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Abstract: This article reviews recent cross-section measurements of tt̄ production in association
with a photon, W or Z boson at the Large Hadron Collider (LHC). All measurements reviewed use
proton–proton (pp) datasets collected by the ATLAS and CMS experiments between 2016 and 2018
from collisions at a centre-of-mass energy of 13 TeV during the LHC Run 2. Differential and inclusive
cross-section measurements are discussed along with the constraints on the effective field theory
operators accessible through each process. Finally, we discuss the potential for measurements of
these processes at future colliders.
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1. Introduction

The top quark has several unique features that distinguish it from other Standard
Model (SM) particles. With its electroweak (EW) scale mass of approximately 172 GeV it is
by far the most massive of the fundamental SM particles. This mass, along with an associ-
ated Yukawa coupling value close to unity, suggests it may have a special role in the EW
symmetry-breaking mechanism. It also has a uniquely short lifetime of O(10−25) seconds
which prevents it from hadronising before it decays1, making it the only quark for which it
is possible to study bare quark properties via its decay products.

This unconventional particle provides us with a tool with which we can scrutinise
predictions of SM parameters and test a plethora of Beyond the Standard Model (BSM)
hypotheses. Several model-dependent searches for BSM physics look for deviations in
top-pair production rates and could verify theoretical models that predict the existence of
top super-partners, vector-like quarks or even Dark Matter. There are also many model-
independent searches that use an effective field theory framework to search for anomalous
couplings. Additionally, there are many measurements at the LHC for which SM top-
quark processes are important backgrounds and therefore also benefit from improved
measurements in the top sector.

In proton–proton collisions at the LHC, the dominant top-quark production mech-
anism produces top quarks in pairs via the QCD process gg→ tt̄. Due to the CKM ma-
trix element |Vtb| being so large, the top-quark decays almost exclusively via the process
t→ bW. Thus, most top-quark pairs are produced via the interaction gg→ tt̄→ bW+bW−.
The tt̄ process is often categorised according to the decay of the two W bosons. These
categories are referred to as dileptonic, semi-leptonic or full hadronic, and are often studied
independently due to the varying backgrounds and final state signatures.

The focus of this article is on tt̄ production in association with an additional gauge
boson (tt̄X), as exemplified in Figure 1. More explicitly, the latest ATLAS and CMS cross-
section measurements of tt̄ production in association with either a photon (γ), W or Z boson.
These measurements typically assume SM-like processes to obtain inclusive and differential
cross-sections; however, several of them also provide interpretations using the Standard
Model Effective Field Theory (SMEFT) framework [2,3]. These processes provide a deep
insight into the nature of the couplings in the top-quark interactions with gauge boson.
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The publications discussed focus on cross-section measurements performed using datasets
collected during the LHC Run 2, where high energy (13 TeV) collisions and huge datasets
(approximately 140 fb−1 integrated luminosity) make it possible investigate these rare tt̄
processes in more detail than ever before. The future of these measurements is also discussed,
focusing on their potential at the HL-LHC and the main future collider candidates.

t̄

t

X

Figure 1. Leading-order Feynman diagram for gluon-gluon top-pair production (gg→ tt̄) in associa-
tion with a boson (X).

2. tt̄Z Measurements

Inclusive and differential measurements of the tt̄Z cross-section are interesting because
they directly probe the coupling between the top quark and the neutral EW Z boson, also
known as the t-Z coupling. Furthermore, several BSM theories [4,5] also predict anomalous
neutral EW top-quark couplings that can drastically change the amplitude and subsequently
the measured cross-section. Such couplings have also been interpreted using an effective
field theory (EFT) approach [6]. The attraction here is that the EFT approach provides a
model-independent way to interpret possible deviations in a cross-section measurement
from its SM value.

This process is also an important background for several SM measurements, for exam-
ple single-top production in association with a Z boson, tt̄H and many BSM searches [7]. A
precise measurement of the process is therefore beneficial to analyses looking to minimise
the uncertainties associated with this process.

The first measurements of tt̄Z were performed by ATLAS and CMS at 8 TeV. However,
both ATLAS and CMS have also measured this process using partial Run 2 datasets of
36.1 fb−1 and 35.9 fb−1, respectively, from 13 TeV collisions, where the production rate
increases approximately by a factor of 4 [8,9].

Events were selected with two or more leptons to simultaneously extract the tt̄Z
and tt̄W production cross-sections. The 3 and 4 lepton categories are the most sensitive
to the tt̄Z process. Observed and expected significance values in both experiments for
the tt̄Z process are well above 5σ in these measurements. ATLAS measured the cross-
section to be σtt̄Z = 0.95 ± 0.08(stat) ± 0.10(syst)pb while CMS measured a value of
σtt̄Z = 0.99+0.09

−0.08(stat)±0.12
0.10 (syst) pb. One can see that, due to the large dataset, the statistical

uncertainty is dramatically reduced and the systematic uncertainty on this result is already
of a similar size. CMS also provide the first limits on anomalous t-Z couplings with tt̄Z
data using an effective field theory (EFT) framework. Typically, this process provides the
tightest constraints on this coupling.

Both collaborations [10,11] now measure tt̄Z separately from tt̄W using Run 2 datasets
of 139 fb−1 and 77.5 fb−1 for ATLAS and CMS, respectively. In both analyses, events with
3 or 4 isolated leptons (electrons or muons) are selected, targeting processes where one
or both top quarks decay leptonically along with leptonic decays of the Z boson. Event
and object quality requirements ensure the leptons are isolated and consistent with either
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the decay of a W boson (from the top-quark decay) or a Z boson. B-tagging algorithms
are used to distinguish jets that originate from the hadronisation of b-quarks from those
originating from light (up, down , strange or charm) quarks or gluons. Events are then
further categorised according to the flavour and multiplicity of the jets in the event.

The ATLAS analysis selects events at detector level (using objects reconstructed from
detector signals) with a minimum of two jets along with the aforementioned 3 or 4 lepton
signature. Further signal region requirements are applied to maximise the sensitivity to
tt̄Z production while ensuring enough signal events are retained to prevent the statistical
uncertainty from becoming too large in the differential measurement. Additionally, control
regions are defined to estimate background contributions from processes with prompt
leptons from EW boson decays. Control region definitions can be found in Figure 2 where
WZ/ZZ plus light jet processes dominate. The event yields from control regions are
constrained by the observed data yields in these regions, which are then extrapolated
to predict their contribution in the signal regions. WZ/ZZ plus b-jet production is not
included in this method and are instead predicted directly using simulated templates which
are included in the signal extraction procedure.

Another significant background contribution comes from processes where the selected
lepton is not from the prompt decay of a vector boson (aka non-prompt/fake-lepton). This
background mostly stems from tt̄ dilepton processes where additional non-prompt leptons
can originate from leptonically decaying heavy-flavour hadrons and/or jets that ‘fake’ a
leptonic signature and is subsequently misidentified as a lepton. The contribution from
this background is estimated using the matrix-method [12,13] which relies on the different
probabilities that prompt and fake leptons pass the identification, isolation and impact
parameter requirements. All other background processes are estimated from simulation,
normalised to the latest theoretical cross-section prediction [14–16].

In comparison, the latest CMS inclusive cross-section measurement employs a very
similar detector-level event selection. The measurement selects events with 3 or 4 lepton
signatures and at least one jet. Events are then categorised according to the number of
leptons, light (up, down, strange and gluon) flavour jets and heavy (bottom) flavour jets.
The background processes are the same and are grouped in a mostly identical manner.
All background processes with prompt leptons are modelled using the state-of-the-art
simulation and normalised to the latest cross-section calculation. The normalisation of
the WZ/ZZ plus jets processes are not extracted in the fit but are assigned uncertainties
to cover the difference between data and the simulation in a dedicated control region.
Backgrounds with fake/non-prompt leptons are estimated using the “fake rate” method
in which estimates are made of the rate at which fake leptons pass the lepton selection
requirements in control regions, and then this is extrapolated to the signal regions.

Both analyses extract the inclusive cross-section through a simultaneous maximum
likelihood fit of the predicted yields of the signal and background processes to data in
the signal regions. The signal strength (µ = σbest f it

σSM ) is a free parameter in the fit and
uncertainties are included in the fit as nuisance parameters constrained by Gaussian
functions. The ATLAS analysis simultaneously fits data in the control regions and the
WZ/ZZ plus light jets backgrounds treated as free parameters in the fit. The yields for
the fitted simulation and data in the signal regions for both analyses can been seen in
Figures 3 and 4.
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Figure 2. ATLAS control regions [11].

Figure 3. ATLAS signal regions [11].

The inclusive cross-section measured by ATLAS [11] from the combined fit in the
3 and 4 lepton signal regions, corresponding to a fiducial volume in which the Z-boson
invariant mass lies between 70 and 110 GeV, is found to be

σ
pp→tt̄Z
ATLAS = 0.99± 0.05(stat.)± 0.08(syst.)pb (1)

where the dominant systematic uncertainties originate from the tt̄Z parton shower mod-
elling, tWZ background modelling and the identification.

Figure 4. CMS signal regions [10].
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The CMS cross-section measurement [10] yielded a value of

σ
pp→tt̄Z
CMS = 1.00+0.06

−0.05(stat.)±+0.07
−0.06 (syst.)pb (2)

The results are evidently in excellent agreement with one another and reasonable
agreement with the SM theoretical prediction [15,16] of

σ
pp→tt̄Z
theo. = 0.88+0.09

−0.15 pb (3)

Several differential cross-section measurements investigate the kinematics of the tt̄Z
system. In general, these measurements are performed by first subtracting background
estimates from the data and then implementing an unfolding procedure which removes
detector effects from the data so it can be compared with theoretical predictions. Migration
matrices are constructed as part of the method that ensures resolution and acceptance
affects are accounted for. The ATLAS measurement uses an iterative Bayesian unfolding
to distributions defined using either particle or parton-level objects. Particle-level objects
are defined using the collection of stable particles from the full matrix element plus par-
ton shower simulation, i.e., baryons and mesons. Parton-level objects are defined using
the unstable particles before any hadronisation effects have been simulated, i.e., quarks
and gluons.

The fiducial volumes in which the measurements are made are defined using parti-
cle and parton-level objects, respectively, with a selection designed to be as close to the
selection used in the inclusive measurement as possible. The background contributions are
estimated in the same way as for the inclusive cross-section measurement. The WZ/ZZ
plus jets background normalisation is corrected using normalisation factors obtained in
a fit of the inclusive cross-section, based on the 3 and 4 lepton regions. All backgrounds
are subsequently subtracted from the data. Several observables are measured, with most
resulting in agreement between the background subtracted, unfolded data and the NLO
simulation with which it is compared. Figure 5 shows the agreement between the un-
folded particle-level data distribution of the Z-boson transverse momentum and the four
theoretical predictions.

Figure 5. Comparison of normalised unfolded particle- and parton-level distribution of the transverse
momentum of the Z boson in observed data from ATLAS [11] with Theoretical expectations obtained
from different generators: Sherpa 2.2.1 [17] generator at NLO QCD accuracy using either multi-leg
or inclusive setups and MG5_aMC@NLO [18] at NLO QCD accuracy interfaced with either the
Pythia [19] or Herwig [20] parton shower models.

The differential cross-section measurement from CMS is performed in the same fiducial
volume as defined for the inclusive measurement. Data are unfolded to parton level
using the TUnfold package [21], which implements a least square fit with a Tikhonov
regularisation. The unfolded distribution of the Z-boson transverse momentum is shown
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in Figure 6 along with the prediction from the MadGraph5_aMC@NLO Monte Carlo
simulation.

Figure 6. Comparison of normalised unfolded parton−level distribution of the transverse momentum
of the Z boson in observed data from CMS [10] with Theoretical expectations obtained from different
generators: Sherpa 2.2.1 generator at NLO QCD accuracy using either multi-leg or inclusive setups
and MG5_aMC@NLO at NLO QCD accuracy interfaced with either the Pythia or Herwig parton
shower models.

CMS also provide an interpretation of the results in the context of the Standard
Model Effective Field Theory (SMEFT) in the Warsaw basis. Anomalous couplings are
parameterised by 59 independent Wilson coefficients (WC’s) of mass dimension 6, of which
15 are relevant for top-quark interactions. Of these 15, processes involving t-Z interactions
can provide competitive constraints on four Wilson coefficients: ctZ, c[I]tZ, cΦt and cΦ̄Q. The
first two can induce anomalous EW dipole moments while the second two can induce
anomalous neutral-current couplings. The values for these parameters will affect the
kinematics and normalisation of processes with such vertices and can therefore be probed
using differential distributions of the tt̄Z process. Signal yield predictions for non-zero (and
zero = SM point) values of anomalous couplings are simulated in an independent sample at
LO accuracy. Ratios of the BSM and SM points in a two-dimensional parton-level plane of
the pT(Z) and cosθ∗Z distributions are used to re-weight the nominal SM NLO tt̄Z sample.
To validate this procedure, the distributions from the reweighted NLO SM sample and the
dedicated LO BSM sample are then compared at various points in the WC parameter space
after the full event reconstruction and are found to be in agreement.

A binned likelihood function L(θ) is constructed from the product of Poisson proba-
bilities and nuisance parameters from the bins in the differential distribution. The values of
the nuisance parameters are maximised for each point in the BSM parameter plane to find
which point maximises the likelihood. The test statistic

q = −2log(
L(θ̂)
L(θ̂max)

)

where L(θ̂) is the likelihood function which maximises the nuisance parameters at a given
BSM point and L(θ̂max) is the maximised likelihood function at the BSM point with the
maximum likelihood. The test statistic q is shown for 1 and 2-dimensional scans of the
WCs in Figure 7. For the 1-dimensional scan, all other WCs are fixed to their SM value. All
results agree with the SM.
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Figure 7. Two−dimensional scan of ctZ with c[I]tZ and cΦt with cΦ̄Q Wilson coefficients [10].

3. Simultaneous tt̄Z and tZq Measurements using Machine Learning Techniques

To probe the t-Z interaction even further, CMS has constructed a novel analysis [22] in
which EFT effects on t-Z sensitive processes are targeted using bespoke machine learning
algorithms. The analysis targets tt̄Z, tZq and tWZ processes with at least three leptons and
uses multivariate algorithms to exploit the EFT effects in a multi-observable phase-space,
creating observables which are optimally sensitive to the effects of EFT operators.

As with the aforementioned measurements, the focus of the measurement is on opera-
tors that can affect the couplings between third generation quarks and EW vector bosons.
Thus, the same operators are studied but excluding the imaginary component of the com-
plex Wilson coefficient c[I]tZ as it does not conserve CP. Two additional operators are studied
however: ctW probing the t-W EW dipole moment and c3

ΦQ which probes the left-handed
SU(2) triplet current operator.

A multi-classifier is trained to discriminate between the signals and major backgrounds.
Separate binary classifiers are trained to discriminate between events generated under the
SM and BSM (non-zero WC values) hypotheses. Training datasets are constructed from
events randomly sampled from the SM scenario (labelled as background) and BSM scenario
(labelled as signal). A novel approach that parameterises the event-weights as a 2nd order
polynomial is used [23]. This makes it possible to smoothly interpolate predictions of the
yields in bins of kinematic distributions, between the multitude of different combinations of
WC values representing different EFT scenarios. It also allows for the interference between
EFT operator amplitudes and either other EFT or the SM amplitudes to be taken into
account in the simulation making it possible to exploit these kinematic differences of the
various scenarios using a neural network. Separate networks are trained for tt̄Z and tZq
due to their largely different kinematics (tWZ is not explicitly targeted due to its smaller
cross-section and similar kinematics to tt̄Z). Training is also performed separately for each
operator, along with one training course which targets all five operators simultaneously,
allowing for a more global EFT interpretation. Post-fit distributions of the 1D and 5D
EFT classifiers are shown in Figure 8. It is important to note that for larger WC values,
the impact on the yield in the more signal-like bins grows stronger, demonstrating how
effective these discriminators can be.



Universe 2023, 9, 39 8 of 31

Figure 8. Post−fit distributions of the EFT neural networks in the tt̄Z and tZq signal regions from [22].
The top row shows the 5D discriminant while the bottom row shows the discriminant trained to target
the effects of the ctZ operator. The middle ratio plot demonstrates the data/MC agreement, while the
lower ratio demonstrates the increasing impact on the yields in each bin from larger WC values.

The distributions of these NN’s are fit to data in a maximum likelihood fit, where the
likelihood is constructed in the same manner as was described in Section 2, to establish 68%
and 95% CL confidence intervals on the values of the WC’s. Five 1D scans (one for each
operator) of the likelihood are performed, maximising the likelihood in steps of the WC
value while fixing the other WCs to zero. Two-dimensional and five-dimensional scans are
performed; however, the fit in this case uses the NN trained using distributions sampled
from simultaneous variations of the 5 WC. The 95% CL confidence intervals for the 1D and
5D fits are shown in Figure 9.
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Figure 9. 95% CL confidence intervals for the 1D and 5D fits in [22].

Results of the 2D scans to compare with Figure 7 are shown in Figure 10. One can see
very competitive results are obtained for common operators. All reported WC values agree
with their expected SM value.

Figure 10. 95% CL confidence intervals for the 2D fits in [22].

4. tt̄W Measurements

The tt̄W process is unique among processes in which the tt̄ system is produced with
an associated boson. At leading-order the W boson can only be produced in the initial state,
as is shown in Figure 11. The dominant contribution to the total amplitude is form quark-
initiated processes. The W boson in fact polarises the incoming quarks and subsequently
the top-quark pair leading to an enhancement in the decay product asymmetry at LO,
exemplifying the need to take special care of spin correlations in any simulation [24].
Furthermore, the dominance of the quark-initiated production also leads to the tt̄W±
asymmetry, in which tt̄W+ production dominates over tt̄W−, and is sensitive to the parton
density function (PDF) of the proton.

Fixed order calculations of tt̄W at NLO in QCD (α3
Sα) have existed for a long time [25]

and have been matched to parton shower [26,27], with NLO EW corrections (α2
Sα2) coming

later [16].
Persistent tensions between the measurements and predictions of the tt̄W cross-section

have driven a lot of recent activity in the theory community. Calculations have become
increasingly more sophisticated despite the many difficulties that arise when calculating
the higher-order corrections for this process.

tt̄W production with an additional parton (e.g., tt̄Wj and tt̄Wjj) generate large aug-
mentations to the total cross-section with large NLO corrections as they introduce gluon-
initiated production processes [28]. To merge the matrix elements of these processes with PS
machinery, dedicated studies have been performed, with an improved multi-leg matching
scheme [29].



Universe 2023, 9, 39 10 of 31

Figure 11. Leading-order (top left) and next-to-leading-order (top right and bottom) Feynman diagram
for the tt̄W process. The last diagram is an example of the sub-leading electroweak corrections.

Calculations at NLO in QCD that account for the next-to-next-to-leading logarithmic
(NNLL) [30] effects are now available as well as NLO QCD with NNLL effects with NLO
EWK corrections [31,32]. Sub-leading EW corrections (α3αS) to tt̄W have in fact been
found to have a larger effect than expected (approximately 10%) [33–35], primarily due to
contributions from amplitudes represented by top-W-boson scattering diagrams.

Recent work has also included calculations of the full NLO cross-section including
fixed order corrections and full LO spin correlations of decay products using POWHEG [35].
Some emphasis has also been put on the need for off-shell calculation which culminated in
full off-shell calculations at NLO in QCD [36–38], off-shell calculations incorporating NLO
EWK corrections [39] and finally the development of procedures to incorporate off-shell
effects into NLO+PS procedures [40]

As mentioned in Section 2, tt̄W inclusive cross-section measurements have in the past
been simultaneously extracted the tt̄Z cross-section due to the difficulties in disentangling
these two rare processes. The previous measurements from CMS used data collected in 2016,
selecting events with two or more leptons. Events selected with two leptons of the same
sign charge provide the most sensitivity to the tt̄W process. The inclusive cross-section was
measured to be σtt̄W = 0.77+0.12

−0.11stat.+0.13
−0.12syst. pb with an observed (expected) significance

of 5.3 (4.5) standard deviations [9]. ATLAS made a similar measurement, extracting a
cross-section value of σtt̄W = 0.87± 0.13stat.± 0.14syst. pb and an observed (expected)
significance of 4.3 (3.4) [8].

With the full Run 2 dataset available CMS has performed a new analysis that indepen-
dently measures the inclusive tt̄W cross-section in the two lepton (same-sign) and three or
more lepton channels. Although the much larger dataset significantly reduces the statistical
uncertainty, new techniques have been developed to reduce the systematic uncertainty from
16% in the 2016 measurement to 6%. One of the key developments was a new multivariate
analysis (MVA) algorithm designed to distinguish between leptons from the decays of W
bosons (prompt leptons) and leptons originating in either the decay of heavy quarks (b
or c quarks) or misidentified hadronic jets (non-prompt leptons). Although non-prompt
leptons are generally easy to distinguish from prompt leptons, when background processes
are large enough, they will still produce many objects with lepton-like signatures, such that
further steps are needed to reduce their contribution to a signal region. The non-prompt
background in this analysis primarily stems from the tt̄ process. The new MVA algorithm
brings a large improvement in the signal efficiency of the analysis compared with when a
cut-based identification method was used in the previous iteration.
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In the same-sign dilepton category, a multi-class deep neural network (DNN) is used
to discriminate between signal and background using kinematic distributions of the jets
and leptons in the event. The network is trained to distinguish between four processes:
tt̄W, non-prompt lepton backgrounds (modelled using tt̄ simulation), tt̄Z or tt̄H, and tt̄fl.
The distribution of the tt̄W output node provides an optimally discriminating variable.

A likelihood function is built from the Poisson probabilities to obtain the observed
yields in bins of the discriminating variables in several event categories, with terms incor-
porating the various uncertainties and the correlations. A binned profile likelihood fit to
the observed data is then performed using predicted signal and background distributions
simultaneously in all event categories.

In the dilepton channel events are categorised according to the selected leptons’ flavour
and charge. The DNN tt̄W output node is the discriminating observable that is then used
in the fit. In the tri-lepton category, events are categorised according to their number of
jets, medium b-tags and the charge of the selected leptons, and the tri-lepton mass m(3`) is
used as the fit observable.

The inclusive tt̄W production cross-section is measured to be σtt̄W = 868± 40(stat)
+52
−50(syst) fb [41], which is the most precise measurement to date. A breakdown of the
cross-section measurement in the different channels is found in Figure 12 where it is
compared with two theory predictions. The SM prediction at NLO+NNLL accuracy with
FxFx jet merging represents the latest theory prediction [29] giving a cross-section of
σtheo

tt̄W = 592+155
−96 (scale) ± 12(PDF) fb. Measured and predicted cross-sections are within

two standard deviations of one another. The central value of the measurement in data is
approximately 1.5 times larger than the comparative theory prediction.

Figure 12. Measurements of the inclusive tt̄W cross−section [41]. The combined result is shown with
a breakdown of the measurement obtained in the different dilepton and tri−lepton channels, as well
as the measurement obtained in the different lepton flavour categories of the dilepton channel. The
black inner error bar indicates the statistical uncertainty, while the green outer error bar represents the
full systematic plus statistical uncertainty. The measurements are compared with two SM predictions.
The prediction shown by the black line is from Ref. [31] while the prediction represented by the red
line comes from Ref. [29] and includes FxFx predictions. The central lines of these two vertical lines
represent the nominal prediction, while the band represents the combined uncertainty from the scale
and PDF theory variations in the calculation.
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The dominant systematic uncertainties originate from the uncertainty on the luminos-
ity determination, the background estimation of the electron charge misidentification rate
and the b-jet identification. All these uncertainties have significantly reduced with respect
to the last iteration.

A simultaneous measurement of the tt̄W+ and tt̄W− cross-sections is performed.
The results in Figure 13 show that the measured cross-sections are significantly lower
than the theoretical prediction. A measurement of the ratio of these two cross-sections is
performed, as there are partial correlations between the systematic uncertainties of the two
cross-sections that are reduced when measuring the ratio directly. This measurement is
shown in Figure 14 to also be low in the theoretical prediction, but in agreement within
the uncertainties.

Figure 13. Contours showing the 68% and 95% CL intervals from the likelihood fit in which the tt̄W+

and tt̄W− processes are measured simultaneously as independent parameters [41]. The best fit value
of the fit is indicated by the black cross, with the theory prediction from Ref. [31] shown by the red
cross. The theory prediction included is without the FxFx jet merging.

Figure 14. Negative log−likelihood scan for values of the ratio of tt̄W+ and tt̄W− cross-sections. The
best fit value is found at the minimum of the curve, while the dashed horizontal lines represent the
CL limits [41]. The red line and hatched band represent the central value and total uncertainty of the
theory prediction without the FxFx merging in Ref. [31].
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5. tt̄γ Measurements

Studies of the tt̄γ production process probe the behaviour of the tγ electroweak
coupling. The cross-section is sensitive to new physics that can occur via anomalous dipole
moments of the top. Differential measurements provide additional sensitivity to said
modifications that may affect spectra more or less in a particular kinematic regime. Such
measurements typically compare state-of-the-art theory predictions with data to stress test
the SM, and can be used to probe for BSM physics in a mode independent way.

The tt̄γ process is the rarest of the processes discussed in this review. Despite the small
production cross-section, the associated production of a photon creates a very distinctive
signature that manifests as an isolated energy deposit in the electromagnetic calorimeter
without any associated tracks in the silicon tracker. This, along with several jets and leptons,
facilitates a high purity event selection. As a result, evidence of this process was first seen
by the CDF Collaboration in

√
s = 1.96 TeV collisions [42]. It was subsequently observed at

the LHC by the ATLAS Collaboration in
√

s = 7 TeV proton–proton collisions [43] and has
been measured by both ATLAS and CMS in

√
s = 8 TeV [44,45].

Both collaborations have now also measured this process using 13TeV pp collisions.
The first measurement at this energy scale was performed by the ATLAS collaboration
in leptonic final states [46] using a luminosity of 36.1 fb−1, which accounts for a subset
of the full Run 2 dataset. Subsequently, measurements using the full Run 2 dataset of
138 fb−1 were performed by CMS in the single-lepton [47] and dilepton [48] final states.
Similarly, ATLAS uses a full Run 2 dataset of 139 fb−1 use targeting the dilepton (eµ) [49]
final state only.

The targeted signals in all analysis includes the processes demonstrated in Figure 15,
in which the photon not only originates from the top-quark decay but also the charged
fermions radiated from the decay products of the top quark, and from the incoming parton.
No attempt to differentiate between the sources is made, but requirements on the photon
kinematics are implemented to suppress photons from the top-quark decay products.

Figure 15. Leading-order Feynman diagram for the tt̄fl process. Each diagram demonstrates a
different production mechanism for the high energy photon in the process.

ATLAS performed its latest dilepton measurement in the eµ channel only, due to the
clean final state and small background contribution. This enables an analysis strategy
without having to implement complicated MVAs to discriminate signal from background
thus simplifying the subsequent comparison with theoretical calculations. In particular,
the analysis targets a comparison with the pp→ bWbWfl calculation in reference [50,51].
The calculation includes all resonant and non-resonant diagrams, interference and off-shell
effects of the top quarks and W bosons, meaning the signal considered combines both
resonant tt̄γ and non-resonant tWfl production as demonstrated in Figure 16.

Figure 16. Leading-order Feynman diagram for the tWγ process. Red gauge boson lines represent W
bosons while blue gauge boson lines represent photons [49].
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Each analysis defines its own signal region at the detector-level where events are
selected with exactly one photon, at least one b-tagged jet, and a channel-dependent
number leptons (electrons or muons) and jets. After the full event selection, the persisting
backgrounds can be broadly categorised as coming from four sources, three of which
originate from events in which the photon or the lepton has been misidentified. Each
measurement then defines a fiducial volume using particle-level objects, except for the
ATLAS dilepton eµ measurement, which uses parton-level objects. A summary of the
different fiducial volumes is shown in Table 1.

Table 1. Table outlining the fiducial selections made in each analysis. All selections are made on
particle-level objects except for the ATLAS dilepton measurement. Additional requirements ensure
leptons (in all cases, only electrons and muons are considered) are isolated and that the lepton energy
incorporates that of radiated photons. Additional photon requirements also ensure isolation and that
it does not originate from hadronic decay. Additional vetoes are applied to events in which leptons
and photons are produced in close proximity. In particle-level selections, b-jets are defined using
ghost-matching [52]. Leptons in the parton-level definition are required to come from the W-boson
decay. Superscripts 1 and 2 refer to objects ordered by transverse momentum from highest to lowest.

Experiment Final State Photon Leptons (e/µ) Jets b-jets

ATLAS [46]

N` = 1(= 2),
Nγ = 1,

Nj ≥ 4(≥ 2),
Nb ≥ 1

pT > 20 GeV,
|η| < 2.37

pT > 25 GeV,
|η| < 2.5

pT > 25 GeV,
|η| < 2.5

pT > 25 GeV,
|η| < 2.5

ATLAS [49]
(parton level)

Ne = 1,
Nµ = 1,
Nγ = 1,
Nb = 1

ET > 20 GeV,
|η| < 2.37

pT > 25 GeV,
|η| < 2.5

pT > 25 GeV,
|η| < 2.5

pT > 25 GeV,
|η| < 2.5

CMS [47]

N` = 1,
Nγ = 1,
Nj ≥ 3,
Nb ≥ 1

pT > 20 GeV,
|η| < 1.44

pe
T > 35 GeV,

pµ
T > 35 GeV,
|η| < 2.37

pT > 30 GeV,
|η| < 2.4

pT > 30 GeV,
|η| < 2.4

CMS [48]
N` = 2(OS),

Nγ = 1,
Nb ≥ 1

pT > 20 GeV,
|η| < 1.44

p1
T > 25 GeV,

p2
T > 15 GeV,
|η| < 2.4

pT > 30 GeV,
|η| < 2.4

pT > 30 GeV,
|η| < 2.4

Events in which the selected photon candidate originates from a misidentified jet or
non-prompt photon from the decay of a hadron make up the hadronic-fake background.
The main process contributing to this background is tt̄ where one of the jets in the final
state is misidentified as a photon. All analyses use data-driven methods to derive scale
factors in regions enriched with the hadronic-fake background which are then applied to
the simulated hadronic-fake background prediction in the signal region.

Events in which the selected photon candidate originates from an electron make up
the electron-fake background. This is the dominant background source in the dilepton
channels. Electron-to-photon fake rates are measured using the tag-and-probe method in
control regions using the Z→ ee process. The fake rate scale factors are determined by
taking the ratio between the fake rate measured in the data and simulation in bins of pT
and η.

Additionally, the backgrounds in which one or more leptons result from either a jet
or a non-prompt lepton from heavy-flavour decays (fake-lepton) are estimated directly
from data, contributing mainly to the single-lepton channel. The main contribution to this
background comes from SM processes in which jets are produced uniquely through the
strong interaction i.e., QCD events. The photon in such events can be either prompt or
fake. The background contributions from events with a prompt photon, excluding signal
events and fake-lepton backgrounds with a prompt photon, are estimated using simulated
samples. These include Wγ, Zγ, single-top+γ, diboson, and tt̄V.
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All the analyses discussed report inclusive and differential cross-sections measured in
fiducial volumes defined according to the kinematics of the final state particles. Differential
distributions of certain variables provide information on specific aspects of the tt̄γ process.
Photon kinematics such as its pT and η are sensitive to the coupling between the top quark
and photon. Distributions of the angular separation between the photon and the top quarks
decay products are sensitive to the origin of the photon. Furthermore, studying observables
that do not involve the photon provide information on the tt̄ system itself.

5.1. Inclusive Cross-Section Measurements

The latest ATLAS measurement of the inclusive cross-section in the single-lepton
channel also includes a simultaneous measurement on the dilepton channel [46]. This
measurement was performed using a smaller dataset collected in 2016 only consisting of
36.1 fb−1, somewhat smaller than the more recent ATLAS dilepton eµ measurement [49]
that will be described later. Using a neural network to discriminate the tt̄γ signal from
backgrounds at detector-level, this distribution was then used as the input distribution
to a profiled likelihood fit in which the fiducial cross-section is extracted. Several fits are
performed, either independently fitting to the data in each channel or fitting to the data
in each channel simultaneously. A correction factor for the signal efficiency and event
migration into the fiducial region is also used when quoting the results. The measured
inclusive fiducial cross-section measurements from [46] are found to be

σSL
f id = 521± 9(stat)± 41(sys) fb

σDL
f id = 69± 3(stat)± 4(sys) fb

A breakdown of the results, normalised to their corresponding NLO SM predictions,
can be seen in Figure 17. In the single-lepton channel, the dominant uncertainties are related
to the estimates of the jet energy and resolution scales as well as the background mod-
elling, which is dominated by tt̄ modelling, used to model the hadronic and electron-fake
backgrounds. In the dilepton channel the uncertainty is still dominated by the statistical
uncertainty of the data, with the largest systematic uncertainty coming from the signal and
background modelling, which is dominated by Zγ modelling.

Figure 17. Inclusive tt̄γ production cross-section measurements by ATLAS in leptonic channels [46].
The NLO prediction from theory is shown in the dashed vertical line, with the uncertainty shown in
the beige band. The measured values in data are represented by the black points, where the associated
total and statistical uncertainties are shown in the red and blue lines, respectively. Results in each of
the different lepton flavour channels are also shown.
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CMS performs a similar measurement of the inclusive cross-section in the single-lepton
channel. The fiducial phase-space is defined at particle level and can be found in Table 1.
It is the same for both the inclusive and differential measurements. Signal regions are
defined at detector-level and are designed to be as close as possible to the fiducial volume
as possible. Additionally, orthogonal control regions are defined, enriched in the major
backgrounds, are used in a fit to data to constrain associated uncertainties. The observed
and expected yields in the signal and control regions along with the systematic uncertainties,
are used to construct a binned likelihood function. The likelihood fit performed to extract
the inclusive fiducial cross-section is performed separately to the one for the differential
measurement. For the inclusive measurement, events in the signal and control regions are
first categorised according to the flavour of the lepton. In the control regions, events are
further categorised according to the photon transverse momentum, whereas in the signal
regions the M3 variable is used. This M3 variable represents the invariant mass of the three
jets that maximises their vector pT sum. Nuisance parameters are assigned to account for
the normalisation of the misidentified electron, Zγ and Wγ backgrounds. The resulting
fiducial inclusive cross-section measurement [47] is found to be

σ(tt̄γ) = 798± 7(stat)± 48(syst) fb

A breakdown of the inclusive measurement in the different channels can be seen
in Figure 18. The leading systematic uncertainties according to their post-fit impact on
the measured cross-section come from the normalisation of the Wγ background, the non-
prompt background estimation and the integrated luminosity estimation.

Figure 18. Inclusive tt̄γ production cross−section measurements by CMS in the single−lepton
channel [47]. Results are also shown for the individual lepton flavour channels.

To extract the inclusive tt̄γ fiducial cross-sections in the dilepton channel, the CMS
measurement uses a very similar strategy to the single-lepton case, making the two mea-
surements easier to combine. The fiducial phase-space is defined at particle level, for
which the full definition can be found in Table 1. A profile likelihood fit to the photon
pT distribution in data across the three data taking periods of Run 2 is performed. The
resulting inclusive fiducial cross-section is found to be [48]

σf id = 175.2± 2.5(stat)± 6.3(syst) fb
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This agrees with the predicted inclusive cross-section of

σSM = 155± 27 f b

The predicted inclusive cross-section is about 12% (0.7 standard deviations) lower
than the measurement. This is shown in Figure 19 along with the breakdown of the fit in
the individual channels. However, the large theory uncertainties that impact the prediction
from Madgraph make it difficult to draw strong conclusions on the agreement between
the prediction and the unfolded data. The predicted cross-section is scaled to the NLO
2 → 3 pp → tt̄γ process, but does not include processes in which the photon is radiated
from the final state decay products of the top quark. This is one potential cause of the
discrepancy between the results.

Figure 19. Inclusive tt̄γ production cross-section measurements by CMS in the dilepton channel [48].
Results are also shown for both the combined measurement and the breakdown for the individual
dilepton channels.

ATLAS measures dilepton fiducial cross-sections in the eµ final state using a profile
likelihood fit to the ST distribution (scalar sum of all transverse momenta in the event) in
data. This variable provides good separation between the signal and backgrounds. The
fiducial volume is defined in Table 1 and is the same for both the inclusive and differential
cross-section measurements. The selection mimics that of the theory calculation with which
the experimental results are compared [50,51]. The inclusive cross-section is measured to be

σf id = 39.6± 0.8 (stat)+2.6
−2.2 (syst) fb

Ref. [49], which agrees with the dedicated theoretical calculation which predicts a
value of

σf id = 38.50+0.56
−2.18 (scale)+1.04

−1.18 (PDF) fb

Refs. [50,51]. As is shown in Table 2, the cross-section measurements all tend to agree
with the predicted values at NLO within uncertainties when taking the branching ratios
into consideration. Differences in the fiducial cross-sections between the experiments stem
from the differences in the fiducial volumes outlined in Table 1. In particular, the CMS
single-lepton fiducial cross-section is measured to be much higher than in ATLAS due to
the inclusion of events with three jets and a looser dR() selection.
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Table 2. Table of the inclusive tt̄γ production fiducial cross-section measurements from ATLAS
and CMS.

Experiment tt̄ Decay Channel σ
tt̄γ
f id (fb)

CMS [47] Single lepton 798
ATLAS [46] Single lepton 521

CMS [48] Dilepton 175
ATLAS [49] Dilepton (eµ) 39.6

5.2. Differential Cross-Section Measurements

CMS has reported differential tt̄γ fiducial cross-sections in both the single lepton [47]
dilepton [48] channels. The single-lepton publication reports differential fiducial cross-
section measurements as a function of the photons pT , |η| and the difference in angle
between the lepton and photon (∆R(`, γ)). Results were obtained simultaneously for the
3 and 4 jet regions, the lepton flavour channels, and the different data taking periods.
The same control regions are used as in the inclusive measurement. After the profile
likelihood fit, backgrounds are subtracted from the observable distribution in data and
subsequently unfolded to particle level. The unfolded differential cross-section is defined in
the same fiducial phase-space as the inclusive cross-section. Distributions of the unfolded
observables are shown in Figure 20 where a comparison with simulations obtained using
Madgraph_aMC@NLO interfaced with three different parton shower algorithms is shown.
In the bulk of the distribution, the dominant uncertainties are similar to those in the
inclusive cross-section measurement. For pT(γ) > 120 GeV, the uncertainties in the jet
energy scale, photon identification efficiency and colour re-connection modelling are the
largest sources of uncertainty.

Figure 20. Differential tt̄γ production cross-section measurements by CMS in the single-lepton
channel [47]. Results are also shown as a function of the transverse momentum of the photon at
particle level.
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In the dilepton channel, differential cross-sections are reported with respect to 12 ob-
servables that are unfolded to particle level in the same fiducial volume as the inclu-
sive cross-section measurement. These are compared with two predictions using Mad-
graph_aMC@NLO event generator interfaced with two parton shower simulations: Pythia8
with the CP5 tune [53] and Herwig [54] v7.14 with the CH3 tune [55]. An example of the
unfolded distribution of the transverse momentum of the photon at particle level in the
dilepton channel is shown in Figure 21. No significant deviation between the measured
distribution and either of the predictions is observed, but due to the size of the theory
uncertainties it is once again difficult to come to a conclusion regarding their agreement.

Figure 21. Distribution of the absolute production cross-section of tt̄γ in the dilepton channel as a
function of the pT of the photon, as measured by the CMS experiment [48]. Observed data unfolded
to particle level is compared with the predicted distribution from the Madgraph generator with two
different parton shower models. Theoretical uncertainties evaluated using the Pythia 8 prediction are
shown in the shaded grey bands.

ATLAS has reported differential cross-section measurements in both the leptonic [46]
and dilepton (eµ) [49] channels. To extract the distributions, no fit to data is performed.
The major backgrounds are subtracted from the data using the estimates outlined earlier
after which detector effects are removed using an unfolding procedure which is applied
to the observed detector level distributions to obtain the true distribution of the signal
at particle or parton level. The differential cross-section is normalised to unity resulting
in distributions shown in Figure 22 for [46]. Absolute differential distributions are also
provided and can be found in the paper.

In the case of the dilepton (eµ) channel, ATLAS measures differential cross-sections
as a function of a similar set of variables described in the CMS dilepton measurement.
Distributions are unfolded to parton level and can therefore be directly compared with
the aforementioned theory prediction via both normalised and absolute differential cross-
sections. Additionally, a comparison is made with two leading-order simulations using
Madgraph interfaced with Pythia or Herwig. A comparison of the parton-level cross-section
as a function of the photon pT in simulation and the unfolded data are shown in Figure 23.
In general, all distributions agree well; however, one trend that was recognised was that
the NLO prediction tends to describe most distributions better than the LO prediction.



Universe 2023, 9, 39 20 of 31

Figure 22. Normalised differential cross-section as a function of the photon transverse momen-
tum [46]. Unfolded distributions are compared with predictions using the MG5aMC + Pythia8
together with up and down variations of the Pythia8A14 tune parameters, the MG5aMC + Herwig7
and POWHEG + Pythia8 tt̄ where the photon radiation is modelled in the parton shower.

Figure 23. Distribution of the absolute production cross−section of tt̄γ in the eµ channel as a function
of the pT of the photon, as measured by the ATLAS experiment [49]. Observed data unfolded to
parton level is compared with the predicted distribution from the theoretical prediction from [50,51].
The systematic and statistical uncertainties are shown in the grey bands.
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5.3. EFT Interpretations

The CMS measurements also provide limits on Wilson coefficients that induce elec-
troweak dipole moments

ctZ = Re(−sinθWC33
uB + cosθWC33

uW)

cI
tZ = Im(−sinθWC33

uB + cosθWC33
uW)

A maximum likelihood fit using the pT(γ) spectrum, which is sensitive to such modi-
fications, is performed to obtain 68% and 95% CL intervals on the targeted coefficients. The
fit is performed in the signal regions only. The intervals for a given Wilson coefficient are
obtained by either fixing the other WC to its SM value (1D), or simultaneously profiling the
two WCs (2D). The results of both tests are shown in Figure 24. No deviation from the SM
values is observed. The 1D scans show more stringent intervals than the tt̄Z measurements.
This is partially because models with non-zero WC values predict a harder pT(γ) spectrum,
which is not observed in the tails of the data distribution. The precision with which CMS
can reconstruct photon kinematics is a major contributing factor to this measurements
ability to improve upon the latest limits.
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Figure 24. Best fit values for the explored EFT Wilson coefficients by CMS in the single−lepton
channel [47]. Both the 1D and 2D scans are shown.
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The CMS dilepton measurement performs a profile likelihood fit in the same way as
the inclusive measurement, to obtain the best fit values for the Wilson coefficients probed. A
combined profile likelihood fit is also performed with the single-lepton analysis. Although
the dilepton channel benefits from a higher purity of signal, the single-lepton channel
profits from a higher number of signal events with a high pT photon, making it sensitive
to modifications in the kinematics of the photon caused by anomalous Wilson coefficient
values. The 1D and 2D scans of the Wilson coefficients in both the dilepton and combined
fits can be found in Figure 25. No sign of anomalous couplings is observed. A comparison
with the constraints from other measurements is also shown in Figure 25. The results in this
publication provide the best limits to date on the ctZ and cI

tZ Wilson coefficients in Figure 26.

Figure 25. Distributions of the observed (solid line) and expected (dashed line) negative log-likelihood
difference from the best fit value for the one-dimensional and two-dimensional scans of the studied
Wilson coefficients. The results are obtained from the fit to data using the photon pT distribution.
The plots shown here are from the combination of the single lepton and dilepton analyses [48].
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Figure 26. Comparison of observed 95% CL intervals for the two Wilson coefficients, ctZ (upper
panel) and ctZI (lower panel) from CMS measurements of: tt̄Z, tt̄γ single lepton, tt̄γ dilepton. The
results are shown from the one-dimensional scans, i.e., all other Wilson coefficients have values set
to zero. The dashed lines indicate the results from the combination with the single−lepton channel.
In the case of the global fit and the tt̄Z + tZq, the solid lines represent the result where all Wilson
coefficients are fixed to zero, whereas the dashed lines show the results from the marginalised limits.
The tightest constraint to date on these Wilson coefficients comes from the combination of the tt̄γ
single lepton and dilepton channels [48].

6. Measurements at the HL-LHC and Future Colliders

Cross-section measurements of rare tt + X process are incredibly useful probes of
top-quark couplings to gauge bosons and are therefore a key ingredient to furthering our
knowledge at the high energy frontier. Anomalous couplings are predicted by several
BSM theories including composite Higgs models, models with extra dimensions and those
predicting vector-like quarks [4,56,57].

The LHC has already produced a sizeable sample of rare top-quark processes, which
has been used to measure the cross-sections for several tt+ X processes with an uncertainty
that is considered to be on the cusp of what is commonly referred to as a ‘precision
measurement’. The large dataset from the HL-LHC will cement these measurements in the
precision regime and allow more precise probes of anomalous couplings affecting these
amplitudes. Extrapolations of current measurements to future datasets and accelerators
provide estimates of what might be achieved, help to establish physics goals and highlight
the improvements required to achieve them.

Although the HL-LHC will provide a huge rare top dataset, enhancing the boosted
regime in particular, it is also interesting to look towards machines planned even further
in the future. Several machines fall into this category and are typically designed to push
the precision frontier through the clean environment provided via lepton collisions, or
the energy frontier through the high energies achievable at large circular hadron colliders.
Results from future lepton colliders are particularly interesting in the context of this article
as ultra-precise measurements of top-quark EW interactions will be achievable. Future
colliders, of both hadrons and leptons, at or above the energy frontier (≥10 TeV) have the
potential to improve the sensitivity of Standard Model EFT (SMEFT) fits to new physics,
particularly to four-fermion operators for which there is a strong increase in sensitivity at
higher energies.
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To fully harness the power of precision measurements in a truly model-independent
search for new physics, it is best to take a global approach to SMEFT fits [58]. This requires
a combination of the broadest dataset possible in a high-dimensional fit of many operators
affecting several SM processes into account. Several of these operators are of particular
interest given the scope of this article, namely operators affecting top EW couplings. So far,
this article has only discussed measurements of SMEFT parameters using ttZ/γ however,
operators can affect several SM processes in many different ways and hence a global fit of
these operators using many processes can provide important constraints.

The outlook for measurements of EFT parameters affecting top EW couplings has
in fact been studied and reported in several publications. A comparison of the expected
95% confidence interval for several EFT operators, using the LHC Run 2 dataset and the
extrapolated values using the HL-LHC dataset are shown in Figure 27. The figure shows
the results from a global EFT fit performed in Ref. [59]. A full list of analyses included
in the global fit can be found in Table 3. It should be noted that, although the HL-LHC
data are shown to bring an improvement to the global fits of almost all of the operators in
question (Figure 27), the individual 95% confidence intervals on operators C−ϕQ and C3

ϕQ

are not enhanced. This is due to their reliance on the legacy e+e− → bb measurements of
Rb and Abb

FBLR at the Z-pole from LEP and SLC. The inclusion of the Tevatron s-channel
single-top measurement provides complementary constraining power on these operators
and is still the most sensitive measurement of this process which, at the time of writing this
article, still illudes measurements at the LHC.

Not all processes used in the global fit are relevant for this article; however, the plot
highlights the importance of tt̄ + X measurements at the present and in the future. All
projections (including for lepton colliders discussed later) are based on similar approxi-
mations to the ’S2’ scenario used in projections of Higgs boson measurements [60] where
many statistical and experimental uncertainties scale as 1√

Lint
, with Lint representing the

integrated luminosity. With respect to uncertainties at the end of the LHC Run 2, the
complete HL-LHC program approximates that experimental uncertainties will reduce by a
factor of 5, while theory and modelling uncertainties are reduced by a factor of two. The
reduction in theory uncertainties assumes that N2LO calculations will be achieved for the
rare top processes and that large steps forward in Monte Carlo modelling are made in the
next 10 years, ready for when the new colliders are expected to start running.

Table 3. Measurements included in the top-quark EW sector EFT fit [59]. The table includes the pro-
cess, observable, centre-of-mass energy, integrated luminosity and experiment for each measurement.
Where the experiment is cited as LHC, a combination of ATLAS and CMS measurements were used.
Where Tevatron is cited, a combination of CDF and D0 results were used. LEP/SLD refers to different
experiments from these two accelerators.

Process Observable
√

s Luminosity Experiment

pp→ tt dσ
dmtt

13 TeV 140 fb−1 CMS

pp→ tt dAC
dmtt

13 TeV 140 fb−1 ATLAS
pp→ ttH + tHq σ 13 TeV 140 fb−1 ATLAS

pp→ ttZ dσ
dpZ

T
13 TeV 140 fb−1 ATLAS

pp→ ttγ dσ
dpγ

T
13 TeV 140 fb−1 ATLAS

pp→ tZq σ 13 TeV 77.4 fb−1 CMS
pp→ tγq σ 13 TeV 36 fb−1 CMS
pp→ ttW σ 13 TeV 36 fb−1 CMS

pp→ tb (s-chan) σ 8 TeV 20 fb−1 LHC
pp→ tW σ 8 TeV 20 fb−1 LHC

pp→ tq (t-chan) σ 8 TeV 20 fb−1 LHC
pp→Wb F0, FL 8 TeV 20 fb−1 LHC

pp→ tb (s-chan) σ 1.96 TeV 9.7 fb−1 Tevatron
e+e− → bb Rb, Abb

FBLR 91 GeV 202.1 pb−1 LEP/SLC
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This study highlights the need for further advances in theoretical calculations and
modelling for HL-LHC measurements where, according to the current ‘S2’ model for
projections, theory uncertainties will for the first time dominate over experimental and
statistical sources. The current state of the art for the theory predictions of the relevant
processes, as well as the desires of the experimental community for future predictions are
reported here.

The latest tt̄ + W calculations have been discussed at length in the relevant section
in this article as the area is particularly active. To summarise, the latest calculations have
been performed using matrix element using perturbative calculations with precision up
to the NLO terms in QCD and include additional next-to-next-to-leading log (NNLL)
effects [30], as well as predictions for NLO+NNLL in QCD with NLO EW corrections. Full
off-shell calculations up to NLO in QCD [36–38] have also recently been developed and
now with the possibility to combine NLO EW and QCD corrections to off-shell ttW [39]
and a procedure to apply the full off-shell corrections within the NLO+PS setup [40].
Future NNLO calculations could bring a factor of two improvement in the precision of
the calculation.

NLO QCD calculations of ttγ have been available for a while [50]. The most recent
NLO calculation was in fact for the process ttγ+ tWγ [51] in the eµ final state. The inclusion
of NNLO QCD corrections in a full ttγ calculation will become necessary if the full potential
of the data at the HL-LHC is to be exploited.

The latest ttZ cross-section calculation is of NLO QCD+EW precision. This not only
takes into account the Z/γ interference, but also includes the off-shell ttγ? contributions.
The theory uncertainty in this calculation is +0.09

−0.10 [14–16]. This is mainly a result of the
proton PDF, QCD scale and αS. The measurements in Section 2 show that the total system-
atic uncertainty of the inclusive and differential cross-section measurement are already
very close to this. A more precise theory calculation in the future would have a great
impact on the achievable precision of future EFT measurements sensitive to effects from
the OtZ operator.

Figure 27. Comparison of expected 95% confidence intervals on Wilson coefficients for dimension-six
operators affecting top-quark production and decay measurements using the LHC Run 2 dataset and
the HL-LHC dataset [59]. Only linear terms proportional to Λ−2 are accounted for in the dependence
of the observables on the Wilson coefficients. The solid bars show the constraint of from the single
parameter fits, while the translucent bars show the marginalised constraints from the global fit.
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Figure 27 shows the Wilson coefficients for several EFT operators along the x-axis. tt̄X
processes are sensitive to the first six couplings from the left. The remaining couplings often
affect top-pair production via QCD mechanisms and can be investigated more precisely
using other tt̄ processes. Differential measurements of tt̄Z and tt̄γ as a function of the Z
boson or photon transverse momentum, respectively, are essential probes of the effects of
the OtZ operator. With increasing statistics, several measurements of rare top processes
could be measured to much greater precision. Notably, precise differential measurements
of tt̄W would provide essential information on this key background to measurements of
tt̄H and four-top process in multi-lepton final states to name but a few.

Across all selected operators, a factor of two to four times the current Run 2 limits is
expected with the HL-LHC dataset, both for the individual and marginalised bounds. The
exceptions to this are the individual bounds of C−ϕQ and C3

ϕQ, which are very dependent on

the bounds from the Zbb measurements at the Z-pole. Sensitivity to operators affecting EW
couplings could be dramatically improved in the future through the harvesting and analysis
of data large datasets in the boosted regime [61]. An additionally interesting insight from
this reference is that, although not included in the fits performed in the document, the
two-quark two-lepton (Oqq``) operators can be probed at the LHC and beyond and by
including analyses targeting for instance the off-Z-peak dilepton invariant mass region in
tt`+`−, the sensitivity of EFT fits can be enhanced.

Although the HL-LHC provides a much larger dataset with which to study EW
couplings, the processes that provide the most sensitivity remain pp→ tt̄Z and pp→ tt̄γ.
Future lepton colliders provide an excellent opportunity to perform high-precision tests
for anomalous EW couplings affecting top-quark pair processes. One of the benefits of
e+e− machines is that once the centre-of-mass energy exceeds twice the top mass, the
dominant tt̄ production mechanism becomes e+e− → Z/γ→ tt, providing direct access to
the top-quark EW couplings in a very clean environment. Furthermore, lepton colliders can
distinguish the coupling between the top quark and photon from the top-quark coupling
with a Z boson. At circular lepton colliders, this is facilitated via a measurement of the final
state polarisation in semileptonic top-quark decays, whereas at a linear collider this can be
done using different beam polarisations configurations [62–65].

Figure 28 compares expected limits on the different EFT operator coefficients using
combinations of the data collected from the HL-LHC combined with data taken in the
final stages of four different future lepton colliders: the CEPC, FCC, ILC and CLIC [59].
Important information on the different working configurations of each future machine is
shown in Table 4. Though not as important for the processes and operators discussed here,
it is worth noting that the different runs have different centre-of-mass energies above the
top-quark pair production threshold, which can be used to disentangle the four-fermion
e+e−tt operator coefficients from the two-fermion operator coefficients. This is because the
four-fermion operators scale quadratically with energy whereas the two-fermion operators
either remain constant or grow linearly. Given the energies above the tt̄ threshold in
the circular collider scenarios are very close, this disentanglement is more difficult with
such machines.

The data from circular colliders (FCC-ee and CEPC) operating at centre-of-mass
energies equal to and slightly above the tt̄ threshold, are expected to improve in the
constraints on the bottom and top operators at the HL-LHC by a factor of 2 to 5 for several
two-fermion operators. The constraining power on four-fermion operators is limited by
the energy reach. The data for the linear colliders (ILC and CLIC) was simulated at two
centres of mass energies above the tt̄ threshold and provides impressive constraints on
all operators. As mentioned, it is due to these different collision energies that even the
bounds on the four-fermion operators become competitive once the centre-of-mass energy
surpasses 1 TeV.
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Table 4. Table of the working configurations for several future e+e− colliders from Ref. [59]. The
machines listed in the table are: the International Linear Collider (ILC), the Circular Electron–Positron
Collider (CEPC), the Compact Linear Collider (CLIC) and the Future Circular Lepton Collider (FCC-
ee). The polarisation, energy and luminosity for 3 to 4 different running stages are listed along with
references to the relevant documentation.

Machine Polarisation Energy Luminosity

ILC [66] P(e+, e−): (±30%,∓80%) 250 GeV 2ab−1

500 GeV 4ab−1

1 TeV 8ab−1

CLIC [67] P(e+, e−): (±30%,∓80%) 380 GeV 1ab−1

1.4 TeV 2.5ab−1

3 TeV 5ab−1

FCC-ee [68]
Unpolarised

Z-pole 150ab−1

240 GeV 5ab−1

350 GeV 0.2ab−1

365 GeV 1.5ab−1

CEPC [68]
Unpolarised

Z-pole 57.5ab−1

240 GeV 20ab−1

350 GeV 0.2ab−1

360 GeV 1ab−1

Figure 28. Comparison of expected 95% confidence intervals combining data from the HL-LHC
with data from several proposed lepton collider experiments [59]. qqtt and CtG coefficients are
not shown in the figure as e+e− collider measurements provide no additional sensitivity; however,
all operators are included in the global fit. The solid bars show the constraint of from the single
parameter fits, while the translucent bars show the marginalised constraints from the global fit. N.B.
label HL-LHC+CC refers to the addition of FCC results.

Looking further ahead, collisions at higher centre of mass (beyond 10TeV) could be
achieved with for example a 100 km hadron collider, a linear electron–positron collider
or compact circular muon collider [69–71]. As was alluded to earlier, the energy-growing
sensitivity of the global SMEFT fits to new physics, especially through four-fermion opera-
tors, makes measurements at such machines invaluable. Given the absence of new physics
signals, model-independent searches such as this provide one of the best chances of finding
deviations from the SM and guiding the future of HEP.
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7. Conclusions

The top quark is a unique particle in the known universe and while there are many
priorities for high energy physics research, its distinctive features suggest it may have a
special role in the SM. Therefore, understanding the top quark with absolute clarity remains
a top priority for high energy physics experiments. The absence of new resonant particles
has driven the development of novel methods to detect the presence of new physics,
including indirect searches looking for anomalous couplings involving SM particles using
EFT’s. Such measurements require immense precision and a wealth of data. This has been
the case for several years regarding the dominant QCD top-pair production mechanism.
However, over the coming years, several rare top-pair processes will enter this regime,
providing essential probes of anomalous couplings and new insights into where to look for
this evasive new physics.

tt̄Z/γ measurements have had a sub 10% precision for some time and have provided
differential measurements and constraints on the relevant EFT operators while the most re-
cent tt̄W measurements have a precision of around 7%, though unfortunately no differential
or EFT measurement has been performed at the time of writing this article. With an influx
of more data from Run 3 and beyond, the collected dataset of all the rare top-pair processes
will be large enough to perform both differential and EFT measurements. Additionally, as
we increase the dataset size the boosted regime will become more populated and, due to
energy-growing effects in certain EFT operators, these regimes will become much more
important and provide complementary constraints.

EFT measurements become so important going forward, allowing us to scrutinise the
SM and use the power of precision measurement across diverse datasets to probe a wide
range of operators in a model-independent manner to perform comprehensive searches
for new physics. It is clear from the projections that as we look towards the HL-LHC, the
achievable constraints on EFT parameters grow 2–4 times stronger in the top EW sector.
However, these constraints will grow even stronger at future lepton colliders, which show
further improvements of between a factor of 2–5.
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1 There have in fact been phenomenological investigations into the possible existence of top-quark pair-bound states, also known

as ‘Toponium’ [1], in order to explain excesses seen in LHC Run 2 data measurements of top-quark pair production with dilepton
decays, where the top-quark pair is produced near threshold
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3. Grzadkowski, B.; Iskrzyński, M.; Misiak, M.; Rosiek, J. Dimension-six terms in the Standard Model Lagrangian. J. High Energy

Phys. 2010, 2010, 85. [CrossRef]
4. Richard, F. Present and future constraints on top EW couplings. arXiv 2014, arXiv:1403.2893.
5. The ALEPH Collaboration; The DELPHI Collaboration; The L3 Collaboration; The OPAL Collaboration; The SLD Collaboration;

The LEP Electroweak Working Group; The SLD Electroweak and Heavy Flavour Groups. Precision electroweak measurements
on the Z resonance. Phys. Rep. 2005, 427, 257–454. [CrossRef]

http://doi.org/10.1103/PhysRevD.104.034023
http://dx.doi.org/10.1016/0550-3213(86)90262-2
http://dx.doi.org/10.1007/JHEP10(2010)085
http://dx.doi.org/10.1016/j.physrep.2005.12.006


Universe 2023, 9, 39 29 of 31

6. Bylund, O.B.; Maltoni, F.; Tsinikos, I.; Vryonidou, E.; Zhang, C. Probing top quark neutral couplings in the Standard Model
Effective Field Theory at NLO QCD. J. High Energy Phys. 2016, 2016, 52. [CrossRef]

7. CMS Collaboration. Search for physics beyond the standard model in final states with two opposite-charge same-flavor leptons,
jets, and missing transverse momentum in pp collisions at 13 TeV. J. High Energy Phys. 2021, 123, 4.

8. ATLAS Collaboration. Measurement of the ttZ and ttW cross sections in proton-proton collisions at
√

s = 13 TeV with the
ATLAS detector. Phys. Rev. D 2019, 99, 072009. [CrossRef]

9. CMS Collaboration. Measurement of the cross section for top quark pair production in association with a W or Z boson in
proton-proton collisions at

√
s = 13 TeV. J. High Energy Phys. 2018, 2018, 11. [CrossRef]

10. CMS Collaboration. Measurement of top quark pair production in association with a Z boson in proton-proton collisions at√
s = 13 TeV. J. High Energy Phys. 2020, 2020, 56. [CrossRef]

11. ATLAS Collaboration. Measurements of the inclusive and differential production cross sections of a top-quark–antiquark pair in
association with a Z boson at

√
s = 13 TeV with the ATLAS detector. Eur. Phys. J. C 2021, 81, 737. [CrossRef]

12. The ATLAS Collaboration. Search for supersymmetry at
√

s = 8TeV in final states with jets and two same-sign leptons or three
leptons with the ATLAS detector. J. High Energy Phys. 2014, 2014, 35. [CrossRef]

13. The ATLAS Collaboration. Estimation of non-prompt and fake lepton backgrounds in final states with top quarks produced in
proton-proton collisions at

√
s = 8 TeV with the ATLAS detector. In Proceedings of the 7th International Workshop on Top Quark

Physics, Cannes, France, 29 September–3 October 2014.
14. The ATLAS Collaboration. Modelling of the tt̄H and tt̄V (V = W, Z) processes for

√
s = 13 TeV ATLAS analyses. CDS 2016 , 5,

ATL-PHYS-PUB-2016-005.
15. CERN. CERN Yellow Reports: Monographs, Vol 2 (2017): Handbook of LHC Higgs cross sections: 4. Deciphering the nature of

the Higgs sector. arXiv 2017, arXiv:1610.07922.
16. Frixione, S.; Hirschi, V.; Pagani, D.; Shao, H.-S.; Zaro, M. Electroweak and QCD corrections to top-pair hadroproduction in

association with heavy bosons. J. High Energy Phys. 2015, 184. [CrossRef]
17. Bothmann, E.; Chahal, G.S.; Höche, S.; Krause, J.; Krauss, F.; Kuttimalai, S.; Liebschner, S.; Napoletano, D.; Schönherr, M.; Schulz,

H.; et al. Event generation with Sherpa 2.2. arXiv 2019, arXiv:1905.09127.
18. Frederix, R.; Frixione, S.; Hirschi, V.; Pagani, D.; Shao, H.-S.; Zaro, M. The automation of next-to-leading order electroweak

calculations. J. High Energy Phys. 2018, 2018, 185. [CrossRef]
19. Sj’́ostrand, T.; Mrenna, S.; Skands, P. A brief introduction to PYTHIA 8.1. Comput. Phys. Commun. 2008, 178, 852–867. [CrossRef]
20. Bähr, M.; Gieseke, S.; Gigg, M.A.; Grellscheid, D.; Hamilton, K.; Latunde-Dada, O.; Plätzer, S.; Richardson, P.; Seymour, M.H.;

Sherstnev, A.; et al. Herwig++ physics and manual. Eur. Phys. J. C 2008, 58, 639–707. [CrossRef]
21. Schmitt1, S. TUnfold, an algorithm for correcting migration effects in high energy physics. J. Instrum. 2012, 7, T10003. [CrossRef]
22. CMS Collaboration. Probing effective field theory operators in the associated production of top quarks with a Z boson in

multilepton final states at
√

s = 13TeV. J. High Energy Phys. 2021, 2021, 12.
23. CMS Collaboration. Search for new physics in top quark production with additional leptons in proton-proton collisions at $$

\sqrt{s} $$ = 13 TeV using effective field theory. J. High Energy Phys. 2021, 2021, 95. [CrossRef]
24. Maltoni, F.; Mangano, M.L.; Tsinikos, I.; Zaro, M. Top-quark charge asymmetry and polarization in ttW± production at the LHC.

Phys. Lett. B 2014, 736, 252–260. [CrossRef]
25. Campbell, J.M.; Ellis, R.K. tt̄W production and decay at NLO. J. High Energy Phys. 2012, 2012, 52. jhep07(2012)052. [CrossRef]
26. Garzelli, M.V.; Kardos, A.; Papadopoulos, C.G.; Trocsanyi, Z. tt̄W and tt̄Z Hadroproduction at NLO accuracy in QCD with Parton

Shower and Hadronization effects. J. High Energy Phys. 2012, 2012, 56. [CrossRef]
27. Maltoni, F.; Pagani, D.; Tsinikos, I. Associated production of a top-quark pair with vector bosons at NLO in QCD: impact on tt̄H

searches at the LHC. J. High Energy Phys. 2016, 2016, 113. [CrossRef]
28. von Buddenbrock, S.; Ruiz, R.; Mellado, B. Anatomy of inclusive tt̄W production at hadron colliders. Phys. Lett. B 2020, 811,

135964. [CrossRef]
29. Frederix, R.; Tsinikos, I. On improving NLO merging for tt̄W modelling. J. High Energy Phys. 2021, 2021, 29. /JHEP11(2021)029.

[CrossRef]
30. Kulesza, A.; Motyka, L.; Schwartländer, D.; Stebel, T.; Theeuwes, V. Associated production of a top quark pair with a heavy

electroweak gauge boson at NLO+NNLL accuracy. Eur. Phys. J. C 2019, 79, 1–15. [CrossRef]
31. Broggio, A.; Ferroglia, A.; Frederix, R.; Pagani, D.; Pecjak, B.D.; Tsinikos, I. Top-quark pair hadroproduction in association with a

heavy boson at NLO+NNLL including EW corrections. J. High Energy Phys. 2019, 2019, 39. [CrossRef]
32. Kulesza, A.; Motyka, L.; Schwartländer, D.; Stebel, T.; Theeuwes, V. Associated top quark pair production with a heavy boson:

differential cross sections at NLO + NNLL accuracy. Eur. Phys. J. C 2020, 80, 428. [CrossRef]
33. Frederix, R.; Pagani, D.; Zaro, M. Large NLO corrections in tt̄W± and tt̄tt̄ hadroproduction from supposedly subleading EW

contributions. J. High Energy Phys. 2018, 2018, 31. [CrossRef]
34. Asaf, Dror, J.; Farina, M.; Salvioni, E.; Serra, J. Strong tW Scattering at the LHC. J. High Energy Phys. 2016, 2016, 71. [CrossRef]
35. Cordero, F.F.; Kraus, M.; Reina, L. Top-quark pair production in association with a W± gauge boson in the POWHEG-BOX. Phys.

Rev. D 2021, 103, 094014. [CrossRef]
36. Bevilacqua, G.; Bi, H.Y.; Hartanto, H.B.; Kraus, M.; Worek, M. The simplest of them all: ttW± at NLO accuracy in QCD. J. High

Energy Phys. 2020, 2020, 43. [CrossRef]

http://dx.doi.org/10.1007/JHEP05(2016)052
http://dx.doi.org/10.1103/PhysRevD.99.072009
http://dx.doi.org/10.1007/JHEP08(2018)011
http://dx.doi.org/10.1007/JHEP03(2020)056
http://dx.doi.org/10.1140/epjc/s10052-021-09439-4
http://dx.doi.org/10.1007/JHEP06(2014)035
http://dx.doi.org/10.1007/JHEP06(2015)184
http://dx.doi.org/10.1007/JHEP07(2018)185
http://dx.doi.org/10.1016/j.cpc.2008.01.036
http://dx.doi.org/10.1140/epjc/s10052-008-0798-9
http://dx.doi.org/10.1088/1748-0221/7/10/T10003
http://dx.doi.org/10.1007/JHEP03(2021)095
http://dx.doi.org/10.1016/j.physletb.2014.07.033
http://dx.doi.org/10.1007/JHEP07(2012)052
http://dx.doi.org/10.1007/JHEP11(2012)056
http://dx.doi.org/10.1007/JHEP02(2016)113
http://dx.doi.org/10.1016/j.physletb.2020.135964
http://dx.doi.org/10.1007/JHEP11(2021)029
http://dx.doi.org/10.1140/epjc/s10052-019-6746-z
http://dx.doi.org/10.1007/JHEP08(2019)039
http://dx.doi.org/10.1140/epjc/s10052-020-7987-6
http://dx.doi.org/10.1007/JHEP02(2018)031
http://dx.doi.org/10.1007/JHEP01(2016)071
http://dx.doi.org/10.1103/PhysRevD.103.094014
http://dx.doi.org/10.1007/JHEP08(2020)043


Universe 2023, 9, 39 30 of 31

37. Denner, A.; Pelliccioli, G. NLO QCD corrections to off-shell tt̄W± production at the LHC. J. High Energy Phys. 2020, 2020, 69.
[CrossRef]

38. Bevilacqua, G.; Bi, H.Y.; Hartanto, H.B.; Kraus, M.; Nasufi, J.; Worek, M. NLO QCD corrections to off-shell ttW± production at the
LHC: correlations and asymmetries. Eur. Phys. J. C 2021, 81, 675. [CrossRef]

39. Denner, A.; Pelliccioli, G. Combined NLO EW and QCD corrections to off-shell tt̄W production at the LHC. Eur. Phys. J. C 2021,
81, 354. [CrossRef]

40. Bevilacqua, G.; Bi, H.Y.; Febres Cordero, F.; Hartanto, H.B.; Kraus, M.; Nasufi, J.; Reina, L.; Worek, M. Modeling uncertainties of
ttW± multilepton signatures. Phys. Rev. D 2022, 105, 014018. [CrossRef]

41. The CMS Collaboration. Measurement of the cross section of top quark-antiquark pair production in association with a W boson
in proton-proton collisions at

√
s = 13 TeV. arXiv 2022, arXiv:2208.06485.

42. CDF Collaboration. Evidence for tt̄γ Production and Measurement of σt t̄γ/σt t̄. Phys. Rev. D 2011, 84, 031104. 10.1103/Phys-
RevD.84.031104. [CrossRef]

43. ATLAS Collaboration. Observation of top-quark pair production in association with a photon and measurement of the tt̄γ
production cross section in pp collisions at

√
s = 7 TeV using the ATLAS detector. Phys. Rev. D 2015, 91, 072007. [CrossRef]

44. ATLAS Collaboration. Measurement of the ttγ production cross section in proton-proton collisions at
√

s = 8 TeV with the
ATLAS detector. J. High Energy Phys. 2017, 2017, 86. [CrossRef]

45. CMS Collaboration. Measurement of the semileptonic tt + γ production cross section in pp collisions at
√

s = 8 TeV. J. High
Energy Phys. 2017, 2017, 6. [CrossRef]

46. ATLAS Collaboration. Measurements of inclusive and differential fiducial cross-sections of tt̄γ production in leptonic final states
at
√

s = 13 TeV in ATLAS. Eur. Phys. J. C 2019, 79, 382. [CrossRef]
47. CMS Collaboration. Measurement of the inclusive and differential ttγ cross sections in the single-lepton channel and EFT

interpretation at
√

s = 13 TeV. J. High Energy Phys. 2021, 2021, 180. [CrossRef]
48. CMS Collaboration. Measurement of the inclusive and differential tt̄γ cross sections in the dilepton channel and effective field

theory interpretation in proton-proton collisions at
√

s =13 TeV. J. High Energy Phys. 2022, 2022, 91. [CrossRef]
49. ATLAS Collaboration. Measurements of inclusive and differential cross-sections of combined ttγ and tWγ production in the eµ

channel at 13 TeV with the ATLAS detector. J. High Energy Phys. 2020, 2020, 49. [CrossRef]
50. Bevilacqua, G.; Hartanto, H.B.; Kraus, M.; Weber, T.; Worek, M. Hard Photons in Hadroproduction of Top Quarks with Realistic

Final States. J. High Energy Phys. 2018, 2018, 158. [CrossRef]
51. Bevilacqua, G.; Hartanto, H.B.; Kraus, M.; Weber, T.; Worek, M. Precise predictions for tt̄γ/tt̄ cross section ratios at the LHC. J.

High Energy Phys. 2019, 2019, 188. [CrossRef]
52. Cacciari, M.; Salam, G.P. Pileup subtraction using jet areas. Phys. Lett. B 2008, 659, 119–126. 2007.09.077. [CrossRef]
53. CMS Collaboration. Extraction and validation of a new set of CMS pythia8 tunes from underlying-event measurements. Eur.

Phys. J. C 2020, 80, 4. [CrossRef]
54. Bellm, J.; Gieseke, S.; Grellscheid, D.; Plätzer, S.; Rauch, M.; Reuschle, C.; Richardson, P.; Schichtel, P.; Seymour, M.H.; Sidmok, A.;

et al. Herwig 7.0/Herwig++ 3.0 release note. Eur. Phys. J. C 2016, 76, 196. [CrossRef]
55. CMS Collaboration. Development and validation of HERWIG 7 tunes from CMS underlying-event measurements. Eur. Phys. J.

2021, 81, 312. [CrossRef] [PubMed]
56. Durieux, G.; Matsedonskyi, O. The top-quark window on compositeness at future lepton colliders. J. High Energy Phys. 2019,

2019, 72. [CrossRef]
57. Dawson, S.; Homiller, S.; Lane, S.D. Putting standard model EFT fits to work. Phys. Rev. D 2020, 102, 055012. [CrossRef]
58. Ethier, J.J.; Magni, G.; Maltoni, F.; Mantani, L.; Nocera, E.R.; Rojo, J.; Slade, E.; Vryonidou, E.; Zhang, C. Combined SMEFT

interpretation of Higgs, diboson, and top quark data from the LHC. J. High Energy Phys. 2021, 2021, 89. [CrossRef]
59. Durieux, G.; Camacho, A.G.; Mantani, L.; Miralles, V.; López, M.M.; Llácer, M.M.; Poncelet, R.; Vryonidou, E.; Vos, M. Snowmass

White Paper: Prospects for the measurement of top-quark couplings. arXiv 2022, arXiv:2205.02140.
60. Cepeda, M.; Gori, S.; Ilten, P.; Kado, M.; Riva, F.; Khalek, R.A.; Aboubrahim, A.; Alimena, J.; Alioli, S.; Alves, A.; et al. Higgs

Physics at the HL-LHC and HE-LHC. arXiv 2019, arXiv:1902.00134.
61. Maltoni, F.; Mantani, L.; Mimasu, K. Top-quark electroweak interactions at high energy. J. High Energy Phys. 2019, 2019, 4.

[CrossRef]
62. Durieux, G.; Perelló, M.; Marcel, V.; Zhang, C. Global and optimal probes for the top-quark effective field theory at future lepton

colliders. J. High Energy Phys. 2018, 2018, 168. [CrossRef]
63. Amjad, M.S.; Bilokin, S.; Boronat, M.; Doublet, P.; Frisson, T.; García, I.; García, P.M.; Pöschl, R.; Richard, F.; Ros, E.; et al. A precise

characterisation of the top quark electro-weak vertices at the ILC. Eur. Phys. J. C 2015, 75, 512. [CrossRef]
64. Amjad, M.S.; Boronat, M.; Frisson, T.; Garcìa, I.G.; Pöschl, R.; Ros, E.; Richard, F.; Rouëné, J.; Femenia, P.R.; Vos, M. A precise

determination of top quark electro-weak couplings at the ILC operating at
√

s = 500 GeV. arXiv 2013, arXiv:1307.8102.
65. The CLIC Collaboration. Top-quark physics at the CLIC electron-positron linear collider. J. High Energy Phys. 2013, 2013, 3.

[CrossRef]
66. The ILC International Development Team and the ILC community. The International Linear Collider: Report to Snowmass 2021.

arXiv 2022, arXiv:2203.07622.
67. Robson, A.; Roloff, P. Updated CLIC luminosity staging baseline and Higgs coupling prospects. arXiv 2018, arXiv1812.01644.

http://dx.doi.org/10.1007/JHEP11(2020)069
http://dx.doi.org/10.1140/epjc/s10052-021-09478-x
http://dx.doi.org/10.1140/epjc/s10052-021-09143-3
http://dx.doi.org/10.1103/PhysRevD.105.014018
http://dx.doi.org/10.1103/PhysRevD.84.031104
http://dx.doi.org/10.1103/PhysRevD.91.072007
http://dx.doi.org/10.1007/JHEP11(2017)086
http://dx.doi.org/10.1007/JHEP10(2017)006
http://dx.doi.org/10.1140/epjc/s10052-019-6849-6
http://dx.doi.org/10.1007/JHEP12(2021)180
http://dx.doi.org/10.1007/JHEP05(2022)091
http://dx.doi.org/10.1007/JHEP09(2020)049
http://dx.doi.org/10.1007/JHEP10(2018)158
http://dx.doi.org/10.1007/JHEP01(2019)188
http://dx.doi.org/10.1016/j.physletb.2007.09.077
http://dx.doi.org/10.1140/epjc/s10052-019-7499-4
http://dx.doi.org/10.1140/epjc/s10052-016-4018-8
http://dx.doi.org/10.1140/epjc/s10052-021-08949-5
http://www.ncbi.nlm.nih.gov/pubmed/34727148
http://dx.doi.org/10.1007/JHEP01(2019)072
http://dx.doi.org/10.1103/PhysRevD.102.055012
http://dx.doi.org/10.48550/ARXIV.2105.00006
http://dx.doi.org/10.1007/JHEP10(2019)004
http://dx.doi.org/10.1007/JHEP10(2018)168
http://dx.doi.org/10.1140/epjc/s10052-015-3746-5
http://dx.doi.org/10.1007/JHEP11(2019)003


Universe 2023, 9, 39 31 of 31

68. Bernardi, G.; Brost, E.; Denisov, D.; Landsberg, G.; Aleksa, M.; d’Enterria, D.; Janot, P.; Mangano, M.L.; Selvaggi, M.; Zimmermann,
F.; et al. The Future Circular Collider: A Summary for the US 2021 Snowmass Process. arXiv, 2022, arXiv: 2203.06520.

69. Abada, A.; Abbrescia, M.; AbdusSalam, S.S.; Abdyukhanov, I.; Fernandez, J.A.; Abramov, A.; Aburaia, M.; Acar, A.O.; Adzic, P.R.;
Agrawal, P.; et al. FCC-hh: The Hadron Collider. Eur. Phys. J. Spec. Top. 2019, 228, 755–1107. [CrossRef]

70. Cros, B.; Muggli, P. ALEGRO input for the 2020 update of the European Strategy. arXiv 2020, arXiv:1901.08436.
71. Stratakis, D.; Mokhov, N.; Palmer, M.; Pastrone, N.; Raubenheimer, T.; Rogers, C.; Schulte, D.; Shiltsev, V.; Tang, J.; Yamamoto, A.;

et al. A Muon Collider Facility for Physics Discovery. arXiv 2022, arXiv:2203.08033.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://dx.doi.org/10.1140/epjst/e2019-900087-0

	Introduction
	tZ Measurements
	Simultaneous tZ and tZq Measurements using Machine Learning Techniques
	tW Measurements
	t Measurements
	Inclusive Cross-Section Measurements
	Differential Cross-Section Measurements
	EFT Interpretations

	Measurements at the HL-LHC and Future Colliders
	Conclusions
	References

