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1 Introduction

The precise measurement of physics observables and the test of their consistency within
the standard model (SM) are an invaluable approach, complemented by direct searches
for new physics, to determine the existence of physics beyond the standard model (BSM).
Historically, the discovery of new particles (e.g., the W and Z bosons by the UA1 and UA2
collaborations) has been followed by the construction of accelerator machines dedicated to
the in-depth study of the new particles’ features. After the discovery of a Higgs boson in
2012, there is no compelling theoretical argument or measurement result that predicts the
mass scale of any BSM physics. The indirect search for new physics, which exploits off-
shell and loop contributions of new particles, allows one to explore a much wider range of
energy scales than those probed by direct searches in specific BSM scenarios. Such indirect
BSM effects are typically inversely proportional to some power of the mass scale of the new
degrees of freedom, so that high precision is crucial for probing large energy scales. The
achievable precision of an experiment is determined by the statistics of the collected data
sample, the experimental and theoretical systematic uncertainties, and their correlations.

*Alberto.Belloni@cern.ch
tafreitas@pitt.edu
Hian@icepp.s.u-tokyo.ac.jp
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Studies of massive electroweak gauge bosons (W and Z bosons) are a promising target for
indirect BSM searches, since the interactions of photons and gluons are strongly constrained
by the unbroken gauge symmetries. They can be divided into two categories:

e Fermion scattering processes mediated by s- or t-channel W/Z bosons. These are
known as electroweak precision measurements, since large-statistics samples can be
produced at ete™ and pp/pp colliders. These measurements are sensitive to modifi-
cations of the gauge-boson—fermion couplings and the gauge-boson masses.

Electroweak precision tests at ete™ colliders benefit from the clean and controlled
initial state, whereas hadron colliders are affected by large systematic uncertainties
due to parton distributions funcions and ohter QCD effects. Thus eTe™ colliders have
the potential to have a better sensitivity for electroweak precision measurements than
hadron colliders, but a large integrated luminosity is crucial for that purpose.

Electroweak precision measurements will be covered in more detail in section 2, in
particular the interplay of statistical, experimental systematic and theory uncertain-
ties. It should be noted that it is very difficult to realistically predict the systematic
uncertainties (both experimental and theory) of a future facility, since any uncertainty
estimate is based on assumptions that can only be tested with data or by carrying
out a certain theoretical calculation. Nevertheless, to fairly compare the potential of
different proposed ete™ colliders, the systematic uncertainties should be based on the
same assumptions for all these machines. Such a consistent treatment of systematic
error estimates has been attempted in this document.

e Multi-boson processes, which include production of two or more vector bosons in
fermion-antifermion annihilation, as well as vector boson scattering (VBS) processes.
These processes can test modifications of gauge-boson self-interactions, and the sen-
sitivity is typically improved with increased collision energy, so that hadron colliders
tend to provide the strongest limits, although a future multi-TeV electron-positron or
muon collider would also be very competitive.

A more extensive discussion of multi-boson physics at the high-luminosity run of the
LHC (HL-LHC), at future higher-energy pp colliders, and at high-energy ete™ and
T colliders is the topic of section 3.

A model-independent description of indirect BSM effects is given by an extension of
the SM with higher-dimensional operators. The most common effective theory framework
for this purpose is the Standard Model Effective Field Theory (SMEFT), which has the
same field content and symmetries as the SM. The leading contributions to electroweak
observables stem from operators of dimension 6, which are suppressed by A~2, where A
indicates an effective new physics scale. write generic Langrangian formula (13)?

Generally, even at the dimension-6 level, there are more operators than independent
observables, so that additional assumptions (e.g.about flavor symmetries) are needed to
constrain the operator coefficient from the data. On the other hand, some of these operators
also contribute to other phenomenological sectors of the SM, i.e. to Higgs physics or top
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physics, and measurements in these different sectors can help to break some parameter
degeneracies. Thus it is advantageous to perform a global fit of a large number of operators
to a large number of observables from different sectors. In particular, such a global fit can
be used to evaluate and compare the new physics reach of future experimental facilities.

Various global SMEFT fits of different scope are presented in section 4. Compared
to previous such studies in the literature, the analysis in section 4 uses updated inputs
for the expected statistical and systematic uncertainties of key measurements at future
colliders. Furthermore, it also extends previous studies by including 4-fermion operators,
which generate contact interactions contributing to processes like ete™ — ff, and which
can also modify the non-resonant background in Z-pole precision studies.

to be continued ...

2 Electroweak precision tests at future colliders

Precision measurements of the properties of W and Z bosons can be used to test the SM
at the quantum level and to indirectly constrain potential BSM physics. The masses,
widths and effective couplings of these gauge bosons can be modified through many different
extensions of the SM, including new gauge interactions, extended Higgs sectors, composite
Higgs scenarios, vector-like fermion fields, etc. (see e.g.section 10 of Ref. [1] for an overview).

2.1 Current status of electroweak precision tests

An important class of electroweak precision measurements focus on fermion-pair production
processes, ete™ — ff and pp — £T¢~. For electron-positron colliders with center-of-mass
energies near the Z-boson mass, the dominant contribution to the cross-section follows from
the Z resonance, which can be approximately written as

do _ —
d—Q[e+e = ffl~

Ngs
6472
(1—PyP)[G1(1+c3) +2Gscp) + (Py — P_)[Hi (1 + ¢2) + 2Hj cg]

X (s —m%)? + s°T% /m?, ’ (1)

where
G1 = (v + az)(v? + a?c), G3 = 4veacvyray, (2)
H = 2veae(v]2c + (I?c), Hz = 2(v? + ag)vfaf, (3)

where vy and ay are the effective vector and axial-vector couplings of Z-boson to the fermion
type f, respectively, N/ =1 (3) for leptons (quarks), and P, ,_ is the degree of longitu-
dinal polarization of the positron/electron beam. Furthermore, ¢y = cosf, where 6 is the
scattering angle.
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The partial and total Z boson width can also be expressed in terms of these effective
couplings,

pff
_E : ! [ emz o 2
I'y = - I, FZN o (Uf+af)7 (4)

which in turn lead to the following expression for the total peak cross-section:

127 Ty,
s:m2Z ~ mizz FQZ : (5)

olete™ — ff]

The Z mass and total width can be determined from measurements of the cross-section
lineshape at a few center-of-mass energies near the resonance peak. From measurements
of cross-sections with different final states one can determine ratios of the Z-boson partial
widths. It is customary to express them in terms of

[ha
4 (q:b,C), R@ = had (€:€7M77)7 (6)

0paq = oleTe” — had] T T,
a

R, =

—m2
5777127

where “had” refers to all hadronic final states (i.e. the sum over u,d, ¢, s,b final states at
the partonic level).

Ratios of the vector and axial-vector couplings can be extracted from the forward-
backward asymmetry, the average polarization degree of produced tau leptons (for f = 7),
and the left-right asymmetry (for a polarized electron beam):

2vfaf

PT :AT7 Af = .
< > ! UJ%—F(I?

(7)

Here op and op refer to the cross-section for only positive and negative values of cos#,
respectively; whereas o7 and op denote the cross-section for left-handed (P- < 0) and
right-handed (P- > 0) electrons (assuming P, = 0). The ratio vs/a; is also related to the
effective weak mizing angle

. 1 v
Sln2 Qgﬁ = mf‘ <]. — a;) . (8)

The expressions above do not include the contributions stemming from photon-exchange
and box diagrams and from radiative corrections that cannot be absorbed into the effective
couplings, in particular initial-state and final-state radiation. These effects need to be
predicted from theory and subtracted from the data in order to extract “measured” values of
the quantities in egs. (6). The latter are therefore known as electroweak pseudo-observables
(EWPOs).
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EWPO Uncertainties | Current | HL-LHC
Amy (MeV) 12 /947 5
Amyz (MeV) 2.1
ATz (MeV) 2.3
Amy (GeV) 0.6* 0.2

| Asin?0% (x10°) | 3 | <10 |
6R, (x10%) 1.6
SRy (x10%) 3.1

T The recent W mass measurement from CDF with 9.4 MeV pre-
cision [8] has not yet been included in the global average [1].

* This value includes an additional uncertainty due to ambiguities
in the top mass definition (see TOPHF report for more details).

Table 1: The current precision of a few selected EWPOs, based on data from LEP, SLC,
TeVatron and LHC [1], and expected improvements from the HL-LHC [9]. A () stands for
absolute (relative) uncertainty.

Other EWPOs include the W-boson mass (my) and branching ratios, as well as the
Fermi constant of muon decay, Gr. The latter is a key ingredient for predicting myy in the
SM, based on the relation

Gr To

— = (1+ Ar), (9)

Va3 = 2y (L miy fm)
where Ar describes higher-order corrections. G is currently known with a precision of 0.5
ppm [1], which may be further improved in the future, and thus it is a negligible source of
uncertainty.

Moreover, when comparing experimental values for the EWPOs to theory predictions
in the SM, other SM parameters are needed as inputs for the latter. Specifically, the mass
of the top quark and the Higgs boson play an important role, as well as the strong coupling
constant s and the shift due to the running of the fine structure constant from the Thomson
limit to the Z scale, Ao =1 — a?‘r(f;). A« receives contributions from leptons, which can
be computed perturbatively [2], and from hadronic states. The hadronic part can be split
into non-perturbative and perturbative contributions. The non-perturbative contributions
can be extracted from data for ete™ — had. [3-5] or from lattice QCD simulations [6, 7]
using a dispersive approach. The data-driven methods are currently more precise, with an
uncertainty for Aayp,q of about 1074 [3-5].

Reducing the uncertainty of Aaypaq requires improved measurements of eTe™ — had.
for energies below 2 GeV (e.g. with ongoing measurements at VEPP-2000 and BEPC-II),
4-loop perturbative QCD corrections, and more precise determinations of the charm and
bottom quark masses. With these improvements, an uncertainty of < 0.5 x 10~* appears
within reach [3]. Similarly, the lattice QCD evaluation of Aay.q is expected to continue to
improve, but quantitative estimates are currently not available.

The current precision for a few selected EWPOs is listed in Tab. 1. Most of these
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results stem from measurements are the eTe™ colliders LEP and SLC, but the hadron
colliders TeVatron and LHC contribute important results for sin? Hgﬁ, myy and my.

The HL-LHC with integrated luminosity of 3000 fb~! can make improved measurements
of certain EWPOs. The effective weak mixing angle can be extracted from measurements
of the forward-backward asymmetry in Drell-Yan production, pp — ¢4~ (¢ = e, ). The
measurement precision is mostly limited by uncertainties of the parton distribution functions
(PDFs), but the PDFs can be constrained simulatenously with the weak mixing angle
determination through Drell-Yan data. In particular, the my, distribution can be useful
in disentangling the effect of PDFs from the weak mixing angle determination [10]. It is
estimated that the total uncertainty of sin® 6%; can be reduced below 10~ at HL-LHC [9].

Similarly, the W-boson mass can be extracted from measurements of pp — fv, by
performing fits to the lepton pr and transverse mass distributions. This measurement
benefits from a dedicated run with low instantaneous luminosity to improve the accurate
reconstruction of the missing transverse momentum. Again PDF uncertainties are expected
to dominate, and an ultimate precision of about 5 MeV appears achievable [9].

It should be noted that these precision measurements at the HL-LHC will rely on de-
tailed theory input, including higher-order EW and mixed QCDxEW corrections [11-13],
as well as resummations for low pr (see e.g. Ref. [14] and references therein). Moreover, the
extraction of sin? Ggff assumes that the dependence of sin? H‘fﬁf on different fermion flavor f
is small and as predicted in the SM*.

2.2 Electroweak precision measurements at future ete~ colliders

Future high-luminosity eTe™ colliders proposed as Higgs factories can also be used to study
the masses and interactions of electroweak bosons to much higher precision than before.
We here focus on four collider proposals: ILC [15-17], CLIC [18,19], FCC-ee [20,21], and
CEPC [22-24]. Table 2 summarizes the run scenarios considered for these colliders within
the Snowmass 2021 study. The 50 MW upgrade of CEPC [24] is assumed for all quantitative
analyses throughout this document.

The linear collider projects ILC and CLiC feature polarized electron beams (and also
a polarized positron beam in the case of ILC). Two options are considered for ILC, the
default option with center-of-mass energies of 250 GeV and above, and the “GigaZ” option
that includes a run at the Z pole. [Note that a Z-pole run is also considered as a possible
option for CLiC [25].] The ILC and CLiC runs with 500 GeV and above are irrelevant for
“canonical” electroweak precision studies (i.e. not considering multi-gauge-boson processes).

The circular colliders (FCC-ee and CEPC) can deliver very large integrated luminosities
on the Z pole, yielding samples of O(10'%) events. On the other hand, the standard run
scenarios for ILC (without the GigaZ option) and CLiC do not include any run at the Z pole.
Instead, precision studies of the Z boson are possible through the radiative return method,

*In other words, this measurement can serve as a high-precision consistency check of the SM, but it will
be difficult to interpret an observed deviation from the SM without model assumptions.
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Collider NG P [%] Liyt
e /et ab™!
ILC 250 GeV | +£80/ £ 30 2
350 GeV | 80/ + 30 0.2
500 GeV | 80/ + 30 4
1 TeV | £80/£20 8
ILC-GigaZ my +80/ + 30 0.1
CLiC 380 GeV +80/0 1
500 GeV +80/0 2.5
1 TeV +80/0 5
CEPC my 60 / 100
2mw 3.6 /6
240 GeV 12 /20
th - / 1
FCC-ee my 150
2mW 10
240 GeV 5
2my 1.5

Table 2: Electron-positron collider run scenarios used for the Snowmass 2021 study. The
two sets of numbers for CEPC refer to the 30 MW baseline and 50 MW upgrade for the
beam power.

i.e. by producing Z bosons together with one or more initial-state photons, ete™ — Z +n-y.
The photons are emitted predominantly at low angles and lost in the beam pipe. However,
the requirement of hard photon emission reduces the event yield and thus the achievable
precision.

Given the large statistics of these future ete™ colliders, systematic uncertainties may
have a significant impact on the achievable precision. In the following we discuss the dom-
inant machine-specific systematic error sources, as well as uncertainties that are common
to all machines. It should be emphasized that these systematic error evaluations are just
order-of-magnitude estimates, while a more precise assessment would require instrumenta-
tion detail and tools that are not available at this time.

Common systematics: Uncertainties due to the physics modeling affect all collider pro-
posals equally. Previous publications by the collider collaborations [22,26-28] have made
differing assumptions for the size and relevance of these common uncertainties. This sit-
uation creates problems for the comparison of the new-physics reach between different
machines. Therefore, as part of the Snowmass 2021 process, a consistent set of assumptions
is being used and applied uniformly to all ete™ collider proposals.

For branching ratios of heavy-quark (b and c) final states, the tagging efficiency can be
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controlled in situ by comparing single and double tag rates. However, the simple scaling
€2tag = (elmg)2 gets modified by so-called hemisphere correlations. These correlations can
be produced by detector effects, vertex fitting, and QCD effects. The first two sources can
be reduced to a sub-dominant level through the availability of large-statistics calibration
samples and the increased vertex precision of modern vertex detectors. The most important
QCD effect is gluon splitting into a heavy-flavor ¢g pair. The contamination from gluon
splitting can be reduced with acolinearity cuts between the two tagged jets. Moreover, the
large available data sets can be used to dramatically improve the modeling of gluon splitting,
but this will require parallel improvements in Monte-Carlo (MC) simulation tools. Here it
is assumed that the QCD uncertainty can be improved by about one order magnitude
compared to LEP [29], leading to relative uncertainties of 0.2 x 1073 for R; and 1 x 1073
for R., respectively.

Similarly, QCD effects are a dominant source of uncertainty for determinations of A
(A.) from the forward-backward asymmetry of ete™ — bb (ce). QCD radiation can change
the angular distributions and correlations of the heavy-quark jets, which in turn modified
the observable asymmetry. This has been studied in detail in Ref. [30], where it was found
that the impact of QCD effects can be substantially reduced with an acolinearity cut. With
a moderate acolinearity cut and assuming NNLO QCD corrections, the relative error on
Ay . due to missing higher-order perturbative QCD contributions is estimated to be about
3 x 107* (see Tab. 9 in Ref. [30]). With future work on QCD calculations this can likely
be reduced to the level of 1 x 10~*. In addition, one needs to consider non-perturbative
hadronization and showering uncertainties. Due to wealth of available data at any of the
proposed colliders, a significant improvement of the hadronization and showering models
should be possible. Assuming an improvement of a factor 5 compared to currently available
MC tunes (see Tab. 9 in Ref. [30]), this leads to an estimated relative error of 2 x 10~%.
Combining perturbative and non-perturbative uncertainties, the total absolute error due to
QCD effects amounts to 2.1 x 10~% for A, and 1.5 x 10~ for A..

Experimental systematic for linear colliders: For electroweak precision measure-
ments at ILC250 or CLiC380 using the radiative return method, signal events need to be
selected based on the invariant mass mys of two fermions from Z — ff.m #f can be recon-
structed using the polar angles of the fermions [31], which can be measured very precisely,
so that this becomes a negligible source of systematic uncertainty. Note that multi-photon
emission produces a tail in the reconstructed my; distribution, but this dilution does not
diminish the precision of the overall energy scale calibration.

Combining this method with a precise calibration of the tracker momentum scale using
large samples of kaon and A baryon decays, it may be possible to determine the Z mass and
width at ILC250 with a systematic uncertainty of 2 ppm [32].

Many measurements at linear ete™ colliders profit from polarized beams, which in
turn makes the polarization calibration a leading source of systematic uncertainties. Both
the ILC and CLiC designs expect that the luminosity-weighted long-term average of the
polarization can be controlled to 0.1% [17,18]. However, as demonstrated in Ref. [33], the
impact of the polarization uncertainty can be further reduced by treating the polarization
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values as nuisance parameters in the actual extraction of physics parameters from a set of
observables.

The asymmetry parameter A. can be determined from the left-right asymmetry Apr
(see Ref. [34] for a full simulation study), while Ay for other fermion types (f = p, 7, b, ¢) can
be obtained from the left-right-forward-backward asymmetry for the process e™e™ — ff,

Apprp — OLF —OLB — ORF + ORB 3 , (10)
’ oLF + 0L+ ORp +oRs 47

The polarization calibration leads to a relative systematic uncertainty of 3 x 10~4. Other
important systematic uncertainties include the control of the luminosity and detector ac-
ceptance between runs with different polarization, which are estimated to be subdominant.

For the branching ratios R;, the dominant source of uncertainty stems from the flavor
identification, which is estimated at the level of 0.1% [17].

Measurements of eTe™ — WTIW ™~ at ILC250 or CLiC380 can yield information about
a variety of properties of the W bosons, including anomalous gauge-boson couplings. The
W mass can be determined from a variety of kinematic final-state observables [17]: (1)
constrained reconstruction of ggfv events; (2) di-jet invariant mass for semi-leptonic and
all-hadronic final states; (3) endpoints of the lepton energy spectrum for di-lepton (¢vév)
and semi-leptonic (gqfv) final states ; and (4) approximate kinematic reconstruction of di-
lepton events by assuming that the event has a planar topology (“pseudo-mass” method).
With an integrated luminosity of a few ab~! at ILC250, a statistical uncertainty of 0.5 MeV
on myy can be achieved [17]. The systematic uncertainty was estimated in the Snowmass
2013 study with 2.4 MeV [35], which receives comparable contributions from the beam-
energy calibration, luminosity spectrum, modeling of hadronization, modeling of radiative
corrections, and detector energy calibration. With improved detectors and methods for
addressing the other systematic issues, a total error of 1 MeV at ILC250 may well be
feasible.

An ILC run on the Z pole (ILC-GigaZ) would yield a higher-statistics sample of clean Z
events, thus leading to improved overall precision for EWPOs. For the asymmetry parame-
ters Ay, the systematic errors are again dominated by the polarization uncertainty, whereas
the acceptance is the leading source of systematics for the branching ratios Ry [26].

Experimental systematic for circular colliders: The beam energy at circular colliders
can be controlled with high accuracy using resonant depolarization, leading to a absolute
precision of 100 keV (for /s ~ 100 GeV) and a point-to-point precision of 25 keV (i.e.
the accuracy with which the energy difference between two nearby center-of-mass energies
can be determined). These two numbers are the leading systematic uncertainties for the
determination of the Z mass and width, respectively.

For the determination of A., it is advantageous to consider the forward-backward tau
polarization in ete™ — 777,

(P ) = SR = (P)B ZAE. (11)
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This quantity is independent of the tau polarization distributions and of hemisphere migra-
tion effects. It would only be affected by correlations between these two effects, which are
expected to be very small. As a result, the dominant systematic uncertainty would instead
stem from non-tau backgrounds. These are estimated from the statistics of control samples
used for calibrating the background, leading to an error estimate of 2 x 1075,

Other Ay parameters can be determined from App for ete™ — ff. The main system-
atic uncertainty for A, is point-to-point control of the luminosity and detector acceptance.
For A, and A, the dominant systematic error stems from QCD effects (see “Common sys-
tematics” above). While A, could also be obtained from the forward-backward asymmetry,
a more precise determination is possible from the tau polarization. The main systematic
uncertainty for the polarization measurement is due to the modeling of the hadronic tau
decay modes. Since these are expected to be substantially improved by using the large
available calibration samples at FCC-ee/CEPC, it is expected that this error is reduced by
a factor 10 compared to LEP [29], leading to uncertainty of 2 x 107%.

The measurement of the total peak cross-section, O'gad, is limited by the luminosity
calibration. Using low-angle Bhabha events, an relatively precision of 10~ or better should
be achievable. For the hadronic branching fractions R ., QCD uncertainties from gluon
splitting are the dominant error source (see “Common systematics” above). For the leptonic
branching fractios R, , - the lepton acceptance and beam energy control will be important
factors. R, is additionally affected by the subtraction of Bhabha backgrounds.

The W mass and width can be extracted with high precision from measurements at a
few energy points near the WW threshold. As mentioned above, the dominant systematic
uncertainty due to the beam energy calibration can be controlled using resonant depolariza-
tion, but with a slightly lower precision (0.0002%) at this center-of-mass energy compared
to the Z pole.

Summary: A summary of projected statistical and systematic uncertainties for the dif-
ferent proposed eTe™ colliders is given in Tab. 3. This table also serves as an input for the
global fits presented in section 4.

Measurements of leptonic branching ratios Ry (¢ = e, u,7) can be used to extract a
precise value for the strong coupling constant «y, which enters through final-state radiative
corrections in I'yaq. Given that Ry is a highly inclusive quantity, this determination of as
is essentially free of non-perturbative QCD effects, so that a robust O(10~%) precision is
achievable. However, it should be noted that this method assumes the validity of the SM,
but the Z decay ratios may in general be modified by BSM physics. For more information
about future determinations of as, see Ref. [38].

As mentioned in the previous subsection, the shift A« between the a(myz) and «(0) is
also an important ingredient for precision electroweak studies. Future ete™ Higgs facto-
ries could in principle provide data for the dispersive approach using the radiative return
method, eTe™ — had. + ny. While no detailed studies have been performed, it is not
expected that this will lead to an improvement compared to data from lower-energy ete™
colliders. On the other hand, with sufficient amounts of luminosity spent at two center-

10
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Quantity current | ILC250 | ILC-GigaZ FCC-ee CEPC CLIC380
Aa(mz)™t (x10%) | 17.8* 17.8* 3.8 (1.2) 17.8*
Amy (MeV) 12* 0.5 (2.4) 0.25 (0.3) 0.35 (0.3)
Amy (MeV) 2.1* | 0.7 (0.2) 0.2 0.004 (0.1) | 0.005 (0.1) 2.1*
Ampg (MeV) 170* 14 2.5 (2) 5.9 78
ATy (MeV) 42 2 1.2 (0.3) 1.8 (0.9)

ATz (MeV) 2.3* 1.5 (0.2) 0.12 0.004 (0.025) | 0.005 (0.025) 2.3*
TTAAL (<109 71900 sy | s T 07 @ 1 i@ 1 e ]
AA, (x10°) 1500* | 82 (4.5) 3 (8) 2.3 (2.2) 3.0 (1.8) 400
AA; (x10%) 400* 86 (4.5) 3 (8) 0.5 (20) 1.2 (20) 570
AAy (x10°) 2000* | 53 (35) 9 (50) 2.4 (21) 3 (21) 380
AA. (x10%) 2700* | 140 (25) 20 (37) 20 (15) 6 (30) 200
- Add  (pb) | ;e 0.035 (4) | 0.05(2) | 37|
SR (x10%) 2.4* 0.5 (1.0) | 0.2 (0.5) 0.004 (0.3) 0.003 (0.2) 2.7
SR, (x10%) 1.6 0.5 (1.0) | 0.2 (0.2) 0.003 (0.05) 0.003 (0.1) 2.7
SR, (x103) 2.2* 0.6 (1.0) | 0.2 (0.4) 0.003 (0.1) 0.003 (0.1) 6
SRy (x10%) 3.1* 0.4 (1.0) | 0.04 (0.7) | 0.0014 (< 0.3) | 0.005 (0.2) 1.8
SR.(x10%) 17* 0.6 (5.0) | 0.2 (3.0) 0.015 (1.5) 0.02 (1) 5.6

Table 3: EWPOs at future e™e™: statistical error (estimated experimental systematic error).
A (§) stands for absolute (relative) uncertainty, while * indicates inputs taken from current
data [1]. See Refs. [17,24,26,27,36,37].

of-mass energy a few GeV below and above the Z peak, it is possible to determine a(my)
directly, since the y—Z interference contribution depends on this quantity [39]. However, this
method crucially depends on multi-loop theory calculations for the process ete™ — u™pu™.

Further improvements: Some of the statistical and systematic uncertainties discussed
above may be further improved with new advances of detector design and reconstruction
techniques. Ref. [40] studied the prospects for precision measurements of the tau polariza-
tion, which can be used for measuring Z-boson coupling ratios, as mentioned in section 2.1.
Due to the unobserved neutrino in the tau decays, a direct measurement of the tau po-
larization is not possible. Approximate polarization observables can be defined using only
the visible decay tau decay products. A better approximation of the true polarization may
be obtained by using the full visible event information in di-tau events, eTe™ — 7777, In
this case it is possible to kinematically reconstruct the invisible neutrino momenta up to a
two-fold ambiguity. However, all of the aforementioned polarization measurement methods
require knowledge of the collision energy, and thus they suffer from ISR and beamstrahlung.

A new reconstruction method, which is much less sensitive to ISR, also makes use of
the impact parameter of the visible tau decay products with the beam axis [40]. This
information allows one to reconstruct the tau momenta exactly in the presence of a single
ISR photon. For tau decays, the observable impact parameters are typically below 1 mm and
thus they require precise vertex detectors. The impact parameter method appears promising
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to achieve 70-80% efficiency for the tau momentum and polarization reconstruction [40].

2.3 Electroweak precision measurements at other facilities

Besides high-energy pp and eTe™ colliders, other experiments can also perform interesting
precision measurements of the electroweak sector.

At electron-positron colliders with /s < myz, the process ete™ — ff is dominated
by photon exchange, and thus it is less sensitive to electroweak physics. However, the
Belle II experiment at the SuperKEKB collider with /s = 10.58 GeV will benefit from
the very large integrated luminosity to obtain some competitive constraints. In particular,
an upgrade SuperKEKB with polarized electron beams would open up the possibility of
the measuring the left-right asymmetry of the process ete™ — ff [41]. For /s < my,
this process is mainly sensitive to vy, the vector coupling of the Z-boson to ff. With
40 ab~! integrated luminosity, the precision of vy for f = p,b,c could be improved by a
factor of 4-7 compared to the current world average. For most final states, the precision is
statistics limited, except for the bb final state. The dominant systematic error sources are
the polarization measurement (0.3%) and subtraction of backgrounds (which include the v
resonances) [41].

One also can interpret the results for vy as a determination of the running weak mixing
angle in the MS scheme, sin? f(u). The achievable precision is comparable to the combined
LEP+SLC precision, but at a lower scale u ~ 10 GeV, thus providing a non-trivial test of
the running of sin? 6(y).

Similarly, various low-energy precision experiments can determine the running weak
mixing angle at very small scales, i < 1 GeV, through measurements of parity violation in
fixed-target electron scattering and in atomic physics, see Ref. [42] for a brief overview.

On the other hand, new information on the running of sin? () at larger scales, 10 GeV <
i1 < 60 GeV will be accessible at the Electron-Ion Collider (EIC), using scattering of electron
and positron beams on proton and deuteron beams [43,44].

While ete™ colliders can deliver the best precision for many EWPOs, it is difficult to
disentangle individual couplings of gauge bosons to light quarks, due to the low sensitiv-
ity of tagging light-quark flavor and charge. Lepton-proton colliders are ideally suited to
overcome this difficulty. With the possibility of switching between e~ p and e*p runs and
with polarized et beams, it is possible to individually determine the vector and axial-vector
couplings of the Z-boson to light quarks (vg, a4, vy, a,) and simulaneously constrain the rel-
evant PDFs. This is achieved by measuring neutral-current deep-inelastic scattering (DIS),
etp — et + X, where photons and Z-bosons appear in the t-channel. The relatively con-
tribution of Z-boson increases with higher energies, so that a future high-energy ep collider
will have substantially higher sensitivity to these couplings than previous experiments.

Two proposals for such a collider utilize the proton beam from the LHC (called LHeC)
[45] or from FCC (called FCC-eh) [46], with center-of-mass energies of 1.3 TeV and 3.5 TeV,
respectively. By performing a simultaneous coupling and PDF fit, it was found the LHeC
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Figure 1: Projected precision for the Z-boson vector and axial-vector couplings to light
quarks at LHeC and FCC-eh, compared to the current precison from LEP, SLC, TeVatron
and HERA (figure taken from Ref. [48]). Here g{/ and gf; are rescaled versions of the

vector and axial-vector couplings introduced in egs. (2),(3): vy = g/(2cos6,) g{;, ap =
g/(2cosby) gf;.

can determineall for couplings (vg, ag, vy, a,) with O(%) precision [47], while the precision
can be improved by another factor 2-3 at FCC-eh [48], see Fig. 1.
— table?

A muon collider with center-of-mass energy /s ~ 91 GeV [49] could perform electroweak
measurements with a precision that greatly exceeds that currently available data from
LEP/SLC. More studies for electroweak physics at muon colliders would be important to
more thoroughly assess its potential.

2.4 Theory needs for the interpretation of Electroweak precision data

To fully exploit the potential of electroweak precision measurements to test the SM and
possible new physics effects, theory inputs are needed in multiple places:

e Most of the quantities in Tab. 3 are not real observables, but pseudo-observables. The
pseudo-observables are defined without backgrounds, initial-state radiation (ISR), the
impact of final-state QED/QCD radiation on distributions, and detector smearing and
acceptance effects. Various corrections factors and subtraction terms are needed to
translate real observables to pseudo-observables. While it is possible to extract some
of these terms with data-driven methods, theory input is needed in many instances,
either for calibration or because the data-driven methods do not capture all relevant
effects. The current state of the art are NLO results for the irreducible background
contributions, MC tools with full NLO and partial higher-order QED radiation, and
higher-order initial-state photon radiation in a leading-log approximation (see e.g.
Ref. [50] for a review). For the expected precision of future e*e™ Higgs factories, one
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EWPO Current Projected Current Projected param. error
uncertainties theory error | theory error || param. error | Scenario 1 | Scenario 2
Amy (MeV) 4 1 5 2.8 0.6
ATz (MeV) 0.4 0.1 0.5 0.3 0.1

Asin? 0% (x10°) 4.5 1.5 4.2 3.7 1.1
AA, (x10°) 32 11 30 25 7.5
SRy (x103) 6 1.5 6 3.2 1.3

Table 4: Impact of theory and parametric uncertainties on the prediction of a few selected
EWPOs (see Ref. [54]). For the theory errors, the uncertainty estimates from currently
available calculations are compared to the projected improvement when assuming the avail-
ability of N3LO corrections and leading N*LO corrections. For the parametric errors, cur-
rent uncertainties are compared to two future scenarios, see eq. (12).

more order of perturbation theory (NNLO) will likely be needed for the background
contribtions, and one or more orders of improvement are required for the simulation
of QED effects in MC tools, which may require novel frameworks for the architecture
of MC programs [51-53].

e For the interpretation of measured values of the pseudo-observables, they need to be
compared to precise predictions within the SM. For Z-pole EWPOs, full NNLO and
partial higher-order corrections are currently known, while NLO plus partial higher
orders are available for most other processes (such as ee™ — WW). The estimated
theory uncertainties are subdominant compared to current experimental accuracies,
but are significantly larger than the anticipated precision of future ete™ collider, cf.
Tabs. 1, 3, 4. The dominant missing contributions are 3-loop corrections with at least
one closed fermion loop’ and leading 4-loop corrections enhanced by powers of the
top Yukawa coupling [54]. It is not possible to provide a reliable projection for how
much the availability of these corrections would reduce the overall theory uncertainty,
but a very rough estimate has been attempted in Ref. [54], using a combination
of methods (extrapolation of the perturbation series, counting of known prefactors,
scheme comparisons). As shown in Tab. 4, these corrections will likely be needed to
match the precision of future eTe™ colliders (Tab. 3), and in some cases even higher
orders may be necessary. Fortunately, there is continuous progress in the development
of new calculational techniques for loop diagrams [55-58].

e Furthermore, as already mentioned above, SM theory predictions of EWPOs require
various SM parameters as inputs, most notably the top mass m; and Higgs mass
mpy, the strong coupling constant «g, and the shift of the fine structure constant,
Aca. While the latter has been discussed above on pages 5 and 10, information about
the other parameters can be found in Ref. [38] and the EF Higgs and TOPHF
reports [].

The impact of SM parameter uncertainties are illustrated in Tab. 4 for current results

fCorrections with fermion loops are enhanced due to the large top Yukawa coupling and the large fermion
multiplicity in the SM.
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for these parameters and two future scenarios:

Amy [GeV]  Ampyg [GeV] Amyz [MeV]  A(Ax) Ao
Current 0.6 0.17 2.1 1007 9x107*7 (12)
Scenario 1 0.3 0.02 0.8 107*  5x107*
Scenario 2 0.05 0.01 0.1 3x107% 2x10™*

Scenario 1 approximately corresponds to a Higgs factory with a Giga-Z Z-pole run and
no data taking at the ¢t threshold. Scenario is more similar to a Higgs factory with a
Tera-Z Z-pole run (FCC-ee, CEPC) and including ¢¢ threshold run. In particular, the
improvement in the m; precision is crucial for reducing the parametric uncertainties
in Scenario 2, to a level that is roughly comparable to the target precision for these
EWPOs shown in Tab. 3.

Note that the dependence of the predictions for I'y and Ry on «as are to a certain
extent circular, since these quantities would be used for the extraction of the strong
coupling constant at future ete™ colliders [38].

3 Multi-boson processes at high-energy colliders

The SM predicts the existence of multi-boson interactions, which give rise to final states
with two or three bosons. Anomalies in the rate and kinematic of these final states can
be indicative of new physics not currently described in the SM. Such anomalies can be
parametrized through modifications of the strength of form of the SM multi-boson vertices.
A newer approach consists in using EF'T operators of dimension six or above, where mea-
surements of multi-boson processes can be recast as direct determinations of the Wilson
coefficients of these operators.

It shall be noted that the sensitivity to BSM effects, or, in other terms, the upper limits
to the Wilson coefficients of new operators, scale with a power of the c.o.m. energy, thus
making multi-TeV colliders the ideal tools for studying these final states. At this time,
the most promising avenues for reaching multi-TeV energies are proton-proton colliders or
uwp~ colliders.

Di-boson final states can be produced directly through annihilation of the colliding
particles or partons, or indirectly through vector-boson fusion (VBF) / vector-boson scat-
tering (VBS) processes. These processes can give important clues about the origin of the
electroweak symmetry breaking, and whether the Higgs mechanism is the only source of
it. Hadron colliders also offer the possibility to study same-sign WW production through
VBS. Other interesting final states contain three bosons, such as WWW, or the as-of-yet
unobserved ZZZ. These final states can be produced via quartic-gauge couplings, and allow
one to unveil one of the ostensibly least known sector of the SM.

As noted above, discrepancies between the expected total and differential cross sections
for each of the multi-boson final states and their SM predictions can be studied with two
different approaches. A modification of the strength of the SM couplings constitute the
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premise of the searches for triple- and quartic-gauge-coupling anomalies (TGC and QGC,
respectively). The fundamental assumption is that there are no additional types of inter-
action among SM particles than the ones already included in the SM Lagrangian. The
adoption of EFT operators allows one to eliminate this constraint, and bestows the free-
dom to obtain a model-independent extension of the SM Lagrangian, under the assumption
that there are no additional fields. The SMEFT approach is described in more detail in
Section 4.1.

Plentiful experimental results with multi-boson final states are available. Both the
ATLAS and CMS collaborations have measured di-boson [59-67], tri-boson processes [68—
71], as well as VBF/VBS processes [72-82], which are characterized by a V'V jj final state.
Di-boson final states include W+ W, same-sign WEW=*, WZ, ZZ, Z~. Tri-boson final
states include Wr~y, Zyvy, WV~ (where V. =W, Z), and WVV' (where V,V' =W, Z).

Bounds on new physics have been determined in the language of anomalous gauge-
boson couplings (aGCs) [59, 6264, 67] and effective operators [60,64—66, 71, 78-81]. The
latter is theoretically preferred since it provides a consistent power counting and allows
one to implement theoretical consistency constraints. In these studies, only one or two
aGCs/operators are allowed to be non-zero at the same time, i.e., no full aGC/SMEFT
analysis has been performed.

The most up-to-date limits on gauge-coupling anomalies are available at Refs. [83,84].
Expected limits at the end of the HL-LHC and HE-LHC runs are reported in Refs. [85,86].

3.1 Theory studies on anomalous couplings

It is well know that diverging from the SM predictions of the TGC and QGC causes the
growth of scattering amplitudes, up to the point at which unitarity is lost. Various methods
have been implemented in TGC and QGC searches to enforce the conservation of unitarity,
and the consistency of the analyses. A study of the different methods employed by exper-
imental collaborations is presented, e.g., in Ref. [87]. A new direction of research toward
the imposition of constraints dictated by the necessity that SMEFT admits a UV com-
pletion is explored in Ref. [88]. The conventional approach to the derivation of positivity
bounds uses 2-to-2 scattering amplitudes, showing that one can obtain a set of linear ho-
mogeneous inequalities for the dim-8 Wilson coefficients. The limit of this technique is that
it requires one to consider scattering amplitudes between arbitrarily superimposed particle
states, which has not been done systematically. The new approach draws a connection
between the positivity bounds of EFT Wilson coefficients and the solution of a geometric
problem, i.e., finding the extremal rays of a spectrahedron, built from the crossing symme-
tries of an interaction amplitude. The bounds obtained with new method are compared to
the ones from the elastic positivity bounds and shown to be more stringent.

A review of the usage and potential pitfalls of SMEFT is presented in [89]. As indicated
before in this report, EFT is the leading tool employed to determine, in a model-independent
way (with certain symmetry assumptions), the impact of SM measurements on new physics.
Two energy regimes, in which SMEFT studies are currently performed, are identified and
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separately discussed: resonant and near-threshold processes at low energy; distribution
tails at high energy. In the former case, it is possible to show that the number of ways
in which SMEFT can contribute is finite; this allows to identify combinations of Wilson
coefficients as contributors to the process in question, and effectively obtain a resummation
of all orders in the SMEFT expansion that affect the process of interest. In the latter case,
it is not possible to consider the full EFT effect on a process, and one needs to cut the
expansion at dimension 6. As hinted above, one then must consider the effect of truncating
the expansion by neglecting higher-order operators, such as dim-8 ones, as well as the limits
of validity of the EFT approximation. The choice of a method to fit any model data is
also discussed. A global fit, where all measurements are considered on equal footing, is
ideal, but requires significant work to properly combine and compare the fit inputs. A
sequential fit is presented as a quicker alternative, in which intermediate fits are performed
by adding measurements divided in subsets, in order of decreasing precision. Directions for
future progress are summarized at the end of the paper, and involve studies of SMEFT at
higher order for on-shell and near-threshold observables, the adoption by experiments of an
error estimation scheme for high-energy observables, and the development of sequential fits
toward the definition of a fully-global fitting framework.

3.2 Multi-boson processes at future lepton colliders

While limited in energy reach compared to hadron colliders, lepton colliders with /s 2
1 TeV have advantages for measurement of vector-boson scattering (VBS), due to the well-
defined initial state, complete coverage of final states, and the possibility to separate spin,
isospin and CP quantum numbers. Particle flow algorithms enable very good particle ID
(to reduce photon-induced background) and W/Z discrimination from hadronic decays [90].

An eTe™ collider like ILC or CLIC can cover energies of a few TeV, while a muon collider
or more speculative proposals such as plasma wakefield accelerators can reach tens of TeV.
In the latter case, VBS can be described with good accuracy by factorizing the full process
W — VVIY into a V'V’ — V'V hard process and V' radiation in the initial state described
by electroweak PDFs [91,92].

Significant backgrounds arise from a number of processes (including T ¢~ — V'V without
VBS), but they can be reduced with suitable cuts or machine learning techniques, and they
also become less important relative to the signal process when going to higher values of
Vs [93-95]. However, the achievable constraints on SMEFT coefficients do not always
improve when increased center-of-mass energy [91].

Reference [91] presents a review of how electroweak vector boson fusion/scattering pro-
cesses become the dominant production modes of vector bosons as the center-of-mass energy
of a lepton collider enters the few-TeV range. The size and growth of VBF cross sections
for numerous SM and new physics processes are investigated. The key observation is that
s-channel production rates decrease, with collider energy, as 1/s, while VBF rates grow as
log s, eventually becoming the most dominant process.

A comprehensive review of VBS processes at current and future colliders is presented in
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Ref. [96]. This paper also discusses the importance of adopt the proper formalism to describe
initial-and final-state radiation (electroweak parton distribution functions, and resummation
of fragmentation functions, respectively). This latter topic is presented also in Ref. [97] for
lepton colliders (and similarly, in the scenario of a high-energy hadron collider, in Ref. [98],
which is discussed later). Multi-TeV lepton colliders are effectively weak-boson colliders,
which suggests that EW bosons should be treated as constituents of high-energy leptons.
The paper reviews the validity of W and Z parton distribution functions, investigates power-
law and logarithmic corrections that arise in the derivation of weak boson PDFs in the
collinear limit, and reports an implementation of the Effective W/Z and Weizséaker-Williams
approximations into the Monte Carlo generator MadGraph_aMC@LNQ. The key question is how
factorization and resummation work in the weak sector, and how it differs from QED and
perturbative QCD. This question is critically important, as in multi-TeV muon colliders,
and at 100 TeV hadron colliders, typical parton collisions satisfy the criteria for collinear
factorization of weak bosons. It will furthermore be important to extend the factorization
framework to higher orders (see e.g. Ref. [99]).

The future lepton colliders obviously offer the opportunity to investigate, in detail,
interesting experimental signatures. Three such studies are presented below, and touch two
specific aspects of lepton colliders: the precision study of Higgs physics, and the unique
advantage (high-energy, high-statistics, clean environment) offered by muon colliders as
weak-boson colliders.

Reference [100] reports a study of the Vh process that is relevant for both the HL-LHC
and future lepton colliders, in which the signal to background ratio is significantly higher
than at the LHC. The idea is to exploit the tree-level destructive interference between the W
and Z mediated processes that contribute to the production of a Higgs boson in association
with a vector boson via vector-boson fusion. The future lepton collider being considered is
the CLIC, at 1.5 TeV and 3 TeV center-of-mass energy. A particularly interesting aspect
of the analysis is the ability to check whether the Higgs couplings to W and Z, ks and
kz have the same sign; models in which they do not include scalars which have higher
isospin representations. It is important to note that tree-level processes, such as the Higgs
decay to ZZ* and WW* are sensitive to the absolute value of the ratio between the Higgs
couplings to Z and W bosons, denominated Ay z. The achievable sensitivity at a lepton
collider is shown in Fig. 2. It is reported that the point (kw,kz) = (1,—1) is excluded
at more than two standard deviation at the end of the HL-LHC run?, while 3.4 fb=! (14.1
fb~1) are enough at CLIC 3 TeV (1.5 TeV) to exclude that point at 95% CL against the
SM case.

Prospects for searches for anomalous quartic gauge couplings at a high-energy muon col-
lider are presented in Ref. [101]. A multi-TeV muon collider is effectively a high-luminosity
weak boson collider, and allows for the measurement, in a relatively clean environment, of
vector boson scattering processes. The study of W pair production, in association with two
muons or two neutrinos, is presented in the reference. Deviations of the proposed mea-

fNote that a more precise determination of the magnitude of kw,z can be achieved with a global fit of
HL-LHC measurements, but the discussion here focuses only on the direct determination of the sign of these
couplings.
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Figure 2: Left: 1- and 2-o sensitivity of the measurement to xky and kz at the HL-LHC.
Right: constraints in the ky — kz plane for the total rate measurement at CLIC. (figures
taken from Ref. [100]).

surements with respect to the SM predictions could indicate the presence of an anomalous
quartic gauge coupling. Figure 3 shows the distribution of the mass of the W pair in the
WWuvr and WWpp channels, including an example of a signal prediction for one illustrative
aQCG parameter. The limits on anomalous quartic gauge couplings that can be set with
a luminosity of 4/ab of muon collisions at a center-of-mass energy of 6 TeV are about two
orders of magnitude tighter than the current limits. It shall be noted that the effects of
beam-induced background have not been included in the analysis, and that the limits on
aQQGCs are set under the assumption that triple gauge couplings are not modified.

Muon colliders also offers the opportunity to study in detail the topic of unitarity restora-
tion, for example, by measuring longitudinally polarized vector boson scattering. It is shown
in Ref. [102] that such a study could surpass the end-of-life HL-LHC results in the ZZ chan-
nel. The study utilizes a Boosted Decision Tree and shows that, even with a conservative
estimation, a 5 standard deviation discovery of longitudinally polarized ZZ scattering can
be achieved with 3/ab of data collected at a 14 TeV muon collider. This results outperforms
the expected results of the end-of-life HL-LHC, which expects to have a sensitivity of about
2 standard deviations. The paper also reports the study of a 6 TeV muon-collider case, and
shows that its sensitivity is comparable to the HL-LHC one.

3.3 Multi-boson processes at future hadron colliders

Multi-TeV future hadron colliders provide a unique bench to explore the nature of EW
symmetry breaking, and its restoration as energies increase above the EW scale. The
most compelling direction of investigation entails the study of vector bosons produced in
association with a Higgs boson, or the longitudinal polarization of pair-produced vector
bosons. Both these lines of investigations are discussed below.

A discussion of the prospects for physics measurements in the at future hadron colliders
requires a suitable description of the physics in the high-energy regime. This is a is necessary
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Figure 3: Distribution of m(WW) in the WWwvr and WW pp channels, after event selection.
The dashed lines show the signal prediction for one illustrative aQGC parameter. (figure
taken from Ref. [101]).

step to correctly formulate predictions. Reference [98] discusses the definition of a consistent
theoretical treatment to describe the physics processes that take place in particle collisions
at high energy. In that regime, higher than the mass scale involved, all the SM particles,
including the gauge bosons, can be considered to be massless. Collinear splitting becomes
the dominant phenomenon. The proper description of parton distribution functions, initial
state radiations, final state radiations and fragmentation functions is needed. The focus of
the paper is the resummation of final-state radiation up to leading-log accuracy, and show
the effect of high-energy splitting at a 100 TeV collider. The formalism developed in the
paper is applicable also to the case of multi-TeV muon colliders.

As indicated earlier, the study of Higgs production in association with a vector boson
at a high-energy hadron collider offers a test stand to probe the restoration of EW symme-
try. Reference [103] presents a new test to study the restoration of EW symmetry at high
energy. The two colliders under consideration are the 14 TeV HL-LHC and the 27 TeV HE-
LHC. The main assumption of the analysis is that at those energies the EW vector bosons
become massless, and one can replace their longitudinal modes with the associated Gold-
stone bosons. The conclusion is that while the VV’ production is dominantly transversely
polarized, up to very high energies, the Vh channel is longitudinally dominated starting at
relatively low energies (e.g., at a c.o.m. energy of 14 TeV, the W boson is longitudinally
polarized in =~ 90% of the Wh events with a Higgs transverse momentum above 200 GeV).
Figure 4 demonstrates this effect, by showing the fraction of polarized gauge-boson produc-
tion as a function of the boson transverse momentum. It is ultimately demonstrated that
the EW restoration can be confirmed with a precision of 40% at the HL-LHC, and 6% at
the HE-LHC.

The second compelling direction of investigation previously identified is the study of
longitudinal polarization of pair-produced vector bosons. The sensitivity to longitudinal
vector boson scattering at a multi-TeV proton-proton collider, using same-sign WW pairs
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Figure 4: Ratio of transverse momentum distributions of polarized gauge boson production
to the total distribution summed over polarizations. (figures taken from Ref. [103]).

produced in association with two jets, is presented in Ref. [104]. Vector boson scattering
processes are important probes of the non-Abelian structure of electroweak interactions,
as the unitarity of the tree-level amplitude of the scattering of longitudinally polarized
gauge bosons could be restored at high energies by the Higgs boson. Extensions of the SM
introduce new resonances or modifications of the Higgs boson couplings that modify the
cross sections of processes involving the scattering of longitudinally polarized gauge bosons.
The same-sign WW state is of particular interest because the requirement of two same-sign
leptons in the final states greatly reduces the backgrounds from other SM processes. The
study reported in the paper assumes 30/ab collected at a center-of-mass energy of 27, 50,
and 100 TeV. The result of the analysis is that a cut-and-count method is sufficient to
measure with a relative precision of 39%, 22%, and 17% the fraction of the purely longitu-
dinal contribution to same-sign WWijj production, using the fully leptonic decay mode (at
a center-of-mass energy of 27, 50, and 100 TeV, respectively). The purely transverse and
mixed longitudinal-transverse contributions are measured with a relative precision of 2%
and 4%, respectively, at 100 TeV. Figure 5 shows the distribution of the signal and back-
ground components, as a function of the pseudorapidity difference between the two jets. As
expected, the signal-to-background ratio is higher at a large pseudorapidity difference.

4 Global fits of new physics

Assuming new physics scales are significantly higher than the EW scale, Effective Field
Theories (EFT) provide a model-independent prescription that allows us to put generic
constraints on new physics and to study and combine large sets of experimental data in
a systematically improvable quantum field theory approach. All new physics effects are
represented by a set of higher dimensional operators which consist of only the SM fields
and respect the SM gauge symmetries. Depending on whether the SM SU(2)xU(1) sym-
metries are realized linearly or nonlinearly, there are two classes of formalism popular for
studying EW physics at colliders, respectively the Standard Model Effective Field Theory
(SMEFT) [105,106] or the Higgs Effective Field Theory (HEFT) [107,108]; see [109] for a
pedagogical review. The EFT approach has some features that are of particular interest for
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Figure 5: The distribution of events as a function of An(jj), the pseudorapidity difference
between the two leading jets, after full event selection, for /s = 100 TeV (figure taken from
Ref. [104])).

studying precision EW physics, for instance: it provides a well-defined theoretical frame-
work that enables the inclusion of radiative corrections for both the SM and BSM parts;
and the synergies between different precision EW measurements can be explored globally so
that a comprehensive picture of the constraints on new physics can be drawn. However, the
EFT approach also has some practical limitations since it has in principle an infinite num-
ber of degrees of freedoms, and it is only an adequate description if the new physics scales
are larger than the experimentally reachable energies. In a realistic global EFT fit, various
flavor assumptions and truncations to the lowest order of relevant operators often have to
be applied. The HEFT allows considerably more parameter freedom than the SMEFT. A
subset of BSM physics that couples only to SM gauge bosons can also be represented by
the so-called oblique parameters [110,111]. Two of the oblique parameters (S and 7T') are
directly related to dimension-6 SMEFT operators, while the U parameter corresponds to a
dimension-8 operator.

Most of the global EFT fits are currently performed based on the SMEFT, which will also
be the focus here. The up-to-date global SMEFT fit at future colliders has been performed
for the European Study Group (ESG), which combines measurements of EWPOs, Higgs
production and decay rates at LHC and future colliders, and ete™ — WW [36]. The
results of global EFT fit may give important implications for proposals of future colliders
which otherwise would not get recognized. Just to name two examples from ESG: Z-pole
and WW runs at circular eTe™ colliders can help improve significantly the Higgs coupling
precisions with respect to what can be obtained using only ZH runs; beam polarizations
at linear ete™ colliders can play special roles that help lift degeneracies of different new
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physics effects, as a result of which similar Higgs coupling precisions can be achieved at
linear eTe~ with less integrated luminosity compared to circular ete™.

For Snowmass 2021, the global EFT fit for ESG has been extended in a few direc-
tions [112]: consistent implementation of full EFT treatment in eTe™ — WW using opti-
mal observables; new inclusion of a large set of 4-fermion operators; more complete set of
operators that are related to top-quark. The projections of the uncertainties of required
input observables are provided by EF01 for Higgs related observables, EF03 for top-quark
related observables, EF04 for W/Z related observables, and Rare Process and Precision
Frontier (RF) for a set of low-energy measurements. references to their reports? The
projections for various future eTe™ colliders are made to be as consistent as possible, for in-
stance: by applying common systematic errors as explained in Section 2.2; by extrapolating
from one collider to another whenever there is any important missing input. More details
about the considerations of inputs can be found in [112]. The global fits are performed
with respect to various running scenarios for each collider. The results of global fits are
provided as bounds on the Wilson coefficients as well as uncertainties of effective H/Z/W
couplings. The intrinsic theory errors of the SM predictions of observables are not included
in the global fits by defaults, however their impacts are evaluated in a few examples. [The
parametric theory errors of which the prospects are known rather clearly are going to be
included in the default fits: for instance from uncertainties on Higgs mass, top mass, strong
couplings, etc]. The computation of EFT contributions to various observables is done at
tree level only except for the loop contribution from the triple Higgs coupling in the single
Higgs processes.

4.1 Framework and scope

The SMEFT takes a form of Effective Lagrangian from the SM part up to dimension-4
operators plus an infinite tower of higher-dimensional (d > 4) operators (O%) which respect
Lorentz and the SM gauge symmetries and are suppressed by the corresponding inverse
powers of the cut-off scale A,

Lovmrr = Lov + > Y Ad
d=5 i

o\, (13)
The information of new physics is encoded in the serial of Wilson Coefficients C’i(d). The
number of non-redundant operators for d = 5,6,7,8 is known [105, 106, 113-118]. The
operators considered in the global fits here are restricted to be dimension-6 (d = 6) and
to preserve baryon and lepton numbers. A complete basis of such operators contains 2499
operators without flavor assumptions. It reduces to 84 if only one generation of fermions
are considered, and further to 59 if only for CP-even operators. Three main global fits,
namely Fit-1/2/3, are performed for Snowmass 2021 focusing on EW physics at future
colliders, each done for a subset of operators. Independent operators for more than one
generation of fermions are considered, with a general assumption that the flavor structure
is diagonal for simplicity. Lepton-flavor universality is completely relaxed. The operators
for the 3"d-generation of quarks are always included manifestly, while universality for the
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Figure 6: The contribution from the same operator Cy. (defined in the text) in three
different processes: double Higgs production (left), single Higgs production (middle) and
Z-pole production (right).

15t~ and 2"-generation of quarks is assumed in Fit-1. While the three main fits are focused
on CP-even operators, another fit is carried out for pure bosonic CP-odd operators which
involve only 4 operators. When the bounds on Wilson Coeflicients are given, the formats
of the original Warsaw basis [106] are followed. More details can be found in [112].

Fit-1 is mainly focused on: the interplay among measurements for Higgs production and
decay rate, EWPOs and di-boson processes; the roles played by energy, luminosity and beam
polarizations; and the synergy between LHC and future lepton colliders. There are around
20 operators that contribute to those measurements, a complete set given the assumptions
as mentioned above included in the global fit. Here just take one of the operators as an ex-
ample to illustrate why those measurements are inherently related: C/'\"’; (qﬁTiBM(Z))(ERv”e R)-
As sketched in Fig. 6, this operator will directly generate a five-point interaction that con-
tributes to eTe™ — ZHH. By replacing the Higgs field by v, it will then generate a
four-point interaction that contributes to ete™ — ZH which is one of the leading Higgs
production channels. Going further replacing the other Higgs field by v, it will result in a
vertex correction to Z pole observables. This brings the interplay between Higgs measure-
ments and EWPOs at Z-pole which together will provide advantage in probing the effects
from new physics.

Fit-1 results are given mainly in terms of effective couplings [36,119] which are defined

by pseudo-observables and thus are independent of the operator basis one would have chosen

for the fit. The Higgs effective couplings (g5,?) are defined as

r

ffo__ LH—>X

g%XQZFSh; ) (14)
H—X

where Ty, x is the decay partial width of H — X% The electroweak effective couplings,
g{ and gé for each fermion f, are defined essentially same from the decay partial widths
of Z — frf; and Z — frfgr where fr, and fr are respectively the left- and right-handed

fermion.

Fit-2 is focused on probing 4-fermion interactions which are present in many BSM models
with new gauge bosons that couple to the SM fermions. The framework is based on the study

$Each Higgs effective coupling assembles a & in the k-formalism.
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in [120] and goes beyond by including measurements at future colliders. It involves both 4-
fermion operators and 2-fermion operators that modify W /Z vertices, around 60 parameters
in total. While the vertex part has significant overlap with Fit-1, Fit-2 extends the scope
by relaxing the universality assumption that was imposed in Fit-1 for the first and second
generation quarks. Essentially Fit-2 doesn’t need to apply any flavor assumption except
focusing only on the diagonal part. The effects of 4-fermion operators grow quadratically
as energy increases thus this global fit can provide a very good measure to the merit from
running at high energies at future colliders. There are degeneracies which can only be
lift by low-energy measurements thus this fit is also a place to study the synergy between
future colliders and low-energy experiments. The renormalization group evolution of the
relevant operators at different scales are properly taken into account. The results from
Fit-2 are presented in terms of 1-0 bounds directly on the Wilson Coefficients of 4-fermion
operators as well as the precision on electroweak effective couplings. Fit-2 results can also
be interpreted in terms of the bounds on Oy and Osp operators (defined in [121])Y which
correspond to the oblique parameters W and Y [122].

Top-quark sector has essentially been excluded in the scope of Fit-1 and Fit-2. Fit-3
is thus focused on top-quark electroweak couplings and eett 4-fermion operators, a global
fit restricted to around 20 operators that are directly related to top-quark or the third
generation quarks. Top-quark has not yet been directly produced at any lepton colliders
thus the top-quark measurements at hadron colliders play an essential role. Fit-3 provides
another place to study the synergy between HL-LHC and future lepton colliders where top-
quark can be directly produced. There have already been global SMEFT fits to current
data including the interplay between the top-quark sector and Higgs/EW sector [123,123].
The interplay may become more subtle when the loop effects from top-quark operators in
the Higgs/EW observables are included [124-126]. The scope of Fit-3 for Snowmass 2021
focusing on future colliders is much more restricted since technically not all ingredients
that are needed for such a combined top-quark/Higgs/EW fit are ready. Nevertheless the
interplay related to top-Yukawa coupling is studied.

[Technical realization: HEPfit; simple x? minimization by Mathematica and C++; TBD)]

4.2 Collider scenarios and observables

e Summary of colliders and run scenarios; Tab. 2 + HL-LHC 4+ muC + ...

e List of inputs from EW prec., Higgs, top, 4-fermion sectors

The colliders scenarios that are considered in the global fits include the HL-LHC and
future eTe™ colliders as shown in Tab. 2. In addition, future muon colliders are also included
in Fit-1 with three scenarios: 10 ab™! at 10 TeV; 1 ab~! at 3 TeV; 10 ab—! at 10 TeV plus
20 ~'fb at 125 GeV. No muon collider scenarios have been considered for Fit-2 and Fit-3,

1Using the equations of motion, these operators lead to charged and neutral current four-fermion contact
interactions of universal type.
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partly due to a lack of suitable studies of input observablesl The projected uncertainties of
various input observables are mainly from the corresponding collider collaborations [15-22,
24,128-130]. The list of input observables in each fit is too lengthy to be included in this
report. We will show here only a few typical examples. The complete list and details can
be found in [112].

The input observables for Fit-1 include: EWPOs as shown in Tab. 3; Higgs production
and decay rates, as shown partially in Tab. 5 for HL-LHC and Tab. 6 for FCC-ee and
CEPC**; optimal observables in ete™ — WTW~ [131]. The input observables for Fit-2
include: EWPOs; cross section and forward-backward asymmetry in ete™ — ff off the
Z-pole; low-energy observables as shown in Tab. 7. Fit-3 includes the following observables:
cross section or differential cross section in top-quark pair production, single top-quark
production, top-quark pair production associated with a Z boson or a photon at (HL-
YLHC; cross section and forward-backward asymmetry in ete™ — bb; optimal observables
in eTe™ — tf — bW bW~ [132]; cross section of eTe™ — ttH.

It is important to ensure the consistency among inputs provided by different collider
collaborations. One example about common systematic errors in A, measurements has been
elaborated in Section 2.2. Another example is shown in Tab. 6: we can compare the direct
inputs by one collaboration with extrapolated inputs from another collaboration, illustrated
for FCC-ee240 direct inputs and ILC extrapolations (numbers in brackets) in the second
column; though BR,z input was missing, not directly provided by FCC collaboration, the
extrapolated projection is included in the global fit since this observable turns out to play
a sensitive role. More examples about the care that was taken to ensure consistency on
inputs can be found in [112].

4.3 Results

e Key plots showing the reach of different colliders/scenarios for the full list of Wilson
coefficients

e Some example plots for important correlations?

e Results for constrained new physics scenario (e.g. composite Higgs), which implies
relations between Wilson coefficients?

e Discussion of key findings (e.g. advantage of energy reach vs. precision, impact of
missing observables, impact of theory assumptions, ...)

The preliminary results of each global fit are shown in Fig. 7 for electroweak and Higgs
effective couplings in Fit-1, Fig. 12-14 for 4-fermion operators in Fit-2, and Fig. 9-11 for top-
quark operators in Fit-3. Exact definition of each parameter or Wilson coefficient shown in

IHowever, a study of the sensitivity of muon colliders to new 4-fermion interactions was performed in

Ref. [127] in the framework of the W/Y parameters, which is more constrained than the SMEFT framework.

**There are many more tables for Higgs inputs at other energies and other colliders in [112] which are
note explicitly listed here for conciseness.
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HL-LHC 3ab~! ATLAS +CMS

Prod. ggH VBF | WH | ZH | ttH
O' - - - - -
o X BRyy, 19.1 - 83 | 4.6 | 10.2
o X BR. - - - - -
o X BRy, - -

o X BRzz 2.5 9.5 |32.1 583|152
o X BRww 2.5 5.5 9.9 | 12.8 | 6.6
o X BR,, 4.5 3.9 - - 10.2
o x BR,, 2.5 7.9 9.9 | 13.2 ] 5.9
oxBR,z 24.4 51.2 - - -
oxBR,, | 111 |307| - | - | -
o X BRZ‘m}. - 2.5 - - -
Ampg 30 MeV - - - -

Table 5: Projected uncertainties of Higgs observables at HL-LHC for the leading five pro-
duction channels and various decay modes: numbers by default in %.

FCCee240 5ab~! [ CEPC240 20ab~!

Prod. ZH vvH ZH vvH
o 0.5(0.537) - 0.26 -

o X BRy, | 0.3(0.380) | 3.1(2.78) | 0.14 1.59
o X BR.. 2.2(2.08) - 2.02 -
o X BRy, 1.9(1.75) - 0.81 -
0 X BRzz | 4.4(4.49) - 4.17 -
o X BRyw | 1.2(1.16) - 0.53 -
o X BR.; | 0.9(0.822) - 0.42 -
o X BR,, 9(8.47) - 3.02 -
o X BR,z (17*) - 8.5 -
o X BR,, 19(17.9) - 6.36 -
0 X BRipy. | 0.3(0.226) - 0.07 -

Table 6: Projected uncertainties of Higgs observables at FCCee240 and CEPC240 in the
two leading production channels and various decay modes: numbers by default in %. The
numbers in brackets are extrapolated from the projections at ILC250.

27



785

786

787

788

789

790

791

792

793

794

795

796

797

798

800

801

802

803

804

805

Process Observable Experimental value Ref. SM prediction
i E
o _ P —0.035 £ 0.017 P, —0.0396 [134]
V', —e” scattering goe —0.503 + 0.017 CHARMLIT [133] —0.5064 [134]
G, 0 3
7 decay g;r 10029+ 0.0046 PDG2014 [135] 1
N 0.981£0.018
F
R, 0.3093 £ 0.0031 0.3156 [136]
(" ) Y =0.45 B
Ry, 0.390 £ 0.014 CHARM (r = 0.456) [136] 0.370 [136]
T Ry, 0.3072 % 0.0033 TS (0 0 1 0.3091 [137]
Neutrino scattering Ry, 0.382 + 0.016 CDHS (r = 0.393) [137] 0.380 [137]
K 0.5820 + 0.0041 CCFR [138] 0.5830 [138]
R,.7. 0.40670 132 CHARM [139] 0.33 [140]

(s%/_)Mchr

0.2397 £ 0.0013

SLAC-E158 [141]

0.2381 + 0.0006 [142]

Q% (55,78) —72.62+0.43 PDG2016 [140] —73.25 £ 0.02 [140]
D (1,0) 0.064 £ 0.012 QWEAK [143] 0.0708 £ 0.0003 [140]
Ay (—91.1+£4.3) x 107 ) (—87.7£0.7) x 1079 [144]
Parity-violating scattering Ay (~160.8 4 7.1) x 106 PVDIS [144] (—158.9 £ 1.0) x 1079 [144]

g, — ged —0.042 £ 0.057 SAMPLE (,/Q2 = 200 MeV) [145] -0.0360 [140]
va T Iva —0.12 4 0.074 SAMPLE (,/Q2? = 125 MeV) [145] 0.0265 [140]

—(1.47£0.42) x 107TGeV 2

SPS (A = 0.81) [146]

—1.56 x 10 T GeV 2 [146]

bsps —(1.74 4 0.81) x 107 GeV—2 SPS (A = 0.66) [146] —1.57 x 107 GeV~2 [146]
- Pr 0.012 % 0.058 0.028 [147]
7 polarization Ap 0.029 + 0.057 VENUS [147] 0.021 [147]
Neutrino trident production | &y (v,v* = vuu®u”) 0.82+0.28 CCFR [148-150]
dr — uglve(y) 6(},&%‘5,177‘ See text [151] 0

Table 7: Low-energy observables included in Fit-2.

the plots can be found in [112]. Following are a few brief observations from the preliminary
results. [to be continued]

e Electroweak effective couplings can be improved by a few orders of magnitude at future

ete™

colliders over current precision or HL-LHC, with better precisions at circular

ete™ than at linear ones.

The precision of many Higgs effective couplings can reach 1% or below at future ete™,
where qualitative improvements over HL-LHC are expected when Higgs total width is
assumed to be a free parameter. When Higgs total width is constrained (not allowing
any exotic decay), muon colliders can offer comparable precision with respect to e™e™
without the need of running at 125 GeV, typically a factor of 2-10 improvement over
HL-LHC.

There are synergies on Higgs rare decays as well as top-Yukawa couplings between
HL-LHC and future lepton colliders which play an important role in the global fits.

The reach on 4-fermion interactions is significantly better at linear e™e™ than circular
ones not only because of higher collision energies but also polarized beams which help
lift degeneracies.

Z-pole and WW-threshold measurements play a important role at circular eTe™ for
the Higgs coupling determination, offering about a factor of 2 improvement in the
global fits. The precision for HZZ or HWW at a 10 TeV muon collider can gain a
factor of 2 improvement if much better EWPOs were available. Both are supported
in Fig. 8
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806 e The degeneracies in eett contact interactions can not be lift without running at two
807 different energies above tt threshold.
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precision reach on effective couplings from SMEFT global fit

W HL-LHC S2 + LEP/SLD B CEPC Z400/WW/240GeV,o M CLIC 380GeV, W MuC 3TeV
in all lepton collider scenarios) | il CEPC +360GeV, M ILC +350GeV, ,+500GeV, | M CLIC +1.5TeV,s B MuC 10TeV 4o
Free H Width | / M ILC +1TeVy VwiGiga-Z | Il CLIC +3TeVs Ml MuC 125GeV; g,+10TeV 49

" no H exotic decay C D subscripts denote luminosity in ab-', Z & WW denote Z-pole & WW threshold
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Figure 7: Precision reach on Higgs and electroweak effective couplings from a SMEFT
global analysis of the Higgs and EW measurements at various future colliders. The wide
(narrow) bars correspond to the results from the constrained-I'y (free-I'fy) fit. The HL-
LHC and LEP/SLD measurements are combined with all lepton collider scenarios. For ete™
colliders, the high energy runs are always combined with the low energy ones. For the ILC
scenarios, the (upper edge of the) triangle mark shows the results for which a Giga-Z run
is also included. For the muon collider, 3 separate scenarios are considered. The subscripts
in the collider scenarios denote the corresponding integrated luminosity of the run in ab™!.
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[{Ratios, real EW / perfect EW __ (no H exotic decay) | T : CEPC/FCC—-ee without Z-pole | 10

1.5F L 15
it JT , 1

‘59EIZ 59Y¢VW 6g,z.,y Zb 095 oy 69, 7 oKy

Figure 8: Ratios of the measurement precision (shown in Figure 7) to the one assuming
perfect EW measurements (Z pole + W mass/width) in the constrained-I'y fit. Results
are only shown for Higgs couplings and aTGCs with ratios significantly larger than one.
For CEPC/FCC-ee, we also show (with the thin bars) the results without their Z-pole
measurements.

30



95% Interval (TeV~2)

102

IFHK\ BEN LHCRun 2 + Tevatron + LEP  EE +HL-LHC S2
-
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Operator Coefficients

Figure 9: The 95% probability bounds on the Wilson coefficients for dimension-six operators
that affect the top-quark production and decay measurements after run 2 of the LHC (in
dark red) and prospects for the bounds expected after completion of the complete LHC
program, including the high-luminosity stage (in light red). The individual bounds obtained
from a single-parameter fit are shown as solid bars, while the global or marginalised bounds
obtained fitting all Wilson coefficients at once are indicated by the full bars (shaded region
in each bar).
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Figure 10: Comparison of current LHC constraints with HL-LHC ones, and those deriving
from ILC runs at 250, 500 and 1000 GeV. The limits on the ¢gtt and Cyg coefficients are
not shown, since the e™e™ collider measurements considered are not sensitive to them, but
all operators are included in the global fit. The improvement expected from the HL-LHC
on these coefficients is shown in Fig. 9. The additional bar included for C, in light green
shows the effect on this operator of ILC working at 550 GeV. The solid bars provide the
individual limits of the single-parameter fit and the shaded ones the marginalised limits of

the global fit.
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Figure 11: Comparison of the constraints expected from a combination of HL-LHC and
lepton collider data. The limits on the ¢gtt and C;g coefficients are not shown, since
the eTe™ collider measurements considered are not sensitive to them, but all operators are
included in the global fit. The improvement expected from the HL-LHC on these coefficients
is shown in Fig. 9. The solid bars provide the individual limits of the single-parameter fit
and the shaded ones the marginalised limits of the global fit.
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Figure 12: Precision reach on the 4-fermion operators and electroweak effective couplings
from a SMEFT global fit at various future lepton colliders. The "LEP+SLC+SLD” rep-
resents current measurements which are always combined in the future collider scenarios.
The horizontal white line for ILC suggests the global fit results when the pole observables
from its Giga-Z option are included.
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Figure 13: Figure 12 continued.
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Figure 14: Figure 13 continued.
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5 Conclusions

Some preliminary ideas, not polished yet:

For “canonical” electroweak precision measurements (Z-pole, WW threshold), circu-
lar eTe™ colliders (FCC-ee, CEPC) have in general a higher sensitivity than linear
colliders (ILC, CLiC) due to the high luminosity at center-of-mass energies below
200 GeV. Beam polarization at the linear colliders improves their sensitivity and can
help to control systematics. In particular, for a linear collider run on the Z pole,
beam polarization would enable measurements of the asymmetry parameters A; with
a precision that is only a factor of a few worse than for circular colliders, in spite of
several orders of magnitude larger statistics for Z-pole physics at circular colliders.

At center-of-mass energies /s < 160 GeV, the beam energy can be precisely calibrated
using resonant depolarization at circular ete™ colliders, thus enabling very precise
determinations of Z and W masses and widths. Linear colliders need a physical mass
for energy calibration, which could be the Z mass (with 25 ppm precision from LEP) or
possibly hadron (kaon and A) masses. Using the latter may put an energy calibration
with 2ppm precision within reach, but requires further investigation.

For many of the most precisely measurable precision observables at linear colliders,
the most significant source of experimental systematics stems from the polarization
calibration. For the circular colliders, on the other hand, modeling uncertainties for
hadronic final states appear to be the dominant systematic error source.

All ete™ Higgs factory colliders are similarly affected by a class of systematic uncer-
tainties due to QCD and hadronization modeling, in particular for heavy-flavor final
states.

At any proposed ete™ collider it will be possible to measure the W mass with a pre-
cision of a few MeV or even better, thus conclusively resolving the recent discrepancy
among different W mass determinations at hadron colliders [8].

Experiments at lower-energy e*e™ colliders, lepton-proton or lepton-ion colliders, or
neutrino scattering facilities can deliver complementary information about electroweak
quantities, such as the running electroweak mixing angle at low scales, or the separate
determination of up- and down-quark electroweak couplings.

High-energy lepton colliders (eTe™ or utu~ with /s > 1TeV) are effectively bo-
son colliders. The total cross-section for many production processes is dominated
by VBF/VBS-type contributions. However, for studies of BSM effects at very high
invariant masses, non-VBF' processes become typically more dominant.

At multi-TeV lepton colliders, multiple electroweak gauge-boson production is ubiqui-
tous, and new theoretical tools are needed for calculating and simulating these effects.

Hadron colliders and lepton colliders offer complementary information about potential
new BSM physics: Measurements of EWPOs at future Higgs factories offer indirect
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sensitivity to heavy new physics at scales of several TeV, which in many cases substan-
tially exceeds the reach of LHC / HL-LHC. Furthermore, they have unique sensitivity
to very weakly coupled new particles with smaller masses. A hadron collider with
100 TeV center-of-mass energy, on the other hand, is able to directly produce new
particles in the parameter space covered by indirect EWPO tests for most BSM sce-
narios (see BSM report for more information). However, multi-TeV ete™ or
™ colliders, while having lower statistical power than a 100-TeV pp collider, can
have an advantage for certain multi-boson studies due to the well-defined initial state
and clean event signatures. The specific benefits of hadron and lepton colliders de-
pend on the type of BSM physics, and thus a combination of both collider types is
needed for the broadest coverage of new physics scenarios.

Assuming that any new particles are heavy, a model-independent parametrization of
the new-physics reach of different colliders is given by the SMEFT framework, where
the SM is extended by dimension-6 operators. Several subsets of such dimension-
6 operators have been investigated in a set of global fits across a large number of
observables: (a) operators contributing to electroweak gauge-boson interactions; (b)
operators contributing to Higgs interactions; (c¢) operators contrbuting to top-quark
interactions; and (d) operators contributing to four-fermion contact interactions.

Generally, future lepton colliders have a better reach for many of the aforementioned
operators then the HL-LHC. Circular eTe™ colliders have the best sensitivity to elec-
troweak operators, due to the large statistical precision of Z pole and WW threshold
measurements. All lepton colliders are comparable in their reach for Higgs opera-
tors, although a multi-TeV muon collider cannot constrain exotic Higgs decays in a
model-independent way. Top-quark and four-fermion operators are best constrained
at machines with /s > 500 GeV, and measurements at at least two values of /s are
crucial for breaking degeneracies.

Low-energy measurements are needed to close the fit for four-fermion operators.

At this point, not enough information was available to include pp colliders
beyond the LHC (such as HE-LHC or a 100-TeV collider) in the global fit.
It is likely that these machines have superior sensitivity to many energy-
dependent operators, such as 4-fermion operators involving quarks and
several operators that mediate multi-boson interactions.
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