higgs coupling determinations,
especially at future lepton colliders [6-8]. So precision Higgs physics requires the accurate
determination of top-quark couplings. Leaving this issue aside, i.e. assuming that top-quark
couplings are well constrained by dedicated measurements like that of eTe™ — ¢t [9], in
this work we address the cross-talk between the Higgs and electroweak sectors at future
lepton colliders.

All future lepton colliders target integrated luminosities in the few inverse attobarn
range at centre-of-mass energies between 240 and 380 GeV where the Higgsstrahlung cross
section peaks. Updated electroweak measurements at the Z pole and the W pair produc-
tion threshold, with astonishingly large statistics, are also part of the program of future
circular collider projects. Collecting large amounts of luminosity at the corresponding
energies is, on the contrary, costly and time-consuming for linear machines, as already ex-
plained. Therefore, the interplay between Higgs and electroweak coupling determinations
is qualitatively different for the two types of colliders. These specificities naturally lead us
to explore the following questions:

e What is the deterioration in Higgs couplings determination incurred from electroweak
uncertainties?

e How important are the Z-pole and W W -threshold runs for Higgs physics?

o Are measurements at higher energies and with polarized beams sufficient to mitigate
their possible absence at linear colliders?

e Conversely, could Higgs measurements help constraining electroweak parameters?

In particular, we will compare the Higgs coupling sensitivity obtained under three different
scenarios for the EW measurements: 1. LEP/SLD EW when the experimental uncertain-
ties in the EW sector do not improve over the measurements done at LEP/SLD, 2. real EW



when the actual EW projections at the respective lepton collider are used, 3. perfect EW
when an infinite statistical and systematic precision in the EW observables is assumed.

In this paper, we shall try to address the questions listed above in the effective field
theory (EFT) framework, assuming a mass gap between the weak scale and the scale of
new physics such that all the effects of the new degrees of freedom and the new interactions
can be captured by local interactions among the SM particles at the energies probed by
the colliders. We present detailed studies of HL-LHC and future lepton collider prospects
based on the most up-to-date experimental studies carefully implemented with available
correlations and complemented —where needed— with reasonable estimates. Two different
implementations and fitting procedures are used for cross-validation. They respectively
employ the so-called Higgs [10] and Warsaw [11] bases of dimension-six operators. Many of
our results are, however, presented in terms of deviations to decay rates in specific channels,
to avoid the arbitrariness of the choice of effective operator basis and to provide a more
intuitive understanding of prospective limits. Our study extends and complements that of
refs. [2, 12-23].

The figure of merit of the various colliders should not be asserted by looking at single
Higgs couplings or electroweak parameters alone, irrespective of their physical relevance.
High-energy machines also give access to new processes, like multiple Higgs production,
that can inform us directly about new couplings. It is instructive to compare, for instance,
how much the Higgs self-coupling will be known indirectly from the corrections it induces
quantum mechanically on processes with single Higgs [24-27] and the direct bounds ob-
tained from the study of double Higgs production above 500 GeV. The impact of the EW
uncertainties in this comparison (so far done only in the perfect EW limit [19]) is left for
future work.

The rest of this paper is organised as follows. We first review various aspects of the
framework employed in section 2 including a description of our EF'T parametrization, of the
collider run scenarios and measurements used as input, as well as of our fitting methodolo-
gies. Our results are presented in section 3 with an overview of the Higgs coupling reaches
at various colliders followed by a detailed investigation of the effects of EW measurements.
Conclusions are drawn in section 4. A comparison between our results and that of the
Higgs@Future Colliders ECFA Working Group report of ref. [2] is provided in appendix A.
Our results are also expressed in standard effective-field-theory bases in appendix B. Fur-
ther details about the correlations between Higgs and electroweak parameters are provided
in appendix C. A brief review of the method of optimal observables is provided in ap-
pendix D. The measurement inputs used in our global analysis are further detailed in

appendix E.

2 Framework

Introducing our framework, our parametrization of the effective-field-theory space is first
presented in section 2.1. We then provide a brief summary of the future collider run sce-
narios considered as well as the prospects and measurements used as input to our analysis
in section 2.2. The information contained in angular distributions of both diboson and Hig-



gsstrahlung production is extracted using statistically optimal observables (see appendix D
for a brief review), as explained in section 2.3 and 2.4. The assumptions made for scaling
statistical and systematic uncertainties with beam polarization are explained in section 3.2.
Our statistical methods for the global fit is described in section 2.5.

2.1 Effective field theory

Despite its success on the phenomenological side, the standard model is nowadays viewed
as the low-energy limit to a more fundamental ultraviolet (UV) theory, i.e. as an EFT.
This UV completion is supposed to replace the SM at a given energy scale A, which acts
as the cut off of the EFT. For energies £ < A, however, the observed phenomena can be
well described by an effective Lagrangian expanded in inverse powers of A,

1
Leg = Lsm + Z ch, Ly = Z Cz('d)oz(d) . (2.1)
d>4 7

In the so-called standard-model effective field theory (SMEFT), each operator Ogd) is a
local analytical SU(3). x SU(2)r, x U(1)y-invariant operator of canonical mass dimension
d, built from the fields describing particles with mass m < A. Such particles are assumed

to be the SM ones, with the Higgs field belonging to an SU(2);, doublet.! The operator
(d)

coefficients ¢, ’ encode the indirect effects of heavy new physics and can be computed in
terms of the parameters of particular UV completions [32-44]. The success of the SM and
usefulness of this EFT expansion are then justified from the fact that observable effects
from an operator of dimension d are suppressed by (g/ A)d_4, where ¢ is the relevant energy
scale involved in the observable or the electroweak vacuum expectation value v ~ 246 GeV.
Assuming B and L number conservation, the leading order new physics corrections to SM
physics are given by the dimension-six terms. Under all the assumptions above, a complete
basis of physically independent dimension-six interactions contains a total of 59 types of
operators [11] (2499 taking into account flavour indices, still under the assumption of B
and L number conservation [45]).

The SMEFT framework provides a convenient and consistent framework to describe
indirect effects of new physics and to parametrize possible deformations with respect to the
SM predictions. Since the correlations imposed by gauge invariance and/or the assumption
of linearly realized electroweak symmetry breaking (EWSB) are manifest in this framework,
the EFT formalism allows to easily study and exploit the complementarities between differ-
ent types of processes to constrain new physics effects. Preserving its systematic coverage
of heavy new physics scenarios in general also requires one to consider simultaneously all
contributions to studied observables up to a given order. New physics would generate sev-
eral operators at a high scale. Renormalization-group running to the scale of measurements

could provide non-vanishing coefficients to an even larger set of operators. The projection

!The alternative formulation of the non-linear Higgs effective theory [28-30] is obtained removing the
condition of analyticity from the EFT assumptions [31]. This leads to a more general structure of interac-
tions but is also characterized by a relatively lower range of applicability to new physics scenarios, for in
this case the cut-off of the EFT is necessarily connected with the electroweak vacuum expectation value,
A < 4.



of those onto a basis, using equation of motion, integration by part, Fierz identity, etc.
would have the same effect. Focusing on arbitrary subset of operators is also technically
inconsistent at the quantum level where counterterms from discarded operators may be
needed. This naturally leads to the necessity to consider global studies of indirect effects,
where one includes all possible types of physical observables to probe simultaneously all
SMEFT directions open at a given order. In this work, where we are mainly interested
in the study of possible deformations in Higgs processes. This will necessarily lead us to
include in the discussion the observables typically considered in electroweak precision tests
and diboson production. In what follows, we describe the different operators that enter in
all these processes in the dimension-six SMEFT formalism. For that purpose, we will use
the convenient parametrization of ref. [10, 46], the so-called Higgs basis, where the leading
order effects of new physics are presented in the unitary gauge.

For simplicity, we will restrict our study to CP-conserving interactions. CP-violating
interactions can be constrained separately with specifically designed CP-odd observables
that are insensitive to CP-even effects. The two sectors can thus be decoupled. The new
physics contributions to the couplings of the Higgs boson to vector bosons can then be
written in terms of the following interactions in the physical basis:

h
acpv =" [20cumBy Wi W, + 6e.m% 2,2,

2
e 5 Wit Wi, + cung? (W 0, W, + hic.)

2 2 2 /12 2 /2
€ ev g+ +
+CQQ%GZVGZV + C’Y,YZA#VA#V + CZW%ZHVA,MD + CZZ%Z“VZH,,
—'—CZDQQZ/J,aI/Z;U/ + C'yDgg,Zuaqu/} .
(2.2)

In the previous Lagrangian only ¢4y, 0c., ¢yy, Czy, C.., c.g are independent parameters,
with the others being related by gauge invariance:

dcy = 0cy + 46m,

Cow = Csy + 2sin? OwCary + sin* OwCryry,s
1 . .
Coull = W [gzczg + ¢ %c., — e*sin? OwCyy — (92 —q 2) sin® Owcw} ,
1
O = Z_g? [QQQCzD +(?+9 e — ey — (P — Q)sz} . (2.3)
In the previous equations gs, g and g’ denote the SU(3). x SU(2)r, x U(1)y gauge coupling
constants, e is the electric charge, 0, denotes the weak mixing angle and mzw are the
electroweak vector boson masses. The parameter dm describes new physics contributions
to the W mass, and it is the only source of custodial symmetry breaking in Higgs couplings
to dimension six. The same dynamics generating some of the couplings in equation (2.2)
also induces modifications in the so-called anomalous triple-gauge couplings (aTGC). These



anomalous interactions are parametrized by means of three couplings: d¢1 ., 0k, A [47],

ALTCC = dedky AW, +igcos Oy [0g1z (W, W+ — W, WH) 2 + (2.4)
g’ -] 4 9 (s VT =P Al Uy =P 71
4—(5glz—?6/<7)2 Wiw, +m%v (smawm W, Al cos 0, W, W, Zp),

where the first two can be written as:

1
091,z = 2(g% — ¢'2) [6’77’629/2 + CZW(QQ - 9,2)9/2 - sz(g2 + 9/2)9,2 - CZD(QQ + 9,2)92} )
2 2 2 /12
g € g —4g
0K = —— _ e . 2.5
T (CWQQ RN sz) 22)

Because of this, and as it was pointed out in ref. [5], the study of aTGC measured, e.g.
in efe”™ — WTW ™, provides complementary information that can be used to constrain
new physics in the Higgs couplings. To make use of this complementarity in a general way,
however, one also needs to consider the third aTGC, A., which parametrizes dimension-six
interactions of the form eqp Wy ”WB PWS #, into the analysis.

The Higgs boson interactions with fermions are given by,

h _
ALl = — > (Byp)ij (my)jififj + e, (2.6)

feu,de

where, again, all possible CP-violating phases have been set to zero. As we are interested
in exploring all possible deformations that could be tested at future lepton colliders, we will
assume that 6y; = (0yu)33, 0Ye = (0Yu)22, 6Yp = (6¥a)33, 6Yr = (0ye)33 and dy, = (0ye)22
are independent parameters. Note, however, that this will typically induce flavour changing
neutral currents (FCNCs), requiring a fine tuning in the new dynamics generating oy . Off-
diagonal flavour structures will not be considered. In models generating flavour-changing
interactions, flavour observables could however impose stronger constraints.

So far all the terms we have written are directly connected to pure Higgs interactions
(with the exception of A,). Higgs and diboson production at hadron or lepton colliders are
however also sensitive to modifications of the neutral and charged current couplings, V f f.
Moreover, in the SMEFT framework and to dimension six, such modifications are directly
connected to contact interactions of the form hV f f, which also modify the EW production
of the Higgs. These are particularly relevant for associated production of the Higgs with
a vector boson, as their effects in the amplitudes grow with the energy relative to the SM
contributions. These modifications, either at hadron or lepton colliders, are described in
the Higgs basis by,

)V g h —i j i j i ]
Aﬁé W= 2 (1 + 2@) W, ((591%/)1'1' vy ey + (093 )ij Yy + (093 g )i uRV“dgz"‘h-C-)
h - A - .
+/9?+ g2 (1 + 2v> Zu| Y Ol )i fir" o+ Y gl p)iafe |, (27

f=u,d,e,v f=u,d,e




where, again, not all terms are independent. At the dimension-six level one has:

Sgvw = 0951 — 0951, 09 =09% 1 Vorkm — Vermdgy (2.8)

where Vogas is the Cabibbo—Kowayashi—Maskawa matrix. The electroweak precision mea-
surements are most sensitive to flavour-preserving interactions in equation (2.7), which are
also the relevant ones for Higgs production. They can also probe most of the couplings to
the different light fermion families independently. We will therefore restrict our analysis to
the case where the (h)V f f couplings —like hf f ones— are diagonal in the fermion-family
space. Considering independent diagonal entries, however, leads again to the problem of
FCNCs. These are especially severe for the light quark families and we impose that the
couplings to the first two families of quarks are related via an U(2) flavour symmetry.
This also forbids right-handed charged currents and dipole interactions for the light quarks
which do not generate amplitudes interfering with SM ones in the limit m, — 0. For the
Higgs measurements, the impact of this U(2) flavour symmetry is mostly on the Vh pro-
cesses at LHC, which has quarks as the initial states. On the other hand, we keep all lepton
couplings independent given that Higgs and diboson production processes single out the
Zee coupling. Finally, as mentioned in the introduction, the electroweak and four-fermion
interactions of the top quark are assumed to be well constrained by other measurements
(ete™ — tt in particular). At tree level, they could mostly impact the precision extracted
on the top-quark Yukawa coupling from eTe™ — tth measurements.

The above-mentioned set of operators is sufficient to describe Z-pole, diboson and
single Higgs processes at future lepton colliders. It counts 1 (dm) + 6 (hVV /aTGC) +
1 (aTGC) + 5 (hff) + 6 (Zel) + 3 (Wlv) + 2 (Zuu) + 4 (Zdd) = 28 new physics
parameters. Note that di-Higgs production would provide further constraints on these
operators in addition to offer a bound on the Higgs trilinear self-coupling [16, 48]. Four-
fermion operators that would be relevant for Drell-Yan production at high energies [49, 50]
are omitted from our analysis.

One of our main goals is to study the impact of EW uncertainties on the Higgs coupling
determinations. To serve as reference, we consider an artificial benchmark scenario where
infinitely precise EW measurements take exactly SM values. As perfect EW measurements
we will assume, in particular, Z-pole observables as well as the W mass, width and branch-
ing ratios. In the Higgs basis, this corresponds to 1 (dm) + 6 (Z¢0) + 3 (WLv) + 2 (Zuu)
+ 4 (Zdd) = 16 deviations from the SM being set to zero, leaving a total number of 12
Higgs and aTGCs parameters, as considered in ref. [14].

As motivated in the introduction, using more physical observables has advantages for
the presentation and comparison of measurement prospects. As replacement for the dm,
0cz, Czy €200 Cavy, Cyy, and cgqy degrees of freedom, we therefore keep d¢1,., 0k, anomalous
triple gauge couplings and define

I'(h — )
R

59 (2.9)

for x = WW* ZZ*, Z~,v7v,g9. The effective couplings 5g¥IVW and 5gfIZ include the cor-
rections to the full decay chain H — VV* — 4f, where all four-fermion final states are



summed over. In addition to modifications of the HV'V couplings, this includes corrections
to the electroweak vertices V f f, contact terms of the HV f f form, and modifications of the
vector boson propagators (see, e.g. section 7.2 of ref. [16]). A similar approach for Yukawa
coupling modifications only fails for the top-quark. In this case, we simply fix dg% = dy; as
would have been obtained, to the linear level, if the corresponding decay was kinematically
allowed.

In summary, we will present our main results in terms of following 28 parameters:

895t Ogil. Ogff, Odf, g,
59%2, 5gWW, 8g},, 5g§7, 6g%]
0g1,z, Oky, Az,
09% 1 = (592L)117 5921: = (5gZZL)227 0977, = (09%.1.)33;

)

095 R = (592 R, 5921% = 592 R)22: 097 R = (5921%)337

(
g5t = (Ogiy )11, = (0gfy )22, 097y = (Ogiy )33,
59%1@ = (59%,L)11 = (59Z,L)227 5QZL = (592 L = (592 )22, 5QZL = (5gdZ,L)337
59%3 = (59%,3)11 = (59%,1%)22’ 5921% = (5QZ,R)11 = (592,1«2)22» 5921% = (59dZ,R)33~
(2.10)
Note that the normalization of the fermion couplings to gauge bosons is such that gw =1
and gSM =T3-Qs2. The gf f parameters quantify absolute departures from those values.
They are all taken to vanish, when perfect EW measurements are assumed: 5gf f =

Furthermore, from the point of view of the Higgs couplings, making the measurement of

the W mass “perfect”, i.e. dm = 0, causes 6g57 and dgjy "V to no longer be independent.
Finally, let us briefly comment on the impact of operators that enter the Higgs and
electroweak processes at the loop level. A general expectation is that these impacts are
under control as long as the corresponding operators are also probed at tree level by other
measurements. Possible exceptions are the operators that modify the Higgs self-coupling or
the top couplings, as mentioned earlier. It was shown in ref. [19] that, with a single 240 GeV
run at a lepton collider alone, the inclusion of the triple Higgs coupling at one-loop order
could worsen the reach of dcz by a factor of two. However, once the current projections
for the triple Higgs coupling measurement at the HL-LHC are included (with a expected
precision of around 50% [51]), we find this impact to be at most around 20% for 6g%%
and 59}/}/”/, and much smaller for other parameters at future lepton colliders. Reference [7]
found the impact of several top-quark operators on Higgs couplings, in particular the top
dipole operators, to be potentially sizeable.? Measurements of top-quark pair production
at future lepton colliders [9] are thus important for constraining them. Needless to say, the
top loop contribution to the Higgs vertices also receives corrections from a modification
of the top Yukawa coupling, dy;. This contribution is particularly important for the hgg
vertex given that the corresponding decay can be measured very well at future lepton
colliders [14]. However, note that our definition of dg; (and other parameters) absorbs all

2References [62—-54], on the other hand, discuss some partial results on the sensitivity to top operators
via electroweak precision observables. References [54-56] also discuss similar effect in the flavour sector.
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Figure 1: A summary of run scenarios for CEPC, FCC-ee, ILC and CLIC considered in
our analysis, with the corresponding integrated luminosities. The impact of beam polariza-
tion at the ILC is examined by considering P(e™,et) = (¥80%, +30%), (+80%,0%) and
unpolarized configurations.

contributions to the vertex, so the contribution of dy; is only relevant when mapping dg%;/
to the ¢gy in equation (2.2). The loop contributions to the Z and W pole observables and
the diboson processes in the SMEFT framework have been also discussed in other recent
studies, such as refs. [57-59], leading to effects larger than expected. It would therefore be
interesting to quantity the impact of these EW loops on our global fit, but such an analysis
is certainly beyond the scope of the paper.

2.2 Run scenarios and input measurements

We detail below the future lepton collider run scenarios we assume, together with the
sources of measurement precision estimates adopted as input, also for the HL-LHC. The
EW precision measurements of LEP and SLD that we use are listed too. More details are
provided in appendix E.

e LEP and SLD: The current constraints on EW precision observables from Z-pole
measurements at LEP and SLD are taken from ref. [60]. For the W mass and width,
we take the values from PDG [61] which also includes measurements from the Tevatron
and LHC. We include the constraints on leptonic branching ratios of W from ref. [62].



Diboson measurements from LEP II would be completely surpassed by future lepton
colliders ones.

o HL-LHC: For Higgs measurements with 3ab™! of integrated luminosity, we use the
projections provided in the HL-LHC/HE-LHC working group report of ref. [51], under
the so-called S2 assumption on systematic uncertainties. We also combine the mea-
surements from ATLAS and CMS to obtain the ultimate reach of the entire HL-LHC
program. We use only the inclusive Higgs measurements. A differential analysis is left
for future work. Improvements can be expected from the high pr regions of the Hig-
gsstrahlung (pp — V'h) processes which have enhanced sensitivities [63, 64] although
the validity of EFT becomes a potential issue there [65]. For the measurements of the
diboson pp — WW, W Z production, we use the results of ref. [66] which implements
the full EFT parametrization with CP-even dimension-six operators including both the
aTGCs and the modifications of the quark couplings to gauge bosons. W-mass mea-
surement improvements, to a precision of 7 MeV, are also included. Other electroweak
measurements expected at the HL-LHC are not considered.

o« CEPC: We use the official run scenario from the CEPC CDR [67] which includes
runs at the Z pole (8ab™!), WW threshold (2.6ab™!) and at /s = 240GeV (5.6ab™!)
without beam polarization. A potential upgrade to run at the top-quark pair production
threshold, while plausible, is not considered in the current CEPC design. To palliate the
lack of official projections, we make several estimates for Z-pole measurement reaches
(see appendix E.2).

o FCC-ee: We also use the full FCC-ee run scenario established in its CDR [68, 69], with
runs at the Z pole (150 ab™1), WW threshold (10 ab™1), 240 GeV (5 ab™!), 350 GeV
(0.2 ab™1) and 365 GeV (1.5 ab™!) without beam polarization.?

o ILC: We follow the most recent ILC document [70] and consider runs at centre-of-mass
energies of 250, 350 and 500 GeV, with total integrated luminosities of 2, 0.2 and 4ab~!,
respectively. An upgrade to 1 TeV, which we do not include, has also been considered in
previous documents [71]. It is assumed a longitudinal polarization of 80% (30%) can be
achieved for the e~ (e*) beam. A small fraction of the luminosity planned to be collected
with same-helicity beams is mostly useful for controlling systematic uncertainties. For
Higgs and diboson measurement prospects, we only consider the opposite-helicity runs.
To assess the impact of beam polarization on the Higgs coupling reach, we also inves-
tigate scenarios featuring only electron beam polarization or unpolarized beams. The
integrated luminosities considered for each beam polarization run are detailed in figure 1.
The impact of beam polarizations is further discussed in section 3.2.

3Both 10 and 12ab~! are considered as benchmark integrated luminosity at the W threshold. The
difference between them has a negligible impact on our study. The details of how the 350 GeV and 365 GeV
runs are combined can be found in appendix E. In the rest of the text, we will refer to this combination of
runs as ‘365 GeV’ unless explicitly specified otherwise.
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o CLIC: Following the recent CLIC report [72], we use projections for runs at 380 GeV,
1.5 TeV and 3 TeV centre-of-mass energies with 80% longitudinal polarization for the e~
beam and total integrated luminosities of 1, 2.5 and 5 ab™ !, respectively. Their share-
out between P(e™, et) = (—0.8, 0) / (+0.8, 0) configurations are reminded in figure 1.
Higgs production at centre-of-mass energies beyond about 500 GeV is dominated by the
W W -fusion mode which involves left-handed electrons. A larger share of luminosity is
therefore collected with (—0.8,0) polarization configuration.

For both ILC and CLIC, we will consider EW measurements performed using radia-
tive return to the Z pole under two different assumptions of the systematic uncertainties
(see section E.2 for detail). But we will not include in our analyses potential EW measure-

ments at the Z pole in dedicated GigaZ runs.*

2.3 Diboson production analysis

The diboson process, eTe™ — WW, can be measured both in dedicated runs at the WW
threshold at circular machines (CEPC and FCC-ee), and at higher centre-of-mass energies
for which the primary targets are Higgs and top-quark measurements. A line-shape mea-
surement of the diboson pair production at threshold provides precise determinations of
the W-boson mass and width. At higher energies, my, can be measured by the reconstruc-
tion of the W from its decay products. The projected measurement precision from various
colliders are summarized in table 5 of appendix E.2.

The measurements of diboson production are also essential for the determination of
the triple-gauge and W-to-fermions couplings. Various analyses of this process have been
performed by future collider collaborations. They often adopt the so-called TGC domi-
nance assumption, where any modifications other than those coming from dg; ., 0x, and
A, in equation (2.4) are neglected. This was appropriate for LEP II analyses but it is no
longer justified at the LHC already [73]. This approximation is also not guaranteed to be
valid at future lepton colliders, unless more precise measurements of the other electroweak
parameters entering in the process are also available. For our prospects at the different
future colliders, we use an analysis method where we consistently implement a full EFT
parametrization of the new physics effects entering in ete™ — WW production. The
information contained in the normalized fully differential distribution —including the pro-
duction polar angle and the W decay angles— is maximally exploited using the method of
optimal observables. We briefly review the method in appendix D. Following the theoreti-
cal study of ref. [74], LEP II analyses were already using this technique but in an anomalous
coupling approach [75-78]. For simplicity, the narrow-width approximation is employed.
The rate information in all the distinguishable channels is treated separately. This also
allows to easily assess the respective constraining power of rate and differential measure-
ments, each subject to different systematic uncertainties. Assuming the W has no exotic
decays, the inclusive W cross section as well as BR(W — ev / uv / 7v) and BR(W — jj)
branching ratios can all be extracted with a simultaneous fit to all WW channels. The

“We refer the reader to the last version of ref. [2], where results including such a run at the Z pole at
linear colliders are also discussed.
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reach we obtain from this rate analysis, for the various colliders, is summarized in table 6.
A likelihood is constructed from the WW rate and differential measurements at all avail-
able energies, considering only statistical uncertainties, under the assumptions of negligible
backgrounds and perfect reconstruction. A conservative overall efficiency of 50% is however
applied at all centre-of-mass energies and for all beam polarization configurations.®

For the differential analysis, we focus on the semileptonic final state with one W decay-
ing to either e or y and the other decaying hadronically. With a sizeable branching fraction
of about 29%, this channel is well reconstructed and allows for a reliable identification of
the W charges. Some further constraining power could nevertheless be extracted from the
fully leptonic and hadronic channels. Ambiguities in the decay angles of the hadronic W
(due to the difficulty to identify quark charges) are taken into account. Different values of
the effective efficiency are also explored in section 3.1 to further investigate the impact of
the WW measurements on the global fit.

For both rate and differential analyses, we assume all the threshold-scan luminosity
is collected at a single centre-of-mass energy of 161 GeV, although it would be distributed
in the 157-172 GeV range in practice. To avoid double counting the constraints on the W
mass —note that myy is also measured using the data at the WW threshold— we ignore
its modifications in our rate analyses (which moreover neglect systematic uncertainties).
Ultimately, experimental collaborations should simultaneously include mass and coupling
dependences (the width being function of these parameters in the EFT) at the threshold and
above. Suppressed sensitivities however limit the reach of threshold runs on aTGCs, despite
the sizeable luminosities collected. The W branching ratios are also best measured with
the 240 GeV run at the circular colliders, which provides the largest WW sample. Overall,
the WW threshold run is thus mostly relevant for the W mass and width measurements.

In appendix D we compare the results of the study using statistically optimal observ-
ables with the aTGC reach from a simpler analysis using binned angular distributions.
As can be seen there, the statistically optimal observables yields significant improvements,
which indirectly impact the reach of the different Higgs couplings too (see section 3.1).
This improvement should be encouraging enough for the future collider collaborations to
perform dedicated and more realistic eTe™ — WW analyses with this method, using the
full EFT parametrization.

2.4 Differential Higgsstrahlung analysis

The rate and differential information in Higgsstrahlung production are treated separately,
as in diboson production. Kinematic distributions have previously been exploited through
the definition of angular asymmetries [14, 80, 81]. We explore here the use of optimal
observables defined on the normalized fully differential distribution (see also ref. [82]).
Their statistical power is in principle superior. In practice, we observe only a marginal
increase in constraining power. We exploit the bbeTe™ and bbutpu~ channels which are

5 A selection efficiency of about 70% was found in the ILC diboson analysis performed at 500 GeV in the
semileptonic channel [79]. Background yields were much smaller than signal ones after all selection cuts.
This partially justifies the simple assumptions made here.
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almost background free after selection cuts. A universal 40% signal efficiency is applied,
following the CEPC study of ref. [83].

While angular observables in eTe™ — hZ can potentially be very useful in resolving de-
generacies among parameters contributing to the Higgsstrahlung process, in practice their
impact on the global-fit results is rather limited [14]. Once the data that would be avail-
able using the full physics program at the different colliders is combined, measurements at
multiple energies or with different polarizations already effectively disentangle the various
contributions. Even at the CEPC where Higgsstrahlung production is only accessible at
240 GeV with unpolarized beams, the measurements of the diboson process, the WW fu-
sion Higgs production as well as various Higgs decay channels already lift approximately
flat directions in the global fit.

2.5 Fitting procedures

Two different statistical frameworks are used to perform our global fits. The independent
implementations use the same inputs. We describe here the two frameworks and their
differences.

HEPfit [84] is a Bayesian analysis framework based on Markov Chain Monte Carlo
(MCMC) procedures. For this work, we use the implementation of dimension-six SMEFT in
the Warsaw basis [11] along with the EW and Higgs observables that are publicly available
in the developer version. In HEPfit, priors are set for the model parameters which, in
this case, are the coefficients of the relevant dimension-six operators in the SMEFT. All
priors are set to flat distributions with a range larger than the 5o limits of their posterior
distributions.” As a result, there is no prior dependence in the fits performed. Since all
the couplings are linearized in the EFT parameters they have a flat prior distribution too.

The evolution in the space of operator coefficients is guided, using to the Metropolis—
Hastings algorithm, with the logarithm of the likelihood function built from measurement
projections assuming SM central values. Where correlations between experimental projec-
tions are present, multivariate Gaussian likelihoods are built using the covariance matrix.®
Instead of presenting the posterior distributions of the Wilson coefficients that were varied
in our fits, we provide the statistics of the posterior distributions of the effective Higgs
couplings, aTGCs and EW couplings introduced in section 2.1.

An independent fit procedure relies on the construction of a y? function from all
observables. Only leading order SMEFT contribution are retained, in the so-called Higgs
basis of dimension-six operators [10]. The x? is then quadratic in the EFT parameters,
given by

2 = Z(C —c0)i[o7 i (c—c)j, where o 2= (6ch éc)_l , (2.11)

ij

Shttps://github.com/silvest/HEPfit

"The posterior distributions obtained in our fits are always unimodal and almost always Gaussian. Rare
deviations from Gaussianity are small and do not affect our results.

8Most of this process is automated and inputs are in the form of plain text files that can be made
available on request.
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Figure 2: Global one-sigma reach of future lepton colliders on Higgs and triple-gauge
couplings. The run scenarios and luminosities assumed are listed in figure 1. LEP and SLD
electroweak measurements as well as HL-LHC prospects on Higgs and diboson processes are
included in all projections. Modifications of electroweak parameters (shown in figure 4) are
marginalized over to obtain the prospects displayed as bars, and artificially set to zero to
obtain those shown with triangular marks. For the CEPC and FCC-ee, scenarios without
the future Z-pole (WW threshold) run are shown as light shaded bars (lower edges of the
green marks). For ILC, the results with the inclusion of the Apr measurement at 250 GeV
are shown with yellow marks. The bottom panel highlights the couplings that are affected
significantly EW uncertainties. Numerical results are also reported in table 1

where ¢;—; . are the effective parameters listed in equation (2.10). The one-sigma precisions
192
= 2 960 | oy’

We observe excellent agreement between the results of the two fit procedures, in par-
ticular at future lepton colliders where the leading order SMEFT expansion is well justified

by the high measurement precision.

§¢;, and the correlation matrix p;;, are derived from [0~

3 Results

The global reach we obtain on the Higgs and triple-gauge couplings is highlighted in figure 2
for the four future lepton colliders considered: CEPC, FCC-ee, ILC and CLIC. Numerical
values are also provided in table 1. The LEP and SLD measurements as well as HL-LHC
prospects are included in all scenarios. They are also combined separately, providing a
reference to assess the improvement brought by future lepton collider measurements. We
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Figure 3: Degradation in Higgs and triple-gauge coupling determinations due to EW
uncertainties at future circular colliders. It is obtained by comparison with a perfect EW
measurement scenario and quantified as dg/6g(EW — 0) — 1 expressed in percent. The
dashed and solid lines are respectively obtained with and without new Z-pole run. Numerical
values are also provided in table 1.

also display separately the precision reached after each stage of the FCC-ee, ILC and CLIC
programs accessing increasing centre-of-mass energies. The precision reached for each Higgs
and triple-gauge coupling, after marginalizing over the other parameters, is shown as a solid
bar in the figure. These results account for the finite accuracy with which EW parameters
will be determined at the different future colliders (see figure 4 below). They are compared
with the projections (displayed with triangular marks) obtained assuming EW coupling
modifications are constrained to vanish by perfect EW measurements (Z-pole observables,
W mass, width and branching factions). The ratio between the results assuming finite and
perfect EW measurements are also displayed in the lower panel of the figure. Assuming
both EW observables and TGCs are perfectly determined to be SM-like, one obtains the
projections shown as semi-circular marks in figure 2. For the CEPC and FCC-ee, we assess
the impact of the planned Z-pole run by excluding the latter in prospects shown with light
shaded bars. These results allow us to answer several questions raised in our introduction
concerning the impact of EW parameter uncertainties on Higgs coupling determinations.
Examining in particular the middle and bottom panel of figure 2, let us discuss in turn the

qualitatively distinct cases of circular and linear colliders.

~15 —



‘& oUnbL UL PassaLs §1 SAIPL]0D UDINILLD JD UNL dj0d-7 D [0 $309[fa oy ‘g ounbif up pajuasosd fi)porydoib ouv s$pMSIL

YL "549P1)]09 UDJN2AD D SUNL 9]0d-7 MU [0 UOSNIUL Y] 0] Udfal [ Fpod=y, puv ,2]0d-7. ‘90] upyy 240w fiq paaoidwr udyy 2D

D YRM PIYLDUL SLOQUINU YT, SJUIWIINSDIUL M 192f49d 2wnssD smod fiaab up suorgoalosg spoadsosd HET-TH PUD SJUUIINSDIUW A T

JUDLUND IPNPOUL SU0LIL0AA 1] “sbuldnod abnpb-0)diiy pup SHOHIE U0 SJUIWAINSDIUL LOP1)]00 d4ngnf [0 YyoDaL DUWDLIS-9UO0 |DQOIH) T O[QE],
200 S0°0 8€°0 710 £1°0 £7°0 8€°0 98°¢
“““““““““““““““““““““““““““““““““““““““““““““““““““““““““““““ (%) Zx
200 S0°0 6€°0 ¥1°0 €10 av'0 6€°0 66°¢
20°0 L0°0 6€°0 €20 €1°0 89°0 50 676
“““““““““““““““““““““““““““““““““““““““““““““““““““““““““““““““ (%)~ 9
+T€0 «LV°0 +6C°T £GL°0 | 4890 | «89'T | «6€°T £6°6
10°0 £0°0 12°0 L1°0 110 0 8Z°0 9’1 )
AOANLN :mmv
+€1°0 +F1°0 <TV°0 +02°0 ¥1°0 #T8°0 | %IF°0 +96°C
0L°0 18°0 8T'T 92°0 ¥L.°0 €0'T 66°0 9L°T o
“““““““““““““““““““““ () flbe
0L°0 18°0 6T'T 9.0 cL'0 Y01 00'T P81
or'e 617 ¥6°L €L°9 z0'g qg'8 01°L ¥1°6 o
(%) ;09
19°¢ 6% 18°8 ILL | 4T€9 0L'8 +96°L €16
86°0 S0'T LT'T 70T 70T PIT 0T'T 12T e
“““““““““““““““““““““ |0 () Hbe
86°0 60'T ST'T S0'T Y01 9T'T 1T eee
60°0 ¥1°0 6€°0 8T°0 L1°0 6€°0 9z°0 18°T -
““““ f i (%) 4 e
60°0 S1°0 «LV°0 61°0 8T°0 «8V'0 | 42€0 g6'T
60°0 710 8€°0 L1°0 91°0 6€°0 ¥Z'0 002 (%) Hb0
600 v1°0 +L¥°0 «6T°0 | %810 +6%°0 +E€°0 80°% zz
91°0 0€°0 68°0 6€°0 6€°0 1470 290 g6'¢e (%) Hg
L1°0 0€°0 z6'0 07'0 6£°0 9.0 g9°0 127 ﬁ
€8'1 ¥8'1 €V'C LT LT 7'g 7% 8T
(%) Hbo
+02°C +TT'T e 8€'C 6€°C 7'g 7% 79°C
8T'T 9.1 16'¢ PI°T 1T 9.1 79T - i
““““““““““““““““““““ oy (%) 3B
8T'1 LLT €6°¢ vI'T TrT 6.1 g9'1 -
€L°0 06°0 12T 85°0 9g°0 6.0 2.0 10T o
“““““““““““““““““““““ o (%) Hbe
€L°0 16°0 7T’ 1 85°0 L8°0 €8°0 6.0 €1'c
Te'e g8'e 80'% TLe 0L°E 16'€ 68°€ or'y (%) 5o
€e'e 98°¢ 80'% TLe 0L°€ 16'€ 68°€ £6°¢ 06°€ 89'¢ I L9°¢ cLe 1o9Le 89'¢ ! 89'¢ 67V r
(%0'%08+) an | 14 an | 1d an | 1 ood-z : Bped<z | opod-z : Bz || ood-z | Tz s
AL e+ _ AL C T+ _ APD 08¢ APD 005+ A®D 08e+ A9D 08T A9D g9g+ A9D 0FT APD 07T
o) s fo} [pozrrejodun <= qn] [(%0£F %08%) < 1d] OTII 29-DDud oddD OHT-TH
m&@@m:oo &ﬁwﬁmq w&;n—zm w&@ﬂi:OO hﬁﬁﬂ—UhmO @h—:—n—a

~16 —



At circular colliders, as expected, the full programs (dark shaded bars) provide suf-
ficient constraints on EW parameters to limit the impact of their uncertainties on Higgs
coupling determinations. For all couplings except dx,, imperfect determinations of EW
parameters impact Higgs coupling prospects by less than 10%. The high luminosities col-
lected at the Z pole and the low systematics are crucial in this respect. Removing the future
Z-pole runs (light shaded bars), one observes significant degradations, reaching for instance
factors of 1.7 for 69512 and 59}/}/W, 1.4 for dg1,7, and 1.25 for 59%7 at CEPC. The inclusion
of higher-energy runs (y/s = 350,365 GeV) available for the FCC-ee somewhat mitigates
the impact of an absence of Z-pole run. On the other hand, the WW threshold run has
a rather limited impact on the precision reach for all Higgs and triple-gauge couplings.
It only improves the prospects for dx, by a factor of 1.05 (1.10) at the CEPC (FCC-ee).
The impact of a Z-pole run at circular colliders is further illustrated in figure 3. It shows
the degradation in Higgs and triple-gauge couplings due to EW uncertainties, obtained
by comparison with perfect EW measurement scenarios. The figure of merit employed
is 0g/0g(EW — 0) — 1 expressed in percent. The solid and dashed lines are respectively
obtained in the absence and presence of a new Z-pole runs.

At linear colliders, the lack of runs dedicated to electroweak coupling measurements
renders substantial the contaminations from their uncertainties in Higgs coupling deter-
minations. Beam polarization (further discussed in section 3.2) does not seem to be en-
tirely sufficient to mitigate these indirect uncertainties arising from marginalizing over
electroweak parameters. With one single energy run, the 5gf[Z , 59}{VW coupling reaches
are for instance worsened by a factor of about 1.2-1.3 at the ILC and CLIC. These degra-
dations are however reduced to factors of about 1.1 with the inclusion of higher-energy
runs which are sensitive to different combinations of parameters and can help resolving ap-
proximate degeneracies. This is remarkable since improvements in the absolute strength of
constraints at high energies also tend to increase the relative impact of EW uncertainties.
This effect is observed for 5957 as well as for dgy,7 and dk,, indicating a striking break-
down of the TGC dominance assumption. At the ILC, the measurement of Higgsstrahlung
production with polarized beams provides the main constraint on (SQfIW [14] and is more
sensitive to EW contaminations than the h — Zv decay. The relative contaminations from
EW uncertainties on dg; 7z and 0k, increase much faster with higher-energy runs than the
absolute constraints. This is a consequence of the fact that high centre-of-mass energies
drastically improve constraints only on specific combinations of parameters including elec-
troweak coupling modifications [63]. Relative degeneracies are thus effectively enhanced.

Besides ete™ — WTW ™, other electroweak measurements could help controlling elec-
troweak uncertainties in the centre-of-mass energy range envisioned for future linear col-
liders. One could for instance exploit the lower tail of the beam energy spectrum to
access the Z pole through radiative return [85], or resolved photon emission in association
with a Z boson (etet — Z7), or di-Z production. Radiative return to the Z pole has
for instance been considered with measurements of the left-right production asymmetry
AR, as well as improvements in the measurements of Z decays and asymmetries in final
states with charged leptons, b- and c-quarks. Preliminary prospects for the determination
of Arr at /s = 250GeV claim the relative statistical error can be reduced to about
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Figure 4: Global one-sigma reach on electroweak couplings for the same scenarios as in
figure 2. Higgs and triple-gauge coupling modifications are marginalized over. Trapezoidal
and green marks respectively indicate the prospects obtained with Higgs and WW threshold
measurements excluded. The numerical results are reported in table 2.

0.1% [86], a factor of 15 improvement with respect to the 1.5% one obtained by SLD [60].
The dominant uncertainties associated to the knowledge of polarization are included and
seem to be smaller than the statistical ones. Still this estimate will need to be confirmed af-
ter full detector simulation, resolved photon production, and minute systematic uncertain-
ties are fully accounted for. As illustration, we nevertheless display the improvement that
would be brought by such a measurement with yellow marks in figure 2. It would mostly
benefit the triple-gauge coupling dx.. If additional electroweak measurements appear insuf-
ficient to control EW uncertainties contaminations to a satisfactory level, collecting some
amount of luminosity at lower centre-of-mass energies might be advantageous.

Other than the prospects on the Higgs and triple-gauge couplings provided in figure 2,
we present in figure 4 projections for the rest of electroweak couplings in the same run
scenarios. Numerical results are provided in table 2. Note that the only electroweak mea-
surements included in HL-LHC projections are that of diboson production [66] and of the
W mass [87]. They are combined with LEP and SLD ones. The latter will continue to
dominate the constraints on Z-boson couplings to fermions until a new lepton collider is
built, which naturally brings significant improvements either from direct Z-pole measure-
ments or from measurements using Z-radiative return. Diboson measurements accessible
to all future lepton colliders have a dramatic impact on our knowledge of the couplings
of W-boson to the leptons.” The lower energy runs at circular colliders provide the best
reaches on these couplings given the higher ete™ — WW production rates and luminosi-
ties. Runs at the WW production threshold however only play a marginal role once high
luminosities are collected at centre-of-mass energies of 240 GeV and above.

The potential impact of Higgs measurements on EW parameters is assessed by com-
parison with the prospects obtained without Higgs measurements, shown with trapezoidal

9No study of the correlations at the future colliders between the different decay modes of the W is
available. They were of the order 10% — 20% at LEP2, but better flavour tagging is expected at any future
collider and these correlations are not anticipated to change significantly our results.
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Figure 5: A scheme-ball illustration of the correlations between Higgs and EW sector
couplings. The Z-pole runs are included for both FCC-ee and CEPC. Projections from
HL-LHC and measurements from LEP and SLD are included in all scenarios. The outer
bars give the one-sigma precision on the individual coupling (see tables 1 and 2).

marks. Sizeable effects are only seen, at linear colliders, on the Z-boson couplings to
electrons. Those would also be the most affected by an improvement of the left-right
polarization asymmetry Ay mentioned earlier. At the HL-LHC, the impact of Higgs mea-
surements on EW couplings is only visible for the gauge couplings of the light quarks, of
down type in particular (d and s), which are poorly constrained at LEP and SLD. The
Vh and diboson production processes, mostly initiated by light quarks at the LHC, are
sensitive to these couplings [64].

In addition to the precision reach on each coupling, the correlations among them
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Figure 6: Impact of diboson measurement precision on Higgs and triple-gauge couplings.
Our default assumption, adopted in figure 2, is also shown here as dark-shaded bars. It
corresponds to an overall efficiency € of 50% (see section 2.3). The results obtained with
an ideal 100% and a lower 1% efficiency are shown as vertical lines and light shaded bars
respectively. The run scenarios of the future lepton colliders are summarized in figure 1.

also contain important information, and are particularly relevant for understanding the
interplay of Higgs and EW measurements. To avoid showing a large set of 28 x 28 matrices,
we present a scheme-ball illustration in figure 5, which highlights large correlations with
lines connecting pairs of couplings in its inner circle. The circular collider projections
include both Z-pole and WW threshold measurements. At linear colliders, the EW and
the Higgs sector appear clearly connected due to the absence of new Z-pole measurements.
Strong correlations are present between aTGCs and other electroweak couplings. This
clearly shows again that the electroweak, triple-gauge, and Higgs sectors of the effective
field theory would become significantly entangled with the advent of future lepton colliders.

We further investigate the impacts of diboson measurements and beam polarizations
in the rest of this section.

3.1 Impact of WW measurements

As explained in section 2.3, our prospects for WW measurements neglect backgrounds,
detector effects and systematic uncertainties but assume a conservative overall efficiency
€ of 50%. We examine in figure 6 the impact of different assumptions for € on Higgs and
triple-gauge coupling prospects. This exercise also more generally allows us to visualize
the constraining power of diboson measurements. In comparison with the default ¢ =
50% prospects shown as dark-shaded bars, the ideal ¢ = 100% and pessimistic € = 0.01
ones are respectively shown with vertical lines and light shaded columns. The results in
figure 6 clearly show that WW measurements dominate the reach on aTGCs. A sizeable
impact is also observed on the 5912{2 and 6g}§vw couplings constrained by measurements
in which aTGCs also enter. It is more severe at the CEPC and FCC-ee when only Higgs
measurements at 240 GeV are included. Reducing € from 50% to 1% worsens diboson
measurement precision by a factor of 1/0.5/0.01 ~ 7 and increases the uncertainties on g%
and 6gW"W by a factor of about 2. This also indirectly affects 6g% and §¢77 . Including higher
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energy runs helps reducing the impact of diboson measurements. Higgs measurements alone
are then able to disentangle the different EFT contributions. Other Higgs couplings, mostly
constrained by Higgs decays, are much less sensitive to the W W measurements.

3.2 Impact of beam polarization

In the conceptualization of linear colliders, one of the matters that has been discussed ex-
tensively is the impact and necessity of polarization for both the e and e~ beams. Given
that electroweak interactions have O(1) parity violation, beam polarization is expected to
leave a large effect on the physics case [70]. More specifically, the signal and background
cross sections for several processes depend crucially on the beam polarization, with the
signal showing a marked increase over that for unpolarized beams [88] along with a simul-
taneous suppression of the background. Beam polarization is also credited with having
the benefit of being diagrammatically selective. It thus allows one to probe independent
parameter space directions and hence yields a more complete physics program. Lastly,
beam polarization permits a large gain in the control of systematic uncertainties. Studies
of polarization effects have been performed for both the higher-energy [88] and the 250 GeV
ILC runs [89, 90]. A comprehensive list of all the processes projected to be studied at the
ILC, including new-physics searches and the importance of polarization on these channels
can be found in table 1.1 of ref. [88].

The scaling with polarization of the s-channel e*e™ annihilation of massless fermions
to a vector boson is given by [70, 90]

P, — P

—e et 3.1
1-P.P_|’ (3:1)

OP ., P_ = 0'0(1 — Pe+Pe—) 1—Arr
where op , p _ is the cross section corresponding to polarizations P+ and P,- for the et
and e~ beams respectively and o is the cross section for unpolarized beams. Arppg is the
intrinsic left-right asymmetry of the production cross section. For the SM, ete™ — Zh
production channel A;r = 0.151.1°

The vvh production proceeds through t-channel W boson fusion which only involves
left-handed fermions and right-handed anti-fermions. The scaling of its rate with polariza-
tion is therefore simpler (Arr = 1 in equation (3.1)):

op P _ :Uo(l—PB—)(1+Pe+). (3.2)

In this case it is clear a negative polarization for the electron and a positive one for the
positron enhance the cross-section while an opposite configuration reduces it. The process
ete”™ — WTW™ has both s-channel Z/v and t-channel v exchange contributions. App is
in practice very close to 1.

The prescriptions we adopt for the scaling of statistical uncertainties from one polar-
ization to the other are the following;:

0Given left- and right-handed couplings of charged lepton to the Z are respectively proportional to
—1+ 2sin? 6, and 2sin” 6, this polarization asymmetry is approximated by (1 —4sin®0,,)/(1 —4sin® 6, +
8sin? 0,,) and is very sensitive to the sine of the weak mixing angle sin 6,,.
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Figure 7: Global one-sigma reach on Higgs and triple-gauge couplings at the ILC, for three

different beam polarization configurations. Electroweak measurements from LEP and SLD
as well as HL-LHC projections are included in all scenarios. Electroweak parameters (not
shown) are marginalized over.

e ete” — Zh : As described in ref. [15], Apgr being small, the rate enhancement for the
P(e ,et) = (—=80%, +30%) beam polarization configuration over the (+80%, —30%)
is compensated by the slightly lower background in the latter. So we assume that the
statistical uncertainties will be the same for the (£80%, F30%) configurations. For
scaling to other polarization configurations, we assume no significant role is played
by Argr in equation (3.1) and use the following formula:

A% (P&, Pl) _1-PLP)
A%, (Pb., PP ) 1—P%P™

(3.3)

e ee” — vvh : Being driven by W boson fusion, we use equation (3.2) to scale the
statistical errors for the different polarizations.

On the other hand, systematic uncertainties are assumed to be polarization independent.
For unpolarized beams, no uncertainty is however associated with the determination of the
polarization.

In the rest of this section, focusing for concreteness on ILC run scenarios, we briefly in-
vestigate the effects of beam polarization on Higgs and triple-gauge coupling measurements.
The reaches obtained with P(e™,et) = (F80%, +30%), (¥80%,0%) and the unpolarized
configurations are shown in figure 7. Electroweak parameters are marginalized over. Com-
pared to the reach obtained with unpolarized beams, after the first stages of ILC, sizeable
improvements of about 50% are brought by polarization on §g%Z and g W' coupling pre-
cisions. A small indirect impact is also observed on §g% and §g77. It arises mainly from
the additional discrimination power provided by the two different beam polarizations, each
sensitive to different combinations of parameters. The increase in ete™ — Zh cross-section
only induces a limited improvement. This explains the small impact of positron beam po-
larization: two (F80%,0%) electron beam polarization configurations already effectively
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Figure 8: Strengthening in global constraints arising from the introduction of P(e™,e™) =
(F80%, +30%) and (F80%,0%) beam polarizations at a centre-of-mass energy of 250 GeV
(in red and green, respectively) quantified as dg(unpolarized)/dg(polarized) —1 expressed in
percent. For comparison, the improvement of constraints brought by a factor 1.12 increase
in luminosity in shown in orange. This factor is the purely statistical gain on ete™ — hZ
and ete™ — vvh rate incurred with (F80%,+30%) beam polarization. The grey band is
representative of a 5.6% gain (v/1.24 x 0.9 — 1). The numerical inputs for P(e”,e*) =
(F80%, £30%) and unpolarized beams are taken from table 1.

resolve approximate degeneracies. The inclusion of a 500 GeV run provides significant dis-
criminating powers and can largely compensate the lack of beam polarizations in the 5Q§Z
and 6g"W coupling reach.

We also observe small differences (10-20%) between polarized and unpolarized cases
for the 691%[7, dg1,7 and 0k, couplings. These are enhanced by the inclusion of the higher-
energy runs. As pointed out in ref. [14], the sensitivity of the hZ production process to
691%17 suffers from an accidental suppression for unpolarized beams. The h — Z+ measure-
ment at the HL-LHC however effectively constrains this coupling, so that the loss in reach
incurred without beam polarization is limited. Additional measurements of the hZ process
at higher energies improve the reach on (SgIZ{7 but also make it more sensitive to the polar-
izations. For g1,z and 0k, the discriminating power provided by the higher-energy runs
is also insufficient to offset the enhanced degeneracies in the diboson process, as observed
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Figure 9: A comparison of correlations between the different sectors for polarized beams
(F80%, £30% ) and unpolarized beams at the ILC. HL-LHC projections have been included.

previously in figure 2. Losing the handle of beam polarizations thus further enhances the
degeneracies and reduces the reach.

Focusing on the 250 GeV run, figure 8 further highlights the complementarity of op-
posite beam polarization configurations for lifting approximate degeneracies. It shows the
relative improvement obtained between polarized and unpolarized scenarios. The cases of
P(e™,e™) = (F80%, £30%) and (F80%,0%) beam polarization configurations are respec-
tively displayed in red and green. For reference, the gain expected from the increase in sheer
rate is displayed as orange lines. It is obtained by artificially augmenting luminosities by a
factor of 1.24x0.9 ~ 1.12 in our default unpolarized beam scenario. The factor of 1.24 is the
statistical increase in the precision of the hZ cross-section determination when adopting a
P(e™,e™) = (F80%, +30%) configuration (following the prescription of equation (3.3)) and
the same for vvh. Note that no such statistical gain is obtained in the absence of positron
polarization. The factor of 0.9 is compensating for the 10% of luminosity collected with
same-sign polarization configuration and not used in our prospects.

As already noted above, polarized beams induce a sizeable improvement (up to 80%)
in the precision achievable on several Higgs couplings, while positron beam polarization
has a marginal impact. As seen in the figure, this improvement is often much larger than
the bare statistical gain in hZ and vvh rate due to polarization (up to 5.6% shown by
the grey line). Runs with two different polarization configurations are indeed effective in
reducing approximate degeneracies. Including higher-energy runs also reduces degenera-
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cies and therefore limits the relative impact of beam polarization. Imposing perfect EW
measurements only affects dg1 7z and dx, increasing the improvement brought by polariza-
tion to 40-50% level as for 5g§Z and 5g[V{VW. Considering EW couplings, the gain on 59%4”/
coupling precisions is commensurate with the purely statistical one and small in the case
of and dg% p.

From figure 9 we get some insight into the difference in the correlation maps between
the case of the polarized beams and the unpolarized ones. Removing positron polarization
does not change the correlation map of for the polarized beams. It can be seen that dx,
is always correlated with g%, and 6g%’p. The latter are progressively better constrained
with the growth of energy for the case of polarized beams when compared to unpolarized
as is apparent from table 2. The correlation between dg1 7z and dgjp at all energies is also
distinctive for the case of the polarized beams and absent for unpolarized beams.

Beam polarization also helps controlling systematic uncertainties, an aspect we have
not fully accounted for here. The details of the different configurations of beam polarization
that may be used to control systematics can be found in ref. [70]. Our conclusions here are
also drawn assuming only SLC precision on the polarization asymmetry Ay g, although we
have seen a measurement in radiative return to the Z pole has the potential of helping to
reduce the contamination of electroweak uncertainties in Higgs couplings.

4 Summary

All proposed future lepton colliders, CEPC, FCC-ee, ILC and CLIC, will likely face crit-
ical decision making in the coming years. The determination of their physics potentials,
in particular the reach on the Higgs coupling measurements, is an important and pressing
matter. In the effective-field-theory framework, the Higgs sector can not simply be isolated
from the rest of the standard model. A successful Higgs precision program at future lep-
ton colliders thus requires a global analysis of Higgs and electroweak measurements. We
perform such a consistent treatment for the first time in this paper. In particular, all rele-
vant dimension-six contributions are included in our implementation of current and future
Z-pole measurements. The impact of diboson (eTe™ — WW) production measurements
is revisited with all CP-even dimension-six contributions, using the powerful method of
statistically optimal observables.

For the circular colliders, CEPC and FCC-ee, our results suggest that the future Z-
pole runs are important not only to extract EW parameters, but also to determine triple-
gauge and Higgs couplings. The unprecedented precision of diboson measurements makes
them particularly sensitive to EW parameters. The significant cross-talk with aTGCs is
only reduced by Z-pole measurements of matching precision. The improvement on Higgs
couplings arising from new Z-pole measurements comes both directly from the improved
reach on the hZee contact interactions, and indirectly from the improvement on the aTGCs
which are related to the hZZ and hWW anomalous couplings. In particular, the reach
on the hZZ and hWW couplings are worsened by a factor of about 50% for the 240 GeV
run in the absence of a new Z-pole run. On the other hand, the proposed Z program at
either CEPC or FCC-ee is sufficient for eliminating the uncertainties on the Higgs couplings
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propagated from the EW measurements, and are essentially equivalent to having perfect
electroweak measurements for this purpose.

For the linear colliders, ILC and CLIC, we observe the lack of Z-pole run renders sig-
nificant the contaminations from EW parameter uncertainties to Higgs couplings. They are
largely mitigated by higher-energy runs, which however dominantly probe given combina-
tions of parameters and therefore also induce some relative enhancements of approximate
degeneracies. With runs at three different centre-of-mass energies, the ILC and CLIC reach
on the Higgs couplings are worsened by at most 10-15% compared with the case of perfect
EW measurements. On the other hand, the relative impact of EW uncertainties on the
0g1,7 and 0k, aTGCs significantly increases at high energies. Their absolute constraints
are however very tight. Especially during first run stages, beam polarization is effective in
resolving approximate degeneracy and in improving the precision reach on hZZ and hW W
couplings. Besides ete™ — WW production, additional EW measurements above the Z-
pole have the potential to help reducing the contaminations from EW-sector uncertainties
to Higgs coupling determinations. Including preliminary prospects for the measurements of
Z decays and asymmetries in radiative return to the Z pole at the ILC 250 GeV and CLIC
380 GeV was for instance observed to have a significant impact. Further studies of such
measurements, maybe complemented by dedicated GigaZ runs, are thus highly relevant for
the Higgs programs at linear colliders. We stress however that runs at higher energies, a
clear option for linear colliders, can mitigate, in the extraction of the Higgs couplings, the
EW parametric uncertainties inherited from LEP/SLD.
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A Comparison with Higgs@Future Colliders ECFA Working Group re-
port

We briefly comment on the differences between our study and the results of the recent report
in ref. [2]. The work presented here extends and complements the results in that reference
for the case of future lepton colliders. Indeed, the results presented there are based almost
exclusively on the official input provided by the different experimental collaborations. As
explained in that reference and also emphasized in this document, from the point of view
of the diboson observables most future collider projects present the projections only in the
case of aT'GC dominance. This prevents a precise assessment of the impact of the EW
constraints on the global fit results, which we address here. Furthermore, as explained in
appendix E, in some cases the status of the projections for several observables is not at
the same level of completeness across the different experiments. For instance, H — Zvy
is presented by the CEPC project but not by FCC-ee, but there is no reason the latter
cannot obtain a similar measurement. These gaps are filled in our study using reasonable
assumptions, aiming to offer a more complete and accurate picture of the global constraints
achievable at each machine. Finally, we discuss in detail other issues not covered in ref. [2],
such as the impact of polarization in the global fit results. On the other hand, there are
some relevant topics already discussed in ref. [2] which we therefore chose not to include
in our study, such as the impact of SM theory uncertainties in the fits. To prevent the
interference of these effects with the main purpose of our study, i.e. to quantify the interplay
between the different types of measurements at future colliders, we neglect the effects of
such theory errors. Because of all these reasons, several of the results presented here and
in ref. [2] show some differences. Finally, the last version of ref. [2] also includes extra
scenarios for linear colliders, including a run at the Z pole or an ILC run at /s = 1 TeV.
Such runs are not part of the proposed baselines of ILC or CLIC and were not considered
in our study.

B Results in other bases

In this appendix, we present the results in terms of the reaches on the Wilson coefficients of
dimension six operators. We consider several basis choices, including the Warsaw [11] and
the SILH’ bases [92]. The latter is obtained from the SILH basis [93] with the operators
O = —%(D“W;}V)Q and Osp = —3(0B,,,)? replaced by four fermion operators, which
do not contribute to Z-pole observables at the leading order except for the measurements
of the Fermi constant. We also considered a modified version of the SILH’ basis utilized
in ref. [14] (also similar to the ones in ref. [94]) for better separation of the Higgs and
EW measurements. For the sake of compactness and easy comparison, we use the same
operator conventions for all three bases, which follow closely the ones in ref. [92]. A list of
redundant operators relevant for the Higgs and EW measurements are provided in table 3.
The flavour indices are also omitted, which can be trivially restored. The three bases can
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be obtained by eliminating different operators via the relations from integration by parts,

1 1
Op = Oup + ZOBB + ZOW&

1 1
Ow = Onw + 10ww + ;O0wp, (B.1)
and from the SM equations of motion of the gauge fields,
1 1 1
EOB = - §OT + 9 Z(YfLOHfL + YfROHfR) )
f

1,3 1 1,
?OW— —2OH+206+2;Oyf+4;OHfLa (BZ)

where f; = £, q are the left-handed fermion doublets, fr = e, u, d are the right-handed

1
-3

Onyp r and Oy #, proportional to the SM fermionic currents enter in the previous equation.

fermion singlets, and Y is the hyperchange (Y; = etc.). Note that only the entries of
In the SILH’ basis, Oww, Owp and the above-mentioned flavour universal entries of Ogy
and O, are eliminated. The modified-SILH’ basis is obtained from the SILH’ basis trading
Ow and Op by Oww and Owp. In the Warsaw basis, Ow, Op, Ogw and Opgp are
eliminated from table 3. It should also be noted that our definition of Oy g differs from
the one in ref. [16] by a factor of two.

Our results for the three bases are presented in figure 10 in terms of the 95% confidence
level (CL) (Ax? = 4) reach for A/\/[c;], with ¢; and A defined in equation (2.1). This is
particularly convenient for comparing A with the bounds on new particle masses from
direct searches (which are usually in terms of 95% CL). However, it should be emphasized

O = 5(9,|H?|)? Oca = QE\HPG@,GA’“”
Oww = g*[H|*Wg,Wer Oy, = yu|H|?qrHup + hc.  (u—t,0)
Opp = ¢*|H|*By, B" Oy, = ya|H|?qLHdr + h.c.  (d—b)

Opw = ig(D'H) o“(D"H)WS, | Oy, =ye|H|’ILHeg + h.c. (e~ mp)
Oup = ig'(D*H)!(D"H) By, Ozw = g19€abc W Wh Werk

Ow = Y(Hlo* D, H)D'We, | Op = & (HID, H)?"B,,

Owp = g Hl gt HW?, B Ope = iH D, HigyPeg

Or = %(HTﬁuHV iy = iHTJaEHELaa'y“EL
Op = (Lpy" )y lr) One = iHTﬁ;HéR’Y“GR
Ong = iHTﬁuHQLV“qL OHy = iHTﬁuH@R’YﬂuR
Oy = iH10"DyHaro "y qr, Ong = iHTﬁqum“dR

Table 3: A redundant set of dimension-six operators that contributes to the Higgs and
EW processes in our analysis. Flavour indices are omitted. The operators Oww, Own,
and the flavour universal components of O, and O, are eliminated in the SILH’ basis;
Ow, O, Oy and O, are eliminated in the modified-SILH’ basis; Ow, Op, Ogw and
Opyp are eliminated in the Warsaw basis.
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Figure 10: The 95% CL reaches for A/+/|c;| for HL-LHC and the future lepton colliders in
the SILH’ (top), modified-SILH’ (middle) and Warsaw (bottom) bases. The corresponding
values for c;/A? are shown on the right-hand side in units of [TeV™2]. The columns with
solid shades shows the results from a global fit, and the ones with light shades are obtained

by switching on one operator at a time.

that in an EFT analysis one always constrain the combination A/,/¢; (or ¢;/A?) rather
than A itself [65], and such comparisons are only valid if the sizes of ¢; are known, for
instance, from assumptions of the UV theory. Unlike in the rest of the paper, in the
results presented here we will impose, for simplicity, the flavour universality condition in
the operators modifying the gauge-fermion couplings. This reduces the total number of
new physics fit parameters to twenty. For each operator, we show both the reach from a
global fit (solid shade) and the individual one with all other operator coefficients set to
zero (light shade). The corresponding values for ¢;/A? are also shown on the right-hand
side of the plots.
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With the naive assumption of ¢; ~ 1, we observe a global reach on A in the range
from ~ 1TeV to more than 10TeV for various operators at the future lepton colliders.
The combination of Higgs and EW measurements indeed provide robust constraints on the
relevant operator coefficients and leaves no unresolved exact degeneracy/flat direction in
any of three bases. Nevertheless, the gaps between the global reaches and individual ones
are still sizeable for some of the operators, with a difference of up to one order of magnitude.
For instance, the measurement of the decay h — 77 provides the best sensitivity to the
operators Oww and Opp, but would only constrain one combination of them with Oy p,
while additional measurements are required to further resolve them. This results in a
significant gap of the global and individual reach for these two operators, except in the
SILH’ basis where Oww and Oy p are eliminated in favour of Oy and Op, leaving Opp
the only contribution to the decay h — 7. On the other hand, the inclusion of Oy and Op
in the SILH’ basis induces a large correlation between them and Ogw, Ogp, especially for
the high energy runs at linear colliders where the diboson measurements provide very strong
sensitivities on them but could not resolve these operators individually. Interestingly, for
those high energy runs the correlations in the diboson measurements can be removed by
appropriate basis choices. This is the case for both the modified-SILH’ and the Warsaw
bases, as the former eliminates the operators that modifies the left-handed lepton gauge
couplings (Opy and O%,) and the latter eliminates Opyw, Oxp which directly contribute
to the aTGCs dg1,7 and 0k,. The degeneracy between operators Ogg and Oy, both of
which contribute to the decay h — gg, is lifted by the tth measurements at the LHC.
Sizeable leftover correlations are also observed among the EW operators for both circular
and linear colliders, as the future Z-pole measurements or the high energy diboson/Higgs
measurements are not able to completely resolve them.

C Higgs-electroweak correlations at circular colliders

To further understand the interplay of the EW and the Higgs sectors, we study here the
evolution of the correlations between the different parameters as one increases the precision
of the Z-pole measurements from the current uncertainties to those that would be possible
at the CEPC and FCC-ee. We compare three different scenarios for EW measurements in
figure 11. The links and bar plots marked in red, blue and dark grey refer to the case where
we use the current EW measurements and combine them with the projections for other
observables at CEPC (240 GeV) and FCC-ee (240 GeV and 2404365 GeV), respectively. It
can be clearly seen that there are significant correlations (> 50%) between dg%’ and the
effective Higgs couplings 6g4% and dg}y V. Large correlations also exist between §g; 7 and
0971, and between 0k, and dg% p for 240 GeV at both colliders. For the higer energy run
at FCC-ee 0k, is also correlated with dg%;. Therefore, when one assumes perfect EW
measurements shown with the white dots on the on the left side of the scheme-ball, the
bounds on the these couplings in the Higgs sector are significantly stronger as they are
affected by the assumption we make about the EW measurements.

The lighter colours, orange, green and light grey, mark the bar plots and correlations
for the case where we include the Z-pole runs for CEPC (240 GeV) and FCC-ee (240 GeV
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Figure 11: A scheme-ball illustration of the constraints on and correlations between all
the effective couplings with and without a Z-pole run at CEPC and FCC-ee.

and 240+365 GeV), respectively. All of the large correlations between the effective Higgs
couplings and the EW couplings drop off leaving only correlations between drx and dgjy
for all energies. Correlations between 591%2 and dg;,z remain as significant correlations
between the effective Higgs couplings and the aTGCs for the 240 GeV runs at both CEPC
and FCC-ee .

The change in the correlations from one EW scenario to another for both CEPC and
FCC-ee can also be seen from figure 12. For both the colliders at 240 GeV, meshes of
significant correlations can be identified between the Higgs and the EW sectors. With the
inclusion of the Z-pole projections these two sectors get decoupled. While we see from
table 1 that the assumption of perfect EW measurements and the case for the inclusion of
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Figure 12: Changes in correlations between couplings depending on the precision of EW
measurements assumed. The top row is for CEPC and the bottom two rows are for FCC-ee.
HL-LHC projections are included for all scenarios.

a Z-pole run give numerically similar bounds for both the colliders, from figure 12 we see
that the correlation maps are different. It can then be understand from these variations of
the correlation map why d., is still affected by the EW assumptions made even after the
inclusion of EW measurements from a Z-pole run at the lepton colliders since the bound on
it is diluted by it correlation with dgf;y when EW couplings are not measured with perfect
precision.

The differences in the correlation maps between FCC-ee and CEPC at 240 GeV when
including their Z-pole runs are due to the differences in the input that can be found in

(La)

table 5. While the projections are given in terms of A(I);’ g for CEPC, they are given in

terms of the asymmetries, 4;,, for FCC-ee. A%’g’q) induces asymmetries from both the
production and the decay at a lepton collider making the asymmetry parameters extracted
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from A%%’Q) highly correlated. However these correlations are not given for FCC-ee and
hence the correlation maps in figure 12 are different for the two colliders.

D Statistically optimal observables

Statistically optimal observables [74, 95] have been employed for studying the prospective
sensitivity of the ete™ — WTW ™ and ete™ — hZ,Z — (/™ processes to new physics
effects in the EFT approach.

Definitions Let us briefly review general definitions, following ref. [74]. Given a S(®) =
So(®) + C;S;(P) phase-space distribution linear in the C; coefficients, the

Si(Pr)
So(Px)

observables have been shown to maximally exploit the rate and differential information to

OiE

k events

(D.1)

provide the most precise C; measurements around the {C; = 0, Vi} point [74]. Technically,
they form a set of so-called joint efficient estimators which saturate the Cramér-Rao bound
for unbiased estimators. It is assumed that the number of collected events n follows a Pois-
son distribution with expected value E[n] = Lo where L is the total integrated luminosity
and o = [d®S(®P) is the total rate, while the phase-space distribution has a probability
distribution function given by S(®)d®/o. Since

B Si(Py) S; (@)
E[0;05] = E[Z So(‘I)k) Z SQ(CI)z)]
<I> S; (®)

-5[2 15[ <I>>so<¢>>]+ELZ#1} s #[5@)

(D.2)

where E[Y; 1] = E[n* — n] = E[n]?, the asymptotic formula for the covariance matrix
between the O; observables is

cov(0;,0;) = E[0,0,] — E[O,]E|0;] = c/dqﬁi(g)o)g)@) +OCh). (D.3)

The same symmetric M;; = L [ d@% matrix also appears in the expected value for
O; in terms of Cj,
0)5;(®)
So(®)

so that the covariance matrix between the C; measurements is actually M~! at zeroth

zﬁ/d<I>Si +C£/d<1> (D.4)

order in Cj:
1
COV(Ci,C) [MTM 1M] +0 Ck ( /dq) S )> + O(Ck) (D.5)
o

Assuming ideal experimental conditions, the statistical power of optimal observable mea-
surements can therefore simply be estimated through this phase-space integral. A finite
efficiency can be introduced by trivially rescaling the integrated luminosity £ — eL.
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To avoid using total rate information, one can also define statistically optimal observ-
ables as

~ 1 Si(Pr)
0= 2 So(Prk) —

on normalized differential distributions. Reproducing the derivation above, one easily ob-

k events

tains the following expression for the asymptotic covariance matrix between operator co-
efficient determination around the standard-model point {C; = 0, Vi} (see Eq.(40,43) of
ref. [74]):

(©)5;(®)  [dPSi(®) [dPS;(P)
So(®) [d®Sy(P)

cov(C’i,C’j)’l/E = /dq)Si + O(Cy). (D.7)
Treatment of diboson production We apply the optimal observable technique to the
effective-field-theory dependence of the e™e™ — WTW ™ production process. For simplic-
ity, optimal observables are defined on the normalized distributions, and the information
about the total rate in different channels is included separately.

Unlike in LEP analyses [75-78|, we restrict ourselves to linear effective field theory
dependences. Simple checks we performed indicate that higher-order dependences on the
three CP-conserving anomalous triple gauge couplings are subleading. In our approxi-
mation of vanishing masses for quarks and leptons, the dipole interactions as well as the
right-handed couplings of the W boson only appear at the quadratic level.

The semileptonic final state is considered and only doubly resonant contributions are
included in the narrow-width approximation. The differential distribution is symmetrized
under the exchange of the two quarks which are experimentally indistinguishable. Cuts,
beam structure, efficiencies, detector effects and systematic uncertainties are not included.
The neutrino momentum is assumed to be perfectly reconstructed.

An analytical and a numerical computation are compared. The latter relies on tree-
level amplitudes computed with MG5_aMC@NLO [96] and uses a simple Monte-Carlo phase-
space integration to compute covariance matrices. Results for the standard-model and
linear effective-field-theory rates are in good agreement with default MG5_aMC@NLO compu-
tation chain. The BSMC implementation [97]!! of the standard-model dimension-six effective
field theory in the so-called Higgs basis [10] is employed. In the analytical analysis we use
for final results, the effective-field-theory dependence of the W mass is included in addition
to vertex corrections.

As an illustration of the power of the optimal observables, we show in figure 13 a
comparison with the conventional binned distribution method used in ref. [67] for CEPC
240 GeV. To match the inputs and assumptions of ref. [67], we use both the total rate and
the normalized distributions of the semileptonic channel of ete™ — WW, make the TGC
dominance assumption and perform a global fit among the three aTGCs. If a 80% signal
selection efficiency is assumed as in ref. [67], we observe a factor of 4-5 improvement in
0g1,z and Az with the use of optimal observables, and a some what smaller improvement
(by a factor of ~ 2) for dx,. In particular, a better discrimination between dg;,z and Az

1Tt is available at https://feynrules.irmp.ucl.ac.be/wiki/BSMCharacterisation.
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Figure 13: A comparison of the reach on aTGCs from the binned method used in ref. [67]
and the optimal observables for the diboson measurement at CEPC 240 GeV. To match
ref. [67], we use both the total rate and the normalized distributions of the semileptonic
channel, and impose the TGC dominance assumption. A 80% signal selection efficiency is
assumed in ref. [67].

is achieved using optimal observables, which reduced the strong correlation between them
from —0.9 (of the binned distribution method) to —0.6. The improvement is still outstand-
ing even with the conservative 50% efficiency used in our analysis. Note however that they
remain degeneracies between Higgs and EW parameters that cannot be resolved with WW
measurements alone, even with optimal use of the available differential information.

Treatment of Higgsstrahlung production The three relevant angles in the process
ete™ — hZ,Z — 074~ are the production polar angle and the Z decay polar and azimuthal
angles. In refs. [80, 81], the information contained in angular distributions was extracted
using asymmetries. While this approach captures all the essential information, the corre-
lations among the asymmetry observables are omitted, which results in a reduction in the
sensitivity. We instead construct statistically optimal observables from these three angles
using equation (D.6) and (D.7), keeping only the linear CP-even EFT dependences. We
use only the h — bb and Z — ete™ /utp~ channel, which is almost background free after
the selection cuts. The x? is computed analytically, including only statistical uncertainties
with a universal 40% signal efficiency. Note that the bb pair is only used for tagging the
Higgs and reducing backgrounds. The flat distribution of scalar decay product does not
contain useful information.

E Input for the global fits

In this section, we give a list of inputs that we used in the fits for the various colliders.
The same inputs can also be provided as configuration files for HEPfit on request which
can be used for reproducing our results. While we try to give a complete list of inputs in
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’ SM input parameters at future colliders J

’ parameter I uncertainties J

| | vLLhe | cepc [ Pocee [me [ cuic |

as(mz) 2.107* | 2-107* 2.107* 2.107* 2.107*

A (mz) [ 5-107° | 5.10° [ 3.10° |50 | 51070
me (GeV) |04 | 04t | 002 |00 | 005
mp (GeV) | 2-107% | 59-107° | 5.9-107%% | 1.5.1072 | 2.10721

Table 4: Gaussian errors on the SM input parameters varied in the fits (see section E.2 for
myz ). Unless the units are specified, all uncertainties are relative to the respective central
value. THL-LHC projection. *CEPC projection.

this section of the appendix, large correlation matrices like those that appear for the Higgs
signal strength projection for HL-LHC and those available in ref. [60] for the EW inputs
will not be presented here. The inputs can be broadly divided into four categories, those at
the Z pole, those pertaining to W mass, width and branching fractions, those pertaining
to Higgs signal strengths at various energies and configurations of the colliders and those
for the optimal observables.

Of these inputs, we will provide the input for the optimal observables as covariance
matrices from which likelihoods can be built. The rest will be given as variations around
the SM input values. In addition we vary the SM parameters in HEPfit which we list
below. The variances of these parameters can be dependent on the collider being studied.

E.1 SM inputs

In table 4 we list the uncertainties for the different SM parameters that were varied in the
fits, with the exception of the Z mass, which is reported in section E.2. For the strong
coupling constant we use the projected uncertainty from future lattice calculations. For the
uncertainty on the hadronic contribution to the running of the electromagnetic constant,
Aaflz)d(m 7), we use the projection from future experiments measuring the e™e~ — hadrons
cross section. For FCC-ee we use the expected precision on as(myz) from the measurement
of AR5 below and above the Z pole [68, 69]. The projection for my, at CEPC can be found
in ref. [67]. Due to the absence of an official projection for the Higgs mass measurement
from FCC-ee, we use the CEPC value. For all CLIC stages we use the same 20 MeV
precision for the Higgs mass envisioned at the end of the HL-LHC era. This is comparable
to the precision that would be available at the end of the CLIC 3 TeV physics program [98].
For the uncertainty on the top mass at CEPC we use the HL-LHC projection, since no run
at the tt threshold in currently proposed for CEPC. The projections for m; at FCC-ee can
be found in refs. [68, 69]; the ones for CLIC are in ref. [99]; and the projections for ILC are
taken from ref. [100].

— 37 —



’ Current and future EWPO uncertainties ‘

[ a0® [ /s [cePC | FeCee | 1L [ cuic |[ 107?) [ 1/s | cepC [ FCCee | 1LC [ cCLIC |

Mz (GeV) 2.1 0.5 0.1 - - AF* 14.3 - 0.11 1.00 4.20
Tz (GeV) | 23 |05 | 01 | - - A0 | w020 | - 015 541 | 26.5
Cohaa (mb) | 370 |50 | 5.0 | - | | a w20 |- | 03 | 5.71 | 374
‘R | 241 | 06 | 03 | 114 | 270 || R, | 306 o2 | 03 | 106 | 176
‘R, | 159 [ 01 | 0.06 | 114 | 270 || R | 174 | 113 |15 | 5.08 | 556
‘R, | 247 |02 |01 | 115|599 || A% [ 155 | o | - - -
A% | 1540 | 50 | - | - A% | ars 308 |- | - -
Ay | sl |30 |- | - - A | 214 |- | 30 | Qedt | Loat
Ay | 1048 [ 50 | - | - A | 04 |- | 80 | 2t | et
A | 33 |- |- | - - A 073 |- | - | - -
A | 292 | - |- | — | = || source: | [60j1101] | [69] | | 67 | |

Table 5: Comparison of current precision of EW observables (L/S) vs. the projections for
CEPC, FCC-ee, ILC and CLIC. Projections correspond to 8 ab™' of integrated luminosity
at CEPC [67] and 150 ab=* at FCC-ee [69]. For ILC and CLIC the numbers correspond to
the projections for measurements using radiative returns at 250 GeV [102] and 380 GeV [2]
respectively. The cells marked in grey denote the projections that we estimated. Unless the
units are specified all numbers are relative to the respective SM central value. All numbers
should be multiplied by 1073, *From 1 polarization measurements at LEP-I1. **From, lepton
polarization and LR asymmetry measurements at SLC. LEP/SLD data is collected from
ref. [60] with Ay from ref. [101].1 Two different assumptions for systematic errors have been
used for Ay and A, at ILC and CLIC, the upper numbers (S2) being with their estimate of
systematics and the lower (S1) being with the systematics estimated for FCC-ee.

E.2 Electroweak measurements

Only the future circular colliders, namely CEPC and FCC-ee, have runs proposed at the
Z pole. So for these colliders we include their projected sensitivities for the EW mea-
surements. There are Giga-Z proposals for both ILC and CLIC. However, the actual EW
projections for these scenarios are still under discussion, see e.g. ref. [102], and we do not
include them in our work at this stage. For CEPC, the numbers are available from ta-
ble 11.9 of the CDR [67]. Some of the numbers listed in table 5 are our estimates and we
clearly mark them. For the FCC-ee, the numbers are taken from ref. [69]. For comparison,
we also list the current LEP /SLD precision for the EW observables that we use in our fits
converted to numbers relative to the SM central value with the exception of Mz, I'z and
Ohad- The former two are in units of 1073 GeV and the latter in 103 nb. All LEP/SLD
data given in table 5 can be found in ref. [60] except As which can be found in ref. [101].
For the linear colliders, we use the projections for the measurements of the EW observables
using radiative return to the Z pole. This is proposed at 250 GeV for ILC and at 380 GeV
for CLIC. We study two different scenarios for the systematic uncertainties affecting A
and A, (S1 and S2 in figure 4). S2 is using the systematics estimated by ILC and CLIC
collaborations. S1 assumes universal systematic uncertainties for ILC, CLIC, and FCC-ee
and adopts the estimates of the latter collaboration. While this does not make a large
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| cepc | FCC-ee H ILC (F80%, +30%) H ILC (UP) H CLIC (F80%,0%) |

| 10-4 || 104 || 1074 G108 || 1074 || 104 (4o 1078 |
s 376 || 2 192 || 2 2.72 103 || 2 278 || @ 5.28 1.54
- 752 || ™ 3.84 || © 5.44 2.06 || 5.56 || © 10.6 3.09
S 163 || 172 || 2 8.48 570 || g 10.6 || 7.04 4.19
« 3.26 || & 345 || ® 17.0 114 || © 21.3 || B 14.1 8.39
> Ceenww || B 398 || g 3.09 122 || g 298 || g 8.75 5.22
O BRwow| & 7.96 || *° 6.18 2.44 || ¥ 5.96 || 8 17.5 10.4
Smw : 1.0 0.5 2.4 2.4 2.4
oTw : 28 1.2 - - -

Table 6: Mass, width and leptonic branching fractions of the W boson for all the future
colliders at different energies. Deviations to my and Ty are quoted in MeV. BR(W* —
Kiu) is marked in grey and Tee—ww s marked in white and both are normalized with their
SM values. The values for the latter for FCC-ee 350 GeV run are numerically insignificant
and can be found in the text.

difference for the error estimated for CLIC, with just a somewhat larger error in A, for
ILC this significantly enlarges the error in Ay and to a lesser extent in A.. For CLIC we
also use an uncertainty in R, of 9.43-1073.

For LEP/SLD, there are small correlations between various observables which are
mostly negligible. The only significant correlations are between I'z and opqq (—0.297) and
between R, and A%’E (—0.371). The full correlation matrices can be found in ref. [60]. No
correlations are assumed for CEPC and FCC-ee.

E.3 W mass, width and branching fraction measurements

The mass, width and branching fraction measurements of the W boson that we use in the
fits are listed in table 6. For the circular colliders which have proposed threshold scans
around the WW threshold, we list the projections for 161 GeV. Both the cross section,
Oeesww and the leptonic branching fraction BR(VVi — Kiu), with £ = e, ur, are nor-
malized with their SM values. The projections for the leptonic branching fractions are
the same for all the leptons. The corresponding numbers in the table are not summed
over three lepton families. There are small correlations of -0.125 between the branching
fraction of each of the three families of leptons. While we use the correlations in our fits,
they are numerically insignificant. For the 350 GeV run at FCC-ee, the integrated lumi-
nosity is supposed to be quite low yielding very loose constraints on both the cross section
(10.6 x 10~%) and the branching fractions (21.3 x 10~%) relative to the SM values, which are
about a factor of 5 worse that those from 240 GeV and a factor of 3 worse than those from
365 GeV. The derivation of gee_yy and BR(W* — ﬁiy) for the future colliders based on
the number of W bosons produced is briefly described in section 2.3.

In the absence of threshold scans, there are no additional projections for I'yy for the
linear colliders since the bounds can then only be derived from the branching fraction
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measurements by kinematic reconstruction of the W. The ILC projections for my, can be
found in ref. [89]. In the absence of a projection for CLIC, we use the same number as
ILC. For FCC-ee the projections for mass and width measurements can be found in the
CDR [69]. The CEPC projections can be found in table 11.12 of the CEPC CDR [67].

E.4 Higgs measurements

We tabulate the Higgs signal strengths, u, that we used in table 7 for HL-LHC and table 8
for all the future lepton colliders. Where available we also used the correlations between
the projected measurements. Please note the following details for each collider:

« HL-LHC We focus only on the S2 configuration for systematics. While ATLAS
provides the bounds for jiz., there are no official numbers for CMS. Assuming similar
bounds from the two experiments we use the same numbers and correlations for
ATLAS and CMS for the Z~ final state. The same holds true for F‘ZI;h where only
CMS provides the extrapolation and not ATLAS. Only CMS provides projections
for plV}V and p%"V and we do not use this for ATLAS. The extrapolations for the
future measurements for both the experiments can be found in table 35 of ref. [51]
as cross-sections per production channel per decay mode and not as signal strengths.
However, the correlations are not given there. The correlations are only significant
(> 0.4) between the pair uZZ and pZZ, (-0.76) and the pair ul,V and p77 (-0.61) for
ATLAS which are combined in table 35 of ref. [51]. The large negative correlation
between the latter pair is accompanied by relatively weaker bounds on the two signal
strengths for ATLAS when compared with CMS. For CMS, several decay modes in
the ggh productions channel are correlated as are the pair pZ7 and pé# (-0.68)
and the pair p{/;, and ,u‘g‘;‘h (-0.53). The full correlations matrices is provided as
ancillary files while the central values for the signal strengths are reported in table 7.
The numbers we use for the fit (including correlations) are from [103] for CMS and
received through private communications for ATLAS.

CMS HL-LHC

0%a% zZZ WWwW TT
‘“ggh Fggh  Hggh Hgn

paon | 100 048 054 0.46
pih | 048 1.00 052 037
pyon | 054 052 1.00 0.42
Hogn | 046 037 0.42  1.00

o« CEPC: While the correlations for 7 of the decay channels are given, only a few show
significant correlation, the most important being that between ,u%’h and ulbﬁ,h at -0.48
while the others can be considered as being small. The projections for CEPC can be

found in refs. [67, 83]. The correlation matrix is given by:

e« FCC-ee: No correlations are provided for either of the energies, although, in princi-
ple, there should be significant correlation between ubeh and p? . at 240 GeV. There

vvh
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CEPC 240 GeV

bb cc exel TT WWwW zZ7Z bb
Hzh Hzh Hzh Hzh Hzn Hzh Huvh

1, 1.000 -0.055 -0.130 0.001 0.010 -0.022 -0.482
4, | -0.055  1.000 -0.237 0.008 -0.034 -0.013  0.027
pdg | -0.130 -0.237  1.000 0.010 -0.039 -0.021  0.063
©m, | 0.001 0008 0010 1.000 -0.150 -0.078 -0.000
pW 10010 -0.034 -0.039 -0.150 1.000 -0.245 -0.005
pZZ | -0.022 -0.013 -0.022 -0.078 -0.245 1.000 0.011
plt, | -0.482  0.027 0.063 0.000 -0.005 0.011 1.000

are no official estimates for ,ugz for FCC-ee. So we rescale the estimate from the
CEPC with the projected luminosity for FCC-ee at 240 GeV given in figure 1. It
should also be noted that we use the combined Higgs signal strength bounds for
350 and 365 GeV as is officially reported instead of using them separately. This is
labelled as 365 GeV throughout our work. The projections for FCC-ee can be found
in ref. [69].

e ILC: The official projections of statistical errors for Higgs boson measurements at ILC
are available only for the baseline polarization of (—80%), +30%) in table XTI of ref. [70].
The projected precision for the other polarizations are computed from this set using
the method delineated in section 3.2'2. To these projections we add the recommended
0.1% systematic error each for luminosity and polarization measurements (except for
unpolarized beams). In addition there is a systematic error associated with flavour
tagging which appears for the h — bb decay mode and is estimated to scale with the
luminosity as 0.3%4/0.250/L. Most importantly, no official numbers are available
as yet for uz, for ILC. Furthermore, the only correlation available for ILC is that
between ,ubeh and ,ul,jl;,h at 250 GeV of -0.34. These two channel are uncorrelated at
higher energies as it is much easier to separate these two modes with the recoil mass
distribution.

o CLIC: We use the most recent update of the Higgs studies at CLIC from ref. [98].
The projections available in that reference for the different Higgs rates were obtained
for centre-of-mass energies of 350/1400/3000 GeV and assuming unpolarized beams.
These run energies are slightly different than those in the current CLIC baseline,
namely 380/1500/3000 GeV. We checked that these small differences are not so rele-
vant for the final results and hence we present all results for the latter configuration.
Furthermore, the current CLIC baseline foresees the use of electron polarization, see
table figure 1. We therefore scale the projected precisions for the different Higgs
observables to account for the changes in the cross sections in the scenario with
polarized beams, under the assumption that signal and backgrounds scale similarly.
The correlation between the different channels involving hadronic final states are also
taken into account in our analysis. These are assumed to remain unchanged in the

12Estimates for beam polarization of (+80%, —30%) is also available from [15]
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scaling with the polarization. The correlation matrices at the different

given by:
CLIC 380 GeV

foon  Hion  HY. BZh MR BT
pll, | 1.000 -0.072 -0.040 -0.244 0.022  0.022
pee, | -0.072  1.000 -0.203  0.025 -0.311  0.059
pd?, | -0.040 -0.203  1.000 0.029  0.069 -0.323
p | -0.244  0.025  0.029 1.000 -0.080 -0.086
ps, | 0.022 -0.311  0.069 -0.080 1.000 -0.202
pds | 0022 0.059 -0.323 -0.086 -0.202  1.000

CLIC 1.5 TeV

energies are

Mgbuh Huvh MZZh
wpl®, | 1.000 -0.095 -0.066
e, | -0.095  1.000 -0.192
pd?, | -0.066 -0.192  1.000

CLIC 3 TeV

M%h Hown Mggh
wul?, | 1.000 -0.104 -0.053
pe, | -0.104  1.000 -0.178
pd?, | -0.053 -0.178  1.000

Unlike the other colliders, the projections for the production cross section for the
Zh channel for CLIC is split into the Il and qq final states for the decay of the Z
boson. Scaling the precisions in ref. [98] to the case of (—80%, 0%) polarization we get
0.036 and 0.017 for 07,(Z — 1) and oz,(Z — qq), respectively. For the (+80%, 0%)
polarization we find 0.041 and 0.020 for oz,(Z — ll) and oz,(Z — qq), respectively.

HL-LHC CMS & ATLAS (3 ab™ 1) in %

4.20
Yy
)
9gh 4.52
4.00
ZZ
Hggh
4.64
ww 370
Hggh
6.16
5.50
#TT
99l 879
o 13.8
9gh 18.5
Z~ -
Hooh = 333
24.7
bb
Hggh o

©12.8 13.9 23.3 9.40
Yy : Yy Yy Yy
Hver  ggg | Hwh 141 | Hon 165 | Hitr 8.92
13.4 47.8 78.6 24.6
ZZ ZZ ZZ ZZ
WBr g | HWh a3 | M7h g3.3 | Mtk 19.7
7.30 13.8 © 184 9.70
WW WW Www WWw
HvBr = o | HWh Hzh _ Hiin 114
. 4.40 . 14.9
HVBF g g Heen 73.3
o 54.0
HVBr 36
Z~ -
My BF 68.2
9.40 6.5 11.6
bb bb bb
Hwh 101 | Hon 5.85 | [tk 14.8

Table 7: HL-LHC projections for CMS and ATLAS for luminosities of 3ab™" individually.
The white cells are for CMS and the grey ones are for ATLAS. The details of correlations
and the exact use of these numbers in the fits can be found in the text.
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