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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 [1-4]) 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 [5], so that high precision is crucial for probing large energy scales. The
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achievable precision of an experiment is determined by the statistics of the collected data
sample, the experimental and theoretical systematic uncertainties, and their correlations.

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 functions and other 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.

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
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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
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.

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 exten-
sions of the SM, including new gauge interactions, extended Higgs sectors, composite Higgs
scenarios, vector-like fermion fields, etc. (e.g., see section 10 of Ref. [6] for an overview).

2.1 Current status of electroweak precision tests

An important class of electroweak precision measurements focuses on fermion-pair produc-
tion processes, eTe™ — ff and pp — ¢1¢~. 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 . _ — chs

(1= PP )[Gi(1+c§) + 2G5 co] + (Py — P_)[Hi(1 + cj) + 2H3 cq]

X
(s —m3)? + 52T /m3

where

G1 = (v? + ag)(v]% + a?), G3 = 4veacvyay, (2)
H, = 2veae(v]2c + a?), Hjy = 2(v2 + a2)vray, (3)

where vy and ay are the effective vector and axial-vector couplings of the Z-boson to the
fermion type f, respectively, N/ =1 (3) for leptons (quarks), and P, ,_ is the degree of
longitudinal 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 widths can also be expressed in terms of these effective
couplings,

Nf
_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

Tha
Fq (g=b,c), R,= lﬁd(gze,w), (6)
had ?

op.q = oleTe” — had.] R, =

s=m%>
where “had” refers to all hadronic final states (i.e., the sum over u,d, c, 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 7 leptons (for f = 7),
and the left-right asymmetry (for a polarized electron beam):

— 3
AFBEM%ZAeAf,

OF + 0B 2ura

(Pr) = A, Ap= 5l (7)
oL — op Uf+af

Apg = 208 5 4,

oL+ O0R

Here op and op refer to the cross section for only positive and negative values of cos#,
respectively; whereas o and o 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

sin? 0/ =1<1 ”f>. (8)

ay

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 [13] has not yet been included in the global average [6].

* 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 [6], and expected improvements from the HL-LHC [14]. 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, Gp. The latter is a key ingredient for predicting my, in the
SM, based on the relation

Gr T

— = (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 [6], 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 [7], 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. [8-10] or from lattice QCD simulations [11,12]
using a dispersive approach. The data-driven methods are currently more precise, with an
uncertainty for Aayp,q of about 10~ [8-10].

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 [8]. 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 results
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stem from measurements at the ete™ colliders LEP and SLC, but the hadron colliders
TeVatron and LHC contribute important results for sin® 0£ﬁ, 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, u). The
measurement precision is mostly limited by uncertainties of the parton distribution functions
(PDFs), but the PDFs can be constrained simultaneously 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 [15]. It is
estimated that the total uncertainty of sin #%; can be reduced below 10~% at HL-LHC [14].

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 [14].

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 [16-18],
as well as resummation for low pr (e.g., see Ref. [19] 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 [20-22], CLIC [23,24], FCC-ee [25,26], and
CEPC [27-29]. Table 2 summarizes the run scenarios considered for these colliders within
the Snowmass 2021 study. The 50 MW upgrade of CEPC [29] is assumed for all quantitative
analyses throughout this document. The recent Cool Copper Collider (C?) [30,31] proposal
has parameters very similar to ILC and will not be discussed separately in what follows.

The linear collider projects ILC and CLIC feature polarized electron beams (and also a
polarized positron beam in the case of ILC). T'wo 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 [32].] 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(10'2) 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.

*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. Also see section XX in main EF report.

Instead, precision studies of the Z boson are possible through the radiative return method,
i.e., by producing Z bosons together with one or more initial-state photons, eTe™ — Z +n-.
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 [27,33-35] 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.
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For branching ratios of heavy-quark (b and c) final states, the tagging efficiency can be
controlled in situ by comparing single and double tag rates. However, the simple scaling
€2tag = (eltag)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 [36], leading to relative uncertainties of 0.2 x 1073 for R and 1 x 103
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 (cg). 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. [37], 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 1074 (see Tab. 9 in Ref. [37]). With future work on QCD calculations this can likely
be reduced to the level of 1 x 104, In addition, one needs to consider non-perturbative
hadronization and showering uncertainties (see also Ref. [38]). 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. [37]), this leads to an estimated relative
error of 2 x 1074, Combining perturbative and non-perturbative uncertainties, the total
absolute error due to QCD effects amounts to 2.1 x 10~ for A4, 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 myy of two fermions from Z — ff.m #f can be recon-
structed using the polar angles of the fermions [39], 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 [40].

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% [22,23]. However, as demonstrated in Ref. [41], the
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impact of the polarization uncertainty can be further reduced by treating the polarization
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 Apgr
(see Ref. [42] for a full simulation study), while A for other fermion types (f = u, 7, b, c) can
be obtained from the left-right-forward-backward asymmetry for the process ete™ — ff,

OLF —0LB —ORrF +ORp _ 3

A = ~-A 10
HRLED oL +oLp+orr+orp 4 ! (10)

The polarization calibration leads to a relative systematic uncertainty of 3 x 10~*. 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% [22].

Measurements of ete™ — WTW ™ 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 [22]: (1)
constrained reconstruction of qqfv events; (2) di-jet invariant mass for semi-leptonic and
all-hadronic final states; (3) endpoints of the lepton energy spectrum for di-lepton (¢vfv)
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 [22]. The systematic uncertainty was estimated in the Snowmass
2013 study with 2.4 MeV [43], 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 [33].

Experimental systematic for circular colliders: The beam energy at circular colliders
can be controlled with high accuracy using resonant depolarization, leading to an 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
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polarization in ete™ — 7777,

(Pr)r = (Pr)p ~ 3 A, . (11)
<P7—> F+ <P7—> B 4

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,

(PrrB) =

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 [36], leading to uncertainty of 2 x 1074

The measurement of the total peak cross-section, Jﬁad, is limited by the luminosity
calibration. Using low-angle Bhabha events, a 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 «,, which enters through final-state radiative
corrections in I'paq. Given that Ry is a highly inclusive quantity, this determination of «s
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. Similar considerations
apply to the determination of ay from the leptonic branching fraction of W bosons. For
more information about future determinations of aj, see Ref. [46].

As mentioned in the previous subsection, the shift Aa between the a(myz) and «(0)
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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 (<105 7100 11 (45 | IS s 1T 07 (@) 1 15() | 6015 ]
AA, (x10°) 1500* | 82 (4.5) 3 (8) 2.3 (2.2) 3.0 (1.8) | 390 (14)
AA; (x109) 400* 86 (4.5) 3(8) 0.5 (20) 1.2 (20) 550 (14)
AAy (x109) 2000* | 53 (35) 9 (50) 2.4 (21) 3 (21) 360 (92)
AA. (x10°) 2700* | 140 (25) 20 (37) 20 (15) 6 (30) 190 (67)
L Add (b)) | ¢ 0.035 (4) | 0.05(2) | 37
dR. (x10%) 24* | 0.5 (1.0) | 0.2 (0.5) 0.004 (0.3) 0.003 (0.2) | 2.5 (1.0)
SR, (x10°) 1.6* | 0.5(1.0) | 0.2(0.2) 0.003 (0.05) 0.003 (0.1) | 2.5 (1.0)
SR, (x10%) 2.2 0.6 (1.0) | 0.2 (0.4) 0.003 (0.1) 0.003 (0.1) | 3.3 (5.0)
SRy (x10%) 3.1* | 04 (1.0) | 0.04 (0.7) | 0.0014 (< 0.3) | 0.005 (0.2) | 1.5(1.0)
SR.(x10%) 17 0.6 (5.0) | 0.2 (3.0) 0.015 (1.5) 0.02 (1) 2.4 (5.0)

Table 3: EWPOs at future e™e™ colliders: statistical error (estimated experimental system-
atic error). A (0) stands for absolute (relative) uncertainty, while * indicates inputs taken
from current data [6]. See Refs. [22,29,33,34,44,45].

is also an important ingredient for precision electroweak studies. Future eTe™ Higgs fac-
tories could in principle provide data for the dispersive approach using the radiative re-
turn 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-of-mass energy a few GeV below and above the Z peak, it is possible to determine
a(myz) directly, since the v—Z interference contribution is sensitive to this quantity [47].
However, this method crucially depends on multi-loop theory calculations for the process
ete™ = utpu.

Since the list of EWPOs in Tab. 3 is an over-constrained set of inputs for a SM fit,
it can be used to indirectly determine the Higgs-boson and top-quark masses, which only
appear within loop corrections. This is illustrated in Fig. 1, which demonstrates that all
future ete™ colliders will tremendously improve the precision of this indirect test compared
to the currently available data. The increased precision for the indirect determination of
mpy and my at CEPC/FCC-ee compared to ILC is driven by the higher expected precision
for the EWPOs themselves and for the strong coupling constant «s. For ILC we assume
Aas = 0.0005, while for CEPC/FCC-ee we use Aas = 0.0002 [46]. The difference in
contours between CEPC and FCC-ee is mostly due to different assumptions about the
precision of a(my), where for FCC-ee we consider the direct determination according to
Ref. [47] with Aa(mz) ~ 3 x 1075, On the other hand, we take the present-day uncertainty
Aa(my) ~ 1x 1074 for CEPC, which is excessively consersative but serves to illustrate the
impact of Aa(myz) in the electroweak precision fit.
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Figure 1: Indirect sensitivity to my and m; for a fit of SM theory predictions to current
and projected future data for electroweak precision tests (W mass and Z-pole quantities).
For comparison, the direct measurement precision is also shown (on the scale of the plot
the width of the my band is not visible). The light (dark) shaded areas depict 95% (68%)
confidence level regions. For the future collider scenarios it is assumed that the central
values coincide with the SM expectations. The plot was made using SM theory predictions
from Refs. [48,49].

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. [50] 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 products of individual tau decays. A better approximation of the true
polarization may be obtained by using the full visible event information in di-tau events,
ete™ — 777~ 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 mea-
surement 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 [50]. 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
to achieve 70-80% efficiency for the tau momentum and polarization reconstruction [50].
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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 < m, the process ete™ — ff is dominated by
photon exchange, and thus it is less sensitive to electroweak physics. However, the Belle 11
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 measuring
the left-right asymmetry of the process ete™ — ff [51]. 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 = pu, 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 T resonances) [51].

One also can interpret the results for vy as a determination of the running weak mixing
angle in the MS scheme, sin? f(u1). The achievable precision is comparable to the combined
LEP+SLC precision, but at a lower scale y ~ 10 GeV, thus providing a non-trivial test of
the running of sin? (p).

Similarly, various low-energy precision experiments can determine the running weak
mixing angle at very small scales, u < 1 GeV, through measurements of parity violation in
fixed-target electron scattering and in atomic physics, see Ref. [52] 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 [53,54].

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 e beams, it is possible to individually determine the vector and axial-vector
couplings of the Z-boson to light quarks (vg, ag4, vy, @) and simulaneously constrain the rel-
evant PDF's. 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)
[55] or from FCC (called FCC-eh) [56], 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
can determineall for couplings (vg, aq, vy, a,) with O(%) precision [57], while the precision
can be improved by another factor 2-3 at FCC-eh [58], see Fig. 2.

A muon collider with center-of-mass energy /s =~ 91 GeV [59] could perform electroweak

15



440

441

442

443

444

445

446

447

448

449

450

451

452

453

454

455

456

457

458

459

460

[ m FCC-eh ] r [ FCC-eh 1
L. ]LHeC-50 1 O JLHeC-50 -
0.4FE3H1 8 L 3 HL .
| --- LEP & SLD i L __LEP &SLD ]
L. DO . L ... DO 8
03k SM ] -0.2 ~ SM -
0.2 \Q T ] 04l - ]
0.1~ . i ]
L . -0.61 -
| L L | I—— | L | L
0.4 0 -0.6 -0.5 -0.4

Figure 2: 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. [58]). 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;.

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. [60] for a review). For the expected precision of future e*e™ Higgs factories, one
more order of perturbation theory (NNLO) will likely be needed for the background
contributions, 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 [61-63].
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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. [64]). 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).

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 ete™ — 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 [64]. 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. [64], 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

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 [65-68].

match the precision of future ete™

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
myr, the strong coupling constant oy, and the shift of the fine structure constant,
Aca. While the latter has been discussed above on pages 7 and 12, information about
the other parameters can be found in Ref. [46] and the EF Higgs and TOPHF
reports [].

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

tCorrections 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 [46].

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 or 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 [69-77], tri-boson processes [78—
81], as well as VBF/VBS processes [82-92], 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 Wy, Zyy, WV~ (where V =W, Z), and WVV' (where V,V' = W, Z). A
summary of the expected sensitivities of multi-boson cross-section measurements for HL-
LHC is reported in Ref. [14].

Bounds on new physics have been determined in the language of anomalous gauge-
boson couplings (aGCs) [69, 7274, 77] and effective operators [70, 74-76,81,88-91]. 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. [93,94].
Expected limits at the end of the HL-LHC and HE-LHC runs are reported in Refs. [95,96].

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 experi-
mental collaborations is presented, e.g., in Ref. [97]. A new direction of research toward the
imposition of constraints dictated by the necessity that SMEFT admits a UV completion is
explored in Ref. [98]. The conventional approach to the derivation of positivity bounds uses
2-to-2 scattering amplitudes, showing that one can obtain a set of homogeneous 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 symmetries and the SM sym-
metries 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 concise
survey of the recent advances in constraining the SMEFT parameter space from the UV
considerations can be found in Ref. [99], section 2.5.
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A review of the usage and potential pitfalls of SMEFT is presented in [100]. 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
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 [101].

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 (e.g., Ref [102])
can reach tens of TeV [103]. In the latter case, VBS can be described with good accuracy by
factorizing the full process ¢4 — VV/{'¢' into a V'V’ — V'V hard process and V' radiation
in the initial state described by electroweak PDFs [104,105].

Significant backgrounds arise from a number of processes (including /¢~ — 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
/s [106-108]. However, the achievable constraints on SMEFT coefficients do not always
improve when increased center-of-mass energy [104].

Reference [104] presents a review of how electroweak vector boson fusion/scattering
processes 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
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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 Ref. [109]. 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. [110] for lepton colliders (and similarly, in the scenario of a high-energy hadron
collider, in Ref. [111], which is discussed later in section 3.3). 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 Weizsiker-Williams approximations into the Monte Carlo generator
MadGraph_aMC@LNO. 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. [112]).

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 [113] 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. A particularly interesting aspect of the analysis is the ability to
check whether the Higgs couplings to W and Z, kw and kz have the same sign; models in
which they do not include scalars which have higher isospin representations. 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 Vh matrix element contains in fact a term that grows with energy
and is proportional to Ay z — 1, where A\yyz = kw/kz (i-e., Awz = 1 in the SM). The future
lepton collider being considered is CLIC, at 1.5 TeV and 3 TeV center-of-mass energy. The
achievable sensitivity at a lepton collider is shown in Fig. 3. 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 runt, while 3.4 fb~! (14.1 fb=!) 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. [114]. A multi-TeV muon collider is effectively a high-luminosity
weak boson collider, and allows for the measurement, in a relatively clean environment, of

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 3: 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. [113]).

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-
surements with respect to the SM predictions could indicate the presence of an anomalous
quartic gauge coupling. Figure 4 shows the distribution of the mass of the W pair in the
WWvr and WWpup channels, using a simulation with full matrix elements (rather than the
effective W-boson approximation or EW PDFs). It also includes 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 analy-
sis, and that the limits on aQGCs 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. [115] 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 laboratory 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
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Figure 4: 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. [114]).

bosons. Both these lines of investigations are discussed below.

A discussion of the prospects for physics measurements at future hadron colliders re-
quires a suitable description of the physics in the high-energy regime. Reference [111]
discusses the definition of a consistent theoretical treatment to describe the physics pro-
cesses that take place in particle collisions at multi-TeV energies. In that regime, beyond
the weak mass scale, all 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 fragmenta-
tion 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 col-
lider. 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 [116] 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 5 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.
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Figure 5: Ratio of transverse momentum distributions of polarized gauge boson production
to the total distribution summed over polarizations. (figures taken from Ref. [116]).

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
produced in association with two jets, is presented in Ref. [117]. Vector boson scattering
processes are important probes of the non-Abelian structure of electroweak interactions, as
the unitarity of the tree-level amplitude of longitudinally polarized gauge boson scattering
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 longitudinal contribution to same-
sign WWjj 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 6 shows the distribution of the signal (W;Wp) and background 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 SU(2)xU(1) gauge
symmetries are realized linearly or nonlinearly, there are two classes of formalism popular for
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between the two leading jets, after full event selection, for /s = 100 TeV (figure taken from
Ref. [117]).

studying EW physics at colliders, the Standard Model Effective Field Theory (SMEFT) [118,
119] or the Higgs Effective Field Theory (HEFT) [120,121]; see Ref. [122] for a pedagogical
review. The EFT approach has some features that are of particular interest for studying
precision EW physics, for instance: it provides a well-defined theoretical framework 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 number
of degrees of freedom, 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, to limit the number of parameters to a manageable level. 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
[123,124]. Two of the oblique parameters (S and 7)) 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. An 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 [44]. 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
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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; and beam polarization
at linear eTe™ colliders can help lift degeneracies of different new physics effects, as a result
of which similar Higgs coupling precision can be achieved at both linear and circular e™e™
colliders, in spite of the difference in integrated luminosity.

For Snowmass 2021, the global EFT fit for ESG has been extended in a few direc-
tions [125]: consistent implementation of full EFT treatment in ete™ — W using optimal
observables; new inclusion of a large set of 4-fermion operators; more complete set of oper-
ators that are related to top-quark. The projections of the uncertainties of required input
observables are provided by the Topical Group EF01 for Higgs related observables, EF03
for top-quark related observables, EF04 for W/Z related observables, and the Rare Process
and Precision Frontier (RF) for a set of low-energy measurements. references to their
reports? The projections for various future e™e™ colliders are made to be as consistent as
possible, for instance: 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 Ref. [125]. The global fits
are performed with respect to various run 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 default, however their impact is evaluated in a few examples
TBC. [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] TBC. 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,

Lsvierr = Lsv + > Y | Ad—d oL (13)
d=5

The information of new physics is encoded in the series of Wilson Coefficients C’i(d). The
number of non-redundant operators at d = 5,6,7,8 is known [118,119,126-131]. For the
global fits presented here, we restrict ourselves to operators of dimension 6 (d = 6) that
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 are
performed for Snowmass 2021, called Fit-1/2/3, which each consider a different subset of
operators to parametrize EW physics at future colliders. Independent operators for more
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Figure 7: The contribution from the same operator Og. (defined in the text) in three
different processes: double Higgs production (left), single Higgs production (middle) and
Z-pole production (right).

than one generation of fermions are considered, with a general assumption that the flavor
structure is diagonal for simplicity, but without assuming lepton-flavor universality. The
operators for the 3"d-generation of quarks are always treated separately, while universality
for the 15%- and 2"d-generation of quarks is assumed in Fit-1. Bounds on Wilson Coefficients
are given in terms of the original Warsaw basis [119]. More details can be found in Ref. [125].

Fit-1 is mainly focused on the Higgs and EW sectos. It explores 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 mea-
surements, which is the complete set given the assumptions as mentioned above. Let us
consider one of the operators as an example to illustrate why Higgs and EW measurements

are inherently related: Oy, = ((bTiBMgﬁ)(ER*y“e r). As sketched in Fig. 7, this operator will
directly generate a five-point interaction that contributes to ete™ — ZHH. By replac-
ing the Higgs field by v, it will also generate a four-point interaction that contributes to
ete™ — ZH which is one of the leading Higgs production channels. Furthermore, replac-
ing the other Higgs field by v, it will result in a vertex correction to Z pole observables.
Therefore, the interplay of Higgs measurements and EWPOs at the Z-pole together will be
advantageous for probing the effects from new physics.

Fit-1 results are given mainly in terms of effective couplings [44,132] 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 (g$%,?) are defined as

Fuox
gngQ = Fsl\; ) (14)
H—X

where I'f7_, x is the decay partial width of H — X ¥ The electroweak effective couplings, g{

and gj; for each fermion f, are defined similarly through the partial decay widths of Z —
fofr and Z — frfp where fr, and fgr are the left- and right-handed fermion, respectively.

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

$Each Higgs effective coupling is related to one s parameter in the s-formalism [44].
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study in Ref. [133] and extends it 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 does not apply any flavor assumption besides
focusing only on the diagonal part (i.e. ignoring flavor violating effects). The effect of 4-
fermion operators grows quadratically as energy increases, so that this global fit can provide
a very good measure of the merit of running at high energies at future colliders. There are
degeneracies which can only be lifted 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-o 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 Oop
and Oyp operators (defined in [134])Y which correspond to the oblique parameters W and
Y [135].

The 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, by
considering around 20 operators that are directly related to top-quark or the third generation
quarks. The top quark has currently not yet been directly produced at any lepton colliders,
so that top-quark measurements at hadron colliders play an essential role. Fit-3 also allows
one 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 sectors [136,137]. The interplay
may become more subtle when loop effects from top-quark operators in the Higgs/EW
observables are included [138-140]. The Fit-3 for Snowmass 2021 extends these studies
by focusing on future colliders, but it is restricted to a more limited set of observables and
operators since not all ingredients that are needed for such a combined top-quark/Higgs/EW
fit are technically ready. Nevertheless, it is useful for studying the interplay of the top-
Yukawa coupling with the Higgs/EW sector.

A few independent sets of codes have been developed to do the global fits, using HEP-
fit [141], Mathematica and C++, each using different statistical models!. Cross checks has
been performed extensively and excellent consistency has been achieved for the fit results.
Since the focus here is on the projected precision and new-physics reach, the central values
of all input observables are by default set to the SM expectations. Nevertheless it has been
confirmed in Fit-2 that identical uncertainties are obtained if the central values of input
observables take their current measurement values from the PDG.

1Using the equations of motion, these operators lead to charged and neutral current four-fermion contact
interactions with flavor universality.

I'The global fit code by HEPfit performs a Bayesian analysis following Markov Chain Monte Carlo pro-
cedures with the logarithm of the likelihood function built from measurement projections; the Mathematica
code relies on a x> constructed from all observables; and the C++ code obtains the fitting parameter
uncertainties directly from their covariance matrix.
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4.2 Collider scenarios and observables

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: 1 ab™! at 3 TeV; 10 ab™! at 10 TeV; 10 ab~—! at 10 TeV
plus 20 fb~1 at 125 GeV**. No muon collider scenarios have been considered for Fit-2
and Fit-3, partly due to a lack of suitable studies of input observables’. The projected
uncertainties of various input observables are mainly supplied by the corresponding collider
collaborations [20-27,29,143-145]. The list of input observables in each fit is too lengthy to
be included in this report, and we will show here only a few typical examples. The complete
list and details can be found in [125].

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 for eTe™ — WTW ™ [146]. The input observables for Fit-2 include:
EWPOs as above; 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 for tt, single-top, ttZ and tty production at (HL-
YLHC; cross section and forward-backward asymmetry in ete™ — bb; optimal observables
in ete™ — tt — bW bW~ [147]; cross section for 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, where we can compare
the direct inputs by one collaboration with extrapolated inputs from another collaboration,
as illustrated for FCC-ee240 direct inputs and ILC extrapolations (numbers in brackets) in
the second column. Even though the BR, 7 input was missing in the FCC-ee documents, the
extrapolated projection is included in the global fit since this observable turns out to play a
sensitive role. More examples about the procedures that were taken to ensure consistency
on inputs can be found in Ref. [125].

4.3 Results

The results of Fit-1 are shown in Fig. 8 for electroweak and Higgs effective couplings as
defined in Sec. 4.1. They are plotted as lo relative uncertainties for two cases of global
fits: the wider (narrower) bars assume that the Higgs total width is constrained (free)t.
The grey bars represent the expectation from HL-LHC measurements while colored bars

** Another scenario which combines a 10 TeV muon collider with a future et

"However, a study of the sensitivity of muon colliders to new 4-fermion interactions was performed in
Ref. [142] 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 [125] which are not
explicitly listed here for conciseness.

fDue to insufficient inputs from community, a common analysis was performed to obtain those uncer-
tainties for all future e™e™ which however included only statistical errors.

fAllowing the Higgs total width to be a free parameter accounts for the possibility of non-standard Higgs
decays into BSM particles.

e~ machine is in preparation.
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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 are in %, except for mp.

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 are in %. The numbers
in brackets are extrapolated from the projections at ILC250.
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precision reach on effective couplings from SMEFT global fit
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Figure 8: 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'gy (free-I'yy) fit. The HL-LHC and
LEP/SLD measurements are combined with all future lepton collider scenarios. For ete™
colliders, the high-energy runs are always combined with the low energy ones. For the ILC,
the (upper edge of the) triangle mark shows the results for which a Giga-Z run is also
included. For the muon collider, three separate scenarios are considered. The subscripts
in the collider scenarios denote the corresponding integrated luminosity of the run in ab™!.
Note the Higgs total width measurement from the off-shell Higgs processes at the HL-LHC

is not included in the global fit.
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Process Observable Experimental value Ref. SM prediction
) gy —0.035 + 0.017 —0.0396 [149]
V', —e” scattering Ve CHARM-II [148]
gy —0.503 + 0.017 —0.5064 [149]
e 1.0029 % 0.0046
7 decay o PDG2014 [150] 1
=+ 0.981 +0.018
F
Ry, 0.3093 £ 0.0031 0.3156 [151]
CHARM (r = 0.456) [151]
Ry, 0.390 £ 0.014 0.370 [151]
i i Ry, 0.3072 £ 0.0033 0.3091 [152]
Neutrino scattering CDHS (r = 0.393) [152]
R;, 0.382 + 0.016 0.380 [152]
K 0.5820 £ 0.0041 CCFR [153] 0.5830 [153]
Ry, 0.40613:143 CHARM [154] 0.33 [155]
(52 )Moller 0.2397 + 0.0013 SLAC-E158 [156] 0.2381 £ 0.0006 [157]
Q$(55,78) —72.62 4043 PDG2016 [155] —73.25 4 0.02 [155]
Qb,(1,0) 0.064 =+ 0.012 QWEAK [158] 0.0708 £ 0.0003 [155]
Ay (-91.1£4.3) x 1076 . (—87.7£0.7) x 1076 [159]
Parity-violating 6 PVDIS [159] 6
] s Ay (~160.8 £7.1) x 10 (=158.9 4 1.0) x 1070 [159]
scattering
e —0.042 + 0.057 SAMPLE (1/Q2 = 200 MeV) [160] -0.0360 [155]
V4~ 9va
—0.12+0.074 SAMPLE (1/Q2 = 125 MeV) [160] 0.0265 [155]
, —(1.47 £ 0.42) x 1074 GeV~2 SPS (A = 0.81) [161] —1.56 x 1074 GeV~2 [161]
SPS
—(1.74 £ 0.81) x 1074 GeV~2 SPS (A = 0.66) [161] —1.57 x 1074 GeV~2 [161]
o P, 0.012 £ 0.058 0.028 [162]
7 polarization VENUS [162]
Ap 0.029 £ 0.057 0.021 [162]
i i _o_ *
Neutrino trident Ay = 0.82+£0.28 CCFR [163-165] 1
production vt o)
dr = ulve(y) E%ié,s,P,T See text [166] 0

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

are for various future lepton colliders as indicated in the legend. The input measurements
from HL-LHC are always included in the fits for future colliders. For each future collider,
results are shown for various running scenarios with measurements in earlier stages always
combined with the later ones (denoted by the “4” symbol in the legend), except for the muon
colliders. The electroweak effective couplings include: Z couplings to left- and right-handed
leptons (for e, u,7) and quarks (for u,d,b%); W couplings to leptons¥. The Higgs effective
couplings include Higgs couplings to ZZ, WW, ~~, Z~, gg, cc, bb, 77, pu as well as the Higgs
total width. Z couplings to top quarks and the top-Yukawa coupling will be discussed
in Fit-3 results. In addition to the above effective couplings, which are independent of
the operator basis, the figure also shows three anomalous triple gauge couplings (aTGCs):
91,7, kv, Az. The exact definition of each parameter or Wilson coefficient shown in this and
following plots can be found in Ref. [125].

$Note that the universality assumption for 15¢ and 2°¢

quarks are as same as for u(d) quarks
1Z couplings to neutrinos and W couplings to quarks are not listed separately since they are related to
the other couplings for operators up to dimension 6 in SMEFT.

generation quarks implies that couplings for ¢(s)
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Figure 9: Ratios of the measurement precision (shown in Figure 8) to the one assuming
perfect EW measurements (Z pole + W mass/width) in the constrained-TI'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.

From the Fit-1 results one can deduce that future e™e™ colliders can improve our knowl-
edge of electroweak effective couplings by a few orders of magnitude. The improvement will
mainly come from dedicated runs at the Z-pole and WW-threshold for circular e*e™, and
lower-energy stages at linear eTe™ via the radiative return process. The higher energy
stages of any ete™ have little impact on most of the effective couplings except for: Z cou-
plings to electrons, which as illustrated in Fig. 7 are related to eeZH contact interactions
which increase quadratically with energy; W couplings to leptons, simply due to increased
statistics from WW production. At muon colliders, the expected improvements will be
mainly for Z couplings to muons and W couplings to leptons for the same reason as for
higher-energy stages of eTe™. The aTGCs can benefit a lot from higher-energy stages of
eTe™ or muon colliders, in particular for Az, which is sensitive to the transverse modes of
W bosons. In general, circular eTe™ can deliver the best precision for electroweak effective
couplings, while linear eTe™ can bring comparable improvements in particular when the
Giga-Z option with beam polarization is included.

For results on Higgs effective couplings, HL-LHC will push the constraints to 2-5% for
many couplings while future e™e™ or muon colliders will improve further to 1% or below.
In addition, future e™e™ can bring a qualitative difference when the Higgs total width is a
free parameter in the global fit!. High-energy muon colliders can also bring this advantage
when a dedicated scan at the Higgs pole is included. There is a potential at the HL-LHC
to determine the Higgs total width using off-shell Higgs measurements [167,168] with an
uncertainty of 0.75 MeV [169,170]**. This piece of input has not been included in the global
fit since the full EFT treatment for this measurement is not yet available [171].

It is worth noting the interplay between Higgs couplings and EWPOs as shown in Fig. 9:
For circurlar eTe™ the achievable precision for Higgs couplings and aTGCs improves by a
factor of around 2 when including measurements at the Z-pole and WW threshold. The
possibility for similar improvements at muon colliders depends on their ability to meausure
EWPOs with high precision, which likely would require a dedicated Z-pole run. At linear
ete™ colliders, the availability of beam polarization helps to break degeneracies in the
SMEFT parameter space already from measurements at 250/380 GeV alone, and thus the

I Alternatively speaking, the Higgs total width can be indirectly determined at future e™e™ without any
assumption on possible decay modes.
**This uncertainty is likely to be improved once the WW channel is employed in addition to the current
Z 7 analyses.
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impact of EW precision data on the other couplings is less significant. It is also worth to
note the synergies on Higgs rare decays (H — ~v, Zv, pp) between HL-LHC and future
lepton colliders which play an important role in the global fits.

The results of Fit-2 are shown in Fig. 10-12 for present measurement results and fu-
ture eTe™ projections including the following: 1o relative uncertainties for electroweak
effective couplings'®; 1o absolute uncertainties for the Wilson Coefficients of 4-fermion op-
erators. The conclusions for electroweak couplings are consistent with that from Fit-1. For
4-fermion operators the higher-energy stages of future eTe™ will bring much more profound
improvements since the sensitivity to 4-fermion interactions grows quadratically as energy
increases. Even with the same energy, linear eTe™ can deliver much higher sensitivity than
circular ones since there are crucial degenericies among 4-fermion operators that the beam
polarization can help lift.

The results of Fit-3 are shown in Fig. 13-15 for 95% C.L. bounds on the Wilson Coeffi-
cients of various top-quark operators, for LHC and future e™e~. LHC will bring invaluable
constraints on many top-quark operators while those related to top-quark electroweak cou-
plings will be improved by future ete™ in particular when the collision energies above 500
GeV are envisaged. There are a range of eett 4-fermion operators whose degeneracties can
not be lifted unless there are measurements with at least two distinct energies well above
the ¢t threshold. The uncertainty of top-Yukawa coupling is encapsulated in the bound on
Ciy, for which synergies between LHC and future ete™ play an important role. There will
be no direct constraint on the top Yukawa coupling from circular ete™ below 500 GeV;
thus the projection from HL-LHC will provide the best constraints in such a scenario. The
converted lo relative uncertainties on the top Yukawa coupling from the global and indivual
fits are shown in Tab. 8. It is worth noting that ILC running at 550 GeV would improve
top-Yukawa coupling significantly compared to running at nominal 500 GeV.

The result on the triple Higgs coupling (Appn) from a global fit performed by the ESG
can be found in Fig. 11 of Ref. [44]. A fit of Appp has currently not been included in Fit-1,
but is not expected to be much different.

Theory uncertainties may play a significant role in either electroweak couplings or Higgs
couplings in the global fits. A complete update is not yet available. The impact on Higgs
couplings is discussed in Tab. 10 and 11 in Ref. [44]. One major challenge will come
from the intrinsic error of the SM prediction for ete™ — ZH cross section, which would
be around 0.5% with NNLO EW correction and will be significant enough to affect the
precision of HZZ and HWW couplings. In addition, an important parametric error is due
to the bottom-quark mass uncertainty (~13 MeV) which would affect the bottom-Yukawa
coupling precision. The Higgs mass uncertainty is another source of parametric error, which
will become subdominant if a precision of about 10 MeV can be reached.

The results from global fits can be also interpreted in terms of constraints on simple
BSM benchmark models with a small set of parameters (i.e. only a small set of SMEFT
operators are generated in each model). Three examples are studied for the Fit-2 global fit
results. The first example considers a flavor-universal 4-fermion contact interaction, which

"'With the flavor assumption relaxed, Z couplings to u,d, ¢, s are treated separately.
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Figure 10: Precision reach on the 4-fermion operators and electroweak effective couplings
from a SMEFT global fit at various future lepton colliders. ”LEP+SLC-+SLD” represents
current measurements which are always combined in the future collider scenarios. The
horizontal white line for ILC illustrates the global fit results when the pole observables
from its Giga-Z option are included.

can be described by the Osp operator mentioned in section 4.1. Figure 16 shows the bounds
on the scale of this operator one can draw for different future colliders. The same bound
on Oyp can also be interpreted in the Y-universal Z' model [172] as a bound on the gauge
coupling gz versus Z’' mass, as shown in Fig. 17. The third benchmark model extends the
SM by two leptoquark multiplets, one being an SU(2) singlet, while the other is a SU(2)
triplet [173,174]. This model can generate various 2-lepton—2-quark contact interactions by
integrating out the heavy leptoquark fields in the t-channel. The bounds on the ratios of
Yukawa couplings A; over leptoquark mass M; are shown in Fig. 18, where i = 1 (3) refers
to the singlet (triplet) leptoquark.
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Figure 12: Figure 11 continued.
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Figure 13: The 95% probability bounds on the Wilson coefficients for dimension-six opera-
tors 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 (pale shaded
region in each bar).
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considered are not sensitive to them, but all operators are included in the global fit. The
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at 550 GeV. The solid bars provide the individual limits of the single-parameter fit and the
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shaded ones the marginalised limits of the global fit.
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Values in % units | LHC | HL-LHC | ILC500 | ILC550 | ILC1000 | CLIC
5 Global fit 6.12 2.53 2.08 1.30 0.739 1.48
Yt Indiv. fit 5.08 1.85 1.80 1.17 0.705 1.26

Table 8: Uncertainties for the top-quark Yukawa coupling at 68% probability for different
scenarios, in percentage. The ILC500, ILC550 and CLIC scenarios also include the HL-

LHC. The ILC1000 scenario includes also ILC500 and HL-LHC.
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Figure 15: Constraints expected on top-sector Wilson coefficients from a combination of
HL-LHC and lepton collider data. The limits on the ggtt and C,q 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 HL-LHC on these coefficients
is shown in Fig. 13. The solid bars provide the individual limits of the single-parameter fit
and the pale shaded ones the marginalised limits of the global fit. The results for ILC and
CLIC are based on a combination of both low- and high-energy run scenarios.
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Figure 16: 95% C.L. exclusion reach of different colliders on four-fermion contact interac-
tions from the operator Ozp (numbers for ESG are taken from Ref. [175]).
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95% CL limits on the (§,1)% and (§,3)% leptoquark model
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Figure 18: 95% C.L. exclusion reach of different colliders on the leptoquark model parame-
ters. Only future ete™ scenarios with energies below the ¢f threshold have been considered

since the analysis did not include any top-quark observables.
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5 Conclusions

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 Ay 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 [13].

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
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
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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
put ™ 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
depend 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 higher-dimensional operators, with the leading contribution for
most processes entering at dimension 6. 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 con-
tributing 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 than the HL-LHC. Circular e™e™ 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 operators,
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 two or more values of /s are
crucial for breaking degeneracies. Many constraints on top-quark operators are im-
proved by combining eTe™ and (HL-)LHC inputs and exploiting synergies between
them.

Some of the same SMEFT operators contribute to EW precision quantities and to
Higgs observables or anomalous gauge-boson coupings (aGCs). At circular ete™ col-
liders, measurements from a high-luminosity Z-pole run can improve the constraints
on Higgs couplings and aGCs by a factor of up to 2. At linear e™e™ colliders, beam po-
larization provides additional information for Higgs/aGC measurements, and inputs
from Z-pole data are less important.

Low-energy measurements (below the W/Z mass scales) are needed to close the fit
for four-fermion operators, when allowing non-universality among the three fermion
generations.

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

HAt future ete” Higgs factories or a 125-GeV muon collider run, a model-independent study of exotic
Higgs decays is possible.

43



1043

1044

1045

1046

1047

1048

1049

1050

1051

1052

1053

1054

1055

1056

1057

1058

1059

1060

1061

1062

1063

1064

1065

1066

1067

1068

1069

1070

1071

1072

1073

4-fermion operators involving quarks and several operators that mediate multi-boson
interactions.

Acknowledgments

The conveners are grateful to C. Grojean and M. Shapiro for detailed reviews of the draft
report, and to S. Eno for many helpful comments.

References

[1]

UAT1 collaboration, Ezperimental Observation of Isolated Large Transverse Energy
FElectrons with Associated Missing Energy at /s = 540 GeV, Phys. Lett. B 122
(1983) 103.

UAZ2 collaboration, Observation of Single Isolated FElectrons of High Transverse
Momentum in Events with Missing Transverse Energy at the CERN anti-p p
Collider, Phys. Lett. B 122 (1983) 476.

UAT1 collaboration, Experimental Observation of Lepton Pairs of Invariant Mass
Around 95-GeV/c**2 at the CERN SPS Collider, Phys. Lett. B 126 (1983) 398.

UAZ2 collaboration, Evidence for Z° — ete™ at the CERN pp Collider, Phys. Lett.
B 129 (1983) 130.

T. Appelquist and J. Carazzone, Infrared Singularities and Massive Fields, Phys.
Rev. D 11 (1975) 2856.

PARTICLE DATA GROUP collaboration, Review of Particle Physics, PTEP 2020
(2020) 083C01.

C. Sturm, Leptonic contributions to the effective electromagnetic coupling at
four-loop order in QED, Nucl. Phys. B 874 (2013) 698 [1305.0581].

A. Blondel et al., Theory report on the 11th FCC-ee workshop, 1905.05078.

M. Davier, A. Hoecker, B. Malaescu and Z. Zhang, A new evaluation of the hadronic
vacuum polarisation contributions to the muon anomalous magnetic moment and to
a(m2), Eur. Phys. J. C 80 (2020) 241 [1908.00921].

A. Keshavarzi, D. Nomura and T. Teubner, g — 2 of charged leptons, a(M%) , and
the hyperfine splitting of muonium, Phys. Rev. D 101 (2020) 014029 [1911.00367].

F. Burger, K. Jansen, M. Petschlies and G. Pientka, Leading hadronic contributions
to the running of the electroweak coupling constants from lattice QCD, JHEP 11
(2015) 215 [1505.03283].

44


https://doi.org/10.1016/0370-2693(83)91177-2
https://doi.org/10.1016/0370-2693(83)91177-2
https://doi.org/10.1016/0370-2693(83)91177-2
https://doi.org/10.1016/0370-2693(83)91605-2
https://doi.org/10.1016/0370-2693(83)90188-0
https://doi.org/10.1016/0370-2693(83)90744-X
https://doi.org/10.1016/0370-2693(83)90744-X
https://doi.org/10.1016/0370-2693(83)90744-X
https://doi.org/10.1103/PhysRevD.11.2856
https://doi.org/10.1103/PhysRevD.11.2856
https://doi.org/10.1103/PhysRevD.11.2856
https://doi.org/10.1093/ptep/ptaa104
https://doi.org/10.1093/ptep/ptaa104
https://doi.org/10.1093/ptep/ptaa104
https://doi.org/10.1016/j.nuclphysb.2013.06.009
https://arxiv.org/abs/1305.0581
https://arxiv.org/abs/1905.05078
https://doi.org/10.1140/epjc/s10052-020-7792-2
https://arxiv.org/abs/1908.00921
https://doi.org/10.1103/PhysRevD.101.014029
https://arxiv.org/abs/1911.00367
https://doi.org/10.1007/JHEP11(2015)215
https://doi.org/10.1007/JHEP11(2015)215
https://doi.org/10.1007/JHEP11(2015)215
https://arxiv.org/abs/1505.03283

1074

1075

1076

1077

1078

1079

1080

1081

1082

1083

1084

1085

1086

1087

1088

1089

1090

1091

1092

1093

1094

1095

1096

1097

1098

1099

1100

1101

1102

1103

1104

1105

1106

1107

1108

1109

[12]

[13]

[14]

[15]

M. Ce, A. Gérardin, G. von Hippel, H.B. Meyer, K. Miura, K. Ottnad et al., The
hadronic running of the electromagnetic coupling and the electroweak mizing angle
from lattice QCD, 2203.08676.

CDF collaboration, High-precision measurement of the W boson mass with the CDF
II detector, Science 376 (2022) 170.

ATLAS, CMS collaboration, Snowmass White Paper Contribution: Physics with
the Phase-2 ATLAS and CMS Detectors, in Snowmass 2021 proceedings (2022).

S. Yang, Y. Fu, M. Liu, R. Zhang, T.-J. Hou, C. Wang et al., Reduction of the
electroweak correlation in the PDF updating by using the forward-backward
asymmetry of Drell-Yan process, 2108.06550.

L. Buonocore, M. Grazzini, S. Kallweit, C. Savoini and F. Tramontano, Mized
QCD-EW corrections to pp— €vg+ X at the LHC, Phys. Rev. D 103 (2021)
114012 [2102.12539).

R. Bonciani, L. Buonocore, M. Grazzini, S. Kallweit, N. Rana, F. Tramontano et al.,
Mixed Strong-FElectroweak Corrections to the Drell-Yan Process, Phys. Rev. Lett.
128 (2022) 012002 [2106.11953|.

F. Buccioni, F. Caola, H.A. Chawdhry, F. Devoto, M. Heller, A. von Manteuffel
et al., Mized QCD-electroweak corrections to dilepton production at the LHC in the
high invariant mass region, 2203.11237.

S. Camarda, L. Cieri and G. Ferrera, Drell-Yan lepton-pair production: qT
resummation at NSLL accuracy and fiducial cross sections at N3LO, Phys. Rev. D
104 (2021) L111503 [2103.04974].

H. Baer et al., eds., The International Linear Collider Technical Design Report -
Volume 2: Physics, 1306.6352.

P. Bambade et al., The International Linear Collider: A Global Project, 1903.01629.

ILC INTERNATIONAL DEVELOPMENT TEAM collaboration, The International
Linear Collider: Report to Snowmass 2021, in Snowmass 2021 proceedings (2022)
[2203.07622].

L. Linssen, A. Miyamoto, M. Stanitzki and H. Weerts, eds., Physics and Detectors
at CLIC: CLIC Conceptual Design Report, 1202 .5940.

CLICpp, CLIC collaboration, The Compact Linear Collider (CLIC) - 2018
Summary Report, 1812.06018.

FCC collaboration, FCC-ee: The Lepton Collider: Future Chircular Collider
Conceptual Design Report Volume 2, Eur. Phys. J. ST 228 (2019) 261.

G. Bernardi et al., The Future Circular Collider: a Summary for the US 2021
Snowmass Process, in Snowmass 2021 proceedings (2022) [2203.06520].

45


https://arxiv.org/abs/2203.08676
https://doi.org/10.1126/science.abk1781
https://arxiv.org/abs/2108.06550
https://doi.org/10.1103/PhysRevD.103.114012
https://doi.org/10.1103/PhysRevD.103.114012
https://doi.org/10.1103/PhysRevD.103.114012
https://arxiv.org/abs/2102.12539
https://doi.org/10.1103/PhysRevLett.128.012002
https://doi.org/10.1103/PhysRevLett.128.012002
https://doi.org/10.1103/PhysRevLett.128.012002
https://arxiv.org/abs/2106.11953
https://arxiv.org/abs/2203.11237
https://doi.org/10.1103/PhysRevD.104.L111503
https://doi.org/10.1103/PhysRevD.104.L111503
https://doi.org/10.1103/PhysRevD.104.L111503
https://arxiv.org/abs/2103.04974
https://arxiv.org/abs/1306.6352
https://arxiv.org/abs/1903.01629
https://arxiv.org/abs/2203.07622
https://arxiv.org/abs/1202.5940
https://arxiv.org/abs/1812.06018
https://doi.org/10.1140/epjst/e2019-900045-4
https://arxiv.org/abs/2203.06520

1110

1111

1112

1113

1114

1115

1116

1117

1118

1119

1120

1121

1122

1123

1124

1125

1126

1127

1128

1129

1130

1131

1132

1133

1134

1135

1136

1137

1138

1139

1140

1141

1142

1143

1144

[27]

28]

[29]

[30]

[37]

[38]

[39]

[40]

CEPC Stubpy GROUP collaboration, CEPC Conceptual Design Report: Volume 2 -
Physics & Detector, 1811.10545.

CEPC ACCELERATOR STUDY GROUP collaboration, Snowmass2021 White Paper
AF3-CEPC, 2203.09451.

H. Cheng et al., The Physics potential of the CEPC. Prepared for the US Snowmass
Community Planning Ezercise (Snowmass 2021), in Snowmass 2021 proceedings
(2022) [2205.08553].

M. Bai et al., C3: A ”Cool” Route to the Higgs Boson and Beyond, in Snowmass
2021 proceedings, 2021 [2110.15800].

S. Dasu et al., Strategy for Understanding the Higgs Physics: The Cool Copper
Collider, in Snowmass 2021 proceedings, 2022 [2203.07646].

C. Gohil, A. Latina, D. Schulte and S. Stapnes, “High-Luminosity CLIC Studies.”
https://cds.cern.ch/record/2687090, 2020.

LCC Puysics WORKING GROUP collaboration, Tests of the Standard Model at the
International Linear Collider, 1908.11299.

A. Blondel and P. Janot, FCC-ee overview: new opportunities create new challenges,
Eur. Phys. J. Plus 137 (2022) 92 [2106.13885].

P. Roloff, “Precision measurements at CLIC.”
https://indico.fnal.gov/event/43576/contributions/189845/attachments/
130766/159625/snowmass_ef04_meeting_roloff_02_07_2020.pdf.

ALEPH, DELPHI, L3, OPAL, SLD, LEP ELECTROWEAK WORKING GROUP,
SLD ELECTROWEAK GROUP, SLD HEAVY FLAVOUR GROUP collaboration,
Precision electroweak measurements on the Z resonance, Phys. Rept. 427 (2006) 257
[hep-ex/0509008].

J. Alcaraz Maestre, Revisiting QCD corrections to the forward-backward charge
asymmetry of heavy quarks in electron-positron collisions at the Z pole: really a
problem?, 2010.08604.

D. d’Enterria and C. Yan, Revised QCD effects on the Z — bb forward-backward
asymmetry, 2011.00530.

ALEPH collaboration, Determination of the LEP center-of-mass energy from Z
gamma events: Preliminary, in 29th International Conference on High-Energy
Physics, 10, 1998 [hep-ex/9810047].

G.W. Wilson, “Exploring Precision EW Measurement Potential of eTe™ Colliders.”
https://indico.fnal.gov/event/50480/contributions/225096/attachments/
148222/190348/GWWTalk_0ct8_2021.pdf.

46


https://arxiv.org/abs/1811.10545
https://arxiv.org/abs/2203.09451
https://arxiv.org/abs/2205.08553
https://arxiv.org/abs/2110.15800
https://arxiv.org/abs/2203.07646
https://cds.cern.ch/record/2687090
https://arxiv.org/abs/1908.11299
https://doi.org/10.1140/epjp/s13360-021-02154-9
https://arxiv.org/abs/2106.13885
https://indico.fnal.gov/event/43576/contributions/189845/attachments/130766/159625/snowmass_ef04_meeting_roloff_02_07_2020.pdf
https://indico.fnal.gov/event/43576/contributions/189845/attachments/130766/159625/snowmass_ef04_meeting_roloff_02_07_2020.pdf
https://indico.fnal.gov/event/43576/contributions/189845/attachments/130766/159625/snowmass_ef04_meeting_roloff_02_07_2020.pdf
https://doi.org/10.1016/j.physrep.2005.12.006
https://arxiv.org/abs/hep-ex/0509008
https://arxiv.org/abs/2010.08604
https://arxiv.org/abs/2011.00530
https://arxiv.org/abs/hep-ex/9810047
https://indico.fnal.gov/event/50480/contributions/225096/attachments/148222/190348/GWWTalk_Oct8_2021.pdf
https://indico.fnal.gov/event/50480/contributions/225096/attachments/148222/190348/GWWTalk_Oct8_2021.pdf
https://indico.fnal.gov/event/50480/contributions/225096/attachments/148222/190348/GWWTalk_Oct8_2021.pdf

1145

1146

1147

1148

1149

1150

1151

1152

1153

1154

1155

1156

1157

1158

1159

1160

1161

1162

1163

1164

1165

1166

1167

1168

1169

1170

1171

1172

1173

1174

1175

1176

1177

1178

1179

[41]

[42]

[43]

[44]

[45]

[46]

[49]

[50]

[51]

[52]

[53]

[54]

J. Beyer and J. List, Interplay of Beam Polarisation and Systematic Uncertainties
in Electroweak Precision Measurements at Future eTe~ Colliders, in 24th
International Symposium on Spin Physics, 2, 2022 [2202.07385].

T. Mizuno, K. Fujii and J. Tian, Measurement of Apr using radiative return at ILC
250, in Snowmass 2021 proceedings (2022) [2203.07944].

M. Baak et al., Working Group Report: Precision Study of Electroweak Interactions,
in Community Summer Study 2013: Snowmass on the Mississippi, 2013 [1310.6708].

J. de Blas et al., Higgs Boson Studies at Future Particle Colliders, JHEP 01 (2020)
139 [1905.03764].

J. De Blas, G. Durieux, C. Grojean, J. Gu and A. Paul, On the future of Higgs,
electroweak and diboson measurements at lepton colliders, JHEP 12 (2019) 117
[1907.04311].

D. d’Enterria et al., The strong coupling constant: State of the art and the decade
ahead, in Snowmass 2021 proceedings (2022) [2203.08271].

P. Janot, Direct measurement of agpp(m%) at the FCC-ee, JHEP 02 (2016) 053
[1512.05544].

M. Awramik, M. Czakon, A. Freitas and G. Weiglein, Precise prediction for the W
boson mass in the standard model, Phys. Rev. D 69 (2004) 053006
[hep-ph/0311148].

1. Dubovyk, A. Freitas, J. Gluza, T. Riemann and J. Usovitsch, Electroweak
pseudo-observables and Z-boson form factors at two-loop accuracy, JHEP 08 (2019)
113 [1906.08815].

K. Yumino and D. Jeans, Measuring the tau polarization ot ILC, in Snowmass 2021
proceedings (2022) [2203.07668|.

D.M. Asner et al., Upgrading SuperKEKB with a Polarized Electron Beam:
Discovery Potential and Proposed Implementation, in Snowmass 2021 proceedings
(2022).

J. Erler, Global Vision of Precision Measurements, in 55th Rencontres de Moriond
on Electroweak Interactions and Unified Theories, 5, 2021 [2105.00217].

Y.X. Zhao, A. Deshpande, J. Huang, K.S. Kumar and S. Riordan, Neutral-Current
Weak Interactions at an EIC, Eur. Phys. J. A 53 (2017) 55 [1612.06927].

R. Boughezal, A. Emmert, T. Kutz, S. Mantry, M. Nycz, F. Petriello et al.,
Neutral-Current Electroweak Physics and SMEFT Studies at the EIC, 2204 .07557.

LHEC, FCC-HE STUDY GROUP collaboration, The Large Hadron-FElectron Collider
at the HL-LHC, J. Phys. G 48 (2021) 110501 [2007 . 14491].

47


https://arxiv.org/abs/2202.07385
https://arxiv.org/abs/2203.07944
https://arxiv.org/abs/1310.6708
https://doi.org/10.1007/JHEP01(2020)139
https://doi.org/10.1007/JHEP01(2020)139
https://doi.org/10.1007/JHEP01(2020)139
https://arxiv.org/abs/1905.03764
https://doi.org/10.1007/JHEP12(2019)117
https://arxiv.org/abs/1907.04311
https://arxiv.org/abs/2203.08271
https://doi.org/10.1007/JHEP02(2016)053
https://arxiv.org/abs/1512.05544
https://doi.org/10.1103/PhysRevD.69.053006
https://arxiv.org/abs/hep-ph/0311148
https://doi.org/10.1007/JHEP08(2019)113
https://doi.org/10.1007/JHEP08(2019)113
https://doi.org/10.1007/JHEP08(2019)113
https://arxiv.org/abs/1906.08815
https://arxiv.org/abs/2203.07668
https://arxiv.org/abs/2105.00217
https://doi.org/10.1140/epja/i2017-12245-2
https://arxiv.org/abs/1612.06927
https://arxiv.org/abs/2204.07557
https://doi.org/10.1088/1361-6471/abf3ba
https://arxiv.org/abs/2007.14491

1180

1181

1182

1183

1184

1185

1186

1187

1188

1189

1190

1191

1192

1193

1194

1195

1196

1197

1198

1199

1200

1201

1202

1203

1204

1205

1206

1207

1208

1209

1210

1211

1212

1213

1214

1215

[56]

[57]

[58]

[59]
[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

FCC collaboration, FCC' Physics Opportunities: Future Circular Collider
Conceptual Design Report Volume 1, Eur. Phys. J. C' 79 (2019) 474.

D. Britzger, M. Klein and H. Spiesberger, Electroweak physics in inclusive deep
inelastic scattering at the LHeC, Eur. Phys. J. C' 80 (2020) 831 [2007.11799].

D. Britzger, M. Klein and H. Spiesberger, Precision electroweak measurements at the
LHeC and the FCC-eh, PoS EPS-HEP2021 (2022) 485 [2203.06237].

A. Blondel, A muon collider as Z factory, AIP Conf. Proc. 435 (1998) 597.

A. Freitas, Precision Tests of the Standard Model, PoS TASI2020 (2021) 005
[2012.11642).

S. Jadach and M. Skrzypek, QED challenges at FCC-ee precision measurements,
Eur. Phys. J. C 79 (2019) 756 [1903.09895].

S. Jadach, W. Placzek and M. Skrzypek, QFED exponentiation for quasi-stable
charged particles: the e”et — W~W™ process, Bur. Phys. J. C 80 (2020) 499
[1906.09071].

S. Frixione et al., Initial state QED radiation aspects for future eTe™ colliders, in
Snowmass 2021 proceedings (2022) [2203.12557].

A. Freitas et al., Theoretical uncertainties for electroweak and Higgs-boson precision
measurements at FCC-ee, 1906.05379.

X. Liu and Y.-Q. Ma, Multiloop corrections for collider processes using auziliary
mass flow, Phys. Rev. D 105 (2022) L051503 [2107.01864].

X. Liu and Y.-Q. Ma, AMFlow: a Mathematica package for Feynman integrals
computation via Auziliary Mass Flow, 2201.11669.

Q. Song and A. Freitas, On the evaluation of two-loop electroweak box diagrams for
ete™ — HZ production, JHEP 04 (2021) 179 [2101.00308].

I. Dubovyk, A. Freitas, J. Gluza, K. Grzanka, M. Hidding and J. Usovitsch,
Evaluation of multi-loop multi-scale Feynman integrals for precision physics,
2201.02576.

ATLAS collaboration, Measurement of ZZ production in the £lvv final state with
the ATLAS detector in pp collisions at /s = 13 TeV, JHEP 10 (2019) 127
[1905.07163).

ATLAS collaboration, Measurement of fiducial and differential WW ™~ production
cross-sections at \/s = 13 TeV with the ATLAS detector, Eur. Phys. J. C''79 (2019)
884 [1905.04242).

ATLAS collaboration, Measurement of WEZ production cross sections and gauge
boson polarisation in pp collisions at \/s = 13 TeV with the ATLAS detector, Eur.
Phys. J. C' 79 (2019) 535 [1902.05759].

48


https://doi.org/10.1140/epjc/s10052-019-6904-3
https://doi.org/10.1140/epjc/s10052-020-8367-y
https://arxiv.org/abs/2007.11799
https://doi.org/10.22323/1.398.0485
https://arxiv.org/abs/2203.06237
https://doi.org/10.1063/1.56187
https://doi.org/10.22323/1.388.0005
https://arxiv.org/abs/2012.11642
https://doi.org/10.1140/epjc/s10052-019-7255-9
https://arxiv.org/abs/1903.09895
https://doi.org/10.1140/epjc/s10052-020-8034-3
https://arxiv.org/abs/1906.09071
https://arxiv.org/abs/2203.12557
https://arxiv.org/abs/1906.05379
https://doi.org/10.1103/PhysRevD.105.L051503
https://arxiv.org/abs/2107.01864
https://arxiv.org/abs/2201.11669
https://doi.org/10.1007/JHEP04(2021)179
https://arxiv.org/abs/2101.00308
https://arxiv.org/abs/2201.02576
https://doi.org/10.1007/JHEP10(2019)127
https://arxiv.org/abs/1905.07163
https://doi.org/10.1140/epjc/s10052-019-7371-6
https://doi.org/10.1140/epjc/s10052-019-7371-6
https://doi.org/10.1140/epjc/s10052-019-7371-6
https://arxiv.org/abs/1905.04242
https://doi.org/10.1140/epjc/s10052-019-7027-6
https://doi.org/10.1140/epjc/s10052-019-7027-6
https://doi.org/10.1140/epjc/s10052-019-7027-6
https://arxiv.org/abs/1902.05759

1216

1217

1218

1219

1220

1221

1222

1223

1224

1225

1226

1227

1228

1229

1230

1231

1232

1233

1234

1235

1236

1237

1238

1239

1240

1241

1242

1243

1244

1245

1246

1247

1248

1249

1250

1251

[72]

[73]

[74]

[75]

ATLAS collaboration, Measurement of the Z~y — vy production cross section in pp
collisions at \/s = 13 TeV with the ATLAS detector and limits on anomalous triple
gauge-boson couplings, JHEP 12 (2018) 010 [1810.04995].

ATLAS collaboration, ZZ — {70~ 00"~ cross-section measurements and search for
anomalous triple gauge couplings in 18 TeV pp collisions with the ATLAS detector,
Phys. Rev. D 97 (2018) 032005 [1709.07703].

CMS collaboration, Search for anomalous triple gauge couplings in WW and WZ
production in lepton + jet events in proton-proton collisions at \/s = 138 TeV, JHEP
12 (2019) 062 [1907.08354].

CMS collaboration, Measurement of electroweak WZ boson production and search
for new physics in WZ + two jets events in pp collisions at \/s = 13TeV, Phys. Lett.
B 795 (2019) 281 [1901.04060].

CMS collaboration, Measurements of the pp — WZ inclusive and differential
production cross section and constraints on charged anomalous triple gauge couplings
at /s =18 TeV, JHEP 04 (2019) 122 [1901.03428|.

CMS collaboration, Measurements of the pp — ZZ production cross section and the
7 — 40 branching fraction, and constraints on anomalous triple gauge couplings at
Vs =13 TeV, Eur. Phys. J. C' 78 (2018) 165 [1709.08601].

ATLAS collaboration, Evidence for the production of three massive vector bosons
with the ATLAS detector, Phys. Lett. B 798 (2019) 134913 [1903.10415].

ATLAS collaboration, Study of WW~ and W Z~ production in pp collisions at
Vs =8 TeV and search for anomalous quartic gauge couplings with the ATLAS
experiment, Eur. Phys. J. C' 77 (2017) 646 [1707.05597].

CMS collaboration, Observation of the production of three massive gauge bosons at
Vs = 13 TeV, 2006.11191.

CMS collaboration, Measurements of the pp — W~y and pp — Z~~ cross sections
and limits on anomalous quartic gauge couplings at \/s =8 TeV, JHEP 10 (2017)
072 [1704.00366].

ATLAS collaboration, Observation of electroweak production of two jets and a
Z-boson pair with the ATLAS detector at the LHC, 2004.10612.

ATLAS collaboration, Evidence for electroweak production of two jets in association
with a Z~ pair in pp collisions at \/s = 13 TeV with the ATLAS detector, Phys.
Lett. B 803 (2020) 135341 [1910.09503].

ATLAS collaboration, Search for the electroweak diboson production in association
with a high-mass dijet system in semileptonic final states in pp collisions at \/s = 13
TeV with the ATLAS detector, Phys. Rev. D 100 (2019) 032007 [1905.07714].

49


https://doi.org/10.1007/JHEP12(2018)010
https://arxiv.org/abs/1810.04995
https://doi.org/10.1103/PhysRevD.97.032005
https://arxiv.org/abs/1709.07703
https://doi.org/10.1007/JHEP12(2019)062
https://doi.org/10.1007/JHEP12(2019)062
https://doi.org/10.1007/JHEP12(2019)062
https://arxiv.org/abs/1907.08354
https://doi.org/10.1016/j.physletb.2019.05.042
https://doi.org/10.1016/j.physletb.2019.05.042
https://doi.org/10.1016/j.physletb.2019.05.042
https://arxiv.org/abs/1901.04060
https://doi.org/10.1007/JHEP04(2019)122
https://arxiv.org/abs/1901.03428
https://doi.org/10.1140/epjc/s10052-018-5567-9
https://arxiv.org/abs/1709.08601
https://doi.org/10.1016/j.physletb.2019.134913
https://arxiv.org/abs/1903.10415
https://doi.org/10.1140/epjc/s10052-017-5180-3
https://arxiv.org/abs/1707.05597
https://arxiv.org/abs/2006.11191
https://doi.org/10.1007/JHEP10(2017)072
https://doi.org/10.1007/JHEP10(2017)072
https://doi.org/10.1007/JHEP10(2017)072
https://arxiv.org/abs/1704.00366
https://arxiv.org/abs/2004.10612
https://doi.org/10.1016/j.physletb.2020.135341
https://doi.org/10.1016/j.physletb.2020.135341
https://doi.org/10.1016/j.physletb.2020.135341
https://arxiv.org/abs/1910.09503
https://doi.org/10.1103/PhysRevD.100.032007
https://arxiv.org/abs/1905.07714

1252

1253

1254

1255

1256

1257

1258

1259

1260

1261

1262

1263

1264

1265

1266

1267

1268

1269

1270

1271

1272

1273

1274

1275

1276

1277

1278

1279

1280

1281

1282

1283

1284

1285

1286

1287

1288

[85]

[36]

[96]

[97]

ATLAS collaboration, Observation of electroweak production of a same-sign W
boson pair in association with two jets in pp collisions at /s = 13 TeV with the
ATLAS detector, Phys. Rev. Lett. 123 (2019) 161801 [1906.03203].

ATLAS collaboration, Observation of electroweak W*Z boson pair production in
association with two jets in pp collisions at /s = 13 TeV with the ATLAS detector,
Phys. Lett. B 793 (2019) 469 [1812.09740].

CMS collaboration, Fvidence for vector boson scattering in events with four leptons
and two jets in proton-proton collisions at sqrt(s) = 13 TeV, .

CMS collaboration, Measurements of production cross sections of WZ and
same-sign WW boson pairs in association with two jets in proton-proton collisions at
Vs = 13 TeV, 2005.01173.

CMS collaboration, Measurement of the cross section for electroweak production of
a Z boson, a photon and two jets in proton-proton collisions at \/s = 13 TeV and
constraints on anomalous quartic couplings, JHEP 06 (2020) 076 [2002.09902].

CMS collaboration, Search for anomalous electroweak production of vector boson
pairs in association with two jets in proton-proton collisions at 18 TeV, Phys. Lett.
B 798 (2019) 134985 [1905.07445].

CMS collaboration, Measurement of vector boson scattering and constraints on
anomalous quartic couplings from events with four leptons and two jets in
proton—proton collisions at /s = 18 TeV, Phys. Lett. B 774 (2017) 682
[1708.02812].

CMS collaboration, Measurement of differential cross sections for Z boson pair
production in association with jets at /s = 8 and 13 TeV, Phys. Lett. B 789 (2019)
19 [1806.11073).

“CMS summary of limits on anomalous triple and quartic gauge couplings.”
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsSMPaTGC.

“ATLAS experiment public results - standard model physics.” https:
//twiki.cern.ch/twiki/bin/view/AtlasPublic/StandardModelPublicResults.

P. Azzi et al., Report from Working Group 1: Standard Model Physics at the
HL-LHC and HE-LHC| in Report on the Physics at the HL-LHC and Perspectives
for the HE-LHC, A. Dainese, M. Mangano, A.B. Meyer, A. Nisati, G. Salam and
M.A. Vesterinen, eds., vol. 7, pp. 1-220 (2019), DOI [1902.04070].

C. Grojean, M. Montull and M. Riembau, Diboson at the LHC vs LEP, JHEP 03
(2019) 020 [1810.05149].

C. Garcia-Garcia, M. Herrero and R.A. Morales, Unitarization effects in EFT
predictions of WZ scattering at the LHC, Phys. Rev. D 100 (2019) 096003
[1907.06668].

50


https://doi.org/10.1103/PhysRevLett.123.161801
https://arxiv.org/abs/1906.03203
https://doi.org/10.1016/j.physletb.2019.05.012
https://arxiv.org/abs/1812.09740
https://arxiv.org/abs/2005.01173
https://doi.org/10.1007/JHEP06(2020)076
https://arxiv.org/abs/2002.09902
https://doi.org/10.1016/j.physletb.2019.134985
https://doi.org/10.1016/j.physletb.2019.134985
https://doi.org/10.1016/j.physletb.2019.134985
https://arxiv.org/abs/1905.07445
https://doi.org/10.1016/j.physletb.2017.10.020
https://arxiv.org/abs/1708.02812
https://doi.org/10.1016/j.physletb.2018.11.007
https://doi.org/10.1016/j.physletb.2018.11.007
https://doi.org/10.1016/j.physletb.2018.11.007
https://arxiv.org/abs/1806.11073
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsSMPaTGC
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/StandardModelPublicResults
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/StandardModelPublicResults
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/StandardModelPublicResults
https://doi.org/10.23731/CYRM-2019-007.1
https://arxiv.org/abs/1902.04070
https://doi.org/10.1007/JHEP03(2019)020
https://doi.org/10.1007/JHEP03(2019)020
https://doi.org/10.1007/JHEP03(2019)020
https://arxiv.org/abs/1810.05149
https://doi.org/10.1103/PhysRevD.100.096003
https://arxiv.org/abs/1907.06668

1289

1290

1291

1292

1293

1294

1295

1296

1297

1298

1299

1300

1301

1302

1303

1304

1305

1306

1307

1308

1309

1310

1311

1312

1313

1314

1315

1316

1317

1318

1319

1320

1321

1322

1323

1324

[98]

[99]

[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]

109

[110]

[111]

[112]

[113]

X. Li, H. Xu, C. Yang, C. Zhang and S.-Y. Zhou, Positivity in Multifield Effective
Field Theories, Phys. Rev. Lett. 127 (2021) 121601 [2101.01191].

C. de Rham, S. Kundu, M. Reece, A.J. Tolley and S.-Y. Zhou, Snowmass White
Paper: UV Constraints on IR Physics, in Snowmass 2021 proceedings, 2022
[2203.06805).

W. Shepherd, SMEFT at the LHC and Beyond: A Snowmass White Paper, in 2022
Snowmass Summer Study, 2022 [2203.07406].

J. Marshall, A. Miinnich and M. Thomson, Performance of Particle Flow
Calorimetry at CLIC, Nucl. Instrum. Meth. A 700 (2013) 153 [1209.4039].

C. Benedetti et al., Linear collider based on laser-plasma accelerators, in 2022
Snowmass Summer Study, 3, 2022 [2203.08366].

V. Shiltsev and F. Zimmermann, Modern and Future Colliders, Rev. Mod. Phys. 93
(2021) 015006 [2003.09084].

A. Costantini, F. De Lillo, F. Maltoni, L. Mantani, O. Mattelaer, R. Ruiz et al.,
Vector boson fusion at multi-TeV muon colliders, JHEP 09 (2020) 080
[2005.10289).

T. Han, Y. Ma and K. Xie, High Energy Leptonic Collisions and FElectroweak Parton
Distribution Functions, 2007 . 14300.

M. Beyer, W. Kilian, P. Krstonosic, K. Monig, J. Reuter, E. Schmidt et al.,
Determination of New Electroweak Parameters at the ILC - Sensitivity to New
Physics, Eur. Phys. J. C 48 (2006) 353 [hep-ph/0604048].

C. Fleper, W. Kilian, J. Reuter and M. Sekulla, Scattering of W and Z Bosons at
High-Energy Lepton Colliders, Eur. Phys. J. C 77 (2017) 120 [1607.03030].

S. Green, Calorimetry at a Future Linear Collider, Ph.D. thesis, Cambridge U.,
2017. 10.17863/CAM.158509.

D. Buarque Franzosi et al., Vector boson scattering processes: Status and prospects,
Rev. Phys. 8 (2022) 100071 [2106.01393|.

R. Ruiz, A. Costantini, F. Maltoni and O. Mattelaer, The Effective Vector Boson
Approximation in High-Energy Muon Collisions, 2111.02442.

T. Han, Y. Ma and K. Xie, Electroweak fragmentation at high energies: A Snowmass
White Paper, in 2022 Snowmass Summer Study, 2022 [2203.11129].

V. Bertone, M. Cacciari, S. Frixione and G. Stagnitto, The partonic structure of the
electron at the next-to-leading logarithmic accuracy in QED, JHEP 03 (2020) 135
[1911.12040].

C. Paranjape, D. Stolarski and Y. Wu, Tree-level Interference in VBF production of
Vh, in 2022 Snowmass Summer Study, 2022 [2203.05729].

51


https://doi.org/10.1103/PhysRevLett.127.121601
https://arxiv.org/abs/2101.01191
https://arxiv.org/abs/2203.06805
https://arxiv.org/abs/2203.07406
https://doi.org/10.1016/j.nima.2012.10.038
https://arxiv.org/abs/1209.4039
https://arxiv.org/abs/2203.08366
https://doi.org/10.1103/RevModPhys.93.015006
https://doi.org/10.1103/RevModPhys.93.015006
https://doi.org/10.1103/RevModPhys.93.015006
https://arxiv.org/abs/2003.09084
https://doi.org/10.1007/JHEP09(2020)080
https://arxiv.org/abs/2005.10289
https://arxiv.org/abs/2007.14300
https://doi.org/10.1140/epjc/s10052-006-0038-0
https://arxiv.org/abs/hep-ph/0604048
https://doi.org/10.1140/epjc/s10052-017-4656-5
https://arxiv.org/abs/1607.03030
https://doi.org/10.1016/j.revip.2022.100071
https://arxiv.org/abs/2106.01393
https://arxiv.org/abs/2111.02442
https://arxiv.org/abs/2203.11129
https://doi.org/10.1007/JHEP03(2020)135
https://arxiv.org/abs/1911.12040
https://arxiv.org/abs/2203.05729

1325

1326

1327

1328

1329

1330

1331

1332

1333

1334

1335

1336

1337

1338

1339

1340

1341

1342

1343

1344

1345

1346

1347

1348

1349

1350

1351

1352

1353

1354

1355

1356

1357

1358

1359

[114] B. Abbott et al., Anomalous quartic gauge couplings at a muon collider, in 2022
Snowmass Summer Study, 2022 [2203.08135].

[115] T. Yang, S. Qian, Z. Guan, C. Li, F. Meng, J. Xiao et al., Longitudinally polarized
ZZ scattering at a muon collider, Phys. Rev. D 104 (2021) 093003 [2107.13581].

[116] L. Huang, S.D. Lane, .M. Lewis and Z. Liu, Electroweak Restoration at the LHC
and Beyond: The Vh Channel, Phys. Rev. D 103 (2021) 053007 [2012.00774].

[117] A. Apyan, C. Mwewa, L. Nedic, M.-A. Pleier and K. Potamianos, Sensitivity to
longitudinal vector boson scattering in W W=jj at future hadron colliders, in 2022
Snowmass Summer Study, 2022 [2203.07994].

[118] W. Buchmuller and D. Wyler, Effective Lagrangian Analysis of New Interactions
and Flavor Conservation, Nucl. Phys. B 268 (1986) 621.

[119] B. Grzadkowski, M. Iskrzynski, M. Misiak and J. Rosiek, Dimension-Siz Terms in
the Standard Model Lagrangian, JHEP 10 (2010) 085 [1008.4884].

[120] G. Buchalla, O. Cata and C. Krause, Complete Electroweak Chiral Lagrangian with
a Light Higgs at NLO, Nucl. Phys. B 880 (2014) 552 [1307.5017].

[121] G. Buchalla, O. Cata, A. Celis and C. Krause, Note on Anomalous Higgs-Boson
Couplings in Effective Field Theory, Phys. Lett. B 750 (2015) 298 [1504.01707].

[122] I. Brivio and M. Trott, The Standard Model as an Effective Field Theory, Phys.
Rept. 793 (2019) 1 [1706.08945).

[123] M.E. Peskin and T. Takeuchi, A New constraint on a strongly interacting Higgs
sector, Phys. Rev. Lett. 65 (1990) 964.

[124] G. Altarelli and R. Barbieri, Vacuum polarization effects of new physics on
electroweak processes, Phys. Lett. B 253 (1991) 161.

[125] J. de Blas, Y. Du, C. Grojean, J. Gu, V. Miralles, M.E. Peskin et al., Global SMEFT
Fits at Future Colliders, in 2022 Snowmass Summer Study, 6, 2022 [2206.08326].

[126] S. Weinberg, Baryon and Lepton Nonconserving Processes, Phys. Rev. Lett. 43
(1979) 1566.

[127] F. Wilczek and A. Zee, Operator Analysis of Nucleon Decay, Phys. Rev. Lett. 43
(1979) 1571.

[128] L.F. Abbott and M.B. Wise, The Effective Hamiltonian for Nucleon Decay, Phys.
Rev. D 22 (1980) 2208.

[129] L. Lehman, Extending the Standard Model Effective Field Theory with the Complete
Set of Dimension-7 Operators, Phys. Rev. D 90 (2014) 125023 [1410.4193].

[130] L. Lehman and A. Martin, Low-derivative operators of the Standard Model effective
field theory via Hilbert series methods, JHEP 02 (2016) 081 [1510.00372].

52


https://arxiv.org/abs/2203.08135
https://doi.org/10.1103/PhysRevD.104.093003
https://arxiv.org/abs/2107.13581
https://doi.org/10.1103/PhysRevD.103.053007
https://arxiv.org/abs/2012.00774
https://arxiv.org/abs/2203.07994
https://doi.org/10.1016/0550-3213(86)90262-2
https://doi.org/10.1007/JHEP10(2010)085
https://arxiv.org/abs/1008.4884
https://doi.org/10.1016/j.nuclphysb.2014.01.018
https://arxiv.org/abs/1307.5017
https://doi.org/10.1016/j.physletb.2015.09.027
https://arxiv.org/abs/1504.01707
https://doi.org/10.1016/j.physrep.2018.11.002
https://doi.org/10.1016/j.physrep.2018.11.002
https://doi.org/10.1016/j.physrep.2018.11.002
https://arxiv.org/abs/1706.08945
https://doi.org/10.1103/PhysRevLett.65.964
https://doi.org/10.1016/0370-2693(91)91378-9
https://arxiv.org/abs/2206.08326
https://doi.org/10.1103/PhysRevLett.43.1566
https://doi.org/10.1103/PhysRevLett.43.1566
https://doi.org/10.1103/PhysRevLett.43.1566
https://doi.org/10.1103/PhysRevLett.43.1571
https://doi.org/10.1103/PhysRevLett.43.1571
https://doi.org/10.1103/PhysRevLett.43.1571
https://doi.org/10.1103/PhysRevD.22.2208
https://doi.org/10.1103/PhysRevD.22.2208
https://doi.org/10.1103/PhysRevD.22.2208
https://doi.org/10.1103/PhysRevD.90.125023
https://arxiv.org/abs/1410.4193
https://doi.org/10.1007/JHEP02(2016)081
https://arxiv.org/abs/1510.00372

1360

1361

1362

1363

1364

1365

1366

1367

1368

1369

1370

1371

1372

1373

1374

1375

1376

1377

1378

1379

1380

1381

1382

1383

1384

1385

1386

1387

1388

1389

1390

1391

1392

1393

1394

1395

[131]

[132]

[133]

[134]

[135]

[136]

[137]

[138]

[139]

[140]

[141]

[142]

[143]
[144]

[145]

[146]

B. Henning, X. Lu, T. Melia and H. Murayama, 2, 84, 30, 993, 560, 15456, 11962,
261485, ...: Higher dimension operators in the SM EFT, JHEP 08 (2017) 016
[1512.03433].

T. Barklow, K. Fujii, S. Jung, R. Karl, J. List, T. Ogawa et al., Improved Formalism
for Precision Higgs Coupling Fits, Phys. Rev. D 97 (2018) 053003 [1708.08912].

A. Falkowski, M. Gonzélez-Alonso and K. Mimouni, Compilation of low-energy
constraints on 4-fermion operators in the SMEFT, JHEP 08 (2017) 123
[1706.03783|.

G.F. Giudice, C. Grojean, A. Pomarol and R. Rattazzi, The Strongly-Interacting
Light Higgs, JHEP 06 (2007) 045 [hep-ph/0703164].

R. Barbieri, A. Pomarol, R. Rattazzi and A. Strumia, Flectroweak symmetry
breaking after LEP-1 and LEP-2, Nucl. Phys. B 703 (2004) 127 [hep-ph/0405040].

J. Ellis, M. Madigan, K. Mimasu, V. Sanz and T. You, Top, Higgs, Diboson and
FElectroweak Fit to the Standard Model Effective Field Theory, JHEP 04 (2021) 279
[2012.02779].

SMEFIT collaboration, Combined SMEFT interpretation of Higgs, diboson, and top
quark data from the LHC, JHEP 11 (2021) 089 [2105.00006].

E. Vryonidou and C. Zhang, Dimension-siz electroweak top-loop effects in Higgs
production and decay, JHEP 08 (2018) 036 [1804.09766].

G. Durieux, J. Gu, E. Vryonidou and C. Zhang, Probing top-quark couplings
indirectly at Higgs factories, Chin. Phys. C' 42 (2018) 123107 [1809.03520].

S. Jung, J. Lee, M. Perelld, J. Tian and M. Vos, Higgs, top and electro-weak
precision measurements at future eTe” colliders; a combined effective field theory
analysis with renormalization mixing, 2006 .14631.

J. De Blas et al., HEPfit: a code for the combination of indirect and direct
constraints on high energy physics models, Eur. Phys. J. C 80 (2020) 456
[1910.14012].

S. Chen, A. Glioti, R. Rattazzi, L. Ricci and A. Wulzer, Learning from radiation at
a very high energy lepton collider, JHEP 05 (2022) 180 [2202.10509].

C. Aime et al., Muon Collider Physics Summary, 2203.07256.

MuoN COLLIDER collaboration, The physics case of a 8 TeV muon collider stage, in
2022 Snowmass Summer Study, 2022 [2203.07261].

J. de Blas, J. Gu and Z. Liu, Higgs Precision at a 125 GeV Muon Collider,
2203.04324.

M. Diehl and O. Nachtmann, Optimal observables for the measurement of three
gauge boson couplings in e+ e- —> W+ W-, Z. Phys. C 62 (1994) 397.

93


https://doi.org/10.1007/JHEP08(2017)016
https://arxiv.org/abs/1512.03433
https://doi.org/10.1103/PhysRevD.97.053003
https://arxiv.org/abs/1708.08912
https://doi.org/10.1007/JHEP08(2017)123
https://arxiv.org/abs/1706.03783
https://doi.org/10.1088/1126-6708/2007/06/045
https://arxiv.org/abs/hep-ph/0703164
https://doi.org/10.1016/j.nuclphysb.2004.10.014
https://arxiv.org/abs/hep-ph/0405040
https://doi.org/10.1007/JHEP04(2021)279
https://arxiv.org/abs/2012.02779
https://doi.org/10.1007/JHEP11(2021)089
https://arxiv.org/abs/2105.00006
https://doi.org/10.1007/JHEP08(2018)036
https://arxiv.org/abs/1804.09766
https://doi.org/10.1088/1674-1137/42/12/123107
https://arxiv.org/abs/1809.03520
https://arxiv.org/abs/2006.14631
https://doi.org/10.1140/epjc/s10052-020-7904-z
https://arxiv.org/abs/1910.14012
https://doi.org/10.1007/JHEP05(2022)180
https://arxiv.org/abs/2202.10509
https://arxiv.org/abs/2203.07256
https://arxiv.org/abs/2203.07261
https://arxiv.org/abs/2203.04324
https://doi.org/10.1007/BF01555899

1396

1397

1398

1399

1400

1401

1402

1403

1404

1405

1406

1407

1408

1409

1410

1411

1412

1413

1414

1415

1416

1417

1418

1419

1420

1421

1422

1423

1424

1425

1426

1427

1428

1429

[147]

[148]

[149]

[150]

[151]

[152]

153

[154]

[155]

[156]

[157]

158

[159]

[160]

[161]

[162]

G. Durieux, M. Perell6, M. Vos and C. Zhang, Global and optimal probes for the
top-quark effective field theory at future lepton colliders, JHEP 10 (2018) 168
[1807.02121].

CHARM-II collaboration, Precision measurement of electroweak parameters from
the scattering of muon-neutrinos on electrons, Phys. Lett. B 335 (1994) 246.

J. Erler and S. Su, The Weak Neutral Current, Prog. Part. Nucl. Phys. 71 (2013)
119 [1303.5522].

PARTICLE DATA GROUP collaboration, Review of Particle Physics, Chin. Phys. C
38 (2014) 090001.

CHARM collaboration, A Precise Determination of the Electroweak Mixing Angle
from Semileptonic Neutrino Scattering, Z. Phys. C 36 (1987) 611.

A. Blondel et al., Electroweak Parameters From a High Statistics Neutrino Nucleon
Scattering Experiment, Z. Phys. C 45 (1990) 361.

CCFR, E744, E770 collaboration, A Precision measurement of electroweak
parameters in neutrino - nucleon scattering, Fur. Phys. J. C 1 (1998) 509
[hep-ex/9701010].

CHARM collaboration, Experimental Verification of the Universality of v. and v,
Coupling to the Neutral Weak Current, Phys. Lett. B 180 (1986) 303.

PARTICLE DATA GROUP collaboration, Review of Particle Physics, Chin. Phys. C
40 (2016) 100001.

SLAC E158 collaboration, Precision measurement of the weak mixing angle in
Moller scattering, Phys. Rev. Lett. 95 (2005) 081601 [hep-ex/0504049].

A. Czarnecki and W.J. Marciano, Electroweak radiative corrections to polarized
Moller scattering asymmetries, Phys. Rev. D 53 (1996) 1066 [hep-ph/9507420].

QWEAK collaboration, First Determination of the Weak Charge of the Proton, Phys.
Rev. Lett. 111 (2013) 141803 [1307.5275).

PVDIS collaboration, Measurement of parity violation in electron—quark scattering,
Nature 506 (2014) 67.

E.J. Beise, M.L. Pitt and D.T. Spayde, The SAMPLE experiment and weak nucleon
structure, Prog. Part. Nucl. Phys. 54 (2005) 289 [nucl-ex/0412054].

A. Argento et al., Electroweak Asymmetry in Deep Inelastic Muon - Nucleon
Scattering, Phys. Lett. B 120 (1983) 245.

VENUS collaboration, Measurement of tau polarization in e+ e- annihilation at
s**(1/2) = 58-GeV, Phys. Lett. B 403 (1997) 155 [hep-ex/9703003].

o4


https://doi.org/10.1007/JHEP10(2018)168
https://arxiv.org/abs/1807.02121
https://doi.org/10.1016/0370-2693(94)91421-4
https://doi.org/10.1016/j.ppnp.2013.03.004
https://doi.org/10.1016/j.ppnp.2013.03.004
https://doi.org/10.1016/j.ppnp.2013.03.004
https://arxiv.org/abs/1303.5522
https://doi.org/10.1088/1674-1137/38/9/090001
https://doi.org/10.1088/1674-1137/38/9/090001
https://doi.org/10.1088/1674-1137/38/9/090001
https://doi.org/10.1007/BF01630598
https://doi.org/10.1007/BF01549665
https://doi.org/10.1007/s100520050099
https://arxiv.org/abs/hep-ex/9701010
https://doi.org/10.1016/0370-2693(86)90315-1
https://doi.org/10.1088/1674-1137/40/10/100001
https://doi.org/10.1088/1674-1137/40/10/100001
https://doi.org/10.1088/1674-1137/40/10/100001
https://doi.org/10.1103/PhysRevLett.95.081601
https://arxiv.org/abs/hep-ex/0504049
https://doi.org/10.1103/PhysRevD.53.1066
https://arxiv.org/abs/hep-ph/9507420
https://doi.org/10.1103/PhysRevLett.111.141803
https://doi.org/10.1103/PhysRevLett.111.141803
https://doi.org/10.1103/PhysRevLett.111.141803
https://arxiv.org/abs/1307.5275
https://doi.org/10.1038/nature12964
https://doi.org/10.1016/j.ppnp.2004.07.002
https://arxiv.org/abs/nucl-ex/0412054
https://doi.org/10.1016/0370-2693(83)90665-2
https://doi.org/10.1016/S0370-2693(97)00506-6
https://arxiv.org/abs/hep-ex/9703003

1430

1431

1432

1433

1434

1435

1436

1437

1438

1439

1440

1441

1442

1443

1444

1445

1446

1447

1448

1449

1450

1451

1452

1453

1454

1455

1456

1457

1458

1459

163

[164]

[165]

[166]

167]

[168]

169

[170]

[171]

[172]

[173]

[174]

[175]

CHARM-II collaboration, First observation of neutrino trident production, Phys.
Lett. B 245 (1990) 271.

CCFR collaboration, Neutrino tridents and W Z interference, Phys. Rev. Lett. 66
(1991) 3117.

W. Altmannshofer, S. Gori, M. Pospelov and 1. Yavin, Neutrino Trident Production:
A Powerful Probe of New Physics with Neutrino Beams, Phys. Rev. Lett. 113 (2014)
091801 [1406.2332].

M. Gonzalez-Alonso and J. Martin Camalich, Global Effective-Field-Theory analysis
of New-Physics effects in (semi)leptonic kaon decays, JHEP 12 (2016) 052
[1605.07114].

F. Caola and K. Melnikov, Constraining the Higgs boson width with ZZ production
at the LHC, Phys. Rev. D 88 (2013) 054024 [1307.4935].

J.M. Campbell, R.K. Ellis and C. Williams, Bounding the Higgs Width at the LHC
Using Full Analytic Results for gg— > e~ etu~u™, JHEP 04 (2014) 060
[1311.3589].

ATLAS collaboration, Snowmass White Paper Contribution: Physics with the
Phase-2 ATLAS and CMS Detectors, .

CMS collaboration, First evidence for off-shell production of the Higgs boson and
measurement of its width, 2202.06923.

A. Azatov et al., Off-shell Higgs Interpretations Task Force: Models and Effective
Field Theories Subgroup Report, 2203.02418.

T. Appelquist, B.A. Dobrescu and A.R. Hopper, Nonezxotic Neutral Gauge Bosons,
Phys. Rev. D 68 (2003) 035012 [hep-ph/0212073].

V. Gherardi, D. Marzocca and E. Venturini, Matching scalar leptoquarks to the
SMEFT at one loop, JHEP 07 (2020) 225 [2003.12525].

J. Aebischer, W. Dekens, E.E. Jenkins, A.V. Manohar, D. Sengupta and P. Stoffer,
Effective field theory interpretation of lepton magnetic and electric dipole moments,
JHEP 07 (2021) 107 [2102.08954].

R.K. Ellis et al., Physics Briefing Book: Input for the Furopean Strategy for Particle
Physics Update 2020, 1910.11775.

95


https://doi.org/10.1016/0370-2693(90)90146-W
https://doi.org/10.1016/0370-2693(90)90146-W
https://doi.org/10.1016/0370-2693(90)90146-W
https://doi.org/10.1103/PhysRevLett.66.3117
https://doi.org/10.1103/PhysRevLett.66.3117
https://doi.org/10.1103/PhysRevLett.66.3117
https://doi.org/10.1103/PhysRevLett.113.091801
https://doi.org/10.1103/PhysRevLett.113.091801
https://doi.org/10.1103/PhysRevLett.113.091801
https://arxiv.org/abs/1406.2332
https://doi.org/10.1007/JHEP12(2016)052
https://arxiv.org/abs/1605.07114
https://doi.org/10.1103/PhysRevD.88.054024
https://arxiv.org/abs/1307.4935
https://doi.org/10.1007/JHEP04(2014)060
https://arxiv.org/abs/1311.3589
https://arxiv.org/abs/2202.06923
https://arxiv.org/abs/2203.02418
https://doi.org/10.1103/PhysRevD.68.035012
https://arxiv.org/abs/hep-ph/0212073
https://doi.org/10.1007/JHEP07(2020)225
https://arxiv.org/abs/2003.12525
https://doi.org/10.1007/JHEP07(2021)107
https://arxiv.org/abs/2102.08954
https://arxiv.org/abs/1910.11775

	Introduction
	Electroweak precision tests at future colliders
	Current status of electroweak precision tests
	Electroweak precision measurements at future e+e- colliders
	Electroweak precision measurements at other facilities
	Theory needs for the interpretation of Electroweak precision data

	Multi-boson processes at high-energy colliders
	Theory studies on anomalous couplings
	Multi-boson processes at future lepton colliders
	Multi-boson processes at future hadron colliders

	Global fits of new physics
	Framework and scope
	Collider scenarios and observables
	Results

	Conclusions

