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Abstract: Since the initial measurements of single-top quark production at the Tevatron in 2009,
tremendous progress has been made at the LHC. While LHC Run 1 marked the beginning of a preci-
sion era for the single-top quark measurements in some of the main production mechanisms, LHC
Run 2 witnessed the emergence and exploration of new processes associating top quark production
with a neutral boson. In this paper, we review the measurements of the three main production
mechanisms (t-channel, s-channel, and tW production), and of the associated production with a
photon, a Z boson, or a Higgs boson. Differential cross-sections are measured for several of these
processes and compared with theoretical predictions. The top quark properties that can be measured
in single-top quark processes are scrutinized, such as Wtb couplings and top quark couplings with
neutral bosons, and the polarizations of both the W boson and top quark. The effective field theory
framework is emerging as a standard for interpreting property measurements. Perspectives for LHC
Run 3 and the HL-LHC are discussed in the conclusions.
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1. Introduction

After the discovery of the top quark [1,2] in 1995 at the Fermilab Tevatron, the CERN
LHC era opened up many opportunities to investigate top quark processes. Both at the LHC
and the Tevatron, the processes with the largest cross-sections for producing top quarks in
proton—proton or proton—antiproton collisions are the tf production modes. In addition to
the tf production, which arises from quantum chromodynamics (QCD) interactions, top
quarks can be singly produced through electroweak interactions. This leads to the so-called
single-top quark channels. The single-top quark production features many interesting
properties owing to the V-A structure of the electroweak interaction. It shows specific
sensitivities to parton density functions (PDFs), the V};, matrix element of the CKM matrix,
Wtb coupling beyond the standard model (SM), and top quark polarization, to name a few
examples. Measuring inclusive cross-sections and differential cross-sections for single-top
quark processes serves as an interesting test of perturbative QCD (pQCD). The associated
production of a single-top quark with a boson offers insights into the coupling between the
top quark and bosons, complementing the associated production of a boson with a tf pair.

Three main production modes for single-top quark processes can be distinguished:
production via the exchange of a virtual W boson in the ¢- and s-channels, and the associated
production with a W boson (tW production). The corresponding diagrams in the leading
order (LO) in pQCD are presented in Figure 1.

The first observation of single-top electroweak production (t- and s-channels com-
bined) made at the Tevatron [3,4] in 2009, followed by the observation of the t-channel [5].
The CDF and DO collaborations performed simultaneous measurements of the s- and
t-channel processes [6,7]. The p-p collisions at the Tevatron provided a unique setting for
measuring the s-channel since the initial state of this process predominantly involves a
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light quark and a light antiquark, taken from the valence partons in the proton and antipro-
ton. To date, the s-channel has been observed solely at the Tevatron [8]; it remains to be
observed at the LHC, although there have been reports suggesting evidence of this process
at both 8 TeV [9] and 13 TeV [10]. At the LHC, the largest cross-sections at Vs =13TeV
(the center-of-mass energy of Run 2) are obtained for the t-channel (214.275-% ¢ pb at NNLO
with MCEFM [11]), followed by the tW production (79. 3t2 g pb at NLO+NNLL [12]), and the

s-channel (10. 3Jr "2 pb at NLO with Hathor v2.1 [13,14]).

!

q
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Figure 1. Examples of Feynman diagrams for single-top production at LO: t-channel (top left),
s-channel (top right), and tW production (bottom).

At the LHC, many new processes involving single-top quarks were measured in
p—p collisions. The t-channel production has been frequently measured and has been
thoroughly investigated by evaluating differential cross-sections. Most of the top quark
properties probed with single-top production channels are measured using the f-channel
production since it yields the largest cross-section at the LHC among all the production
mechanisms. The LHC is able to observe the associated tW production, for which the
differential cross-sections are even measured. This channel is of particular interest because
at next-to-LO (NLO) in pQCD, it features interference with the ¢f process. Understanding
the nuances of this interference is still a focal point in the field. As noted in an earlier review
(Ref. [15]), Run 1 marked the start of a precision epoch in single-top quark measurements
for those main production mechanisms. This is ongoing, with remarkable scrutiny focused
on the t-channel and tW production.

In addition, single-top quarks can be produced in tandem with neutral bosons. Those
processes yield relatively low cross-sections; however, the additional boson in the lepton
channel offers invaluable experimental leverage for measuring couplings or searching for
new physics. This class of rare processes covers the production of a single-top quark with a
photon (ty), a Z boson (tZ), or a Higgs boson (tH). For each of these processes, the single-
top quark can be produced via the t-channel, tW production, or s-channel, with the boson
emitted from a quark line or a W boson exchange. The ty process was observed only at the
end of Run 2. There was anticipation for the discovery of the tZ process at the onset of Run
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2; nowadays, it is being measured differentially and is utilized for property measurements.
The analysis methodology employed in tZ measurements is close to that of the searches for
the tH final states. With great similarity in the tH and tfH final states and their common
sensitivity to the top quark Yukawa coupling, the tH processes constitute a special case
and are searched for simultaneously with the tfH production. Because of the destructive
interference between processes where the Higgs boson emerges from a W boson or from a
top-quark line, the cross-section for the tH production is so small that evidence for such
processes remains elusive. However, it is already considered in several analyses because
of its unique sensitivity to the sign of the top quark Yukawa coupling, which could lead
to a large enhancement of its cross-section. When the review in Ref. [16] was published
at the outset of Run 2, it signified the dawn of an era where the processes associating the
production of a top quark with a neutral boson began to be measured. Run 2 saw the
in-depth exploration of these processes, with a particular emphasis on the tZ production.

The cross-sections for all SM top quark processes measured by ATLAS are compared
with theoretical predictions in Figure 2. The cross-sections for single-top production (¢ + X)
are generally less than those for top pair production (¢f + X). This top pair production acts
as a large background in single-top quark searches.

A summary of the cross-section for single-top quark processes as measured at CMS is
compared with theoretical predictions and presented as a function of the center-of-mass
energy, as seen in Figure 3. It can be observed that the cross-section for the s-channel process
does not grow as fast as that of the t-channel process as a function of the energy, which
makes the search for the s-channel more difficult with recent LHC runs. The production of
a single-top quark associated with a photon or Z boson results in cross-sections that are
lower than those observed in the t-channel, s-channel, or tW production.

Top Quark Production Cross Section Measurements Status: November 2022
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Figure 2. Summary of cross-sections for top quark processes measured by ATLAS [17] and compared
with SM predictions.

We will now focus on the top quark property measurements. It is notable that the
cross-sections for single-top quark production are directly proportional to the square of
|Vip|. Therefore, it is possible to determine |V}, | from the measurements of single-top quark
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cross-sections. If one assumes that |V, |Vis| < |Vy|, the |V}p| matrix element can be
extracted from the following;:

Vis| = /0wt /ow(theo, | Vig| = 1), )
where 0y is the measured cross-section and (Tstfeo’v”’:l is the expected cross-section for

|Vip| = 1. Equation (1) also assumes that no new physics effect modifies the V-A structure
of the tWb interaction vertex.
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Figure 3. Summary of measured cross-sections for single-top quark production at CMS [18]. Theoret-
ical calculations for the t-channel, s-channel, and W-associated production have been provided by N.
Kidonakis to the CMS collaboration.

In single-top quark processes, the Wtb vertex appears in the top quark production
and its decay, while in tf production, it appears twice in the top quark decay. Therefore,
the Lorentz structure of the Wtb coupling can be investigated in detail using decay infor-
mation. The single-top quark production is also sensitive to the CP property of the Wtb
vertex (it is much more difficult to measure in tf production, where the CP symmetry is
probed preferentially in the top quark—gluon coupling). The W boson polarization and top
quark polarization can also be probed. For all of these properties, the t-channel process is
usually employed as a probe because of its large cross-section. Within the ¢-channel, as well
as in the associated production with a boson, modern tools, such as the SM effective field
theory (EFT), are increasingly used to parametrize deviations from the SM in an almost
model-independent way. This systematic approach of searching for signs of new physics is
anovelty of Run 2.

The single-top quark production is indeed a sensitive probe in physics beyond the
SM. The t-channel signature can occur via the exchange of a supersymmetric particle [19],
resulting from the decay of a new heavy resonance, like a color-octet scalar [20] or a
new resonance in technicolor models [21]. The s-channel shares the same final state as
the possible decay of a W’ boson, which is predicted in many models beyond the SM,
such as supersymmetric models with R-parity violation [22], or within the paradigm of
universal extra dimensions [23]. The tW final state, along with the tZ and tH states, are
typical products of vector-like quark decays [24]. Excited top quarks, predicted in Randall-
Sundrum models, can decay in the 7 final state [25]. The tZ, vy, and tH processes can also
be modified by flavor-changing neutral currents (FCNCs) in the top quark production or
decay, as predicted in several extensions of the SM, like the two-Higgs doublet model [26]
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(2HDM), supersymmetry [27], or in warped extra dimensions [28]. In the top quark
property domain, for example, CP violation is predicted in the top-Higgs boson coupling
within the complex 2HDM [29], and in Wtb coupling within supersymmetric models [30].
The so-called mono-top quark signatures, designating the associated production of a single-
top quark with a dark matter candidate, are areas that are being focused on in the quest for
new physics (for a review, see [31]).

The outline of this review is as follows. In Section 2, after a brief note on the generation
of each single-top quark process, the measurements of the three main single-top quark
production mechanisms are presented: t-channel, tW production, and s-channel. The
Section 3 will discuss the measurements of single-top quark production in association with
aneutral boson (a photon, a Z boson, or a Higgs boson). Top quark property measurements
with single-top quark production will be reviewed in Section 4, with a focus on V,, the W
boson, top quark polarization, the structure of the Wtb vertex, and the interpretation in
terms of the SM EFT. The conclusions of this review will be presented in Section 5.

2. Precise and Differential Measurements of Single-Top Quark Processes
2.1. The t-Channel Process: The Production Mode With The Largest Statistics
2.1.1. Features of the t-Channel Process

The so-called t-channel production mode features the largest cross-section among
all single-top quark production modes. Top quarks produced in the t-channel are accom-
panied by a high pr light quark that is predominantly produced in the forward region
of the detector (|77| > 2.5), and of a low pr b-quark that often fails the minimum jet pr
requirements in the analysis; as a result, it often remains experimentally invisible. Feynman
diagrams are presented in Figure 4.

!

q q q

b t g

Figure 4. Feynman diagrams for single-top t-channel production at the LO in pQCD [32], in the
5-flavor scheme (left), and 4-flavor scheme (right).

The initial b quark is accounted for in the theoretical calculation according to the
5-flavor scheme (5FS) or the 4-flavor scheme (4FS), as shown in the Feynman diagrams
in Figure 4. Each one considers a b quark PDF within the proton (5FS); one can consider
that the proton is made of light-flavored quarks in the sea (4FS), in which case, the b-
quark arises from virtual gluons. In the 5FS, the uncertainty associated with the PDF can
be relatively large because b-quark PDFs are not necessarily well known. On the other
hand, 4FS calculations usually suffer from higher sensitivity to QCD renormalization and
factorization scales. The decision as to whether to employ the 4FS or the 5FS is particularly
important for the f-channel signature, where the additional jet (the so-called recoiling or
spectator jet) is relatively forward, and its pseudorapidity (y) distribution is sensitive to
the PDF. It has been observed that the # distribution of the recoiling jet (1(j')) in data is
actually better described using the 4FS, while inclusive cross-sections are more accurately
described with the 5FS.

With single-top quark production in the ¢-channel (as well in the s-channel), one of the
incoming light quarks can be a valence quark of the proton, depending on whether a top
or an antitop quark is being produced. This leads to a larger cross-section for top quark
production (134.21“%? pb at /s =13 TeV, calculated at NNLO with MCFM [11]) than for

antitop quark production (80.02:2 pb).
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2.1.2. Experimental Techniques for the -Channel Measurement

The t-channel process was the first single-top production mode observed at the
LHC [33,34], thanks to its large cross-section and its manageable signal-over-background
ratio. For this channel, clear discriminating observables exist between the signal and back-
ground, such as the 7(j’) distribution. Most of the t-channel analyses share a lot of common
features in the event selection, background estimation, separation of the signal from the
background, and signal extraction. The following paragraphs provide general descriptions
of the analysis methods applied in f-channel measurements, and are valid, to a large extent,
to the other single-top quark measurements discussed in this paper.

The top quark decays at almost 100% to a W boson and a b-quark. Top quark decays
are said to be leptonic (t — bW — blv) or hadronic (t — bW — bgq’). The hadronic decay
of top quarks produced in the single-top t-channel leads to a signature with several jets,
and suffers from an overwhelming QCD multijet background. For this reason, only the
leptonic decay of the top quark is usually studied. The experimental signature for the
analysis presented here targets the leptonic decay products from the W bosons: a charged
lepton (electron or muon potentially arising from tau lepton decay), and the presence
of a significant missing transverse energy Er originating from a neutrino. Leptons are
accompanied by a (mainly) forward light-quark jet and a b-quark jet arising from the top
quark decay.

The data sample considered usually selects events with a trigger requiring at least one
lepton with a large pr isolated from hadronic activity. The usage of b-quark identification
(“b-tagging”) at the trigger level was investigated in earlier analyses [35], but was found
to add a significant complexity for a limited gain, especially with increasing luminosity.
To summarize a typical event selection, the presence of only one high pr-charged lepton
(electron or muon with pr > 20 GeV) is required, with a significant missing transverse
energy (Er> 30 GeV) and the presence of at least two high pr jets (pr > 30 GeV), with
one of them from a b-quark and the other failing this requirement, while possibly being
detected in the forward region (|1(j")| < 4.7).

The backgrounds can be classified as arising from two main sources: events containing
a charged lepton produced from a boson decay (referred to as prompt lepton), and events
with hadronic objects misidentified as prompt leptons. Given that prompt leptons are typi-
cally distanced from significant hadronic activity while non-prompt leptons are surrounded
by hadrons, a potent method to reject the prevalent QCD multijet background is to require
the charged lepton to be isolated. An isolation variable is devised by accumulating the
hadronic energy around charged leptons, and this needs to be small. As the modeling of a
non-prompt background is hardly well-simulated, non-prompt backgrounds are usually
estimated directly from the data, possibly leading to large systematic uncertainties. This
estimate is performed, for instance, by inverting the lepton isolation requirement, thus
enriching the events in QCD multijet processes. The shape of a distribution of interest is
then used as a data-driven estimate of the non-prompt lepton background.

The major prompt lepton background events are chiefly from tf production with
semi-leptonic decays, where jets are not well reconstructed or do not pass the b-tagging
requirements. The tf process has been extensively studied; precise measurements have been
confronted with theoretical predictions. This process is well described by the state-of-the-
art Monte Carlo (MC) generators, such that single-top measurements rely on simulations
to describe tf kinematics, while the normalization is usually estimated or constrained
from data.

The associated production of a single W boson with additional jets, referred to as
“W+jets” in the following, constitutes the second main source of background events. The
W+jets processes were measured at the LHC, and the event kinematics show a good
agreement between data and MC predictions. However, the kinematics of the W+jets
process varies slightly depending on the flavor of the additional jets. For this reason,
several analyses actually split the W+jets simulation into W+b, ¢, or light jets, measuring
the normalization of each contribution separately.
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Finally, other subdominant processes after the selection contribute to the background
events, such as the Drell-Yan production, when one of the two leptons is not reconstructed or
does not pass the lepton selection. These processes are usually estimated from simulations.

The t-channel analyses capitalized on the rise of the LHC profile likelihood
method [36,37] to simultaneously estimate the background contributions and constrain the
systematic uncertainties from the data. Background normalization is adjusted within the
fit, possibly using control regions enriched in background events, usually defined by jet
and b-tagged jet multiplicities. For instance, the tf background can be controlled by fitting
events with at least three jets and two b-tagged jets (3f, 2t). The W+jet background can be
controlled with events containing two jets and no b-tagged jet (2j0¢), using the distribution
in the transverse mass of the W boson (m1(W)), showing a broad resonance for W bosons,
as shown in Figure 5. The signal events are mainly expected in the region defined by
asking for two jets, one of which is a b-tagged jet (2j1f). The signal is extracted from a
combined fit in (3§, 2t), (2j0t), and the (2/1¢) regions. Discriminating observables in each
of these regions are fitted together with common nuisance parameters representing the
systematic uncertainties.

Several distributions can be used to discriminate the signals from backgrounds. In the
early versions of analyses, the most obvious observables included the pseudorapidity of
the recoiling jet or the reconstructed top-quark mass. In the most precise measurements,
the discriminating variables in the (3f,2t) and (2j1¢) regions are constructed from multi-
variate analyses, such as boosted decision trees (BDTs) or neural networks (NNs), using
various kinematic observables as input. An example is shown in Figure 5. In the latest
published cross-section measurement at 13 TeV [32], the BDTs are trained using input
variables related to the absolute value of the pseudorapidity of the untagged jet, |7(j')],
the reconstructed top quark mass, the transverse W boson mass, m (W), the distance in the
11 — ¢ space between the b-tagged and the untagged jet, AR(b, j’), the absolute difference
in the pseudorapidity between the b-tagged jet used to reconstruct the top quark and the
selected lepton, |Ay(D,1)].

CMS 35.9 b1 (13 TeV) CMS 35.9 b1 (13 TeV)
> PEDSRREL ' ! £ 60000F 1 7 o] ! q
[ HU* +2j0b ¢ Data = [ (u*e%)+2j1b ¢ Data
O 1000000 Bt channel 7 2 | mr(W) > 50 GeV @t channel
S LI/ tw p LI /tw
~ 800000 BW/Z/y ] ~ WW/Z/y* |
g +jets ‘2 40000 I +jets
2 600000 [COMultjet @ [IMultijet
i} Fit unc. i} L Fit unc.
400000 20000
= 0 = OF f f =
i i [
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Figure 5. Distribution of the transverse mass of the W boson in the muon channel of the 20t
region (left), the BDT discriminant in the 2j1t category (right) [32].

Thanks to the large amount of integrated luminosity collected at the LHC, the un-
certainties related to the t-channel measurements are no longer statistically dominated.
Remarkably, one can even select a relatively pure sample of t-channel events by apply-
ing stringent requirements on the BDT discriminants, as illustrated in Figure 6 (taken
from [32]), showing the distribution in the cosine of the top quark polarization angle cos 6*
in a background-enriched region (with the requirement of BDT; ., < 0) and in a signal-
enriched region (BDT;_.; > 0.7). The sample can be vastly enriched in signal events while
still providing a large event yield.
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Figure 6. Distributions in the cosine of the top quark polarization angle with a background-dominated
selection (left) and a signal-enriched selection (right) for events in the 2j1t region [32].

The main sources of systematic uncertainties impacting ¢-channel measurements can
be summarized as follows:

¢ Integrated luminosity: Typically a few percent (depending on the dataset).

e  Signal and background modeling from SM theoretical predictions: Uncertainties in the
modeling of signal acceptance and in the modeling of distributions used as discrim-
inant observables are usually major sources of systematic uncertainty in top quark
physics. This includes renormalization and factorization scale variations (accounting
for missing higher-order contributions in pQCD), parton shower and hadronization,
PDFs, the choice of a matching scheme between fixed-order predictions and the parton
shower, the choice of flavor scheme (4FS or 5FS), and MC statistical uncertainty. These
uncertainties are treated by generating various MC samples, or including various
event weights in the MC samples, with generation parameters varied up and down.
The same uncertainties are also included for most backgrounds, which are estimated
from simulations.

¢  Data-driven background estimate: Due to the inadequate representation in simula-
tions of jets misidentified as leptons, the non-prompt lepton background is directly
estimated from the data. Usually, these estimations are complicated and rather im-
precise. It is rare to lower the relative systematic uncertainty below 30% before any
constraints from the fit.

e  Simulation-to-data corrections: Several corrections (so-called scale factors) to the
reconstructed objects are applied to the simulation to improve its agreement with the
data. These corrections are derived from dedicated analyses estimating the associated
systematic uncertainties. The corrections are typically related to trigger and lepton
selections, jet energy scale and resolution, and b-tagging.

In the most recent analyses, the statistical uncertainty provides a small contribution to
the total uncertainty (less than 5%). The relative sizes of the systematic uncertainties depend
on the analysis strategy; for instance, the choice of the discriminating observable matters.
The use of the |17y| distribution naturally leads to large uncertainties on the jet energy
scale and resolution (up to about 5%), since controlling such corrections in the forward
part of the detector is difficult. Using a multivariate discriminant can significantly reduce
the jet energy scale and resolution uncertainties to a few percent, most likely due to the
higher signal purity and increased constraining power. Another large source of systematic
uncertainty arises from the signal modeling, which can be lowered by performing a fiducial
measurement, as described in Section 2.1.4. Fiducial measurements are performed within a
generator-level acceptance to avoid the extrapolation from the visible phase space to the
full process phase space, thus reducing the modeling uncertainties.

2.1.3. Summary of the Latest Measurements of the t-Channel-Inclusive Cross-Section

A summary of the latest measurements of the cross-section for t-channel production
at /s =7, 8, and 13 TeV from the ATLAS and CMS collaborations can be seen in Table 1,
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where the combinations made by the LHCtopWG are also shown when available. Figure 7
shows the relative total uncertainty of the t-channel cross-section Ac;_ 4,/ 04— chan as a
function of the integrated luminosity accumulated at different center-of-mass energies.
The most precise 13 TeV measurement was recently released, as a conference note, by the
ATLAS collaboration [38]. The t-channel cross-section has also recently been measured at
5.02 TeV by the ATLAS collaboration [39].

In Table 1, it quickly becomes evident that the statistical uncertainty soon turns into
a secondary source of uncertainty, with precision measurements primarily dominated by
systematic uncertainties. Comparing the most precise result measured at 7 TeV [40] with
the published measurement at 13 TeV [41], it becomes clear that while several systematic
uncertainties related to detector effects and background estimates have decreased, there is
an increase in all the theory uncertainties related to the signal modeling. While experimental
systematic uncertainties can be reduced further, a significant improvement in the total
precision of the inclusive t-channel cross-section requires effort in the signal modeling
involving the theory community. The largest uncertainties that are common to both ATLAS
and CMS are related to the parton shower used in the simulation samples of the t-channel
and tf processes. Sources of large uncertainties can include the choice of the parton shower
algorithm, the matching scheme used to interface the NLO fixed-order matrix element with
the parton shower, models of hadronization, or final state radiation. Prescriptions should
be refined and agreed within ATLAS and CMS (an ongoing effort), and work is needed to
decrease the uncertainty based on physics arguments. For instance, improved algorithms,
such as antenna-based parton showers, could be tested [42]. The developments of parton
showers at NLL [43] or even higher accuracy [44] could bring about large improvements in
the future. Eventually, exploring in situ constraints of these uncertainties from ancillary
measurements in data [45] is another path to consider.

Table 1. Summary of the most recent and precise {-channel cross-sections from the ATLAS and CMS
collaborations, and their combinations for 7 and 8 TeV.

Cross-Section (pb) AGt_ chan! Ot —chan
7 TeV
ATLAS [46] 68+2+8+1 0.122
CMS [35] 672+37+46+15 0.091
Combination [40] 67.5+24+£55+1.1 0.090
8 TeV
ATLAS [47] 89.6+12%85 +17 0.076
CMS. [48] 83.6+23+714+22 0.093
Combination [40] 877+11+55+15 0.066
13 TeV
ATLAS [49] 247 £ 6+£45+5 0.185
ATLAS [38] 221413 0.059
CMS [41] 207 £2+£30+5 0.147
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Figure 7. Evolution of the relative total uncertainty in the inclusive t-channel cross-section measure-
ments, plotted as a function of the integrated luminosity at \/s=7,8,and 13 TeV.
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2.1.4. Measurements of Fiducial and Differential Cross-Sections

With the latest investigations into the f-channel process, leveraging the extensive
statistics of LHC Run 2, differential cross-section distributions [32] were measured. Differ-
ential cross-sections provide precious information on the theory modeling, and can also
be used to constrain the parameters of the EFT. Differential measurements are critical for
a deeper understanding of the {-channel process and for identifying any deviations from
SM predictions.

The distributions measured at the reconstructed level are unfolded to theoretically
well-defined observables, correcting for detector and acceptance effects. The basic principle
consists of determining corrections from simulations to infer the “true” top quark properties,
by accounting for the signal acceptance induced by the selection for the detector resolution
and the efficiencies. The unfolded distributions can be compared in a robust way with
theoretical predictions. Two fundamental unfolding levels are usually defined in top
quark physics:
¢  Parton level: Corresponds to the generated on-shell top quarks after QCD radiative

corrections.

e Particle level: Corresponds to (pseudo-)top quarks reconstructed from simulated

particles after QED and QCD radiation, particle decay, and hadronization, with a

dedicated algorithm.

With the definitions adopted in [32], measurements unfolded to parton and particle
levels are confronted with NLO theoretical predictions for various observables, like the
top-quark pr, rapidity y, cos 8%, or W boson pr. Beyond the differential cross-sections,
the charge ratios of the cross-section o} to 0;,; are also measured. This observable is
sensitive to the PDFs. Figure 8 presents examples of differential cross-sections and cross-
section ratios. The measurements show good agreement between data and NLO predictions,
validating our understanding of the electroweak interactions in the production of single-top
quarks for most of the observables that were scrutinized. However, the precision reached
(even in the differential cross-sections normalized to the total cross-section, thus canceling
the impacts of several uncertainties) is not yet completely sufficient to unambiguously
determine which generator agrees best with the data. As noted by the authors, a few
trends can still be highlighted. The predictions with the 4FS well describe the W boson pr
while the 5FS does not; neither the 4FS nor 5FS predictions are able to nicely reproduce the
entire distribution of the top quark pr in the data. This latter trend can be confirmed with
deeper studies in the future since a possible mis-modeling could be of great importance for
measurements of top quark properties employing the t-channel, and in measurements or
searches in which the SM t-channel is an important background (for instance, the s-channel
searches). It should be noted that including t-channel differential distributions in PDF fits
allows for reducing the gluon and light quark PDF uncertainties [50]; for this purpose, it is
essential to release experimental correlation matrices, which were not made public in the
latest measurements.

The so-called fiducial cross-section is defined at the particle level, and is less sensitive
than the inclusive cross-section to the systematic uncertainties arising from signal modeling.
In inclusive cross-section measurements, the number of signal events is measured in the
visible phase space at the reconstructed level, defined by the detector acceptance and selec-
tion efficiencies. The observed number of events is then extrapolated to the full phase space
based on simulations. This extrapolation induces a large systematic uncertainty related to
the modeling of signal events in the simulation. In contrast, the measurement of the fiducial
cross-section is performed in the visible phase space, and extrapolated to the fiducial phase
space volume that is defined as close as possible to the phase space of the selected dataset.
The fiducial single-top #-channel cross-section was measured [47] at /s = 8 TeV and led to
a reduction of about 2% in the size of the systematic uncertainties related to the QCD scale
and the NLO matching. This resulted in a significant improvement in the precision, and
provided a robust method for comparing data with theoretical calculations.
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Figure 8. Unfolded differential cross-section measurements: top quark pr (upper row), charge ratio

as a function of the rapidity y (middle row), and cos 6* (bottom row) at the parton level (left) and
particle level (right) [32].

2.2. The tW Process, and Its Interplay with the tf Process
2.2.1. Introduction to the tW process

The tW process features a top quark produced in association with a W boson, either
initiated by a gluon and a b-quark (in the 5FS, see Figure 9), or with the b-quark produced
by gluon splitting (in the 4FS). Because the PDFs for bottom and anti-bottom quarks in the
proton in the 5FS are assumed to be the same, the predicted cross-section for tW~ and fW T
is identical at LO (and almost identical at a higher order) [12].

Figure 9. Example of the Feynman diagram for tW production at the LO in pQCD within the 5FS [51].
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There is some degree of overlap between the tW process and the tf process, since
the tW production at NLO in pQCD features resonant diagrams, which interfere with
LO diagrams of tf production. The NLO corrections to the production of tW include tWb
processes, where the Wb system can also arise from the decay of an on-shell top quark.
Examples of LO Feynman diagrams for tWb processes are shown in Figure 10. Since the
cross-section for tf production is much higher than that of tW production, these corrections
are very large. As a result, there is ambiguity in the way the tW + 1 jet processes are defined.
A similar situation is occurring in the FCNC processes [52].

g b g t
t b
g g
W W
g t g b

Figure 10. Examples of Feynman diagrams for the production of tWb with (left) and without (right)
an on-shell top.

The definition of the tW process, therefore, relies on the treatment of this interference
and presents challenges at a theoretical level, depending on the choice of suppressing
the interference to define independent simulation samples for the tW process at NLO,
or including it in the simulation in a consistent way between tW and the tf process. Two
methods exist to suppress the interference [53]. In the diagram removal (DR) method,
the resonant tf diagrams are excluded at the level of the matrix element calculation. In the
diagram subtraction (DS) approach, the tf resonant contributions are removed from the
cross-section calculation by means of counter terms. Thus, a comparison of the DR and DS
prediction provides an estimation of the importance of the interference terms and treatment,
which is small for the usual kinematic selection applied [54].

2.2.2. Measurements of the tW Process

The tW process has not been measured at the Tevatron, as its cross-section is small at
the Tevatron center-of-mass energy in p — p collisions. The measurement of the tW process
is more challenging than that of the t-channel since a very large background from tf events
mimics the signal with almost the same experimental signature. The ATLAS and CMS
collaborations presented evidence for this process in the dilepton channel at 7 TeV [55,56],
while the inclusive cross-section was measured at 8 TeV [57,58] and 13 TeV [59,60]. The mea-
surements at 13 TeV performed with larger collected data samples allowed measuring the
differential cross-sections [61,62] for the first time. The tW process was measured in the
lepton+jets channel, more difficult owing to larger backgrounds, by ATLAS using 8 TeV
collisions [51] and at CMS using 13 TeV collisions [63].

The dilepton decay channel for the tW process refers to processes where one lepton
arises from the top quark decay through Wb and another lepton is produced by the as-
sociated W boson decay. We describe features of the ATLAS [61] and CMS [62] analyses
measuring differential cross-sections at 13 TeV with the dilepton channel, where the lep-
tons refer to electrons or muons. Nominal SM predictions for the tW process use the DR
scheme. For this analysis, the main background contribution after event selection is the tf
process in the dilepton decay channel, amounting to nearly 80% of the event yield after
selection. The signal region is defined with exactly one reconstructed jet being tagged as a
b-jet (so-called 1j1b region) to remove contributions from doubly resonant diagrams. In
general, a selection on the transverse missing energy does not need to be applied (among
recent measurements, the ATLAS 13 TeV inclusive cross-section measurement [59] is an
exception); this variable is used to reconstruct kinematic quantities and provide input to
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machine learning techniques. Figure 11 shows the number of events after selection, sorted
in bins of the number of jets and b-jets. Two (three) regions that are defined depending
on the number of jets and b-jets are used to measure the inclusive cross-section by ATLAS
(CMS), with dedicated BDTs.

x10° 138 fb! (13 TeV)
T T T

T
ATLAS
(s=13TeV, 36.1 fo'

Events

XRXRXXA
R
B2220

T T T
vz Total syst. unc. 7

Data/Pred.

BGOSR oo o oo RIS
1.0 B S S S S

1 1 1
1j7b 2]1b 2j2b 1j0b 2j0b
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Data / Pred.
o
oo

0,00 (1,0) (1,1) (20) (2,1) (2,2)(=3,2 (;)

(Number of jets, number of b-tagged jets)
Figure 11. Categories in the number of jets and b-jets in the tW dilepton analysis by ATLAS [61]
(left) and CMS [62] (right).

The inclusive cross-section at 13 TeV is measured to be oy = 79.2 4 0.9 (stat) fgig (syst) =
1.2 (lumi) pb at CMS using 138 fb~1 [62], and cyy = 94 =+ 10 (stat.) 725 (syst.) =+ 2 (lumi.) pb
by ATLAS using 3.2 fb~! [59], in agreement with SM theoretical predictions. The dominant
systematic uncertainty is the jet energy scale, followed by the background normalization
and the theory uncertainties on ¢tW process modeling.

The 1j1b region—by both ATLAS and CMS—is used to extract the differential cross-
sections. In the ATLAS analysis, an additional selection is applied to the output of the
BDT to increase the separation between the signal and backgrounds for the differential
measurement. In CMS, a veto on additional loose jets is also applied. The data are corrected
for detector effects and compared to theoretical predictions, such as the invariant mass of
the dilepton and b-jet in Figure 12. In most of the measured bins, the data and simulations
agree within less than 10; however, more data are needed to discriminate between the
different ways of modeling the signal.
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Figure 12. Invariant mass of the dilepton and b-jet in the tW dilepton analysis by ATLAS [61] (left)
and CMS [62] (right), comparing data and several predictions for tW modeling.
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Measuring the tW process in the lepton+jets channel, which targets a final state where
one of the two W bosons decays leptonically and the other hadronically, is a challenging
task, owing to the prominent tf and W+jet backgrounds arising from the selection. Ma-
chine learning methods are used to enhance the signal-over-background ratio, the NN by
ATLAS [51], and the BDT at CMS [63]. ATLAS extracts the signal using a two-dimensional
distribution in the NN output and the invariant mass of the hadronically decaying W
in events with at least three jets (including one b-jet). CMS employs the BDT outputs in
three regions, whether there are two, three, or four jets in the event (including one b-jet).
The analyses lead to evidence for the tW process in the lepton+jets channel using 8 TeV
data by ATLAS, and an observation using 13 TeV data at CMS. The measured inclusive
cross-sections are in agreement with the SM predictions, and the precision is already dom-
inated by systematic uncertainties. The main systematic uncertainties arise from the jet
energy scale, background normalization, and tf or tW modeling.

The lepton+jets analysis shows that, nowadays, more difficult channels are used to
measure the tW process. One of the next steps would be to scrutinize the tails of kinematic
distributions by using boosted jet tagging, allowing to access highly boosted regions [64,65]
that are sensitive to new resonances, like excited b-quarks appearing in theories beyond
the SM, such as composite models [66]. Differential distributions are measured with the
dilepton channel and will be investigated more differentially in the future. Despite having
a smaller cross-section than the t-channel, the tW process could also be used to measure
SM parameters. Similar to measurements performed in the {-channel, measuring charge
ratios would be interesting since they are sensitive to PDFs; this would require separating
top from antitop contributions in tW production with advanced techniques like the matrix
element method [67].

2.2.3. Understanding the Interference between tW and tf Processes

While the above-mentioned measurements of tW process are designed to minimize
the interference with the tf process by mostly selecting events with only one b-jet, a recent
analysis by ATLAS [68] targeted a phase space with exactly two b-jets, where the inter-
ference effect was maximized. This analysis utilized a variable defined as the invariant
mass of a lepton and a b-jet as a proxy for the top quark mass. Since there is ambiguity in
assigning leptons and b-jets to a given top quark, a particular choice is made:
minimax

My = min (max(mblélr My, ¢, ), max(my, ¢,, Mp,0, )) , )

where particles 1 and 2 are interchangeable. This variable is defined in such a way that, at

LO, mZ}i”im”x < y/m? — m%,. The cross-section above this value has increased sensitivity to
the interference between single and double resonant contributions.

Events are selected if there are two leptons and two jets satisfying a tight b-tagging
criterion, with a veto on further leptons using a loose requirement (which suppresses
backgrounds arising from tf associated with heavy flavor jets). The analysis measures the
normalized differential cross-section in a phase space at the generator level as close as
possible to the reconstructed level, as a function of the m{fg”im’” observable.

The data are compared to simulations at the particle level in Figure 13, after the
background subtraction and correction for detector effects. The simulation sample matching
the best data across the entire range of m%”imﬂx includes both tW and tf, as well as their
interference with POWHEG [69]. Samples featuring interference suppression with the DR
or DS scheme do not reproduce the data at large values of mj4nimax,

Due to the datasets expected at LHC Run 3 and the HL-LHC, one can expect new
measurements to probe the nature of the interference in more depth. The lepton+jets final
state could be scrutinized as well for this purpose, since the theoretical predictions at NLO,
including the interference, were recently made available [70].
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Figure 13. Data comparison of MC predictions for the normalized differential cross-section of the tW
process in a region maximizing the interference, as a function of the m%”im”x variable [68]. The region
sensitive to the interference lies above m% - m%N

2.3. The Challenging s-Channel

The final state for top quark production in the s-channel is similar to that of the
t-channel in Section 2.1, except that the top quark is now produced with a b or b quark in
the final state instead of a light quark (in the 5FS). The process occurs through the exchange
of a time-like W boson instead of a space-like W boson, as shown in Figure 14. The virtual
W boson has to be far away from its resonant mass to produce a top quark, and this highly
suppresses the corresponding cross-section, which makes the observation of the s-channel
very challenging. The top quark is more likely to be produced with central b-jets than with
a forward light jet.

Figure 14. Feynman diagram for single-top s-channel production at the LO in pQCD in the 5FS [9].

The s-channel process is observed at the Tevatron [8], using 9.7 fb~! of proton-
antiproton collisions collected at DO and CDF at /s = 1.96 TeV. This process remains
to be observed at the LHC. At CDEF, the lepton+jets channel and Er+jets channel are used,
while the lepton+jets channel is used at DO. Multivariate techniques are employed to
identify the b-jets and reduce the contribution of background processes. Events are classi-
fied in categories depending on the number of jets, and the number and quality of b-jets.
Multivariate discriminants are built to extract the s-channel cross-section using a Bayesian
statistical technique. The result is 05 = 1.29f8:§2 pb, which is in agreement with the SM
prediction of o = 1.05 £ 0.06 pb at an approximate NNLO with NNLL accuracy [71] at the
Tevatron. The s-channel process was observed at 6.3 ¢ at the Tevatron. Figure 15 shows the
measured cross-section for each channel at the Tevatron along with their combined results.
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s-channel single top quark, Tevatron Run II, Lim <971

Measurement Cross section [pb]
CDF I+jets —— 141795
CDF £, +jets —— 112980
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Theory (NLO+NNLL)

1.05 +0.06 pb [PRD 81, 054028, 2010]
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Figure 15. Measured cross-sections for the s-channel at the Tevatron along with their combined
results [8].

Proton—antiproton collisions at the Tevatron mainly provide a quark and an antiquark
in the initial state while the LHC does not. Furthermore, the b-quark content in the proton
is larger at the LHC. As a result, the ratio of the s-channel to the t-channel cross-section
decreases from the Tevatron to the LHC. Furthermore, the ratio of signal-to-background
is quite favorable at the Tevatron relative to the LHC. When the energy in the p—p center
of mass increases, this search becomes more difficult: the quark luminosity increases at a
slower pace than the gluon luminosity when increasing the center-of-mass energy. As an
example, the ratio of the s-channel to the tf cross-section changes from 2.1% at 8 TeV to
1.2% at 13 TeV [10].

For all of these reasons, searches for the s-channel are very challenging at the LHC.
The first search by ATLAS using 8 TeV data resulted in a significance of 1.3¢ [72] (with
1.40 expected); however, a subsequent search on the same dataset employed the matrix
element method (MEM [73], which has been used since the early measurements of the top
quark mass at the Tevatron [74,75]), leading to an observed significance of 3.2¢ [9] (with
3.90 expected). CMS analyzed Run 1 data using the 7 and 8 TeV datasets, resulting in an
observed significance of 2.5¢ with an expected significance of 1.1¢ [76]. Recently, ATLAS
performed a search using the same analysis techniques with the MEM as in their 8 TeV
paper, analyzing Run 2 data at 13 TeV [10]. Despite the unfavorable signal-to-background
ratio at 13 TeV compared to 8 TeV, a similar observed (3.3¢) and expected (3.9¢) significance
was achieved.

Since the ATLAS result is the latest, with the largest observed significance, and the only
one published using 13 TeV data, we will provide details on this analysis. The lepton+jet
channel is analyzed, with one electron or muon having pr > 30 GeV and at least two jets
with pr > 25 GeV. Events from multijet production are reduced by requiring £ > 35 GeV
and mry > 30 GeV. In the signal region, exactly two jets are required, and both of them
must be b-tagged. A validation region targets the W+jets process, where one of the jets
must fail the b-tag requirement. Events are also validated using two regions enriched in
the tf process, with three or four jets, among which, two must be b-tagged. The normal-
ization for multijet production is estimated from the data, while the other background
processes are taken from the simulation. A dedicated method, the MEM, is employed to
further reduce the backgrounds. The MEM consists of calculating a probability density,
representing the compatibility of each event with signal and background hypotheses, using
exact calculations at the LO in pQCD. Hypotheses for the s-channel, t-channel, tf produc-
tion, and W boson production are considered. A likelihood is built by combining these
hypotheses, and the less likely events are discarded. The shape of the likelihood distribu-
tion in the signal region is then used to extract the s-channel cross-section. The post-fit
distribution is shown in Figure 16, left, and the signal after background subtraction is
shown in Figure 16, right. The measured cross-section is ¢ = 8.2 = 0.6(stat)fg:§(syst) pb,

in agreement with the SM prediction of ogp; = 10.32f8:§2 pb at the NLO accuracy in pQCD.
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As a side note, predictions at the NNLO in pQCD are available [77] and could be used by
the LHC experiments.
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Figure 16. Results of the s-channel searches by ATLAS: (left) post-fit distribution comparing data
and simulation for the MEM likelihood, and (right) signal distribution after the background subtrac-
tion [10].

As a conclusion, the observation of the s-channel remains to be achieved at the LHC.
A result for a CMS analysis using Run 2 data is desired. The analysis is already systematic-
dominated; therefore, new techniques should be employed to reduce the uncertainties.
A simultaneous fit using signal and control regions could be used to further constrain
the background contributions. An involved analysis technique beyond the MEM, like a
deep NN (DNN), could also improve the significance. Despite maintaining an unfavorable
signal-to-background ratio compared to the Tevatron, the searches should be pursued at
the LHC with Run 3 data and at the HL-LHC to make an observation.

3. Associated Production of a Single-Top Quark with a Neutral Boson
3.1. A Newcomer: Associated Production of a Single-Top Quark with a Photon (t)

The production of a photon in association with a top quark (t7) is a rare process, accessible
at the LHC. The cross-section predicted at NLO in pQCD with Madgraph5_aMC@NLO [78] is
2.95 £ 0.13(scale) £ 0.03(pdf) pb (as quoted by CMS [79]), requiring the photon pt to be
greater than 10 GeV before the top quark decay in the 5FS. The cross-section is dominated
by t-channel diagrams with the radiation of a photon (tyq), featuring a forward jet due
to the electroweak nature of the t-channel. The cross-section for the tyq production is
known at the approximate NNLO [80]. Measuring the ty process extends the landscape
of the measured top quark process and is an experimental challenge, owing to its low
cross-section. The t final states are also powerful tools used to constrain the FCNC [52].
Together with tfy processes, they can be used to constrain the top-y coupling. Examples of
Feynman diagrams are shown in Figure 17. The photon can be emitted in the initial state,
final state, or in the top quark decay.

Figure 17. Examples of Feynman diagrams for tyq processes at the LO in pQCD [79].
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The searches for the tyq process led to evidence at CMS [79] using 36 fb~! of Run 2
LHC data, and an observation by ATLAS with the full Run 2 dataset [81]. Special care is
needed in single-top f-channel MC samples to remove photons produced in the parton
shower since they could be double-counted with photons produced at the matrix element
level in the tyq signal samples. There is also some freedom in the signal definition: photons
arising from the top quark decay are treated as backgrounds in the ATLAS analysis [81].
The dominant backgrounds contain prompt leptons and photons, like tfy and W + v
processes, and processes involving jets or electrons misidentified as photons (hereafter
denoted as “fake photons”). A control region is defined to measure the tfy background.
The W + 7 process also benefits from a control region in the ATLAS analysis. The fake
photon backgrounds are two-fold, either arising from the misidentification of an electron as
a photon, or of a jet as a photon. In the ATLAS analysis, both are estimated with dedicated
methods from the data, while in the CMS analysis, only the backgrounds made of jets
misidentified as photons are estimated from the data. To maximize the sensitivity to the
signal, the signal extraction is performed by constructing a discriminant with a BDT (CMS)
and a DNN (ATLAS). Both analyses make use of the forward jet to discriminate the signal
against the backgrounds, including the pseudorapidity as an input variable to the machine
learning algorithm. The discriminants are shown in Figure 18.
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Figure 18. Discriminants used in the tyq signal extraction: BDT output at CMS [79] (left) and DNN
output by ATLAS [81] (right) in the signal region with one forward jet.

The observed (expected) significance obtained is 4.40 (3.00) at CMS [79] and 9.1c
(6.70) by ATLAS [81]. With such a large significance, the ty processes can provide sufficient
statistics for a first differential cross-section measurement at LHC Run 3. Complement-
ing the tty channel with the fyq channel to probe the top-photon coupling will become
especially relevant at the HL-LHC [82]. As a side note, the single-top tW+ process has
also been measured simultaneously with the tfy process [83] because of the interference at
NLO, similar to the tW and tf processes, but in a tfy phase space chosen without particular
enhancement of the tW-y process or the interference.

3.2. A Path toward Top-Z Coupling: Single-Top Quark Production with a Z Boson (tZ)

The first process observed for single-top quark production in association with a neutral
boson is actually the single-top quark production with a Z boson (tZ), due to the datasets
made available at the LHC. In general, the {Z processes refer to the production of a single-
top quark in association with a Z boson, including the interferences between on-shell and
off-shell v* or Z bosons. Similar to the ¢ process, the process with the largest cross-section
is provided in the t-channel (tZg).

The Feynman diagrams for tZg production at the LO in pQCD can be seen in Figure 19.
The inclusive tZg cross-section predicted at NLO in the SM, as calculated with MG5_aM@NLO,
is 800 fb fg};ﬁ [84]. Because of its clear signature and interesting signal-to-background
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ratio, the tZq process is measured in the three-lepton channel. The cross-section for tZq pro-
duction in the three-lepton decay channel, calculated at NLO with MG5_aMC@NLO, and
including a dilepton invariant mass cut of m, > 30 GeV, is 94.21“%:595 (QCD scale) + 2.5 (PDF)
fb [85]. The cross-section for tZq production could be updated with the latest predictions
at the approximate NNLO [86] in future measurements.

Z/v* Z/y* b t
we g
b - t b : t q q’
w w
q q’ q q’ Z/y*
b t b t b T t
q w W W ——
q q’ Z/v* A
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Figure 19. Representative Feynman diagrams for the tZq production at the LO in pQCD [87].

The tZq production has several interesting features. In a similar way with the t-channel
process without an associated Z boson, the top and antitop quarks from the tZq production
are strongly polarized, making this process an excellent probe for studying t — Z cou-
plings, particularly in the context of EFT measurements. It is also sensitive to triple-gauge
couplings WWZ, in a complementary manner with the diboson production. Both are
potentially sensitive to physics beyond the SM.

Data are selected with a combination of single-lepton or double-lepton triggers. Events
are selected events if they contain three well-identified and isolated leptons (electrons or
muons possibly arising from 7 lepton decays). A pair of same-flavored opposite-charged
leptons, compatible with a Z boson decay, is then required. Because the tZg process is a
t-channel process, it contains a light jet preferentially produced at large |7|, a b-tagged jet
arising from the top quark decay, and missing transverse energy arising from the neutrino
from the W boson decay.

Similar to other analyses presented in this review, the signal is extracted from signal
and control regions defined by the number of jets and b-tagged jets. The first signal
region requires N; = 2 or N; = 3 with N;, = 1 (so-called 2j1b and 3j1b regions). These
regions contain most of the signal with the WZ+jets process as the dominant background,
and with contributions from other diboson processes. For larger jet multiplicities and
b-tagged jet multiplicities (N; > 3, Nj, > 2), the dominant background source arises from
ttZ events, with contamination from ¢t + W, H processes. A control region with N, = 0
allows constraining the diboson contribution.

Other background sources are from non-prompt lepton events in tf or Z+jets pro-
cesses. While backgrounds presenting three prompt leptons are estimated from simulations
and constrained from the data in the likelihood fit, events containing at least one non-
prompt lepton are not well-described by simulations and are, therefore, more difficult to
estimate. In the CMS observation paper [88], the analysis uses a fully data-driven technique,
where the probabilities for measuring a non-prompt lepton are measured from a region
where one lepton fails the lepton isolation. The ATLAS observation paper [89] uses a
semi data-driven technique, where the normalization of the non-prompt background is
estimated from the data in control regions, and the kinematic distributions are determined
from simulations of tf+tW and Z+jets events, by replacing b-jets with non-prompt leptons
and accounting for the needed corrections.

The discriminating variables used in the fit are based on multivariate discriminants
(BDT or NN), which include kinematic variables related to the reconstructed Z bosons or
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top quarks, the pseudorapidity of the spectator jet |17/, dijet invariant mass, or kinematic
variables related to the lepton from the W decay. Examples of NN output distributions
from ATLAS [89] can be found in Figure 20.
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Figure 20. Distributions of the NN output in the signal regions 2j1b (left) and 3j1b (right) in the
ATLAS analysis [89].

The most recent inclusive tZq cross-sections measured by ATLAS [89] and CMS [87]
are compatible with the SM. The precision is still dominated by statistical uncertainties,
although with the CMS results, systematic and statistical uncertainties are almost of the
same level. The dominant sources of systematic uncertainties are mainly experimental,
and are not identical between ATLAS and CMS (while the analysis techniques are relatively
similar). For ATLAS, the dominant uncertainties arise from background modeling and
normalization, the jet energy scale, and the lepton selection; for CMS, the systematic uncer-
tainties are dominated by the QCD scale uncertainties in the signal modeling, non-prompt
lepton background estimation, and WZ process normalization. All these uncertainties have
similar orders of magnitude. Differences in the relative sizes of the systematic uncertain-
ties by ATLAS and CMS are probably explained by differences in the analysis strategy,
noticeably in the treatment of the background estimates.

Due to the large integrated luminosity provided by the LHC, it is now possible to
measure differential cross-sections for tZq production [87]. This analysis follows a different
approach to extract the signal. A multi-class NN is used to separate the {Zq process from
the t{Z, WZ, and other t 4 X processes. The signal region is then sub-divided based on the
bins of the observables of interest, at the detector level. The NN score of the {Zg node is
used to extract the signal in each bin. Similarly, the NN score of the tfZ node is used to
constrain the tfZ background. An unfolding procedure infers the particle- or parton-level
distributions. Examples of differential cross-section measurements for pr(Z) and pr(t)
at the parton level, and |7(j')| and cos 0,1, at the particle level are shown in Figure 21.
The cos 6; ,;. variable is the cosine of the polarization angle of the top quark, defined as:

®)

cosf* , =

Pl (g ’*)IIP(l )|

with 7(g*) and p(I}), the three momenta of the light jet and the lepton from the top
quark decay. A good agreement between data and predictions is observed. This very
promising publication presents the first differential measurements of a rare single-top
process, and can serve as the basis for future studies. In particular, it provides a clear
procedure to perform a differential measurement, featuring an interesting signal extraction
based on a multi-class discriminant.
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Eventually, the first measurement for the tWZ process led to evidence [90] (presented
as a conference note by CMS). This very rare process can be seen as a tZ production in the
tW channel, where it shares similar modeling issues since it interferes at NLO with the
ttZ process [91]. The analysis techniques are similar to those of the {Zg analysis, using a
multi-class NN, with a multi-lepton signature targeted. This result opens up a new era for
measuring top quark processes associated with multi-bosons.
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Figure 21. Normalized differential cross-sections measured at the parton level as a function of pr(Z)
(top left) and pr(t) (top right) at the parton level, and as a function of |(j’)| and cos 9;‘01_ at the
particle level [87]. The inner and outer vertical bars represent the systematic and total uncertainties, re-
spectively.

3.3. The tH Processes: Companions for the top Quark Yukawa Coupling
3.3.1. Introduction to the tH Processes

Among the processes involving a top quark and a boson in the final state, the tH
processes are produced with the lowest cross-section predicted in the SM, of approximately
71 fb and 16 fb at NLO for the t-channel (tHq process) and the tW-associated production
(tHW process) with /s =13 TeV [92]. The latest predictions for the tHg cross-section are
computed at NNLO in pQCD [93]. The tHq processes share many properties with the
tyq and the tZq processes, noticeably their modeling in the 4FS or 5FS schemes, and the
production of an associated quark in the forward direction. The Feynman diagrams for the
production of tHq are depicted in Figure 22. The tHW production is also considered in
the analyses.
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Figure 22. Examples of Feynman diagrams for tHg processes at the LO in pQCD [94].

The search for tH processes is traditionally performed in association with the search
for the Higgs boson measurement in the t#fH production mode, whose cross-section is
larger than the cross-section of the tHq process by a factor of 10, as shown in Figure 23. The
amplitude for tHq production features an interesting property, as it features interference
between diagrams where the Higgs boson is emitted from a top quark line and those
arising from W boson exchange. This property makes the measurement of the tHg process
appealing since it provides access to the sign of the Yukawa coupling of the top quark.
If the sign of the Yukawa coupling «; is negative, the interference becomes constructive,
for instance, by increasing the cross-section by a factor of approximately 12 if x; = —1 [95].
The tH final states, on equal footing with the tZ and the ¢ final states, are also used in the
FCNC searches [52].
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Figure 23. (Right) Cross-section for the Higgs boson production as a function of /s. (Left) branching
ratio for the Higgs boson decay [92].

3.3.2. Searches for the tH Processes

The early searches for the tH processes at 8 TeV [94] attempted to directly measure the
tH production, while the tfH process was treated as a background. It was, however, realized
that by varying the value of the top quark Yukawa coupling, the cross-section for both the
tH and tfH processes would be modified in a correlated way. Nowadays, the searches for
the tHq process are performed in a combined measurement with the tfH process, either
targeting the measurement of the top quark Yukawa coupling or simultaneously measuring
the cross-section for the tH and ttH processes.

Branching ratios for the Higgs boson decay are shown in Figure 23. The ATLAS and
CMS analyses target the main decay modes of the Higgs boson: H — y; H — WW,
H — ZZ,and H — 77 (grouped under the naming of the “multilepton final state” since
W, Z, T, and associated top quarks can decay leptonically), and to a lesser extent, H — bb
(suffering from a lack of available luminosity to achieve similar sensitivity as the other
channels). We present here the methodology and the latest results.

The analysis of the H — 77 decay channel with Run 2 data by ATLAS [96] and
CMS [97] follows a similar strategy to the measurements of the other production mech-
anisms of the Higgs boson. The small H — < branching fraction (close to 0.2% at
mpy = 125 GeV) is compensated by the excellent resolution of the electromagnetic calorime-
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ters (the effective mass resolution on the Higgs boson is close to 1.5 GeV, depending on the
analysis categories). The background processes involving jets reconstructed as photons
are reduced using photon isolation and information on the shape of the electromagnetic
energy deposit, with sequential criteria by ATLAS and a multivariate method at CMS.
Several event classes are constructed, specifically targeting a given production mechanism.
For each event class targeting the tH processes, the background is reduced by the means of
a BDT discriminant, which is subsequently fitted with a smoothly falling function. In the
latest versions of the analysis [96,97], several subcategories are built to specifically target the
ttH and tH processes in kinematic bins, and the fit is interpreted in the so-called “simplified
template cross-section” framework (STXS) [98]. The STXS framework is a convention used
to provide results in kinematic bins at particle levels within a defined acceptance for each
Higgs boson production mechanism. In the CMS analysis, a category at the reconstructed
level specifically targets tH in the leptonic channel, and a DNN discriminant is used to
improve the separation between tfH and tH. Using this category, together with many
reconstructed-level event classes in a simultaneous fit, the cross-section for the tH processes
at the STXS level is quoted to be 6.31’%:% times the SM expectation (in the so-called “maximal
merging scenario”, where fewer STXS categories are used at the particle level than in the
“minimal merging scenario”). In the ATLAS analysis, four reconstructed categories target-
ing tH processes are defined, where two categories specifically target the tHg processes
with either a positive or a negative top quark Yukawa coupling (defined using the output
of a NN), one category targets the tHHW process, and the remaining category gathers events
with low-scores of the BDT for tHq and tfH. At the STXS level, the cross-section for the tH
processes is 2.1f§:% times the SM expectation.

Using the multilepton channel, CMS [99] reported measurements of the cross-section
for ttH and tH production simultaneously with Run 2 data. This analysis uses multiple
final states. For leptonic top decay, the configurations are the same-sign 2¢ + 01, (where
¢ = e,y and 13, denotes hadronically decaying 1), 3¢ + 01y, 2¢ 4 113, (both same-sign and
opposite-sign), 1¢ + 21, 4¢ + 013,, 3¢ + 173, and 2¢ + 273,. For hadronic top decay, the
configurations are 1¢ + 17, and 0¢ 4 27;,. The sensitivity arises mainly from the same-sign
channel 2¢ 4 07y, 3¢ 4- 077,, and 1£ + 27,. In those main categories, the analysis employs a
multi-class DNN, separately providing discriminants for tfH and tH, while using simpler
BDTs in the other categories. In the same-sign channels, 2¢ + 01y, 2¢ + 173, categories are
further divided according to the lepton flavor and whether the b-jet number is larger or
smaller than 2. The jet-faking lepton background is estimated with a data-driven method by
relaxing lepton identification criteria in a region enriched in multijet events. Backgrounds
resulting from mismeasuring the lepton charge are determined using Z — ee events.
The dominant background arises from {fW and tfZ processes, estimated from simulation.
The background arising from the conversion of leptons in the detector is estimated from
the simulation. The signal is extracted using bins in the multivariate discriminants. Several
control regions with 3/ and 4/ final states are also used in the fit. Two parameters of interest
are measured: the signal strength y for tfH and for tH processes. The signal strength for
tH production is 5.7 & 2.7(stat) & 3.0(syst). Additionally, a 2-dimensional distribution of
the likelihood as a function of y;;y and pypy is measured, as shown in Figure 24.

A few results arising from combinations of final states are also reported. A dedicated
CMS analysis specifically targeting tH at 13 TeV using 36 fb~! of Run 2 data [100] employed
the H — 7 and multilepton final states, as well as the final state H — bb in the VH
production mode with the single-lepton decay of the associated boson. The multilepton
analysis uses simpler techniques than those previously described [97,99], and trained
multivariate methods with tH processes as the signal. The H — 7y analysis reinterprets
the content of the tfH categories of a previous analysis. The H — bb analysis brings
little sensitivity and will not be described here. The combined measurement results in an
observed limit on the cross-section for the tH production of 1.94 pb at 95% CL in the SM
hypothesis. The results for the hypotheses with negative top quark Yukawa coupling are
also reported. In commemoration of the 10th anniversary of the Higgs boson discovery,
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grand combinations were performed by both CMS [101] and ATLAS [102], including
many final states. Categories specifically targeting the tH processes are taken from the
H — 77 channel by ATLAS, and H — 77 and the multilepton channel at CMS. The CMS

combination reports a measured signal strength of ;g = 6.053:22.
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Figure 24. Likelihood contour as a function of the signal strengths for {fH and tH processes in the
multilepton analysis [99].

Studies estimating the sensitivity to the tH processes at the HL-LHC were expecting a
relative uncertainty of 90% on the tH signal strength in the SM hypothesis [103] (with the
ttH signal strength floating); however, these studies were based on early projections and
would need to be updated with the latest ATLAS and CMS results.

3.3.3. Probing the Sign of the Top Quark Yukawa Coupling

With the analyses from ATLAS and CMS for H — 7 final state [96,97], combined
with the CMS multilepton analysis [99] and the earlier CMS combination [100]—all of
which include categories that specifically target the tH processes—it is now feasible to
determine the sign of the top quark Yukawa coupling, thanks to the interference observed
between Feynman diagrams that showcase the Higgs boson coupling to both the top quark
and the W boson. The modifier x; of the top quark Yukawa coupling in the SM, y; sy, is
defined as «; = y;/y; sp1. Furthermore, since a similar interference is also present in the
H — 77 decay between the top quark loop and the W boson loop, further sensitivity is
gained in this channel. Sensitivity to the positive values remains dominated by the tf{H
process in direct measurements, and by the gg — H process (involving a top quark loop)
in indirect measurements because of the larger cross-section.

Figure 25 shows the likelihood fit value as a function of the x; parameter. The best-fit
value is positive and close to 1, while a second minimum of the likelihood is found at a
value close to -1. As shown on the left side of Figure 25, including the parameterization
of the gluon fusion mechanism as a function of x; in the likelihood provides more weight
to the positive value of x;. On the contrary, when only the tH and tfH processes are
included, more sensitivity is gained on the sign of x;. Values outside of 0.65 < x; < 1.25
in the first case and 0.87 < x; < 1.20 in the second case are excluded at 95% CL by the
H — 7 analysis by ATLAS. The CMS multilepton analysis results in —0.9 < x; < —0.7 or
0.7 < x < 1.1 at 95% CL.

Projections for the measurement of the top quark Yukawa coupling at the HL-LHC
are reported by CMS [101] without emphasis on a possible negative coupling. A precision
on the order of 3-4% on x; would be achievable, while a precision on the order of 10% is
achieved today [101,102].
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The tH processes, together with the tfH process, can also be used to set constraints
on a CP-odd top quark Yukawa coupling. Such measurements were performed by ATLAS
with the H — 4 [104] and H — bb [105] channels, and at CMS with the H — 7 [106]
and multilepton [107] channels. Since the tfH process has a larger cross-section than the tH
processes, most of the sensitivity will come from the former, and these measurements will
not be described here.
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Figure 25. Log-likelihood as a function of the x; parameter, in the ATLAS H — <<y analysis [96] (left),
and in the CMS multilepton analysis [99] (right).

4. Discovery Potential of Property Measurements and Interpretations

The large number of single-top events produced at the LHC and the high precision
obtained in single-top measurements allow for the measurements of top quark properties,
which can be seen as tests of the SM or a search for physics beyond the SM. Although
single-top quark production has a lower cross-section compared to tf production, the
production and subsequent decay of single-top quarks to Wb engage the Wtb vertex twice,
during both the top quark production and its decay. This interesting feature can be used to
measure several interconnected properties: the couplings of the Wtb vertex, including the
CKM matrix element |V};|, the W polarization, and the top quark polarization. Precision
measurements of the Wtb couplings can be expressed in terms of CP-even and CP-odd
effective couplings or within the EFT. Apart from the |V};,| measurement, which can be
inferred from the single-top cross-section, the general experimental strategy for measuring
all other properties consists of performing various angular analyses of the top quark
decay, and choosing suitable angular distributions to measure the parameters of interest.
Additional couplings can be probed within the EFT, including four-fermion couplings,
and couplings between the top quark and neutral bosons.

This review will not discuss the top quark mass measurement using the single-top
t-channel or the CPT symmetry tests comparing top and antitop quark masses in single-top
events (for a recent result, see [108]), since the precision is not yet at the required level for
competing with f measurements. This section will cover the other above-mentioned top
quark properties using the single-top quark as a probe, reaching a precision similar to or
better than that achieved in f measurements.

4.1. Measurement of the CKM Matrix Element |V |

Because the Vy;, CKM matrix element is close to unity in the SM, the measurement of
Vi is particularly intriguing, and its study is an excellent way to better understand the SM
and search for signs of new physics. The measurement of the V;;, CKM matrix element is
strongly related to the electroweak nature of the single-top production. The cross-section
for the single-top production can be used to test the unitarity of the CKM matrix. Assuming
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the values of |V}4| and |Vis| are much smaller than those of |V} |, the measured single-top
cross-section can be used to determine |V};| according to the following formula [40]:

Umeﬂs
| frv Viol =\ o @)

with ¢”¢% denoting the measured cross-section, o' denoting the SM theoretical cross-
section, assuming |V};| = 1, and f1y denoting an anomalous form factor (of the kind vecto-
rial left-handed, as in the SM), which can be different from 1 in new physics models. Such a
method was used to reinterpret several single-top cross-sections at 7 and 8 TeV. Their com-
binations, including ATLAS and CMS results for t-channel, tW production, and s-channel,
were performed in the context of the LHCtopWG, leading to the most precise |fry V|
measurement to date, as shown in Figure 26. One can see that the t-channel measurements
dominate the combination. The latest t-channel measurement at 13 TeV [38] improves over
this combination by approximately 30% in precision, with |V;,| = 1.014 & 0.031 reported.
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Figure 26. Summary of the ATLAS and CMS extractions of the CKM matrix element V};, from
single-top quark measurements [40], compared with theoretical predictions at NLO+NNLL accu-
racy [71,109,110].

It is possible to release the assumption that | V| and |Vj,| are negligible compared to
|Vip|- Such a method has also been pursued, consisting of measuring |V}, |Vy4] and |Vis|
in a model-independent way, using single-top t-channel-enriched events [111]. The main
principle of the analysis relies on considering several single-top t-channel signals, according
to the presence of a tWb vertex in single-top production (ST; 4), in top quark decay (ST; ),
or in both (ST ;). Several signal regions, based on the jet and b-tagged jet multiplicities,
can be defined and fitted simultaneously. Further discrimination between ST, ;, ST; 5, and
STy is obtained using kinematic and angular properties of the involved processes, using
the fact that (1) PDFs are different for each of them, and (2) the presence of an additional
b-jet from gluon-splitting can affect top quark reconstruction. Using the constraint of CKM
unitarity (| Vi |> + |Vis|?> + |Via|*> = 1), a precision similar to that of the combination [40] is
achieved [111] with an integrated luminosity of 35.9 fb~! of 13 TeV proton—proton collisions.
The method allows performing the measurements under the constraints of BSM scenarios.
The results are compatible with previous measurements and the SM predictions.
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4.2. W Boson Polarization Fractions

The V-A structure of the electroweak theory, together with the mass of the particles
involved, determine the fractions of longitudinal, left-handed, and right-handed W boson
polarization (sometimes called helicity fractions), denoted, respectively, as Fy, Fy, and Fg.
Predictions for these fractions computed at NNLO in pQCD are [112] Fy = 0.687 £ 0.005,
F;, = 0.311+0.005, and Fg = 0.0017 4= 0.0001. Experimentally, the fractions can be measured
within the W rest frame where the W boson arises from leptonic top decay, using the angle
0*, defined as the angle between the direction of the charged lepton and the reversed
direction of the b-quark. The differential decay rate is:

1_dr = 3 2% 3 *\2 3 *\2

F Toosgs = 21— Cos”0")Fo + £ (1~ cos0")?Fy + £ (1 + cos*)?Fr, 5)
with Fy + F. + Fr = 1. The differential decay rate as a function of cos0* is illustrated in
Figure 27.

cos(6*)

Figure 27. The differential decay rate as a function of cosf* in several scenarios for W boson
polarization [113].

The fractions are obtained from a fit of the cos6* distribution to the data. The W boson
polarization fractions have been measured at CDF and D0 [114] with a precision on Fj of the
order of 10-15%, using tf decay. At the LHC, the single-top production in the t-channel and
its large cross-section offer the possibility of measuring the polarization fractions in single-
top decay in addition to tf decay. The fractions were measured at 8 TeV with CMS [115], as
Fi = 0298 £ 0.028(stat) + 0.032(syst), Fp = 0.720 4 0.039(stat) 4+ 0.037(syst), and
Fr = —0.018 £ 0.019(stat) & 0.011(syst). The precision achieved with single-top measure-
ments justifies its inclusion in ATLAS and CMS combination of 8 TeV results [116], leading
to Fy = 0.693 +0.014, F;, = 0.315£0.011, and Fg = —0.008 4 0.007. The 7 TeV results were
obtained by analyzing ¢f and were not considered since they were expected to bring about
negligible improvement.

ATLAS also employed the “generalized helicity fractions and phases” formalism [117]
by the means of amplitude decomposition in several angular distributions in the top quark
rest frame. Among the parameters measured, the transverse polarization fraction using
single-top, and decaying at 7 and 8 TeV [118,119], yields Fr = F + Fr = 0.30 £0.05[119] as
the best result. ATLAS also measures the phase between amplitudes for longitudinally and
transverse W bosons recoiling against left-handed b-quarks [118,119], providing no sign
of CP violation. From this formalism, left- and right-handed fractions could in principle
be calculated.

4.3. Wtb Effective Couplings and Interpretation in the SM EFT

The Wtb effective couplings were also measured, either at CMS (as extracted from the
W boson polarization fractions [115] or measured directly [120]) or by ATLAS, by analyz-
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ing the single-top amplitudes [118,119] or measuring various angular asymmetries [121].
The Lagrangian describing the Wtb-effective couplings reads [122]:

_ o
Lww = —\%b’Y”(VLPL + VRPR)tW, — \%bl = ™ (g1Py + grRPR)IW, +he.  (6)
where Vp, Vi denote the vectorial left-handed and right-handed Wtb couplings, and gr,,
gr denote the tensorial left-handed and right-handed Wtb couplings (sometimes called,
respectively, f5, f&, fk, fR, depending on the convention [120]). In the SM at the LO in
pQCD, V; = Vi, while Vg = g1 = gr = 0. The couplings Vg, g1, gr are complex and can
be CP-odd if their imaginary part is non-zero. The V};, CKM matrix element is inferred
from the single-top cross-section measurement, as discussed in Section 4.1.

The analyses have moderate sensitivity to the right-handed vectorial coupling and
left-handed tensorial coupling. With a simultaneous fit of both parameters, ATLAS reports
|VR/VL| < 0.37 and |g./VL| < 0.29 at 95% CL [119], and CMS reports f¥ < 0.16 and
fE < 0.057 at 95% CL [120], including fL in the fit using inclusive cross-section information.
The best sensitivity on the Wtb couplings is obtained on the gr coefficient. ATLAS obtained
with a simultaneous fit —0.12 < Re(gr/ V1) < 0.17 and —0.07 < Im(gR/ V) < 0.06 at 95%
CL [119]. If using single-top cross-section information and assuming a null imaginary part,
CMS obtains |Re(fR)| < 0.046. These results can be compared with the combination of an
8 TeV W boson polarization fraction (including ¢f channels) [116]: —0.11 < Re(Vg) < 0.15,
—0.08 < Re(gr) < 0.05, and —0.04 < Re(gr) < 0.02. Since the imaginary part of gg
cannot be accessed easily from the tf process and would need a dedicated analysis [122],
the single-top measurements, such as [118,119], are irreplaceable.

The results obtained in the effective coupling formalism can be translated into the
modern framework of the SM EFT [123], adding all operators to the SM Lagrangian and
respecting gauge invariance. The Wtb couplings considered in Equation (6) (V1, V&, g1, §r)
are, respectively, related to the following four dimension-6 operators:

(3)

o) = Mi(pD, ) (g77'q), (7)
oq,ﬁ,_ﬂ’ tDalg) (i lh), ®)
Ow = /t\vz\](qaﬂvrlt)ﬁb uvs (9)
obw— 5 (qoTb) Wy, (10)

using notations from [124]. Results from the combination of the W boson polarization at 8 TeV
are [116]: —3.48 < Re(cypp) < 5.16, —0.48 < Re(cyy) < 0.29, and —0.96 < Re(cpp) < 0.67.
A translation from the best measurement of Im(gr) [119] to the EFT formalism using [123]
gives —0.82 < Im(cppy) < 0.70.

4.4. Top Quark Polarization

Recently, via an analysis of the top quark polarization, ATLAS directly measured the
coefficient Im(cyy ) for the first time [125], using the full Run 2 dataset at 13 TeV. Because of
parity conservation in QCD, top quarks in tf production are unpolarized, while top quarks
are mostly polarized in single-top production. The polarization vector P is defined with
components P; = 2 < §; >, where S; is the top quark spin along the i direction [126], in the
top quark rest frame, where the z’ direction is defined as the W boson direction, the x’
direction is defined as the spectator quark direction projected on the transverse plane, and
the i/ axis completes the direct basis. On this basis, the values of the polarization vectors
are close to (—0024,0,0.965) for the top quark and (—0.073,0, —0.957) for top antiquark
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produced in the t-channel at NNLO in pQCD [125]. The top quark polarization can be
extracted from angular distributions of top decay products defined in the top quark rest
frame, given by the following general formula:

%dccoi%x = %(1 + axPxcosbx), (11)
where 6y is the angle between the top quark spin axis and the direction of motion of the
chosen decay X, ax is the spin analyzing power associated with the X, and P is the top
quark degree of polarization along the direction of X. The measurement of top quark
polarization in [125] is performed using the angular distributions related to the charged
lepton (shown to have the largest spin analyzing power, close to 1) arising from the top
decay and projected in the previously defined directions. If the top quark polarization had
previously been measured at the LHC along the z direction (for instance in [121]), the mea-
surement [125] is the most precise and includes x” and y’ directions. For top and antitop
quarks, it leads, respectively, to P, = 0.01 £ 0.18, Pﬁ = —0.029 £ 0.027, P, = 0.91 £ 0.10,
and P; = —0.02 +0.20, P, = —0.007 £ 0.051, P, = —0.79 + 0.16. The polarizations along
directions x” and z’ are also reported in Figure 28. Using the same angular distributions,
ATLAS reports —0.9 < Re(c) < 1.4 and —0.8 < Im(cpy) < 0.2 at 95% CL.

P'1.5!!!![!!!![!!!![!!!!!!!!!!!!

X
r ATLAS
Vs=13 TeV, 139 fb’'

0.5
B top quark
Uy . -,
r top antiquark
0.5
| +best Fit

68% CL stat. only
68% CL stat.+syst.
BINNLO SM Prediction

cov v b v b Ly

- o b b e b b by
13.5 - -0.5 0 0.5 1 1.5

Figure 28. Top quark polarization in the single-top t-channel production along x” and z’ directions
for the top and antitop quarks [125].

4.5. Discussion on other Couplings with Single-Top Quark Measurements in the SM EFT

If anomalous coupling measurements in single-top quark processes are primarily
interesting for Wtb couplings, other couplings are also actively measured, e.g., the coupling
between heavy quarks and light quarks, the coupling between heavy quarks and neutral
bosons, and the coupling between heavy quarks and leptons. The discussion in this section
excludes the FCNC (for a review, see [52]).

In general, single-top production with a boson can help constrain the coupling between
top quarks and neutral bosons. The top-Z (resp. top-Higgs) coupling impacts the single-
top quark produced in association with a Z boson (resp., a Higgs boson). The top-gluon
coupling impacts the W channel (since tW channel LO diagrams feature one gluon in the
initial state) and any production channel considered at NLO, where gluons can be emitted
from top quarks. The process of single-top production accompanied by a photon has just
been observed and could be used in the near future for measuring the top-y coupling [82]. It
has also been emphasized that the tZg and tHgq processes can be greatly impacted by some
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of these couplings [127]. However, the cross-sections for processes of single-top production
in association with bosons (¢ + V) are lower than those of top pairs produced in association
with bosons (tf 4 V); therefore, analyses of t + V final states are generally swamped by
tt + V backgrounds. As a consequence, measuring the tZ, tH, and tg couplings requires,
for consistency, the modeling of the anomalous couplings in t + V and tf 4+ V simulation
samples, which will help in constraining the couplings. It is difficult to disentangle what is
the exact contribution of single-top production to the sensitivity in these couplings. We will,
therefore, limit ourselves to providing some examples, where the contributions of single-top
processes are explicitly included. Generic searches for measuring top quark couplings in
the multi-lepton lepton final state define many event classes, targeting a great number of
EFT operators that impact tZg and tHg processes [128], e.g., nine operators involving two
quarks and one or more bosons (with some impacting the Wtb vertex considered at the
production level only), as well as seven operators involving two heavy quarks and two
leptons. An updated analysis [129] involving more operators needs to be published. The
top gluon coupling was considered in [128] by including its impact on gluon radiation at
LO. Measurements of EFT operators in t{Z + tZq final states [130] include five operators
involving two quarks and one or more bosons (including Wtb vertex) and uses machine
learning to maximize sensitivity. The Yukawa coupling is measured in {fH analyses by
including its impact on tHg, as discussed in Section 3.3.

A recent measurement of the f-channel process using full Run 2 data by ATLAS [38]
(to be published) sets constraints on the coupling between light and heavy quarks (the
CtngS ) coefficient within the SMEFT framework), in a competitive manner with global fits
reinterpreting LHC data.

The EFT is a consistent framework-preserving gauge invariance in a model-independent
way [131] (as long as new physics appears at a high energy scale); therefore, there is a
tendency to employ the EFT framework more widely, replacing previous anomalous coupling
frameworks. The LHCtopWG, together with the LHC EFT WG, are working on prescriptions
toward the combination of direct top quark EFT measurements.

5. Conclusions

After more than 10 years of data-taking with the LHC, the understanding of the
physics involving single-top quark processes has undergone a spectacular change. Prior
to the LHC, a single-top production was discovered, singling out the ¢- and s-channels.
Nowadays, 14 years on, the differential cross-sections for the t-channel and tW production
modes are measured in great detail. The t-channel is routinely used for top quark property
measurements. This ranges from the structure of the Wtb vertex to the W boson and top
quark polarization, not to mention the top quark mass measurement. The tW production is
employed to probe delicate interference effects with the tf process. The s-channel process
remains to be observed at the LHC, but initial evidence suggests that such an observation
is on the horizon. The cross-sections measured for single-top quark production in the
t-channel, tW channel, and s-channel by ATLAS and CMS are compared with theoretical
predictions in Figure 29.

Run 2 of the LHC offered a new opportunity for observing and exploring the associated
production of top quarks and neutral bosons. After its observation, the production of a
single-top quark with an associated Z boson was measured differentially for the first
time. It is now employed as a probe of various couplings within the SM EFT framework.
The associated production with a photon has also been observed with the full Run 2 dataset.
The tH processes are used to probe the sign of the top quark Yukawa coupling; however,
they have not been observed as yet. The cross-sections measured by ATLAS and CMS for
single-top quark production associated with a 7y or Z boson are compared with theoretical
predictions in Figure 30.
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Figure 29. Summary of single-top quark cross-section measurements by ATLAS and CMS in the
t-channel, tW production, and s-channel, as functions of the center of mass energy, compared with
theoretical predictions at NNLO [11], approximate NNLO+N?LL [12], and NLO [14,132] accuracy,
provided by the LHCtopWG [133].
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Figure 30. Summary of single-top quark cross-section measurements by ATLAS and CMS in the
associated production with a Z boson or a photon compared with theoretical predictions at NLO [78]
accuracy; provided by the LHCtopWG [133].

The Run 3 of the LHC is ongoing, with a center-of-mass energy of 13.6 TeV, result-
ing in a predicted increase of about 11% in the inclusive cross-section relative to 13 TeV
for the three main production modes [11,12,77,134] (and a similar increase for the tf
process [135,136]). One can expect measurements for all of the processes discussed in
this review to be performed at this unprecedented energy, verifying if the data still agree
with the SM predictions. The luminosity is expected to accumulate during Run 3 in a
way that is at least comparable to Run 2, producing a new dataset that is larger by a
factor of 1.4 (around 140 fb~!, collected separately by ATLAS and CMS during Run 2, and
200 fb~! during Run 3). Statistically dominated measurements will profit from this step
in center-of-mass energy and expected luminosity, such as the measurement of the tyq
process, where a first differential cross-section can be targeted. Hopefully, some of the
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limitations of the previous measurements will be lifted to improve the precision, provided
that additional work on the systematic uncertainties is carried out. For instance, more work
is needed on the topic of the parton shower modeling since it is now the largest source
of uncertainties in the {-channel measurements and an important source in the measure-
ment of the tW production. Global efforts will also be needed to reduce the systematic
uncertainties in the tZg measurement, which is dominated by several sources of large
experimental uncertainties. Most of the measurements of the top quark properties in the
single-top quark area employ either the t-channel or the tZ production and are impacted by
the above uncertainty sources. For the top quark coupling measurements (Wtb vertex and
top-boson couplings), it is expected that the movement toward the generalized usage of
the EFT will be pursued, allowing the search for new physics in precision measurements in
a unified way and allowing for the combination of complementary measurements. Finally,
there is hope that the s-channel process could be observed at LHC Run 3 by reducing the
uncertainties and refining the analysis techniques. On the other hand, the search for the
tH processes will continue, although their observation will have to be postponed to the
HL-LHC, where it will remain a challenge [103].

Beyond these extensions of the already engaged single-top quark program, new possi-
bilities can be explored at the HL-LHC. Using boosted top quarks with a jet substructure is
one of them (already used for tf measurements [137] or in Ref. [90]), since more events will
be available in the tails of the distributions to search for new physics [138]. The process
of producing three top quarks is occasionally categorized within single-top quark physics.
It stands as a minor background in the four top quark process measurements [139,140],
and deserves a direct search [141]. The measurement of the tWZ production at Run 2 was
the first of its kind, featuring a single-top quark accompanied by two bosons; its observation
could be within reach, likely at the HL-LHC, where it could be used to probe the top-boson
couplings [142]. And even rarer processes can be reached, i.e., single-top quark production
with a combination of two W,Z bosons or photons could be measured beyond tWZ; some
studies suggest that the production of single-top quarks through vector boson fusion is
another rare process to explore, offering high sensitivity to new top quark couplings [143].
In general, the program of measuring the top quark couplings within the EFT is still in its
infancy. One can foresee that the couplings in which the single-top quark area is relevant
will be measured systematically at the HL-LHC [144]. For instance, searching for a possible
CP violation in the top-Higgs boson coupling will be conducted, where separating tH from
ttH will be crucial [145], or measuring the top quark couplings to the gauge bosons, such as
the top-y coupling [82]. Combining measurements from other top quark production modes,
along with insights from B physics, electroweak, and Higgs boson measurements, will
certainly be essential, and could lead to the observation of statistical deviations indicative
of physics beyond the SM.
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