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13Università degli Studi and INFN Roma Tre, Rome, Italy

14Universität Hamburg, Hamburg, Germany
15Deutsches Elektronen-Synchrotron DESY, Hamburg, Germany

16Humboldt-Universität zu Berlin, Berlin, Germany
17Fudan University, Shanghai, China

18Kennesaw State University, Kennesaw, GA, USA
19University of Cambridge, Cambridge, UK

20University of Vienna, Vienna, Austria
21Ecole polytechnique, Paris, France

22Texas A&M University, College Station, TX, USA
23City College of New York, New York City, NY, USA

24University of Cambridge, Cambridge, UK
25University of North Georgia, Dahlonega, GA, USA

26Universidad de Salamanca, Salamanca, Spain

ar
X

iv
:2

20
9.

11
26

7v
3 

 [
he

p-
ph

] 
 6

 N
ov

 2
02

2



27Technion, Israel Institute of Technology, Haifa, Israel
28Massachusetts Institute of Technology, Cambridge, MA, USA

29INFN, Sezione di Roma, Rome, Italy
30Southern Methodist University, Dallas, TX, USA

31Brookhaven National Laboratory, Upton, NY, USA
32Brown University, Providence, RI, USA
33University of Warsaw, Warsaw, Poland

34University of Manchester, Manchester, UK
35SLAC National Accelerator Laboratory, Menlo Park, CA, USA

36Max-Planck-Institut für Physik, Munich, Germany
37PSI, Villigen, Switzerland

38Tohoku University, Sendai, Japan
39CEPP, University of Tokyo, Japan

40Universität Siegen, Siegen, Germany
41University of Pittsburgh, Pittsburgh, PA, USA

Version: 2.4; Date: November 8, 2022

Abstract

This report summarizes the work of the Energy Frontier Topical Group on EW Physics: Heavy
flavor and top quark physics (EF03) of the 2021 Community Summer Study (Snowmass). It aims to
highlight the physics potential of top-quark studies and heavy-flavor production processes (bottom
and charm) at the HL-LHC and possible future hadron and lepton colliders and running scenarios.



Executive Summary

Top quarks play a central role in the exploration of the energy frontier, second only to the Higgs
boson. The broad program of top-quark measurements at the LHC and related advanced theoretical
calculations will continue into the future, at the HL-LHC and possibly at future lepton and hadron
colliders. At lepton colliders, the top-quark program will only start in earnest once the CM energy
reaches the top-pair production threshold.

Studies of the top quark are directly connected to the important questions at the energy frontier.
Of particular importance is the top-quark mass, which is a key ingredient in EW precision and QCD
calculations. Mass measurements at hadron colliders are limited by theory modeling uncertainties.
A precision of better than 500 MeV is required for the HL-LHC. Achieving this precision requires
significant work on the theory side, to understand and calibrate the top-quark mass in different
schemes, higher-order QCD and EW calculations, and improvements in parton shower Monte Carlo
generators. A significant reduction of PDF uncertainties is required, which can be achieved, in part,
through studies of heavy flavor production in the forward region. The best precision will only be
achieved at future lepton colliders running at the top threshold (340 GeV), where uncertainties
of 50 MeV or better should be achievable. Circular lepton colliders are able to measure the top-
quark mass more precisely than linear colliders because of they can constrain the strong coupling
constant, which contributes a large uncertainty on the top-quark mass.

Top-quark production processes probe all aspects of top-quark couplings to the SM bosons and
top-quark final states are sensitive to BSM particles such as SUSY top squarks. The HL-LHC will
provide the event samples required to study many of these processes with percent-level precision,
which necessitates (N)NNLO and higher-order QCD calculations, and the inclusion of (N)NLO
EW corrections. Lepton colliders running at CM energies above 500 GeV (ILC and CLIC) are able
to constrain the top-quark couplings to bosons beyond the precision of the HL-LHC. Additional
constraints for global EFT fits come from heavy flavor production (bottom and charm quarks) at
lepton colliders.

Searches for BSM physics in top-quark final states focus on the third-generation coupling of BSM
particles, indirectly through EFT fits or searches for flavor-changing neutral currents, and directly
through searches for SUSY and other new particles. Linear colliders will expand the reach of FCNC
searches of the top-Z interaction. Contact interaction and searches for compositeness are examples
of BSM physics that top-quark production is sensitive to at TeV energies and above, these are
probed at CLIC, FCC-hh as well as muon colliders.

Significant theoretical effort is required to exploit the full potential of future colliders, as pointed
out throughout this document. Some of the biggest challenges are:

• Calibration of the top quark MC mass to a well-defined scheme in perturbation theory with
a precision comparable to the experimental uncertainty.

• Computing cross-sections, inclusively and differentially at higher orders in perturbation the-
ory, going to N3LO in QCD for top pair production plus resummation, going to NNLO in
QCD for associated production processes, and including EW higher order corrections.

• Reducing the PDF uncertainties, which are already now the largest theory uncertainties for
several processes, most importantly top-pair production. This requires close interconnec-
tions between theory and experiment and new differential measurements of top production
processes.
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• Improving the modeling of the full event at the LHC and future hadron and lepton colliders
and reducing parton shower uncertainties.
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I. INTRODUCTION

Since the discovery of the top quark at the Fermilab Tevatron proton-antiproton collider in 1995 [1,
2], the properties, productions and decays of the to-date heaviest fundamental particle have been
under close experimental scrutiny. Given its large mass (mt), the top quark plays a special role
in the EW (EW) sector of the Standard Model (SM), with a Yukawa coupling (yt) of order unity
(yt =

√
2mt/v ≈ 1 and v is the vacuum expectation value of the Higgs field), introducing large

quadratic corrections to the Higgs-boson mass, and affecting the stability of the EW vacuum [3].
The top-quark sector is therefore especially suitable for precision EW tests and to search for possible
beyond-the-SM (BSM) physics. Being so heavy also makes for a unique phenomenology: the top
quark dominantly decays to a W boson and bottom quark with a lifetime approximately ten times
shorter than the time needed for the formation of hadrons (1/ΛQCD ≈ 10−24s) or bound states,
and several orders of magnitude smaller than the spin decorrelation time (mt/Λ

2
QCD ≈ 10−21s). As

a consequence, the top quark decays before it hadronizes and the information about its spin state
is preserved in distributions of top-quark decay products. The observation of many millions of top-
quark events at the LHC together with the development of innovative analysis techniques allowed
to perform measurements at a high level of precision and to explore a wide variety of top quark
observables in new kinematic regimes and event topologies. Also on the theory side, immense effort
and ingenuity went into improving predictions for top quark observables and in devising direct and
indirect searches strategy for BSM physics. A diagram of physics questions that can be addressed
with top quarks is shown in Figure 1. For recent reviews on top-quark physics at hadron colliders
see, e.g.,[4–6]. As the heaviest SM particle, the top quark is also a key to BSM searches at the
LHC and future colliders. Its large mass and decay products enable the precision calibration of
detectors at hadron collider and the different top-quark production processes contribute important
backgrounds in almost all analyses.

Thermal 
History of 
Universe

Origin of 
EWSB? Flavor-changing 

neutral currents

Stability of Universe

CPV and 
Baryogenesis

Origin of masses?

Detector 
calibration

Is it unique?
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Origin of Higgs  
boson mass

Top quark 
Physics

FIG. 1. Illustration of the different aspects of the top-quark physics program.

Given the uniqueness and importance of the top-quark sector in the SM and in many BSM scenarios
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it is of the utmost importance to take full advantage of the LHC as a top-quark factory to perform
precision studies and BSM searches in top-quark production processes and decays. Other heavy-
quark production processes involving bottom (the other 3rd generation quark) and charm quarks
also offer interesting opportunities for precision tests of the SM and searches for BSM physics, and
examples are presented in this report.

This report aims to highlight the physics potential of top-quark studies and heavy-flavor production
processes (bottom and charm) at the HL-LHC and possible future hadron and lepton colliders
and running scenarios. The following specific, overarching questions were useful in guiding the
discussion:

• What is the ultimate precision that can be reached for the measurement of a well-defined
top-quark mass? What is the impact on global EW precision fits (see EF04 report)? What
is needed to reduce the theoretical uncertainties in order to push for the highest possible
precision, especially in e+e− → tt̄ threshold cross sections at the required level? This is
addressed in Section II and the EW report [7].

• What is the potential for discovery and studies of rare top-quark production processes, such
as multiple top production and top in association with other heavy SM particles, and what is
their impact on a global EFT fit and direct BSM searches? This is addressed in Sections IV E
and IV G and in the Higgs report [8], the EW report [7] and the BSM report [9].

• What can be learned from measurements of top quark production and top quark properties
other than the top quark mass and couplings such as spin correlations, asymmetries, po-
larization in new kinematic regimes, and what is the achievable/required precision? This is
addressed in Section V. The relevant EFT operators and the global fit are discussed in the
EW report [7].

• What is the potential of multi-differential cross sections in top quark production processes
to simultaneously extract αs,mt, and the gluon parton distribution function (PDF)? This is
addressed in Sections IV, II B 2 and VII B. See also the QCD report [10].

• What is the potential of heavy-quark production cross sections (also in association with EW
gauge bosons) to probe heavy-quark PDFs, and could this impact the achievable precision
of Higgs production in association with heavy quarks? This is addressed in Section IV E and
the QCD report [10].

• What can be learned from precision measurements of heavy-quark production (cc̄, bb̄, tt̄)
at lepton colliders, and are systematic uncertainties from theory under control, especially
higher-order EW corrections? An example of this is the running of the bottom quark mass,
see Section VII A, see also the QCD report [10].

• There will be improvements in theory and analysis techniques after the LHC is finished
taking data. How can these be used to improve our understanding of the top quark and its
interactions in the foreseeable absence of top physics data? This will require persistence of
HL-LHC data and the ability to re-analyze it as tools improve. This impacts most of the top-
quark measurements described here, and particularly the top quark pole mass measurements
(Section II B 2).

• Is it possible to realistically project systematic uncertainties affecting precision measurements
of top quark observables and heavy flavor production to be able to compare different collider
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options. Can we learn from the lessons of Tevatron to LHC or Snowmass 2013 compared to
LHC data with 150 fb−1? This is addressed in Section II B 1.

In Section VIII we summarize our findings and highlight the need for significant theory effort to
exploit the full potential of future colliders.

II. TOP-QUARK MASS

The top-quark mass mt is one of the most important parameters of the SM and relevant as an
input for precise predictions and for the understanding of SM properties such as the stability of
the spontaneously broken vacuum state. As such, precise mt measurements are just as important
as their interpretation in terms of a theoretically well-defined mass. For instance, the crucial role
of mt in EW precision tests of the SM as both an SM input parameter and an EW precision
observable (EWPO) is highlighted in the EW report [7]. Loop corrections to the mass of the
W boson from top quarks result in a W mass uncertainty of about 1 MeV for a top-quark mass
uncertainty of 100 MeV [11]. The precision EW fits therefore set the scale for the required top-quark
mass uncertainty [12, 13]. A W boson mass uncertainty of about 5 MeV (see Table 1 in Ref. [7])
therefore necessitates the top-quark mass to be measured with an 500 MeV. Similarly, a W boson
mass uncertainty of 0.5 MeV at a lepton collider (see Table 2 in Ref. [7]) necessitates a top-quark
mass uncertainty below 50 MeV. This evaluation assumes the top-quark mass is measured in a
well-defined scheme, otherwise additional uncertainties need to be included, see Section II A.

The evaluation of EWPOs is usually performed either in the on-shell or MS scheme and the
prospects for measurements of the top-quark mass in these schemes at current and future colliders
and their relation to other mass definitions is therefore important. This section starts with a
discussion of the mt theory aspects, followed by the status and prospects for mt measurements,
from the decay (direct or Monte Carlo (MC) mass) and production cross sections in well-defined
schemes (e.g., pole mass) at a hadron collider, and from an energy scan around the tt̄ threshold at
a lepton collider.

A. Theory aspects and challenges

Since isolated quarks cannot be observed, the top-quark mass is not directly physical, but a renor-
malization scheme dependent quantity. This scheme dependence can only be well-defined and
controlled for mass sensitive observables that are calculable in perturbation theory (at least at the
next-to-leading order (NLO) level). Even though the scheme dependence of predictions vanishes in
the large order limit, in practice adopting a proper scheme can affect the quality of the perturbative
expansion and the size of the perturbative uncertainties at each order. In contrast to the strong
coupling αs(µR), for which exclusively the MS scheme is used and the issue of scheme-dependence
reduces to making an adequate choice of the renormalization scale µR, for the top-quark mass
many different schemes are in use. Some are renormalization scale dependent (MS, MSR, kinetic,

PS, RS) and some are not (pole, 1S). The difference between the pole mass mpole
t and the other

schemes is of order R×αs(R) where R is between 1 GeV and mt. For the MS mass mt(µ) the scale
R is equal to mt(µ) and for the MSR mass mMSR

t (R) it is R. The renormalization scale of the MSR
mass mMSR

t (R) allows to interpolate between the MS mass mt(mt) and the pole mass allowing for
dynamical scale setting with R values below the top-quark mass. [14, 15]. While currently, for
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most theoretical NLO and next-to-next-to-next-to-leading order (NNLO) calculations of top-quark
cross section, the top-quark mass scheme is fixed to a particular scheme (mostly the pole mass),
it should eventually become common practice that such calculations allow for a flexible scheme
choice with dynamical scale setting in analogy to the renormalization scale of the strong coupling.

The QCD corrections between most top-quark mass schemes are known to O(α4
s) precision and

allow for fixed-order and renormalization group improved conversions with uncertainties at the
level of 10-20 MeV as far as QCD corrections are concerned. The exception is the pole mass,
which due to the on-shell condition has an intrinsic renormalon ambiguity of 110 to 250 MeV [15,
16], and also leads to in general larger higher order corrections. Top-quark mass determinations
aiming for a precision of a few hundred MeV or below have to avoid the pole mass scheme. The
QCD corrections in the scheme conversions are available in the software packages Rundec [17]
and REvolver [18], where the latter includes renormalization group improvement for scales below
mt including a treatment of bottom and charm thresholds. The EW corrections at NLO and
NNLO as well as mixed QCD-EW NLO [19] and NNLO [20, 21] are known for the relation of
the top quark MS and the pole mass. While the EW corrections are in general smaller than the
QCD corrections, there are large Yukawa tadpole corrections that are comparable to the NLO QCD
corrections and for which different schemes have been suggested [22–24]. In current top-quark mass
determinations EW corrections are not yet included systematically. For uncertainties of 1 GeV or
less, EW corrections should, however, be included.

The currently most precise top-quark mass determinations at the LHC, typically yielding uncer-
tainties of 500-600 [25, 26] for individual measurements, and even reaching the level of below 400
MeV [27] for an individual analysis, are obtained from the direct reconstruction of the top de-
cay products (jets and leptons) from which top decay distributions are constructed that exhibit
highly top-quark mass sensitive kinematic structures (peaks, shoulders and endpoints) (see also the
discussion in Section II B 1). These top decay sensitive observables are constructed to be largely
independent of the top production mechanism and only weakly sensitive to uncertainties related
to the underlying event or multi-particle interactions. Since for these observables analytic per-
turbative QCD calculations are not available due to their complex exclusive character, and since
hadronization corrections are large, these ‘direct’ measurements exclusively rely on multipurpose
MC event generators, so the measured mass is the MC top-quark mass parameter mMC

t . There
are theoretical arguments showing that mMC

t should be numerically close to the the pole mass or
the MSR mass mMSR

t (1 GeV) within around 500 MeV [5, 28], but limitations concerning the per-
turbative precision of the parton showers used in current MC event generators, which depending
on the observable can have NLL precision or less, do not yet allow for a more precise statement.
Due to the parton shower cutoff it is, however, guaranteed that the MC top-quark mass parameter
mMC
t does not suffer from the renormalon ambiguity inherent to the pole mass [29]. For parton

showers that have next-to-leading-logarithmic (NLL) precision in the soft-collinear region, the re-
lation between mMC

t and well-defined top-quark mass schemes depends on the implementation of
the parton shower and its cutoff and can be calculated at NLO at least for event-shape type mass
sensitive observables [30]. The results indicate that the difference between mMC

t and mpole
t and

mMSR
t (1 GeV) is in the range of 500 and 200 MeV, respectively. For the 2-jettiness distribution in

the peak region in e+e− annihilation, concrete calibration fits between particle level NNLL+NLO
calculations and the PYTHIA8.205 MC confirm these estimates [31]. Issues such as the universal-
ity of such results among different MCs and observables and the impact of hadronization effects,
such that they can be applied reliably to the interpretation of the direct measurements, remain
important questions to be studied to pin down the relation of mMC

t to well-defined top-quark mass
schemes at the level that matches the experimental uncertainties that are projected to approach
170 MeV at the HL-LHC [32].
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Top-quark mass measurements in a well-defined mass scheme rely on top-quark mass sensitive
cross sections that can be calculated systematically in perturbation theory. Since such calculations
at the LHC are currently only possible for more inclusive observables, this in general comes with
the price of a reduced mass sensitivity, a stronger sensitivity to the top production mechanism or
a higher sensitivity to underlying event or multi-particle interactions. In addition this approach
frequently involves some unfolding to the calculated parton level cross section and theoretical
uncertainties arising from the finite truncation order of the perturbation series. A well-studied
method of this kind relies on the total inclusive top-antitop production cross section based on
NNLO QCD calculations [33–36], and the pole mpole

t as well as the MS mass mt(mt) have been
determined (see Section II B 2). Due to a strong sensitivity to the value of αs and the gluon PDF,
the uncertainties of the total cross section method are at the level of 2 GeV. Due to the strong
correlation of αs, the gluon PDF and the top-quark mass [37], a significant improvement of this
method relies on a more precise absolute knowledge of the gluon PDF. Reaching uncertainties well
below 1 GeV also corrections beyond NNLO have to be accounted for.

Top-antitop production cross sections that are differential offer the advantage of having a stronger
sensitivity to the top-quark mass due to kinematic threshold and endpoint kinematics in certain
regions of the distributions and a reduced dependence on the PDFs. They are however, more
difficult to calculate, and frequently only NLO predictions are used in the experimental analyses in
many cases. For top-antitop events with at least one additional jet, the shape of the distribution in
the tt̄j invariant mass is very top-quark mass sensitive, but also sufficiently inclusive to allow for a
reliable calculation using fixed-order perturbation theory [38–41]. The tt̄j jet distribution has been

used for measurements of the pole mpole
t and the MS mass mt(mt) with combined uncertainties

of 1 GeV and 2 GeV, respectively from LHC 8 TeV data [42]. The larger uncertainty using the
MS mass indicates that a renormalon-free mass definition with a renormalization scale below mt

may be more suitable. The calculation of NNLO QCD corrections and a reduction of experimental
systematic uncertainties may lead to further improvements of the method.

The tt̄ invariant mass distribution is highly top-quark mass sensitive in the threshold region close
to twice the top-quark mass. Fixed-order NLO QCD predictions have been used in Ref. [43]
to determine the pole mass with an uncertainty of 0.8 GeV showing the high potential of this
method. NNLO calculations with QCD resummation and EW corrections for the differential tt̄
cross section [44–46] as well as NNLO QCD corrections to the on-shell top quark decay [47, 48]
are available. Fixed-order calculations are, however, not sufficient for a reliable top-quark mass
determination due to Coulomb, retardation and off-shell effects that are important in the threshold
region for color-singlet as well as color-octet tt̄ configurations. Results accounting for Coulomb
effects are available [49–51], but no complete theoretical treatment is available.

A number of additional methods have been suggested (see also the discussion in Section II D)
and partly studied experimentally to determine the top-quark mass aiming for at least NLO pre-
cision concerning the scheme dependence. This includes charged lepton momentum observables
kinematically sensitive to the top-quark mass [52–54], the energy distribution of b-jets [55], the
γγ invariant mass close to 2mt that is sensitive to QCD Coulomb effects [56]. Novel methods
based on resummed and factorized QCD calculations at hadron level using Soft-Collinear Effective
Theory (SCET) applicable for boosted top quarks which become available with higher statistics
at the HL-LHC using top jet grooming [57, 58] and based on energy-energy correlations [59] have
been suggested. These examples of alternative methods offer promising and valuable alternative
top-quark mass determinations.

Overall, top-quark mass determinations in well-defined mass schemes are still less precise than the
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direct measurements at hadron colliders, but there are prospects that their precision increases with
further theoretical work. One also has to always recall that the direct measurements suffer from
the interpretation problem of the MC top-quark mass parameter mMC

t which adds an additional
uncertainty (at the level of 0.5 GeV) [5] on top of uncertainties quoted in the analyses, when the
values of mMC

t are employed for making high-precision theoretical predictions.

Considering future lepton colliders, in principle most of the top-quark mass measurement methods
used at the LHC can also be applied there. Due to the substantially cleaner hadronic environment
aspects related to hadronic initial state radiation such as underlying event and multi-particle in-
teractions are absent (and replaced by photonic backgrounds), so that in general higher precision
can be reached [60, 61]. The dependence on the precise knowledge of the PDFs at hadron collid-
ers is replaced by the dependence on the beam’s luminosity spectrum. For the direct top-quark
mass measurement the interpretation problem of mMC

t remains essentially unchanged, but can be
addressed more cleanly compared to the LHC due to the simpler structure of hadronization cor-
rections [30]. Because the tt̄ pairs are produced predominantly in a color-single state and the low
background level of identifying tt̄ states the threshold scan method [62–65] emerges as an extremely
powerful method, where the rising total inclusive tt̄+X cross section at c.m. energies around the
threshold close to 2mt has very high top-quark mass sensitivity combined with an almost ideal
computational environment, where perturbative QCD and EW calculations can be employed to
high precision and hadronization effects only play a minor role. Overall, measurements of the
top-quark mass in well-defined schemes with low renormalization scales (R ∼ mtαs ∼ 20 GeV)
with uncertainties at the level of 50 MeV are possible. Precise knowledge on the luminosity spec-
trum is crucial and a major source of uncertainty of the method. Theoretical calculations of the
total cross section are based on non-relativistic effective theories of QCD (NRQCD) [66], where
the Coulomb bound state dynamics is accounted for exactly using non-relativistic fixed-order (pN-
RQCD) [67, 68] or renormalization group improved (vNRQCD) [69–71] expansions. Theoretical
QCD calculation have been achieved at NNLO [72] and NNNLO [73, 74] in the fixed order approach
and at NNLL order in the renormalization group improved approach [75] yielding uncertainties for
the cross section normalization at the few percent level. Electroweak, finite-lifetime and off-shell
corrections [76–81] and the impact of phase space cuts for inclusive measurements [82, 83] are
known to high precision as well. At this time only the Whizard event generator [84] can provide
simulations that account for the bound state Coulomb effects in tt̄ threshold production at NLL
for the total cross section, and there is very limited knowledge on differential distributions [85, 86]
due to the complexity of low-energy ultrasoft gluon radiation. This mean that some aspects re-
lated to the projections for top-quark mass measurements at the top-antitop threshold at e+e−

colliders discussed in Section II B 3 are still not yet explored based on full simulations. The task
to improve the precision of top-quark mass threshold measurements substantially below the level
50 MeV constitutes a very challenging theoretical as well as experimental effort. Is was also shown
in Ref. [87] that e+e− → tt̄+ γ events with an identified photon can be used to carry out radiative
return measurements of the tt̄ threshold at higher c.m. energies. Theoretically the radiative return
method has in principle a precision very similar to the threshold scan, but is limited by statistics.

B. Experimental aspects

This section discusses experimental measurements of the top-quark mass and the different mea-
surement techniques:

• Direct top-quark mass measurements at the LHC are discussed in Section II B 1. The mea-
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surements are limited by systematic uncertainties, in particular the jet energy calibration
and the modeling of top-quark pair events. While the ultimate sensitivity is reached through
combinations, the measurements to be combined need to have different sensitivities to sys-
tematic uncertainties to be able to gain in the combination. While these measurements,
which measure the MC top-quark mass parameter mMC

t , will likely continue to have the
smallest experimental uncertainties at the LHC, the high precision partly involves adapta-
tions of the MC generators used for the analysis that may also affect the interpretation of
mMC
t . The interpretation of mMC

t in terms of a theoretically well-defined top-quark mass
scheme adds additional uncertainties that cannot be ignored, but also cannot be quantified
right now in a completely rigorous manner (see Section II A for a discussion).

• Top-quark mass measurements in a well-defined scheme based on cross section calculations
at the LHC are discussed in Section II B 2. Since these rely on a comparison of unfolded
differential distributions with higher-order theory calculations, the theory uncertainties are
currently large. These top-quark mass measurements are mostly carried out in the pole
mass scheme. For this method in principle all sources of uncertainties are accounted for and
precision can be increased when uncertainties in the theory calculations and the unfolding
procedure are reduced.

• Threshold scans at e+e− colliders are discussed in Section II B 3. The precision of these is
also limited by systematic uncertainties, though circular colliders can reach smaller statistical
uncertainties than linear colliders.

• Measurements of the MS mass from radiative events at e+e− colliders in the continuum are
also discussed in Section II B 3.

1. Direct or MC mass: Measurements from top-quark decays at hadron colliders

Direct measurements of the top-quark mass from top-quark decays is achieved primarily through
reconstruction of the invariant mass of the decay products, and supplemented by independent
kinematic distributions that are sensitive to the top-quark mass. The measurement precision is
limited by systematic uncertainties in production and decay modeling. The most precise measure-
ments come from tt̄ events where at least one W -boson from the decay of the top quarks decays
leptonically. In these events, the ambiguity regarding the momentum of the neutrino from the
W boson decay is offset by the precision of the measurement of the charged-lepton momentum.
The precision of these measurements is at the 0.5% level or better and is dominated by systematic
effects. The mass is extracted from the detector-level kinematic distribution by comparing to MC
generator predictions (mMC

t ).

To account for background contribution, parton miss-assignment, and other effects, the most com-
mon top-quark mass measurement techniques use a template fit to the invariant mass, or other
kinematic variable, distributions. The fit is done at the detector level, fitting MC simulation tem-
plates [88] to the data. Experimental systematic effects, such as jet-energy scales for light and
heavy quarks, have been constrained using multi-dimensional templates. A summary of top-quark
mass measurements and measurement techniques is given in [89].

At the Tevatron, the combination of direct measurements by the CDF and D0 collaborations
gives a top-quark mass of 174.30 ± 0.35(stat.) ± 0.54(syst.) GeV [90]. Systematic uncertainties
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are large, mainly due to the jet energy calibration and the modeling of the tt̄ system. Measure-
ments by ATLAS and CMS at 7 and 8 TeV are based on much larger data sets than the Tevatron
and are dominated by systematic uncertainties. The ATLAS measurement of the combined 7
and 8 TeV measurements in the dilepton and lepton+jets final states is 172.69 ± 0.25(stat.) ±
0.41(syst.) GeV [25]. The CMS measurement of the top-quark mass, combining 7 and 8 TeV data
is 172.44 ± 0.13 (stat.) ± 0.47 (syst.) GeV.[26]. The most recent, and most precise, single mea-
surement of the top-quark mass comes from the CMS collaboration, using 36 fb−1 of pp collisions
at
√
s =13 TeV [27]. The analysis uses tt̄ events decaying into a single electron or muon and at

least four jets. A profile likelihood technique is used to constrain, and thereby reduce, systematic
uncertainties. The analysis employs a kinematic fit to the tt̄ hypothesis, and uses only the best-fit
assignment (minimum χ2) of observed objects to partons. Additional kinematic variables are used
in the profile likelihood fit to constrain the uncertainties due to the modeling and reconstruction
of simulated events. These uncertainties are incorporated as nuisance parameters in the final max-
imum likelihood fit. The final result, mt = 171.77± 0.04(stat.)± 0.38(syst.) GeV [27], corresponds
to a remarkable 0.22% precision. This is already approaching the latest projections of the precision
at the HL-LHC.

Combinations of results in different final states and between ATLAS and CMS are not available yet.
These direct measurements at the LHC are all dominated by systematic uncertainties. They are
finding a region of phase space that is less sensitive to systematic uncertainties (ATLAS lepton+jets
at 8 TeV) and using data to constrain the systematic uncertainties (CMS at 8 and 13 TeV).

The projections for Run 3 at the LHC with an expected integrated luminosity of 300 fb−1 and for
the HL-LHC with an expected integrated luminosity of 3000 fb−1 are based on the 7+8 TeV CMS
lepton+jets measurement with an uncertainty of 0.49 GeV [26] and also including projections for
other measurement methods [32, 91]. These other methods are based on single-top events or based
on the characteristics of the b meson from the top-quark decay provide additional information but
are nevertheless limited in their systematic uncertainties.

Since the top-quark mass measurements described above are dominated by jet energy scale, promis-
ing methods rely on reconstructing the final-state leptons, mesons or baryons rather than the full
jet. A study by ATLAS using J/ψ mesons identified in top quark decays projects an uncertainty of
±0.14(stat.)±0.48(syst.) GeV [92]. Another new idea is to obtain the top-quark mass from the peak
in the energy distribution of the b quark from the top quark decay and to analyze the decay length
of the B meson rather than reconstructing jets [93], see Section II D 1. Resolving the difference
between direct top-quark mass measurements (from the decay products, i.e. the MC mass) and a
theoretically well-defined top-quark mass (see Section II A) is possible by using large-momentum,
boosted top-quark jets. These boosted jets make it possible to use analytic resummation rather
than having to rely on parton shower simulations, see Section II D 2.

The measurements of the top-quark MC mass as well as the projections are summarized in Table I.
They are compared to the projections from Snowmass 2013 in Figure 2. The projections from
Snowmass 2013 were made in 2012, years before the current Tevatron results (2016) and LHC
Run 1 results (2015 and 2018) were published. The predictions for systematic uncertainty reduction
expected in 2013 were very conservative. The measurements made a lot of improvements on the
understanding of the detectors and the modeling of tt̄ events in the intervening years. The current
projections could be seen as similarly conservative as discussed above. As discussed above, these do
not include the new ideas presented in Section II D or combinations of different measurements that
reduce the systematic uncertainty dependence further. However, as discussed in Section II A, there
is the additional ambiguity in relating these MC top-quark mass measurements with a well-defined
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top-quark mass scheme and the improved modelling may affect the interpretation in a non-trivial
manner.
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FIG. 2. Comparison of top-quark mass measurements from top-quark decays (MC mass or direct measure-
ment) between measurements at the Tevatron and the LHC, and projections from Snowmass 2013 for future
LHC and HL-LHC sensitivity and for a top threshold scan at a future lepton collider, and projections from
Snowmass 2021. The interpretation uncertainty for the mass from decay is not included (see Figure 4).

δmMC
t [MeV] Tevatron LHC HL-LHC

Run 1 Run 2 Run 3

ATLAS CMS ATLAS CMS
√
s [TeV] 1.96 7,8 7,8 13 13 13.6 14

L[fb−1] 9.7 5, 20 5, 20 36 36 300 3,000

Statistical uncert. 350 250 130 400 40 40 20

Systematic uncert. 540 410 470 670 380 300 170

Total uncert. 650 480 480 780 380 310 170

TABLE I. Current (Tevatron [90], LHC Run 1: ATLAS [25] and CMS [26] and Run 2: ATLAS [94] and
CMS [27]) and anticipated (LHC Run 3 and HL-LHC (lepton+jets channel) [32]) statistical and systematic
uncertainties in the measurement of the MC mass, mMC

t (measurement from decay), at hadron colliders.
No estimates exist for the FCC-hh. Numbers are rounded to two significant digits. Interpreting this mass
from decay in a well-defined scheme requires an additional uncertainty due to ambiguities in the top-quark
mass definition (see Section II A).

2. Indirect or pole mass: mass measurements in well-defined schemes from top-quark production at
hadron colliders

Direct top-quark mass measurements have reached the best quoted experimental accuracy (see
Section II B 1) but the translation to a renormalized mass is not clear (see Section II A). Deter-
mining the top-quark mass in a well-defined scheme is achieved based on differential and total
cross-section measurements, unfolded to the parton level, and then compared to theoretical pre-
dictions. These predictions should be at least NLO and use a top-quark mass renormalized in a
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well-defined scheme. This approach is frequently called “indirect” or ”from production”. At first
sight, this way of proceeding seems more rigorous than the MC mass measurements, because the
theoretical predictions used for the comparison with the experimental data have a well-defined ac-
curacy in perturbative QCD (currently NLO or NNLO [95, 96]) or, in the most advanced cases, they
also include the effects of resummation of large logarithms (e.g. threshold logarithms at NNLL).
Recently, approximate N3LO total cross-sections for tt̄ production at hadron colliders have also
become available [97] (see Section IV B).

The indirect measurements so far have measured the top-quark pole mass, which is reasonable
given that the experimental uncertainties are still much larger than the theory uncertainty due
to the renormalon ambiguity (see Section II A). Measurements of the MS mass (which avoid this
problem) are now starting, and from the experimental perspective, there is little difference between
the two schemes, thus this section will focus on the pole mass. But the statements equally apply
to the MS mass.

When measuring the top-quark mass from unfolded differential distributions, those distributions
should be used that, on the one hand, have a shape very sensitive to the top-quark mass value and,
on the other hand, do not depend too much on non-perturbative QCD effects (such as, e.g., beam
remnant and multiple parton interactions), which requires also careful studies of non-perturbative
effects and selection of the most suitable observables. Alternatively, total cross-sections are used.

At present, the quoted uncertainties for these top-quark pole mass measurements are in general
larger than those using the direct methods, but there is no additional ambiguity in the theoretical
definition of the top-quark mass. A summary of recent measurements at the LHC using the indirect
method is provided in the following.

Several measurements exist from both the ATLAS and the CMS collaborations, which extract the
top-quark mass in a well-defined mass renormalization scheme through the comparison of theory
predictions for total and differential cross sections, parameterized in the top-quark mass. Both
the tt̄ and the tt̄j processes are exploited, where for the former, both the inclusive and differential
cross sections are considered, while for the latter only differential distributions are used. In all the
experimental analyses, special care is taken not to introduce a large dependence on the value of the
top-quark mass mMC

t in the unfolding or extrapolation to the parton level. This avoids dependence
on the MC generator used to produce the MC event samples which simulate the detector response.
Different approaches to this problem exist, as discussed in the following for example analyses.

Owing to the large statistics available in tt̄ events, the cleanest channel is the one in which both the
W+ and the W− bosons from the t and t̄ subsequently decay leptonically. In the recent ATLAS [98]
and CMS [37]

√
s = 13 TeV analyses, only the eµ channel was used for the top-quark pole mass

extraction, since background events (e.g., from Z decay) are highly suppressed in this channel. This
strategy was already previously employed in the

√
s = 7 and 8 TeV analyses by ATLAS [99] and

CMS [100] and the ATLAS+CMS combination of 7+8 TeV measurements [101]. In these analyses,
single top tW production constitutes the main background, especially because in the typical event
selection, one or two b-tagged jets are required. For the 2 b-jet signature, tW events enter as
background only if a light quark or gluon jet is misreconstructed as a b-jet. The top-quark pole
mass was extracted through maximising a Bayesian likelihood as function of mpole

t by ATLAS, while
a χ2 fit was used in the CMS analysis and the LHC combination [101]. Further, using the same
analysis set-up, the CMS analysis [37] also extracted the top-quark mass in the MS renormalization
scheme. The influence of the mMC

t mass was estimated through the variation of the experimental
acceptance and the tW background and was found to be small in the ATLAS analysis, while the
mMC
t value was fitted as a nuisance parameter in the CMS analysis and subsequently fixed to the
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fitted value in the extraction of mpole
t and mMS

t . The theoretical uncertainties in these extractions
are larger than the experimental ones, mainly from PDF, αS and scale variations. Reducing the
uncertainties due to PDF and αS can be accomplished through precision QCD measurements,
while reducing the scale uncertainty requires higher-order calculations [10].

Information on the tt̄ process at the differential level provides complementary information that has
smaller dependence on PDF and αS uncertainties. A study of double-differential distributions in the
dilepton (eµ) channel by the ATLAS collaboration led to the extraction of the top-quark pole mass
using various techniques, like fits using templates from NLO + PS simulated event samples, fits to
fixed-order NLO QCD predictions and mass determinations using moments of distributions [54].
On the other hand, the CMS analysis of triple-differential cross-sections in Ref. [43] allowed for a
simultaneous determination of PDFs, αS and the top-quark pole mass, preserving the correlations
among these quantities. A subsequent study demonstrated the possibility of applying the same
methodology to the determination of the top-quark mass in the MS and MSR schemes, with
similar fit uncertainties as in the pole mass case, as reported in Table 3 of Ref. [102], and reduced
theory uncertainties due to the lack of mass renormalon ambiguities in the two short-distance mass
renormalization schemes. In particular, this method to determine of mt(mt) may lead to reduced
uncertainties with respect to all other methods used so far for this quantity, as shown in Fig. 18 of
Ref. [102].

The tt̄j process was considered by both the ATLAS and the CMS collaborations to extract the top-
quark mass. The ρS distribution was used, which is proportional to the inverse of the invariant mass
of the tt̄j system (see Eq. 2). This was first introduced as a sensitive distribution to the top-quark
mass and further it was shown that the sensitivity is enhanced for the tt̄j process with respect to
the tt̄ one, since the light jet QCD emission is quite sensitive to the mass of the radiating quark [39].
The ATLAS analyses at

√
s = 7 [103] and 8 TeV [42] and the CMS analysis at

√
s = 7 TeV [104]

use the lepton+jets channel. The strategy of these analyses is to unfold the experimental data to
the parton level and then perform a χ2 fit with fixed-order theoretical predictions, calculated using
as input different top-quark mass values. The mild dependence on the mMC

t parameter is checked
by looking at the dependence of the fitted unfolding matrix on this parameter. In the most recent
CMS

√
s = 13 TeV [105] analysis, the e+e−, µ+µ− and e+µ− dilepton channels were used. This

study came to the conclusion that the uncertainty related to the χ2 fit, PDF and extrapolation
(effect of the relevant theoretical uncertainties on the signal acceptance) is larger than the one due
to scale variation.

Considering the most accurate analyses so far, the uncertainties on top-quark mass extraction
using the tt̄j ρs distribution are larger than those using tt̄ double and triple differential cross-
section distributions due to the large uncertainty of PDFs at large x, considering that the tt̄j
process is sensitive to larger x values than the tt̄ one. In the future, the possibility of using double-
differential distributions also for tt̄j production should definitely be exploited [106]. To get the
most out of them, however, it is mandatory to increase the accuracy of tt̄j theoretical predictions
in the comparison with the experimental data, by incorporating NNLO corrections and further
higher-order effects. The reduction of large-x PDF uncertainties, as foreseen thanks to new data
from the Electron-Ion Collider (EIC) [107], and simultaneous analyses of LHC and EIC data will
be crucial to further explore correlations between mt, PDFs and αs and pin down the residual
uncertainties.

The measurements and projections for the top-quark pole mass are shown in Table II, and graph-
ically in Figure 3. The pole mass measurement using the D0 differential cross section is 169.1 ±
2.5 GeV [108]. The pole mass measured by ATLAS in Run 1 at the 8 TeV LHC in ttj events
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is 171.1 ± 0.4(stat.) ± 0.9(syst.)+0.7
−0.3 (theo.) GeV [42]. The best Run I measurement by CMS is

based on σtt̄ at NNLO+NLL: 173.8+1.7
−1.8 GeV [100]. The pole mass measured by CMS in Run 2 in

ttj events at the 13 TeV LHC is 172.94 ± 1.27(fit) ± 0.5 (scale) GeV [105], where the fit includes
contributions from the PDF uncertainty in the theory prediction. The mass has also been ex-
tracted in a fit to tt̄ differential distribution by CMS [43], with an experimental uncertainty of only
0.8 GeV. For this measurement, a +1 GeV theory uncertainty is added as an estimate of Coulomb
and soft-gluon resummation effects which were not accounted for in the theory prediction (see also
Section II A for a discussion of the status of theory predictions for the tt̄ invariant mass distribution
at threshold). Pole mass measurements from ttj events in Run 3 and at the HL-LHC are expected
to have experimental uncertainties of 0.5 GeV or better.

No projections exist for the top-quark pole mass, the following assumptions are made here: Com-
bining ATLAS and CMS measurements, and combining measurements from tt̄ and ttj events should
reduce the Run 2 experimental uncertainty significantly, by about a factor of two, to 0.8 GeV. The
theory predictions in the fit used by ATLAS and CMS are the same, thus this uncertainty is only
reduced through additional effort to calculate higher-order terms and to reduce the PDF uncer-
tainties, It is assumed that the Run 3 measurement can accomplish an experimental uncertainty
of 0.8 GeV, and that this can be reduced to 0.4 GeV at the HL-LHC. It is assumed that the
theory uncertainty for Run 3 is unchanged at 0.5 GeV, and that this is reduced by a factor two for
HL-LHC.

The total uncertainty is currently dominated by theoretical uncertainties due to PDFs. The central
value for the top mass extraction from ttj events changes by almost a GeV for the recent CMS
measurement [105] when comparing the ABMP16 and CT18 PDF sets. For the projection, it is
assumed here that the theory uncertainty can be reduced through dedicated PDF fits in tt̄ events
with the large expected samples to 0.5 GeV in Run 3 and to 0.25 GeV at the HL-LHC [106], and
through higher-order calculations of the ttj process.

δmpole
t [GeV] Tevatron LHC Run 1 LHC Run 2 LHC Run 3 HL-LHC

√
s [TeV] 1.96 7/8 13 13.6 14

L[fb−1] 10 20 140 300 3,000

Experimental uncertainty 2.2 1.0 1.3 0.8 0.4

Theoretical uncertainty 1.4 0.7 0.5 0.5 0.25

Total uncertainty 2.5 1.2 1.4 0.9 0.5

TABLE II. Current (Tevatron [108], LHC Run 1 [42], and LHC Run 2) and anticipated (Run 3 and HL-LHC)

experimental and theoretical uncertainties in the measurement of the top-quark pole mass, mpole
t (indirect

measurement) at hadron colliders. Note that the theory uncertainty quoted for the LHC Run 2 does not
include PDF uncertainty contributions, those are included in the experimental uncertainty [105].
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FIG. 3. Comparison of top-quark pole mass and mass from decay measurements at the Tevatron and the
LHC, and projections for future LHC sensitivity.

3. Top-quark mass measurements at e+e− colliders

Electron-positron colliders offer in principle three main avenues towards measuring the top-quark
mass. The most precise one is a scan of the top-quark pair production threshold, which will
be discussed in the following. In addition, the top-quark mass can be measured in the continuum
above the threshold, either by kinematic reconstruction of the invariant mass of the decay products
or via the cross section of radiative top-quark pair events [87]. While the former suffers from
the same interpretation uncertainties as the standard measurements at the LHC, the latter is
conceptually the same as a scan of the production threshold, using the detected ISR photon to
determine the effective collision energy. These two techniques are particularly relevant in collider
scenarios where a top-quark threshold scan will only be performed after extended running at
energies above the threshold, such as running scenarios discussed for CLIC and ILC. A direct
measurement of the top-quark mass, mMC

t , at CLIC at
√
s = 380 GeV with 500 fb−1 in the l+jets

(all hadronic) channel is estimated to be possible with a statistical uncertainty of 30 MeV (40
MeV) [61]. In Ref. [87] it is estimated that the MS mass can be measured in radiative events at
ILC and CLIC with a total uncertainty of 360(150) MeV (

√
s = 500 GeV and L = 500(4000)fb−1)

and 150(110) MeV (
√
s = 380 GeV and L = 500(1000)fb−1, respectively. This estimate includes

statistical, experimental systematic and theory uncertainties. Already prior to the experimental
observation of the top quark, the potential for a determination of its mass and other properties via
the measurement of the cross section in the threshold region compared to theory predictions was
recognized [62, 64, 109].

Table III shows the projected uncertainties for the threshold mass, mPS
t , for ILC, CLIC and FCC-ee

obtained from the scan of the top-pair production threshold, assuming that all other parameters
(Γt, yt, αs) are fixed. The results for the different facilities are all based on the same study, using
common assumptions for the reconstruction efficiency and background levels [110]. The machine-
specific aspects are brought in by different luminosity spectra, and thus may not fully reflect
the differences between experiments at the different accelerators and the experiments. The main
systematic uncertainties are expected to be largely facility-independent, with small differences on
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δmPS
t [MeV] ILC CLIC FCC-ee

L[fb−1] 200 100 [200] 200

Statistical uncertainty 10 20 [13] 9

Theoretical uncertainty (QCD) 40 – 45

Parametric uncertainty αs 26 26 3.2

Parametric uncertainty yt (HL-LHC) 5

Non-resonant contributions < 40

Experimental systematic uncertainty 15 – 30 11 – 20

Total uncertainty 40 – 75

TABLE III. Anticipated statistical and systematic uncertainties in the measurement of the top-quark thresh-
old mass, mPS

t , from a threshold scan around 350 GeV obtained with a one-dimensional fit of the top-quark
mass, keeping Γt, yt, and αs fixed. CLIC assumes a lower integrated luminosity than the other facilities. For
comparison, the statistical precision achievable with 200 fb−1for CLIC is also given. It should be noted that
the results shown for ILC and FCC-ee assume a 8-point scan with a compressed energy range which improves
sensitivity for mPS

t at the expense of yt sensitivity. For the standard 10-point scan assumed for CLIC the
statistical uncertainties would be 12 and 10 MeV for ILC and FCC-ee, respectively. The uncertainty due to
the current world average for αS is shown for ILC and CLIC, while for FCC-ee, the precision of αs obtained
with the run at the Z pole (Tera-Z) is assumed. Concrete studies for CEPC are not yet available, but it
can be assumed that uncertainties are similar as for FCC-ee. See text for further details.

theoretical and parametric uncertainties introduced by the energy range of the scan coupled with
the shape of the threshold turn-on, which depends on the luminosity spectrum.

For the parametric uncertainties, additional differences can arise when different precision for the
underlying parameters are assumed. The current world average of αs has an uncertainty of 9×10−4,
or 0.8%. This corresponds to a parametric uncertainty on αs of 26 MeV. The uncertainty on
αs is expected to be reduced by a factor two in the near term, and by a factor eight in the
long term [111]. For FCC-ee, the high-statistics Z-pole running is expected to provide αs with
a precision of 1.2 × 10−4, which reduces the corresponding uncertainty on the top-quark mass
to 3.2 MeV [112]. For the other collider options, this uncertainty will reduce according to the
expected ultimate precision on the strong coupling constant. Analogous to the strong coupling,
the top Yukawa coupling also introduces a parametric uncertainty, which amounts to approximately
5 MeV for the projected precision of HL-LHC of 3.4%. Non-resonant contributions such as single
top production has been shown to be smaller than 40 MeV [113]

Experimental systematic uncertainties originate from different sources, which have been evaluated
with varying degree of precision to date. Event selection and residual background uncertainties
are expected to contribute on the level of 10 – 20 MeV [110]. In the absence of a full threshold
event generator these are based on generic assumptions for the accuracy of the signal efficiency
and the precision of the knowledge of the residual background. For linear colliders, the more
complex corrections for the luminosity spectrum result in uncertainties of less than 10 MeV [114].
Uncertainties on the beam energy directly enter into the mass determination. For FCC-ee, it is
assumed that the beam energy can be determined to a precision of 5 MeV at the relevant beam
energies [115], which, translates into a 3 MeV uncertainty on the top quark mass. For linear
colliders, conservative estimates assumed the beam energy systematic on the top-quark mass to
be below 17 MeV [110]. Considering that the same integrated luminosity is assumed for both
circular and linear colliders, and the fact that at the top-quark pair threshold the powerful method
of resonant depolarisation will not be applicable for circular colliders, it is plausible that this



21

uncertainty will be similar for both collider types.

Overall, the total uncertainty is expected to range from 40 – 75 MeV, with possibly slightly smaller
uncertainties for FCC-ee than for linear colliders due to the absence of more complex corrections for
the shape of the luminosity spectrum. In view of the dominant theory uncertainties the differences
between different colliders are not significant in terms of the overall precision. With improvements
in theory, particularly on QCD, and ultimate precision in the strong coupling constant, further
reductions of the total uncertainty are possible.

C. Top-quark mass summary

To be able to compare the projections for the different top-quark mass measurements, they have
been converted to projections for the MS top-quark mass, shown in Figure 4. As described in
Section II A, the scheme conversion from the PS mass to the MS mass is known to O(α4

s) precision
and is at the level of 10-20 MeV while the pole mass suffers from an intrinsic renormalon ambiguity
estimated to be at the level of 110-250 MeV. The uncertainty in the interpretation of the mass
from decay (or MC mass) as pole mass is estimated to be around 500 MeV. Note that the LHC
and HL-LHC projections do not take into account anticipated improvements due to new ideas for
top-quark mass measurements described in Section II D.
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FIG. 4. Comparison of projected MS top-quark mass determinations from decay and pole-mass mea-
surements at the LHC and HL-LHC and from a PS mass measurement at a future lepton collider. The
dashed-dotted lines show the approximate uncertainty in interpreting the mass from decay as MS top-quark
mass [5, 28] (labeled Interpretation) or the combined uncertainty from theory and the conversion to the MS
scheme (labeled as Theo.+trans.).

D. New ideas for top-quark mass measurements

This section summarizes contributed white papers and some recent publications on new ideas for
top-quark mass measurements.
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1. Toward a model-independent measurement of the top-quark mass using B-hadron decay length

Summary of white paper contribution [93]

The “energy-peak” idea [116] can furnish a measurement of the top-quark mass via the energy of
the bottom quark from its decay, which, based on the “parent-boost-invariance,” is less sensitive to
details of the production mechanism of the top quark (cf. most other methods assume purely SM
production of the top quarks, hence are subject to uncertainties therein, including a possible BSM
contribution). The original proposal along this line was to simply use the b-jet energy as a very
good approximation to the bottom-quark energy. This method has been successfully implemented
by the CMS collaboration [117]. However, the b-jet energy-peak method is afflicted by the jet-
energy scale (JES) uncertainty. Fortunately, this drawback can be circumvented by using the
decay length of a B-hadron contained in the b-jet as a proxy for the bottom-quark energy [118].
The new, interesting proposal presented in [93] is to then appropriately dovetail the above two
ideas resulting in a ”best of both worlds” determination of the top-quark mass, i.e., based on a
measurement of the B-hadron decay length, but improved by the energy-peak concept: this would
be free of the JES uncertainty and largely independent of the top-quark production model. The
main result is summarized in Fig. 5, where the error in the extraction of top-quark mass is shown
using B-hadron decay length due to a re-weighting of the top-quark pT distribution: one can see
that this energy-peak method is much less sensitive to this uncertainty than a similar analysis done
by CDF [119] and CMS [120], but assuming SM production instead.

FIG. 5. Comparison of the extracted top-quark mass from pseudo-data with reweighted pT,top kinematics.
Results for template fitting using the Lxy observable with a hard-wired b-quark energy distribution (bottom
panel), assuming SM production of the top quark, and the energy-peak method described in the text (top
panel). Results on the left (right) correspond to hardening (softening) of the pT,top spectrum of the pseudo-
data. Taken from Ref. [93].

2. Precision top-quark mass using soft drop jet mass

Summary of a to-be-submitted journal paper relevant to future top-quark mass measurements [121]

Boosted top quarks are an ideal setting for performing analytical resummation of top-quark mass



23

sensitive observables. In the boosted limit, rigorous factorization formulae in the framework of
SCET and HQET for event shape observables in the peak region, such as the jet mass, can be
derived [122, 123], and can be analytically resummed to high accuracy [124] with complete control
over the top-quark mass scheme. Furthermore, the SCET framework also provides insights into
describing the nonperturbative power corrections [125] in terms of a few universal nonperturbative
constants, and in a completely model independent fashion.

However, the setup for e+e− event shapes cannot be simply carried over to the case of the LHC.
In addition to generalizing global event shapes to measurements on jets, one also has to account
for the presence of the underlying event (UE) and pile up, which otherwise contaminate the mea-
surement and spoil sensitivity to the top-quark mass. This approach can be extended to the LHC
by considering inclusive jets where rigorous factorization formulae [126] can be established. To
overcome the effects of underlying event and pile-up soft drop grooming can be employed on jets
prior to the jet mass measurement.

Soft drop grooming [127] is a procedure of systematically removing soft radiation and contamina-
tion from the underlying event and pile up from jets, while retaining ability to perform analytical
resummation of IRC safe observables measured on the groomed jet. Among those observables is the
jet mass MJ which is defined by starting with the constituents of the jet of radius R and summing
only over those constituents that remain in the groomed jet, Jsd: M

2
J = (

∑
Jsd

pµi )2. This so-called
soft drop jet mass can be analytically resummed to high accuracy [128–131]. Furthermore, there ex-
ists a field theory based formalism to describe the hadronization corrections in this observable [132]
in terms of a few O(ΛQCD) constants, {Ω◦◦1κ,Υκ

1,0,Υ
κ
1,1}, that only depend on the jet initiating par-

ton κ (quark or gluon), and perturbatively calculable coefficients Cn(m2
J , zcut, β, pT jet, ηJ) [133]

that capture the entire functional dependence of these hadronization corrections on the jet mass,
kinematic variables and soft drop parameters.

FIG. 6. Groomed top-quark jet mass (MJ) spectrum at NLL [57] compared with Pythia8.

In Ref. [57], soft drop jet mass measurement on a sample of inclusive boosted top jets was pro-
posed as a top-quark mass sensitive observable for precision top-quark mass determination, see
Fig. 6. The extension of light quark and gluon groomed jet mass calculations to the case of top
quarks involves a careful study of how the top-quark decay products can interfere with the soft drop
grooming algorithm, and thus modify both the perturbative and the nonperturbative [57] structure
of the theory prediction. Fortunately, in the limit of light soft drop grooming the decay products
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screen the peak region from grooming and simplify the theory treatment, while maintaining ro-
bustness against soft contamination. This also results in effectively only a single parameter Ω◦◦1t
being relevant for the leading hadronization corrections. Hence, the method does not rely on MC
estimates of hadronization effects. Likewise higher order corrections can be systematically incorpo-
rated [121]. Consequently, a concrete comparison of unfolded experimental data and hadron-level
theory predictions calculated in a definite top-quark mass scheme and becomes foreseeable.

As a first step, a calibration of the MC top-quark mass parameter in Pythia8 has been carried out
at hadron level [58] in collaboration with ATLAS which has demonstrated the feasibility of this
program at the HL-LHC. The aim is to sufficiently improve perturbative control and sensitivity of
the observable to achieve an O(1 GeV) precise top-quark mass measurement overcoming the the-
oretical issues associated with direct measurements of the MC top-quark mass parameter. Future
improvements will involve extensions of the formalism for nonperturbative corrections to account
for effects of the underlying event [134] as well as constraining them by exploiting groomed light
quark and gluon jets.

3. Precision top-quark mass using energy correlators

Summary of a journal submission [59] relevant to future top-quark mass measurements

In [59], the measurement of the top-quark mass was explored using statistical correlators of en-
ergy flow operators [135–142]. These correlators directly measure moments of the QCD energy-
momentum tensor, naturally suppressing effects from soft physics due to the energy weights em-
ployed. This feature elegantly overcomes complications from soft resummation, hadronization, and
underlying event contamination — which can be major challenges for measurements made in the
LHC environment. The three-point correlator (EEEC), on a QCD jet, can be computed through
the nth-weighted cross-section

dΣEEEC

dpT,jetdζ12dζ23dζ31
= (1)∑

i,j,k∈ jet

∫
dσijk

(pT,i)
n(pT,j)

n(pT,k)
n

(pT,jet)3n
δ
(
ζ12 − ζ̂ij

)
δ
(
ζ23 − ζ̂ik

)
δ
(
ζ31 − ζ̂jk

)
,

for n ≥ 1. Here σijk is the inclusive cross-section for the production of individual hadrons i, j, k in a
final-state jet with transverse momentum pT,jet (we consider here inclusive top-quark jets decaying
hadronically). Here ζij = ∆Rij are the relative angles between the final state hadrons. This
measurement is under theoretical control both when computed on all hadrons or whilst restricting
to charged particles [143–145].

These correlation functions have historically seen interest in the Conformal Field Theory commu-
nity, wherein they typically exhibit a featureless power law scaling characteristic of an asymptoti-
cally free theory. However, the EW decay of the heavy top quark breaks this scaling and imprints
itself as a distinct peak in the three-point correlation function at angle ζpeak =

∑
i,j ζij ∼ m2

t /p
2
T,jet.

This angle is determined by the boost of the top quark — making the measurement theoretically
cleanest when performed on a sample of highly boosted top quarks. In [59], it was demonstrated
that by taking various limits of the parameter-space of the EEEC the top-quark mass peak can be
enhanced, providing high sensitivity to mt. Evidence (found through a MC study, see Fig. 7) was
also presented which demonstrated that the enhanced peak region can be adequately described in
fixed order perturbation theory in a definite top-quark mass scheme.
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FIG. 7. The n = 2 three-point correlators on boosted top quarks in e+e− showing a clear peak at ζ ∼
3m2

t/Q
2. All graphs are normalized to peak height.

In the LHC environment, the determination of the pT,jet spectrum is impacted by detector sensitiv-
ity, underlying event, and hadronization. This in turn affects the determination of the mt from the
peak location1. Without controlling for the pT,jet spectrum, errors on the top-quark mass extrac-
tion will likely be comparable with those from other measurements determined by hard physics, for
instance the total top-quark production cross section. However, in [59] it was demonstrated that
modelling of the pT,jet spectrum could be used to greatly improve the uncertainty. Furthermore,
there is also good reason to expect that the dependence on the pT,jet spectrum could be model
independently reduced or even overcome entirely. Regions of the EEEC measurement parameter
space are also sensitive to the W -mass at a characteristic angle ∼ m2

W /p
2
T,jet [147]. This allows for

a measurement of the top-quark mass as a function of the, more precisely known W -mass rather
than as a function of the pT,jet spectrum.

4. Top-quark mass extraction from tt̄j +X events at the LHC: theory predictions

Summary of white paper contribution [148]

Many analyses have focused on the extraction of the top quark mass, using different direct and
indirect methods. Among the latter, we consider in particular the possibility of determining the
top quark mass by comparing experimental data for specific differential cross-sections with the
corresponding theory predictions. One of the advantages of this method is the possibility to extract
the top-quark mass in well defined mass renormalization schemes, used to perform the theoretical
calculations of the cross-sections (see Section II A. A distribution particularly sensitive to the top-
quark mass value, and thus well suited for its determination, is the so-called R distribution in
tt̄j + X hadroproduction events [39, 41]. R is built from the ρs distribution, which, in turn, is
inversely proportional to the invariant mass of the tt̄j system stt̄j , i.e.

R(mR
t , ρs) =

1

σtt̄+1-jet

dσtt̄+1-jet

dρs
(mR

t , ρs), with ρs =
2m0√
stt̄j

. (2)

1 An error δp in the pT,jet leads to an error on mt of δpmt/pT,jet. For intuition, presently quoted uncertainties by
ATLAS [146] on the jet-energy scale amount to about 1% for jets with pT between 200GeV and 2000GeV.
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where mR
t denotes the top-quark mass value in the R renormalization scheme, whereas m0 is a

constant parameter of the order of the top-quark mass itself (here m0 is fixed to the value 170 GeV
throughout). It has been shown that the shape of the R distribution is extremely sensitive to mR

t

and that this sensitivity increases when using samples of tt̄j+X events instead of samples of tt̄+X
events. Events for the latter process, in fact, could also be used for building a ρs andR distribution,
with definition similar to Eq. 2 but replacing stt̄j with stt̄ and σtt̄+1-jet with σtt̄. In the following
the discussion concentrates on ρs and R distributions in tt̄j + X production in pp collisions at
the LHC. These distributions were already used in some experimental analyses for top-quark mass
extraction [42, 103, 104] with data from collisions at

√
S = 7 and 8 TeV and are still used in further

ongoing analyses with data at
√
S = 13 TeV. Predictions for these distributions and the associated

theoretical uncertainties will be presented here, based on the studies of Refs. [148, 149]. These
studies include QCD radiative corrections at NLO and focus on the case of stable top quarks. In
fact, the experimental collaborations have developed sophisticated methods to reconstruct the top
quarks from their decay products and they indeed apply these techniques in their tt̄j+X analyses
devoted to themR

t extraction [42, 43]. The results obtained so far have shown that off-shell and spin-
correlation effects do not produce modifications of the R distribution substantial enough to induce
relevant shifts in the value of the extracted top quark mass, with respect to the case where these
effects are neglected. On the other hand, parton shower emissions turn out to be more relevant and
they have to be taken fully into account in the reconstruction of the top quarks. All the available
predictions have been collected on a website, https://ttj-phenomenology.web.cern.ch/, from
where they can be downloaded as tables of numerical values, ready for use in the experimental
analyses or for further phenomenological studies.
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FIG. 8. NLO QCD normalized ρs, i.e. R, distribution of the process pp → tt̄j + X at
√
s = 13 TeV,

including: scale uncertainties (left panel), with the scales µ0 = mpole
t (green), mB

tt̄j/2 (black), HB
T /2 (red) and

HB
T /4 (blue). The scale variation uncertainty bands are obtained by taking the envelope of the seven-point

scale variation graphs, while the prediction obtained with KR = KF = 1 is shown as solid line; approximate
PDF uncertainties (right panel), obtained in a computation with LO matrix-elements and NLO PDFs and
αS evolution, using as input the dynamical scale µ0 = HB

T /4 and the CT18NLO (black), ABMP16 (blue),
MSHT20 (green) and NNPDF3.1 (red) NLO PDF sets. Each PDF uncertainty is calculated as recommended
by the authors of the corresponding PDF fit. The CT18NLO PDF uncertainty is rescaled from the 90%
Confidence Level to the 68% Confidence Level as provided by the other PDF fits.

Present experimental analyses are especially focused on relatively large ρs values. The progres-
sive accumulation of high-statistics experimental data will make possible to extend the ρs interval,
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progressively covering more extreme (i.e. lower and larger) ρs values, hence exploiting the mass
sensitivity on a broader range of ρs. However, using the forthcoming high-statistics data in an
extended ρs interval requires high-accuracy predictions, deep understanding of the perturbative
behaviour of the calculation and of its dependence on further inputs like αs(MZ), the PDFs and
the jet reconstruction procedure. Systematic studies have been performed in Ref. [149] and re-
capitulated for this study in [148]. In the following, we summarize the main observations and
recommendations resulting from these studies:

• in the computation of the R distribution use dynamical scales: in particular the choice
µ0 = HT /4 turns out to be particularly interesting because of the perturbative convergence
and minimization of the size of scale uncertainties. While the static scale µ0 = mR

t can still
be regarded as a good choice for large ρs values, the aforementioned dynamical scale choice
is proven to perform definitely better in case of ρs < 0.4, as shown in Fig. 8, left panel.

• use state-of-the-art PDF fits, with particular attention to the large-x region. This region,
where present PDFs are still quite uncertain, is in fact definitely spanned when computing
predictions at small ρs values. NLO PDF uncertainties on R using a number of currently
available PDF sets are shown in Fig. 8, right panel.

• use short-distance top-quark mass renormalization schemes, free of renormalon ambiguities,
as a viable alternative to the on-shell scheme. At large ρs, where threshold effects become
relevant, the MS scheme does not prove to be competitive, whereas the MSR scheme is
expected to be a viable choice over the whole ρs range, both in line of principle and according
to results of this study. The predictions for tt̄j + X cross-sections in the MSR scheme
represent the first example of calculations in this scheme for this process. More studies
and analyses on the systematics and potential benefits (and/or shortcomings) inherent the
extraction of the top-quark mass in this scheme from tt̄j +X events are indeed welcome.

• develop methodologies to go beyond NLO accuracy in predictions for tt̄j + X (differential)
cross-sections with stable top quarks: including NNLO radiative corrections and the effects
of resummation of different kinds of large logarithms might be important especially in those
regions where scale uncertainties are particularly large.

• further refine the experimental top-quark reconstruction procedures. It is expected that
matching calculations for tt̄j + X production with full off-shell effects to parton shower
approaches will be particularly useful in this respect. As discussed in Section IV E, full off-
shell NLO QCD calculations for the tt̄j +X process are available [40, 150], and it has been
shown that in the fiducial phase-space regions proper modeling of the decay of top quarks
plays a key role [151].

In order to facilitate analyses following these directions, it is planned to go on keeping up-to-date
the aforementioned website of tt̄j + X predictions, in such a way to reflect the latest theoretical
and experimental developments from both the authors of this contribution and other groups.

5. Dependence of the top-quark mass measured in top-quark pair production on the parton distribution
functions at the LHC and future colliders

Summary of white paper contribution [106]
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The PDF uncertainty is the largest systematic uncertainty in the extraction of the top-quark
mass. It affects the experimental measurements (kinematic dependence of the acceptance) and the
theoretical cross-section predictions, where it is the largest contribution to the uncertainty. White
paper [106] studies the PDF uncertainty and its effect on the top quark pole mass at the HL-LHC
and the future FCC-hh collider. The measurements of the top-quark pole mass can be improved
by simultaneously updating the PDF best fit while fitting the top quark mass [152]. The impact of
the PDF uncertainty is studied in tt̄ events and in top-pair plus jet events (ttj, see Section II D 4).

Figure 9 shows the invariant mass distribution of the tt̄ system, the distribution that is commonly
used to extract the top quark pole mass in tt̄ events because the threshold region provides sensitivity
to the top-quark mass. Figure 9 also shows the pZ distribution of the tt̄ system, requiring that
both top quarks are in the central part of the detector (rapidity < 2.5). The PDF uncertainties
are also shown, they are 2% in the threshold region of the mass distribution and up to 15% for the
pZ distribution, though different PDF Eigenvectors mainly affect the two [153].
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FIG. 9. Distribution of the (left) invariant mass of the tt̄ system and (right) the longitudinal momentum
pz of the tt̄ system at the 14 TeV HL-LHC. The pZ distribution includes only events for which the top and
antitop quarks both are in the central part of the detector where they can be reconstructed (rapidity < 2.5).
The ratio panel shows the total PDF uncertainty for the CT18NLO PDF set, and the contribution from
largest of the CT18NLO PDF Eigenvectors. From [106].

Figure 10 shows the distribution of the ρ variable, defined in Section II D 4, for ttj events. The
region of high ρ has excellent mass sensitivity, but also a PDF uncertainty of a little less than 2%.
This can be reduced by fitting PDFs, for example to the rapidity distribution of the ttj system,
also shown in Figure 10.

The pz distribution is used to reduce the PDF uncertainties in tt̄ events using ePump [154], assuming
an uncorrelated experimental uncertainty of 1% in each bin of the data distributions, representing
what should achievable by the end of the HL-LHC. Figure 11 shows how the PDF uncertainties
are reduced for this choice, at the 14 TeV HL-LHC and the 100 TeV FCC-hh.

With this simple fitting procedure, the uncertainty from PDFs on the top quark can be reduced
by up to 20% in tt̄ and ttj events.
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FIG. 10. Distribution of the (left) the ρ variable and (right) the rapidity of the ttj system at the 14 TeV
HL-LHC. The ratio panel shows the total PDF uncertainty for the CT18NLO PDF set, and the contribution
from largest of the CT18NLO PDF Eigenvectors. From [106].

FIG. 11. Distribution of the improvement of the PDF uncertainty on the top-quark mass in tt̄ events from
the fit to the differential pz distribution shown in Figure 9, for (left) the 14 TeV HL-LHC and (right) the
100 TeV FCC-hh. From [106].

6. Optimising top-quark pair-production threshold scan at future e+e− colliders

Summary of white paper contribution [155]

One of the important tasks for future e+e− colliders is to measure the top-quark mass and width in
a scan of the top-pair production threshold. This scan requires large statistics samples at multiple
CM energies and thus takes a lot of time and other resources. The shape of the cross-section in
the turn-on region as a function of CM energy is well known theoretically [85]. Therefore, the time
and resources required can be optimized by selecting the CM energies and luminosity to collect at
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each CM energy.

However, while the shape of the pair-production cross section at the threshold is generally well
known, it depends also on other model parameters, such as the top Yukawa coupling, and the
measurement is a subject to many systematic uncertainties. The top-quark mass determination
from the threshold scan at CLIC is therefore optimized using a genetic algorithm [155]. The most
general approach is used with all relevant model parameters and selected systematic uncertainties
included in the fit procedure. Expected constraints from prior measurements are also taken into
account. The top-quark mass can be extracted with precision of the order of 30 to 40 MeV, in-
cluding considered systematic uncertainties, already for 100 fb−1 of data collected at the threshold.
Figure 12 shows the result of the optimization: one point below the threshold, two in the turn-on
region, and one above.
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FIG. 12. Scan points for the top quark mass and width measurements optimized by a genetic algorithm,
overlayed on the tt̄ cross-section as a function of CM energy at a e+e− collider. From [155].

The resulting expected uncertainty on the top-quark mass and width as a function of total inte-
grated luminosity is shown in Figure 13. Note that the uncertainty includes some but not all of
the systematic uncertainties, see Section II B 3 for details.

The scan parameters were also optimized to also include the top-quark Yukawa coupling in the
scan, this requires ten points, the additional CM energies mainly in the plateau region [155]. The
genetic algorithm improved the statistical uncertainty of the mass measurement by about 20%.
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FIG. 13. Precision that can be obtained for the top quark (left) mass and (right) width in the top-quark
mass scan at a e+e− collider as a function of integrated luminosity collected. From [155].

III. TOP-QUARK WIDTH

In this section we focus on the top-quark width, Γt. The width has been measured from single
top-quark production at the Tevatron [156] and the LHC [157–159] as well as in differential dis-
tributions [160, 161]. These measurements are the most precise, though they assume that there
is no new physics affecting the decay of the top quark. The width is also measured directly from
the mass peak in top quark decays at the Tevatron and the LHC [162–164]. These measurements
are limited by the experimental resolution, the uncertainty on the width obtained by the ATLAS
measurement is 500 MeV.

A. Top-quark width measurements at hadron colliders

Table IV compares the current measurements of the top quark width and the projections to the
HL-LHC and the FCC-hh. The measurements are based on single top-quark production in the t-
channel. The projections are based on extracting the top-quark width from differential distributions
of single top tW production [160, 161]. An analysis of early Run 2 data gives a width of 300 MeV,
larger than from single top at 8 TeV. This is expected to improve significantly once the full Run 2
results are available and combined between methods and experiments. The projections [161] for
HL-LHC and FCC-hh assume a precision of the tW measurement of 10% and 5%, respectively,
including theoretical and experimental uncertainties. This requires computing tW differentially at
N3LO including resummation, for example, see Section IV and reducing PDF uncertainties. The
experimental uncertainties affecting the width extraction are dominated by systematic uncertainties
due to the jet energy scale and the modeling of tt̄ and single top events. Assuming these will be
reduced by a factor two, and that the statistical uncertainties are negligible, leads to the HL-LHC
projection shown in Table IV.
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δΓt [MeV] Tevatron LHC Run 1 LHC Run 2 HL-LHC FCC-hh
√
s [TeV] 1.96 7/8 13 14 100

L[fb−1] 5.4 20 140 3,000 30,000

Statistical uncert. N/A 20 – ≈ 0 ≈ 0

Systematic uncert. N/A 140 – 65 25

Total uncert. 470 140 300 65 25

TABLE IV. Current (Tevatron [156], LHC Run 1 [157], and LHC Run 2 [160]) and anticipated (based
on Ref. [161]) statistical and systematic uncertainties in the measurement of the total top-quark width at
hadron colliders. A significant reduction of the Run 2 uncertainty is expected once the measurements by
ATLAS and CMS are completed and have been combined.

δΓt [MeV] ILC CLIC FCC-ee
√
s [TeV] 0.340-0.350 (2mPS

t )+0.006
−0.003 0.340-0.345

L[fb−1] 220 100 200

Statistical uncert. 21 20 45

Systematic uncert. ? ? 3 (ECM ),5 (αs),40 (NNNLO)

Total uncert. ? ? 60

TABLE V. Anticipated statistical and systematic uncertainties in the measurement of the total top-quark
width at e+e− colliders (ILC [165], CLIC [61], and FCC-ee [112]). The systematic uncertainties have only
been evaluated for FCC-ee, it can be expected that the NNNLO uncertainty is similar for ILC and CLIC,
while the ECM and αs uncertainties should be larger at ILC and CLIC, similar to Table III.

B. Top-quark width measurements at e+e− colliders

At a lepton collider, the width can be measured in a multi-parameter fit when scanning the top-
production threshold for the mass measurement, see Section II B 3. The systematic uncertainties
for this scan have not yet been evaluated in detail. The projected statistical uncertainties for
ILC, CLIC and FCC-ee shown in Table V are based on threshold scan studies where for ILC, 11
energy points and two beam polarization combinations with 10 fb−1 each are used [165]; for CLIC,
10 energy points with 10 fb−1 each [61] are used; and for FCC-ee, 200 fb−1 split evenly across 8
energy points [112] are used. The systematic uncertainties have only been evaluated for FCC-ee,
it can be expected that the NNNLO uncertainty is similar for ILC and CLIC, while the ECM and
αs uncertainties should be larger at ILC and CLIC, similar to Table III.

IV. TOP-QUARK PRODUCTION PROCESSES

Top-quark production processes are important, in particular for measurements of top-quark prop-
erties (mass II, width III, couplings, spin correlations), direct searches for signals of new physics
(e.g., resonances) and interpretations in effective field theory (see Section V). Prospects for mea-
surements of top-pair production at e+e− colliders which opens up for centre-of-mass energies that
exceed twice the top-quark mass are discussed in Section V B.
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A. Top-quark pair and single top-quark production at the LHC: a brief review of theory
calculations

Top-quark production at LHC energies proceeds predominantly via the strong production of top-
antitop pairs. At leading order (LO), the partonic channels are quark-antiquark annihilation,
qq̄ → tt̄, and gluon fusion, gg → tt̄. Additional channels, such as those with gq and gq̄ in the initial
state, start appearing at next-to-leading order (NLO) in QCD and beyond. The gluon fusion
channel is numerically dominant, accounting for around 90% of the total cross section at the LHC.

The NLO QCD corrections for inclusive tt̄ production have been known for over thirty years [166–
169] and NLO electroweak (EW) corrections became available soon after [170] (see also [76,
171–173]). The matching of fully differential NLO QCD calculations to parton showers in
MC@NLO [174, 175] and POWHEG [176, 177] became available about 10 years later. The next-to-
next-to-leading-order (NNLO) QCD corrections have been calculated close to a decade ago [33–36].
Top-quark differential distributions with NNLO QCD [178–180] and NLO EW corrections appeared
five years ago [181]. Differential distributions at NNLO in the M̄S mass renormalization scheme
have been provided in [182]. Apart from these advances in the calculation of pair production of
stable top quarks, in the past few years, several off-shell calculations including top decays became
available at NLO QCD [183–188], matched to a parton shower [189], and at NLO EW [190].
NNLO QCD calculations including top-quark decays in the narrow-width approximation have
been performed in [191] (approximate) and in [192]. A framework for matching NNLO calculations
of top-quark pair production with parton showers has recently been presented in [193, 194].

Resummations of soft-gluon corrections for tt̄ cross sections and differential distributions reached
next-to-leading-logarithm (NLL) accuracy over twenty five years ago with the calculation of the
one-loop soft anomalous dimension matrices [195, 196] for this process, while two-loop calculations
[197–200] of these soft anomalous dimensions later allowed the performance of resummation to
next-to-next-to-leading-logarithm (NNLL) accuracy. Results for inclusive pair-production cross
sections at NNLL can be found in Refs. [197–203], and a combination of NNLL accuracy in both
threshold and Coulomb corrections has been achieved in Ref. [204].

Recently, in Ref. [46] NNLO QCD and NLO EW calculations have been combined with double
resummation at NNLL’ accuracy of threshold logarithms and small-mass logarithms and results
have been presented for the tt̄ invariant-mass, top-quark transverse-momentum and rapidity dis-
tributions.

While the next-to-next-to-next-to-leading-order (N3LO) QCD corrections have not been fully cal-
culated, approximate N3LO (aN3LO) results that include third-order soft-gluon corrections derived
from NNLL resummation are now available for total cross sections and (single and double) top-
quark differential distributions in transverse momentum and rapidity [205–208]. The uncertainties
due to scale and PDF in the total cross-section predictions are at the level of 2.5% and 1.6% ,respec-
tively, for the aN3LO calculations, see Section IV B. In order to reach the ≈ 1% level required for
precision top-quark mass and EFT couplings and many other measurements, higher-order QCD
and EW corrections need to be computed, and the PDF uncertainties need to be significantly
reduced.

The production of single top quarks provides opportunities for the direct study of the electroweak
properties of the top quark. Single-top production may proceed via the t-channel, the s-channel,
or the associated production of a top quark with a W -boson (tW production). The t-channel
processes, qb → q′t and q̄b → q̄′t, involve the exchange of a spacelike W -boson. The t-channel
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cross section is numerically the largest at LHC energies and can be used to extract the value of the
CKM matrix element Vtb [209]. Measurements of t-channel production cross sections (inclusively
and differentially) are sensitive to PDFs [210] due to the similarity to deep inelastic scattering,
while they are also sensitive to the bottom-quark mass through the bottom-quark PDF [210, 211].
These measurements will be a helpful addition to future global QCD analyses of proton PDFs.
Single top-quark production in the t-channel is also used to measure the top-quark polarization
and test for anomalous tWb couplings [212–218], see also Section V.

The s-channel processes, qq̄′ → b̄t, involve a timelike W boson, and the cross section is the smallest
at LHC energies. The tW process proceeds via bg → tW−. The tW cross section is the second
largest at LHC energies and allows a direct measurement of the top-quark width, see Section III.

NLO QCD corrections for the t- and s-channels [219] and for tW production [220] have been known
for twenty years. NNLO QCD corrections have been calculated more recently for the t-channel
[221–224], and also for the s-channel [225]. Very recently, non-factorizable corrections of O(α∈∫ )
have been calculated in [226, 227]. Two-loop master integrals needed for a NNLO prediction for
tW production have been calculated in [228, 229].

Soft-gluon resummation was achieved for all single-top channels at NLL accuracy via one-loop
calculations of the soft anomalous dimension matrices over fifteen years ago in [230], and was
later improved to NNLL accuracy via two-loop calculations for the s-channel in Ref. [231], the
tW channel in Ref. [232], and the t-channel in Ref. [233]. More recently, the three-loop soft
anomalous dimension for tW production was calculated in Ref. [234] (with additional partial three-
loop results for t- and s-channel single-top production). Furthermore, results with aN3LO soft-
gluon corrections for the tW total cross section and the top-quark and transverse-momentum
and rapidity distributions were presented in [235], with further updated aN3LO results for these
quantities and also for W -boson differential distributions given in Ref. [236].

The production of a single top quark in association with a Z boson or a Higgs boson or a photon
has also been studied. These processes involve three-particle final states at leading order, including
a light quark. The NLO QCD corrections for tqZ production were calculated in Ref. [237], and for
tqH production in Ref. [237, 238]. Soft-gluon resummation has also been performed for tqH [239,
240] and tqZ [239] production as well as for tqγ [241] production.

B. Higher-order corrections for tt̄ production in high energy pp collisions

Summary of white paper contribution [97]

The theoretical formalism of soft-gluon resummation [195–197, 200] provides powerful techniques
for calculations of QCD perturbative corrections at higher orders, and it has produced very accurate
predictions for tt̄ production through approximate N3LO (aN3LO) [205–208]. The soft-gluon cor-
rections are numerically dominant and provide excellent approximations to the complete NLO and
NNLO corrections not only at Tevatron and LHC energies (see e.g. the reviews in Refs. [242, 243])
but also at much higher collider energies, and the additional aN3LO corrections are significant and
provide improved theoretical predictions. For a top-quark mass mt = 172.5 GeV, the aN3LO cross
section (where aN3LO=NNLO+soft-gluon N3LO corrections) at 13 TeV is 839+23

−18
+17
−11 pb, at 13.6

TeV it is 928+25
−20

+18
−12 pb, and at 14 TeV it is 990+27

−22
+19
−13 pb, where the first uncertainty is from scale

variation mt/2 ≤ µ ≤ 2mt while the second is from MSHT20 NNLO pdf [244]. Figure 14 shows
the LO, NLO, NNLO, and aN3LO cross sections for pp collider energies ranging from 5 TeV to 100
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FIG. 14. The total cross sections at LO, NLO, NNLO, and aN3LO for tt̄ production at pp collider energies.

TeV [97]. The inset plot displays the K-factors, i.e. the ratios of the NLO, NNLO, and aN3LO
cross sections to the LO ones.

K-factors for tt̄ production in pp collisions

K-factor 7 TeV8 TeV13 TeV13.6 TeV14 TeV27 TeV50 TeV100 TeV

NLO/LO 1.47 1.48 1.50 1.50 1.50 1.52 1.55 1.58

NNLO/LO 1.65 1.66 1.67 1.67 1.67 1.69 1.71 1.75

aN3LO/LO 1.72 1.72 1.72 1.72 1.72 1.73 1.75 1.78

aNLO/NLO 1.01 1.00 0.99 0.99 0.99 0.97 0.95 0.92

aNNLO/NNLO 1.01 1.01 1.00 1.00 1.00 1.00 0.99 0.98

TABLE VI. The K-factors in tt̄ production (with µ = mt) at different perturbative orders in pp collisions
with various values of

√
S, with mt = 172.5 GeV and MSHT20 NNLO pdf.

Table VI shows various K-factors for tt̄ production for several pp-collider energies [97]. The ratio
aN3LO /LO is larger than the ratio NNLO/LO, which indicates significant contributions from
third-order soft-gluon corrections. The dominance of the soft-gluon contributions for all energies,
and thus the excellence of the soft-gluon approximation at NLO and NNLO, is easily seen by the
aNLO/NLO ratio (where aNLO=LO+soft-gluon NLO corrections) and the aNNLO/NNLO ratio
(where aNNLO=NLO+soft-gluon NNLO corrections), which remain very close to one. Although
the dominance of these corrections at LHC energies has been known for a long time (and reviewed
in Refs. [242, 243]), their continuing importance at very high energies is noteworthy and was
not necessarily expected. Similar conclusions were drawn for the importance of the soft-gluon
corrections for tW production through 100 TeV energy in Ref. [236].
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C. Experimental aspects of pp→ tt̄

Top-quark pair production in hadron machines is interesting to study for several reasons. First, it
is the leading source of top quarks, and second, top pair production is one of the main background
processes to most searches for new physics. Hence its precise modeling is essential for a reliable
extraction of the new physics signal. Third, the top quark itself has a chance to originate from
a decay of new particles, e.g. heavy replica of the Higgs boson. Such a process would result in a
resonant and interference signal on top of the SM continuum production. And last but not least,
it is an important test of perturbative QCD, which should work well at these high energies, as well
as of electroweak (EW) theory.

The tt̄ cross-section measurements at the Tevatron and the LHC are summarized in Figure 15. The
cross-sections have been measured to better than 5% uncertainty. The ATLAS+CMS combination
at 8 TeV has an uncertainty of only 2.5%. The largest contributions to this uncertainty are from
the luminosity determination and theory modelling of the tt̄ system. Reducing these uncertainties
by another factor two should be possible by the end of the HL-LHC [245], achieving an uncertainty
around 1%.
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FIG. 15. Cross-section measurement for tt̄ production at the LHC at different CM energies. From [246].

In the study of top-quark pair production in hadron machines theory and experiment are closely
connected, motivating and cross checking each other. For example, the large charge asymmetry
in tt̄ production observed at the Tevatron [247], [248] was not explained by the NLO level calcu-
lations [249] leading to a suite of papers suggesting beyond the SM explanations (see e.g. [250]).
Yet, the inclusion of the EW corrections [251] and the extension of the calculations to NNLO [252]
demonstrated a good agreement with a combined result from CDF and D0 [253].

Similarly, original data from both ATLAS and CMS demonstrated a disagreement in the distri-
bution in the top-quark pT with the predictions based on NLO simulations. Latest results at the
parton level obtained by CMS compared to NNLO level MATRIX simulations [254], [44] demon-
strated a much better agreement [255] as shown in Figure 16. Similar measurement performed
by ATLAS [256] was compared to different simulations with the best agreement demonstrated by
POWHEG [257] +PYTHIA8 [258] reweighted to NNLO prediction [181] with EW corrections.

The realization that the EW corrections are important in tt̄ production resulted in a new method
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FIG. 16. The normalized differential cross section of tt̄ production as a function of top quark pT compared
to several models at the parton level measured by CMS(left) and ATLAS(right).

of the evaluation of the top quark Yukawa coupling, yt using the kinematics of the top and and
anti-top quark near the production threshold [259]. An example of a Feynman diagram that
includes a virtual exchange of EW bosons including Higgs boson is shown in the left of Figure 17.
The interference of such diagram with the tree-level process is proportional y2

t . Hence, increased
values of yt would result in significant distortions of the distribution in the invariant mass of top
and anti-top quarks, as well as the difference in rapidity between the two as shown in Figure 17
(center and right). Comparing data to predictions generated with different values of yt allowed
CMS to constrain it to be less than 1.67 [260] in lepton+jets channel and 1.54 [261] in the dilepton
channel at the 95% CL. These results, though not as sensitive as Yt measurement from a combined
analysis of Higgs boson production in gluon fusion and tt̄H channels, have an advantage of not
being dependent on the assumption about the values of the other Higgs boson couplings. The
production of four top quarks discussed in Section. IV G has the same advantage, but so far is not
as sensitive. At the same time while the four top quark production process is statistically limited,
measurement of yt from the tt̄ kinematics is partially limited by systematic uncertainties, among
which the leading source of theoretical uncertainties are the modeling of parton shower and color
reconnection. Future improvements in the yt measurements require a better understanding of these
uncertainties, or development of reliable techniques to constrain them in situ.
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D. Experimental aspects of single top-quark production and Vtb

In the SM, single top-quark production is a charged-current electroweak process that involves the
tWb vertex in the production of the top quark and in its decay, with only negligible contribu-
tions from tWd and tWs couplings, and even smaller contributions from Flavor-Changing Neutral
Currents (FCNC, see Section VI) [6]. Precise measurements of single top-quark cross sections
are motivated by their sensitivity to new physics that modifies either the production or the de-
cay vertex or both [263]. The single top-quark production cross section under the assumption of
SM-type left-handed couplings is proportional to the square of the Cabibbo-Kobayashi-Maskawa
(CKM) [264, 265] matrix element Vtb [266, 267].

The single top cross-section measurements at the LHC are summarized in Figure 18. The t-channel
mode has the largest production cross section and smallest uncertainty, 6.6% in the 8 TeV LHC
combination [268]. The largest uncertainties are due to the theory modeling of the single top signal
and the tt̄ background. The measurements at 13 TeV in Run 2 have not yet been finalized, and the
combination has not been completed. It is expected that the uncertainties will be somewhat smaller
due to the improved theory modeling. For the HL-LHC, these uncertainties are projected to be
reduced by another factor two, to an uncertainty of about 2%. However, this requires significant
improvements in the modeling of the top-quark final state and parton shower [10].

The sensitivity of single-top quark production to the CKM matrix elements Vtu, Vts and Vtb can be
enhanced through measurements of ratios and differential distributions [209]. This study obtains
an uncertainty on Vtb of about 1% with 8 TeV data. The expected sensitivity for Vtb at the HL-LHC
is about 0.15% [209].

At a lepton collider, single top-quark production in the SM occurs through lepton-photon scatter-
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ing [269], a process that can be observed at collision energies above 0.5 TeV. The CKM matrix
element Vtb by contrast is included in global EW fits; it is proportional to the left-handed coupling
of the top quark to the W boson and b quark. In this way, it can be constrained to significantly
better than 1% in precision tt̄ measurements at lepton colliders, see Ref. [7].
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E. tt̄X,X = j, γ, Z,W±, H, bb̄: review of theory predictions for LHC and HL-LHC

The study of tt̄ + X processes with X = γ, Z,W±, H, tt̄ is of unique interest in exploring the
connection between gauge, scalar and flavor dynamics in the SM, especially in looking for anomalies
that could point to physics beyond the SM (BSM). Indeed, the associated production of top-quark
pairs with bosons allows also for a direct measurement of the top-quark interactions with EW gauge
bosons as well as the Higgs boson. The interpretation of potential anomalies in top-quark couplings
both in specific models or in terms of more general effective interactions represents a prominent
avenue towards discovering indirect evidence of new physics at present and future colliders. At
the same time, besides their physics potential, these processes give rise to complex hadronic and
multi-lepton signatures that enter many other measurements as backgrounds and thus need to be
known precisely in order to disentangle signal and background contributions accurately.

The LHC offers the unique opportunity to study the production of top-quark pairs in association
with additional gauge bosons and heavy particles. At the high-luminosity of the HL-LHC many
such processes will be measured with an accuracy better than 10% and will provide quite stringent
constraints on anomalous top-quark couplings. Only high-energy lepton colliders (ILC at 1000 GeV,
CLIC, Muon Collider) and future hadron colliders (HE-LHC, FCC-hh) will be able to improve on
HL-LHC measurements. To illustrate the case of hadron colliders, Fig. 19 shows the total cross
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section for various associated production channels (pp→ tt̄X) as a function of the center-of-mass
energy

√
s. It is evident that the associated tt̄X production with additional gauge bosons and

heavy particles comprises very rare production modes with distinctive final-state signatures. These
present interesting signals that provide valuable inputs for example for EFT fits (Section V) and
contribute large backgrounds to top-Higgs coupling measurements [8]. A dedicated experimental
and theoretical effort is needed to reach uncertainties of order 1% in the inclusive measurements
and less than 5% in differential measurements, and similar precision in the theoretical calculations.

As the measurement of these top-quark couplings become more and more precise in the future, the
theory predictions have to match the accuracy of the experiments in order to harness the full power
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of the collected data to distinguish SM from BSM physics. Delivering theoretical predictions that
could compare with the precision of the LHC and the HL-LHC experiments involves considering
not only higher-order QCD and EW effects but also understanding how to accurately model the
complexity of high-multiplicity hadron-collider events. With this respect, recent years have seen a
huge progress in developing novel theoretical techniques to boost the precision of SM calculations
for fully-decayed tt̄X processes to a new level. This has involved calculating higher-order QCD and
EW corrections to the fully-decayed signatures arising from tt̄X processes, therefore taking into
account full off-shell and spin-correlation effects, as well as matching fixed-order calculations to
Monte Carlo parton-shower event generators used in the comparison of theoretical predictions with
data. Thanks to this theoretical progress, it is now possible not only to use better SM predictions
but also to understand where future progress is most needed.

In the following, each process is elaborated on in more detail, including the importance of the given
production process, the current state-of-the art for theoretical predictions, and which improvements
might be necessary in order to harness the full potential of the upcoming HL-LHC run.

1. pp→ tt̄j

The production of a top-quark pair in association with an additional hard jet has the largest cross
section among all associated production processes. Because of its large rate the pp → tt̄j process
constitute a sizable background for various SM measurements as well as for BSM searches. For
example, the pp → tt̄j process is the dominant background to Higgs boson production in VBF
processes in the H → W+W− decay channel [270, 271]. It is also a main background for various
BSM signatures involving W+W− production along with additional jets [272–275] or new heavy
resonances [276–278]. Besides, being a sizable background process, the process can be utilized to
constrain anomalous dipole moments of the top-quark from modified spin-correlation effects [279–
283] and to study enhanced charge asymmetries [284–289]. Furthermore, the top-quark mass can
be inferred from the tt̄j production process [39, 41, 149] as has been already demonstrated by the
LHC experiments [42, 103, 104]. See Section II D 4 for a discussion of theory predictions for the
extraction of the top-quark mass from tt̄j +X events at the LHC.

While NLO QCD corrections for on-shell tt̄j were first calculated in Refs. [38, 290], NLO EW
contributions have become available only recently in Ref. [291]. The effects of parton showers on
theoretical predictions have been studied by matching fixed-order NLO calculations to parton show-
ers [292–294], that also allow to include approximate top-quark decays. Moreover, higher-order
QCD and EW corrections have been included via multi-jet merging [291, 295]. In Refs. [296, 297]
NLO QCD corrections to radiative top-quark decays have been investigated for the first time within
the framework of the Narrow-Width-Approximation (NWA). Finally, NLO QCD predictions in-
cluding full off-shell effects have been computed [40, 150, 151] to asses the importance of single
and non-resonant contributions as well as higher-order corrections to top-quark decays. Ultimately
theoretical predictions are dominated by uncertainties originating from missing higher-order cor-
rections, which have been estimated to be of the order of 10− 20% at the differential level.

Due to its considerable size the pp → tt̄j process and its contribution to a wide range of physics
studies it will become even more important for the HL-LHC run to obtain more accurate theoret-
ical predictions by including even higher-order corrections. Currently, first steps have been taken
towards NNLO QCD corrections for on-shell tt̄j production [298] to improve further our under-
standing of this production channel. See also Section II B 2, which discusses the top pole mass
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extraction from ttj.

2. pp→ tt̄γ

The pp → tt̄γ process is of high interest at the LHC as it allows to probe directly the electric
charge of the top quark [299] as well as the structure of the tt̄γ interaction vertex, which can
constrain possible new physics effects via effective field theory approaches [300]. The latter gives
key insights into possible BSM scenarios that predict anomalous electric dipole moments for top-
quarks [301–306]. On the theoretical side, the accurate description of fiducial signatures of pp→ tt̄γ
is one of the most challenging tasks, because once top-quark decays are included fiducial signatures
receives large contributions from radiative top-quark decays via the decay chain: pp→ tt̄ followed
by e.g. t → Wbγ. The latter poses challenges for the experiments to reconstruct the top-quark
momenta [307], as these contributions can be as large as 50% of the total signal [308, 309] depending
on the definition of the fiducial phase space volume.

For the on-shell pp → tt̄γ production NLO QCD [310, 311] and NLO EW [312] corrections are
well studied. Recently, even the full NLO corrections, i.e. the full tower of possible O(αnαks)
corrections, have been computed in Ref. [313]. The dominant theoretical uncertainties are given by
missing higher-order QCD corrections and amount to roughly ±12% at the integrated and ±20%
at the differential level. Compared to that EW corrections are fully contained within the residual
QCD scale uncertainty unless the high-energy tail of dimensionful observables, such as pT (γ), are
considered. Furthermore, the process pp→ tt̄γγ has been studied as well in Refs. [313–316]. Top-
quark decays have been first considered via matching to parton showers [317] and later on in a more
systematic way in the NWA that includes full NLO QCD corrections to the decay [308, 309]. The
impact of top-quark decays on the charge asymmetry has been investigated in detail in Ref. [318].
Finally, for the di-lepton decay channel theoretical predictions at NLO QCD accuracy including
full off-shell effects have become available recently in Refs. [319, 320]. The latter improve on the
previous results by including non-factorizable contributions and further reducing the theoretical
uncertainty due to scale variations.

While current measurements in the di-lepton channel [321, 322] are already challenging the accuracy
of theoretical predictions, it is expected that the HL-LHC will be able to further reduce the total
uncertainty to 3% (7%) for the di-lepton (single-lepton) decay channel [323]. These projections are
based on the assumption that theoretical uncertainties can be further reduced by a factor of two.
Ultimately, the main uncertainties of these measurements are theory dominated. In the single-
lepton signature the tt̄ predictions are the main uncertainty, while in the eµ di-lepton channel
the tt̄γ signal and tt̄ background contributions have the largest impact and are of similar size.
Therefore, NNLO QCD corrections for pp → tt̄γ become necessary in order to exploit the full
potential of future data sets, including in EFT fits, discussed in Section V.

3. pp→ tt̄Z

Similar to tt̄γ, the pp→ tt̄Z production process allows to directly probe the top-quark interactions
with electroweak gauge bosons. For example, in the presence of additional heavy gauge bosons such
as a Z ′ or vector-like leptons the tt̄Z vertex might develop dipole contributions [324–330]. In the
case of heavy new physics the tt̄Z process can be utilized to provide complementary information
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with respect to for example tt̄γ in order to provide model independent constraints in effective
field theory approaches [300, 304, 306, 331–340]. On the other hand, the production of tt̄Z is an
important background process in the context of many SM measurements, as it gives rise to multi-
lepton signatures of high complexity. Therefore, its accurate theoretical description has direct
impact on SM measurements such as pp→ tt̄H [341–343] and pp→ tZ [344, 345].

The first calculation of NLO QCD corrections for the inclusive pp → tt̄Z production has been
reported first in Ref. [346] and later revisited in Refs. [316, 347]. Additionally, NLO EW corrections
have been computed in Ref. [348]. The achieved theoretical accuracy at NLO QCD is at the level
of ±12% for the inclusive cross section and of the order of ±20% for differential cross section
distributions. A further improvement of the theoretical description of inclusive cross sections at the
differential level has been achieved via soft-gluon resummation at the next-to-next-to-logarithmic
level (NNLL) in Refs. [349–351]. In a complementary approach by matching the fixed-order NLO
QCD predictions with parton showers [316, 352, 353] an improved description of fiducial signatures
has been achieved. Recently, more refined theoretical predictions became available by taking into
account also the γ/Z interference contributions in the matching to parton showers [354]. Finally,
also the impact of full off-shell effects has been studied for the tt̄Z process, where top quarks
are decaying leptonically and the Z boson decays either via Z → νν [355, 356] or Z → `` [357].
The inclusion of NLO QCD corrections to top-quark decays further improves on the theoretical
description and uncertainties of about ±8% can be obtained for integrated fiducial cross sections
and of the order of ±10% at the differential level.

In Ref. [358] the possible constraints on anomalous top-quark couplings at the HL-LHC have been
investigated. Here the main source of uncertainties are the tt̄γ and WZ cross sections, where it
has been already assumed that the theoretical uncertainties reduce by a factor of 2. Furthermore,
current pp → tt̄Z measurements [359] are already at the same level of accuracy as theoretical
predictions at NLO+NNLL accuracy, therefore it will be mandatory to include even higher-order
QCD corrections in the near future. The global EFT fit also assumes that theory uncertainties are
reduced by a factor two, and that experimental uncertainties are reduced by a factor five, see also
Section V.

4. pp→ tt̄H

The associated production of a Higgs boson with a pair of top quarks (tt̄H) offers the unique
opportunity to unambiguously obtain a measurement of the top-quark Yukawa coupling, the largest
and probably most likely to depend on new physics responsible for the nature of Yukawa interactions
in the SM. The prospects for measuring the top quark Yukawa coupling are detailed in Ref. [8].
However, the theoretical challenges in modeling tt̄H are similar to the other processes considered
here, thus they are discussed here.

As can be seen in Fig. 19, the tt̄H production cross section is one of the smallest tt̄X cross sections,
as it amounts to only 1% of the total Higgs boson cross section [360]. Nonetheless, the pp→ tt̄H
process has been observed at the LHC [361, 362].

The process has been studied extensively in the theory community. For stable top quarks and
Higgs bosons theoretical predictions at NLO QCD accuracy can be found in Refs. [363–368], while
NLO QCD corrections to pp → tt̄Hj have been investigated in Ref. [369]. Afterwards, NLO EW
corrections for tt̄H have been studied as well in Refs. [348, 370, 371]. Further improvements of
the theoretical predictions have been achieved by including threshold resummation [351, 372–376]
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up to next-to-next-to-leading logarithmic (NNLL) accuracy. While at fixed-order theoretical un-
certainties of about ±10% can be achieved, soft-gluon resummation allows to reduce these further
down to ±6%. Top-quark decays have been included in various approaches. For instance, the
pp→ tt̄H process has been matched to parton showers [316, 377–379] that allow for top-quark and
Higgs boson decays at LO accuracy. Furthermore, decays have been included at fixed-order within
the NWA in Ref. [370]. Another approach at fixed-order is based on full matrix elements includ-
ing Breit-Wigner propagators for resonant particles as well as non-factorizable contributions and
predictions at NLO QCD accuracy have been first reported in Ref. [380] and later complemented
with NLO EW corrections in Ref. [381]. Afterwards, NLO QCD predictions for the full off-shell
pp → tt̄H production have been extended first by including the Higgs boson decay via the NWA
at NLO QCD accuracy [382] and later in Ref. [383] by studying the impact of CP violating Higgs
couplings [384]. Finally, the first efforts to extend the inclusive tt̄H production to NNLO QCD
accuracy have been taken in Refs. [385–387].

According to current HL-LHC projections the tt̄H signal will be observed in the H → γγ decay
channel, however, its measurement will be dominated by theory uncertainties of the order 20% [388].
For the H → bb̄ decay channel, an uncertainty of the order of 13% on the production cross section
and similar precision for a measurement of the top-quark Yukawa coupling is expected [389]. In
order to realize both scenarios, the theoretical description of tt̄H signatures has to advance and
NNLO QCD corrections for tt̄H production and Higgs boson decays become inevitable.

With the overwhelmingly large data set at the end of the HL-LHC run even previously unthinkable
analyses become feasible. For instance, with the direct measurement of pp→ tt̄H one can constrain
the trilinear Higgs coupling [390], while, in contrast, the non-observation of processes like pp→ HH
and pp→ tt̄HH can only be translated into an upper bound on the trilinear coupling [391].

5. pp→ tt̄W

The production of a W boson in association with a top-quark pair gives rise to some of the
most spectacular collider signatures at the LHC. Due to multiple resonant decays of top-quarks
and W bosons, the tt̄W process is accessible in a plethora of different experimental signatures.
The study of the pp → tt̄W process at the LHC is of utmost importance as it represents a main
background to most analyses in multi-lepton decay channels, for example top-quark pair production
in association with a Higgs boson [316, 342, 361, 362]. It has a direct impact on the measurement of
the top-quark Yukawa coupling [8] and searches for new physics [9, 392–395]. Furthermore, the tt̄W
process is a main background in searches for four top-quarks [396, 397], see also Section IV G. It is
also one of the rare production modes that give rise to same-sign lepton signatures in the Standard
Model. The corresponding production cross section can be enhanced in various BSM models such
as supersymmetry, extra dimensions, heavy top-quark partners, extended Higgs sectors as well
as heavy Majorana neutrinos [398–410]. In addition, the tt̄W process plays an important role in
global SMEFT fits [7, 339, 411] and studies of the top-quark charge asymmetry [412].

Due to its importance the process has received a lot of attention in recent years to further improve on
its theoretical accuracy. The first fixed-order predictions taking into account NLO QCD corrections
in production and decay were computed [413, 414]. The leading NLO EW corrections have been
first investigated [348, 415] and then also the impact of formally subleading mixed QCD and
EW corrections have been studied [416, 417]. The resummation of soft-gluon effects has been
addressed [350, 376, 418, 419], which, however, in this case only marginally improves upon fixed-
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order predictions. Recently, NLO QCD and EW corrections, including full off-shell effects in the
multi-lepton decay channel, have also become available [420–423]. A complementary approach to
an improved description of fiducial signatures is to match the on-shell tt̄W process with parton
showers [316, 353, 412, 424, 425], where further higher-order QCD corrections can be included via
multi-jet merging [426, 427]. For the first time, a detailed comparison between fixed-order full
off-shell calculations and parton-shower-matched predictions has been presented in [428], and a
summary is provided in Section IV F.

For the HL-LHC run, it will become mandatory to include at least NNLO QCD corrections for
the production part in order to reach the expected factor two improvement, see Section V. Sizable
corrections are expected as this is the first time the gg initiated production channel opens up.
Furthermore, for signatures involving hadronic W boson decays, also higher-order QCD corrections
should be taken into account in the description of these decays. The inclusion of these higher-
order corrections is of utmost importance, especially in light current tensions between theoretical
predictions and measurements [429–431].

6. pp→ tt̄bb̄

The pp → tt̄bb̄ production process is of great importance at the LHC and even more for the
HL-LHC as it constitutes the dominant QCD background to tt̄H production in the H → bb̄
decay channel [432, 433] and thus has a direct impact on the top-quark Yukawa measurement [8].
Furthermore, tt̄bb̄ is also one of the main backgrounds in searches for tt̄tt̄ production [434, 435],
see Section IV G. Besides its role as a background process, the tt̄bb̄ process is interesting by itself
as it probes QCD dynamics in top-quark pair production in a truly multi-scale environment.

Calculations of NLO QCD corrections for the on-shell production are well known [436–441]. In-
cluding these higher-order corrections allows to reduce theoretical uncertainties to the level of
30%. Fiducial signatures are additionally impacted by the intricate QCD dynamics of the g → bb̄
splittings in parton shower evolutions. This effect has been studied in great detail by matching
tt̄bb̄ to parton showers using either massless b quarks [442, 443] or massive ones [444–446]. In
this context, also the associated production with an additional light jet, pp → tt̄bb̄j, has been
investigated [447] at fixed-order to further improve the understanding of QCD radiation in the tt̄bb̄
process. Due to the immense complexity of these calculations, only recently predictions including
full off-shell effects have become available for the di-lepton decay channel [448, 449] which further
reduce the theoretical uncertainties down to the 20% level. To assess the importance of single- and
non-resonant contributions, radiative top-quark decays, i.e. t→ Wbbb̄, as well as the size of NLO
QCD corrections to these decays a dedicated comparison with the predictions obtained from the
NWA has been reported [450]. The latter study concludes that the NWA performs excellently for
this process with differences below the percent-level even for differential cross section distributions.
Also the impact of the g → bb̄ splitting in the top-quark decays turns out to be negligible.

At the HL-LHC, the tt̄H(H → bb̄) measurements will be dominated by theoretical uncertainties
on the background processes [389]. Even though the computation of higher-order QCD corrections
at the NNLO level is out of reach for the foreseeable future, it would be very interesting, especially
in the context of precision QCD studies of pp→ tt̄bb̄ itself.
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F. Modeling uncertainties of tt̄W± multilepton signatures

Summary of white paper contribution [428]

In light of recent discrepancies between the modelling of tt̄W± signatures and measurements re-
ported by the LHC experimental collaborations, Ref. [428] investigates in detail theoretical un-
certainties for multi-lepton signatures. Results from the state-of-the-art full off-shell calculation
and its Narrow Width Approximation (NWA) are compared to results obtained from the on-shell
tt̄W± calculations, with approximate spin-correlations in top-quark and W± decays, matched to
parton showers. The off-shell calculation is based on matrix elements for the fully decayed final
state pp → `+ν` `

−ν̄` `
±ν` bb̄ at O(α3

sα
6) (denoted by tt̄W± QCD) and at O(αsα

8) (denoted by
tt̄W± EW). All double-, single and non-resonant Feynman diagrams for top quarks and W± gauge
bosons are included, together with interference and finite-width effects. In the NWA approach, on
the other hand, top quarks and W± gauge bosons are restricted to on-shell states. Consequently,
the full matrix elements are approximated by the double resonant tt̄W± contributions and the cross
section is factorised into a production and a decay stage. The NWA predictions can be further
classified into two categories: The full NWA, if next-to-leading order (NLO) QCD corrections are
included in the tt̄W± production as well as in the subsequent top-quark decays, and the NWA
with LO decays, if NLO QCD corrections are incorporated only in the production stage. These
three types of theoretical predictions for tt̄W± at O(α3

sα
6) have first been reported in Ref. [420].

For the parton-shower matched results (denoted by NLO+PS) for the pp → tt̄W± process, NLO
QCD corrections are only included in the production stage, while top-quark decays are provided
at LO accuracy retaining spin correlations. Furthermore, top-quark and W boson virtualities are
modelled according to Breit-Wigner distributions. However, single- and non-resonant top-quark
and W gauge boson contributions as well as all interferences and NLO QCD spin correlations are
still missing. The Powheg-Box implementation presented in Ref. [425] is used as well as results
have been generated in the MC@NLO framework as provided by MG5−aMC@NLO [451].

All these predictions for pp→ tt̄W± are quite different in nature and therefore inherently affected
by distinctive theoretical uncertainties. With all of them being available for study in Ref. [428], is a
unique opportunity to understand their similarities and differences in more detail. Additionally the
size of full off-shell effects for both the tt̄W± QCD and tt̄W± EW contribution can be quantified.
Ref. [428] concentrates on the multi-lepton signature. The reason is twofold. On the one hand, it
is the cleanest signature, on the other hand, it yields the strongest discrepancies when compared
to ATLAS and CMS measurements [343, 431]. As both full off-shell and NLO+PS predictions
have their own virtues, it would be beneficial not only to compare them, but also to combine
them into a single sample to increase the modelling precision for tt̄W±. For this purpose, the
authors of [428] propose a simple method of approximating the full off-shell effects in parton-
shower matched calculations for on-shell tt̄W± production. Specifically, the following additive
combination is employed:

dσth

dX
=
dσNLO+PS

dX
+
d∆σoff-shell

dX
, with

d∆σoff-shell

dX
=
dσNLO

off-shell

dX
− dσNLO

NWA

dX
, (3)

where fixed-order full off-shell effects are simply added to a parton-shower based computation. The
differential correction, d∆σoff-shell/dX, includes the single and non-resonant contributions as well
as interference effects. To estimate the theoretical uncertainty of the improved predictions the scale
variations and matching uncertainties are computed independently and combined as follows:

δth =

√(
δNLO+PS

scale

)2
+
(
δNLO+PS

matching

)2
+
(
δ∆σ

scale

)2
, (4)
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where δ∆σ
scale is the estimated uncertainty of d∆σoff-shell/dX.
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FIG. 20. Differential cross section distributions for pp → tt̄W± in the multi-lepton final state at O(α3
sα

6)
and at O(αsα

8) for the LHC at
√
s = 13 TeV as a function of the transverse momentum of the hardest b jet.

The upper panels show the absolute NLO QCD predictions for tt̄W± QCD and tt̄W± EW production. Also
presented is the combined result, tt̄W± QCD+EW. For the first two plots the uncertainty bands correspond
to independent variations of the renormalisation and factorisation scales (middle panel) and of the matching
parameters (bottom panel). For the rightmost plot the uncertainty bands correspond to scale variations
(off-shell) and total uncertainties (NLO+PS) (middle panel). The differential impact of the tt̄W± EW
contribution is shown as well (bottom panel).

As an example, in Figure 20 the transverse momentum distribution of the hardest b jet is shown
for tt̄W± QCD and tt̄W± EW. The upper panels depict the central differential distribution for
the various predictions employed in our study. The middle panel illustrates the scale uncertainty
bands stemming from independent variations of factorisation and renormalisation scales. All curves
are normalised to the central prediction of the off-shell calculation. The bottom panel shows the
matching uncertainties for the parton-shower based predictions. As can be seen, there is a shape
differences between the various predictions over the whole plotted range. At pT ≈ 600 GeV,
NLO+PS results as well as NWA predictions differ from the full off-shell calculation by up to 35%
and 50%, respectively for tt̄W± QCD and tt̄W± EW.

Additionally, in Figure 20, combined results are presented for tt̄W± QCD+EW. In this case, one
can examine how well the improved predictions (denoted by NLOPS + ∆σ) capture full off-shell
effects. For tt̄W± QCD+EW the upper panel depicts the central predictions, the middle one the
ratio to the full off-shell prediction, while the bottom one shows for each prediction the impact of
tt̄W± EW over the tt̄W± QCD result. Additionally, the middle panel shows uncertainty bands for
the full off-shell and the NLO+PS calculation. Finally, total uncertainties for the NLOPS + ∆σ
results are given as well. One observes that in the bulk of the distribution the corrections due
to d∆σoff-shell/dX are small as it should be because these phase-space regions are dominated by
the double resonant tt̄W± production. On the other hand, the tails of the distribution receive
sizable corrections up to even 50% with respect to the NLOPS result. One can also observe,
that the theoretical NLOPS + ∆σ prediction captures the large off-shell corrections in the tails.
Furthermore, one can notice that the tt̄W± EW contribution is rather large and quite flat. Indeed,
10%− 15% corrections are obtained on top of the dominant tt̄W± QCD contribution.

One could already learn a lot by a detailed comparison of unfolded tt̄W± data with the various
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theoretical predictions presented here and in Ref. [428]. In fact, fixed-order theoretical predictions
can and have already been directly compared to unfolded LHC data. For instance, for tt̄ production
NNLO QCD theoretical predictions in the full NWA have been employed in comparisons with
ATLAS and CMS data for various observables build from top-quark decay products [192, 452]. Full
off-shell NLO QCD predictions for tt̄γ from Ref. [319] have already been employed by the ATLAS
collaboration in comparisons with the measurements of inclusive and differential cross-sections of
combined tt̄γ and tWγ production in the eµ channel [321]. They improved the predictions for
leptonic observables, as well as for the description of the prompt photon. In the next step, similar
comparisons can be made for the tt̄W± process in the multi-lepton channel. In a similar fashion, full
off-shell effects approximately incorporated in the NLO computation of on-shell tt̄W± production
matched to parton showers can be used to improve the modeling of LHC data. Finally, full off-shell
calculations for tt̄W± should be matched to parton shower programs using methods that allow for
the consistent treatment of resonances. Such an approach has already been worked out for the
simpler case, namely for tt̄ and tW production [453, 454] and used in comparisons to ATLAS data
[455].
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G. Four-top production

The production of four top-quarks is one of the rarest SM processes that is expected to be discovered
by the LHC experiments. The pp→ tt̄tt̄ process allows to probe various BSM extensions of the SM,
as its cross section can receive significant enhancements [456–465]. Prominent examples for such
scenarios are supersymmetric gluino-pair production [340, 466–469], top-quark pair production in
association with a Higgs boson in two-Higgs doublet models [470–472], top-philic Dark Matter
scenarios [473, 474] and composite-Higgs models [475, 476]. The tt̄tt̄ process is also particularly
sensitive to the top-quark Yukawa coupling and CP properties of the Higgs boson [477, 478].

The four top-quark production process plays a special role in constraining BSM physics via effective
field theory approaches, since it is very sensitive to four-fermion operators [479–481]. Examples of
Feynman diagrams for this process are shown in Figure 21 (left). While the largest contributions
are from QCD processes, there are small contributions mediated by the Higgs boson.

1. Theoretical aspects of pp→ tt̄tt̄

The dominant NLO QCD corrections to 4-top production have been first computed in Ref. [482] and
afterwards. With the advent of automated NLO EW corrections, the subleading EW corrections
have been investigated [417]. NLO QCD corrections are large, of the order of 20− 60%, depending
on the scale choices, while the EW channels contribute a +10% corrections at the inclusive level.
The sizable enhancement of the EW contributions originate from the so-called Sommerfeld en-
hancement [81, 259] of heavy quark production near threshold. The leading QCD process has been
matched to parton showers for the first time [316], while recently refined predictions including full
NLO QCD corrections as well as the dominant EW tree-level contributions have been matched to
parton showers [483] using the POWHEG BOX framework. Currently, the theoretical uncertainties
of the inclusive cross section are estimated to be of the order of ±20% due to missing higher-order
corrections and up to ±5% due to PDF uncertainties.

In order to reach the experimental precision of order 10% (see Section IV G 2), the theoretical
predictions necessarily have to improve in the future. It is hard to imagine that NNLO QCD
corrections will become available any time soon. However, improvements due to the inclusion of
threshold resummation might be achievable. Further advances of the theoretical predictions could
be obtained if a framework for parton shower matching for mixed QCD-EW contributions can be
established.

2. Experimental aspects of pp→ tt̄tt̄

The 4-top analyses at the HL-LHC benefit from the increase in collision energy. The cross section
increases by a factor of approximately 1.3 when increasing the collision energy from 13 to 14 TeV.
It increases by two orders of magnitude when going to the FCC-hh 100 TeV collider, see Figure 19.

The analysis of 4-top events necessitates several analysis channels due to the four W bosons in
the final state. The data set is typically divided into the same-sign channel (which includes same-
sign dilepton and multilepton events) and the lepton+jets channel (which includes lepton+jets
and opposite sign dilepton events), with the former being the most sensitive. The same-sign events
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have smaller expected event counts but also smaller backgrounds, while the lepton+jets events have
larger expected event counts and larger backgrounds. Multivariate discriminants are constructed
to separate signal from backgrounds in each channel. In Figure 21 (right), a distribution over the
multivariate discriminant is shown for multilepton events observed by the ATLAS experiment [397,
484]. The signal shown in red is clearly visible at the high values of the discriminant. Based on the
full Run 2 data set, ATLAS reported an observation of the four-top signal with a significance of
4.7 standard deviations for a combination of both channels, with the expected significance of 2.6.
Overall, the measured value is in agreement with the SM within 2 standard deviations.
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FIG. 21. (Top left) Examples of Feynman diagrams of four top quark production. (Top right) Distribution
over the BDT discriminant for multilepton events observed by ATLAS based on the full Run II data set.
From Ref [397, 484].

Using the multilepton channel, CMS reported observed and expected significances of 2.6 and 2.7
standard deviations, respectively [396]. This measurement allowed to constrain the ratio of the top
Yukawa coupling to its SM value to be less that 1.7 at 95% CL.

The CMS searches for the production of four top quarks in the same-sign [396] and lepton+jets
channels [485] were used to provide projections for the High-Luminosity LHC and High-Energy
LHC [486]. Several different scenarios for the systematic uncertainties are considered. For proton-
proton collisions at

√
s = 14 TeV, the existing analysis strategies are expected to become dominated

by systematic uncertainties. Evidence for tt̄tt̄ in a single analysis will become possible with around
300 fb−1 of High-Luminosity LHC data at 14 TeV. With these data sets, the uncertainty on the
measured cross section will be of the order of 40%. With 3 ab−1 of High-Luminosity LHC data, the
cross section can be constrained to 9% statistical uncertainty and 18 to 28% total uncertainty. A
study done by ATLAS [487] demonstrates a similar increase in the signal significant and decrease
in the uncertainties as a function of the integrated luminosity (see Figure 22).

Comparison between different machines in terms of their ability to constrain the four-top opera-
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FIG. 22. Expected significance for the measured tt̄tt̄ cross section (left) and expected experimental un-
certainty (right), assuming two different scaling scenarios for the systematic uncertainties. Taken from
Ref. [487].

tor [479] is summarized in Table VII. The 4-top operator limits from the LHC can be improved
upon at a lepton collider, though a significant improvement requires high-energy collisions of at
least a TeV.

HL-LHC(pp→ tttt) FCC-ee ILC CLIC FCC-hh

(pp→ tttt) (e+e− → tt) (e+e− → tt) (e+e− → tt) (pp→ tttt)
√
s [TeV] 14 0.365 1 3 100

L[ab−1] 3 1.5 1 3 30

Λ/
√
|ctt| [TeV] 1.3 1.6 4.1 7.7 6.5

TABLE VII. Bounds on the four-top operator. Taken from [479]

, which is a phenomenological study and the HL-LHC numbers are not based on the ATLAS [487] and
CMS [486] studies.

With such increase in precision it will be possible to constrain the EFT contact interaction operator
even further. The corresponding projections for the HL-LHC are shown in Figure 23. It is clear
that the increase in energy provides with the most significant improvement in precision (27 TeV
HE-LHC shown in green).



52

]-2 [GeV
ROC

1.5− 1− 0.5− 0 0.5 1 1.5

]
-2

 [G
eV

B
1

C

2−

1−

0

1

2

3

4

5  : 100.0% (at 13 TeV)
tttt

σ∆Reference: 

 : 30.0% (stat)
tttt

σ∆, -1HL-LHC 0.3 ab

 : 41.0% (stat+syst)
tttt

σ∆, -1HL-LHC 0.3 ab

 : 9.0% (stat)
tttt

σ∆, -1HL-LHC 3 ab

 : 26.0% (stat+syst)
tttt

σ∆, -1HL-LHC 3 ab

 : 1.0% (stat)
tttt

σ∆, -1HE-LHC 15 ab

CMS
Projection

FIG. 23. Expected limits on EFT contact interaction operators for the tt̄tt̄ process. Taken from Ref [486].

V. TOP-QUARK COUPLING MEASUREMENTS FROM EFT FITS

Measurements of (differential) cross-sections of top-quark production processes provide important
inputs to global SMEFT fits [339]. The studies of top-quark decay and top-quark final-state corre-
lations and associated production processes provide further constraints [411, 488]. In this section,
the LHC Run 2 results and projections for future colliders as well as for theoretical uncertainties
are listed which have been included in global EFT fits performed in the Topical Group EF04. The
resulting limits on top-quark-related EFT operators are found in the EF04 report [7] and are also
shown here in Figure 24.

A. Prospects at the HL-LHC

Precision measurements of top-pair, single top and top-associated processes are all used as inputs
to the global EFT fits. The tt̄ and tt̄X observables are described below. For single top-quark
production, the inclusive cross-sections are used for t-channel, s-channel and tW production. The
s-channel single top production at the Tevatron is also included. At the LHC, associated production
of a single-top quark in the t-channel with either a photon or a Z boson provides additional
information.
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FIG. 24. Comparison of the constraints expected from a combination of HL-LHC and lepton collider data on
Wilson coefficients for EFT operators relevant to top-quark couplings. The solid bars provide the individual
limits of the single-parameter fit and the shaded ones the marginalised limits of the global fit.

1. Observables in tt̄ production

The projections for the HL-LHC fit shown in Figure 24 are based on an extrapolation from current
(Run 2) measurements. The measurements that form the basis for the HL-LHC projection are listed
in Table VIII. This includes the production processes discussed in more detail in Sections IV B,
IV C, IV D and IV E.

For the top-quark pair production process, statistics is abundant and measurements in the bulk
already reach a precision of a few %.

Experimental uncertainties on the inclusive cross-section as well as many differential distributions
are expected to be reduced to approximately 1% at the HL-LHC [245, 503], see Section IV C.
Currently, theory uncertainties of the N2LO calculation are at the level of 3–4% for the inclusive
cross section [36]. These might be reduced to roughly half with the calculation of the N3LO
corrections (see Section IV A) and the improvement of the proton PDFs (see Section II D 5 and
Ref. [10]). Even in that case, theory uncertainties are likely to remain the limiting factor.

The tt̄ charge asymmetry is a subtle effect at the LHC, but it brings important information to EFT
fits [504]. As a ratio, it can be precisely predicted [505]. Modelling uncertainties play an important
role [489] and are likely to limit future progress in the inclusive measurement. Therefore, a less
aggressive scenario is adopted, where all experimental systematic uncertainties are improved by a
factor 1/2 and only the statistical uncertainty scales with 1/

√
Lint.

For top-quark pair production, differential measurements of the cross section [255] and the charge
asymmetry [489] as a function of the invariant mass of the tt̄ system are considered. A promising
avenue for progress is the boosted regime, where the sensitivity to four-fermion operators increases
considerably [506]. Measurements of the cross section and charge asymmetry for tt̄ systems pro-
duced at large invariant mass already play an important role in the constraints on the four-fermion
operators and their weight will increase if measurements on bulk tt̄ are limited by experimental or
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Process Observable
√
s Lint Experiment SM Ref.

pp→ tt̄ dσ/dmtt̄ (15+3 bins) 13 TeV 140 fb−1 CMS [36] [255]

pp→ tt̄ dAC/dmtt̄ (4+2 bins) 13 TeV 140 fb−1 ATLAS [36] [489]

pp→ tt̄H + tHq σ 13 TeV 140 fb−1 ATLAS [490] [491]

pp→ tt̄Z dσ/dpZT (7 bins) 13 TeV 140 fb−1 ATLAS [376] [359]

pp→ tt̄γ dσ/dpγT (11 bins) 13 TeV 140 fb−1 ATLAS [319, 320] [492]

pp→ tZq σ 13 TeV 77.4 fb−1 CMS [493] [494]

pp→ tγq σ 13 TeV 36 fb−1 CMS [495] [495]

pp→ tt̄W σ 13 TeV 36 fb−1 CMS [417, 490] [496]

pp→ tb̄ (s-ch) σ 8 TeV 20 fb−1 LHC [262, 497] [498]

pp→ tW σ 8 TeV 20 fb−1 LHC [232] [498]

pp→ tq (t-ch) σ 8 TeV 20 fb−1 LHC [262, 497] [498]

t→Wb F0, FL 8 TeV 20 fb−1 LHC [499] [500]

pp̄→ tb̄ (s-ch) σ 1.96 TeV 9.7 fb−1 Tevatron [231] [501]

e−e+ → bb̄ Rb , AbbFBLR ∼ 91 GeV 202.1 pb−1 LEP/SLD - [502]

TABLE VIII. Measurements included in the EFT fit of the top-quark electroweak sector. For each mea-
surement, the process, the observable, the centre-of-mass energy, the integrated luminosity and the experi-
ment/collider are given. The last two columns list the references for the predictions and measurements that
are included in the fit. LHC refers to the combination of ATLAS and CMS measurements. In a similar way,
Tevatron refers to the combination of CDF and D0 results, and LEP/SLD to different experiments from
those two accelerators.

theoretical systematic uncertainties. To take maximal advantage of this potential, the range of the
projections is extended further into the high-mtt̄ tail than the current Run 2 measurements.

2. Observables in associated production processes

The theoretical challenges for the production of a top-quark pair with another particle are described
in Section IV E. Here, the experimental measurements are given that are projected to the HL-LHC.
The projections of the measurements of rare top-quark production processes are modelled on the S2
scenario used to predict the precision of Higgs coupling measurements in Ref. [507]. This scenario
envisages that many statistical and experimental uncertainties scale as 1/

√
Lint, where Lint is the

integrated luminosity. For the complete HL-LHC program, experimental uncertainties are expected
to be reduced by a factor 5 with respect to the current Run 2 results. Theory and modelling
uncertainties are divided by two, with respect to today’s state of the art. In all measurements of
inclusive pp→ tt̄X and pp→ tqX rates, the modelling uncertainties become the dominant source
of uncertainty in this scenario, and the theory uncertainty on the SM prediction is also more
sizable than statistical and experimental uncertainties. Even if N2LO calculations[385] including
EW corrections are achieved for associated production processes (see Section IV E), theory and
modelling uncertainties are still expected to limit the precision of the comparison.

To gain the maximal sensitivity to the EFT coefficients, differential measurements are included
in the global analysis. As in Ref. [508], for the pp → tt̄Z and pp → tt̄γ processes, differential
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measurements as a function of the Z-boson and photon pT are included, enhancing the sensitivity
to CtZ , in particular [509].

3. Discussion

Generally, the progress envisaged in the S2 uncertainty scenario is limited by the theory and
modelling uncertainties, while statistical and experimental uncertainties are expected to be sub-
dominant in nearly all measurements. Improvements are only possible experimentally through
studying rare processes and more extreme phase space regions [337]. Theoretically, improving the
accuracy of fixed-order predictions beyond a factor two will lead to a direct improvement of the
sensitivity of EFT fits, even if these calculations become available after the HL-LHC program is
complete. This will, however, likely require N3LO precision for 2 → 3 processes with top quarks
in the final state.

The boosted regime is one of the keys to improving bounds on the operators that affect the top-
quark pair production process. In particular, the high-mtt̄ tail of the top-quark pair production
measurements provides a significant reduction in the allowed regions of the four-quark operators,
which shrink by a factor between two and five (depending on the operator) thanks to the enhanced
sensitivity in this regime and the more pronounced improvement in the measurement. This effect
is present even in a fit that only includes the linear (O(Λ−2)) terms in the parameterization of the
EFT dependence [7].

The marginalised bounds on the four-fermion operators remain an order of magnitude worse than
the individual bounds after the HL-LHC, even if both individual and global bounds improve con-
siderably. This is due to unresolved correlations between the coefficients. The same feature is
observed in recent fits to the top sector of the SMEFT [336, 339] and in global Higgs/EW/top
fits [510, 511]. Stricter limits can be obtained if the dimension-six-squared terms proportional to
Λ−4 are included in the fit [510].

Two-quark two-lepton operators, omitted in this section, can also be probed at the LHC. Dedicated
signal regions, for instance with off-Z-peak dilepton invariant masses in pp → tt̄`+`− [512–514],
would increase their sensitivity.

B. Prospects for e+e− colliders

The e+e− → γ, Z → tt̄ process opens up for centre-of-mass energies that exceed twice the top
mass (i.e.

√
s & 350 GeV) and directly probes the electroweak couplings of the top quark. Data

taken with different beam polarisations at linear colliders can be used to distinguish the photon
and Z-boson couplings [61, 488, 515, 516] to the top quark. At circular colliders, a measurement
of the final state polarisation using the semi-leptonically decaying top quarks can also be used to
separate the two contributions [517].

Realistic estimates of the impact of acceptance, identification and reconstruction efficiencies are
taken from full-simulation studies for the ILC and CLIC in Ref. [515, 518]. In runs at the tt̄
threshold or slightly above, the cross section can be measured to a few per mille precision [515,
518]. The precision drops to several % for the highest center-of-mass energy at CLIC, due to
the 1/s decrease of the cross section, that is only partially compensated by the luminosity, in
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Machine Polarisation Energy Luminosity Reference

ILC P(e+, e−):(±30%, ∓80%)

250 GeV 2 ab−1

[521]500 GeV 4 ab−1

1 TeV 8 ab−1

CLIC P(e+, e−):(0%, ±80%)

380 GeV 1 ab−1

[522]1.4 TeV 2.5 ab−1

3 TeV 5 ab−1

FCC-ee Unpolarised

Z-pole 150 ab−1

[112]
240 GeV 5 ab−1

350 GeV 0.2 ab−1

365 GeV 1.5 ab−1

CEPC Unpolarised

Z-pole 57.5 ab−1

[112]
240 GeV 20 ab−1

350 GeV 0.2 ab−1

360 GeV 1 ab−1

TABLE IX. Configurations for future e+e− colliders.

combination with a degradation of the top-selection and flavour-tagging capabilities and the broad
CLIC luminosity spectrum [518]. Experimental systematic uncertainties and the precision of theory
calculations are expected to be sub-dominant in the comparison of data with the Standard Model
predictions. For an overview of the current status of theory calculations for continuum tt̄ and
tt̄H production see, e.g., Ref. [519], where a study at the differential level for the full processes
e+e− → µ+νµe

−ν̄ebb̄ and e+e− → µ+νµe
−ν̄ebb̄H has been performed at NLO QCD including

non-resonant contributions, off-shell effects and interferences.

Numerical prospects for the broader e+e− top-physics program are based on the study of sta-
tistically optimal observables defined at leading order on the e+e− → tt̄ → WbWb differential
distribution [488]. The optimal observable capture not only the information in classical observ-
ables such as the cross section and the forward-backward asymmetry, but also take advantage of
the top polarization to find the optimal constraint on the complete set of EFT operator coeffi-
cients. We note that the WbWb final state also receives contribution from single top production
which become sizable at high centre-of-mass energies, but the analysis does not include the associ-
ated e+e− → tt̄H production process, that provides a direct constraint on the top quark Yukawa
coupling [520], or top-quark pair production in vector-boson-fusion. The e+e− → tt̄H process is
included directly [7].

The results of these full-simulation studies are extrapolated to realistic operating scenarios of the
electron-positron collider projects listed in Table IX using a parameterization of the acceptance
and efficiency as a function of the centre-of-mass energy.

Runs at two different centre-of-mass energies above the top-quark pair production threshold are
important to disentangle the e+e−tt̄ operator coefficients from the two-fermion EFT operator
coefficients [488]. The two sets of operators have very different scaling with energy: the sensitivity
to four-fermion operators grows quadratically, while it is constant or grows only linearly for two-
fermion operators. In a fit to data taken at a single center of mass, linear combinations of their
coefficients remain degenerate and form blind directions. The combination of runs at two different
centre-of-mass energies effectively disentangles them and provides global fit constraints close to the
individual bounds.
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VI. BSM PHYSICS FROM TOP-QUARK PHYSICS

The top quark is a sensitive probe in direct searches for BSM physics [9] and indirectly in EFT
fits [7], see also Section V. At hadron colliders, precision measurements of top-pair production are
sensitive to the supersymmetric partners of the top quark, the top squarks, with masses close to
the top-quark mass (see, e.g., Section VI A). At all colliders, flavor-changing neutral currents can
be probed in the production and in the decay of top quarks.

As mentioned earlier, the top quark with its large Yukawa coupling is intimately connected to
the Higgs sector. For instance, in the SM the largest loop-induced corrections to the Higgs boson
mass originate from the top quark, requiring an unnatural amount of fine-tuning. BSM models
which aim to protect the Higgs boson mass from these large quadratic corrections beyond the EW
energy scale are therefore often closely connected to the top quark. An important example where a
symmetry protects the Higgs boson mass is low-energy supersymmetry (SUSY). In unbroken SUSY
the corrections induced by the top quark and its bosonic SUSY partners exactly cancel. Another
option to obtain a natural, less fine-tuned, Higgs boson mass are composite Higgs models (for a
review see, e.g., Refs. [523, 524]), where the Higgs boson emerges from new strong dynamics after
spontaneous global symmetry breaking as a composite Pseudo-Nambu-Goldstone boson. The large
top Yukawa coupling (and large mass) can be achieved through partial compositeness [525] where
the physical top quark is considered to be a combination of elementary and composite degrees of
freedom (for a review see, e.g.,[524]). Examples of the phenomenology of these type of models
in the top sector are the occurrence of new fermionic resonances (top partners), anomalous 4-
top quark production, and modified top Yukawa and top-EW couplings. The latter is illustrated
in Fig. 25 where the deviations in the ZtLt̄L and ZtRt̄R couplings from the SM are shown in
4D composite Higgs models for various choices of the model parameters [526]. As can be seen,
precision measurements of EW top-quark couplings at future lepton colliders can considerably
constrain these models.

In the following we provide some more examples for the power of top-quark observables to constrain
a wide variety of BSM scenarios. A detailed study of achievable constraints on BSM physics in the
top-quark sector in form of higher-dimensional operators in SMEFT (including those inducing eett
contact interactions) from global fits can be found in the EF04 report [7] (see also Section V).
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FIG. 25. Expected relative precision on the ZtLtL and ZtRtR couplings at the LHC (lighter green), the HL-
LHC (darker green), the ILC (blue) and the FCC-ee (orange, red). The black dots indicate the deviations
expected for different parameter choices of 4D composite Higgs models, with f < 2 TeV (purple dots:
examples for typical deviations in various BSM models). From [526].

A. Top-quark spin correlations

Summary of white paper contribution [527]

The correlation of the spins of the two top quarks in tt̄ production can be measured precisely from
the correlations of the two leptons in dilepton tt̄ events. This is an important measurement to
understand the EW interactions of the top quark and can be used in EFT fits [7]. It is also a
sensitive probe of BSM physics with new particles that are close in mass to the top quark and have
the same final state (leptons and bottom quark jets). One example is SUSY stop quarks in the
compressed region (stop mass close to top mass and small neutralino mass). Figure 26 shows the
projected limit for a 30 GeV-wide corridor in stop mass (m(t̃)) and neutralino mass (m(χ0)) around
the top quark mass (m(t̃)−m(χ0)−m(t)| < 30 GeV) [527]. The width of the corridor corresponds
to the experimental resolution and the region where direct stop searches are not sensitive because
of the large tt̄ background. The limits expected for the HL-LHC are a factor two (at low m(t̃))
to ten (at high m(t̃)) better than the Run 2 limits in this region. The predicted cross-section for
SUSY stop pair production in this region is 10 pb to 100 pb, meaning all of the points shown in
Figure 26 will be excluded at the HL-LHC. The exclusion reaches all the way up to stop masses of
600 GeV.
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FIG. 26. Limit on the cross-section for SUSY stop production in the compressed region where the stop
mass (m(t̃)) is close to the neutralino mass (m(χ0)), m(t̃) −m(χ0) = 175 GeV. Every point in this plot is
excluded. From Ref. [527].

B. Azimuthal angular correlation as a new boosted top-jet substructure

Summary of white paper contribution [528]

When a top quark is highly boosted, the W boson from its decay has a substantial linear polar-
ization that results in a cos 2φ azimuthal angular correlation among the top-decay products [528].
The angle φ is shown in the sketch in Figure 27 (left). This correlation can be measured for hadron-
ically decayed boosted top quarks, and in Ref. [528] an experimental method has been proposed
to measure the degree of such azimuthal correlation that only requires b-tagging in the top-quark
jet. The magnitude of the azimuthal correlation provides a way to measure the longitudinal polar-
ization of a boosted top quark (λt), which differs from the methods proposed in the literature that
exploit the energy fractions of the subjets. λt is an important probe of new physics that couples
to the top-quark sector. A simple example is the W ′ model in which a heavy vector boson W ′ can
couple to top and bottom quarks in any arbitrary chiral combination so that the top quark can
be left-handed (λt = −1), right-handed (λt = +1), or unpolarized (λt = 0) as shown in Figure 27
(right).
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FIG. 27. Left: Sketch of the top-quark decay products defining the azimuthal angle φ. Right: Azimuthal
angular correlation in the decay of boosted top quarks for different values of the top-quark longitudinal
polarization λt. Taken from Ref [528].

C. Top-quark flavor-changing neutral currents

Top-quark interactions are an excellent probe of flavor-changing neutral currents (FCNC) involving
the third generation of leptons. The theoretical models used for many of the FCNC searches at
the LHC were summarized for the Snowmass 2013 Top Group report [529]. The searches by
ATLAS and CMS, as well as limits previously obtained at the Tevatron, LEP and HERA are
shown in the summary plots maintained by the LHC top working group [246]. Figure 28 shows the
summary of searches for FCNC couplings between the top quark and the charm quark, separately
for the couplings to photons, gluons, Z and Higgs bosons. No dedicated studies were performed
for this report, here we summarize current results and previous studies [245, 530]. The theoretical
description of FCNC interactions in the effective operator framework is possible [512]. Here we
explore sensitivity in terms of the branching ratios of top quark decays, which is easy to understand
and interpret and compare. Figure 29 shows the same comparison, and in addition also BSM models
that predict sizable FCNC interactions.

The top-photon FCNC coupling to an up and a charm quark was studied by CMS [245]. For
3000 fb−1, the expected limits (including systematic uncertainties) on the branching ratio are
8.6×10−6 for tγu and 74×10−6 for tγc. These correspond to improvements by almost a factor ten
over the current limits from ATLAS [531] and CMS [532]. The top-gluon FCNC coupling to an up
or a charm quark was studied by CMS [245, 533]. For 3000 fb−1, the expected limits (including
systematic uncertainties) on the branching ratio are 3.8×10−6 for tgu and 32×10−6 for tgc. These
correspond to improvements by about a factor ten over the current limits from ATLAS [534] and
CMS [535]. The projections for both top-photon and top-gluon FCNC are based on single-top
quark production. This leads to the large improvement compared to the current limits: larger
dataset allow for more strict selection cuts to isolate the signal. This also leads to the difference
between up and charm quark limits, since the coupling of the top to the parton in the initial state
is probed. Dedicated studies for FCC-hh were not performed, nevertheless, it can be expected that
the larger CM energy and larger integrated luminosities will provide sensitivity to significantly
smaller branching ratios.

The top-Z boson FCNC coupling to an up and a charm quark was studied by ATLAS [536, 537].
For 3000 fb−1, the expected branching ratio limits are at the level of 4 to 5 × 10−5 depending on
the considered scenarios for the systematic uncertainties. These correspond to an improvement by
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a factor five over the current limits from ATLAS [538] and CMS [539, 540]. There is not much
difference between the sensitivities to up and charm quarks here because the FCNC coupling is
probed in the top quark decay. Moreover, it is not clear how much improvement can be achieved
at FCC-hh since the systematic uncertainties dominate. The CMS study at 8 TeV [540] is based
on single top-quark production, and extrapolating that to the FCC-hh should lead to significant
improvements.

The top-Higgs boson FCNC coupling to an up and a charm quark was studied by ATLAS [537].
For 3000 fb−1, the expected branching ratio limits are at the level of 10−4 for both up and charm
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quarks. These limits are about a factor ten better than the current limits by ATLAS [541] and
CMS [542]. The top-Higgs FCNC searches have less sensitivity than those for the other bosons
because of the difficulty to identify Higgs boson decays cleanly (for example in the bb̄ final sate) or
because of the low branching ratio (for example in the γγ final state).

Lepton colliders are sensitive to FCNC couplings of the top quark to the photon and the Z boson,
especially at energies below the tt̄ production threshold [112, 543, 544]. The production of a single
top quark together with an up or charm quark provides a unique final state signature. At the ILC or
CLIC, the sensitivity to the branching ratio is expected to be one or two orders of magnitude better
than for HL-LHC [543, 545]. Studies at FCC-ee show a sensitivity to a branching ratio for tγq
and tZq of about 10−5. This is slightly less sensitive that the HL-LHC for tγu, but more sensitive
than the HL-LHC for tγc and tZq. However, the description in terms of decay branching ratio
is more suitable for hadron colliders, where the main challenge is suppressing backgrounds. The
power of lepton colliders in top-quark FCNC searches becomes clear when looking at all possible
operators that can contribute to the tq final state in an EFT framework [512, 545]. The clean
final states make it easier to search for FCNC operators individually, including top-photon, top-Z,
and four-fermion operators. Limits that are an order to two orders of magnitude better than the
expected HL-LHC sensitivity can be reached. Combining runs at multiple CM energies provides
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additional sensitivity, especially at the highest energies reached in e+e− only by CLIC [545]. This
is an area where a muon collider might also provide additional sensitivity.

At higher energies (at or above the tt̄ production threshold), lepton colliders are sensitive to FCNC
couplings also in the top-quark decay [112, 543]. The number of tt̄ events at a lepton collider will
always be much less than those produced at HL-LHC, but the final states will be much cleaner,
leading to much larger identification efficiencies and competitive FCNC limits also for the other
couplings (gluon and Higgs boson).

D. Top-quark compositeness

High-energy lepton colliders are sensitive probes of top-quark compositeness. For example, Fig. 30
shows the reach in the composite sector confinement scale m∗ and the composite coupling strength
parameter g∗ of a partial top compositeness scenario at a multi-TeV e+e− collider [61] (see
also [543]).
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FIG. 30. ‘Optimistic” (light color) and “pessimistic” (dark color) 5σ discovery regions for a partial right-
handed top compositeness scenario at a high-energy e+e− collider. The orange contours are derived from a
tt̄ global fit, and the green contour is derived from a top Yukawa analysis. From [61].

In Figure 31 [546] the red shaded area shows the impact of including tt̄ (and bb̄) production on the
95% exclusion reach in the (g∗,m∗) plane in a top compositeness scenario where the right-handed
top quark is assumed to be fully composite (εt = 1) at a 10 TeV (left) and 30 TeV (right) muon
collider. The increase in sensitivity with the center-of-mass energy (Ecm) is due to the fact that
the relevant dimension-6 operators considered in this study give rise to contributions which grow
with Ecm [546]. The green shaded area indicates the sensitivity related to Higgs compositeness.
Also shown are projections obtained for the HL-LHC (labeled as ’Others [83]’) [547] and for CLIC
(labeled as ’Others [87]’) [479]. An overview of projections for a wider range of future colliders is
shown in Figure 32. Note that the projected reaches in the mass scale m∗ are an order of magnitude
larger than Ecm of the colliders.
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FIG. 31. Projected 95% exclusion reach at a 10 TeV (left) and 30 TeV (right) muon collider when including
tt̄ (and bb̄) production (red shaded area) in a top compositeness model where the right-handed top quark
is considered fully composite. Also shown are projections obtained for the HL-LHC (labeled as ’Others
[83]’) [547] and for CLIC (labeled as ’Others [87]’) [479]. From [546].
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VII. HEAVY FLAVOR, BOTTOM QUARK STUDIES

A. Running bottom-quark mass

Summary of white paper contribution [548]

The prospects for measurements of the bottom-quark mass and tests of the scale evolution or
”running” of the mass value predicted by the Standard Model are discussed in detail in Ref. [548].
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The bottom-quark mass is currently measured most precisely using low-energy experimental inputs.
The most precise determinations [549–559] rely on the measurement of the mass of bottomonium
bound states and the e+e− → hadrons cross section as experimental input, in combination with
QCD sum rules and perturbative QCD calculations. Several lattice QCD groups have also published
results, the most recent of which reaches a precision of approximately 0.3% [560–564] (see also the
FLAG report [565]).The combination of all these measurements yields a world average with a sub-
% precision [4]. Expressed in the MS scheme, the value of the bottom-quark mass at the scale
given by the mass itself is: mb(mb) = 4.18+0.03

−0.02 GeV.

Measurements of the bottom quark mass at higher scale were performed at the Z-pole, where
jet rates and event shapes are sensitive to subleading mass effects [566–573]. Measurements were
performed by the LEP and SLC experiments [574–580]. The combination of the most precise
determinations from three-jet rates of each experiment yields mb(mZ) = 2.82± 0.28 GeV.

Future e+e− colliders can improve the precision of the mb(mZ) measurement. A dedicated high-
luminosity run at the Z-pole, i.e. the “GigaZ” program of a linear collider or the “TeraZ” run at the
circular colliders, yields a sample of Z-bosons that exceeds that of the LEP experiments and SLD
by orders of magnitude. We adopt the extrapolation of LEP/SLD results in Ref. [581] that assumes
that the extraction of mb(mZ) from the three-jet rates will be limited by the theory uncertainty
and hadronization uncertainties. Both sources of uncertainty are assumed to be reduced by a factor
2. This requires fixed-order calculations at NNLO accuracy, with full consideration of mass effects,
which is available for Higgs decays [582].

The Higgs factory program itself, with several inverse attobarn at a center-of-mass energy of
240-250 GeV, can take advantage of radiative-return events. The Lorentz-boost of the Z-bosons
complicates the selection, reconstruction and interpretation. A dedicated full-simulation study
is therefore required to provide a reliable, quantitative projection. However, it is clear that the
radiative-return data has the potential to significantly improve the precision of existing LEP/SLC
analysis.

Finally, a high-energy electron-positron collider operated at a center-of-mass energy of 250 GeV
or above can extend the analysis to higher energies and thus probe the effect of coloured states
with masses heavier than that the Higgs boson on the running of the bottom-quark mass. The
potential of the three-jet rate measurement to determine mb(µ) for µ = 250 GeV has been studied
in Ref. [581]. The mass dependence of the observable is found to drop rapidly with increasing µ,
since the bottom-quark mass dependence is a power-suppressed correction. A measurement with
a precision of 1 GeV is feasible for µ = 250 GeV.

The bottom-quark mass at the scale of the Z-boson mass can also be inferred from the Z → bb̄
decay width. Currently, this method does not offer a competitive precision. Using R0,b = Γ(Z →
bb̄)/Γtotal = 0.21582 ± 0.00066, as reported by the LEP/SLC Electro-weak Working Group [502],
Ref. [583] finds an uncertainty greater than 1 GeV.

A future high-statistics Z-pole run, together with theory improvements, can significantly enhance
the potential of this approach. Following the FCCee Conceptual Design Report [584, 585], that
predicts a ten-fold increase of the precision of R0,b, one can expect a precision of 140 MeV (5%)
on mb(mZ) after the “TeraZ” program. This requires considerable improvements in the modelling
of B- and D-hadron decays, compared to the reference analysis performed by SLC that forms the
basis for the extrapolation by the FCCee study.

Recently, the bottom-quark mass at the scale of the Higgs boson mass was extracted from Higgs
boson decay rates measured by ATLAS[491] and CMS [586] at the LHC [587], yielding a value:



66

mb(mH) = 2.60+0.36
−0.30 GeV. The precision of this determination is still statistics-limited, but al-

ready quite comparable with that of the LEP/SLC measurement of mb(mZ). The measurement of
mb(mH) from the Higgs decay width to a bottom-antibottom quark pair is expected to increase
rapidly in precision as the precision of Higgs coupling measurement improves. The method of
Ref. [587] provides a very clean theoretical basis that allows for steady progress as the experimen-
tal precision improves. The key aspect of this method is that the Higgs boson is a color-less spin-0
state with a relatively small decay width, such that the analysis is essentially insensitive to the
theoretical knowledge of the Higgs production rate. For the same reason very precise theoretical
predictions can be made for the Higgs partial width into a bottom-antibottom quark pair.

The projections and extrapolations discussed above have been included in Fig. 33. The markers
are centered on the current central values for mb(mZ) and mb(mH) and the error bars indicate
the projected precision. The solid line indicates the evolution of the PDG world average from
mb(mb) to a higher scale using the RGE calculation included in the REvolver code [18] at five-loop
precision. The uncertainty band includes the projected uncertainty of 10 MeV on mb(mb) (dark
grey) and an 0.5% uncertainty on αs(mZ).
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FIG. 33. Prospects for measurements of the scale evolution of the bottom-quark MS mass at future
colliders. The markers are projections for mb(mZ) from three-jet rates at the Z-pole and for mb(mH) from
Higgs boson branching fractions. The RGE evolution of the mass is calculated at five-loop precision with
REvolver [18].

The independent determinations of the bottom-quark mass at different energies yield a precision
test of the scale evolution of the bottom quark mass. High-scale determinations can be used to
search for the impact of new massive coloured states on the scale evolution, using a similar strategy
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to studies of αs [588, 589], and possibly incorporating the analysis of αs and mb in a combined
fit. The implementation of this program, and a precise estimate of its sensitivity, is left for future
work.

In the next decades, with the completion of the high luminosity program of the LHC and the
construction of a new “Higgs factory” electron-positron collider, rapid progress is envisaged in
the measurement of Higgs coupling measurement. These precise measurements will enable an
extraction of the MS bottom-quark mass mb(µ) at the scale given by the Higgs boson mass,
mb(mH), with a precision of the order of 10 MeV. With a relative precision of 2 per mille, the
high-scale measurement can reach a similar precision as mb(mb) based on low-energy measurements.

Together with improved measurements of mb(mb) from low-energy data, mb(mZ) from three-jet
rates in e+e− collisions (and possibly new measurements at scales smaller than mZ and larger than
mH), one can expect to map out the scale evolution of the bottom-quark mass from mb to mH

with a precision at the few per mille level. At the same time, improved measurements of the strong
coupling at each of these scales reduce the uncertainty in the evolution between the two energies.
When all these elements are brought together, they form a powerful test of the “running” of quark
masses predicted by the Standard Model and allow for stringent limits on coloured states with
mass below the electroweak scale.

B. Probing heavy-flavor parton distribution functions at hadron colliders

Summary of white paper contribution [590]

Modern global QCD analyses [153, 244, 591, 592] extract collinear parton distribution functions
(PDFs) and their combinations using deep-inelastic scattering (DIS) and fixed-target cross section
measurements together with a large variety of high-precision data from the LHC, e.g., single-
inclusive jet production, production of Drell-Yan pairs, top-quark pairs, and high-pT Z bosons.
Despite all efforts, PDFs and fragmentation functions (FFs) still represent one of the major sources
of uncertainty in precision calculations of standard candle observables at the LHC. In addition,
heavy-flavor (HF) PDFs deserve particular attention as they are currently poorly constrained as
compared to the other PDFs. Constraining HF PDFs is a twofold task. First, it requires a specific
QCD framework (i.e., a general mass variable flavor number (GMVFN) scheme) to give correct
theory predictions for observables involving heavy quarks (HQ) when the number of quark flavors
changes with energy. Second, it must allow one to directly access HQ PDFs parametrized at the
initial scale. This motivates the development of a general-mass (GM) factorization scheme for
proton-proton (pp) collisions, which in Ref. [593, 594] is named S-ACOT-MPS [593, 594], to probe
and constrain HF PDFs using high-precision data from the LHC in future global QCD analyses.
S-ACOT-MPS is based on an amended version of S-ACOT that was developed for DIS [595–599]
and is applied to proton-proton collisions. It differs from other available GMVFN schemes [600–
602] in the treatment of the phase space. More details about the S-ACOT-MPS scheme can be
found in [593, 594, 603] and will also be presented in a forthcoming study [604].

In [590] S-ACOT-MPS is applied to the case of b-quark hadroproduction at next-to-leading order
(NLO) in QCD in pp collisions. We calculate theory predictions for b-quark hadroproduction cross
sections including b-quark fragmentation contributions and compare the pT and rapidity y spectra
at particle level to precision measurements [605] of B± meson production at LHCb at a center
of mass energy of 13 TeV. A data vs theory comparison is illustrated in Fig. 34 where theory
predictions are obtained with the CT18 and CT18X PDFs [153]. The agreement between theory
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FIG. 34. NLO theory predictions for the pT and y distributions obtained with CT18NLO and CT18XNLO
PDFs compared to the LHCb data for B± production at 13 TeV [605].

and data is overall good and within the quoted uncertainties. In particular, the predictions for the
pT spectrum are in good agreement with data at low pT . However, at pT > 10 GeV the data lie
on the upper edge of the theoretical error bands. This suggests that higher-order corrections at
next-to-next-to-leading order (NNLO) may improve the agreement between data and theory. The
predictions for the rapidity distribution agree well with the data, although theory uncertainties are
large. The rapidity central value, obtained with the CT18X PDFs, is in slightly better agreement
with respect to that obtained with CT18. This may be ascribed to the enhanced CT18X gluon
and b-quark PDFs as compared to CT18, which reflect small-x dynamics effects captured by the
CT18X fit. The inclusion of b-quark hadroproduction processes in future global QCD analyses will
be important to improve PDF determinations that aim at reducing uncertainties of heavy-flavor
PDFs, provided that a consistent general mass treatment for pp reactions is utilized. In addition,
a recent study based on cross section measurements at forward rapidity for Z + c production at
LHCb [606] has suggested a valence-like intrinsic-charm component in the proton wave function.
This needs to be further explored in new global PDF analyses using precision measurements at the
LHC that are sensitive to heavy-flavor PDFs, and a consistent general mass treatment to correctly
account for mass effects.

C. Bottom-quark production measurements for EFT fits

Bottom- and charm-quark production measurements at e+e- colliders provide inputs to EW pre-
cision fits and for EFT fits, constraining operators related to second- and third-generation quarks.
These are otherwise only accessed through low-energy decay-based measurements. The impact of
precision measurements in e+e− → bb̄ and e+e− → cc̄ production on precision EW fits is explored
in Section 2.2 of the EW report [7]. The measurements of the Z boson decay branching ratio to
bottom quarks (Rb) and the forward-backward asymmetry in bb̄ production (AbbFBLR) at the Z peak
at LEP and SLD are included in the top-quark fit presented in Section V [502].

Prospects for the e+e− → bb̄ and e+e− → cc̄ processes are based on the full-simulation studies
for bb̄ of the ILD concept [607] at

√
s = 250 GeV. The studies are based on realistic estimates

of efficiency and acceptance, including the signal losses required to ensure a robust calibration
of the flavor tagging efficiency. The statistical uncertainties on the measurements of the cross
section and forward-backward asymmetry are complemented by polarisation and flavour-tagging
systematics. Section 2.2 in the EW report [7] gives more details on the variables, configurations and
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uncertainties considered. Projections for the Z-pole measurements of Rb and AFB are provided by
the FCCee and CEPC projects for their “TeraZ” runs at the Z-pole [112, 608]. These studies show
that improvements in uncertainties by more than an order of magnitude over LEP can be expected.
The largest systematic uncertainties are from the modeling of QCD interactions; improvements in
MC generators, QCD radiation and hadronization modeling are required to reach this precision.

VIII. CONCLUSIONS

A. Summary

The broad program of top-quark measurements at the LHC and related advanced theoretical
calculations will continue into the future, at the HL-LHC and possibly at future lepton and hadron
colliders. At lepton colliders, the top-quark program will only start in earnest once the CM energy
reaches the top-pair production threshold.

Studies of the top quark are directly connected to the important questions at the energy frontier,
see Figure 1. Of particular importance is the top-quark mass, which is a key ingredient in EW
precision fits [7] and QCD calculations. Mass measurements at hadron colliders are limited by
theory modeling uncertainties, the best precision will only be achieved at future lepton colliders
running at the top threshold. Top-quark production processes probe all aspects of the top-quark
couplings to the SM bosons and top-quark final states are sensitive to BSM particles such as SUSY
top squarks. The HL-LHC will provide the event samples required to study many of these processes
with percent-level precision, which necessitates (N)NNLO and higher-order QCD calculations, and
the inclusion of (N)NLO EW corrections.

The top-quark program at linear colliders greatly benefits from CM energies above 500 GeV. The
FCC-ee and CEPC are able to scan the top-production threshold at 340 GeV with small statistical
uncertainties. However, they are not able to reach energies required to produce top-quarks in
association with bosons in sufficient numbers to study the top-Higgs coupling directly. The ILC
running at 500 GeV will be able to do that, and CLIC, with even higher accessible energies, will
be able to probe additional processes.

Searches for BSM physics in top-quark final states focus on the third-generation coupling of BSM
particles, indirectly through EFT fits [7] or searches for flavor-changing neutral currents, and
directly through searches for SUSY and other new particles [9]. Linear colliders will expand the
reach of FCNC searches of the top-Z interaction.

Contact interaction and searches for compositeness are examples of BSM physics that top-quark
production is sensitive to at TeV energies and above, these are probed at CLIC, FCC-hh as well
as muon colliders.

Table X compares a few top-quark measurements between different future collider options. Each
of the measurements can be improved at future colliders beyond the precision at the HL-LHC. Sig-
nificantly improving the precision of the top-quark Yukawa coupling beyond the 2-4% uncertainty
expected at the HL-LHC [91] requires a high-energy lepton collider at a CM energy of 500 GeV or
the FCC-hh. The precision of the coupling measurements to the SM bosons will all be significantly
improved at a lepton collider running at or above the top-production threshold. The four-top cou-
pling can be probed at hadron colliders, or at lepton colliders running at sufficiently high energies.
Searches for flavor-changing neutral currents via the Z boson or photon are done in top-quark
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decays at hadron colliders, the sensitivity is significantly extended at lepton colliders running as a
Higgs factory.

Parameter HL-LHC ILC 500 FCC-ee FCC-hh
√
s [TeV] 14 0.5 0.36 100

Yukawa coupling yt (%) 3.4 2.8 3.1 1.0

Top mass mt (MeV/%) 170/0.10 50/0.031 40/0.025 –

Left-handed top-W coupling C3
φQ (TeV−2) 0.08 0.02 0.006 –

Right-handed top-W coupling CtW (TeV−2) 0.3 0.003 0.007 –

Right-handed top-Z coupling CtZ (TeV−2) 1 0.004 0.008 –

Top-Higgs coupling Cφt (TeV−2) 3 0.1 0.6

Four-top coupling ctt (TeV−2) 0.6 0.06 – 0.024

FCNC tγu, tZu BR 10−5 10−6 10−5 –

TABLE X. Anticipated precision of top-quark Yukawa coupling and mass measurements, and of example
EFT Wilson coefficient for the top-quark coupling to W , Z and Higgs bosons, as well as a four-top Wilson
coefficient. The expected reach of the CEPC should mirror that of the FCC-ee.

B. Theory challenges

Significant theoretical effort is required to exploit the full potential of future colliders, as pointed
out throughout this document. Some of the biggest challenges are:

• Calibration of the top quark MC mass to a well-defined scheme in perturbation theory with
a precision comparable to the experimental uncertainty.

• Computing cross-sections, inclusively and differentially at higher orders in perturbation the-
ory, going to N3LO in QCD for top pair production plus resummation, going to NNLO in
QCD for associated production processes, and including EW higher order corrections, see
also the Les Houches wishlist [609].

• Reducing the PDF uncertainties, which are already now the largest theory uncertainties for
several processes, most importantly top-pair production. This requires close interconnec-
tions between theory and experiment and new differential measurements of top production
processes.

• Improving the modeling of the full event at the LHC and future hadron and lepton colliders
and reducing parton shower uncertainties.

For more details about the status and necessary advances in high-precision theory see also the EF06
report [10], and the Theory Frontier Topical Group reports on Theory Techniques for Precision
Physics (TF06) and Theory of Collider Phenomena (TF07).
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[314] A. Kardos and Z. Trócsányi, “Hadroproduction of tt̄ with two isolated photons with PowHel,” Nucl.
Phys. B 897 (2015) 717–731, arXiv:1408.0278 [hep-ph].

[315] H. van Deurzen, R. Frederix, V. Hirschi, G. Luisoni, P. Mastrolia, and G. Ossola, “Spin Polarisation
of tt̄γγ production at NLO+PS with GoSam interfaced to MadGraph5 aMC@NLO,” Eur. Phys. J.
C 76 no. 4, (2016) 221, arXiv:1509.02077 [hep-ph].

[316] F. Maltoni, D. Pagani, and I. Tsinikos, “Associated production of a top-quark pair with vector
bosons at NLO in QCD: impact on ttH searches at the LHC,” JHEP 02 (2016) 113,
arXiv:1507.05640 [hep-ph].
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[483] T. Ježo and M. Kraus, “Hadroproduction of four top quarks in the powheg box,” Phys. Rev. D 105
no. 11, (2022) 114024, arXiv:2110.15159 [hep-ph].

[484] ATLAS Collaboration, “Measurement of the tttt production cross section in pp collisions at
√
s = 13

TeV with the ATLAS detector,” JHEP 11 (2021) 118, arXiv:2106.11683 [hep-ex].
[485] CMS Collaboration, “Search for the production of four top quarks in the single-lepton and

opposite-sign dilepton final states in proton-proton collisions at
√
s = 13 TeV,” JHEP 11 (2019) 082,

arXiv:1906.02805 [hep-ex].
[486] CMS Collaboration, “Projections of sensitivities for tttt production at HL-LHC and HE-LHC,”.

https://cds.cern.ch/record/2650211.
[487] ATLAS Collaboration, “Extrapolation of ATLAS sensitivity to the measurement of the Standard

Model four top quark cross section at the HL-LHC,”. http://cds.cern.ch/record/2801400.
Submitted to EF03, all figures including auxiliary figures are available at
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-004.
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