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Preface

The hunt for top quarks began back in the 1970s after the proposal of the six-quark model

by Kobayashi and Maskawa, and it was discovered in 1995 at the Fermilab Tevatron. It was

experimentally established by five different experiments in different production modes and a variety

of collision energies. At the CERN Large Hadron Collider (LHC), top quark–antiquark pairs

are routinely produced at a rate of about six per minute, enabling experiments to make detailed

measurements of the properties of top quarks. The analysis of the data collected at the Tevatron and

the LHC experiments has revealed, so far, good agreement with the standard model (SM) predictions.

The attained percentage-level precision in several measurements has been possible thanks to the

excellent performance of the Tevatron and LHC accelerators and experiments. Accurate and precise

theory calculations and Monte Carlo simulations also play a crucial role in the results obtained so far.

In some cases, these accurate measurements are pushing the boundaries of physics and technology.

The top quark is the most massive elementary particle identified to date: not only does it have a

privileged Yukawa coupling to the Higgs boson, but also its mass is significantly higher than that

of the Higgs boson. Owing to its large mass, the top quark decays before hadronization, making

the study of “bare” quark properties possible in experimental settings. Therefore, top quark physics

simultaneously pushes the frontiers of quantum chromodynamics, electroweak, and flavor physics.

Of relevance is the fact that, taken together, the top quark and the Higgs boson modify the tree -level

SM processes through radiative corrections. Such corrections are potentially sensitive to new physics

contributions from energy scales larger than that which the current accelerators can achieve. The aim

of this reprint is to provide a comprehensive review of the status and prospects of top quark physics

at the LHC and possible future colliders. We have included articles that especially emphasize where

the present understanding is incomplete and suggest new directions for research in this area.

Prof. Michael Tytgat has suggested E.Y. to serve as the editor of the journal issue on the top

quark. We express our gratitude to him for his suggestion, as it ultimately led to the creation of the

present reprint. The editors are indebted to the authors and MDPI for their support and enthusiasm

for the project, as well as for their cooperation. Our special thanks go to Cici Xia for her assistance

in preparing the reprint for publication. We would also like to gratefully acknowledge the CERN

Scientific Information Service for their support in making this issue open access. E.Y. is grateful to

the Academic Summit Program of the National Science and Technology Council of Taiwan (NSTC),

Taiwan, as well as the National Taiwan University (NTU) President’s Fund for their generous support.

Efe Yazgan and Pedro Ferreira da Silva

Editors
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Whaat? You work on the top quark?
Stiill?

Jack Steinberger to E.Y.
in Moriond QCD, La Thuile, March 2013

This Special Issue of Universe is devoted to the most massive fundamental elementary
particle known, the top quark. The aim is to provide a comprehensive review of the
current status and prospects of top quark physics at the Large Hadron Collider (LHC) and
future colliders. We included articles that emphasize where the present understanding
is incomplete and suggest new directions for research in this area. We trust that it will
benefit both those seeking to learn and those seeking to review recent developments in top
quark physics.

The search for top quarks began half a century ago, with the prediction of the existence
of the top quark through the six-quark model by Kobayashi and Maskawa [1]. In 1977, the
Υ meson was discovered by the E288 experiment at Fermilab, providing the first evidence
for the existence of three families of elementary particles [2,3]. The existence of the b quark
(the fifth quark) was inferred from interpreting the Υ meson as a bound state of a new
heavy quark (b) and its anti-quark (b) (see ref. [3] and references therein). When interpreted
in a quarkonium model, the measurements of the Υ decay width to e+e− favored a b-quark
charge of -1/3 instead of 2/3 [4,5]. With this discovery, the down-type family of quarks
(d, s, and b) was established, but only two up-type quarks were observed, the u and the c
quark. The measurements of Z → bb̄, including the forward–backward asymmetry of b
quarks and the bb̄ cross section at e+e− colliders, demonstrated the weak isopsin properties
of the b quark [6]. With such properties, the b quark surely had to be accompanied by
an upper isospin partner if the multiplet structure was present for the third quark family.
Moreover, the anomaly cancellation of the electroweak (EWK) gauge theory requires that
the sum of the electric charges in a family is zero. This implies that another quark with a
charge of +2/3 should exist. An extra indication suggesting the existence of the top quark
was the observation of fast oscillations of B–B [7,8].

Before the discovery of the top quark, using radiative corrections indirectly affect-
ing the top quark and the measurements of EWK observables at a collision energy of√

s = 100 GeV, LEP1 predicted the top quark mass (mt) to be 173+13
−10 GeV [9]. Eventu-

ally, the top quark was discovered in 1995 at the Fermilab Tevatron with O(10) signal
events, independently by the CDF [10] and D0 [11] experiments, using events from proton–
antiproton (pp) collisions at a center of mass energy of

√
s = 1.8 TeV. Both experiments

found a signal consistent with tt → W+bW−b events and inconsistent with the background
prediction, and both were also able to reconstruct mass distributions with a clear peak.
The measured mass values in each experiment with central values of 176 GeV (with 7%

Universe 2024, 10, 124. https://doi.org/10.3390/universe10030124 https://www.mdpi.com/journal/universe
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relative uncertainty) and 199 GeV (with 14% relative uncertainty) were consistent with
LEP1 predictions within uncertainties. This provided a critical test of the Standard Model
(SM). Since then, many measurements of the top quark have been made both at the Tevatron
and the LHC. Ten years before the discovery of the top quark, Lev B. Okun outlined the
conditions for reliable experimental results [12]:

The physics of elementary particles is done by people. It is characteristic of man to
err. . . Why then do physicists regard a multitude of phenomena as experimentally es-
tablished, despite such mistakes?. . . How can it be guaranteed that these experiments
are correct if so many incorrect results occurred in the past? The only guarantee is to
accept a result as reliable only if it is obtained independently by several different groups
employing different experimental methods. This condition is absolutely necessary but
may not be sufficient, and does not provide a 100 percent guarantee. The 100 percent
guarantee appears when the phenomenon recedes from the frontline of the science, when
it is reproduced routinely, with the statistics of events exceeding by thousands or millions
that with which the discovery was made, and when the quantities characterizing the
phenomenon become known to an accuracy of several decimal places. Another way is not
so much quantitative as it is qualitative: the search and discovery of a number of related
phenomena that often follow the original discovery.

It is fair to state that in present day, nearly 29 years after its discovery, the top quark
satisfies the “absolute condition” of a reliable result, because it has been experimentally
established by five different experiments in different production modes using different
methods and a variety of collision energies. Moreover, it is observed both in pp and pp
collisions. Although it would be unfair to say that the top quark has receded from the
frontline of science, its existence satisfies the “100 percent guarantee” proposed by Okun.
Now, at the CERN LHC, top quark–antiquark pairs are routinely produced at a rate of about
six per minute, enabling experiments to make detailed measurements of the properties of
top quarks. Percent-level precision in several measurements has been possible thanks to
the excellent performance of the Tevatron and LHC accelerators and experiments1. For the
top quark, the “qualitative condition” that was listed by Okun is also met. The top quark
and the Higgs boson modify the tree-level SM processes through radiative corrections.
Therefore, as was the case before the top quark discovery, the Higgs boson mass was
predicted via an EWK fit. It was determined to be 94+25

−22 GeV, which turned out to be
consistent with the measured value of the Higgs boson mass within 1.3σ [13]. This test
provides a high-precision consistency check of the SM.

Significant progress has been made during the past years in improving experimental
measurements and computation techniques to achieve more accurate and precise quantum
chromodynamics (QCD) calculations, EWK theory calculations, and Monte Carlo simula-
tions. The reader will comprehend that a detailed review of all these developments would
require extending this Special Issue to several journal issues. Therefore, our choice, as
editors, was to emphasize recent LHC results and discuss future prospects in the field, and
where relevant discuss the relation to cosmology (e.g., EWK baryogenesis, stability of the
vacuum, dark matter, and axion-like particles) in the respective contributions.

The top quark is an extraordinary elementary particle. It is the most massive ele-
mentary particle identified to date; not only does it have a privileged Yukawa coupling
to the Higgs boson, it also has a mass that is significantly higher than that of the Higgs
boson. At hadron colliders, top quarks are predominantly produced via QCD interactions.
They are also produced “alone” through EWK interactions and are observed in single top
quark channels. Owing to its large mass, the top quark decays before it can form a bound
state, e.g., it can not form a tt meson (toponium). However, it may still be possible to
observe some toponium effects in the phase space where the invariant mass of the tt pair
is 2mt ≈ 345 GeV (e.g., ref. [14]). The top quark decays before hadronization, making
the study of “bare” quark properties possible in experimental settings. Moreover, the
spin-decorrelation timescale for tt pairs is larger than that of the hadronization time scale.
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This leaves the top and anti-top quark spins correlated and allows them to stay entangled.
This may allow for tests of the foundations of quantum theory at high energy scales.

Top quark physics simultaneously pushes the frontier of QCD, EWK, and flavor
physics. Through top quark measurements in tt and single-top quark processes, the
existence of many (new) physics phenomena is verified through top quark measurements.
Some of these phenomena are discussed in this issue: tests of charge-parity symmetry,
lepton-flavor conservation, Lorentz-invariance violation and through that a precise test of
special relativity, top quark Yukawa couplings via four-top quark production or via same-
sign top quark plus a c jet, triple top quark, or single-top quark plus b jets to probe low-mass
extra scalar particles, dark matter, axion-like particles, additional new particles such as
color-octed vector G, neutral Z′ boson, or a charged W ′ boson through tt asymmetries,
and flavor-changing neutral currents of the top quark that connect the top quark with new
scalar bosons. However, the analysis of the data collected by the first three LHC runs has
revealed good agreement with the SM predictions. Currently, we do not have even a single
direct or indirect indication of the existence of a new particle or interaction. Therefore, we
are not in the same situation that we were in prior to the discoveries of the top quark and
the Higgs boson.

Now, without any direct or indirect indication of new physics from the LHC, the scale
of new physics is assumed to be above the TeV scale. Therefore, our focus has shifted to
quantifying the effects of heavier hypothetical particles on our measurements at the LHC
using the effective field theory (EFT) approach to identify dimension 6 operators that may
affect our measurements, ensuring that kinematic distributions and cross sections align with
observed data. Along with the measurements of the top quark within the SM and direct
model-dependent searches for new physics, results or calculations using the EFT approach
are discussed in all contributions of this Special Issue, except one contribution that does not
adopt this approach; instead, this contribution promotes the general two-Higgs-doublet
model (g2HDM), which offers two sets of dimension 4 operators to be investigated at the
LHC and flavor experiments, specifically, new Yukawa and Higgs quartic couplings [15].
We embrace both approaches, however, we would have also welcomed a completely
new revolutionary approach with no event generator, EFT, model-dependent search, or
a Lagrangian. In any approach, precision measurements and open discussion are greatly
needed, as emphasized by Robert B. Laughlin [16]:

A measurement that cannot be done accurately can never be divorced from politics and
must therefore generate mythologies. The more such shades of meaning there are, the
less scientific the discussion becomes. Accurate measurement in this sense is scientific
law, and a milieu in which accurate measurement is impossible is lawless. The need for
precision, in turn, redoubles the need for that other great Greek tradition, open discussion
for ideas and ruthless separation of meaningful things from meaningless ones. Precision
alone does not guarantee good law. . .

We can better understand what is meant by this quotation with the difficulties en-
countered in the interpretation of the precise measurements of the top quark mass (see,
e.g., ref. [17]). Using the measured values of the top quark and Higgs boson masses, one
can say something about the stability of the EWK vacuum [18–20]. Current values of the
top quark and Higgs boson masses indicate that the EWK vacuum may be meta-stable and
that the SM is consistent and could be valid up to the Planck scale [21]. However, to be able
to understand the stability of the EWK vacuum, we need a few times better precision in
top quark pole mass measurements. This requires an electron–positron collider or a much
better understanding of the meaning of the Monte Carlo mass, especially its relation to the
so-called pole mass [17], or most probably the combination of both.

In this Special Issue, you will find contributions covering all these topics, although
often briefly, and in most cases without going into deep detail in the theoretical aspects.
Where appropriate, the contributions include the prospects for top quark measurements
and related new physics searches in experiments at future colliders, such as HL-LHC,
HE-LHC, FCC, ILC, CLIC, and CEPC.
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Abstract: Recent measurements of the properties of the top quark at the CERN Large Hadron Collider
are discussed. The results were measured for single and top quark pair production in their final states,
including jets with either one or two leptons or only in hadronic final states. Top quark properties
include angular correlations, top quark spin correlations, mass, and width. When looking towards
the future, top quark properties open new and even interdisciplinary avenues for probing quantum
information science.
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1. Introduction

The top quark, denoted as t, holds a distinctive position in the Standard Model (SM)
and its various extensions. As the heaviest elementary particle known, with a mass of
around 173 GeV, it was first discovered in 1995 at the Tevatron pp̄ collider through the
efforts of the CDF and D0 collaborations [1,2].

The discovery of the Higgs boson in 2012 [3,4] made it even more important to measure
the mass of the top quark accurately. The precise measurement of the top quark mass, when
coupled with determinations of the masses of the W and Higgs bosons, now serves as a
robust self-consistency check for the SM [5–9]. The top quark is particularly exceptional
due to its large Yukawa coupling and its unique role in interactions with the Higgs boson.
Studying these interactions is indispensable for understanding the extension of the SM
and the model’s behavior at higher energy scales or even the Planck scale. In particular,
the relation between the masses of the top quark and the Higgs boson [10–13] is essential
with regard to the stability of the electroweak vacuum.

The top quark has an exceptionally short lifetime, approximately τ ≈ 5 × 10−25 s [14],
effectively precluding the formation of top quark hadrons under normal conditions. How-
ever, there exists a possibility for the creation of transient bound states, known as “to-
ponium” [15]. The depolarization time frame for top quarks surpasses τ ≈ 10−23 s [14],
allowing for the direct observation of their intrinsic properties. This unique aspect facilitates
the examination of various characteristics, such as the spin, spin correlations, and polariza-
tion of top quarks. By reconstructing their quantum spin state, researchers can delve into
an intriguing aspect of quantum mechanics: entanglement.

This phenomenon is characterized by the quantum states of interacting particles
remaining inseparable (entangled) irrespective of the distance or spacial separation between
the particles. The measurement of entanglement in top quark events provides a new handle
for exploring the fundamentals of quantum mechanics at higher energy scales and is
connected to the realm of quantum information science in collider experiments [16,17].

The Large Hadron Collider (LHC) at CERN is a proton-proton (pp) collider operating
at various energies, and it is renowned as a “top quark factory” due to the abundant
production of top quarks. The predominant production mechanisms involve the creation
of top quark–antiquark pairs (tt̄) through the strong interaction (gg / qq̄ → tt̄), serving as
a fundamental test of quantum chromodynamics (QCD). Additionally, single top quarks
are produced via the electroweak force, offering a means to test electroweak theory and
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directly probe the Cabibbo–Kobayashi–Maskawa (CKM) matrix element Vtb. By utilizing
all available production modes, measurements of top quark properties can be utilized to
enhance our understanding of fundamental particles.

In the SM, the branching fraction for a top quark decaying into Wb is Γ(Wb)/Γ(Wq) =
0.957 ± 0.034, with q = b, s, d [18]. The subsequent decay of the W boson into either �ν or
qq̄′, where � represents an electron or a muon, is utilized to categorize tt̄ events into decay
channels. Namely, either both W bosons decay leptonically (dilepton final state), or only
one W decays leptonically while the other W decays hadronically (lepton + jets or � + jets
final state), or none decay leptonically and both W decay hadronically (all-hadronic final
state). Leptons in this categorization can also originate from semi-leptonic τ decays, while
hadronic τ decays lead to additional jet activity in the event. The highest hadronic activity
occurs in the all-hadronic final state consisting entirely of jets with jet multiplicities of
up to 15 jets. The identification of jets originating from a b quarks can be achieved by
utilizing the decay length of b quarks, which is in the order of cτ 10 s mm [18] and is
commonly known as “b-tagging” [19,20]. It can be further improved through multivariate
discriminant techniques employing a variety of variables [21]. These techniques involve a
combination of variables describing the properties of secondary vertices and tracks with
significant impact parameters relative to the primary vertex.

The specific final state particles of a tt̄ pair can vary, and this is not only due to the
decay channel and the number of quarks and gluons involved. For example, it can vary due
to single or multiple leptons and one or more jets, some of which (or all) may be b-tagged,
as well as combinations of the leptons and jets folded with missing transverse momentum
due to the presence of neutrinos. Different decay channels, along with the number of top
quarks produced, lead to a variety of final states, which provides valuable information for
experimental analyses and allows for a comprehensive study of top quark properties.

This overview delves into a selection of measurements, providing an overview of the
current landscape of experimental measurements of top quark properties and opens with a
brief introduction in Section 2 on how to extract top quark properties. The measurements
described in Section 3 encompass various aspects, such as angular correlations linked to
asymmetries in top quark production and the correlation of the top quark’s spin, which are
detailed in Section 3.1. It is followed by a brief summary of Lorentz invariance violation
in tt̄ production. In Section 3.3, the overview delineates the present status of precision
measurements of the top quark’s mass, incorporating combined results from both ATLAS
and CMS where applicable. Additionally, Section 3.4 discusses novel measurements to test
the Yukawa coupling strength in top quark events, followed by results on the width of top
quarks in Section 3.5. The review closes with Section 3.6, which explores the current state
of measurements of top quark properties in associated production.

2. Accessing Top Quark Properties

In this context, what is commonly referred to as top quark properties encompasses
measurements of various differential top quark cross-sections that allow (in a secondary
step) for the extraction of the specific characteristics or properties (mass, spin, couplings,
etc.) of the top quark. Figure 1 shows differential cross-section measurements at the
LHC [22] in the � + jets decay channels (see Figure 1), which provide excellent statistical
power and are examples of distributions that will be used later on to extract top quark
properties. A recent summary of measurement techniques and the results of differential
cross-sections can be found in Ref. [23].

Examples include observations related to the polarization of top quarks and tt̄ pro-
duction level asymmetries at the LHC, but this is not the only way to measure top quark
properties. Precise examination of these cross-sections is essential for thoroughly testing
perturbative QCD (pQCD) predictions and identifying the potential signals of new physics
within their theoretical frameworks. The meticulous measurement of top quark production
cross-sections ensures a precise depiction of these processes, pinpointing areas for model
refinement when necessary. This precision testing is vital for advancing our comprehen-

7



Universe 2024, 10, 106

sion of top quark behavior, pushing the boundaries of the current theoretical framework,
and facilitating more robust extraction of top quark properties. By scrutinizing the behav-
ior of top quark pairs, these measurements contribute significantly to the validation and
enhancement of our understanding of the fundamental physics involved, particularly in
the domain of strong interactions.

Figure 1. Differential cross-sections in the � + jets channel as a function of the hadronic top quark
pT (left) and of m(tt̄) (right) [24,25].

The importance of single top quark production measurements cannot be overstated.
At the LHC, the predicted cross-sections for single top quark production in the t- and
tW-channels are not significantly smaller compared to the tt̄ pair production cross-section.
The number of single top quark events collected at the LHC is sufficient to make similarly
precise and detailed studies of top quark properties. These measurements play a crucial
role as essential tests for the electroweak theory, offering a unique avenue to probe the
fundamental forces and interactions involved in these processes.

Production of Top Quarks

Accessing top quark properties in both single top and top quark pair production
processes provides a comprehensive understanding of the fundamental characteristics of
the heaviest elementary particle. In the context of single top quark production, the mea-
sured cross-sections in different channels, such as the t-(q’g → tqb̄) and tW-channels (gb →
tW), offer unique opportunities for detailed studies. Despite the cross-sections not being
significantly smaller than those for tt̄ production at the LHC, single top events contain
only one top quark, and the measurements serve as crucial tests for the electroweak theory.
Measurements made with single top quark data have allowed for significant achievements,
such as the analysis of the top quark-related components of the CKM matrix [26], the study
of the polarization of individual top quarks, and leveraging single top quark events to
constrain the structure of the proton, particularly by examining the ratio of the up-to-down
quark content. These results are obtained via the measurements of the ratio between t and
t̄ quarks.

Conversely, the production of pairs of top quarks, involving the creation of a top
quark and its antiparticle, represents another crucial avenue for investigating top quark
properties. The generation of tt̄ pairs occurs through QCD processes involving strongly
interacting colored gluons and quarks. Present-day theoretical predictions extend to the
next-to-next-to leading order (NNLO), incorporating next-to-next-to leading log (NNLL)
corrections in QCD, along with electroweak corrections at the next-to-leading order (NLO).

These predictions typically have relative uncertainties of 3.5% [27], including un-
certainties related to renormalization and factorization scales, the proton parton density
distribution functions (PDFs), and the determination of the strong coupling constant (αS).
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Measurements in this context, often involving complex final states with multiple jets and
leptons, contribute to a thorough examination of top quark characteristics, including their
mass, spin, and decay properties. Measurements of single and top quark pair produc-
tion cross-sections at the inclusive and multi-differential levels are described elsewhere in
this issue.

3. Top Quark Properties in tt̄ Production

The LHC produces an abundance of tt̄ pairs, which allows for the scrutinization
of their properties and behaviors with unprecedented precision. This unique capability
transforms the LHC into an invaluable laboratory for unraveling the mysteries of the top
quark and testing the predictions of the Standard Model. In particular, the vast amount of
data allows for access to top quark properties, even at high masses for the tt̄ pair (m(tt̄)) or
large transverse momentum (pT) scales, i.e., in the “boosted” phase space.

Measurements of tt̄ production in the boosted regime offer a route to extracting top
quark properties at high scales. This approach involves comparing measurements with
predictions, leveraging the characteristics of boosted top quarks, which exhibit reduced
contributions from bound state effects and Coulomb corrections, as well as lepton and trig-
ger efficiency uncertainties that are much larger in the threshold region of m(tt̄) ≈ 350 GeV.
However, studying boosted top quarks presents experimental challenges, requiring dedi-
cated top quark taggers to maintain reconstruction efficiency.

In the analysis of boosted top quark events, the reconstruction of top quarks presents
a particular challenge, especially when the lepton (either muon or electron) is non-isolated
due to its close proximity to a b-jet. Hadronic decays of τ lepton decays can be exploited to
study top quarks decaying into boosted τ leptons that are identified by using deep machine
learning techniques [28].

Improved algorithms have been developed, resulting in better jet and lepton separation
with higher efficiency for reconstructing the decay products of top quarks within the
� + jets channel, even when lepton isolation is not feasible. In such scenarios, the decay
products of the hadronic W boson typically merge first, creating a “semi-resolved” topology.
Advancing the measurements into the highly boosted phase space necessitates initial
dedicated studies in this area to establish and refine the reconstruction methods [24,29].
Variables (see Figure 2) based on jet-substructure, i.e., n-subjettiness (τn), allow for the
SM to be challenged in a new phase space with reasonable avenues for extracting top
quark properties.

Figure 2. ATLAS measured detector level; τ32 = τ3/τ2 distributions comparing in the (left) � + jets
and (right) all-hadronic channel for the data, the predicted tt̄ signal, and the measured back-
grounds [29].
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3.1. Measurements of Angular Correlations

The measurement of correlations between the angles of various particles are sensitive
probes with which to test the validity of the SM. Over the years, a variety of measurements
have been carried out, such as production asymmetries, as well as measurements of top
quark spin correlations and polarization. Typically, the angular correlations observed
vary across the different center-of-mass energies during the LHC’s operational phases.
At the LHC, quarks tend to possess a higher average longitudinal momentum compared
to anti-quarks. In the context of a pp collider, this distinction results in a broader rapidity
distribution for t production as opposed to the production of tt̄. Now, this allows for
the definition of production level asymmetry employing the rapidity y of a top and an
anti-top quark. When using Δ|y| = |yt| − |yt̄|, the charge asymmetry AC is given by the
following equation:

AC =
N(Δ|y| > 0)− N(Δ|y| < 0)
N(Δ|y| > 0) + N(Δ|y| < 0)

(1)

ATLAS and CMS have carried out measurements of charge asymmetries [30,31], in-
cluding a joined analysis by ATLAS and CMS [32]. In the ensuing discussion, two of these
findings are outlined. The current results from the LHC have not yet reached the level of
precision of the charge asymmetry predicted by the SM at a value of AC = 0.0064+0.0005

−0.0006 [33].
Notably, ATLAS has reported evidence of a non-zero charge asymmetry [30], while not
yet being able to verify the predicted SM value. CMS recently published a measurement
of AC in the boosted phase space of m(tt̄) ≥ 750 GeV [31]. This measurement utilizes a
binned maximum likelihood fit profiling systematic uncertainties that provide improved
precision. In both scenarios, the measured top quark charge asymmetry is consistent with
the SM prediction at NNLO in pQCD with NLO electroweak corrections. The charge
asymmetry defined in Equation (1) can be modified to rely on leptons. This minimizes
the uncertainties arising from reconstructing top quarks. Recently, ATLAS presented the
first search for leptonic charge asymmetry in the tt̄-associated production of W bosons [34]
from initial state radiation. The ATLAS Collaboration reported an observed leptonic asym-
metry of −0.112 ± 0.170(stat)± 0.054(syst), which is in good agreement with theoretical
predictions [33]. Although, this measurement presents a significant step forward in un-
derstanding the tt̄ + W process, the measurement is still limited by statistical uncertainties.
More data from LHC Run 3 (2022–ongoing) may substantially enhance this precision. This
would also be useful in searches for physics beyond the SM. Looking even further ahead,
future prospects involve extending the measurements of charge asymmetry by utilizing
different variables, e.g., energy asymmetry [35]. Measuring top quark asymmetries with
new variables and methods would refine our understanding of top quark production
asymmetries and may help us identify subtle deviations.

The angular distributions of leptons resulting from top quark decays provide a pre-
cise measurement tool that is useful for investigating variables that are sensitive to the
spin correlations and polarization of top quarks. Early measurements carried out at the
Tevatron [36] revealed that the spin of top quarks is correlated, aligning with the predic-
tions made by the SM. More refined measurements conducted at the all center-of-mass
energies of the LHC [37–41] offer an unprecedented opportunity to scrutinize the SM at
a detailed level. Recent measurements of the difference in azimuthal angle φ between
the decay leptons, denoted as Δφ(�+�−), conducted by both ATLAS [41] and CMS [42],
exhibit noteworthy agreement, as illustrated in Figure 3. However, when comparing these
findings with SM predictions, a subtle tension becomes apparent. This tension is alleviated
with higher-order corrections at NNLO [43] and by employing techniques that mitigate the
impact of theoretical uncertainties on acceptance corrections [44].
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Figure 3. (Left): The measurements conducted by ATLAS [41] and CMS [42] on the angle of
separation between the decay leptons from the tt̄ pair are set against the projections made by the SM.
(Right): An estimated projection concerning the accuracy of future measurements of spin correlation
and polarization of top quarks at the High-Luminosity LHC (HL-LHC) [45] and compared to existing
measurements [41,42].

Current and future efforts at the LHC aim to enhance differential access to spin
correlation and polarization information using full Run 2 data and the eagerly anticipated
first Run 3 results. This approach seeks to better understand the evident mismodeling
in the distribution of the opening angle of decay leptons, Δφ(��̄), and of the top quarks,
as highlighted earlier. A recent CMS projection evaluates the precision achievable in
measuring various angular distributions with the data collected during the HL-LHC [45].
With an integrated luminosity of 3000 fb−1 at

√
s = 14 TeV, providing a vast top quark

data sample, statistical power becomes virtually limitless. Utilizing a generic future CMS
detector simulation through DELPHES [46] offers an initial assessment of the expected
precision in measuring the strength of spin correlations within the SM. The parameter
D, derived from the differential helicity angle (cos ϕ) distribution, is expected to have
a precision of better than 3% [45]. Figure 3 (right) displays the outcome of this study,
including other variables, and this is compared to existing measurements by ATLAS and
CMS using partial Run 2 data. The precision of top quark spin correlation variables is
leveraged to project the sensitivity to supersymmetric top quark partners (stops) in the
degenerate phase space [41]. The latter is defined as the phase space where the stop mass
equals the mass of its decay particles (top quark and neutralino).

3.2. Search for Lorentz Invariance Violation

A test of Lorentz invariance violation (LIV) can be achieved by a detailed examination
of tt̄ pair production with the pp collision data collected by the CMS detector at the LHC,
operating at a center-of-mass energy of

√
s = 13 TeV. The study, motivated by the possibility

of deviations from Lorentz invariance, builds upon the first of such investigations at the
Tevatron [47], but it utilizes vastly more data. Data in the dilepton channel (eμ only)
were selected for this study and correspond to an integrated luminosity of 77.4 fb−1 [48].
Specifically, the analysis explores the differential normalized cross-section for tt̄ production
as a function of sidereal time, introducing LIV as an extension of the SM—see Figure 4.
In the context of an effective field theory, the predictions include the modulation of the tt̄
cross-section with sidereal time when LIV is present. The investigation extracts bounds
on LIV couplings, revealing compatibility with Lorentz invariance, with an impressive
absolute precision of 0.1–0.8%.

11



Universe 2024, 10, 106

Figure 4. (Left): CMS data in tt̄ production is shown as a function of siderial time and is compared
to the SM expectation of no dependency at all [48]. (Right): Limits on EFT parameters, implementing
LIV in tt̄ production [48].

This search not only delves into potential LIV in top quark production but also serves
as a precision test of special relativity with top quarks. Notably, the precision achieved
in this study surpasses previous measurements [47] in this domain by two orders of
magnitude, underlining the significance of this comprehensive exploration.

3.3. Top Quark Mass

Various measurements of the top quark mass, mt, have been conducted at the LHC,
and while it’s impractical to cover all the details here, we focus on the latest and most
relevant findings. Figure 5(left) presents a summary (as of June 2023) of top quark mass
measurements utilizing kinematic or so-called “direct” methods. Both ATLAS [49] and
CMS [50] experiments have measured the top quark mass with typical uncertainties well
below 0.5 GeV in absolute values, which is below 0.3% in relative uncertainty. These
measurements span dilepton, � + jets, and all-hadronic decay channels. The Tevatron has
also contributed, with the latest combination [51] and an initial world combination [52].

The world average, as depicted by the vertical grey band in Figure 5 (left), typically has
a relative uncertainty of around 0.5%. This precision is somewhat diminished compared
to the more recent results from the LHC, a discrepancy that is mainly due to the lack
of updated LHC data in the world combination [52]. Historically, combinations have
employed the BLUE method [53–55], but recent developments in measurement techniques,
specifically those using profile likelihood approaches, have led to the introduction of
a more precise likelihood method [56], which is now commonly adopted for LHC top
quark combinations.

Figure 5. On the (left): Determinations of the top quark mass based on direct measurement
techniques [57], with the following Refs. [50,52,58–73]. On the (right): The mt versus mW plane,
displaying the GFitter global fit outcome derived from top quark mass results [9].
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Top quark mass measurements at LHC Run 2 confirm the LHC as a top quark factory,
providing ample data for precise determinations. Most recently, such a measurement
was provided by CMS using profile likelihood methods with five observables [72]. Here,
top quark mass determination is based on calculating the invariant mass of three jets
originating from the same top quark, which includes one b jet and two light jets from the
W boson. In order to reconstruct the complete tt̄ system, a minimization of a χ2 is carried
out, taking into account the anticipated resolutions and combinatorial factors. The analysis
incorporates observables, offering optimal constraints on the top quark mass and dominant
uncertainties, including those impacting the jet energy scale. Figure 6 (left) illustrates
the step-wise improvement in total precision by progressively adding these observables.
Figure 6 (right) presents additional observables as inputs to the ML fit, along with their post-
fit probability density functions. This analysis notably addresses the treatment of statistical
fluctuations affecting systematic uncertainty modeling directly in relation to the likelihood,
a crucial consideration for future analyses with increased data and smaller uncertainties.

Figure 6. On the (left): The capability of the ML techniques to constrain uncertainties for extracting
mt is achieved by incorporating additional observables [72]. On the (right): The input to the ML fit
comprises additional observables, along with their post-fit probability density functions [72]. The 1 sd
and 2 sd uncertainty bands are depicted by the green and yellow bands, respectively.

The stability of the electroweak vacuum serves as a powerful test of the SM up to
energy scales close to the Planck scale, which is also relevant for cosmology since many
processes in the early universe could have triggered a decay of the electroweak vacuum [74].
In the context of particle physics, the electroweak vacuum state is closely tied to the Higgs
field and its potential. A crucial question revolves around whether the universe resides in
the absolute lowest energy state or if the current vacuum state is metastable, potentially
capable of transitioning to a more stable state. Figure 5 (right) displays the mt − mW plane,
where mt is determined via a combination of ATLAS and CMS measurements by the GFitter
collaboration [9], and this is updated in Ref. [75]. This combination incorporates the latest
measurements and is subject to an additional theoretical uncertainty of 500 MeV, addressing
the “controversy” on whether the MC mass (e.g., in PYTHIA) equals the pole mass (used in
fixed order calculations) in the field of top quark physics [76]. This controversy, gaining
renewed attention with the precision of LHC measurements beyond 0.3%, necessitates
a precise evaluation of the variances and uncertainties associated with this conversion,
as outlined in a recent comprehensive review article on the subject referenced in Ref. [76].

The interplay between the masses of the top quark, the W boson, and the Higgs
boson [3,4] serves as a robust self-consistency test for the SM, contributing insights into
the stability or potential meta-stability of the SM vacuum [13]. Ongoing discussions,
particularly regarding the W boson mass measurement, underscore the dynamic nature
of our understanding in this fundamental realm. A recent revision of the W boson mass
measurement by CDF [77] diverges notably from the global average. The community is
actively deliberating the implications of this result [75]. Current measurements, coupled
with theoretical extrapolations at NNLO in the SM, suggest a scenario where the vacuum is
either meta-stable or, intriguingly, positioned precisely at the threshold between stability
and meta-stability.
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A substantial push towards a better understanding of how top quark mass measure-
ments and their uncertainty relate between ATLAS and CMS is presented in Ref. [78].
A comprehensive combination of 15 top quark mass measurements from the ATLAS and
CMS experiments at the LHC is presented—see Figure 7 (left). The datasets utilized cover
integrated luminosities of up to 5 and 20 fb−1 for pp collisions at center-of-mass energies of
7 and 8 TeV, respectively. This combination encompasses measurements in top quark pair
events involving both � + jets and hadronic top quark decays, as well as a measurement
from events enriched in single top quark production via the electroweak t-channel. The re-
sulting combined top quark mass is mt = 172.52 ± 0.14 (stat) ± 0.30 (syst) GeV, with a total
uncertainty of 0.33 GeV or better than 0.2%.

Figure 7. On the (left): The most recent LHC combination integrates 15 top quark mass measurements
from various decay channels conducted by both ATLAS and CMS [57]. On the (right): The correlation
between the measured mt values in ATLAS and CMS is examined and compared to the combined
value from the LHC [78].

ATLAS and CMS simultaneously extract the top quark mass based on ATLAS measure-
ments, mATLAS

t , and based on CMS measurements, mCMS
t , using a BLUE combination of

15 input measurements—see Figure 7 (right). The ellipses show the 68% and 95% confidence
intervals, indicating good agreement between mATLAS

t and mCMS
t . The observed correlation

between them is 0.15. The central values and uncertainties for individual ATLAS and CMS
combinations are represented, and the full marker denotes the central value of the LHC
combination (mLHC

t ), assuming equality with mATLAS
t = mCMS

t . This latest combination of
top quark mass measurements has a high precision of 0.2% thanks to a substantially im-
proved understanding of the correlations between systematic uncertainties in either set of
mass measurements by ATLAS or CMS. Achieving advancements in reducing uncertainties
necessitates collaborative work from the entire scientific community. Advancements are
being actively pursued on both experimental and theoretical sides through the collaborative
efforts of the LHC Top Working Group (LHCtopWG) [57], exemplifying a concerted drive
towards scientific progress in this arena. This group serves as a hub for researchers to
collectively contribute to the ongoing developments in understanding and refining our
knowledge of top quark physics.

Alongside direct measurements, alternative methods for determining the top quark
mass aim to enhance precision by complementing systematic uncertainties or improving
the understanding of well-defined renormalization schemes [79]. A prevalent alternative
technique involves extracting the top quark mass from the tt̄ production cross-section,
which measures the top quark pole mass in a direct approach [22,80]. While Tevatron
had limitations, the higher LHC data statistics enable not only inclusive but also multi-
differential techniques to extract the top quark mass precisely. The abundance of data
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allows for the simultaneous fit of αS and the top quark mass, achieving uncertainties below
0.9 GeV, e.g., even in the boosted phase space using a “jet mass” proxy [81].

Alternative methodologies for estimating mt focus on different features of event data.
An example involves the use of the invariant mass of a muon from the W boson’s leptonic
decay in conjunction with a soft muon found within the b jet. This technique presents a
measurable variable sensitive to the top quark mass [82]. The reliance on muons in this
method reduces the vulnerability to uncertainties typically associated with the jet energy
scale and the modeling of the top quark production process. Nonetheless, this approach
introduces its own set of uncertainties, primarily stemming from the nuances of B hadron
decay processes, including the details of B fragmentation and decay branching fractions.
The effectiveness of this approach in constructing a top quark mass-sensitive observable is
demonstrated in Figure 8, which showcases the post-fit distribution based on the selection
of muon pairs with the same sign.

Figure 8. (Left): An overview of the measurements of the top quark mass by ATLAS and CMS,
derived from observables in tt̄ production [57] (Middle); details provided in Refs. [22,44,50,80,83–88]:
The distribution after fitting, using pairs of muons with the same sign, is utilized to establish an
observable sensitive to mt [82]. (Right): A description of the observables employed in estimating the
width of the top quark. The uncertainties at the post-fit level are determined using the correlation
matrix derived from the fitting process [89].

3.4. Top Quark Yukawa Coupling

The interactions between the top quark and the Higgs boson field are governed by
the Yukawa coupling strength (yt). The top quark is the one fermion that has the highest
Yukawa coupling strength. The measurements of its value can shed light on the role of the
top quark in the mechanism of electroweak symmetry breaking. CMS verified the strength
of the top quark Yukawa coupling by analyzing the kinematic distribution of top quark
pairs [90], using dilepton events from pp collision data and the full CMS Run 2 dataset
of 137 fb−1. The mass of the tt̄ system and the rapidity difference of the top quark and
antiquark are particularly sensitive to yt. The measurement yields a value of yt = 1.16+0.24

−0.35,
constraining yt < 1.54 at the 95% confidence level.

3.5. Top Quark Width

The precise calculation of the top quark width is achievable in the SM [91,92], and de-
viations could suggest new physics. Indirect measurements relying on SM couplings lack
model independence since they assume SM couplings. Pioneered at the Tevatron [93,94]
and refined at the LHC Run I [95], direct top quark width measurements, such as the recent
one by ATLAS [89], employ width-sensitive final state distributions, utilizing the invariant
masses of the lepton and b-tagged jet, m(lb), and the bb̄ pair, m(bb̄)—these allow for the
constrainment of the uncertainties arising from JES uncertainties. The measured top quark
width, Γt = 1.9 ± 0.5 GeV, aligns with the SM prediction.
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3.6. Top Quark Properties in Associated Production

In the initial stages of Run 2, the precise measurements of inclusive cross-sections in
the associated production of vector bosons with tt̄ pairs have provided important results
to better understand the SM. These processes include tt̄ + W, tt̄ + Z [96], and tt̄ + photon,
offering access to enhanced charge asymmetry, Z boson coupling to tt̄ pairs, and the
determination of the top quark’s electric charge. These channels also serve as crucial
backgrounds for beyond the SM (BSM) searches, especially in cases involving the associated
production of additional qq̄ pairs, such as bb̄, which contribute significantly to the tt̄ pairs
associated with the Higgs boson. Additionally, rare channels like tZq events, where a single
top quark is produced with a vector boson (Z boson and a quark or jet), have been observed
by ATLAS [97] and differentially measured by CMS [98]. CMS’s measurements, including
the Zq -to-Zq̄ rate ratio, offer a unique avenue to explore another property of the top quark:
spin asymmetry A�. It is defined as A� = 1/2Pa� with P being the polarization of the top
quark and a� ≈ 1 [99] being the spin analyzing power (see Figure 9(left)). The ratio of the
Zq-to-Zq̄ rates gives access to the polarization of the top quark [98] and Figure 9 (right)
provides an overview of the associated cross-section measurement that can be utilized
to extract properties once sufficient data is available. An overview of ATLAS and CMS
measurements of tX with (X =Z or γ) cross-sections at 13 TeV and comparisons to NLO
QCD theoretical calculations is displayed in Figure 10(left). The latest results include the
observation of a single top quark with a photon by ATLAS [100] and evidence for the
production of the tWZ process by CMS [101]. The different phase space regions used for
the measurements are denoted as “Vis 1”, “Vis 2” and “Vis 3”, and they are highlighted for
the ATLAS and CMS tqγ measurements. Mild tensions between the experimental results
and the theoretical predictions can be seen for some of these rare processes.

Figure 9. (Left): The spin asymmetry, determined through the cross-sections of top quark production
in association with a Z boson, is contrasted with SM predictions [98]. (Right): A comprehensive
overview of the associated production of vector bosons at the LHC [57] - details can be found in
Refs. [41,102–107].

The top quarks produced in association with other bosons, such as photons, Higgs, or Z
bosons, can be utilized to determine flavor-changing neutral currents (FCNCs). Figure 10
(right) displays the summary of LHC results for FCNCs, including comparisons with
various new physics models, assuming all other FCNC processes are negligible. The limits
are presented as top quark decay branching ratios, considering both FCNC top quark
decay and production vertices in some cases. Both ATLAS and CMS have a variety of
FCNC searches in this sector, with the most recent ones using the full Run 2 data briefly
discussed here. ATLAS uses the full Run 2 data of 139 fb−1 to explore FCNCs involving a
photon and a top quark [108]. No significant event excess is observed over the background
prediction, and the 95% confidence level upper limits are placed on the strength of left-
and right-handed FCNC interactions. FCNC interactions can also manifest themselves in
events involving the top quark, the Higgs boson, and an up-type quark (q=c,u), where
no significant excess is observed by ATLAS in the t→ qH (H→ γγ) process [109]. Most
recently, CMS submitted a search for FCNCs in events with a photon and additional jet
activity [110] and new Higgs bosons [111], while ATLAS set stringent limits for FCNCs in
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events with heavy Higgs bosons [112]. In addition to the existence of an FCNC in the top
quark sector, CMS has looked into charged lepton flavor violation involving trilepton final
states. The observed data align with SM expectations, and the results have been employed
to extract 95% confidence level upper limits for Wilson coefficients—more details are in
Ref. [113].

Figure 10. (Left): Summary of tX cross-section results by ATLAS and CMS [57] with additional
information being provided in Refs. [97,98,100,101,114]. To facilitate visualization on a consistent
scale, the results for tZq and the CMS tqγ measurements are multiplied by a factor of 5, while those of
the CMS tWZ measurement are multiplied by a factor of 2. The theory bands encompass uncertainties
arising from renormalization and factorization scales, as well as from PDFs. (Right): Summary of
95% confidence level observed limits on top quark decay branching ratios via FCNCs to a quark and
a neutral boson (t→ Xq, where X=g, Z, γ or H; q=u or c) by the ATLAS and CMS collaborations [57];
additional information is provided in Refs. [108,109,115–122].

The exploration of four top quark production [123–125] represents one of the most
intriguing and, until recently, uncharted territories at the LHC. Current limits, as illustrated
in Figure 11(left), present intriguing indications of a potential cross-section enhancement
in comparison to the SM prediction of σ(tt̄ + tt̄) = 12 fb [126]. This process, involving the
simultaneous production of four top quarks, serves as a valuable avenue for probing the
top quark Yukawa coupling [90], as depicted in Figure 11 (right). This underscores the
pivotal role of four top quark productions in advancing our understanding of top quark
interactions and potentially uncovering new physics phenomena [127].

Figure 11. (Left): The production cross-section of tt̄ + tt̄ as measured by ATLAS and CMS is compared
with the theoretical prediction from the SM - further information is provided in Refs. [123,124,128,129].
(Middle): CMS’s observation of the tt̄ + tt̄ production cross-section [127]. (Right): The intervals of a
95% confidence level concerning the top quark Yukawa coupling, deduced from the observed tt̄ + tt̄
cross-section [123–125].

The observation of the production of four top quarks in pp collisions marks a signif-
icant achievement, drawing from a dataset collected by the CMS experiment [127]. This
milestone is based on an integrated luminosity of 138 fb−1. The analysis focuses on events
featuring two same-sign, three, and four charged leptons (electrons and muons), along
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with additional jets. By employing sophisticated multivariate discriminants to discern
the signal process from predominant backgrounds, the measured signal cross-section is
17.9+3.7

−3.5 (stat) +2.4
−2.1 (syst) fb, aligning closely with the best available theoretical predictions.

The observed (expected) significance of the signal stands at 5.5 (4.9) standard deviations
above the background-only hypothesis.

4. Summary

In the past decade, LHC experiments have revolutionized our understanding of top
quark properties, challenging state-of-the-art theoretical predictions. Recent measurements,
such as top quark spin correlations, reveal the mild tension with the Standard Model (SM),
mitigated by higher-order corrections. Angular correlations, such as charge asymmetries,
hint at deviations from the SM. Notably, the latest ATLAS + CMS combination of top quark
mass measurements reaches a precision of 0.2%. Overcoming systematic uncertainties
demands community-wide efforts, emphasizing unified signal modeling in community
efforts such as the LHCtopWG. Ultimately, the HL-LHC promises a dataset exceeding
1 billion top quarks, which, in the context of top quark properties, will be a significant
challenge while promising exciting new results, and this will surely also see the use of
cutting-edge techniques not currently widely utilized in top quark physics.

Excitingly, top quark properties open new avenues for probing quantum information
science, forming a new field of quantum observables in top quark physics and unlocking
exciting opportunities for new physics discoveries.
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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.

Keywords: top quark; single-top quark production; top quark properties; ATLAS; CMS; LHC

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 tt̄ production modes. In addition to
the tt̄ 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 Vtb 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 tt̄ pair.

Three main production modes for single-top quark processes can be distinguished:
production via the exchange of a virtual W boson in the t- 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 D0 collaborations performed simultaneous measurements of the s- and
t-channel processes [6,7]. The p-p̄ collisions at the Tevatron provided a unique setting for
measuring the s-channel since the initial state of this process predominantly involves a

Universe 2023, 9, 439. https://doi.org/10.3390/universe9100439 https://www.mdpi.com/journal/universe
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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

√
s = 13 TeV

(the center-of-mass energy of Run 2) are obtained for the t-channel (214.2+4.1
−2.6 pb at NNLO

with MCFM [11]), followed by the tW production (79.3+2.9
−2.8 pb at NLO+NNLL [12]), and the

s-channel (10.3+0.4
−0.4 pb at NLO with Hathor v2.1 [13,14]).

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 t-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 tt̄ 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 (tγ), 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 tγ 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 tt̄H 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 tt̄H 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 (t + X)
are generally less than those for top pair production (tt̄ + 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.

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
|Vtb|. Therefore, it is possible to determine |Vtb| from the measurements of single-top quark
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cross-sections. If one assumes that |Vtd|, |Vts| � |Vtb|, the |Vtb| matrix element can be
extracted from the following:

|Vtb| =
√

σst/σst(theo, |Vtb| = 1), (1)

where σst is the measured cross-section and σ
theo,Vtb=1
st is the expected cross-section for

|Vtb| = 1. Equation (1) also assumes that no new physics effect modifies the V–A structure
of the tWb interaction vertex.

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 tt̄ 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 tt̄ 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 t-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
a novelty 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 tγ final state [25]. The tZ, tγ, 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
a neutral 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 Vtb, 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 pT light quark that is predominantly produced in the forward region
of the detector (|η| > 2.5), and of a low pT b-quark that often fails the minimum jet pT
requirements in the analysis; as a result, it often remains experimentally invisible. Feynman
diagrams are presented in Figure 4.

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 t-channel signature, where the additional jet (the so-called recoiling or
spectator jet) is relatively forward, and its pseudorapidity (η) distribution is sensitive to
the PDF. It has been observed that the η distribution of the recoiling jet (η(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 t-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 (134.2+2.6

−1.7 pb at
√

s =13 TeV, calculated at NNLO with MCFM [11]) than for
antitop quark production (80.0+1.8

−1.4 pb).
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2.1.2. Experimental Techniques for the t-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 η(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 t-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 → blν) or hadronic (t → bW → bqq′). 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 �ET 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 pT 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 pT-charged lepton
(electron or muon with pT > 20 GeV) is required, with a significant missing transverse
energy ( �ET> 30 GeV) and the presence of at least two high pT jets (pT > 30 GeV), with
one of them from a b-quark and the other failing this requirement, while possibly being
detected in the forward region (|η(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 tt̄ production with
semi-leptonic decays, where jets are not well reconstructed or do not pass the b-tagging
requirements. The tt̄ 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 tt̄ 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, c, 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 tt̄ background can be controlled by fitting
events with at least three jets and two b-tagged jets (3j, 2t). The W+jet background can be
controlled with events containing two jets and no b-tagged jet (2j0t), using the distribution
in the transverse mass of the W boson (mT(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 (2j1t). The signal is extracted from a
combined fit in (3j, 2t), (2j0t), and the (2j1t) 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 (3j, 2t) and (2j1t) 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, |η(j′)|,
the reconstructed top quark mass, the transverse W boson mass, mT(W), the distance in the
η − φ space between the b-tagged and the untagged jet, ΔR(b, j′), the absolute difference
in the pseudorapidity between the b-tagged jet used to reconstruct the top quark and the
selected lepton, |Δη(b, l)|.

Figure 5. Distribution of the transverse mass of the W boson in the muon channel of the 2j0t
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 θ∗
in a background-enriched region (with the requirement of BDTt−ch < 0) and in a signal-
enriched region (BDTt−ch > 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 t-channel measurements can
be summarized as follows:

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

• 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 |ηj′ | 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 Δσt−chan/σt−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 tt̄ 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 t-channel cross-sections from the ATLAS and CMS
collaborations, and their combinations for 7 and 8 TeV.

Cross-Section (pb) Δσt−chan/σt−chan

7 TeV
ATLAS [46] 68 ± 2 ± 8 ± 1 0.122

CMS [35] 67.2 ± 3.7 ± 4.6 ± 1.5 0.091
Combination [40] 67.5 ± 2.4 ± 5.5 ± 1.1 0.090

8 TeV
ATLAS [47] 89.6 ± 1.2+6.8

−5.9 ± 1.7 0.076
CMS. [48] 83.6 ± 2.3 ± 7.1 ± 2.2 0.093

Combination [40] 87.7 ± 1.1 ± 5.5 ± 1.5 0.066

13 TeV
ATLAS [49] 247 ± 6 ± 45 ± 5 0.185
ATLAS [38] 221 ± 13 0.059

CMS [41] 207 ± 2 ± 30 ± 5 0.147

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 t-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 t-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.

• 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 pT , rapidity y, cos θ∗, or W boson pT . Beyond the differential cross-sections,
the charge ratios of the cross-section σt to σt+t̄ 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 pT
while the 5FS does not; neither the 4FS nor 5FS predictions are able to nicely reproduce the
entire distribution of the top quark pT 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 t-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 pT (upper row), charge ratio
as a function of the rapidity y (middle row), and cos θ∗ (bottom row) at the parton level (left) and
particle level (right) [32].

2.2. The tW Process, and Its Interplay with the tt̄ 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 t̄W+

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 tt̄ process, since
the tW production at NLO in pQCD features resonant diagrams, which interfere with
LO diagrams of tt̄ 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 tt̄ 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].

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 tt̄ process. Two
methods exist to suppress the interference [53]. In the diagram removal (DR) method,
the resonant tt̄ diagrams are excluded at the level of the matrix element calculation. In the
diagram subtraction (DS) approach, the tt̄ 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 − p̄ collisions. The measurement of the tW process
is more challenging than that of the t-channel since a very large background from tt̄ 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 tt̄
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.

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 σtW = 79.2 ± 0.9 (stat) +7.7
−8.0 (syst) ±

1.2 (lumi) pb at CMS using 138 fb−1 [62], and σtW = 94 ± 10 (stat.) +28
−22 (syst.) ± 2 (lumi.) pb

by ATLAS using 3.2 fb−1 [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 1σ; however, more data are needed to discriminate between the
different ways of modeling the signal.

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 tt̄ 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 tt̄ 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 t-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 tt̄ Processes

While the above-mentioned measurements of tW process are designed to minimize
the interference with the tt̄ 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:

mminimax
b� = min

(
max(mb1�1 , mb2�2), max(mb1�2 , mb2�1)

)
, (2)

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

LO, mminimax
b� <

√
m2

t − m2
W . 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 tt̄ 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 mminimax

b� 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 mminimax

b� includes both tW and tt̄, 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 mminimax

b� .
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 mminimax

b� variable [68]. The region

sensitive to the interference lies above
√

m2
t − m2

W .

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 b̄ 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−1 of proton–
antiproton collisions collected at D0 and CDF at

√
s = 1.96 TeV. This process remains

to be observed at the LHC. At CDF, the lepton+jets channel and �ET+jets channel are used,
while the lepton+jets channel is used at D0. 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 σs = 1.29+0.26

−0.24 pb, which is in agreement with the SM
prediction of σ = 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 σ 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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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 tt̄ 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 1.3σ [72] (with
1.4σ 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 3.2σ [9] (with
3.9σ expected). CMS analyzed Run 1 data using the 7 and 8 TeV datasets, resulting in an
observed significance of 2.5σ with an expected significance of 1.1σ [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 (3.3σ) and expected (3.9σ) 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 pT > 30 GeV and at least two jets
with pT > 25 GeV. Events from multijet production are reduced by requiring �ET > 35 GeV
and mT,W > 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 tt̄ 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, tt̄ 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 σ = 8.2 ± 0.6(stat)+3.4

−2.8(syst) pb,
in agreement with the SM prediction of σSM = 10.32+0.40

−0.36 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.

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 (tγ)

The production of a photon in association with a top quark (tγ) 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 (tγq), featuring a forward jet due
to the electroweak nature of the t-channel. The cross-section for the tγq production is
known at the approximate NNLO [80]. Measuring the tγ process extends the landscape
of the measured top quark process and is an experimental challenge, owing to its low
cross-section. The tγ final states are also powerful tools used to constrain the FCNC [52].
Together with tt̄γ processes, they can be used to constrain the top-γ 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 tγq processes at the LO in pQCD [79].
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The searches for the tγq process led to evidence at CMS [79] using 36 fb−1 of Run 2
LHC data, and an observation by ATLAS with the full Run 2 dataset [81]. Special care is
needed in single-top t-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 tγq 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 tt̄γ and W + γ
processes, and processes involving jets or electrons misidentified as photons (hereafter
denoted as “fake photons”). A control region is defined to measure the tt̄γ background.
The W + γ 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.

Figure 18. Discriminants used in the tγq 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 4.4σ (3.0σ) at CMS [79] and 9.1σ
(6.7σ) by ATLAS [81]. With such a large significance, the tγ processes can provide sufficient
statistics for a first differential cross-section measurement at LHC Run 3. Complement-
ing the tt̄γ channel with the tγq channel to probe the top-photon coupling will become
especially relevant at the HL-LHC [82]. As a side note, the single-top tWγ process has
also been measured simultaneously with the tt̄γ process [83] because of the interference at
NLO, similar to the tW and tt̄ processes, but in a tt̄γ phase space chosen without particular
enhancement of the tWγ 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 tZ 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 γ∗ or Z bosons. Similar to the tγ process, the process with the largest cross-section
is provided in the t-channel (tZq).

The Feynman diagrams for tZq production at the LO in pQCD can be seen in Figure 19.
The inclusive tZq cross-section predicted at NLO in the SM, as calculated with MG5_aM@NLO,
is 800 fb +6.1%

−7.4% [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 94.2+1.9

−1.8 (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.

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 τ lepton decays). A pair of same-flavored opposite-charged
leptons, compatible with a Z boson decay, is then required. Because the tZq process is a
t-channel process, it contains a light jet preferentially produced at large |η|, 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 Nj = 2 or Nj = 3 with Nb = 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 (Nj ≥ 3, Nb ≥ 2), the dominant background source arises from
tt̄Z events, with contamination from tt + W, H processes. A control region with Nb = 0
allows constraining the diboson contribution.

Other background sources are from non-prompt lepton events in tt̄ 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 tt̄+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 |ηj′ |, 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.

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 tZq process from
the tt̄Z, WZ, and other t + 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 tZq node is
used to extract the signal in each bin. Similarly, the NN score of the tt̄Z node is used to
constrain the tt̄Z background. An unfolding procedure infers the particle- or parton-level
distributions. Examples of differential cross-section measurements for pT(Z) and pT(t)
at the parton level, and |η(j′)| and cos θ∗pol. at the particle level are shown in Figure 21.
The cos θ∗pol. variable is the cosine of the polarization angle of the top quark, defined as:

cos θ∗pol. =
�p(q′∗) · �p(l∗t )
|�p(q′∗)||�p(l∗t )|

(3)

with �p(q′∗) and �p(l∗t ), 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
tt̄Z process [91]. The analysis techniques are similar to those of the tZq 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.

Figure 21. Normalized differential cross-sections measured at the parton level as a function of pT(Z)
(top left) and pT(t) (top right) at the parton level, and as a function of |η(j′)| and cos θ∗pol. 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 tHq cross-section are

computed at NNLO in pQCD [93]. The tHq processes share many properties with the
tγq 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 tHq 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 tt̄H 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 tHq process
appealing since it provides access to the sign of the Yukawa coupling of the top quark.
If the sign of the Yukawa coupling κt is negative, the interference becomes constructive,
for instance, by increasing the cross-section by a factor of approximately 12 if κt = −1 [95].
The tH final states, on equal footing with the tZ and the tγ final states, are also used in the
FCNC searches [52].

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 tt̄H 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 tt̄H processes would be modified in a correlated way. Nowadays, the searches for
the tHq process are performed in a combined measurement with the tt̄H process, either
targeting the measurement of the top quark Yukawa coupling or simultaneously measuring
the cross-section for the tH and tt̄H 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 → γγ; H → WW,
H → ZZ, and H → ττ (grouped under the naming of the “multilepton final state” since
W, Z, τ, and associated top quarks can decay leptonically), and to a lesser extent, H → bb̄
(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 → γγ 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 → γγ branching fraction (close to 0.2% at
mH = 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
tt̄H 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 tt̄H 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 6.3+3.4

−3.7 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 tHq processes
with either a positive or a negative top quark Yukawa coupling (defined using the output
of a NN), one category targets the tHW process, and the remaining category gathers events
with low-scores of the BDT for tHq and tt̄H. At the STXS level, the cross-section for the tH
processes is 2.1+4.2

−3.1 times the SM expectation.
Using the multilepton channel, CMS [99] reported measurements of the cross-section

for tt̄H 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�+ 0τh (where
� = e, μ and τh denotes hadronically decaying τ), 3�+ 0τh, 2�+ 1τh (both same-sign and
opposite-sign), 1� + 2τh, 4� + 0τh, 3� + 1τh and 2� + 2τh. For hadronic top decay, the
configurations are 1�+ 1τh and 0�+ 2τh. The sensitivity arises mainly from the same-sign
channel 2�+ 0τh, 3�+ 0τh, and 1�+ 2τh. In those main categories, the analysis employs a
multi-class DNN, separately providing discriminants for tt̄H and tH, while using simpler
BDTs in the other categories. In the same-sign channels, 2�+ 0τh, 2�+ 1τh, 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 tt̄W and tt̄Z 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 μ for tt̄H 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 μtt̄H and μtH 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−1 of Run 2 data [100] employed
the H → γγ and multilepton final states, as well as the final state H → bb̄ 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 → γγ analysis reinterprets
the content of the tt̄H categories of a previous analysis. The H → bb̄ 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 → γγ channel by ATLAS, and H → γγ and the multilepton channel at CMS. The CMS
combination reports a measured signal strength of μtH = 6.05+2.66

−2.42.

Figure 24. Likelihood contour as a function of the signal strengths for tt̄H 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
tt̄H 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 → γγ 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 κt of the top quark Yukawa coupling in the SM, yt,SM, is
defined as κt = yt/yt,SM. Furthermore, since a similar interference is also present in the
H → γγ 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 tt̄H
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 κt 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 κt in the likelihood provides more weight
to the positive value of κt. On the contrary, when only the tH and tt̄H processes are
included, more sensitivity is gained on the sign of κt. Values outside of 0.65 < κt < 1.25
in the first case and 0.87 < κt < 1.20 in the second case are excluded at 95% CL by the
H → γγ analysis by ATLAS. The CMS multilepton analysis results in −0.9 < κt < −0.7 or
0.7 < κt < 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 κt 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 tt̄H 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 → γγ [104] and H → bb̄ [105] channels, and at CMS with the H → γγ [106]
and multilepton [107] channels. Since the tt̄H 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.

Figure 25. Log-likelihood as a function of the κt parameter, in the ATLAS H → γγ 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 tt̄ 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 |Vtb|, 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 |Vtb| 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 tt̄ 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 tt̄ measurements.

4.1. Measurement of the CKM Matrix Element |Vtb|
Because the Vtb CKM matrix element is close to unity in the SM, the measurement of

Vtb 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 Vtb 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 |Vtd| and |Vts| are much smaller than those of |Vtb|, the measured single-top
cross-section can be used to determine |Vtb| according to the following formula [40]:

| fLV Vtb| =
√

σmeas

σtheo , (4)

with σmeas denoting the measured cross-section, σth denoting the SM theoretical cross-
section, assuming |Vtb| = 1, and fLV 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 | fLVVtb|
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 |Vtb| = 1.014 ± 0.031 reported.

Figure 26. Summary of the ATLAS and CMS extractions of the CKM matrix element Vtb 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 |Vtd| and |Vts| are negligible compared to
|Vtb|. Such a method has also been pursued, consisting of measuring |Vtb|, |Vtd| and |Vts|
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 (STb,q), in top quark decay (STq,b),
or in both (STb,b). Several signal regions, based on the jet and b-tagged jet multiplicities,
can be defined and fitted simultaneously. Further discrimination between STb,q, STq,b, and
STb,b 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 (|Vtb|2 + |Vts|2 + |Vtd|2 = 1), a precision similar to that of the combination [40] is
achieved [111] with an integrated luminosity of 35.9 fb−1 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 F0, FL, and FR.
Predictions for these fractions computed at NNLO in pQCD are [112] F0 = 0.687 ± 0.005,
FL = 0.311± 0.005, and FR = 0.0017± 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
θ∗, 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
Γ

dΓ
dcosθ∗ =

3
4
(1 − cos2θ∗)F0 +

3
8
(1 − cosθ∗)2FL +

3
8
(1 + cosθ∗)2FR, (5)

with F0 + FL + FR = 1. The differential decay rate as a function of cosθ∗ is illustrated in
Figure 27.

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

The fractions are obtained from a fit of the cosθ∗ distribution to the data. The W boson
polarization fractions have been measured at CDF and D0 [114] with a precision on F0 of the
order of 10-15%, using tt̄ 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 tt̄ decay. The fractions were measured at 8 TeV with CMS [115], as
FL = 0.298 ± 0.028(stat) ± 0.032(syst), F0 = 0.720 ± 0.039(stat)± 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 F0 = 0.693 ± 0.014, FL = 0.315 ± 0.011, and FR = −0.008 ± 0.007. The 7 TeV results were
obtained by analyzing tt̄ 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 FT = FL + 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]:

LWtb = − g√
2

b̄γμ(VLPL + VRPR)tW−
μ − g√

2
b̄

iσμνqν

mW
(gLPL + gRPR)tW−

μ + h.c. (6)

where VL, VR denote the vectorial left-handed and right-handed Wtb couplings, and gL,
gR denote the tensorial left-handed and right-handed Wtb couplings (sometimes called,
respectively, f L

V , f R
V , f L

T , f R
T , depending on the convention [120]). In the SM at the LO in

pQCD, VL = Vtb while VR = gL = gR = 0. The couplings VR, gL, gR are complex and can
be CP-odd if their imaginary part is non-zero. The Vtb 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 |gL/VL| < 0.29 at 95% CL [119], and CMS reports f R

V < 0.16 and
f L
T < 0.057 at 95% CL [120], including f L

V 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/VL) < 0.17 and −0.07 < Im(gR/VL) < 0.06 at 95%
CL [119]. If using single-top cross-section information and assuming a null imaginary part,
CMS obtains |Re( f R

T )| < 0.046. These results can be compared with the combination of an
8 TeV W boson polarization fraction (including tt̄ channels) [116]: −0.11 < Re(VR) < 0.15,
−0.08 < Re(gL) < 0.05, and −0.04 < Re(gR) < 0.02. Since the imaginary part of gR
cannot be accessed easily from the tt̄ 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) (VL, VR, gL, gR)
are, respectively, related to the following four dimension-6 operators:

O(3)
φq =

c(3)φq

Λ2 i(φ†←→Dμ
Iφ)(q̄γμτ Iq), (7)

Oφtb =
cφtb

Λ2 (φ†←→Dμ
Iφ)(t̄γμτ Ib), (8)

OtW =
ctW
Λ2 (q̄σμντ I t)φ̃WI

μν, (9)

ObW =
cbW
Λ2 (q̄σμντ Ib)φWI

μν, (10)

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

4.4. Top Quark Polarization

Recently, via an analysis of the top quark polarization, ATLAS directly measured the
coefficient Im(ctW) for the first time [125], using the full Run 2 dataset at 13 TeV. Because of
parity conservation in QCD, top quarks in tt̄ production are unpolarized, while top quarks
are mostly polarized in single-top production. The polarization vector �P is defined with
components Pi = 2 < Si >, where Si 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 y′ 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:

1
Γ

dΓ
dcosθX

=
1
2
(1 + αXPXcosθX), (11)

where θX is the angle between the top quark spin axis and the direction of motion of the
chosen decay X, αX is the spin analyzing power associated with the X, and PX 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′

x = 0.01 ± 0.18, P′
y = −0.029 ± 0.027, P′

z = 0.91 ± 0.10,
and P′

x = −0.02 ± 0.20, P′
y = −0.007 ± 0.051, P′

z = −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(ctW) < 1.4 and −0.8 < Im(ctW) < 0.2 at 95% CL.

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 tW 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-γ coupling [82]. It
has also been emphasized that the tZq and tHq 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 (t + V) are lower than those of top pairs produced in association
with bosons (tt̄ + V); therefore, analyses of t + V final states are generally swamped by
tt̄ + 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 tt̄ + 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 tZq and tHq 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 tt̄Z + 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 tt̄H analyses by
including its impact on tHq, as discussed in Section 3.3.

A recent measurement of the t-channel process using full Run 2 data by ATLAS [38]
(to be published) sets constraints on the coupling between light and heavy quarks (the
C(1,3)

q,Q 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 t- 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 tt̄ 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 γ 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+N3LL [12], and NLO [14,132] accuracy,
provided by the LHCtopWG [133].

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 tt̄
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−1, collected separately by ATLAS and CMS during Run 2, and
200 fb−1 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 tγq
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 t-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 tZq 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 tt̄ 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
tt̄H will be crucial [145], or measuring the top quark couplings to the gauge bosons, such as
the top-γ 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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Abstract: This article reviews recent cross-section measurements of tt̄ production in association
with a photon, W or Z boson at the Large Hadron Collider (LHC). All measurements reviewed use
proton–proton (pp) datasets collected by the ATLAS and CMS experiments between 2016 and 2018
from collisions at a centre-of-mass energy of 13 TeV during the LHC Run 2. Differential and inclusive
cross-section measurements are discussed along with the constraints on the effective field theory
operators accessible through each process. Finally, we discuss the potential for measurements of
these processes at future colliders.

Keywords: top quark; pair production; cross-section; EFT; ttX; LHC; CMS; ATLAS

1. Introduction

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

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

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

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

t̄

t

X

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

2. tt̄Z Measurements

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

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

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

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

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

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

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

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

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

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

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

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

Figure 3. ATLAS signal regions [11].

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

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

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

Figure 4. CMS signal regions [10].

64



Universe 2023, 9, 39

The CMS cross-section measurement [10] yielded a value of

σ
pp→tt̄Z
CMS = 1.00+0.06

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

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

σ
pp→tt̄Z
theo. = 0.88+0.09

−0.15 pb (3)

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

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

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

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

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

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

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

q = −2log(
L(θ̂)

L(θ̂max)
)

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

3. Simultaneous tt̄Z and tZq Measurements using Machine Learning Techniques

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

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

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

A multi-classifier is trained to discriminate between the signals and major backgrounds.
Separate binary classifiers are trained to discriminate between events generated under the
SM and BSM (non-zero WC values) hypotheses. Training datasets are constructed from
events randomly sampled from the SM scenario (labelled as background) and BSM scenario
(labelled as signal). A novel approach that parameterises the event-weights as a 2nd order
polynomial is used [23]. This makes it possible to smoothly interpolate predictions of the
yields in bins of kinematic distributions, between the multitude of different combinations of
WC values representing different EFT scenarios. It also allows for the interference between
EFT operator amplitudes and either other EFT or the SM amplitudes to be taken into
account in the simulation making it possible to exploit these kinematic differences of the
various scenarios using a neural network. Separate networks are trained for tt̄Z and tZq
due to their largely different kinematics (tWZ is not explicitly targeted due to its smaller
cross-section and similar kinematics to tt̄Z). Training is also performed separately for each
operator, along with one training course which targets all five operators simultaneously,
allowing for a more global EFT interpretation. Post-fit distributions of the 1D and 5D
EFT classifiers are shown in Figure 8. It is important to note that for larger WC values,
the impact on the yield in the more signal-like bins grows stronger, demonstrating how
effective these discriminators can be.
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Figure 8. Post−fit distributions of the EFT neural networks in the tt̄Z and tZq signal regions from [22].
The top row shows the 5D discriminant while the bottom row shows the discriminant trained to target
the effects of the ctZ operator. The middle ratio plot demonstrates the data/MC agreement, while the
lower ratio demonstrates the increasing impact on the yields in each bin from larger WC values.

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

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

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

4. tt̄W Measurements

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

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

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

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

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

tt̄W production with an additional parton (e.g., tt̄Wj and tt̄Wjj) generate large aug-
mentations to the total cross-section with large NLO corrections as they introduce gluon-
initiated production processes [28]. To merge the matrix elements of these processes with PS
machinery, dedicated studies have been performed, with an improved multi-leg matching
scheme [29].
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Figure 11. Leading-order (top left) and next-to-leading-order (top right and bottom) Feynman diagram
for the tt̄W process. The last diagram is an example of the sub-leading electroweak corrections.

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

the LHC by the ATLAS Collaboration in
√

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

√
s = 8 TeV [44,45].

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

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

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

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

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

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

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

ATLAS [46]

N� = 1(= 2),
Nγ = 1,

Nj ≥ 4(≥ 2),
Nb ≥ 1

pT > 20 GeV,
|η| < 2.37

pT > 25 GeV,
|η| < 2.5

pT > 25 GeV,
|η| < 2.5

pT > 25 GeV,
|η| < 2.5

ATLAS [49]
(parton level)

Ne = 1,
Nμ = 1,
Nγ = 1,
Nb = 1

ET > 20 GeV,
|η| < 2.37

pT > 25 GeV,
|η| < 2.5

pT > 25 GeV,
|η| < 2.5

pT > 25 GeV,
|η| < 2.5

CMS [47]

N� = 1,
Nγ = 1,
Nj ≥ 3,
Nb ≥ 1

pT > 20 GeV,
|η| < 1.44

pe
T > 35 GeV,

pμ
T > 35 GeV,
|η| < 2.37

pT > 30 GeV,
|η| < 2.4

pT > 30 GeV,
|η| < 2.4

CMS [48]
N� = 2(OS),

Nγ = 1,
Nb ≥ 1

pT > 20 GeV,
|η| < 1.44

p1
T > 25 GeV,

p2
T > 15 GeV,
|η| < 2.4

pT > 30 GeV,
|η| < 2.4

pT > 30 GeV,
|η| < 2.4

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

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

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

5.1. Inclusive Cross-Section Measurements

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

σSL
f id = 521 ± 9(stat)± 41(sys) fb

σDL
f id = 69 ± 3(stat)± 4(sys) fb

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

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

σ(tt̄γ) = 798 ± 7(stat)± 48(syst) fb

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

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

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

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

σSM = 155 ± 27 f b

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

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

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

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

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

σf id = 38.50+0.56
−2.18 (scale)+1.04

−1.18 (PDF) fb

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

Experiment tt̄ Decay Channel σ
tt̄γ
f id (fb)

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

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

5.2. Differential Cross-Section Measurements

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

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

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

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

In the case of the dilepton (eμ) channel, ATLAS measures differential cross-sections
as a function of a similar set of variables described in the CMS dilepton measurement.
Distributions are unfolded to parton level and can therefore be directly compared with
the aforementioned theory prediction via both normalised and absolute differential cross-
sections. Additionally, a comparison is made with two leading-order simulations using
Madgraph interfaced with Pythia or Herwig. A comparison of the parton-level cross-section
as a function of the photon pT in simulation and the unfolded data are shown in Figure 23.
In general, all distributions agree well; however, one trend that was recognised was that
the NLO prediction tends to describe most distributions better than the LO prediction.
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Figure 22. Normalised differential cross-section as a function of the photon transverse momen-
tum [46]. Unfolded distributions are compared with predictions using the MG5aMC + Pythia8
together with up and down variations of the Pythia8A14 tune parameters, the MG5aMC + Herwig7
and POWHEG + Pythia8 tt̄ where the photon radiation is modelled in the parton shower.

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

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

ctZ = Re(−sinθWC33
uB + cosθWC33

uW)

cI
tZ = Im(−sinθWC33

uB + cosθWC33
uW)

A maximum likelihood fit using the pT(γ) spectrum, which is sensitive to such modi-
fications, is performed to obtain 68% and 95% CL intervals on the targeted coefficients. The
fit is performed in the signal regions only. The intervals for a given Wilson coefficient are
obtained by either fixing the other WC to its SM value (1D), or simultaneously profiling the
two WCs (2D). The results of both tests are shown in Figure 24. No deviation from the SM
values is observed. The 1D scans show more stringent intervals than the tt̄Z measurements.
This is partially because models with non-zero WC values predict a harder pT(γ) spectrum,
which is not observed in the tails of the data distribution. The precision with which CMS
can reconstruct photon kinematics is a major contributing factor to this measurements
ability to improve upon the latest limits.

Figure 24. Best fit values for the explored EFT Wilson coefficients by CMS in the single−lepton
channel [47]. Both the 1D and 2D scans are shown.
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The CMS dilepton measurement performs a profile likelihood fit in the same way as
the inclusive measurement, to obtain the best fit values for the Wilson coefficients probed. A
combined profile likelihood fit is also performed with the single-lepton analysis. Although
the dilepton channel benefits from a higher purity of signal, the single-lepton channel
profits from a higher number of signal events with a high pT photon, making it sensitive
to modifications in the kinematics of the photon caused by anomalous Wilson coefficient
values. The 1D and 2D scans of the Wilson coefficients in both the dilepton and combined
fits can be found in Figure 25. No sign of anomalous couplings is observed. A comparison
with the constraints from other measurements is also shown in Figure 25. The results in this
publication provide the best limits to date on the ctZ and cI

tZ Wilson coefficients in Figure 26.

Figure 25. Distributions of the observed (solid line) and expected (dashed line) negative log-likelihood
difference from the best fit value for the one-dimensional and two-dimensional scans of the studied
Wilson coefficients. The results are obtained from the fit to data using the photon pT distribution.
The plots shown here are from the combination of the single lepton and dilepton analyses [48].
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Figure 26. Comparison of observed 95% CL intervals for the two Wilson coefficients, ctZ (upper

panel) and ctZI (lower panel) from CMS measurements of: tt̄Z, tt̄γ single lepton, tt̄γ dilepton. The
results are shown from the one-dimensional scans, i.e., all other Wilson coefficients have values set
to zero. The dashed lines indicate the results from the combination with the single−lepton channel.
In the case of the global fit and the tt̄Z + tZq, the solid lines represent the result where all Wilson
coefficients are fixed to zero, whereas the dashed lines show the results from the marginalised limits.
The tightest constraint to date on these Wilson coefficients comes from the combination of the tt̄γ
single lepton and dilepton channels [48].

6. Measurements at the HL-LHC and Future Colliders

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

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

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

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

ϕQ and C3
ϕQ

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

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

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

Lint
, with Lint representing the

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

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

Process Observable
√

s Luminosity Experiment

pp → tt dσ
dmtt

13 TeV 140 fb−1 CMS

pp → tt dAC
dmtt

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

pp → ttZ dσ
dpZ

T
13 TeV 140 fb−1 ATLAS

pp → ttγ dσ
dpγ

T
13 TeV 140 fb−1 ATLAS

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

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

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

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

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

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

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

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

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

Figure 27. Comparison of expected 95% confidence intervals on Wilson coefficients for dimension-six
operators affecting top-quark production and decay measurements using the LHC Run 2 dataset and
the HL-LHC dataset [59]. Only linear terms proportional to Λ−2 are accounted for in the dependence
of the observables on the Wilson coefficients. The solid bars show the constraint of from the single
parameter fits, while the translucent bars show the marginalised constraints from the global fit.

85



Universe 2023, 9, 39

Figure 27 shows the Wilson coefficients for several EFT operators along the x-axis. tt̄X
processes are sensitive to the first six couplings from the left. The remaining couplings often
affect top-pair production via QCD mechanisms and can be investigated more precisely
using other tt̄ processes. Differential measurements of tt̄Z and tt̄γ as a function of the Z
boson or photon transverse momentum, respectively, are essential probes of the effects of
the OtZ operator. With increasing statistics, several measurements of rare top processes
could be measured to much greater precision. Notably, precise differential measurements
of tt̄W would provide essential information on this key background to measurements of
tt̄H and four-top process in multi-lepton final states to name but a few.

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

ϕQ and C3
ϕQ, which are very dependent on

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

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

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

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

Machine Polarisation Energy Luminosity

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

500 GeV 4ab−1

1 TeV 8ab−1

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

1.4 TeV 2.5ab−1

3 TeV 5ab−1

FCC-ee [68]
Unpolarised

Z-pole 150ab−1

240 GeV 5ab−1

350 GeV 0.2ab−1

365 GeV 1.5ab−1

CEPC [68]
Unpolarised

Z-pole 57.5ab−1

240 GeV 20ab−1

350 GeV 0.2ab−1

360 GeV 1ab−1

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

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

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

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

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

1 There have in fact been phenomenological investigations into the possible existence of top-quark pair-bound states, also known
as ‘Toponium’ [1], in order to explain excesses seen in LHC Run 2 data measurements of top-quark pair production with dilepton
decays, where the top-quark pair is produced near threshold
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3. Grzadkowski, B.; Iskrzyński, M.; Misiak, M.; Rosiek, J. Dimension-six terms in the Standard Model Lagrangian. J. High Energy
Phys. 2010, 2010, 85. [CrossRef]

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

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

88



Universe 2023, 9, 39

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

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

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

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

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

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

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

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

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

12. The ATLAS Collaboration. Search for supersymmetry at
√

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

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

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

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

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

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

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

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

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

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

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

multilepton final states at
√

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

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

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

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

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

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

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

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

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

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

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

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

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

89



Universe 2023, 9, 39

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

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

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

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

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

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

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

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

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

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

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

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

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

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

√
s = 13 TeV in ATLAS. Eur. Phys. J. C 2019, 79, 382. [CrossRef]

47. CMS Collaboration. Measurement of the inclusive and differential ttγ cross sections in the single-lepton channel and EFT
interpretation at

√
s = 13 TeV. J. High Energy Phys. 2021, 2021, 180. [CrossRef]

48. CMS Collaboration. Measurement of the inclusive and differential tt̄γ cross sections in the dilepton channel and effective field
theory interpretation in proton-proton collisions at

√
s =13 TeV. J. High Energy Phys. 2022, 2022, 91. [CrossRef]

49. ATLAS Collaboration. Measurements of inclusive and differential cross-sections of combined ttγ and tWγ production in the eμ

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

90



Universe 2023, 9, 39

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

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

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

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

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

91



Citation: D’Hondt, J.; Kim, T.J.

Measurements of the Cross-Section

for the tt̄ + Heavy-Flavor Production

at the LHC. Universe 2023, 9, 242.

https://doi.org/10.3390/

universe9050242

Academic Editor: Daniel Cherdack

Received: 19 March 2023

Revised: 8 May 2023

Accepted: 14 May 2023

Published: 21 May 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

universe

Review

Measurements of the Cross-Section for the tt̄ + Heavy-Flavor
Production at the LHC

Jorgen D’Hondt 1 and Tae Jeong Kim 2,*

1 Inter-University Institute for High Energies (IIHE), Vrije Universiteit Brussel, Pleinlaan 2,
B-1050 Brussel, Belgium; jorgen.dhondt@vub.be

2 Department of Physics, Hanyang University, Seoul 04763, Republic of Korea
* Correspondence: taekim@hanyang.ac.kr

Abstract: At the LHC, the process of a Higgs boson decaying into bottom or charm quarks produced
in association with a pair of top quarks, tt̄H, allows for an empirical exploration of the heavy-flavor
quark Yukawa couplings to the Higgs boson. Accordingly, the cross-sections for the tt̄ + heavy-flavor
production without the appearance of the Higgs boson have been measured at the LHC in various
phase spaces using data samples collected in pp collisions at

√
s = 7, 8 and 13 TeV with the ATLAS

and CMS experiments. Flavor ratios of cross-sections of tt̄ + heavy-flavors to tt̄ + additional jets
processes are also measured. In this paper, the measured cross-sections and ratios are reviewed and
the prospects with more data are presented.

Keywords: top quark; heavy-flavor; Higgs boson

1. Introduction

Decades of theoretical and experimental exploration of the most elementary particles
and their properties yielded a detailed description of fundamental interactions, captured in
a quantum field framework known as the Standard Model of particle physics. The success
of this model in describing observations over many orders of magnitude in interaction
energy cannot be overestimated. However, despite leading to a more profound under-
standing, the research field faces several problems and mysteries. Some are related to
cosmological observations of dark matter in the universe and the ubiquity of matter over
antimatter, some to the mathematical consistency of the model itself with respect to even
the smallest variations in its parameters. Several puzzling features are related to the flavor
structure of the Standard Model of particle physics, not least those present in the heavy-
flavor sector. Through accurate measurements, we attempt to find cracks in the model
where theoretical predictions may not match experimental observations. These discoveries
may open new avenues to address the open problems and mysteries, either within the
realm of quantum field theory or even by questioning the basic principles underlying this
mathematical framework.

After the Higgs (H) boson discovery in 2012, the consistency check with the H boson
in the standard model was one of the highest priorities at the Large Hadron Collider
(LHC), especially in the heavy-flavor sector. From analyzing the proton collision data
of the LHC, the couplings of a top quark and a bottom quark (third-generation quarks)
in the standard model with the H boson were discovered in different processes [1,2].
However, the confirmation that both couplings are simultaneously consistent with the
predictions is only possible at the LHC by measuring the unique process of the H boson
production in association with a tt̄ pair (tt̄H), where the H boson decays to a pair of bottom
(b) quarks. This decay channel of the Higgs boson gives the largest signature of the tt̄ pair
(tt̄H). This process alone has yet to be discovered in the data, leading to a tt̄bb̄ final state.
Understanding the tt̄bb̄ process in proton–proton collisions without the presence of an H
boson is a prerequisite to the discovery. In addition, the charm (c) jets in the tt̄cc̄ process
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can also be misidentified as b jets, inducing a background in the analogy of the tt̄bb̄ process.
Therefore, the measurements of cross-sections of the tt̄ + heavy-flavor (tt̄ + HF) process at
the LHC are essential, yet challenging objectives.

Calculations of the inclusive production cross-section for top quark pairs with addi-
tional jets by matching matrix element generators to parton showers have been performed
to next-to-leading-order (NLO) precision in quantum chromodynamics (QCD) [3–7]. The-
oretical QCD calculations of the tt̄bb̄ process are available at NLO [8–15] but they suffer
from large factorization and renormalization uncertainties due to the presence of two very
different scales in this process. Therefore, precise measurements can also provide a good
test of the NLO QCD theory itself. Full NLO QCD corrections to off-shell tt̄bb̄ production
are available in Ref. [16,17]. Calculations of tt̄bb̄ with massive b quarks use parton density
functions (PDFs) of the proton in the four flavor scheme (4FS), where b quarks are not part
of the proton PDF. These matrix element level predictions of tt̄bb̄ with massive b quarks
are matched to parton showers [18–20]. In addition, the associated production of tt̄bb̄ with
one additional jet is available as well [21].

The cross-sections for the tt̄ + HF production have been measured in various phase
spaces using data samples collected in pp collisions by the ATLAS [22] and CMS [23]
experiments at

√
s = 7, 8 and 13 TeV [24–33]. In order to obtain observable cross-section

values, certain kinematic thresholds should be applied to the additional heavy-flavor jets.
The interplay between the b jets from the top quark decay with the additional heavy-
flavor jets is not trivial and, accordingly, the definition of the signal is challenging. The
definitions are different in each measurement and between experiments. We will discuss
the definitions in Section 2 in more detail. In order to achieve higher precision, flavor
ratios of cross-sections of tt̄ + HF to tt̄ + additional jets processes are also measured. The
cross-section ratio measurement was originally motivated as many kinematic distributions
are expected to be similar for tt̄bb̄, tt̄cc̄ and tt̄j̄j, leading to reduced systematic uncertainties
in the ratio.

Most measurements focus on the tt̄bb̄ cross-section. The tt̄cc̄ process has been explored
less due to the fact that the experimental signature of a c jet is sandwiched between that of
b jets and light quark jets and gluons. With the recent development of charm jet taggers,
the tt̄bb̄ and tt̄cc̄ processes can be more efficiently distinguished and the tt̄cc̄ cross-section
has now been measured by CMS [32].

In this experimental review, we summarize the results for the inclusive and differential
cross-section measurements of tt̄ + HF production at the LHC submitted to journals or
available to the public before May 2023.

2. Definition of the tt̄ + Heavy-Flavor Signal

The measurements of the tt̄bb̄ and tt̄cc̄ cross-sections are performed for both regions
of the visible and the full phase space. The resulting cross-sections at the particle level in
the visible phase spaces have reduced theoretical and modeling uncertainties while the
purpose of performing the measurement in the full phase space is to facilitate comparisons
to theoretical calculations or measurements obtained in other decay modes. An example of
the tt̄bb̄ and tt̄cc̄ processes in Feynman diagrams are shown in Figure 1. Final-state particles
are defined in Section 2.1 and the processes in Section 2.2.
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Figure 1. An example of the Feynman diagram of the tt̄bb̄ and tt̄cc̄ processes at the LHC in the
lepton + jets channel.

2.1. Particle-Level Object Definition

In the definition of the visible phase space, all generated objects such as leptons and
jets are required to be within the experimentally accessible kinematic region. In ATLAS,
the objects are defined at the particle level which is based on the stable particles after the
hadronization to reduce the dependence on the generation level information. Electrons
and muons not emerging from hadron decays are considered. Furthermore, to reach the
full particle-level definition, for all charged leptons, potential final-state photon radiation
within a ΔR = 0.1 cone around the lepton is added to the four-momenta of the lepton. In
CMS, the electrons and muons are required to originate from a W boson at the generator
level. The electrons or muons originating from the leptonic decays of τ leptons produced in
W → τν decays are included. The procedure of adding final state photon radiation to the
lepton is not performed in CMS except for the latest result in the lepton + jets channel [33],
where the final-state photon radiation is added to the lepton at the particle level. The
particle-level jets are defined by clustering stable particles, excluding neutrinos with the
anti-kt algorithm with a distance parameter of 0.4 at a center of mass energy

√
s = 13 TeV

and 0.5 at
√

s = 7, 8 TeV. To identify the heavy-flavor b and c particle-level jets, a so-called
ghost matching is performed. The b- and c-hadrons are included in the jet clustering
procedure after scaling their momenta to negligible values while preserving their directions.
The b and c jets are then identified by the presence of the corresponding “ghost” hadrons
among the jet constituents. The approach to defining the particle-level jets is the same
in ATLAS and CMS. However, in terms of defining the tt̄ + HF quarks processes, there
are subtle distinctions between different channels and experiments we will discuss in the
following section.

2.2. Process Definition

In ATLAS, tt̄b(b̄) is defined by the presence of at least three (four) particle-level b jets.
Events with only three b jets can come from the case wherein one of the b jets is out of
acceptance or two b jets are merged together. For tt̄c, in the dilepton channel, the number
of particle-level b jets should be less than 3 and at least one c jet while in the lepton + jets
channel events should contain at least two c jets as the events with exactly one c jet would
come from the W → cs̄(c̄s) decays. If the events with additional jets do not meet the criteria
described above, the events are grouped into a tt̄l. In ATLAS, only measurements in the
visible phase space are available and the origin of the heavy-flavor jets is not identified.
Instead, the two b jets with the smallest ΔR separation or with the highest transverse
momentum are selected. In CMS, for the visible phase space, the tt̄j̄j process is defined
if the event contains at least four particle-level jets including two b jets, and the same
number of leptons as required at the reconstructed level. The tt̄bb̄ process is defined by
the presence of at least four b jets regardless of their origin in the dilepton, lepton + jets
channel and hadronic channel, called “parton-independent”. Additionally, in the hadronic
channel, a parton-based definition of requiring two b jets originating from the top quark
and two additional b jets is introduced. For the tt̄bl process, the event should contain only
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one additional b jet and at least one additional light-flavor jet or c jet. The tt̄ll process is the
case where there are no additional b or c jets, but at least two additional light-flavor jets
within the acceptance. In the tt̄cc̄ measurements, the tt̄cc̄ process is defined by the presence
of at least two b jets and at least two c jets.

The cross-sections are measured in the visible phase space to reduce the systematic
uncertainties that can be coming from the theory dependence on the acceptance. For the
full-phase space measurements performed by CMS, the additional b jets are required not
to be from the weak decay of the tt̄ system at the generator level. There is no further
requirement for the decay particles from the top quarks. Therefore, the measurements can
be compared across different channels as well as with theory predictions. The cross-sections
in the full phase space are obtained by taking into account the acceptance which can only
be calculated based on simulations inducing an additional systematic uncertainty. The
definitions of the signal phase space in ATLAS and CMS are summarized in Table 1. The
measured cross-sections can not be compared directly between ATLAS and CMS due to
the different phase space definitions. In the following sections, the results from the two
experiments are reviewed.

Table 1. Signal definitions at particle level in each measurement. As a default, in the dilepton channel,
at least two leptons are required (in ATLAS, 1 e and 1 μ are required) and in the lepton + jets channel,
one lepton is required exclusively.

Phase Space Process ATLAS CMS

Full tt̄bb̄ - ≥ 2b not from t [27–30]
tt̄cc̄ - ≥ 2c not from t [32]

Visible

tt̄bb̄ (di-lepton) ≥ 3(4)b [24–26] ≥ 4b [27–30]
tt̄bb̄ (semi-lepton) ≥ 5(6)j, ≥ 3(4)b [24–26] ≥ 5(6)j, ≥ 3(4)b [30,33]
tt̄bb̄ (semi-lepton) - ≥ 6(7)j, ≥ 3(4)b, ≥ 3l [33]
tt̄bb̄ (fully hadron) - ≥ 8j, ≥ 4b [31]

tt̄cc̄ (di-lepton) - ≥ 2b, ≥ 2c [32]

2.3. Monte Carlo Simulation

The signals of the tt̄ + HF events were simulated using various Monte Carlo (MC)
samples in ATLAS and CMS. Theoretical predictions are summarized in this section.

The nominal tt̄ sample was generated using the POWHEG generator at next-to-leading-
order (NLO) [34–36] at

√
s = 13 TeV. The parton shower, fragmentation and the underlying

events were simulated using PYTHIA 8.210 [37]. This sample is called POWHEG +PYTHIA 8 in
the following. At

√
s = 8 TeV, the events generated using the POWHEG generator were

interfaced with PYTHIA 6 [38]. In CMS, the MADGRAPH [39] generator was also used as
the nominal tt̄ sample at

√
s = 8 TeV. For the purpose of assessing the uncertainty due

to the choice of the QCD MC model and to compare with unfolded data, alternative tt̄
samples were generated. Two samples were generated using POWHEG +PYTHIA 8 with
different renormalization and factorization scales. To estimate the effect of the choice of
parton shower and hadronization algorithms, a tt̄ sample was generated by interfacing
POWHEG with HERWIG 7 [40,41] (referred to as POWHEG + 7̋ or as POWHEG + HERWIG ++
in this paper). The tt̄ events were also generated with the SHERPA 2.2.1 generator [42],
which models the zero and one additional parton process at NLO accuracy and up to
four additional partons at LO accuracy. In addition to the samples above, a tt̄ sample
was also generated using the MADGRAPH _aMC@NLO [5], interfaced to PYTHIA 8. In
CMS, the MADGRAPH _aMC@NLO generator is matched to HERWIG 6 and PYTHIA 6 as
well at

√
s = 8 TeV. All of the tt̄ samples are normalized to a cross-section calculated at

next-to-next-to-leading order (NNLO) [43,44].
A dedicated sample of tt̄bb̄ events was generated using SHERPA +OPENLOOPS [18].

The tt̄bb̄ matrix elements were calculated with massive b-quarks at NLO, using the
COMIX [45] and OPENLOOPS [46] matrix element generators, and merged with the SHERPA
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parton shower, tuned by the authors [47]. This sample is referred to as SHERPA 2.2 tt̄bb̄
(4FS). A sample of tt̄bb̄ events was generated using the POWHEL [15], where the matrix
elements were calculated at NLO with massless b-quarks and matched to the PYTHIA 8.
This sample is referred to as POWHEL +PYTHIA 8 tt̄bb̄ (5FS). The POWHEL generator with
massive b-quarks and matched to the PYTHIA 8 is referred to as POWHEL +PYTHIA 8 tt̄bb̄
(4FS). Another sample of tt̄bb̄ events using the POWHEG generator where tt̄bb̄ matrix ele-
ments were calculated at NLO with mass b-quarks. The events were matched to the PYTHIA

8. This sample is referred to as POWHEG +PYTHIA 8 tt̄bb̄ (4FS) to distinguish it from the
nominal tt̄ sample described above.

3. Portfolio of Cross-Section Measurements

In ATLAS, the tt̄b and tt̄bb̄ inclusive and differential cross-sections are measured using
data corresponding to an integrated luminosity of 4.7 fb−1 of proton–proton collisions at
a center-of-mass energy of 7 TeV [24] and 20.3 fb−1 at

√
s = 8 TeV [25]. At

√
s = 13 TeV,

the cross-sections using data corresponding to an integrated luminosity of 36.1 fb−1 are
measured in the eμ and in the lepton + jets channels [26].

In CMS, the tt̄bb̄ inclusive and differential cross-sections are measured using data
collected at

√
s = 8 TeV [28]. The inclusive cross-sections of the tt̄bb̄ production are also mea-

sured in the dilepton channel using early data corresponding to an integrated luminosity of
2.3 fb−1 at

√
s = 13 TeV [29]. The inclusive analysis was updated in the dilepton channel and

extended to the lepton + jets channel with data corresponding to an integrated luminosity
of 35.9 fb−1 [30]. Measurements of the tt̄bb̄ process in the hadronic channel are performed
using data corresponding to an integrated luminosity of 35.9 fb−1 at

√
s = 13 TeV [31].

Measurements of the tt̄cc̄ production are also available at
√

s = 13 TeV [32]. Recently, the
measurements of the inclusive and differential cross-sections were updated in the lep-
ton + jets channel with a full Run 2 data corresponding to an integrated luminosity of
138 fb−1 [33].

It is worth noting that only a small fraction of the available data has been used for all
these σtt̄bb̄ and σtt̄cc̄ measurements except the lepton + jets channel.

3.1. Inclusive Cross-Section Measurement

In ATLAS, at
√

s = 13 TeV, the cross-section measurements were performed in the eμ
channel within the at least three b jet visible phase space and in lepton + jets channels within
the at least four b jet visible phase space. To extract the tt̄ + HF number of events, in both
channels, a binned maximum likelihood fit is used on observables discriminating between
signal and background. A combined template is created from the sum of all backgrounds.
Three templates of tt̄b, tt̄c and tt̄l events are created from all of tt̄, tt̄ in association with a
vector boson (tt̄V) and tt̄H simulations as those samples contain the signal process. In the
eμ channel, tt̄c and tt̄l are merged together to fit to the distribution of the third highest
b-tagging discriminant among the reconstructed jets in the event. The scale factors obtained
from the fit are 1.33 ± 0.06 for the number of tt̄b events and 1.05 ± 0.04 for the number of
the combined tt̄c + tt̄l events. In the lepton + jets channel, all three templates are used to
fit to the 2D histograms of the third and fourth b-tagging discriminant. The best fit values
are 1.11 ± 0.2 for the number of tt̄b events, 1.59 ± 0.06 for the number of tt̄c events and
0.962 ± 0.003 for the number of tt̄l events. The measured cross-section values for tt̄b for
both channels are compatible with each other.

To facilitate the comparison with the theory tt̄bb̄ cross-section, the tt̄H and tt̄V pro-
cesses are also subtracted from the measured cross-section. The measured inclusive cross-
sections are shown in Figure 2. All of the inclusive cross-sections measured at

√
s = 13 TeV

in the visible phase space by the ATLAS experiment are summarized in Table 2. The
cross-section measurement for the ≥three b jet phase space in the eμ channel has an uncer-
tainty of 13%, which is the most precise measurement. The uncertainties are dominated
by systematic uncertainties mainly from the tt̄ modeling and b-tagging, as well as the jet
energy scale.
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Figure 2. The visible phase space cross-sections measured by ATLAS compared with tt̄bb̄ predictions
obtained using SHERPA 2.2, POWHEG +PYTHIA 8 and POWHEL +PYTHIA 8 tt̄bb̄. The tt̄H and tt̄V
processes are subtracted from the measurement to facilitate the comparison with theory [26].

Table 2. Measured tt̄bb̄ cross-sections compared with predictions from SHERPA 2.2 in the visible phase
space at

√
s = 13 TeV by ATLAS. The tt̄H and tt̄V contributions are subtracted from the measurement.

The statistical and dominating systematical uncertainties on the measurements are presented.

Channel Measurements (pb) Predictions (pb) Phase Space

tt̄bb̄
(eμ) [26] 177 ± 5 ± 24 103 ± 30 ≥3b
(eμ) [26] 25 ± 3 ± 7 17.3 ± 4.2 ≥4b
(lepton + jets) [26] 2370 ± 40 ± 690 1600 ± 530 ≥ 5j, ≥3b
(lepton + jets) [26] 331 ± 11 ± 61 270 ± 70 ≥ 6j, ≥4b

The ratio measurement of the cross-sections of tt̄bb̄ to tt̄j̄j production is also available
using data collected at

√
s = 8 TeV [25]. The ratio measurement is motivated to reduce the

systematic uncertainties and the result is compared with predictions in Figure 3.
In CMS, the inclusive tt̄bb̄ cross-sections are measured in the different phase spaces of

the dilepton, lepton + jets and hadronic channels using data collected at
√

s = 13 TeV by
CMS. In the dilepton channel, measurements at

√
s = 8 TeV are also available. In the dilepton

channel, the final state consists of two reconstructed leptons and at least four reconstructed
b jets. With these two leptons, the dominating Z + jets background is estimated from data
using control samples enriched in Z boson events. Among the at least four b jets, the first
and the second jets in decreasing order of the b tagging discriminator tend to be the b jets
from the top quark. Therefore, jets with the third and fourth largest b tagging discriminator
are considered as the additional b jets. Using the two-dimensional distribution of these
discriminators of two determined additional jets, the number of tt̄bb̄ events is extracted.
Together with the ratio σtt̄bb̄/σtt̄j̄j, the cross-sections σtt̄bb̄ and σtt̄j̄j are measured in the
visible phase space. For the purpose of comparing the measurements with the theoretical
prediction and with measurements in the other decay modes, the cross-sections in the full
phase space are obtained by taking into account the acceptance, σf ull = σvisible/A, where
A is the acceptance, defined as the number of events in the corresponding visible phase
space divided by the number of events in the full phase space. The results for the full phase
space are shown in Figure 4 (upper).
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Figure 3. Measurement of the ratio between the tt̄bb̄ and tt̄j̄j visible cross-sections at
√

s=8 TeV by
ATLAS [25].

In the lepton + jets channel, the measurement was conducted with data corresponding
to an integrated luminosity of 35.9 fb−1 at

√
s = 13 TeV in CMS. In this channel, the identi-

fication of the origin of the jets is challenging because the final state with at least six jets
including four b jets leads to ambiguities in the jet assignment. Moreover, the heavy-flavor
jet can also originate from the W boson decay. In order to address this, the kinematic
reconstruction method is used to identify the additional b jets. The algorithm assigns a χ2

value according to the goodness of fit of each jet permutation to meet certain kinematic
constraints. The solution selected is the one with the lowest χ2 value. Once a jet topology is
selected, the additional jets in the event are arranged in decreasing order of their b tagging
discriminant value. Then, similar to the dilepton channel, only the information from two
additional jets with the highest b tagging discriminant value is used to extract the tt̄bb̄
cross-section. The results for the ratio σtt̄bb̄/σtt̄j̄j, σtt̄bb̄ and σtt̄j̄j are presented for both the
visible phase space and the full phase space (see Figure 4). Recently, the measurement in
the lepton + jets channel was updated with a full Run 2 data corresponding to an integrated
luminosity of 138 fb−1 [33]. In this analysis, the cross-sections in four different visible
phase spaces are measured extensively in four different phase spaces. The final states
of each phase space are shown in Table 1. For the phase spaces with the requirement
of three additional light jets, it is motivated for the study of additional QCD radiation
in tt̄b or tt̄bb̄ events as these have been shown to be sensitive to the modeling of tt̄bb̄
production. The measured cross-sections in all phase spaces are larger than the predictions
from the POWHEG +PYTHIA 8. All other predicted values in each phase space are available
in Ref. [33].

In the hadronic channel, the multi-jet process is the main background. To remove
the multi-jet events, the quark–gluon discriminant was used. The unsupervised learning
algorithm was also further used to maximize the contribution of tt̄bb̄ events. The measured
cross-sections follow two definitions of the tt̄bb̄ events in the fiducial phase space. One is
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based exclusively on stable generated particles after hadronization (parton-independent).
This definition facilitates comparisons with predictions from event generators. The other
uses parton-level information after radiation emission (parton-based). This definition is
closer to the approach taken by searches for tt̄H production to define the contribution
from the tt̄bb̄ process. To address the large combinatorial ambiguity in identifying the
additional jets in the events, a boosted decision tree (BDT) was used. The cross-section is
also reported for the total phase space by correcting the parton-based fiducial cross-section
by the experimental acceptance. The results are presented in Figure 5.

Figure 4. The measured tt̄bb̄ cross-sections in the full phase space in the dilepton channel (upper)
and the lepton + jet channel (lower) from the CMS experiment. The dark (light) shaded bands show
the statistical (total) uncertainties on the measured values [30].
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Figure 5. The measured tt̄bb̄ cross-sections in the hadronic channel in the parton-independent (left),
parton-based (center) and full phase space (right) from the CMS experiment. The dark (light) shaded
bands show the statistical (total) uncertainties on the measured values [31].

The cross-section of a top quark pair production with an additional pair of c jets
has been measured for the first time by CMS. This measurement is challenging as the
experimental signature of a b jet is very similar to that of a c jet. Two additional jets are
selected using a deep neural network classifier. To separate the tt̄cc̄, tt̄bb̄ and tt̄ll events,
a NN is trained using charm jet tagging information of the first and second additional jets,
and kinematic variables such as the angular separation ΔR between two additional jets, as
well as the NN score for the best jet permutation. This NN predicts the probabilities for five
output classes of tt̄cc̄, tt̄cl, tt̄bb̄, tt̄bl and tt̄ll. Two discriminators are derived as follows.

Δc
b =

P(tt̄cc̄)
P(tt̄cc̄) + P(tt̄bb̄)

,

Δc
L =

P(tt̄cc̄)
P(tt̄cc̄) + P(tt̄ll)

.
(1)

The tt̄cc̄, tt̄bb̄ and tt̄ll cross-sections are extracted from a fit to the two-dimensional
distribution of these discriminators. The ratios Rb and Rc of, respectively, the measured
σtt̄bb̄ and σtt̄cc̄ cross-sections with respect to the inclusive tt̄ + two jets cross-section were
also measured. The results are compared to theoretical predictions of either the POWHEG

or MADGRAPH 5_aMC@NLO generators as shown in Figure 6.

Figure 6. Results of the tt̄bb̄ versus tt̄cc̄ cross-section measured by CMS in the fiducial phase space,
and their ratios to the inclusive tt̄ + two jets cross-section [32].
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All of the inclusive cross-sections measured in the visible phase space by the CMS
experiment are summarized in Tables 3 and 4, and for the full phase space in Tables 5 and 6.
Figure 7 also shows the comparison between the measured values in the full phase space
and various theoretical predictions in CMS.

Table 3. Measured and predicted cross-sections in the visible phase space at
√

s = 13 TeV by CMS.
In the hadronic channel, the parton-based cross-section is shown. The predictions of POWHEG

+PYTHIA 8 are shown.

Channel Measurements (pb) Predictions (pb) b jet Requirement

tt̄bb̄
dilepton [29] 0.088 ± 0.012 ± 0.029 0.070 ± 0.009 pT > 20 GeV, |η| < 2.5
dilepton [30] 0.040 ± 0.002 ± 0.005 0.032 ± 0.004 pT > 30 GeV, |η| < 2.4
lepton + jets
≥ 6j ≥ 4b [30] 0.62 ± 0.03 ± 0.07 0.52 ± 0.06 pT > 20 GeV, |η| < 2.5
≥ 5j, ≥ 3b [33] 2.368 ± 0.142 ± 0.014 1.791 pT > 25 GeV, |η| < 2.4
≥6j ≥ 3b ≥ 3l [33] 1.036 ± 0.090 ± 0.012 0.899 pT > 25 GeV, |η| < 2.4
≥ 6j ≥ 4b [33] 0.289 ± 0.036 ± 0.006 0.240 pT > 25 GeV, |η| < 2.4
≥ 7j ≥ 4b ≥ 3l [33] 0.144 ± 0.025 ± 0.005 0.129 pT > 25 GeV, |η| < 2.4

hadronic [31] 1.6 ± 0.1+0.5
−0.4 1.0 ± 0.2 pT > 20 GeV, |η| < 2.5

dilepton [32] 0.132 ± 0.010 ± 0.015 0.097 ± 0.021 pT > 20 GeV, |η| < 2.4

tt̄cc̄
dilepton [32] 0.207 ± 0.025±0.027 0.187 ± 0.038 pT > 20 GeV, |η| < 2.4

Table 4. Measured and predicted cross-section ratios in the visible phase space at
√

s = 13 TeV by
CMS. The predictions of POWHEG +PYTHIA 8 are shown.

Channel Measurements (%) Predictions (%) b jet Requirement

tt̄bb̄/tt̄j̄j
dilepton [29] 2.4 ± 0.3 ± 0.7 1.4 ± 0.1 pT > 20 GeV, |η| < 2.5
dilepton [30] 1.7 ± 0.1 ± 0.1 1.3 ± 0.2 pT > 30 GeV, |η| < 2.4
lepton + jets [30] 2.0 ± 0.1 ± 0.1 1.7 ± 0.2 pT > 20 GeV, |η| < 2.5
dilepton [32] 1.93 ± 0.15 ± 0.18 1.31 ± 0.12 pT > 20 GeV, |η| < 2.4

tt̄cc̄/tt̄j̄j
dilepton [32] 3.01 ± 0.34 ± 0.31 2.53 ± 0.18 pT > 20 GeV, |η| < 2.4

Table 5. Measured and predicted cross-sections in the full phase space at
√

s = 13 TeV by CMS. The
predictions of POWHEG +PYTHIA 8 prediction are shown.

Channel Measurements (pb) Predictions (pb) b jet Requirement

tt̄bb̄
dilepton [29] 4.0 ± 0.6 ± 1.3 3.2 ± 0.4 pT > 20 GeV, |η| < 2.5
dilepton [30] 2.9 ± 0.1 ± 0.5 2.3 ± 0.4 pT > 30 GeV, |η| < 2.4
lepton + jets [30] 4.7 ± 0.2 ± 0.6 3.9 ± 0.4 pT > 20 GeV, |η| < 2.5
hadronic [31] 5.5 ± 0.3+1.6

−1.3 3.5 ± 0.6 pT > 20 GeV, |η| < 2.5
dilepton [32] 4.54 ± 0.34 ± 0.56 3.34 ± 0.72 pT > 20 GeV, |η| < 2.4

tt̄cc̄
dilepton [32] 10.1 ± 1.2 ± 1.4 9.1 ± 1.8 pT > 20 GeV, |η| < 2.4
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Table 6. Measured and predicted cross-section ratios in the full phase space at
√

s = 13 TeV by CMS.
The predictions of POWHEG +PYTHIA 8 prediction are shown.

Channel Measurements (%) Predictions (%) b jet Requirement

tt̄bb̄/tt̄j̄j
dilepton [29] 2.2 ± 0.3 ± 0.6 1.2 ± 0.1 pT > 20 GeV, |η| < 2.5
dilepton [30] 1.8 ± 0.1 ± 0.2 1.4 ± 0.3 pT > 30 GeV, |η| < 2.4
lepton + jets [30] 1.6 ± 0.1 ± 0.1 1.3 ± 0.2 pT > 20 GeV, |η| < 2.5
dilepton [32] 1.51 ± 0.11 ± 0.16 1.03 ± 0.08 pT > 20 GeV, |η| < 2.4

tt̄cc̄/tt̄j̄j
dilepton [32] 3.36 ± 0.38 ± 0.34 2.81 ± 0.20 pT > 20 GeV, |η| < 2.4

Figure 7. The tt̄bb̄ cross-sections in the various channels for the full phase space measured by
CMS [48].

3.2. Differential Cross-Section Measurements

In addition to the inclusive cross-section measurements, the differential measurements
of the tt̄ + HF production cross-sections can also provide information on the perturbative
QCD (pQCD) and enable the searches for potential new physics. The tt̄bb̄ differential
cross-section measurements have been performed at

√
s = 7, 8 and 13 TeV with the ATLAS

experiment and at
√

s = 8 and 13 TeV with the CMS experiment.
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To measure the differential cross-sections, the measured distributions at the detector
level need to be unfolded to the generator level where the detector effect is removed so that
the resulting cross-section can be compared with theory predictions and results from other
experiments. At the generator level, it is not trivial to define the additional b jets in the tt̄bb̄
process as we have b jets from the top quark decay. Moreover, the b jet could also emerge
from the W boson decay. The additional b jets are expected to come from the gluon decay
and can also come from the decay of the H boson or another boson.

In the b jet identification, there is a clear difference between the two experiments
in ATLAS and CMS. In the ATLAS experiment, at the particle level, there is no attempt
to identify the origin of the b jets relying on the simulation information. At this particle
level, the two b jets with the highest pT or the smallest ΔR are selected for the differential
cross-section measurement. The highest pT jets are considered as the b jets from the top
quark while the b jets with the smallest ΔR are considered as the additional b jets not
from the top quark decay to make use of the fact that the b jets from a gluon splitting
tend to be collinear. While in CMS, the origin of the b jets is explicitly identified using the
simulation information. For example, the b hadron is traced back through its ancestors
in the simulation chain. In this way, only if the b jet is not from a top quark, the b jet is
identified as one of the two additional b jets.

For the ATLAS measurements, the unfolded results are presented as normalized
differential cross-sections in visible phase space as a function of the b jet multiplicity, global
event properties and various kinematic variables. The measurements are conducted in the
eμ channel with at least three reconstructed b jets and in the lepton + jets channel with
at least four b jets. The sample with at least four b jets in the lepton + jets channel has
high signal purity resulting in a measurement with smaller dependence on the simulation.
The eμ channel benefits from an order of magnitude of a larger sample size containing at
least three b jets.

Once the reconstructed level distributions of tt̄ + HF events are extracted, then the
measured distributions are unfolded to the particle level. The detector resolution effect
and inefficiency are corrected by inverting the migration matrix which is optimized for
a diagonal matrix. An iterative Bayesian unfolding technique [49] implemented in the
ROOUNFOLD software package [50] is used in this process. Detector efficiencies and
acceptance are then corrected using a bin-by-bin method. Figure 8 shows the normalized
cross-section as a function of the b jet multiplicity compared with predictions from various
generator set-ups. The first three panels show the ratios of various predictions to data.
The last panel shows the ratio of predictions of normalized differential cross-sections from
MADGRAPH 5_aMC@NLO+PYTHIA 8, including or not the contributions from the tt̄H
and tt̄V processes. All predictions relying on the parton shower generation of jets for
high multiplicities are lower compared to the measurements. This suggests that the b jet
production by the parton shower is not optimal in these processes. The comparison of the
predictions from various generators with the measurements are made after subtracting the
simulation-estimated contributions of tt̄V and tt̄H production from the data. The impact of
including these processes in the prediction increases with b jet multiplicity, resulting in a
change of about 10% relative to the QCD tt̄ prediction alone in the inclusive four b jet bin.
The measurement in the eμ channel with at least three b jets tends to be more precise than
in the lepton + jets channel with at least four b jets.

It is also of importance to verify the distributions of the pT, the mass and the angular
distance ΔR of the two b jets where the b1b2 system is built from the two highest-pT b jets
and the two closest b jets in ΔR. The measured distributions of those three variables in the
lepton + jets channel are shown in Figures 9–11. The differential cross-section as a function
of the pT of the b1b2 system is measured with a precision of 10–15% over the full range in
the eμ channel and with an uncertainty of 20–25% in the lepton + jets channel. In general,
the differential distributions are well described by the different theoretical predictions,
which vary significantly less compared to the size of the experimental uncertainty. All other
distributions such as HT or pT of additional b jets are available in Ref. [26].
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In CMS, the differential cross-sections are measured in the visible phase space as a
function of various kinematic properties such as the pT and η of the leading and subleading
additional b jets, the angular distance ΔR between them and the invariant mass mbb̄ of
the two additional b jets. In particular, the differential cross-sections as a function of the
mbb̄ and ΔR are of interest as the two additional b jets from a gluon tend to be produced
collinearly and those from the H boson have the resonance peak at 125 GeV.

Figure 8. The relative differential cross-section as a function of the b jet multiplicity in events
with at least two b jets in the eμ channel compared with various generators. The tt̄H and tt̄V
contributions are subtracted from data. Uncertainty bands represent the statistical and total systematic
uncertainties [26].
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Figure 9. Relative differential cross-sections as a function of pT of the two highest-pT b jets (left) and
the two closest b jets in ΔR (right) in the events with at least four b jets in the lepton + jets channel
compared with various generators from the ATLAS measurements. The contributions from tt̄H and
tt̄V are subtracted from data [26].

Figure 10. Relative differential cross-sections as a function of mb1b2 of the two highest-pT b jets (left)
and the two closest b jets in ΔR (right) in the events with at least four b jets in the lepton + jets channel
compared with various generators from the ATLAS measurements. The contributions from tt̄H and
tt̄V are subtracted from data [26].
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Figure 11. Relative differential cross-sections as a function of ΔRb1,b2 of the two highest−pT b jets (left)
and the two closest b jets in ΔR (right) in the events with at least four b jets in the lepton + jets channel
compared with various generators from the ATLAS measurements. The contributions from tt̄H and
tt̄V are subtracted from data [26].

At the reconstruction level, it is very challenging to identify two additional b jets
because there are four b jets from top quarks and a gluon splitting. To select the additional
b jets, the multivariate approach of a BDT was used to maximize the correct assignment
of additional b jets. The input variables to the BDT combine information from the two
final-state leptons, the jets and Emiss

T . A total of twelve variables, e.g., the sum and difference
of the invariant mass of the bl+ and b̄l− system, mbl+ ± mb̄l− ; the absolute difference in
the azimuthal angle between them, |Δφbl+ ,b̄l− |; the pT of the bl+ and b̄l− system, pbl+

T
and pb̄l−

T and the difference between the invariant mass of the two b jets and two leptons
and the invariant mass of the bb̄ pair, mbb̄l+ l− − mbb̄, are used as input variables. The
variables insensitive to the additional radiation are selected to avoid any dependence on
the kinematics of the additional jets. The jets from the tt̄ system are identified as the pair
with the highest BDT discriminant. From the remaining jets, those b-tagged jets with the
highest pT are selected as being the leading additional ones. With this method, the correct
assignment rate for the additional b jets in tt̄bb̄ events is around 40%.

A template fit to the b-tagged jet multiplicity distribution is performed to improve the
data and simulation comparison. For the differential cross-section measurements, effects
from detector efficiency and resolution are corrected by using the regularized inversion of
the response matrix which is calculated from simulated tt̄ events. The measured differential
cross-sections as a function of the leading and subleading additional b jet pT, the ΔR
and invariant mass of two additional b jets are shown in Figure 12 for CMS. Measured
cross-sections are compared with various theoretical predictions. The shape of the pT
distributions are well described by prediction. However, the measured values by CMS
have larger uncertainties due to the use of a smaller data sample with respect to ATLAS.
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Figure 12. Absolute differential tt̄ cross-sections as a function of the leading and subleading additional
b jet pT (upper) and angular separation and invariant mass of two additional b jets (lower) in the
visible phase space at the CMS. Inner vertical bars indicate the statistical uncertainties [27].

In CMS, the differential cross-sections are measured with a full Run 2 data in the
lepton + jets channel. In this analysis, two approaches are used to identify the additional
b jets from the gluon splitting, while two b jets with the smallest angular separation
are selected to reduce the systematic uncertainty on theory dependence, a multivariate
algorithm based on a deep neural network (DNN) is also used to identify additional b jets
not from top quarks by using the MC information.

To find the correct pair of b jets not from top quarks, only four b jets in the highest pT
order are used as candidate jets, which results in the six possible candidate jet combinations.
The DNN makes use of two sets of input variables, targeting jet-specific input information
and global event information separately. For jet-specific input information, the input
variables consist of the pT, η, a flag indicating whether it passes the tight b tagging working
point, the angular separation (ΔR) with the charged lepton and the invariant mass with the
charged lepton. These input variables are connected via five convolutional network layers
(CNN) [51] followed by a long short-term memory (LSTM) cell [52]. For the global event
information, the input variables consist of the scalar pT sum of the four candidate b jets,
the pT, η, φ of the charged lepton, the Δφ, Δη and invariant mass of the dijet combinations,
the Δ R of the dijet combinations and the charged lepton as well as the jet and b-tagged
jet multiplicities. These input variables are connected to three dense network layers with
50 nodes each. Both of these sequences are concatenated at the end into one dense layer with
10 nodes, which is connected to an output layer consisting of six nodes, each representing
one of the six possible candidate jet combinations. The pair of b-tagged jets with the highest
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DNN output value per event is chosen as the correct assignment of the additional b jet pair
and used further for the differential cross-section measurement.

The correct assignment of additional b jets in the DNN is about 49%, which represents
a significant increase compared to choosing the two b jets closest in ΔR, which only
yields about 41%. The measured differential cross-sections as a function of the leading
and subleading additional b jet pT, the ΔR and invariant mass of two additional b jets
selected in the DNN are shown in Figure 13. The distributions are not well described
by POWHEG + HERWIG 7 (referred to as POWHEG + H7 in Figure 13). More differential
variables are available in Ref. [33].

Figure 13. Normalized differential tt̄ cross-sections as a function of the leading and subleading
additional b jet pT (upper) and angular separation and invariant mass of two additional b jets (lower)
in the visible phase space at the CMS. Inner vertical bars indicate the statistical uncertainties [33].

4. Discussion

The results from the Run 1 and Run 2 data analyses of ATLAS and CMS of the
measured inclusive cross-sections of tt̄ + HF jets are higher than the theoretical predictions
(see Tables 2–6).

It will be interesting to observe whether these differences become significant with
additional data. There were also attempts to measure the differential cross-sections aim-
ing to identify variables where the differences become larger. The measured differential
cross-sections are in general consistent with theory predictions within its large statistical
uncertainty. However, in the ΔR distribution, there is a discrepancy at the first bin. In par-
ticular, the HERWIG prediction tends to produce two additional b jets with smaller angles
than the measured value as well as other predictions matched to PYTHIA.

In the realm of tt̄ + HF, there is a large fraction of Run-2 data yet to be analyzed and we
expect twice more data in Run-3 at the LHC in the coming years. We can envisage reducing
not only the statistical uncertainty but also systematic uncertainties as more data may
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enable more data-driven techniques. More data will also make it possible to use a smaller
bin width to enable hints about potential discrepancies in the inclusive measurements.
More advanced heavy-flavor tagging may distinguish the c-flavor jet better from the b-
flavor jets. Novel flavor tagging developments can indeed increase our understanding of
pQCD and the potential to discover new physics. More synchronized definitions are also
required to compare or combine results from ATLAS and CMS.

As we have a systematically higher measured value of cross-section of the tt̄ + HF
compared to prediction, more data from Run-3 and eventually from the High Luminosity-
LHC may provide interesting opportunities to find cracks in our theoretical understanding.
The discrepancy could be from the fact that signal samples are modeled only at NLO in
QCD. We should also make use of the effective field theory (EFT) approach for possible
new physics. To interpret experimental measurements in the context of physics beyond
the standard model, the EFT approach is of interest as a model-independent approach [53].
Differential measurements may be crucial in this approach as the presence of the SMEFT
operators can modify the kinematics in the standard model processes.

5. Conclusions

The inclusive and differential cross-sections for the tt̄ + HF jet production have been
measured extensively in ATLAS and CMS for the various phase spaces using data samples
collected in pp collisions at

√
s = 7, 8 and 13 TeV. The ratio of the cross-sections of the tt̄ + HF

jets with respect to the cross-section of the tt̄ + additional jets is also measured, aiming for
reduced uncertainties as many kinematic distributions are expected to be similar between
the tt̄ + HF jets and the tt̄ + additional jets. These measured cross-sections systematically
tend to be higher than the predictions. The measurements are dominated by systematic un-
certainties that could be reduced by deploying data-driven techniques to better control the
impact of backgrounds and reconstruction-related systematic uncertainties. Having more
data in the coming years with a better understanding of detectors and more sophisticated
reconstruction techniques will bring us to the precision era, where possible new physics
could finally be revealed.

Funding: This work was supported under the framework of the international cooperation program
managed by the National Research Foundation of Korea (NRF-2022K2A9A1A06093535). J.D. is
supported in part by the Strategic Research Program “High-Energy Physics” of the VUB and also by
the FWO-Vlaanderen.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Sirunyan, A.M. et al. [CMS Collaboration]. Observation of tt̄H Production. Phys. Rev. Lett. 2018, 120, 231801. [CrossRef] [PubMed]
2. Aaboud, M. et al. [ATLAS Collaboration]. Observation of Higgs boson production in association with a top quark pair at the

LHC with the ATLAS detector. Phys. Lett. B 2015, 784, 173–191.
3. Höche, S.; Krauss, F.; Maierhöfer, P.; Pozzorini, S.; Schönherr, M.; Siegert, F. Next-to-leading order QCD predictions for top-quark

pair production with up to two jets merged with a parton shower. Phys. Lett. B 2015, 748, 74–78. [CrossRef]
4. Höche, S.; Maierhöfer, P.; Moretti, N.; Pozzorini, S.; Siegert, F. Next-to-leading order QCD predictions for top-quark pair

production with up to three jets. Eur. Phys. J. C 2017, 77, 145. [CrossRef]
5. Alwall, J.; Frederix, R.; Frixione, S.; Hirschi, V.; Maltoni, F.; Mattelaer, O.; Shao, H.S.; Stelzer, T.; Torrielli, P.; Zaro, M. The

automated computation of tree-level and next-to-leading order differential cross sections, and their matching to parton shower
simulations. J. High Energy Phys. 2014, 2014, 79. [CrossRef]

6. Frederix, R.; Frixione, S. Merging meets matching in MC@NLO. J. High Energy Phys. 2012, 2012, 61. [CrossRef]
7. Frixione, S.; Nason, P.; Ridolfi, G. A positive-weight next-to-leading-order Monte Carlo for heavy flavour hadroproduction. J.

High Energy Phys. 2007, 2017, 126. [CrossRef]
8. Worek, M.; Bevilacqua, G. On the ratio of tt̄bb̄ and tt̄j̄j cross sections at the CERN Large Hadron Collider. J. High Energy Phys.

2014, 2014, 135.
9. Worek, M. Next-to-leading order QCD corrections to tt̄bb̄ production at the LHC. arXiv 2009, arXiv:0910.4080. [CrossRef]
10. Worek, M. On the next-to-leading order QCD K-factor for tt̄bb̄ production at the TeVatron. J. High Energy Phys. 2012, 2012, 43.

[CrossRef]

109



Universe 2023, 9, 242

11. Bevilacqua, G.; Czakon, M.; Papadopoulos, C.G.; Pittau, R.; Worek, M. Assault on the NLO wishlist: Pp → tt̄bb̄. J. High Energy
Phys. 2009, 2019, 109. [CrossRef]

12. Bredenstein, A.; Denner, A.; Dittmaier, S.; Pozzorini, S. NLO QCD corrections to ttbb production at the LHC: 1. Quark-antiquark
annihilation. J. High Energy Phys. 2008, 2008, 108. [CrossRef]

13. Bredenstein, A.; Denner, A.; Dittmaier, S.; Pozzorini, S. NLO QCD corrections to pp → tt̄bb̄ + X at the LHC. Phys. Rev. Lett. 2009,
103, 012002. [CrossRef]

14. Bredenstein, A.; Denner, A.; Dittmaier, S.; Pozzorini, S. NLO QCD corrections to ttbb production at the LHC: 2. Full hadronic
results. J. High Energy Phys. 2010, 2010, 21. [CrossRef]

15. Garzelli, M.V.; Kardos, A.; Trócsányi, Z. Hadroproduction of tt̄bb̄ final states at LHC: Predictions at NLO accuracy matched with
Parton Shower. J. High Energy Phys. 2015, 2015, 83. [CrossRef]

16. Denner, A.; Lang, J.-N.; Pellen, M. Full NLO QCD corrections to off-shell ttbb production. Phys. Rev. D 2021, 104, 056018.
[CrossRef]

17. Giuseppe, B.; Huan-Yu, B.; Hartanto, H.B.; Kraus, M.; Lupattelli, M.; Malgorzata, W. tt̄bb̄ at the LHC: On the size of corrections
and b-jet definitions. J. High Energy Phys. 2021, 2021, 8. [CrossRef]

18. Cascioli, F.; Maierhöfer, P.; Moretti, N.; Pozzorini, S.; Siegert, F. NLO matching for tt̄bb̄ production with massive b quarks. Phys.
Lett. B 2014, 734, 210–214. [CrossRef]

19. Bevilacqua, G.; Garzelli, M.V.; Kardos, A. tt̄bb̄ hadroproduction with massive bottom quarks with POWHEL. arXiv 2017,
arXiv:1709.06915.

20. Jezo, T.; Lindert, J.M.; Moretti, N.; Pozzorini, S. New NLOPS predictions for tt̄ + b jet production at the LHC. Eur. Phys. J. C 2018,
78, 502. [CrossRef]

21. Buccioni, F.; Kallweit, S.; Pozzorini, S.; Zoller, M.F. NLO QCD predictions for tt̄bb̄ production in association with a light jet at the
LHC. J. High Energy Phys. 2019, 2019, 15. [CrossRef]

22. Aad, G. et al. [The ATLAS Collaboration] ATLAS Collaboration. The ATLAS Experiment at the CERN LHC. JINST 2008, 3, S08003.
Available online: https://iopscience.iop.org/article/10.1088/1748-0221/3/08/S08003 (accessed on 6 May 2023).

23. Chatrchyan, S. et al. [The CMS Collaboration] The CMS Experiment at the CERN LHC. JINST 2008, 3, S08004. Available online:
https://iopscience.iop.org/article/10.1088/1748-0221/3/08/S08004/meta (accessed on 6 May 2023).

24. Aguilar-Saavedra, J.A. et al. [ATLAS Collaboration]. Study of heavy-flavor quarks produced in association with top-quark pairs
at

√
s = 7 TeV using the ATLAS detector. Phys. Rev. D 2014, 89, 072012.

25. Abbott, B. et al. [ATLAS Collaboration]. Measurements of fiducial cross-sections for tt̄ production with one or two additional
b-jets in pp collisions at

√
s = 8 TeV using the ATLAS detector. Eur. Phys. J. C 2016, 76, 11. [CrossRef]

26. Aaboud, M. et al. [ATLAS Collaboration]. Measurements of inclusive and differential fiducial cross-sections of tt production
with additional heavy-flavour jets in proton-proton collisions at

√
s = 13 TeV with the ATLAS detector. J. High Energy Phys. 2019,

2019, 46. [CrossRef]
27. Hollar, J. et al. [CMS Collaboration]. Measurement of tt production with additional jet activity, including b quark jets, in the

dilepton decay channel using pp collisions at
√

s = 8 TeV. Eur. Phys. J. C 2016, 76, 379. [CrossRef]
28. Hollar, J. et al. [CMS Collaboration]. Measurement of the cross section ratio σtt̄bb̄/σtt̄jj in pp collisions at

√
s = 8 TeV. Phys. Lett. B

2015, 746, 132–153. [CrossRef]
29. Belforte, S. et al. [CMS Collaboration]. Measurements of tt̄ cross sections in association with b jets and inclusive jets and their

ratio using dilepton final states in pp collisions at
√

s = 13 TeV. Phys. Lett. B 2018, 776, 355–378. [CrossRef]
30. Sirunyan, A.M. et al. [CMS Collaboration]. Measurement of the cross section for tt̄ production with additional jets and b jets in pp

collisions at
√

s = 13 TeV. J. High Energy Phys. 2020, 2020, 125. [CrossRef]
31. Bondu, O. et al. [CMS Collaboration]. Measurement of the tt̄bb̄ production cross section in the all-jet final state in pp collisions at√

s = 13 TeV. Phys. Lett. B 2020, 803, 135285. [CrossRef]
32. Sirunyan, A.M. et al. [CMS Collaboration]. First measurement of the cross section for top quark pair production with additional

charm jets using dileptonic final states in pp collisions at
√

s = 13 TeV. Phys. Lett. B 2021, 820, 136565. [CrossRef]
33. CMS Collaboration. CMS-PAS-TOP-22-009. Available online: http://cms-results.web.cern.ch/cms-results/public-results/

preliminary-results/TOP-22-009/index.html (accessed on 6 May 2023)
34. Nason, P. A new method for combining NLO QCD with shower Monte Carlo algorithms. J. High Energy Phys. 2004, 2004, 40.

[CrossRef]
35. Frixione, S.; Nason, P.; Oleari, C. Matching NLO QCD computations with parton shower simulations: The POWHEG method. J.

High Energy Phys. 2007, 2007, 70. [CrossRef]
36. Alioli, S.; Nason, P.; Oleari, C.; Re, E. A general framework for implementing NLO calculations in shower Monte Carlo programs:

The POWHEG BOX. J. High Energy Phys. 2010, 2010, 43. [CrossRef]
37. T. Sjöstrand, S. Mrenna and P. Z. Skands, An Introduction to PYTHIA 8.2. Comput. Phys. Commun. 2015, 191, 159. [CrossRef]
38. Sjöstrand, T.; Mrenna, S.; Skands, P.Z. Pythia 6.4 Physics and Manual. J. High Energy Phys. 2006, 2006, 26. [CrossRef]
39. Alwall, J.; Herquet, M.; Maltoni, F.; Mattelaer, O.; Stelzer, T. MadGraph v5: Going beyond. J. High Energy Phys. 2011, 2011, 128.

[CrossRef]
40. Bähr, M.; Gieseke, S.; Gigg, M.A.; Grellscheid, D.; Hamilton, K.; Latunde-Dada, O.; Plätzer, S.; Richardson, P.; Seymour, M.H.;

Sherstnev, A.; et al. Herwig++ Physics and Manual. Eur. Phys. J. C 2008, 58, 639–707. [CrossRef]

110



Universe 2023, 9, 242

41. Bellm, J.; Gieseke, S.; Grellscheid, D.; Plätzer, S.; Rauch, M.; Reuschle, C.; Richardson, P.; Schichtel, P.; Seymour, M.H.; Siódmok,
A.; et al. Herwig 7.0/Herwig++ 3.0 release note. Eur. Phys. J. C 2016, 76, 196. [CrossRef]

42. Gleisberg, T.; Höche, S.; Krauss, F.; Schönherr, M.; Schumann, S.; Siegert, F.; Winter, J. Event generation with SHERPA 1.1. J. High
Energy Phys. 2009, 2009, 7. [CrossRef]

43. Cacciari, M.; Czakon, M.; Mangano, M.; Mitov, A.; Nason, P. Top-pair production at hadron colliders with next-to-next-to-leading
logarithmic soft-gluon resummation. Phys. Lett. B 2012, 710, 612. [CrossRef]

44. Czakon, M.; Mitov, A. Top++: A program for the calculation of the top-pair cross-section at hadron collider. Comput. Phys.
Commun. 2014, 185, 2930–2938. [CrossRef]

45. Gleisberg, T.; Höche, S. Comix, a new matrix element generator. J. High Energy Phys.2008, 2008, 39. [CrossRef]
46. Cascioli, F.; Maierhofer, P.; Pozzorini, S. Scattering Amplitudes with Open Loops. Phys. Rev. Lett. 2012, 108, 111601. [CrossRef]
47. Schumann, S.; Krauss, F. A parton shower algorithm based on Catani-Seymour dipole factorisation, J. High Energy Phys. 2008,

2008, 38. [CrossRef]
48. CMS Top Quark Physics Summary Figures. Available online: https://twiki.cern.ch/twiki/bin/view/CMSPublic/

PhysicsResultsTOPSummaryFigures (accessed on 5 March 2023).
49. D’Agostini, G. A multidimensional unfolding method based on Bayes’ theorem. Nucl. Instrum. Meth. A 1995, 362, 487–498.

[CrossRef]
50. Adye, T. Unfolding algorithms and tests using RooUnfold. In Proceedings of the PHYSTAT 2011 Workshop on Statistical

Issues Related to Discovery Claims in Search Experiments and Unfolding, CERN, Geneva, Switzerland, 17–20 January 2011;
CERN-2011-006; CERN: Geneva, Switzerland, 2011; p. 313.

51. LeCun, Y.; Boser, B.; Denker, J.; Henderson, D.; Howard, R.; Hubbard, W.; Jackel, L. Handwritten digit recognition with a
back-propagation network. In Proceedings of the 2nd International Conference on Neural Information Processing Systems,
NIPS’89, (Cambridge, MA, USA), Denver, CO, USA, 27–30 November 1989; MIT Press: Cambridge, MA, USA, 1989; pp. 396–404.

52. Hochreiter, S.; Schmidhuber, J. Long short-term memory. Neural Comput. 1997, 9, 1735–1780. [CrossRef]
53. D’Hondt, J.; Mariotti, A.; Mimasu, K.; Moortgat, S.; Zhang, C. Learning to pinpoint effective operators at the LHC: A study of the

tt̄bb̄ signature. J. High Energy Phys. 2018, 2018, 131. [CrossRef]

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

111



Citation: Blekman, F.; Déliot, F.;

Dutta, V.; Usai, E. Four-top quark

physics at the LHC. Universe 2022, 8,

638. https://doi.org/10.3390/

universe8120638

Academic Editor: Jinmin Yang

Received: 22 July 2022

Accepted: 1 November 2022

Published: 30 November 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

universe

Review

Four-top quark physics at the LHC

Freya Blekman 1,*, Fréderic Déliot 2, Valentina Dutta 3 and Emanuele Usai 4

1 Deutsches Elektronen-Synchrotron DESY, Notkestr. 85, 22607 Hamburg, Germany, and Universität Hamburg,
Luruper Chaussee 149, 22761 Hamburg, Germany

2 Irfu, CEA Paris-Saclay, Université Paris-Saclay, CEDEX, 91191 Gif-sur-Yvette, France
3 Physics Department, Carnegie Mellon University, Wean Hall, 5000 Forbes Avenue,

Pittsburgh, PA 15213-3890, USA
4 Department of Physics and Astronomy, The University of Alabama, 514 University Blvd,

Tuscaloosa, AL 35487-0324, USA
* Correspondence: freya.blekman@desy.de

Abstract: The production of four top quarks presents a rare process in the Standard Model that
provides unique opportunities and sensitivity to Standard Model observables including potential
enhancement of many popular new physics extensions. This article summarises the latest exper-
imental measurements of the four-top quark production cross section at the LHC. An overview
is provided detailing interpretations of the experimental results regarding the top quark Yukawa
coupling in addition to the limits on physics beyond the Standard Model. Further, prospects for
future measurements and opportunities offered by this challenging final state are given herein.
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1. Introduction

The top quark was discovered in 1995 [1,2] and plays a pivotal role in particle physics
at the energy frontier. In the LHC era, top quark pair production is under high scrutiny
by the ATLAS and CMS collaborations [3–7]. Single-top quark production, originally
observed at the Tevatron, is now also well established at the LHC [8–14]. Although studies
surrounding the intrinsic physics properties represent an important area of research, top
quarks play a key background role in many analyses that concern the search for new
physics signatures.

The simultaneous production of four top quarks is an example of a rare multiparticle
process in the Standard Model (SM), and also presents a promising avenue in the search
for signals of new physics beyond the Standard Model (BSM). The production of four top
quarks is interesting in its own right since experimental data are expected to challenge state-
of-the-art perturbative QCD calculation techniques. A selection of representative diagrams
is presented in Figure 1. Recent advanced calculations predict the tt̄tt̄ cross section at
a centre-of-mass energy of

√
s = 13 TeV to be 12.0 ± 2.4 fb at next-to-leading order in

QCD including NLO electroweak corrections, with the quoted uncertainty originating from
renormalisation and factorisation scales [15–20]. When focusing on events with two tt̄ pairs,
warranted questions arise concerning the relevance of double parton scattering in the search
for tt̄tt̄ events. With a simple PYTHIA model at leading order [21], the cross section for this
process can be confirmed to be of the order of 3 ab. As the cross section for tt̄ + tt̄ double
parton scattering is over three-orders of magnitude smaller than the tt̄tt̄ cross section, this
background is thus irrelevant in the search for four-top quark production.

The tt̄tt̄ state provides direct ways to constrain otherwise tricky to measure SM pa-
rameters such as the top quark Yukawa coupling and several SM Effective Field Theory
parameters sensitive to the quartic couplings between top quarks. If the scale of new
physics is beyond the capacity of direct observation, it can manifest as a deviation from the
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SM, e.g., a modification of the tt̄tt̄ cross section created by virtual and direct (s-channel)
contributions of undiscovered BSM particles. These measurements would provide crucial
input to the understanding of the SM.

g
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g

g

HHH

t
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Figure 1. Selected Feynman graphs representing the main production modes of tt̄tt̄ production.

The current state-of-the art search approaches for tt̄tt̄ production show that the LHC
Run 2 dataset is sufficient to establish evidence [22]. Due to the presence of four top quarks
in the event, and consequently four W bosons and four b-quarks, the experimental chal-
lenges of the search for tt̄tt̄ production depend heavily on the W boson decay considered.
Analyses considering multi-lepton and same-charge dilepton decays typically have the
highest impact in the search significance and are characterised by a very low-branching
fraction and acceptance, which is compensated by extremely low backgrounds from SM
particles. On the other hand, the analyses of single-lepton and opposite-charge dilep-
ton bear much higher branching fractions but considerable background from top quark
pair production. Finally, the all-hadronic final state is largely driven by the reduction in
overwhelming background from QCD multijet production.

This review paper summarises the current experimental status in the study of tt̄tt̄ pro-
duction. It is also essential to look forward as tt̄tt̄, when firmly established, has substantial
physics potential for future HL-LHC runs [23,24] and future hadron colliders [25]. Section 2
summarises the current status of tt̄tt̄ measurements. In Sections 3 and 4, interpretations of
the SM measurements, BSM searches and opportunities for further analyses are discussed.

2. Current Status of Four-Top Quark Measurements

Searches for tt̄tt̄ production in proton–proton (pp) collisions at a center-of-mass energy
of 13 TeV were conducted by the ATLAS and CMS collaborations in multiple final states.
The most recent results, which supersede previous ones, are described below. The most
sensitive searches from ATLAS and CMS target same-charge dilepton and multi-lepton
final states [22,26] (Section 2.1), and were carried out with data collected during Run 2
of the LHC. The data samples used for these searches correspond to 139 fb−1 for ATLAS,
and 137 fb−1 for CMS. Searches targeting single-lepton and opposite-charge dilepton final
states [27,28] have also been conducted by both collaborations (Section 2.2). Finally, a search
in the all-hadronic final state has also recently been conducted by CMS (Section 2.3).

2.1. Searches for tt̄tt̄ Production in Same-Charge Dilepton and Multi-Lepton Final States

These searches target final states with either two same-charge or at least three light-
charged leptons (electrons or muons), corresponding to a combined branching fraction of
≈12% for tt̄tt̄ events. Since these final states have low levels of background from other SM
processes, they are the most sensitive to tt̄tt̄ production.

2.1.1. Event Selection and Backgrounds

In addition to the lepton requirements, events selected for the searches are required to
have jet activity consistent with the hadronization of b quarks from the top quark decays,
or from hadronic decays of the W bosons that do not decay leptonically, as well as large
overall event activity. A minimum requirement of at least two jets (Njet ≥ 2) is imposed for
the CMS search, while a more stringent requirement of Njet ≥ 6 is imposed for the ATLAS
search. The difference in Njet requirements between the two experiments is driven by
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whether control regions are defined separately or included directly in the baseline selection.
Both searches require at least two jets to be “tagged”, or identified, as b-jets (Nb ≥ 2).
For the ATLAS search, a requirement of large event activity is imposed by requiring the
scalar sum of the transverse momenta of jets and isolated leptons to exceed 500 GeV, while
for the CMS search, a minimum requirement of 300 GeV is imposed on the the scalar sum
of the transverse momenta of jets. The CMS search also requires the presence of missing
transverse momentum (pmiss

T > 50 GeV). The latter is expected to arise from the presence of
neutrinos from leptonic W boson decays, which would escape the detector without leaving
a visible signature.

Backgrounds to these searches arise from processes in which tt̄ is produced in associ-
ation with bosons that decay leptonically, i.e., tt̄W, tt̄Z, and tt̄H production, particularly
when these processes are accompanied by the production of additional jets. These back-
grounds are generally estimated using simulated events. In ATLAS, the tt̄W background
receives a different treatment because theoretical studies [15,19,29–35] showed that elec-
troweak corrections not included in the used simulation have a significant effect. Previous
measurements [36] also showed that tt̄W production in association with jets could obtain a
larger normalisation factor than predicted by the Monte Carlo (MC) simulation. For these
reasons, normalisation of the tt̄W background in the ATLAS analysis is corrected using
data in a dedicated control region (CR). In CMS, a dedicated CR is used to constrain normal-
isation of the tt̄Z background. The simulated samples are corrected to account for observed
discrepancies in CMS data. In particular, the modeling of the multiplicity of additional jets
from initial- or final-state radiation (ISR or FSR) in tt̄Z and tt̄W simulation is improved
by reweighting the ISR/FSR jet multiplicity. Additionally, the modeling of the flavour of
additional jets in tt̄W, tt̄Z, and tt̄H simulation is corrected based on the measured ratio of
tt̄bb̄ and tt̄jj events, 1.7 ± 0.6 [37], where j represents a jet of any flavour.

Backgrounds may also originate from dilepton tt̄ decays with one lepton that has
an erroneously assigned charge, or from single-lepton tt̄ decays with an additional “non-
prompt” lepton. Here, a non-prompt lepton refers to a lepton produced in a hadron decay
or from a photon conversion in a jet, or to a hadronic jet that is misidentified as a lepton.
The background with charge-misidentified electrons is estimated by applying the electron
charge-misidentification probabilities measured in simulation and corrected to account for
discrepancies with data (or directly measured in data using Z → ee events) to opposite-
charge dilepton events. The charge-misidentification probability for muons is an order
of magnitude smaller, and therefore the background with charge-misidentified muons is
considered to be negligible.

For the ATLAS measurement, the non-prompt lepton background is estimated using
the so-called template method. This method relies on the simulation to model the kinematic
distributions of background processes arising from non-prompt leptons and on CRs to
determine their normalisations. These CRs are included in the fit together with the signal
region (SR), and the normalisation factors are determined simultaneously with the tt̄tt̄
signal. For the CMS search, the non-prompt lepton background is estimated using the
“tight-to-loose” ratio method [38]. The more stringent (“tight”) lepton selection criteria
used in the SRs are relaxed to define a “loose” selection enriched in non-prompt leptons.
The efficiency of non-prompt leptons satisfying the “loose” criteria to also satisfy the “tight”
criteria is measured in a control sample. The non-prompt lepton background contribution
in the SRs is then estimated by applying weighting factors to events selected by requiring
at least one lepton to pass the loose selection while failing the tight one.

2.1.2. Signal Extraction and Results

The ATLAS search separates signal from background events using a multivariate
discriminant built in the signal region. The most important inputs to the boosted decision
tree (BDT) are the best pseudo-continuous b-tagging discriminant scores [39] summed
over all the jets in the event as well as the minimum distance between two leptons among
all possible pairs. The tt̄tt̄ production cross section and the normalisation factors of the
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backgrounds are determined via a binned likelihood fit to the BDT score distribution in
the SR and to discriminating variable distributions in background CRs. The systematic
uncertainties in both the signal and background predictions are included as nuisance
parameters. The measured tt̄tt̄ production cross section is σ(tt̄tt̄) = 24 ± 5(stat)+5

−4(syst) fb
= 24+7

−6 fb. The significance of the observed (expected) signal is found to be 4.3 (2.4) standard
deviations. The normalisation factors of the different background sources determined from
the fit are compatible with 1 except for tt̄W. Apart from the theoretical uncertainty of
the signal cross section, the largest systematic uncertainty impacting the signal extraction
originates from the modelling of the tt̄W + jets process. Within the uncertainties of the
background modelling, the impact of the uncertainty in tt̄tt̄ production is also significant.
The distribution of the BDT score in the SR after performing the fit is shown in Figure 2
(left) where a good agreement between data and the fitted prediction is observed.

In the CMS search, a BDT classifier is trained to distinguish tt̄tt̄ from background
events, using variables that include Njet, Nb, Nl, pmiss

T , HT (scalar sum of jet transverse
momenta) and other kinematic properties of the jets and leptons in an event. Events are
subdivided into 17 SRs based on the BDT discriminant output. Based on the results of a
binned maximum-likelihood fit to the data combining all exclusive SRs and the tt̄Z CR,
in which nuisance parameters representing systematic uncertainties are profiled, the cross-
section measurement for tt̄tt̄ production is σ(tt̄tt̄) = 12.6+5.8

−5.2 fb. The observed (expected)
significance relative to the background-only hypothesis is 2.6 (2.7) standard deviations.
Figure 2 (right) shows the distribution of events in the SRs and CR included in the fit for
the BDT analysis, with the post-fit estimates for background and signal.

Figure 2. Comparison between data and prediction after the fit for the distribution of the BDT score
in the signal region of the ATLAS multi-lepton analysis [22] (left), and for events in the tt̄Z CR and
SRs of the CMS BDT-based multi-lepton analysis (right) [26].

2.2. Searches for tt̄tt̄ Production in Single-Lepton and Opposite-Charge Dilepton Final States

The target events of this search contain either exactly one (1L) or exactly two opposite-
charge light-charged leptons (2LOS). In the latter case, the leptons can have different
flavour. The total branching fraction of these final states is about 57% of the tt̄tt̄ events.
Despite the much larger branching fraction with respect to the analysis in Section 2.1, this
combination of final states nears lower sensitivity. This is caused by large cross-section SM
processes with similar final states such as tt̄ production with additional jets. In particular,
tt̄ + bb production is the major background and the proper modelling of this process and
its separation from tt̄tt̄ are major challenges of this analysis.

2.2.1. Event Selection and Backgrounds

The final state is characterised by four b-quarks resulting from the decays of the four
top quarks and by either six or four light jets arising from the hadronic decays of the W
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boson decays and also from the top quark decays. Thus, in ATLAS, events are required
to have at least 10 jets (8 jets) in the 1L channel (2LOS channel), among which four are
b-tagged. In CMS, events are required to have at least seven jets (muon channel) and eight
jets (electron channel) for the 1L final state and at least four jets for the 2LOS final state.
The difference in Njet requirements between the two experiments is once again driven by
whether control regions are defined separately or included in the simultaneous fit. The
background in the high jet multiplicity regions was found to be mis-modelled by MC,
thus ATLAS developed a strategy to reweight the tt̄ MC generation using data to obtain a
reliable tt̄ +jets estimate. In addition, the rate of tt̄ production in association with b-jets was
observed to be underestimated in the MC simulation, so it is adjusted as well. The selected
events are categorised according to the lepton and jet multiplicities with different b-tagging
requirements. Corrections to the normalisation and kinematics of the tt̄ + light, tt̄ + ≥1c and
tt̄ + ≥1b jets are derived using data in regions with 2 b-tagged jets where there is low signal
contamination and validated in regions with 3 b-tagged jets. The first reweighting adjusts
the normalisation of tt̄ production with heavy flavour jets. A sequential reweighting is then
performed to mitigate the kinematic mismodelling in the distributions of number of jets,
number of jets with large radius, scalar sum of all jet and lepton momenta and the average
angular separation between two jets. In CMS, a dedicated correction for the modeling
of tt̄ in high jet multiplicity events is derived in a signal depleted region and applied to
signal enriched regions. Additionally, the top quark transverse momentum spectrum of tt̄
simulated events is corrected to match the observed spectrum in data.

2.2.2. Signal Extraction and Results

In the ATLAS analysis, the different tt̄ +jets components after reweighting are further
adjusted and constrained in a binned profile likelihood fit together with the extraction of
the signal strength. A total of 21 control and signal regions are used in the fit (12 regions
in the 1LOS channel and 9 regions in the 2LOS region). In the region most sensitive
to tt̄tt̄ production, BDTs are used to discriminate signal from background events after
applying reweighting. Several variables are inputs to the discriminant: global event
variables, and kinematic properties of the reconstructed objects. Among the input variables,
jets with large radius are used as proxies for hadronically decaying top quark with high
momentum. The most powerful variable across all regions is the sum of the b-tagging
score of the six jets with the highest scores. Several uncertainties are implemented as
nuisance parameters in the fit and special care is taken for uncertainties in the tt̄ background
prediction since these uncertainties have the largest impact on the measurement sensitivity.
Following the fit, the tt̄tt̄ cross section is measured to be: σ(tt̄tt̄) = 26 ± 8(stat)+15

−13(syst) fb
= 26+17

−15 fb which corresponds to an observed significance of 1.9 standard deviations relative
to the background-only hypothesis (while 1.0 standard deviation is expected). The largest
systematic uncertainty is revealed to originate from the modelling of tt̄ + ≥1b jets, mainly
driven by the generator and flavour scheme uncertainty. The observed and expected event
yields are shown in Figure 3.

This measurement is further combined with the result in the same-charge dilepton
and multi-lepton channel (see Section 2.1) by performing a simultaneous profile likelihood
fit across all regions of both analyses. Most of the relevant systematic uncertainties in
these two analyses are uncorrelated. The combined tt̄tt̄ cross section is measured to be
σ(tt̄tt̄) = 24 ± 4(stat)+5

−4(syst) fb = 24+7
−6 fb. The observed (expected) significance of the

result is 4.7σ (2.6σ) above the background-only hypothesis, presenting an improvement
over the result in the same-charge dilepton and multi-lepton channel alone.

In CMS, events are categorised as a function of their jet multiplicity, b-tagged jet
multiplicity, and top-tagged jet multiplicity (using a BDT algorithm to identify hadronically
decaying top quarks). Different multiplicity ranges are considered for the single-lepton
and the dilepton final states.

In order to reduce background from QCD multijet processes, in addition to the event
categorisation, CMS requires that HT > 500 GeV and pmiss

T > 50 GeV are imposed. The
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single-lepton analysis uses event-level BDTs to discriminate tt̄tt̄ events from the predom-
inant tt̄ background. The event-level BDT is trained using global event variables and
employs top and bottom tagger outputs in addition to jet kinematics and angular relation-
ships between leptons and jets. The dilepton final states analysis uses HT , the sum of the
transverse momentum of all jets in the event, except for the analysis performed on the 2016
data which follows the same strategy as the single-lepton analysis and uses a BDT. A binned
likelihood fit to the event-level distributions is used to set limits and best fit to the tt̄tt̄ cross
section and determine the significance of the signal over the no tt̄tt̄ hypothesis. The single-
lepton state analysis has an observed significance of 1.2 standard deviations, while the
expected significance from simulation, assuming the SM tt̄tt̄ cross section, is 1.4 standard
deviations. The measured best fit to the signal cross section is 15+13

−11 fb. The opposite-sign
dilepton state analysis has an observed significance of 1.8 standard deviations, while the
expected significance from simulation, assuming the SM tt̄tt̄ cross section, is 0.6 standard
deviations. The measured best fit to the signal cross section is 37+21

−20 fb. These are combined
with all other final states which brings a significant improvement in the cross section limits
and best fit measurement, described in Section 2.3.3.

Figure 3. Observed and expected event yields as a function of log10(S/B) where S and B are the
post-fit signal and background yields in the single-lepton and opposite-charge dilepton ATLAS
analysis [27] (left). Post-fit and observed distribution of the event-level BDT in three separate signal-
enriched regions in the eμ final state, from the single-lepton and opposite-charge dilepton CMS
analysis on the 2016 data (right) [28].

2.3. Search for tt̄tt̄ Production in the All-Hadronic Final State

For tt̄tt̄ measurements, the final state in which all four W bosons from the top quark
decays subsequently decay hadronically represents a challenging but important exploration
opportunity. Roughly 20% of tt̄tt̄ events are expected to decay into the all-hadronic final
state. The main challenge of this final state lies in the experimental backgrounds: a
very large background arises from purely QCD multijet events, while another significant
source of background originates from tt̄ events with fully hadronic top quark decays and
additional jets. The QCD multijet background is especially challenging to model accurately
with simulation, and thus data-driven methods are needed in order to obtain a robust
background prediction in this final state. This final state for tt̄tt̄ measurements was recently
studied for the first time by CMS [40].

2.3.1. Event Selection and Backgrounds

Events selected for this search are required to have no identified leptons, a minimum
of nine jets with at least three of them being b-tagged, and HT > 700 GeV. In order to
distinguish potential signal events from the multijet background, the search makes use of
dedicated techniques to identify the presence of hadronically decaying top quarks with
either moderate or large Lorentz boosts. Moderately boosted hadronic top quark decays
will typically produce three separate jets in the detector; these “resolved” top quark decays
are identified with a custom BDT-based algorithm. In contrast, the decay products of
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significantly boosted top quarks can be reconstructed in a single large-radius jet, and are
identified with the algorithm defined in Ref. [41]. In order to avoid double counting,
resolved and boosted top quark candidates are required to be well separated in η − φ space.
A minimum requirement of at least one resolved top candidate (NRT ≥ 1) is imposed in
selecting events for this search. Events are then categorized into 12 exclusive SR categories
based on HT, NRT, and the number of boosted top quark candidates (NBT).

The dominant backgrounds in the search originate from hadronic tt̄ decays and QCD
multijet events. Data-driven methods are employed to estimate the normalization and
BDT shape for these backgrounds. An extension of the ABCD method [42] is applied to
estimate the number of background events in the SR categories. A total of five CRs, defined
using Njet and Nb, are used for the estimation—two more than in the traditional ABCD
method, in order to better account for correlations between the variables and higher-order
effects. The background BDT shape in the SRs is predicted using a Deep Neural Network
(DNN) [43]. The DNN is trained in the five CRs to learn shape transformations from tt̄
simulation to the estimated QCD multijet plus tt̄ shape in data (after the subtraction of
other background contributions estimated from simulation). The HT and BDT shapes
are learned simultaneously in each NRT and NBT category, and the DNN is then used
to predict the combined shape of the QCD multijet and tt̄ background in the SR. Small
additional background contributions originate from tt̄W, tt̄Z, and tt̄H events and from
diboson production. These are estimated from simulation.

2.3.2. Signal Extraction and Results

An event-level BDT is used to extract signal from background in the SR via a simul-
taneous maximum-likelihood fit to the BDT shape in all SR categories. The BDT input
variables include the multiplicity and kinematics of jets and b-tagged jets, the kinematics
of top-tagged candidates, variables related to jet angular distributions, and event shape
variables. The expected significance for this analysis is 0.4σ; however, a non-significant
excess of 2.5σ above background is observed. This corresponds to a tt̄tt̄ production cross
section of σ(tt̄tt̄) = 70+30

−29 fb.

2.3.3. CMS Run 2 Combination

For LHC Run 2, the all-hadronic, single-lepton, opposite and same-charge dilepton
and multi-lepton channel tt̄tt̄ measurements by the CMS Collaboration were explicitly
designed to select orthogonal kinematic phase space. This also meant that control regions
were chosen so as to not partially overlap with signal regions in other final states. This
strategy allows all final states except those explicitly containing τ leptons to be combined
by performing a simultaneous profile likelihood fit. The systematic uncertainties were
correlated when appropriate. The combined tt̄tt̄ cross section is measured to be σ(tt̄tt̄) =
17 ± 5 (stat+syst) fb, and the combination has an observed (expected) significance of 3.9σ
(3.2σ) above the background-only hypothesis [40].

Despite the lower sensitivity of the all-hadronic, single-lepton and opposite-charge
dilepton analyses compared to the same-charge dilepton and multi-lepton analysis, the com-
bination of the different event signatures produces a significant improvement on the cross-
section limits and best fit measurement. The systematic and statistical uncertainties are of
similar magnitude, suggesting that in order to make further advances, improvements in
analysis techniques are needed to suppress systematic uncertainties.

3. Interpretations

3.1. Yukawa Coupling

Four top-quark events can be produced with a virtual Higgs boson as mediator. So
the tt̄tt̄ production rate is sensitive to the value of the coupling between the top quark and
the Higgs boson (yt) [44,45]. The advantages of the tt̄tt̄ process lie in the fact that it does
not rely on any assumption on the Higgs width and that its cross section is proportional to
the fourth-power of the top Yukawa coupling. It can also be used to probe the CP nature of
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yt. In addition to the tt̄H and tH processes, tt̄tt̄ production can then help to shed valuable
light on the Higgs boson properties.

CMS has used its upper limit on the measured tt̄tt̄ production rate from the multi-
lepton channel described in Section 2.1 to constrain yt. As the tt̄H background cross section
also depends on yt, the fit performed to extract the tt̄tt̄ cross section is repeated with the
tt̄H contribution scaled by |yt/ySM| where ySM is the SM value for the top quark Yukawa
coupling. The resulting dependence on yt from the measured signal and background is
then compared to the theoretical prediction obtained at LO [44] scaled to the NLO value
of 12+2.2

−2.5 fb. The obtained 95% CL limits with the central, upper and lower values of
the theoretical prediction are found to be |yt/ySM| < 1.7, 1.4 and 2.0, respectively, [26].
Compared to the |yt/ySM| < 1.6 measured in differential tt̄ production, these numbers are
complementary and considered relatively model-independent compared to the values of
0.7 < |yt/ySM| < 1.1 derived from direct measurements of tt̄H production [46–48]. Further
analyses might investigate the use of tt̄tt̄ kinematics to better constrain yt.

3.2. EFTs

Four top-quark production is sensitive to interactions between four heavy quarks
(four-heavy-quark operators, QQQQ), to interactions between top quarks and light quarks
(two-heavy-two-light four-quark operators, QQqq) and to operators that modify gluon–
top quark interaction such as the chromomagnetic operator ctG (see for instance [49]).
Among these, the four-heavy-quark operators can only be constrained by tt̄tt̄ or tt̄bb̄
production, which renders EFT studies in four top-quark production especially interesting.
The QQqq operators affect tt̄tt̄ and tt̄ production and consequently would also modify
the backgrounds in tt̄tt̄ analyses (mainly the fake background and tt̄ production in the
same-charge dilepton and multi-lepton channel, or the tt̄ +jets and tt̄bb̄ background in the
single-lepton and opposite-charge dilepton channel).

There are five QQQQ operators that preserve SU(2)L: O1
QQ, O8

QQ, O1
Qt, O8

Qt and O1
tt.

However, if we consider only the tt̄tt̄ process and LO operators, then these operators are
redundant. Only four operators are independent and we can write: O8

QQ = 1
3O1

QQ (see for
instance [45,50]).

From an experimental perspective, few analyses have interpreted the search for the
four top quark process in the context of EFTs. An ATLAS search for four top quark
production in the single-lepton and opposite-charge dilepton final state using a partial
13 TeV data set [51] performs such an interpretation. The EFT signal is modeled through a
four-top quark contact interaction operator [52]. The normalization of the non-resonant
signal is regulated by the expression |C4t|/Λ2 where C4t is the coupling constant and Λ is
the energy scale of new physics. The analysis set limits at 95% CL on |C4t|/Λ2 < 1.9 TeV−2

(observed and expected).
The CMS search for four top quarks described in Section 2.1 reports an interpretation

of the search for four top quark in terms of the Higgs oblique parameter Ĥ. Within the
context of an EFT, Ĥ is the Wilson coefficient of the only dimension-6 operator that modifies
the Higgs boson propagator. This parameter modifies the off-shell behaviour of the Higgs
boson. It can be proven that tt̄tt̄ is sensitive to Ĥ through the production modes containing
the Higgs boson [53]. The CMS analysis uses simulations of the tt̄tt̄ process with modified
Ĥ parameter. Additionally, the tt̄H cross section is scaled by a factor (1 − Ĥ)2 to take into
account the dependence on the oblique parameter. A 95% CL upper limit of Ĥ < 0.12 is
extracted from the analysis. The value is competitive with the constraint of Ĥ < 0.16 [53]
extracted using on-shell Higgs boson measurements [54].

The single-lepton plus opposite-charge dilepton analysis by CMS described in Section 2.2
studies the impact on tt̄tt̄ in EFT operators. Limits on the EFT operators are obtained
neglecting any acceptance or BDT distribution shape deviations from the purely SM. At
leading order, the four-top quark cross section in an EFT scenario can be parametrized as
the SM cross section plus a combination of the coupling parameters of the four independent
EFT operators that contribute to tt̄tt̄ Ck, where k = O1

tt,O1
QQ,O1

Qt,O8
Qt with a set of four
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linear parametrization coefficients σ
(1)
k , and a set of nine bilinear coefficients σ

(2)
k,j . The linear

and bilinear parametrization coefficient are extracted from MADGRAPH simulations [17].
The parametrized formula of the cross section is used to extract expected and observed 95%
CL intervals on the coupling coefficient of the four EFT operators. Limits are provided for
two different scenarios, the “independent” scenario where only one coefficient is non-null
and the “marginalized” scenario where the other coefficients are constrained between a
range where the perturbative expansion is stable Ck/Λ2 ∈ [−4π, 4π] TeV−2. The observed
limit intervals are reported in Table 1 for the independent and marginalized scenarios.
The expected limits are compatible with the observed ones. Interestingly, the intervals
obtained in the two scenarios are highly similar, showing that little correlation is present
between the operators considered.

Table 1. Observed intervals at 95% CL for the coupling parameters of the four independent EFT
operators contributing to tt̄tt̄ production. Intervals are reported for both the independent and
marginalized scenarios [28].

Coupling Parameter Marginalized Ck/Λ2 (TeV−2) Independent (TeV−2)

CO1
tt

[−2.2, 2.1] [−2.1, 2.0]
CO1

QQ
[−2.2, 2.0] [−2.2, 2.0]

CO1
Qt

[−3.7, 3.5] [−3.5, 3.5]
CO8

Qt
[−8.0, 6.8] [−7.9, 6.6]

Emerging Machine Learning techniques to probe EFT operators [55], such as those
used by CMS in [56], provide a very promising path towards interpreting tt̄tt̄ searches
in the context of EFT theories and take into account the effect of the operators on the
event kinematics.

3.3. BSM Sensitivity

The rate of tt̄tt̄ production may be significantly enhanced in several BSM models.
For example, new particles that couple to the top quark and have masses two-fold greater
than the top quark mass, such as heavy scalars or pseudoscalars predicted in Type-II
two-Higgs-doublet models (2HDM) [57–59] or simplified models of dark matter [60,61],
can be produced on-shell in association with top quarks and subsequently decay into
top quark pairs. This results in an increased tt̄tt̄ production cross section. Less-massive
particles, such as a scalar (φ) or vector boson (Z′) with couplings to the top quark [62],
may also enhance the tt̄tt̄ cross section through off-shell contributions. Final states with
four top quarks may also be produced through the decay of pair-produced gluinos in
models of supersymmetry [63–72]; however, for sufficiently massive gluinos (>1 TeV),
these are typically studied in searches requiring very large missing transverse momentum
and boosted signatures [73–76].

The CMS search for tt̄tt̄ production in same-charge dilepton and multi-lepton final
states [26] described in Section 2.1 has reported limits on the masses and couplings of
a neutral φ or Z′ with masses smaller than mt that could contribute to σ(tt̄tt̄) through
off-shell effects. Couplings larger than 1.2 are excluded for mφ between 25 and 340 GeV.
For mZ′ = 25 (300) GeV, couplings larger than 0.1 (0.9) are excluded. The search also
probes models with new scalar or pseudoscalar (H/A) particles with masses greater than
mt decaying to tt̄ and produced in association with a single-top quark or a top quark pair.
Limits are placed in the plane of tan β vs. mH/A for Type-II 2HDM models in the alignment
limit [77,78]. For tan β = 1, H (A) masses up to 470 (550) GeV are excluded. Similar
exclusions are placed on simplified models of DM with a Dirac fermion DM candidate (χ)
in addition to H/A when setting the parameters gSM and gDM, representing the couplings
of H/A to SM fermions and χ, respectively, to 1, and assuming mH/A < mχ. Large portions
of the parameter space of mχ vs. mH/A are excluded when relaxing the mH/A < mχ

assumption for specific choices of gDM = 1 or 0.5 with gSM = 1.
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Four top quark production is also relevant in probing the existence of color-octet
scalar states, commonly referred to as sgluons, which are predicted in some models of new
physics such as non-minimal supersymmetric models featuring Dirac gauginos. In the
supersymmetric case, a complex color-octet scalar is predicted that splits into two non-
degenerate real components after SUSY breaking, a scalar and a pseudoscalar in the case
that its couplings preserve CP [79]. The pseudoscalar, generally expected to be lighter,
decays solely into quark pairs and predominantly into tt̄, while the scalar, generally heavier,
decays into both quarks and gluons. Sgluon production and decay could thus contribute
to tt̄tt̄ production. CMS results probing tt̄tt̄ production in the same-charge dilepton and
multi-lepton final states with 35.9 fb−1 of data collected at

√
s = 13 TeV [80] have been

used to place constraints on sgluon pair production, conservatively excluding pseudoscalar
sgluon masses up to 1.06 TeV at 95% CL [79]. The sensitivity to sgluon production can
be improved in future measurements by adopting a dedicated search strategy exploiting
the kinematic properties of the signal, such as features in the distribution of hadronic
activity [79].

4. Future of Four-Top Quark Measurements

The high-luminosity LHC is expected to provide a fertile environment for tt̄tt̄ stud-
ies [23]. While the production cross section increases by a modest factor of 1.3 when the
centre of mass energy of pp collisions is increased from 13 to 14 TeV (and by a factor of 1.19
from 13 TeV to 13.6 TeV), the signal-to-background ratio is expected to improve since this
increase is smaller for most backgrounds. Four-top quark production also shows promise at
the higher-energy future colliders currently under study, such as the HE-LHC (

√
s = 27 TeV)

and FCC-hh (
√

s =100 TeV) [25]. Moreover, the high-collision energies also have the conse-
quence that partons at lower Björken x values will be in the phase space for tt̄tt̄ production.
This means that the theoretical uncertainties originating from sources such as parton den-
sity functions are expected to become substantially reduced, even after considering the
lack of improvements beyond the current state of the art. At the HL-LHC, HE-LHC and
FCC-hh, tt̄tt̄ measurements bear the potential for precision QCD tests and precise physics
measurements including stringent SMEFT constraints on four-quark interactions [81].

With 3 ab−1 of integrated luminosity collected at the HL-LHC, analyses using leptonic
final states will start relying on detailed prediction of the SM backgrounds that create
same-charge leptons or multi-lepton backgrounds, such as tt̄V and multi-boson production.
ATLAS projects that the tt̄tt̄ production cross section can be constrained to 11% total
accuracy using events with two same-charge leptons or at least three leptons [24,82]. In the
same final state and with the same luminosity, CMS expects the statistical uncertainty of
a cut-and-count analysis to be of the order of 9% but warns that backgrounds estimated
from simulation introduce substantial systematic uncertainties between 18% and 28%
depending on the considered sources of theory uncertainty. At the HE-LHC, a similar
analysis could be expected to constrain the tt̄tt̄ production cross section to within a 1–2%
statistical uncertainty, and the systematic uncertainties also decrease due to the improved
signal to background ratio [24,83]. A more recent ATLAS extrapolation [84] based on
the Run 2 result described in Section 2.1 with different scenarios for the improvement of
the systematic uncertainties, projects a tt̄tt̄ cross section uncertainty of 14% for the most
optimistic case at the HL-LHC.

When the tt̄tt̄ production cross section is constrained to this accuracy, the measure-
ments can again be employed to constrain the top-Higgs interaction. Using the same-charge
and multi-lepton cross section values, the modification factor that quantifies the Higgs
contribution to σtt̄tt̄, κt, can be estimated using the projected cross-section uncertainties.
Assuming that the cross section is modified but acceptance and analysis efficiency do not
change substantially, a direct bound on κt ≤ 1.41 can be obtained at the HL-LHC and
κt ≤ 1.15(1.12, 1.10) with a luminosity of 10 (20, 30) ab−1 at the HE-LHC, respectively.
The measurement of κt provides a direct link to the top quark Yukawa coupling; however,
it should be noted that these estimates are dependent on the order of theoretical calculations
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and were not determined using the complete NLO calculations [24,44]. A similar proce-
dure can also be performed for modifications to σtt̄tt̄ from SMEFT contributions [24,83].
Depending on the operator, constraints for top-up quark operators can be very tight at the
HL-LHC, down to |C̃(1)

tu | < 2.5, and for generic top-quark interactions down to |C̃(1)
tq | < 2.2.

The four-top quark interaction coefficients can be constrained even more tightly down to
approximately |C̃tt| < 1.1 at the HL-LHC or well below 1.0 for the HE-LHC, a substantial
improvement compared to Table 1. The production of tt̄tt̄ can also be used to constrain the
top quark dipole moment [85].

Many of the BSM theories that predict final states with tt̄tt̄ can be investigated at
the HL-LHC. Most projections for these searches were performed in the high-purity lep-
tonic final states and were limited by the current knowledge of tt̄V and tt̄tt̄ production,
and could potentially be also explored in other final states for enhanced sensitivity. A study
by ATLAS [86] investigates tt̄tt̄ at the HL-LHC in same-charge lepton and multi-lepton
signatures to search for two additional scalars that can both decay to tt̄ or enhance tt̄tt̄
production, and where tt̄tt̄ and tt̄V production would be the dominant background. These
studies project that scalar dark matter mediators A and H from the previously mentioned
two-Higgs doublet models can be observed with sensitivity for A masses between a few
100 GeV and 1 TeV for mH = 600 GeV and sin θ = 0.35, or excluded over large range of sin θ
values for lower mH . When extrapolating tt̄tt̄ production in a recast of a cut-and-count
analysis by the CMS experiment in same-charge and multi-lepton final states, sgluons and
similar coloured pseudoscalar octet particles could be excluded for masses under 1260 and
1470 GeV, respectively, for the HL-LHC and HE-LHC full datasets [24,79,87].

It is worth mentioning that a higher-energy hadron collider, such as the FCC-hh [25],
would offer opportunities for an extremely diverse tt̄tt̄ measurement program. How-
ever, these studies are still very much in their infancy and are also beyond the scope of
this review.

Opportunities

The production of three top quarks in the SM can occur in association with a light
quark or a W boson [88,89]. One of the tree-level diagrams contributing to the tt̄tj process,
where j is a light quark, is mediated by the triple gauge boson vertex. Despite a less busy
final state with respect to tt̄tt̄, the production of three top quarks in the SM at the LHC
at a centre-of-mass energy of 13 TeV is far rarer with σtt̄tW = 0.73 fb and σtt̄tj = 0.47 fb.
While this process, unless enhanced by BSM physics, is very likely outside of the reach of
LHC Run 2 and the upcoming Run 3 data-collecting periods, the potential exists for finding
evidence of the process with the HL-LHC and HE-LHC full data sets [89]. Production of
three top quark without extra jets or W bosons requires flavour changing neutral currents.
Setting limits on the production of this process can help to constrain uttt EFT operators
according to [90,91].

Final states with one or more hadronically decaying τ leptons constitute ≈29% of tt̄tt̄
decays, and are not currently being exploited by the LHC searches. The exploration of these
decay modes presents an interesting opportunity for future investigations, and could be
relevant for interpretations in certain leptoquark models. Such models may be interesting
in light of the anomalies observed in lepton flavour universality measurements.

5. Conclusions

In this paper, we reviewed the current status of searches for tt̄tt̄ production at hadron
colliders. In particular, recent searches from the ATLAS and CMS Collaborations are sum-
marised. The searches were performed using data collected over the time period spanning
from 2016 to 2018 exploring several final states with one, two (same charge or opposite
charge) and multiple leptons in the final state. Combinations of different final states, ad-
vanced machine learning techniques, and innovative background estimation techniques
provide evidence of tt̄tt̄ production at 4.7 standard deviations in a measurement from
ATLAS [22]. The most precise estimations of the cross section are 24 ± 4(stat)+5

−4(syst) fb
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= 24+7
−6 fb and σ(tt̄tt̄) = 17 ± 5 (stat + syst) fb by the ATLAS and CMS collaborations,

respectively. These measurements are statistically consistent and can be compared with the
current highest-order theoretical cross section of 12.0 ± 2.4 fb cross section at a centre-of-
mass energy of

√
s = 13 TeV.

The tt̄tt̄ process can be exploited to measure relevant parameters of the SM and its
effective field theory extension. The Higgs-mediated production diagram of tt̄tt̄ exposes
the Yukawa coupling of the top quark, which is measured to be |yt/ySM| < 1.7 at 95% CL
in a CMS analysis [26]. Effective field theory operators involving four heavy quarks or two
heavy and two light quarks were constrained exploring the effect of such operators on the
tt̄tt̄ cross section.

Additionally, the tt̄tt̄ process offers a direct portal to physics beyond the standard
model. Models introducing additional light neutral scalar (φ) and vector (Z′), or heavy
(m > 2mt) scalar (H) and pseudoscalar (A) bosons in the context of 2HDM models have
been constrained in a CMS analysis [26]. In the context of SUSY models, constraints can be
placed on sgluon pair production.

The future of the LHC program and its high-luminosity and high-energy upgrades
provide opportunities for precise SM and EFT measurements and searches for new physics
with the tt̄tt̄ process. Projections of current results for the HL- and HE-LHC programs
predict the ability to measure the tt̄tt̄ cross section with a precision of 11% using the full
data set of the HL-LHC and constrain |yt/ySM| < 1.1 at the HE-LHC. The exploration of
tt̄tt̄ final states with τ leptons or no leptons (all-hadronic) will further enrich the four top
quark physics program. Finally, the large integrated luminosity accumulated by the LHC
project and its extension will allow researchers to explore even rarer related processes, for
which tt̄tt̄ is a background process such as tt̄tV and tt̄tq production.

Overall, the tt̄tt̄ process offers a wide breadth of opportunities for building a strong
physics program including both precise measurements of important SM parameters and its
EFT extensions, and the direct probing of different types of BSM theories. Although the
tt̄tt̄ research program has commenced only recently, highly promising results have already
been obtained with the current data collected by the LHC.
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Abstract: The top quark plays a central role in particle physics, as many experiments at the Large
Hadron Collider scrutinize its properties within the Standard Model. Although most of the measure-
ments of the top quarks today concentrate on production modes initiated by quarks or gluons, this
review will highlight the lesser-explored modes initiated by pomerons or photons. It aims to provide
an in-depth look into both the phenomenological studies and the existing experimental measure-
ments, emphasizing the necessity of exploring the diffractive and photon-induced production of top
quarks to enhance the accuracy of top-quark measurements.

Keywords: top quark; diffraction; photon exchange; EFT; CMS

1. Introduction

Since its discovery in 1995 at Fermilab’s Tevatron collider, the top quark has continued
to receive significant attention, as it is a promising pathway for investigating the SM by
conducting high-precision measurements of its properties and potentially unveiling new
laws of physics by discerning any deviation from SM predictions.

The present measurements of top quarks produced from the collisions of protons at the
LHC predominantly focus on production modes initiated by quarks or gluons. However,
the production of top quarks initiated by color-neutral particles remains largely unexplored
and is the subject of this review. Production modes involving color-neutral particles are
typically categorized according to the type of particle involved. For example, top quark
pairs can also be produced through photon (γ) or pomeron (IP) exchange, and the different
production categories are depicted in Figure 1.
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Figure 1. Categories of top quark pair production involving color-neutral particles. From left to
right: single-diffractive production, photoproduction, double pomeron exchange, central exclusive
production via photon exchange, and central exclusive production via pomeron exchange.

The photon is an elementary particle responsible for electromagnetic interactions. On
the other hand, the pomeron is an object that can be viewed as a color-singlet multi-gluon
state, introduced in the early 1960s to describe high-energy hadron-scattering amplitudes
(an in-depth review can be found in reference [1]). Over time, with deeper insights into
diffractive processes, it became evident that the pomeron has an internal structure that
includes quarks as well. Consequently, any process initiated by quarks or gluons can be
generated by exchanging pomerons.

The discussion of the diffractive production of top quarks predates its actual discov-
ery [2] yet, up to the present day, it has lacked experimental verification. The production of
top quarks through color-neutral particles can contribute to the total inclusive cross-section
on a level of up to a few percent. The events resulting from a photon or pomeron exchange
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exhibit a distinct radiation pattern, often characterized by an absence of hadronic activity in
certain regions of pseudorapidity, known as large rapidity gaps. Additionally, these events
may be identified by the presence of an intact proton. The following article will review the
theory and experimental data available on these rare production modes.

2. Monte Carlo Event Generators

Diffractive and exclusive processes have been incorporated into various Monte Carlo
(MC) event generators. Different MC generators may implement these processes differently
based on their underlying physics models. However, they all adhere to the factorization
principle [3], where the production cross-section of a system X in hard proton–proton
scattering can be viewed as follows:

σ(pp → X) = ∑
i,j

∫
dxi fi(xi, μ)

∫
dxj fj(xj, μ) · σhard(ij → X), (1)

where i, j label the partons that initiate hard scattering, σhard(ij → X) is the parton level cross-
section computed perturbatively in terms of powers of αS(μ), μ is the energy scale of the
process, and f (x, μ) are the parton distribution functions (PDFs) of the colliding particles.
For color-neutral interaction, these parton densities are often replaced by the following:

dx f (x, μ) =
∫

dt
∫

dβIF(ξ, t) fd(β, μ), (2)

where IF(ξ, t) is the flux of color-neutral mediators emitted by a proton as a function of
longitudinal momentum (ξ) and the momentum transfer (t). Here, β = x/ξ and fd(β, μ) is
the parton density function of the color-neutral object (technically related to the diffractive
PDF—dPDF). In the case of direct photon/pomeron exchange processes, whether they are
exclusive or semi-exclusive, the value of fd(β, μ) is set to 1, but the flux will incorporate
additional form-factors, denoted by S2(b), which are derived in terms of impact parameter
and their computation varies across different event generators.

The pomeron flux IFIP/p(ξ, kT) is the probability that a pomeron with a given value of ξ
and t couples to the proton. Several different parametrizations have been proposed over the
years [4,5]. The most recent empirical expression was suggested by the H1 collaboration [6]:

IFIP/p(ξ, t) = ξ1−2α(t)AeBt (3)

where α(t) = 1 + ε + α′t is the pomeron trajectory, and ε, α′, A, and B are obtained
from fitting the data. Recent fits include sub-leading contributions (commonly denoted
as “Reggeon” exchange), which became pronounced at high ξ, but the H1 data weakly
constrain them.

The pomeron structure function is the probability of extracting a parton from a
pomeron. In the simplest model, the most general form of the dPDF is [6]

β fi/IP(β) = Aiβ
Bi (1 − β)Ci (4)

where Ai, Bi, and Ci are fit parameters. In the latest fit to the diffractive data, the dPDFs
are modeled by incorporating a light flavor quark distribution (assuming zero intrinsic
densities for c- and b-quarks within the pomeron) and the gluon distribution. Figure 2
illustrates a few existing pomeron structure functions fitted by the H1 collaboration.

The following MC event generators can simulate processes involving the diffractive
and photon-induced production of top quark.

The SuperChic event generator [7,8] is used for studying central exclusive and semi-
exclusive production processes in proton–proton, proton–ion, and ion–ion collisions. It
implements the central exclusive production via Pomeron exchange using the improved
perturbative QCD estimates provided by the “Durham model” [9]. In the latest version,
SuperChic v4, the photon-induced production of top quark pairs has also been made
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available [10]. For photon-induced processes, the event generator applies form-factors
based on the “structure–function” approach [11].

Figure 2. Diffractive parton densities (β · f (β, μ = Q) ) in the pomeron as a function of the fraction of
the momentum carried by the gluon (left) or quark (right), extracted from a HERA fit to combined
structure–function data from H1 [6].

The Madgraph5_aMC@NLO event generator [12] is designed to generate matrix ele-
ments for both SM and beyond SM processes, including NLO QCD and EW corrections for
parton-initiated processes [13,14]. While it can generate processes initiated by photons, it
does not cover those initiated by pomerons. Elastic photon fluxes are obtained using the
equivalent photon approximation (EPA) [15], and inelastic photon-initiated collisions can
be generated from γ distribution functions inside the proton, such as, e.g., the LUXqed
one [16]. A novel event generator, gamma-UPC [17], has been recently introduced, which
derives photon fluxes from electric dipole and charge form-factors for protons and ions
and includes realistic hadronic survival probabilities for them. This model has been suc-
cessfully interfaced with Madgraph5_aMC@NLO v3. In addition, within this framework,
the γγ → tt̄ process can be computed at NLO perturbative QCD accuracy.

Forward Physics Monte Carlo (FPMC) [18] is a specialized Monte Carlo event gen-
erator developed for simulating exclusive and diffractive production processes. It pos-
sesses the capability to simulate all elementary 2 → 2 and 2 → 1 processes available in
HERWIG6.5 [19], particularly the SM top quark pair production, and t-channel single top
production. In FPMC, the original HERWIG code, which simulates two-photon exchange
in electron–positron collisions, was modified. Pomeron fluxes were introduced with a
particular proton structure in diffractive events (based on H1 fits) and are used in hadron
collisions in this case. Recently, the anomalous exclusive production of γγ → tt̄ was
implemented in FPMC as well [20].

Pythia 8 [21], one of the most used event generators, is widely used for simulat-
ing events involving various interactions and particles, including hard diffraction [22],
resolved and direct photons [23], and photoproduction [24]. The survival factors for
Pomeron-induced processes are implemented as a part of the multiparton interaction (MPI)
framework.

Table 1 summarizes different MC generators and outlines the processes that can be
simulated by each.
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Table 1. A list of various MC generators and available top quark production modes of processes
with top quarks at the final state. In the table, X represent proton or pomeron remnants in a
dissociative process.

Generator γγ → tt̄ IPIP → tt̄ IPIP → tt̄X γp → tt̄X IPp → tt̄X

Superchic v4 � � — — —
MadGraph/gamma-
UPC � — — � —

FPMC � � � � �
Pythia8 � — — � �

IPIP → tqX IPIP → tWX γp → tqX γp → tWX IPp → tqX

MadGraph/gamma-
UPC — — � � —

FPMC � — � — �
Pythia8 — — � — �

3. Tagging Diffractive and Photon-Induced Processes

Diffractive and photon-initiated processes often exhibit low hadronic activity, and
some events are characterized by an intact proton emerging from the primary interac-
tion. Forward Proton Detectors (FPD) are utilized at the LHC to identify these events
by detecting forward protons. These detectors, such as the ATLAS Forward Proton de-
tector (AFP) [25] and the CMS-TOTEM Precision Proton Spectrometer (CT-PPS) [26], are
positioned approximately 200 m from the proton–proton interaction point. In diffractive
or photon-initiated interactions, protons lose a fraction of their nominal momentum and
are deflected differently by the LHC magnets, diverting them from the main bunch of
protons. The FPD are near-beam detectors usually housed in Roman Pots vessels [27]
which could approach the proton beam up to a few mm, aiming to measure the slight
displacement of protons that participated in the interaction. Figure 3 illustrates a schematic
layout of the beamline between the interaction point and the FPDs installed in LHC sector
56, corresponding to the negative z direction in the CMS.
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Figure 3. Schematic layout of the CMS Proton Precision Spectrometer (PPS) located in LHC sector 56.
The accelerator magnets are displayed in gray, while the collimator system parts are highlighted in
green. The detector units, marked in red, are those used by PPS during Run 2. The figure is taken
from Ref. [28].

The FPDs are equipped with tracking and timing capabilities that determine the
proton scattering angle and momentum loss based on the hit position of protons in the
detector planes. The hit position of a proton is affected by its momentum loss, denoted by
ξ = Δpz/p, two scattered angles at the interaction point

(
θ∗x , θ∗y

)
, and coordinates of the

proton–proton collision vertex situated on the plane perpendicular to the beam trajectory,
denoted by (x∗, y∗):

δx = Dx(ξ) + vx(ξ) · x∗ + Lx(ξ) · θ∗x
δy = Dy(ξ) + vy(ξ) · y∗ + Ly(ξ) · θ∗y

(5)
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where Dx and Dy are the horizontal and vertical dispersion, respectively. The terms vx
and vy stand for the horizontal and vertical magnifications, respectively, while Lx,y are
the effective lengths. These parameters are functions of the proton’s momentum loss at
different positions from the interaction point and are determined by simulating the proton’s
trajectory in the LHC magnetic field, as described in reference [29].

A minimum of five independent spatial measurements of the scattered proton are
required to accurately determine proton kinematics, necessitating at least three tracking
stations. However, even with just two tracking stations, it is possible to reconstruct proton
kinematics by approximating Equation (5), such as considering x∗ = 0, as demonstrated in
reference [29].

The timing detectors measure the arrival times of the protons to the FPD. The time
difference between the arrival of two protons from the same interaction vertex, in double-
tagged events, is tied to the z-position of their production vertex. The correlation between
the vertex position deduced from the proton arrival times and the vertex position deter-
mined from final state particles produced in association with the protons serves as an
effective tool to separate diffractive interactions from non-diffractive ones [30]. This is par-
ticularly useful in rejecting protons originating from additional proton–proton interactions
occurring during the same bunch crossing in high-intensity runs (high pileup runs) at the
LHC. In addition to double-tagged events, the proton timing detectors can differentiate
between pileup protons in single-tagged events, provided that the arrival time of the final
state particles is also measurable [31].

4. Diffractive and Photo-Production of Top Quark Pairs

4.1. Single-Diffraction and Photoproduction of Top Quark Pairs

The diffractive production of top quarks can constitute up to a few percent of the total
inclusive production cross-section. This aspect is crucial when aiming for precision mea-
surements involving top quarks or when searching for new physics phenomena. For a top
quark mass of mtop = 172.5 GeV, the inclusive production cross-section of top quark pairs,
calculated at next-to-next leading order (NNLO) in QCD with resummation at next-to-next-
to-leading logarithmic (NNLL) soft gluon terms [32], and more recently with third-order
soft gluon corrections and the additional inclusion of electroweak corrections [33], ranges
from around 180 to around 1000 pb, for proton–proton collision energies of

√
s = 7 TeV and√

s = 14 TeV, respectively. The dominant diffractive production modes of top quark pairs
are via single-diffractive dissociation and photoproduction, with their respective leading
order (LO) cross-sections at

√
s = 13 TeV calculated to be 5 pb and 1.45 pb, respectively [34].

The study outlined in reference [34] investigated the single diffractive and photo-
production processes. The analysis assumed an FPD acceptance to an intact proton with
momentum loss between 3% and 10%. This span is defined by a set of constraints; the lower
limit is determined by the minimum distance of the detectors from the beam, while the
upper limit is constrained by the beam collimators that shield the magnets from the intense
radiation. The study revealed that, for photon-induced and single-diffractive processes, the
acceptance rates are 30% and 20%, respectively, driven by the different photon and pomeron
density fluxes. The intact proton kinematics for the pomeron- and photon-initiated produc-
tion of top quark pairs were computed for the proton–proton beam conditions used during
LHC Run 2 (2015–2018) and are depicted in Figure 4.

Based on the tt̄ selection criteria and reconstruction efficiencies obtained in the mea-
surement of differential cross sections of top quark pair production, in association with jets
in pp collisions at

√
s = 13 by the ATLAS collaboration [35], event yields were calculated to

be 150 ± 20 for single diffractive and 94 ± 3 photo-production of top quark pairs, given an
integrated luminosity of 1 fb−1. At the LHC, the predominant background for diffractive
and photon-induced events stems from the multiple proton–proton collisions occurring in a
single bunch crossing. This results in a combinatorial background, where a non-diffractive
collision may be accompanied by additional diffractively scattered protons from other soft
proton–proton interactions. To observe top quarks produced in association with an intact
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proton, a dataset with a low average number of interactions per bunch crossing is desired,
ideally below 0.01. However, no data samples meeting these conditions have been collected
so far.

Figure 4. The event density for the production of top quark pairs in single-diffractive (left) and
photoproduction (right) modes as a function of the proton’s pT and relative momentum loss (ξ). For
context, acceptance contours for ATLAS AFP detectors using LHC Run 2 optics are superimposed for
comparison. Figures are taken from reference [34].

4.2. Single-Diffraction Production of Single Top Quark

The study of the production of single top quarks at the LHC holds significant impor-
tance, as it probes the heavy quark content of the proton (proton PDF). This stems from
the fact that the process involves interactions of heavy quarks originating from dissoci-
ated protons. The diffractive production of single top quarks offers further insights into
the heavy quark content of the pomeron. Figure 5 illustrates the diagrams representing
these interactions.

q
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X

p1

p2
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X
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p2

Figure 5. Representative diagrams of the single diffractive production of t-channel single top (left),
and the W-associated production of single top (right).

Besides its use as a valuable tool for probing PDFs, the single diffractive production
of single-top quarks can also shed light on the intrinsic pomeron content of heavy flavor
quarks. The origin of the heavy flavor quark, whether from the proton or the pomeron, can
be discerned by measuring the kinematics of the light jet in the t-channel single-top quark
production. The difference between diffractive and non-diffractive Parton Distribution
Functions (PDFs) leads to a disparity in the hardness of partons originating from non-
diffractive protons. As a result, the central system is typically boosted in the direction
of the non-diffractive proton when partons from the latter are more energetic. Therefore,
by tagging the light jet and the intact proton, one can determine whether it is a proton
or a pomeron with intrinsic heavy flavor content. The pseudorapidity distribution of the
light jet for generated single-diffractive single-top-quark events, where the bottom quark is
initiated by a diffractive or non-diffractive proton, is shown in Figure 6.
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Figure 6. Light jet pseudorapidity in hard single diffractive pp → tq production process, distinguish-
ing between different intrinsic quark flavors of the pomeron, either b-quarks (dashed red line) or
gluons (solid black line).

Given the low cross-section of the single diffractive production of single-top events
and the high density of gluons within the pomeron, such processes have not received
significant attention in the literature until the present day.

4.3. Double Pomeron Exchange Processes

The diffractive events associated with two intact protons can arise when two color-
singlets are exchanged. These events typically have a lower combinatorial background,
but the signal cross-section drops substantially. As discussed in references [36,37], the
production cross-section for γγ → tt̄ + X, γIP → tt̄ + X, and IPIP → tt̄ + X are 0.34 fb,
52 fb, and 28.4 fb, respectively. The authors of reference [36] estimated the sensitivity
to diffractive production of top quarks in so-called semi-leptonic tt̄ decays, tt̄ → jjb�ν� b̄,
where one top quark decays hadronically into two light quarks and a b-quark, and the
other into a b-quark with a W boson, which then decays leptonically into a lepton and
neutrino. The size of this combinatorial background depends exponentially on the number
of pileup collisions. Ab analysis followed the semi-leptonic event selection: four jets with
pT >25 GeV and |η| < 2.5, one lepton (electron or muon) with pT >25 GeV and |η| < 2.5,
at least two jets b-tagged jets, FPD acceptance between 1.5% and 15%, and a limited number
of tracks associated with a primary interaction vertex (NTRK). Due to the nature of the hard
color-singlet exchange, the signature of diffractive interactions is in low hadronic activity,
and NTRK is typically used as a discriminating variable. The distribution of the number of
tracks for different pileup events per interaction is shown in Figure 7.

Figure 7. Distribution of the number of tracks for three different pileup profiles after event preselec-
tion, as detailed in the referenced publication. The plot is taken from reference [36].
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The measurement of the diffractive production of top quarks requires a significant
number of signal events and minimal background contamination. The authors of refer-
ence [36] have shown that the statistical significance for observing a diffractive signature
was σ = 11 for a pileup rate of μ = 5 and an integrated luminosity of 10 fb−1. However,
this significance drops to σ = 6 with a pileup rate of μ = 10 and an integrated luminosity
of 30 fb−1.

In a subsequent study, the authors considered a pileup scenario of 200 interactions per
bunch crossing, which is relevant for the High Luminosity LHC (HL-LHC) conditions [37].
To mitigate the effects of pileup, the authors integrated proton time of flight (ToF) measure-
ments, effectively rejecting the protons stemming from pileup interaction. With a presumed
timing resolution of 10 ps, the analysis managed to attain a statistical significance of σ = 3
even in this high pileup scenario, using the full HL-LHC integrated luminosity of 4000 fb−1.

These studies emphasize the challenges posed by the pileup in measuring the diffrac-
tive production of top quarks and the importance of developing techniques to mitigate
these effects in order to achieve a high sensitivity to the diffractive production of top quarks.

4.4. Central Exclusive Production of Top Quarks

The central exclusive production of top quark pairs has the lowest production cross-
section among different diffractive and photon-induced production processes. Typical
cross-sections span between 0.1 and 0.4 fb [17,34,36,38–41] for elastic photon exchange
and of the order of 0.01–0.001 fb for Pomeron exchange [34,41]. One of the prominent
advantages of proton tagging in central exclusive production processes is that the beam
kinematics are exclusively transferred to the top quarks and protons. Given the absence of
other intermediary particles, there is a direct correlation between the fractional momentum
loss of the scattered proton and the top quarks, which can be expressed as follows:

ξ(t, t̄) =
1√

s ∑
t,t̄
[Et ± pZ], (6)

where s denotes the center-of-mass energy of the collision, and the two solutions for ±pZ
pertain to the protons moving in the positive or negative z direction. Equation (6) can be
reformulated in terms of di-top mass (mtt̄) and rapidity (ytt̄), yielding the following:

mtt̄ =
√

sξ1ξ2, ytt̄ =
1
2

log(ξ1ξ2), (7)

where ξ1 and ξ2 are the momentum losses of the two measured protons.
The study presented in reference [41] calculated both the inclusive and exclusive

production cross-sections of top quark pairs via photon fusion, arguing for a considerable
reduction in signal efficiency when applying a veto on charged particles or outgoing jets.
They emphasized that the inclusive production of top quarks, either via gluon fusion or
quark anti-quark annihilation, has an immense contribution at high pileup rates, which
limits the potential to observe the Standard Model contribution of the γγ → tt̄ production
process at the LHC.

In the search for the exclusive production of top quark pairs, the CMS experiment
analyzed data from 2017, corresponding to an integrated luminosity of 29.4 fb−1, collected
at a center-of-mass energy of 13 TeV [42]. The analysis focused on two channels: a dileptonic
channel, where both top quarks decayed leptonically (t → b�ν), and a semileptonic channel,
where one top quark decayed leptonically and the other hadronically. For the semileptonic
channel, events were triggered by the presence of an electron or a muon with transverse
momentum (pT) above 30 GeV or 27 GeV, respectively. In addition, while the dileptonic
channel used events triggered by two lepton triggers, the semileptonic channel used events
triggered by a lepton and jet trigger, with the lepton pT threshold being reduced to 30 GeV
and at least one jet satisfying the momentum cut of pT > 35 GeV.

In the dileptonic channel, the final selection required the presence of at least two
oppositely charged leptons, where at least one of them is required to have pT > 30 GeV
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and |η| < 2.1, and the dilepton system, where theform is required to have an invariant
mass m�� > 20 GeV. For the events with two reconstructed leptons of the same flavor, m��

must be outside a 30 GeV mass window around the Z boson mass peak. In the semileptonic
channel, the final selection required the presence of exactly one lepton (electron or muon),
at least two jets passing the b-tagging selection criteria, and at least two jets failing the
b-tagging selection criteria. The b-tagging selection criteria were based on the DeepCSV
algorithm [43].

The analysis utilizes a boosted decision tree (BDT) algorithm to discriminate exclusive
from inclusive production. As input variables, the kinematics of leptons and jets are used, as
well as the kinematic variables obtained from proton reconstruction and the ones obtained
by reconstructing the top quark pairs. The resulting BDT distributions for each channel are
shown in Figure 8.

0

100

200

300

400

500

600

700

E
ve

nt
s 

/ b
in

Dilepton channel

Post-fit

CMS-TOTEM
 (13 TeV)-129.4 fb

Data
tt

Single t
Z+jets

=25 pb)σ (tt→γγ

0.8− 0.6− 0.4− 0.2− 0 0.2 0.4
BDT output

0.5

1

1.5

O
bs

. /
 P

re
d.

Uncertainty

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

5
310×

E
ve

nt
s 

/ b
in

ℓ + jets channel

Post-fit

CMS-TOTEM
 (13 TeV)-129.4 fb

Data
tt

Single t
W+jets
Z+jets

=25 pb)σ (tt→γγ

0.4− 0.3− 0.2− 0.1− 0 0.1 0.2
BDT output

0.5

1

1.5

O
bs

. /
 P

re
d.

Uncertainty

Figure 8. Distribution of the BDT score in the signal region for simulated events after the fit and for
data for dileptonic (left) and semi-leptonic (right) channels. The figure is taken from reference [42].

The dominant background in the search for the exclusive production of top quark
pairs is the combinatorial background, which arises from non-diffractive tt̄ events produced
in conjunction with two uncorrelated protons from pileup interactions. These events were
modeled by mixing the reconstructed protons measured from the data with non-diffractive
tt̄ processes simulated in MC, normalized to the pileup proton tagging rate extracted from
the data, creating a “mixed” MC samples with pileup proton information.

The probability of detecting at least one proton per arm in data ranges from 40 to 70%,
depending on the LHC magnets settings and instantaneous luminosity, results in very high
background rates from non-diffractive events, as the central exclusive production of top
quark pairs comprises an order of 10−5 percent of the inclusive cross-section. Due to the
high combinatorial background, with an average pileup interaction rate of μ∼35, and a
significantly small signal cross-section, an upper bound on the production cross-section
was set at 0.59 pb at a 95% confidence level. This corresponds to about 3000 times the SM
cross-section. The resulting observed and expected limits are shown in Figure 9. With
the anticipated improvements in FPD timing capabilities and the larger amount of data
expected to be collected at the HL-LHC, the potential for observing SM-exclusive top quark
production will be increased [44–46].
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Figure 9. Expected 95% CL upper limit for the signal cross-section, for the two event selections
(semi-leptonic and di-leptonic), and their combination. The green and yellow bands show the ±σ

and ±2σ intervals, respectively. The figure is taken from reference [42].

5. New Physics Searches with Photon-Induced Production of Top Quarks

Photon-induced production of top quark offers a unique opportunity to study flavor-
changing neutral currents (FCNC) within the context of the SM. In the SM, production
channels such as uγ → t or cγ → t are considerably suppressed. Therefore, the observation
of top quark production without any accompanying quarks or bosons might indicate the
presence of photon-mediated FCNC interactions.

Searches for single top quark production through FCNC have been conducted in refer-
ence [47], focusing on gluon-initiated processes. However, the photon-induced production
of direct single top quarks through FCNC was proposed and investigated in reference [48].
Given the pronounced resemblance to the single top production process in the SM, a dis-
criminator based on a neural network classifier was developed. Yet, the sensitivity was
found to be comparable to the gluon-initiated processes. Nevertheless, as highlighted in
reference [34], proton tagging in photon-initiated processes could improve the prospects
for detecting FCNC interactions in photon-induced top quark production.

The central exclusive production of top quarks has a cross-section below 1 fb, ne-
cessitating a large amount of data and effective discrimination against pileup protons.
Nonetheless, photon–photon fusion processes at the LHC offer opportunities to probe the
SM and search for various beyond-SM physics models with anomalous tγ couplings that
could enhance production cross-section. These processes could have a distinct final state
characterized by the exclusive topology, which includes the absence of proton beam rem-
nants. Utilizing the kinematic correlation between reconstructed protons and top quarks
could result in a search with low backgrounds.

The anomalous γtt̄ couplings were explored in reference [39] in terms of its impact
on the electromagnetic dipole moments of the top quarks in pp collisions at the center of
mass energies anticipated for HL-LHC (14 TeV) and HE-LHC (33 TeV) with integrated
luminosities of 100, 300, and 3000 fb−1. The analysis utilizes proton tagging, assuming
FPD acceptance ranges from 1.5% to either 15% or 50%. The finding revealed a heightened
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sensitivity to the electric dipole moment of the top quark, which is the source of CP
violation, compared to the magnetic dipole moment.

In reference [20], anomalous γγtt̄ couplings were examined through the lens of
dimension-8 operators within the framework of SM-effective field theory and also con-
sidering a new broad neutral resonance produced from the fusion of two photons that
decays into a pair of top quarks, γγ → φ → tt̄. The analysis assumed an FPD acceptance
to fractional proton momentum loss between 1.5 and 20%, and a timing resolution of 20
and 60 ps, compatible with the design scenario presented in reference [26]. Proton time of
flight (ToF) measurements in two tagged proton events can be used to reconstruct vertex z
coordinate (vz) and vertex production time (vt), which can be computed from the following:

vt =
c
2
(t+ − t−), vt =

1
2
(t+ + t−)− zPPS

c
, (8)

where c = 0.299792 mm/ps denotes the speed of light, t+ (t+) indicates the ToF of the
proton with positive (negative) pz, and zPPS is the distance from the interaction point to the
FPD timing plane.

The study underscored a significant background suppression—about two orders of
magnitude—achieved by incorporating proton ToF measurements with timing detectors
having a nominal resolution of 20 ps. This highlights the pivotal role of FPD timing
capabilities in refining the exclusive production of top quarks to search for physics beyond
the SM. The sensitivity in terms of the dimension-8 operator coefficients was of the order of
10 TeV−4. Furthermore, a scenario of a broad neutral scalar with a mass m and two typical
couplings to photons was considered:

fγγ =
m
4π

, Γγγ = 4πm (Maximally broad width) (9)

fγγ =
m√
4π

, Γγγ = m (Moderately broad width) (10)

The neutral scalar can be considered broad for both scenarios since Γ > m. A Feynman
diagram for the exclusive production of new particle φ with the decay to a pair of top
quarks is shown in Figure 10.
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Figure 10. Feynman diagram for the exclusive production of φ via photon fusion; it decays to a pair
of top quarks.

In this scenario as well, the timing detectors played a crucial role in amplifying the
search sensitivity to resonance mass of mφ > 1.5 TeV. The projected sensitivity to new scalar
φ in the exclusive tt̄ analysis is shown in Figure 11.
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Figure 11. Projected sensitivity to the pp → p tt̄ p cross-section at 95% CL as a function of the mass
of the neutral scalar. The figure is taken from reference [20].

6. Conclusions

The production of top quarks at the LHC is a primary area of interest in contemporary
particle physics. Most analyses primarily focus on production modes initiated by quarks or
gluons. However, there is a relatively uncharted territory concerning production modes
initiated by color-neutral objects like pomerons or photons. A deep understanding of
these processes is vital for precision-driven studies of the top quark’s properties. Further-
more, several photon-induced production modes involving top quarks at the final state
could broaden the phase space explored in searches for physics beyond the SM, offering
substantial discovery potential at the LHC and beyond.
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Abstract: The production of top quark pairs (tt̄) via the quark-antiquark initial state is not symmetric
under the exchange of top quark and antiquark. Calculations of this next-to-leading order effect
predict asymmetries of about one to a few percent, depending on the centre-of-mass energy and
the selected phase space. Experimentally, this charge asymmetry of tt̄ production manifests itself
in differences in angular distributions between top quarks and antiquarks. Sensitive observables
are the rapidities of the produced top quarks and antiquarks as well as their energies. In dileptonic
tt̄ events, the asymmetry of the tt̄ system is reflected in a similar asymmetry in the system of the
produced lepton pair, with the crucial advantage of a simpler reconstruction procedure. In this article
we review the measurements of this effect in different final states and using different observables by
the ATLAS and CMS Collaborations in LHC collisions at three different centre-of-mass energies.

Keywords: top quark; asymmetry; LHC; ATLAS; CMS

1. Introduction

Symmetry is a well known principle in Nature and has also a significant impact on our
every-day-life, where symmetric states are considered “right” or “beautiful”, be it in arts,
architecture, or other fields of our life. Moreover, symmetry is a powerful concept of the
mathematical description of the world we live in and many of the great achievements in
humankind’s endeavour to understand and formally describe the underlying principles of
physics have been made thanks to symmetries. A prominent example is the standard model
of particle physics (SM) being based on gauge symmetries. “Asymmetry” on the other
hand is—according to the Merriam-Webster dictionary—defined as “the lack or absence of
symmetry” [1], while this—on the first glance—sounds like a shortcoming of something
that fails to be symmetric, a deeper look reveals that asymmetry as a principle of Nature
is as important as symmetry. Just think of the asymmetry between matter and antimatter
in our Universe that makes the Universe and life possible in the first place. Asymmetries
in elementary particle physics often shape the way towards a deeper understanding of
the fundamental objects and their interactions. One well-known example for such an
asymmetry in particle physics is the asymmetry between top quarks and top antiquarks in
the production of tt̄ pairs. When produced via the charge symmetric fusion of two gluons,
top quark (t) and antiquark (t̄) behave symmetrically, while they loose this symmetry when
produced from quark-antiquark-annihilation, as the top quark is tied to the incoming quark
and the top antiquark is connected to the incoming antiquark, hence defining preferred
directions for the production of top quarks and top antiquarks.

The fact that the production of top quark-antiquark pairs (tt̄) from quark-antiquark
initial states is not symmetric under exchange of top quark and antiquark when looking at
cross sections as functions of angular variables was described and predicted already more
than thirty years ago [2,3], followed by first measurements at the Fermilab Tevatron by
the CDF [4] and D0 [5] Collaborations in 2008. Initially, the CDF results [6] have been a
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bit large in value with respect to the prediction and caused some stir in the physics com-
munity at that time. Triggered by the observed discrepancy between SM predictions and
experimental results, several attempts have been made to explain the experimental findings
with BSM physics, see for example Refs. [7–10]. However, in the following, updated theory
calculations including further corrections and superseding new experimental results from
the Tevatron experiments came closer [11], calming down the excitement that has been
raised by the first experimental results.

In the meanwhile, data taking at the LHC started with the first proton-proton collisions
in 2009 and the top quark and its properties came also in focus of the LHC experiments.
Differences in angular distributions of top quarks and antiquarks could also be measured
at the LHC, although under less favorable conditions, reducing the measurable size of
the effect significantly. The challenging environment is partially compensated by the vast
amount of tt̄ candidate events produced in LHC collisions with the effect of a reduced
statistical component of the measurement’s uncertainty.

In this article, we summarize the most recently published results by the ATLAS and
CMS Collaborations on different manifestations of this tt̄ production asymmetry, derived
at three different centre-of-mass energies, and evaluate what we have learned from them
concerning the top quark and potential indications for physics from beyond the standard
model in the top quark sector.

2. Phenomenology and Theory Overview

When produced from the annihilation of a quark and an antiquark, the top quark and
top antiquark interact with the colour fields of the incoming partons. This interaction leads
to a correlation of the directions of motion of the outgoing top quark and of the incoming
quark and of the directions of motion of the outgoing top antiquark and of the incoming
antiquark, yielding differences in angular distributions of top quark and antiquark. This
charge asymmetry, i.e., an asymmetry between top quark and antiquark, can also be
calculated quantitatively. It occurs at next-to-leading-order (NLO) perturbation theory as
an effect of the interference of initial-state (ISR) and final-state (FSR) radiation diagrams and
of the interference of the Born and box diagrams for quark-antiquark initial states. While
the ISR-FSR interference contributes negatively to the asymmetry, the contribution from
the Born-box interference is positive. As the gluon-gluon initial state is charge symmetric,
no asymmetry is present in these events. The tt̄ processes (without extra additional jets)
with a quark-gluon initial state feature a very small asymmetry, which - compared to the
asymmetry from quark-antiquark initial states- can be neglected in most of the cases.

On parton level, the tt̄ charge asymmetry can be defined as as a forward-backward
asymmetry (AFB):

AFB =
σ(x > 0)− σ(x < 0)
σ(x > 0) + σ(x < 0)

, (1)

where x can be any observable (for example (pseudo-)rapidity) that defines two hemi-
spheres with x > 0 defining the hemisphere of “forward” direction and x < 0 the hemi-
sphere of “backward” direction and the σs are the corresponding tt̄ production cross
sections for production in either of the two hemispheres.

How this parton level asymmetry actually manifests itself on particle level and how
big the measurable effect is, depends on the colliding particles and their energy.

At the Tevatron collider at Fermilab protons and antiprotons were collided at a centre-
of-mass energy of 1.96 TeV. Given the parton distribution functions (PDFs) of proton and
antiproton at this energy, a valid assumption is, that the direction of the proton beam is also
the direction of the incoming initial-state valence quark, while the direction of the antiproton
beam defines the direction of the initial-state valence antiquark: “the charge asymmetry
will be reflected not only in the partonic rest frame but also in the center-of-mass system
of the proton and antiproton” [3]. The asymmetry is thus visible in the ratios of produced
top quarks to top antiquarks in the two hemispheres. The experimental observable that
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has been used for the Tevatron analyses is Δη, the difference of the pseudorapidities of top
quark and top antiquark in each event.

A tt̄ forward-backward asymmetry can also be defined at the LHC, although not
as straight-forward as for the Tevatron. While at the Tevatron, as discussed above, the
“forward” direction is simply given by the proton beam direction, such a “global” defi-
nition of a preferred spatial direction for all events is not possible, because of the charge
symmetric proton-proton collisions at the LHC. Here, it is a priori not clear whether the
incoming (anti)quark comes from a proton from the clockwise injected beam or from the
anti-clockwise injected beam. The parton level definition of “forward” and “backward”
hemispheres is therefore only valid for single events. Consequently also on particle level
the forward and backward directions can only be defined for single events. Therefore one
needs to exploit a reconstructable observable that is sensitive to the forward direction as
defined on parton level. The longitudinal momentum of the produced tt̄ system is suited
for that purpose as the incoming quark parton has on average a higher momentum fraction
of the proton compared to the antiquark parton and the tt̄ system is thus on average boosted
along the direction of motion of the incoming quark.

However, also without making the effort to define forward and backward directions
in LHC collisions, one can still identify a difference in angular distributions between top
quark and top antiquark. The interacting quarks in proton-proton collisions can be valence
quarks or sea quarks, while the interacting antiquarks are always sea quarks. Thus, the
initial state quarks carry on average a higher momentum fraction of the proton compared
to initial state antiquarks. This difference in average momentum together with the already
mentioned correlation of the momentum of the incoming (anti-)quark with that of the
produced top (anti-)quark, results in higher momenta on average of the produced top
quarks, while the top antiquarks are produced more centrally. Experimentally this effect
can be observed through the difference in the widths of the rapidity (y) distributions of top
quarks compared to the one of top antiquarks.

Finally, in tt̄ events with an additional high-pT jet, where the quark gluon initial state
(qg → tt̄j) plays the dominating role, exists an asymmetry in the scattering angles between
top quarks and top antiquarks with respect to the direction of motion of the additional
jet. Energy and momentum conservation connects the asymmetry of the top quark and
antiquark scattering angles in the tt̄j rest frame to an observable energy difference of top
quark and antiquark, ΔE. Hence this effect is named energy asymmetry [12]. Exploiting
the boost of the outgoing quark-jet in the direction of the incoming valence quark one
can define ΔE differentially and thus maximise the statistical sensitivity to the energy
asymmetry.

In the SM, the positive contributions from the Born-box interference outweigh the nega-
tive contributions from the ISR-FSR interference and the predicted asymmetry values from
theoretical calculations lie in the range of very few percent (see for example Refs. [13–15]). The
actual values depend on the colliding hadrons, on the centre-of-mass energy, on the examined
phase-space, on the exploited observable, and on the terms and corrections included in the
calculation. Although the asymmetry occurs at NLO precision in QCD calculations, it has
been shown that electroweak (EW) contributions as well as next-to-next-to-leading order
(NNLO) QCD contributions are of significant size [13,15]. However, the analyses described
in this review make in general use of the state-of-the-art NLO-QCD Monte Carlo generators
for the simulation of the tt̄ signal. Predictions from these generators are therefore in general
smaller than predictions from theory calculations including higher order QCD effects and
EW contributions. For that reason, in the analyses described in this review wherever possible
the experimental results are compared to predictions from calculations rather than to pre-
dictions from simulation. Physics contributions from beyond the SM (BSM) could however
significantly enhance the asymmetry between top quark and antiquark while sustaining other
boundary conditions like the total tt̄ production cross section or other kinematic distributions
of the produced top(anti)quarks. As the top quark plays a special role among all quarks of the
SM due to its large mass and correspondingly its Yukawa coupling being close to unity, it is
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believed to be particularly sensitive to new physics contributions. Depending on the mass
scale of hypothetical new particles, different approaches are used in the theory calculations to
predict the impact on the tt̄ charge asymmetry. Assuming the new physics being very heavy
and out of reach of the LHC collisions, an effective field theory (EFT) ansatz is used to identify
those operators [16,17] that could have a significant impact on the tt̄ charge asymmetry while
keeping the predictions for various kinematic distributions and cross sections in agreement
with observations. Potential light new particles could be exchanged via s, t, or u channel.
Prominent examples of such additional new particles are a colour-octet vector G, a neutral Z′
boson, a charged W ′ boson, a colour-triplet scalar ω, or a colour-sextet scalar Ω [18].

3. Measurements of the tt̄ Charge Asymmetry at the LHC

The ATLAS and CMS Collaborations have measured the tt̄ charge asymmetry at three
different centre-of-mass energies at the LHC, at 7, 8, and 13 TeV. tt̄ candidate events with
either two charged leptons (dilepton channel) or one charged lepton (lepton+jets channel)
are analyzed. In the analyses of both collaborations, "lepton" refers to electrons and muons,
while tau leptons are only considered indirectly through their decay products (electrons or
muons) when decaying leptonically. The difference of the absolute values of the rapidity of
the top quarks and antiquarks serves as the observable sensitive to the tt̄ charge asymmetry,

Att̄
C =

N(Δ|y| > 0)− N(Δ|y| < 0)
N(Δ|y| > 0) + N(Δ|y| < 0)

, (2)

where Δ|y| = |yt| − |yt̄|.
In order to construct this observable, the tt̄ system needs to be fully reconstructed. For

this purpose different approaches are used in the different analyses. The common property
of all these reconstruction methods is that the reconstructed fourvectors of top quarks and
antiquarks as well as the resulting kinematic observable are always diluted with respect
to their true values and they need to be corrected for. The impacts from a Δ|y| dependent
detector efficiency and resolution effects of the kinematic reconstruction are rectified in the
different analyses by deploying unfolding methods.

For events in the dilepton channel, it is also possible to measure directly Δ|η| between the
positively and the negatively charged lepton from the top quark decays: Δ|η| = |η�+ | − |η�− |.
As the leptons from the top quark decay inherit the direction of motion of the mother top
quark, a similar asymmetry is expected also for this lepton based Δ|η| observable,

A��
C =

N(Δ|η| > 0)− N(Δ|η| < 0)
N(Δ|η| > 0) + N(Δ|η| < 0)

. (3)

However, the direction of motion of the leptons is not fully identical to that of the
mother top (anti)quarks, as a result the predicted asymmetry is smaller by about 40%
compared to the asymmetry of top quark and antiquark. This disadvantage is compensated
for by the advantage that no reconstruction of the tt̄ system is required and thus no
diluting effects from the reconstruction resolution have to be considered when analysing
the asymmetry of the leptons. Only the detector acceptance needs to be corrected for in the
unfolding, making this procedure simpler and reducing the impact on the result from the
chosen unfolding method.

It is also interesting to measure Att̄
C differentially as a function of kinematic variables

of the tt̄ system that are sensitive to the tt̄ charge asymmetry. Suited for this purpose
are the transverse momentum ptt̄

T , the rapidity ytt̄, and the invariant mass mtt̄ of the tt̄
system. Furthermore, the boost in z direction of the tt̄ system, βz,tt̄, is used in differential
measurements. The transverse momentum of the tt̄ system gives a handle on the ratio of the
positive contribution to the total asymmetry from the interference between Born and box
diagrams and the negative contribution from the interference between ISR and FSR. Events
with additional hard radiation feature on average also a higher transverse momentum of
the tt̄ system, thus for tt̄ events at high transverse momentum the negative contribution
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from the ISR-FSR interference dominates [13]. As tt̄ pairs produced via qq̄ annihilation
are most often found at large rapidities, while the charge symmetric production via gluon
fusion is dominant in the central region, one can expect an enhancement of the charge
asymmetry with increasing |ytt̄| [13]. This is because of the on average higher momentum
of the valence quarks with respect to the momentum of the sea antiquarks, resulting in a
boost of the tt̄ system in the z direction. For the very same reason, also the boost of the
tt̄ system in z direction is a powerful observable to enhance the size of the asymmetry.
Finally, the invariant mass of the tt̄ system is also sensitive to production mechanism with
an enhanced fraction of qq̄ produced tt̄ pairs at high values of mtt̄ and thus also enhanced
values for the asymmetry. In addition, the effect of new contributions from BMS physics
is expected to be stronger for events with high mtt̄ values or with large values of the z
coordinate of the velocity of the tt̄ system [19].

In order to correct for efficiency and resolution effects in these differential measure-
ments, sophisticated multidimensional unfolding procedures need to be deployed as not
only the Δ|y| distribution but also the values of the kinematic variables of the tt̄ system
need to be corrected at the same time.

The following sections summarize the tt̄ charge asymmetry measurements at 7, 8,
and 13 TeV in the dilepton and lepton+jets channels, carried out by the ATLAS and
CMS Collaborations.

3.1. Measurements at 7 TeV Centre-of-Mass Energy

The ATLAS and CMS Collaborations have both explored the full dataset of collisions
at 7 TeV centre-of-mass energy to measure the tt̄ charge asymmetry in the dilepton and
lepton+jets channels. The dataset collected by the ATLAS experiment corresponds to
an integrated luminosity of 4.6 fb−1, while the CMS dataset corresponds to 5 fb−1. The
tt̄ charge asymmetry Att̄

C is measured in both channels while the lepton asymmetry A��
C

is an exclusive observable of the dilepton channel. Theory calculations at NLO QCD
including mixed QCD-QED and QCD-weak interaction corrections [14] predict for the SM
at a centre-of-mass energy of 7 TeV values of

Att̄
C = 0.0123 ± 0.0005(scale), (4)

A��
C = 0.0070 ± 0.0003(scale). (5)

The quoted scale uncertainties consider variation of the renormalization and factoriza-
tion scales by factors of 0.5 and 2 with respect to the reference value, set to the top quark
mass. Another calculation, differing in few technical aspects like the central value of the
renormalization and factorization scales being set to the partonic centre-of-mass energy and
the usage of a leading order parton distribution function instead of a next-to-leading order
one, yields a similar value for the tt̄ charge asymmetry, Att̄

C = 0.0115 ± 0.0006(scale) [13].
These predictions are made for inclusive tt̄ production without any constraints on the

phase space of the process. Hence, the asymmetries measured experimentally in a certain
phase space region, as defined by the event selection requirements of the analyses, need to
be extrapolated to the full phase space of tt̄ production to be directly comparable to the
predictions. For this purpose, corrections are applied to the reconstructed distributions of
the sensitive observables.

In this chapter, the measurements of Att̄
C and A��

C at
√

s = 7 TeV by the ATLAS and
CMS Collaborations are summarized.

3.1.1. Measurements of the tt̄ and Lepton Charge Asymmetry in the Dilepton Channel
by ATLAS

The ATLAS Collaboration measured the lepton and tt̄ charge asymmetry in the
7 TeV dataset in the dilepton channel [20]. Electrons, muons, and jets, reconstructed
using the anti-kT algorithm with a distance parameter of R = 0.4, are considered in the
analysis. To suppress backgrounds from fake and non-prompt leptons, the electrons and
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muons are required to be isolated from any other activity in the detector around their tracks.
Exactly two, oppositely charged, isolated leptons are required and according to the flavour
of the leptons, the selected dataset is divided into three channels: ee, eμ, μμ. To suppress
background events from Drell-Yan and Z boson production, in the ee and μμ channels, the
invariant mass of the lepton pair needs to be larger than 15 GeV and needs to fall outside a
window of 20 GeV width centered on the Z boson mass. In addition, the missing transverse
energy Emiss

T of candidate events needs to be larger than 60 GeV in these channels.
8125 candidate events remain in the selected dataset, with about six times more signal

than background expected. The main background contribution comes from the electroweak
production of single top quarks, followed by diboson production. The two backgrounds
from Z boson production and fake or non prompt leptons are efficiently reduced by the
requirements mentioned above and comprise the smallest contribution to the background
considered in this analysis.

The sensitive observable of the measurement of the lepton charge asymmetry, the
difference in pseudorapidity of the two charged leptons Δ|η|, is directly accessible from the
fourvectors of the selected leptons. For the difference of the rapidity of the two top quarks
Δ|y|, the sensitive observable of the measurement of the tt̄ charge asymmetry, a kinematic
reconstruction of the tt̄ system needs to be applied, starting from the objects measured
in the detector and imposing energy conservation at each decay vertex. The resulting
kinematic equations are underconstrained due to the two neutrinos present in the signal
process. For that reason further assumptions are made on the reconstructed top quark and
W boson masses and a scan over all possible hypotheses for the two final state neutrinos is
performed. Every hypothesis gets a weight that reflects the degree of agreement between
the Emiss

T calculated from the reconstructed neutrinos and the Emiss
T as observed in the

event. In addition, all possible associations of jets and leptons are considered where the
jet energies are allowed to float within their resolutions. For each event the hypothesis
with the best neutrino weight is used in the further analysis chain. Studies on simulated tt̄
events show that with this method, solutions for 80% of all events can be found, while for
20% of the events the method does not produce a valid solution. Consequently, the events
without solution of the kinematic reconstruction are not considered for the analysis.

Figure 1 shows the reconstructed values of Δ|η| between the two leptons (left) and Δ|y|
between top quark and antiquark (right) over their generated true values. This response
matrix describes the resolution of the reconstruction and how likely migrations between
different bins of true and reconstructed values of the sensitive observable are. The response
matrix for the lepton asymmetry is dominated by the diagonal elements with each being
larger than 90%, thus showing a very good resolution of the reconstruction. Hence, the
main correction needed in this analysis is the correction of the acceptance effects.

Acceptance effects and the small migration effects are corrected for by bin-by-bin
correction factors, which are applied to the background subtracted numbers of selected
data events in each bin. The correction factors are derived from simulation and are given
by the ratio of predicted signal events from the true distribution in a certain bin divided by
the predicted signal events from the reconstructed distribution in the same bin.

As can be seen from Figure 1 (right), the resolution of the observable relying on the tt̄
system reconstruction is worse with respect to that of the lepton based observable. Hence,
instead of bin-wise correction factors, the fully Bayesian unfolding (FBU, [21]) is applied
to correct for detector resolution effects. For that purpose, the response matrix as shown
in Figure 1 (right), describing the detector resolution effects, is derived from the nominal
simulated tt̄ sample from generated and reconstructed values of the sensitive observable.
By applying this matrix to the true distribution and adding a background model, the total
expected yield of events in the selected phase space can be expressed and compared via
a maximum likelihood estimator to the number of observed events per bin. Within the
FBU, the maximum likelihood estimator is regularized with an additional curvature based
regularization function that dampens statistical fluctuations. On top of the FBU additional
acceptance correction factors are applied on the unfolded distribution. The total corrections
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to the bins of the Δ|y| distribution depend on the actual bin and channel and vary between
10 and 100.

Figure 1. Response matrices for the lepton Δ|η| observable (left) and the tt̄ Δ|y| observable (right)
in the eμ channel. Each column of the matrices is normalized to unity and values are reported as
percentage [20].

For both measurements, the linearity of the applied methods is checked using samples
of simulated tt̄ events, reweighted such that they exhibit different true asymmetries and
comparing the results with the true asymmetry. The impacts of various sources of system-
atic uncertainties vary for the different channels with the overall tendency that the lepton
based measurement is dominated by the uncertainties in the lepton reconstruction and
the uncertainty in the modeling of the non prompt and fake leptons in the case of the ee
channel, while for the tt̄ charge asymmetry measurement several sources of uncertainty
are of similar importance, including uncertainties in the reconstruction of leptons, jets, and
missing transverse energy, as well uncertainties in the modeling of the non prompt and
fake leptons background component.

Figure 2 shows the normalized Δ|η| and Δ|y| distributions in the eμ channel after the
described corrections have been applied.

Figure 2. Normalized differential cross-sections for lepton Δ|η| (left) and tt̄ Δ|y| (right) in the eμ

channel after correcting for detector effects. The distributions predicted by POWHEG-hvq + PYTHIA6
are compared to the data in the top panels. The bottom panels show the ratio of the corrected data to
the predictions. The error bars correspond to the statistical uncertainties and the hatched area to the
systematic uncertainties [20].

The asymmetries are measured individually in the three channels and are later on
combined using the best linear unbiased estimator (BLUE) method [22,23]. The individual
results and their combination are listed in Table 1. For both measurements the result from
the eμ channel contributes with the largest weight to the combination, while the result from
the ee channel plays in both cases only a minor role. The combined results are comparable
with the predictions for the SM, but also with zero asymmetry, as can be seen in Figure 3.
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Table 1. Results for the lepton-based asymmetry A��
C and the tt̄ asymmetry Att̄

C after correcting for
detector, resolution, and acceptance effects. The values in the ee, eμ, and μμ channels as well as the
combined value are presented with their statistical and systematic uncertainties [20].

Channel A��
C Att̄

C

ee 0.101 ± 0.052 ± 0.021 0.025 ± 0.069 ± 0.027
eμ 0.009 ± 0.019 ± 0.009 0.007 ± 0.032 ± 0.018
μμ 0.047 ± 0.030 ± 0.012 0.043 ± 0.045 ± 0.013

Combined 0.024 ± 0.015 ± 0.009 0.021 ± 0.025 ± 0.017

Figure 3. Comparison of the inclusive A��
C and Att̄

C measurement results to the theory predictions
(SM NLO QCD+EW prediction [14]) and the prediction of the POWHEG-hvq + PYTHIA genera-
tor. Ellipses corresponding to 1σ and 2σ combined statistical and systematic uncertainties of the
measurement, including the correlation between A��

C and Att̄
C, are also shown [20].

3.1.2. Measurements of the tt̄ and Lepton Charge Asymmetry in the Dilepton Channel
by CMS

Lepton and tt̄ charge asymmetry were also measured by the CMS Collaboration in
the 7 TeV dataset [24]. In addition to the inclusive results for both asymmetries, the lepton
charge asymmetry was measured differentially as function of the invariant mass, absolute
value of the rapidity, and transverse momentum of the tt̄ system. Similar requirements
are made to the recorded events as in the ATLAS analysis discussed above to select a
dataset enriched in tt̄ dilepton candidate events and to suppress the dominant background
contributions. Exactly two isolated charged leptons are required and at least one of the two
or more jets, reconstructed using the kT algorithm with a distance parameter of R = 0.5,
needs to be identified as stemming from the hadronization of a b quark, using the Combined
Secondary Vertex Tagger (CSV) [25]. CMS employs the particle flow technique [26] to
reconstruct jets and the missing transverse momentum.

The selected dataset consists of 9824 candidate events with an estimated signal to
background ratio of about 13, thus the dataset in the CMS analysis is slightly larger
compared to that of the ATLAS analysis and features a two times higher purity in terms of
tt̄ dilepton events. The main background contributions come from the production of single
top quarks and tt̄ events without dileptonic decays, followed by diboson production. In
this analysis, no separate measurements are performed in the three lepton flavour channels
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ee, eμ, and μμ, instead the events of the three channels are added up and the resulting
distributions are then fitted.

In order to resolve the ambiguity of the missing transverse momentum and the two
neutrinos present in the events and the ambiguity in combining the b tagged jets with the
charged leptons for the reconstruction of the tt̄ system, the Analytical Matrix Weighting
Technique (AMWT) [27] is employed. This technique finds the most probable solution for a
top quark mass of 172.5 GeV out of the up to eight possible solutions for the reconstruction
of the tt̄ system. The momenta of jets and the missing transverse momentum are allowed to
float within their respective uncertainties to reduce the fraction of events with no analytic
solution. The about 14% of events for which the AMWT fails to find a solution are only
considered in the inclusive lepton charge asymmetry measurement and omitted for all
measurements that involve reconstructed quantities of the tt̄ system.

As in the ATLAS analysis, the reconstructed distributions of Δ|η| and Δ|y| need to
be corrected for acceptance and migration effects. The smearing matrix with generated
and reconstructed Δ|η| (Δ|y|) values, derived from simulated tt̄ events and a matrix with
acceptance times efficiency on the diagonal elements are used to correct the reconstructed
distributions via a regularized unfolding algorithm based on singular-value decomposition
(SVD) [28]. In the CMS analysis, for the correction of both observables, the same unfolding
technique is employed.

For the differential measurements of the lepton charge asymmetry as functions of mtt̄,
|ytt̄|, and ptt̄

T , two-dimensional distributions of reconstructed values need to be unfolded,
using the same unfolding technique as for the inclusive measurements. In order to not
amplify statistical uncertainties, the number of bins in Δ|η| and Δ|y| is reduced to two,
while three bins are used for the mtt̄, |ytt̄|, and ptt̄

T distributions.
The performance of the applied unfolding method is checked using samples of sim-

ulated tt̄ events, reweighted such that they feature asymmetries between −0.2 and 0.2,
and comparing the resulting asymmetry measurement with the true asymmetry of the
respective sample. The impact of various experimental and theoretical sources of system-
atic uncertainties are evaluated. For the measurement of the lepton asymmetry, the by
far dominating contribution to the overall systematic uncertainty is the uncertainty in the
factorization and renormalization scales of the used simulation. In the case of the tt̄ charge
asymmetry factorization and renormalization scale uncertainties are also the dominant
contribution together with the uncertainty in the jet energy scale.

Figure 4 shows the distributions of Δ|η| and Δ|y| after background subtraction and
unfolding, compared to the distributions predicted by MC@NLO. The resulting asymmetry
values of the inclusive measurements, listed in Table 2, are comparable with the predictions
by the SM but are within their uncertainties also comparable with zero asymmetry.

The dependence of the measured lepton asymmetry on three kinematic variables of
the tt̄ system are shown in Figure 5. Within their relatively large uncertainties also the
differential results are comparable with the predictions of the simulation.

Table 2. Results for the lepton-based asymmetry A��
C and the tt̄ asymmetry Att̄

C after correcting
for detector, resolution, and acceptance effects. The values are presented with their statistical and
systematic uncertainties [24].

Channel A��
C Att̄

C

�� 0.009 ± 0.010 ± 0.006 −0.010 ± 0.0017 ± 0.008
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Figure 4. Background-subtracted and unfolded differential measurements of Δ|η| (left) and Δ|y|
(right), both normalised to unit area (points), and the parton-level predictions from MC@NLO (his-
tograms). Bottom: the ratio between the data and the MC@NLO prediction for lepton Δ|η| (left) and
tt̄ Δ|y| (right). The error bars represent the statistical uncertainties in the data, while the systematic
uncertainties are represented by the hatched band. The first and last bins include underflow and
overflow events, respectively [24].

Figure 5. Dependence of the unfolded A��
C values (points) on mtt̄ (top left), |ytt̄| (top right), and ptt̄

T
(bottom), and the parton-level predictions from MC@NLO (histograms). The inner and outer error
bars represent the statistical and total uncertainties, respectively. The last bin of each plot includes
overflow events [24].
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3.1.3. Measurement of the tt̄ Charge Asymmetry in the Lepton+Jets Channel by ATLAS

The ATLAS Collaboration measured the tt̄ charge asymmetry in the 7 TeV dataset also
for events with a single lepton signature (lepton+jets channel) [29]. Exactly one isolated
high-pT electron or muon, missing transverse momentum, and at least four jets are required.
On top of this “pretag” selection, at least one of the selected jets needs to be identified as
stemming from the hadronization of a b quark for the event to enter the “tag” selection. For
the purpose of identifying jets from b quarks, a combination of three different b-tagging
algorithms is used [30,31].

From the 111,817 events passing the criteria of the “pretag” selection, 59,497 events
feature in addition at least one identified b jet. The estimated signal to background ratio
in the “tag” selection dataset is about 4. The dominant background contribution comes
from the production of W bosons in association with jets, followed by single top quark
production and the production of QCD multijets.

As the production cross section for positively charged W bosons is larger than that
for negatively charged W bosons, the asymmetry in the numbers of selected events with
positively and negatively charged leptons can be used to estimate the background con-
tribution from W+jets production directly from the data. This estimation is done in the
pretag selected dataset and then extrapolated to the tag selection by applying tagging
efficiencies derived from simulated W+jets events. As the flavour composition of the jets
accompanying the W bosons is not well predicted in the simulation, the flavour fractions
are derived in data and applied to the simulation. The amount of multijet production
from QCD processes is determined using the matrix method, which, based on tight and
more loosely defined lepton samples, estimates the efficiency for leptons from multijet
background to pass the tight selection criteria of the event selection applied in this analysis.

The tt̄ system is reconstructed by applying a kinematic fit based on likelihood de-
termination for the different reconstruction options for each event [32]. While for the
inclusive measurement all tt̄ candidate events are used, the differential measurements are
only carried out for events with a likelihood value above a certain threshold to reject events
that are not reconstructed well.

As for the analysis in the dilepton channel, again the FBU method is used to correct
the reconstructed distributions for acceptance and resolution effects. As the number of
selected events is larger compared to that of the dilepton analysis, four bins instead of
only two are used for the Δ|y| distribution, in the inclusive measurement as well as in the
differential measurement.

Several sources of systematic uncertainty are considered as nuisance parameters in the
likelihood function used for the unfolding and the systematic uncertainty of the measurement
is then determined by means of a marginalization procedure applied to this likelihood. The
dominating contributions come from the uncertainty in the energy scale and resolution of
leptons and jets, and from the missing transverse momentum and pileup modeling.

The measured asymmetry values are summarized in Table 3. In addition to the inclu-
sive result for the full phase space, also the asymmetries for events with mtt̄ > 600 GeV and
for events with βz,tt̄ > 0.6, i.e., for events from phase space regions where an enhanced
asymmetry is predicted, are measured separately and compared to the SM predictions.
The quoted uncertainty for the measured values represents the total uncertainty includ-
ing statistical and systematic components. Figure 6 shows the results of the differential
measurements. All measured values are within their uncertainties comparable to SM
predictions as well as to zero asymmetry.

3.1.4. Measurement of the tt̄ Charge Asymmetry in the Lepton+Jets Channel by CMS

The charge asymmetry was also measured inclusively and differentially in the lep-
ton+jets channel by the CMS Collaboration [33]. After the typical event selection require-
ments of exactly one isolated electron or muon, at least four jets, of which at least one has
to be tagged as b jet, and substantial missing transverse momentum, 57,687 events remain
for the measurement. About 20% of the selected events come from background processes,
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with the biggest contribution coming from the production of W bosons in association with
jets, followed by the electroweak production of single top quarks and multijet production.

Table 3. Measured inclusive charge asymmetry values for the electron and muon channels combined
after unfolding for the full phase space, for events with βz,tt̄ > 0.6, and for events with mtt̄ > 600 GeV [29],
along with the respective predictions [14]. The uncertainties of the measurements include statistical and
systematic components.

Phase Space Measured Att̄
C SM Prediction for Att̄

C

Full 0.006 ± 0.010 0.0123 ± 0.0005
mtt̄ > 600 GeV 0.018 ± 0.022 0.0175+0.0005

−0.0004
βz,tt̄ > 0.6 0.011 ± 0.018 0.020+0.006

−0.007

Figure 6. Distributions of Att̄
C as a function of mtt̄ (top left), ptt̄

T (top right), and |ytt̄| (bottom left) after
unfolding, for the electron and muon channels combined. The Att̄

C distribution as a function of mtt̄ for
βz,tt̄ > 0.6, is also shown (bottom right). The Att̄

C values after the unfolding (points) are compared
with the SM predictions (green lines) and the predictions for a colour–octet axigluon with a mass of
300 GeV (red lines) and 7000 GeV (blue lines), respectively. The thickness of the lines represents the
factorization and renormalization scale uncertainties in the corresponding theoretical predictions.
The values plotted are the average Att̄

C in each bin. The error bars include both the statistical and the
systematic uncertainties [29].

The leptonically decaying top quark is reconstructed from the fourvector of the elec-
tron or muon and from the transverse momentum vector. All assignments of selected jets
to the final state quarks in a tt̄ event are considered and the hypothesis with the highest
probability to correctly describe the tt̄ system is chosen for each event. It is worth men-
tioning that all events are considered in the analysis and no restriction is made on the
quality of the event reconstruction. Disturbing effects from event selection and detector and
reconstruction method resolution are corrected for by employing a regularized generalized
matrix inversion unfolding. For the differential measurements not only the Δ|y| distribu-
tion is unfolded but also the kinematic variables of the tt̄ system. As the binning schemes
in Δ|y| differ depending on the bin of the kinematic tt̄ variable, a non trivial definition of
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“neighboring bin” had to be found to correctly consider the influence of adjacent bins in the
regularization procedure.

The dominating source of systematic uncertainty comes from the dependency of the
asymmetry on the three kinematic tt̄ variables and its impact on the used unfolding method
and from the uncertainty in the selection and identification of the leptons. Depending
on the actual bin, also uncertainties in the jet energy scale contribute significantly to the
differential measurements.

Figure 7 (top left) shows the unfolded Δ|y| spectrum. From this distribution, the inclusive
tt̄ charge asymmetry is measured to be Att̄

C = 0.004± 0.010(stat)± 0.011(syst). The Att̄
C values

as functions of mtt̄, |ytt̄|, and ptt̄
T are shown in Figure 7 (top right and bottom). All results are

consistent with predictions for the SM, but are also consistent with zero asymmetry.

Figure 7. Unfolded inclusive Δ|y| distribution (top left), corrected asymmetry as a function of |ytt̄|
(top right), ptt̄

T (bottom left), and mtt̄ (bottom right) [33]. The measured values are compared to NLO
calculations for the SM — based on the calculations of Ref. [13] — and to the predictions of a model
featuring an effective axial-vector coupling of the gluon (EAG) [34]. The error bars on the differential
asymmetry values indicate the statistical and total uncertainties, determined by adding statistical
and systematic uncertainties in quadrature. The shaded areas indicate the theoretical uncertainties on
the NLO calculations.

3.1.5. Combination of the Inclusive Measurements of the tt̄ Charge Asymmetry in the
Lepton+Jets Channel by ATLAS and CMS

The results of the inclusive Att̄
C measurements in the lepton+jets channel at 7 TeV by the

ATLAS and CMS Collaborations have been combined within the LHC working group for
top quark physics (LHCtopWG) [35]. The BLUE technique with the method implemented
in Ref. [36] is used to find the combination of the two results with the smallest total
uncertainty. Most systematic uncertainties are considered uncorrelated in the combination,
except for the uncertainty in the modeling of the tt̄ signal and the W+jets background (both
50% correlated between ATLAS and CMS) and the uncertainty in the used PDFs (100%
correlated between ATLAS and CMS).

The result of the combination of the two measurements in the lepton+jets channel at
7 TeV is Att̄

C = 0.005 ± 0.007(stat)± 0.006(syst), with the ATLAS result contributing with a
weight of 0.65 and the CMS result with a weight of 0.35. The χ2 with one degree of freedom
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of the combination is 0.012, corresponding to a p-value of 0.91. The improvement in the
total uncertainty of the combined results with respect to the individual results is 18% for
the ATLAS measurement and 40% for the CMS analysis.

Figure 8 summarizes all ATLAS and CMS measurements of Att̄
C and A��

C at 7 TeV centre-
of-mass energy and their compatibility with theory calculations for the standard model.

Figure 8. Summary of inclusive results at 7 TeV centre-of-mass energy [37].

3.2. Measurements at 8 TeV Centre-of-Mass Energy

The ATLAS and CMS Collaborations performed various top quark asymmetry mea-
surements using the LHC dataset at

√
s = 8 TeV of around 20 fb−1 in the dilepton and

lepton+jets channels. As for the 7 TeV measurements, the tt̄ charge asymmetry Att̄
C is

measured in both channels while the lepton asymmetry A��
C is measured exclusively in the

dilepton channel. At 8 TeV centre-of-mass energy, the SM prediction computed at NLO
QCD including mixed QCD-QED and QCD-weak interaction corrections [14] is slightly
smaller than at 7 TeV:

Att̄
C = 0.0111 ± 0.0004(scale), (6)

A��
C = 0.0064 ± 0.0003(scale). (7)

The quoted scale uncertainties consider variation of the renormalization and factor-
ization scales by factors of 0.5 and 2 with respect to the reference value, set to the top
quark mass, as well as PDF uncertainties. As for 7 TeV, another calculation at NLO,
using a different PDF set and setting the renormalizaton and factorization scales to a
different value is available [13], yielding a similar result for the tt̄ charge asymmetry,
Att̄

C = 0.0102 ± 0.0005(scale). These two predictions are derived by evaluating the asym-
metry in powers of the strong and electroweak couplings at NLO only in the numerator
and evaluating the denominator using the LO matrix element. In a third calculation, at
NNLO [15], both, the numerator and the denominator are calculated at full QCD NNLO
precision without any expansion in powers of strong and electroweak couplings. Further-
more, dynamical factorization and renormalization scales and an NNLO PDF are used to
derive the tt̄ charge asymmetry prediction of Att̄

C = 0.0095+0.0005
−0.0007(scale).
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In this chapter, we summarize the ATLAS and CMS results in the dilepton and lep-
ton+jets channel at 8 TeV.

3.2.1. Measurements of the tt̄ and Lepton Charge Asymmetry in the Dilepton Channel
by ATLAS

As at 7 TeV, the ATLAS Collaboration measurement in the dilepton channel at 8 TeV stud-
ied both the lepton and the tt̄ charge asymmetry [38]. Three different final states are considered
in this analysis: events with two electrons (ee), with one electron and one muon (eμ), and
with two muons (μμ). Exactly two of these leptons, isolated and of opposite electric charge,
should be present in the final state. At least two reconstructed jets are also required. In the
same-flavour channels, the invariant mass of the two leptons must lie outside the Z boson
mass window. In these channels, it is also required that Emiss

T > 30 GeV and that at least one
of the jets is b-tagged to further suppress Drell-Yan and Z boson production as well as diboson
background. In the eμ channel, the background suppression is achieved by requiring that
the scalar sum of the pT of the two leading lets and leptons to be larger than 130 GeV. After
this selection, the selected number of events in the ee, μμ, and eμ channels, respectively, are:
12,785; 14,453; and 42,363. The background from Z+jets, single top, and diboson production
are evaluated using simulated events. Because of possible mismodeling of the Emiss

T distri-
bution in Z bosons production in association with heavy-flavour jets, the normalisation of
the inclusive and heavy-flavour component of the Drell-Yan background in the same-flavour
channels is computed using data from control regions and applied afterwards to correct the
simulated events. For the background coming from fake or non-prompt leptons the shape
of distributions of kinematic observables is taken from simulation where at least one of the
leptons is required not to be matched to the generated ones. Scale factors to adjust the normal-
isation are derived from data in a specific control region requiring two leptons with the same
electric charge.

The lepton charge asymmetry A��
C is obtained directly from the pseudorapidity of the

leptons while Att̄
C requires the reconstruction of the top quarks. This kinematic reconstruc-

tion is performed by solving the system of equations that relates the particle momenta at the
decay vertices. The system is underconstrained because of the presence of two neutrinos
escaping detection. The system is hence solved numerically using the kinematic (KIN)
method [39,40]. The experimental uncertainties of the measured jets and Emiss

T are taken
into account by sampling the phase space according to their resolution. For each of the
sampling points up to four solutions can be found. The KIN method chooses the solution
that leads to the lowest reconstructed mass of the tt̄ system. There is also an ambiguity in
the assignment of the lepton with the b-tagged jet. The assignment is chosen that has the
most reconstructed trials. The performance of the KIN method is quantified by evaluating
the efficiency of reconstructing tt̄ events and the probability of reconstructing the correct
sign of Δ|y|. These probabilities are found to be 90% and 76%.

The ATLAS measurements are performed inclusively and differentially as a function
of the invariant mass of the tt̄ system, of the transverse momentum of the tt̄ system, and
the boost in z direction of the tt̄ system. The measurements are performed in the full
phase space after correcting for reconstruction and acceptance effects to parton level, as
well as in a fiducial region after correction to particle level. The fiducial region is defined
to closely match the region accessed by the ATLAS detector. Such fiducial results allow
to reduce the dependency to MC generators and avoid large extrapolation to the full
phase space. The fiducial volume definition closely follows the requirements applied
on the reconstructed objects but using particle level objects. Using these particle objects,
the top quark reconstruction is performed using the pseudotop algorithm described in
Ref. [41]. As for the 7 TeV results, the correction for detector resolution and acceptance
effects is performed using the FBU technique. The migration matrix is obtained from the
nominal tt̄ simulated sample. The combination between the ee, eμ, and μμ channels is
performed by mapping the reconstructed distributions of the three channels to the same
corrected distribution. The systematic uncertainties are treated as nuisance parameters
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in the maximum likelihood estimation. For each differential measurement, the choice of
binning for Δ|η| or Δ|y| is optimized by minimizing the expected statistical uncertainty.
For the optimized binning choices, more than 50% of the events are found to lie within the
diagonal bins of the migration matrix for Δ|y|, and more than 97% for Δ|η|.

Various sources of systematic uncertainties affect the measurements. The statistical
uncertainty gives the largest contribution followed by the uncertainties on kinematic
reconstruction and signal modeling uncertainties. Figure 9 summarizes the results in the
full phase space, which appear to be compatible with the SM predictions. Figure 10 shows
the unfolded distributions of Δ|η| and Δ|y| for the inclusive measurements in the fiducial
phase space compared to NLO MC generator predictions [42].

Figure 9. Summary of the differential results for the lepton asymmetry (left) and the tt̄ asymmetry
(right) in the full phase space [38]. The prediction in blue are obtained using the POWHEG-hvq
generator at NLO [42]. The inclusive result is compared to the NLO+EW prediction [14].

Figure 10. Unfolded data distribution for Δ|η| (left) and Δ|y| (right) [38] compared to the predictions
from the POWHEG-hvq generator at NLO [42].

The inclusive results for A��
C and Att̄

C in the full phase space are compared in Figure 11
to the SM predictions and to two BSM predictions compatible with the Tevatron results.
One model contains a light octet with mass below the tt̄ production threshold, while the
other one introduces a heavy octet with mass beyond the LHC reach [43]. In this figure the
correlation between A��

C and Att̄
C is taken into account and is found to be 48%. The results

are compatible with the SM but do not exclude the two BSM models considered.
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Figure 11. Comparison of the A��
C and Att̄

C inclusive results in the full phase space with the SM NLO
QCD+EW predictions [14] and two BSM benchmark scenarios [43]. Ellipses correspond to the 1 and
2 σ total measurement uncertainties.

3.2.2. Measurements of the tt̄ and Lepton Charge Asymmetry in the Dilepton Channel
by CMS

The CMS Collaboration also performed the inclusive and differential measurements of
both the leptonic and tt̄ asymmetries at 8 TeV [44]. The analysis requires events with exactly
two isolated, oppositely charged leptons with pT > 20 GeV and with an invariant mass of
the dilepton system above 20 GeV and outside the Z boson mass window. At least two jets
with pT > 30 GeV are required with one of them identified as coming from a b quark. High
missing transverse momentum (pmiss

T > 40 GeV) is required to suppress the Drell-Yan
background in the channel with same-flavour leptons. In total, 43,898 events are selected
with these requirements with an estimated background contribution of about 9%. In the
tt̄ system reconstruction method of this analysis, the solutions for the neutrino momenta
are found analytically assuming a top quark mass of 172.5 GeV. Each of the events can
have up to eight possible solutions. To choose the most probable one, the matrix weighting
technique [27] is used as in the 7 TeV measurement. The signs of Δ|η| and Δ|y| are correctly
reconstructed in 99.5% and 74.9% of the selected tt̄ events, respectively. In about 16% of
all events, no solution for the reconstruction of the tt̄ system exists and these events are
consequently only used for the inclusive measurement of the lepton charge asymmetry.

Samples of simulated events are used to evaluate the background contamination in
the selected sample. Several data control regions are used to correct the normalisation
of the Z+jets background and the background coming from fake or non-prompt leptons.
After subtraction of the background, the distributions are corrected for detector acceptance,
event selection efficiency, and finite detector resolution at parton level using an unfolding
technique. In this process the binning of each of the distributions is adjusted according to
the observable resolution. The unfolding is performed using the TUNFOLD package [45]
using regularization based on the curvature of the simulated signal distributions. The
optimized regularisation strength is found to be relatively weak.

The differential measurements are performed as a function of the invariant mass of
the tt̄ system, as well as the absolute rapidity and transverse momentum of the tt̄ system in
the laboratory frame. Three bins are used for each of these differential distributions.

Several sources of systematic uncertainties are considered in the measurements. The
ones that impact the most the inclusive Att̄

C and A��
C results are the uncertainty in the

unfolding procedure coming from the limited number of simulated tt̄ events, as well as
the uncertainty from the tt̄ modeling coming from variation of the renormalization and
factorization scales, while the differential measurements are largely limited by the statistical
component of the uncertainty.

The unfolded Δ|η| and Δ|y| distributions at parton level are shown in Figure 12, com-
pared to the SM predictions at NLO+EW level [14] as well as to predictions from the NLO
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MC@NLO generator [46]. The resulting inclusive values for Att̄
C and A��

C are given in Table 4.
The results are compatible with the SM expectations as well as with zero asymmetry.

Table 4. Results for the lepton-based asymmetry A��
C and the tt̄ asymmetry Att̄

C after correcting
for detector, resolution, and acceptance effects. The values are presented with their statistical and
systematic uncertainties [44].

Channel A��
C Att̄

C

�� 0.003 ± 0.006 ± 0.003 0.011 ± 0.011 ± 0.007

Figure 12. Unfolded data distribution for Δ|y| (left) and Δ|η| (right) [44] compared to the predictions
from the MC@NLO at NLO [46] and the NLO+EW SM predictions [14].

The differential results as a function of mtt̄, |ytt̄|, and ptt̄
T are presented in Figure 13 and

show also reasonable agreement with the predictions.

3.2.3. Measurement of the tt̄ Charge Asymmetry in the Lepton+Jets Channel by ATLAS

The ATLAS Collaboration has performed two types of measurements in the lepton+jets
channel at 8 TeV. The first one measured inclusively and differentially the tt̄ asymmetry
Att̄

C in the full phase space [47]. The second measurement focused on the tt̄ asymmetry in
events where the top-quark pair is produced with a large invariant mass. i.e., highly boosted
top-quark pair production [48]. The boosted channel is expected to have a higher sensitivity to
the expected SM asymmetry due to a higher fraction of quark-antiquark initiated processes.

The standard analysis (so called resolved channel [47]) selects exactly one electron or
muon candidate and at least four jets with pT > 25 GeV. The selected events are separated
according to the number of b-tagged jets they contain (zero, one or at least two). In order to
suppress the background from multijet and Z+jets backgrounds in events with zero or one
b-tagged jet, further requirements are applied on Emiss

T and on the reconstructed transverse
mass of the W boson from the hadronically decaying top quark. After the event selection,
216,465 and 193,418 events remain in the two signal regions with either one or at least two b
tagged jets, with approximated background contributions of about 34% and 11%, respectively.
The main background comes from W+jets events. The shape of the distributions of kinematic
observables for this background is estimated using simulated events while its normalisation
is adjusted using data exploiting the difference in production cross sections between W+ and
W−. This adjustment is used in situ and embedded in the unfolding procedure that corrects
for detector acceptance and efficiency. The multijet background is also estimated from data
using the matrix method [47]. The other minor backgrounds coming from single-top quark,
Z+jets or diboson production are evaluated using simulation.
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Figure 13. tt̄ and lepton charge asymmetries as functions of mtt̄, |ytt̄|, and ptt̄
T [44] compared to the

predictions from MC@NLO [46] and the NLO+EW calculation for the SM [14].

As in the other channels, to measure the tt̄ asymmetry inclusively and differentially,
the full tt̄ system needs to be reconstructed. This reconstruction is achieved applying a
kinematic fit [49] using at most five jets. The average correct-sign fraction is estimated to be
around 72% for events with exactly one b-tagged jets and 75% for events with at least two
b-tagged jets. The lepton charge is used to determine the flavour (quark or antiquark) of
the semilaptonically decaying top quark candidate.

The measurements are corrected for acceptance and detector resolution effects to
parton level by unfolding using the FBU technique. The asymmetry is determined from
maximizing the FBU extended likelihood where the events are separated based on the
lepton charge and the b-tagged jet multiplicity (zero, one, at least two). The Δ|y| distribution
is split in four bins, also for each differential measurement. The calibration of the W+jets
prediction is achieved by adjusting in the fit the flavour components of the jets associated
with the W boson. The b-tagged jet multiplicity provides information about the heavy and
light-flavour composition of the W+jets background while the lepton charge asymmetry
is used to determine the normalisation of each component. Various sources of systematic
uncertainties are included as nuisance parameters. The dominant source is found to come
from the uncertainty in jet energy scale and resolution.

The resulting inclusive tt̄ asymmetry is measured to be Att̄
C = 0.009± 0.005(stat + syst),

compatible with the SM prediction. The measurement is limited by the statistical uncer-
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tainty. The differential measurements of the charge asymmetry at parton level as a function
of the invariant tt̄ mass, the boost of the tt̄ system, and the transverse momentum of this
system are shown in Figure 14 compared with the SM prediction and with two benchmark
BSM scenarios. The results are compatible with the SM and are not able to distinguish
between SM and these two BSM scenarios within the quoted uncertainties.

Figure 14. Measured Att̄
C as a function of mtt̄, βz,tt̄, and ptt̄

T [47] compared with SM predictions [14]
and two benchmark BSM scenarios [43].

The ATLAS measurement using highly boosted top quark pairs [48] focuses on lep-
ton+jets events where the hadronic top-quark decay is reconstructed as a single large-radius
jet (R = 1.0) and tagged as coming from an actual top quark using jet substructure variables.
The leptonic top-quark decay is reconstructed from a standard small-radius jet (R = 0.4), a
charged lepton (electron or muon), and missing transverse momentum from the escaping neu-
trino. The longitudinal component of the neutrino momentum is calculated using a constraint
on the W boson mass and solving a quadratic equation. The selected large-radius jet should
have pT > 300 GeV and must be separated from both the charged lepton and the small-radius
jet. A substructure analysis of the large-radius jet is used to tag the boosted top quark. At
least one of the small-radius jets associated with the leptonically decaying top quark must be
b-tagged. The selected events yield a good efficiency and resolution for the tt̄ invariant mass
of around 6% for mtt̄ ∼ 1 TeV. The background is estimated using simulation except for the
normalisation of the W+jets background and heavy flavour fractions that are adjusted from
data and the multijet background that is fully estimated from data using the matrix method.

For electron and muon channel combined, 7741 events are selected, with about 13%
background contribution. This number of observed events is found to be approximately
10% less than the number predicted by the simulation, a result of the known mismodeling
of the top quark pT spectrum in the simulation. Since the asymmetry is computed as a
ratio, it is not sensitive to the absolute cross section. The difference in shape has been
tested to have a negligible impact. The Δ|y| distribution as a function of mtt̄ is corrected for
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acceptance and detector effects to parton level using FBU, as in the resolved analysis, in the
phase space: mtt̄ > 750 GeV and −2 < Δ|y| < 2.

The Att̄
C values from the unfolded distribution in four mtt̄ bins are shown in Figure 15.

The measurement generally agrees with the SM prediction. The largest observed difference
reaches 1.6 σ in the third bin. In the measured phase space, mtt̄ > 750 GeV and |Δ|y|| < 2,
the inclusive asymmetry is Att̄

C = 0.042 ± 0.032, where the dominant uncertainty is coming
from modeling uncertainty and the statistical component. The result agrees well with the
SM prediction.

Figure 15. Att̄
C values from the unfolded distributions as a function of mtt̄ [48] compared to NLO

calculation [13].

3.2.4. Measurement of the tt̄ Charge Asymmetry in the Lepton+Jets Channel by CMS

The CMS Collaboration has performed two types of measurements in the lepton+jets
channel at 8 TeV using different techniques to access the asymmetry. The first analysis
measured inclusively and differentially the tt̄ asymmetry Att̄

C at parton level after applying
an unfolding technique [50]. For the second measurement, the same dataset was ana-
lyzed to get the inclusive tt̄ asymmetry value but using a template technique based on a
parametrization of the SM [51]. This second analysis also differs in selecting more events.

The analysis using an unfolding technique [50] measured Att̄
C inclusively and as func-

tions of mtt̄, |ytt̄|, and ptt̄
T . The measurements are performed at parton level both in a fiducial

phase space that emulates the restriction of the detector phase space and also extrapolated
to the full phase space.

The event selection requires one electron or one muon and four or more jets with
at least one of them being b-tagged. In total, 362,244 events are selected with about 20%
contribution from background processes. The fiducial region is defined using particle
objects with a selection mimicking the selection applied at reconstruction level. It contains
around 10% of the events of the full phase space and roughly 50% of the events in the
fiducial region pass the reconstruction level selection.

The distributions of kinematic observables for the background processes are modelled
using simulated events while their rates are estimated using a simultaneous fit of the trans-
verse mass of the W boson from the hadronic top quark decay and of the invariant mass
of the combination of three jets that have the largest vectorial pT sum. The multijet back-
ground is modelled using data in a control region with non isolated leptons. The top quark
reconstruction is performed using the same likelihood method as in the 7 TeV analysis.
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After background subtraction, the distributions corrected for acceptance and detector
effects are determined through unfolding using a generalized matrix inversion method.
Regularization is applied to limit the statistical uncertainties due to the unfolding procedure.
It is implemented by minimizing the statistical correlations between bins in the unfolding
spectrum. The correctness of the unfolding procedure has been verified using pseudo-
experiments. The unfolded Δ|y| distributions in the fiducial and full phase spaces are
shown in Figure 16 compared with SM predictions [13,14]. The measured inclusive tt̄
asymmetry in the fiducial and full phase space, respectively, are summarized in Table 5.
In both cases the experimental results are a bit low with respect to the predictions for
the SM [13,14,52], especially in the fiducial region. However, the deviation is below two
standard deviations.

Table 5. Results of the inclusive tt̄ charge asymmetry measurements in the fiducial and full phase
space [50], compared to the respective SM predictions [13,14,52].

Phase Space Measured Att̄
C Calculated Att̄

C

fiducial −0.0035 ± 0.0072(stat)± 0.0031(syst) 0.0101 ± 0.0010
full 0.0010 ± 0.0068(stat)± 0.037(syst) 0.0111 ± 0.0004

0.0102 ± 0.0005

Figure 16. Unfolded inclusive Δ|y| distributions in the fiducial and full phase spaces [50] compared
with NLO predictions from the SM [13,14].

The differential measurements as a function of mtt̄, |ytt̄|, and ptt̄
T in the full phase space

are displayed in Figure 17. The result of the asymmetry as a function of mtt̄ is shown
with two different binnings. The distributions agree with the SM prediction and are also
compared to a model containing an effective axial-vector coupling of the gluon [53,54].

The other CMS measurement in the lepton+jets channel is based on a template tech-
nique [51] using the bounded observable Ytt̄ defined as Ytt̄ = tanh Δ|y|. The Ytt̄ distribution
can be translated as a linear combination of the symmetric and asymmetric components of
the probability distribution ρ(Υtt̄) (see Figure 18). The asymmetry Att̄

C corresponds then to
the level of asymmetric component that best fits the observed data distribution.

The selected events contain one isolated electron or muon and at least four jets among
which at least one is b-tagged. In total, 667,096 events are selected, of which about 35% are
estimated to come from background processes. The top quarks are reconstructed using
the most likely assignment of the jets to the tt̄ decay partons. For each assignment the
four-momenta of the jets are corrected according to the partons that are assigned to using
flavour-dependent scale factors derived from tt̄ simulation. The chosen assignment is
determined using a likelihood criterion taking into account the b-tagging information and
the constraints from the reconstruction hadronically decaying W boson and top quark.
The energy resolution of the jets for the chosen assignment is further improved using a
kinematic fit under the W boson and top quark mass constraints.
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Figure 17. Measured Att̄
C in the full phase space as a function of mtt̄, |ytt̄|, and ptt̄

T [50] compared with
NLO predictions for the SM [13,14] and a model containing an effective axial-vector coupling of the
gluon (EAG) [53,54].

The amount of tt̄, W+jets, and multijet events after selection is determined using a
likelihood discriminant built from the hadronically decaying W boson transverse mass and
from the probability that at least one of the possible jet-parton assignments is the correct
one. The other minor backgrounds are estimated using simulated events.

Figure 18. Symmetric and antisymmetric components of the binned probability distribution in the
observable Ytt̄ [51] constructed using the POWHEG generator [55].

After the determination of the sample composition, another likelihood fit on the Ytt̄
distribution is performed to measure Att̄

C. The performance of the method is checked on simu-
lated samples showing negligible bias. The antisymmetric component of the Ytt̄ distribution
is shown in Figure 19 for data and for the fit model in the e+jets and μ+jets channels. The
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measured tt̄ asymmetry is found to be Att̄
C = 0.0033± 0.0026(stat) + 0.0033(syst). This result

is compatible with the SM and with the result from the other CMS measurement, though
more precise. The template method incorporates more information from the model than the
analysis using unfolding leading to a reduced statistical uncertainty but at the expense of
greater model dependence. The dominant source of systematic uncertainty is coming from
the statistical uncertainty in the templates.

Figure 19. Antisymmetric component of the Ytt̄ distribution in the e+jets and μ+jets channels [51].

3.2.5. Combination of the Measurements of the tt̄ Charge Asymmetry in the Lepton+Jets
Channel by ATLAS and CMS

The results of the inclusive Att̄
C measurements in the lepton+jets channel at 8 TeV by

the ATLAS and CMS Collaborations have been combined [35] using the same machinery as
for the combination of the 7 TeV results. From the two CMS analyses in the lepton+jets
channel, the one with the the smaller total uncertainty, the analysis based on a template
method, is used for the combination with the result from the ATLAS Collaboration. With
respect to the combination of the 7 TeV results, the treatment of the correlations of the
systematic uncertainties between the two analyses is more fine grained. Especially the
uncertainty in the jet energy scale is split into various sources that are grouped into four
categories depending on the assumed correlation between the experiments, while again,
most uncertainty sources are found to be uncorrelated, some of the signal and background
modelling uncertainties are found to be correlated. The uncertainty in the chosen MC event
generator, the uncertainty in the simulation of ISR and FSR, as well as the chosen PDF
model are treated as fully correlated in the combination. The same applies to the uncertainty
in the background contributions from single top quark production and the production of
Z bosons in association with jets. As already mentioned, the individual sources of the jet
energy uncertainty are grouped together into four categories. One category includes all
jet energy related uncertainties that are considered uncorrelated, one category includes all
uncertainties that are found to be partially correlated, using 50% as correlation parameter in
the combination, and two categories contain the mostly and fully correlated uncertainties,
which both enter with a 100% correlation assumption the combination.

The result of the combination of the two measurements in the lepton+jets channel at
8 TeV is Att̄

C = 0.0055 ± 0.0023(stat)± 0.0025(syst), with the ATLAS result contributing
with a weight of 0.39 and the CMS result with a weight of 0.61. The χ2 with one degree of
freedom of the combination is 0.88, corresponding to a p-value of 0.35. The improvement
in the total uncertainty of the combined results with respect to the individual results is 32%
for the ATLAS measurement and 17% for the CMS analysis.

Figure 20 shows the allowed regions in the two dimensional plane spanned by the LHC
charge asymmetry at 8 TeV and the Tevatron forward backward asymmetry for the SM and
several BSM theories, together with the LHC combined Att̄

C value and AFB results from the
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Tevatron. The combined Att̄
C value puts strong constraints on the parameter space of several

BSM scenarios, including models with a charged W ′ boson with right-handed couplings,
heavy colour-octet vector gluons Gμ with axial couplings, colour-singlet Higgs boson models
like isodoublets φ, colour-triplet scalars ω4, and colour-sextet scalars Ω4 with right-handed
flavour-violating tu couplings (for more details on the BMS models, see Refs. [10,56]).

Figure 20. Att̄
C-AFB plane with allowed parameter regions for various BSM scenarios. The LHC

combination is shown together with the latest Tevatron results from CDF and D0 [35].

Figure 21 summarizes the inclusive AC measurements by the ATLAS and CMS Col-
laborations at 8 TeV in the dilepton and lepton+jets channels and the combination of the
latter and compares the experimental results with theory predictions. Within the quoted
uncertainties, the results are well comparable with the predictions.

In a second combination, the differential measurements of Att̄
C as a function of the

invariant mass of the tt̄ system of the ATLAS [47] and CMS [50] Collaborations are com-
bined [35]. In both analyses, six bins are used for the mtt̄ distribution, with the same
value ranges for the different bins. Although the same tools as for the combination of the
inclusive measurements are used, the way how the correlations between the analyses are
taken into account differs significantly. First of all, for the combination of the differential
measurements the second CMS analysis is used, the one based on an unfolding method.
As a result, two correlation assumptions need to be adjusted: the correlation of the parton
shower and hadronization uncertainty is assumed to be 100% (was treated not correlated
in the combination of inclusive results) and the uncertainty in the single top and Z+jets
background modeling is considered uncorrelated (was assumed 100% correlated in the
combination of the inclusive results).

However, the conceptual difference in the treatment of the uncertainty correlation
is the additional consideration of bin-to-bin correlations. The correlation assumptions
described above are strictly speaking only valid to describe the correlations between the
same bins in two analyses (for instance between bin 2 of the ATLAS analysis and bin 2 of
the CMS analysis). Two further categories of correlations need to be taken into account to
describe the correlation model of differential measurements correctly. Within an analysis,
the different bins are correlated with each other, which makes up the first category of bin-
to-bin correlations. The same is true across experiments, making up the second category of
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bin-to-bin correlations. The above mentioned correlations between the same bins in two
analyses are a special case of this second category. In contrast to these diagonal elements in
a matrix of ATLAS versus CMS correlations, for the off-diagonal elements, the correlation
assumption needs to be modified by the bin-to-bin uncertainties within the two analyses.
This non-trivial treatment of correlations is detailed in Ref. [35].

Figure 21. Summary of inclusive results at 8 TeV centre-of-mass energy [37].

The individual tt̄ charge asymmetry values as a function of the invariant mass of the
tt̄ system along with the combined values can be found in Figure 22 (left). Depending on
the bin, the ATLAS result contributes with weights between 0.22 and 0.59 to the combined
value, while the weights of the CMS results vary between 0.41 and 0.78. The overall
tendency is that the ATLAS result dominates the low mass region, while the CMS result
dominates the high mass region. The total χ2 of the combination with six degrees of
freedom is 4.01 and corresponds to a p-value of 0.69. The improvement in precision ranges,
again depending on the bin, between 20 and 52% for the ATLAS analysis and between 9 and
31% for the CMS analysis. In Figure 22, (right), the resulting combined charge asymmetry
as function of mtt̄ is compared to two theory predictions for the SM, calculated at NLO [14]
and NNLO [57–59], respectively, and to two versions of a colour-octet model [43]. The
latter is chosen as its prediction for AFB is in agreement with the Tevatron results and its
deviations with respect to the SM prediction for Att̄

C are—for the heavy version—on the
order of the measurement uncertainty. Within this uncertainty the combined values are
comparable with the SM prediction as well as with both BSM scenarios.
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Figure 22. Att̄
C results as a function of the invariant mass of the tt̄ system by ATLAS, CMS, and the

LHC combined value (left). The LHC combined Att̄
C as a function of the invariant mass of the tt̄

system compared to two calculations for the SM and to calculations for a colour octet model for two
different mass scales [35].

3.3. Measurements at 13 TeV Centre-of-Mass Energy

The fraction of qq̄ initiated top quark pair production decreases with increasing centre-
of-mass energy, and so does the tt̄ charge asymmetry. To compensate for the decreasing size
of the effect to be measured, one needs to define regions of phase space in which the qq̄ → tt̄
process is enhanced with respect to the overall phase space for top quark pair production.
As discussed earlier, events with high values of the reconstructed invariant mass of the tt̄
system or with a large boost of the tt̄ system in z direction feature enhanced fractions of qq̄
initiated tt̄ production and thus larger values of the predicted tt̄ charge asymmetry. The
additional advantage is that these phase space regions are also sensitive to contributions
from new physics. Consequently, the ATLAS and CMS Collaborations measured the tt̄
charge asymmetry at 13 TeV in samples of events with boosted tt̄ candidates, i.e., events
with high values of the reconstructed invariant mass of the tt̄ system or events with large
boosts in z direction. Depending on the actual definition of the phase space used for the
measurement, the predictions for Att̄

C span one order of magnitude and vary between
around 0.001 and 0.015.

The following two sections summarize the Att̄
C measurements by the ATLAS and CMS

Collaborations at
√

s = 13 TeV.

3.3.1. Measurement of the tt̄ Charge Asymmetry in Lepton+Jets and Dilepton Events
by ATLAS

The ATLAS Collaboration measured the tt̄ and the lepton charge asymmetry using
the full Run 2 dataset of 139 fb−1 at 13 TeV [60]. The Att̄

C measurement is performed in the
lepton+jets channel both in the resolved and boosted topologies. It is also measured using
dilepton events in the resolved topology. The measurements are performed inclusively and
differentially as a function of mtt̄, βz,tt̄, and ptt̄

T . The A��
C measurement is performed only in

the resolved channel inclusively and differentially as a function of the following kinematic
quantities of the dilepton pair: m��, βz,��, and p��T .

A common event selection is applied in the lepton+jets channel for both the resolved
and boosted topologies requiring exactly one isolated lepton and at least one small-radius
jet that has to be b-tagged. Further requirements on Emiss

T and on the reconstructed trans-
verse mass of the W boson are applied to reduce the fake lepton background. The in total
4,126,511 selected events are classified based on their topologies (resolved or boosted) and
on their number of b-tagged jets. The resolved topology is requiring at least four small-
radius jets with pT > 25 GeV. The assignment of the jets to the corresponding partons from
the decaying top quarks is assessed using a BDT that aims to discriminant signal from the
combinatorial background, separately for events with one or two b-tagged jets. This BDT
combines kinematic variables and b-tagging information with weights from the kinematic
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likelihood fit [49] used for the lepton+jets measurement at 8 TeV. The best permutation in
each event is required to have a BDT score higher than 0.3. This represents 50 % of correctly
assigned jets for tt̄ signal events that pass the selection. The boosted topology requires,
together with the b-tagged small-radius jet, at least one large-radius jet with pT > 350 GeV.
This large jet should be tagged as coming from the decay of a boosted top quark using an
operating point with 80% efficiency. Additional requirements are applied on the separation
of the large-radius jet with the lepton and with the small-radius jet since the two top quarks
are expected to be produced back to back. The fourvector of the hadronically decaying
top quark is taken to be the one of the large-radius jet. The semileptonically decaying
top quark fourvector is reconstructed from the lepton kinematic, the small-radius jet and
calculating the neutrino fourvector from a W boson mass constrain. The invariant mass
of the tt̄ system is requested to be larger than 500 GeV, which separates the resolved and
boosted channel. The lepton+jets channel features an estimated background contribution
of about 14%. Dilepton events are required to have at least two small-radius jets with
pT > 25 GeV, among which at least one is b-tagged, and two opposite-charge leptons. For
events with same-flavour leptons, the invariant mass of the dilepton system is required
to be outside the Z boson mass window and an Emiss

T cut is applied. The top quark kine-
matics is reconstructed using the neutrino weighting algorithm [61]. The 837,177 selected
events are classified in four regions according to their lepton flavour (eμ and ee + μμ) and
b-tagged jet multiplicity (1 exclusive b-tagged jet, 2 inclusive b-tagged jets). The background
contamination is estimated to be about 6%.

All signal and background processes are modelled using samples of simulated events
except the non-prompt lepton and fake-lepton backgrounds, which are estimated using
data-driven methods. The matrix method is used in the lepton+jets channel. In the dilepton
channel, the fake background in the simulation is scaled by the data over simulation ratio
computed in a control region with same sign leptons, separately for the μμ channel and
for the ee and eμ channels, where an additional correction due to charge misidentification
is also applied. Scaling factors are also applied to the Z+jets background in the dilepton
channel, to allow for significant theoretical uncertainties in the modelling of Z boson
production with heavy-flavour jets.

The differential Δ|y| distributions are corrected for acceptance and detector effects
using the FBU technique where systematic uncertainties that affect the measurements are
treated as nuisance parameters. In this process the tt̄ signal normalisation is kept as a
free parameter common to all bins and the lepton+jets and dilepton regions are combined.
The number of bins is chosen as a compromise between the statistical uncertainty on the
measured asymmetries and the bias in the measurements. Several assumptions about the
correlations of the systematic uncertainties are made when combining the different regions.
The experimental uncertainties are treated as fully correlated across all regions. For the
signal and background modelling uncertainties several decorrelation schemes are studied.
The modelling uncertainties are assumed to be correlated among the regions unless they
are constrained by more than 30% in the FBU marginalisation. For a small number of them
where the decorrelation scheme is increasing the total uncertainty by 5% to 20%, the more
conservative scheme is chosen. The leading sources of systematic uncertainties come from
the signal and background modelling uncertainties.

The combined inclusive Att̄
C asymmetry from single lepton and dilepton events is

measured to be 0.0068 ± 0.0015 in agreement with the SM calculation at NNLO accuracy in
the strong coupling with NLO electroweak corrections of 0.0064+0.0005

−0.0006 [15]. The quoted
SM uncertainties include renormalization and factorization scale variations and PDF uncer-
tainties, while the measurement uncertainty includes both the statistical and systematic
uncertainties of 0.0010 each. The SM computation is performed by expanding the numer-
ator and denominator at a given order in perturbation theory. The measurement differs
from zero by 4.7 standard deviations, providing strong evidence for tt̄ charge asymmetry at
the LHC. Figure 23 (left) shows the Att̄

C differential measurement as a function of mtt̄ which
is also consistent with the NNLO expectation.
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The A��
C asymmetry is measured in the dilepton channel only and gives 0.0054 ±

0.0012(stat)± 0.0023(syst), while the SM calculation at NLO in QCD, including NLO EW
corrections predicts 0.0040+0.0002

−0.0001 [14], where the uncertainties come from renormalization
and factorization scale variations and PDF uncertainties. The A��

C differential measurement
as a function of m�� is shown in Figure 23 (right).

Figure 23. Att̄
C asymmetry as a function of mtt̄ (left) and A��

C asymmetry as a function of m�� (right)
from the unfolded distributions [60]. For Att̄

C, the impact of a relevant Effective Field Theory coefficient
for two different values is also shown. For the Att̄

C dilepton measurement, the central points for the
two last bins is outside the range of the figure.

The combined Att̄
C results are interpreted within an SM effective field theory (SMEFT)

using new operators connecting four quarks with different chiralities. Such operators
could be the sign of new particles or interactions extending the SM [16,62,63]. For the
interpretation of these results, dimension-six operators are considered. If Λ represents the
characteristic new-physics scale, contributions to a given observable of Λ−2 come from
the interference of the dimension-six operators with the SM amplitudes. The squares of
dimension-six operators lead to contributions of order Λ−4. Higher order contributions are
neglected. 15 dimension-six operators are considered: eight qq̄tt̄ operators with left-handed
left-handed (LL) or right-handed right-handed (RR) structure, six other qq̄tt̄ operators with
LR structure and one tensor that modifies the top-gluon interaction. The relation between
operators and the charge asymmetry is determined at NLO accuracy and parameterised
with analytic function. Fits are performed either retaining only the Λ−2 contributions
or including both Λ−2 and Λ−4 contributions. The limits on individual coefficients are
derived using a χ2 minimisation combining all results of the differential measurement as a
function of mtt̄. They are shown on Figure 24. The limits that include both Λ−2 and Λ−4

contributions are generally about a factor two stronger than the bounds derived from the
inclusive measurement because of the enhanced sensitivity at large mtt̄. The sensitivity of
this analysis is also compared to the one of the energy asymmetry described in Section 5
performed using tt̄+jet events. Due to the extra jet in these type of events, the QCD structure
of the energy asymmetry is not the same as for Att̄

C. So it appears that these two asymmetry
observables probe different directions in chiral and colour space.

3.3.2. Measurement of the tt̄ Charge Asymmetry in Lepton+Jets Events with Large Values
of the Invariant Mass of the tt̄ System by CMS

The CMS Collaboration analyzed the full Run-2 dataset corresponding to 138 fb−1 and
measured the tt̄ charge asymmetry in the lepton+jets channel for events with high values
of the invariant mass of the tt̄ system [64]. For events with boosted top quarks and top
antiquarks, the decay products of the top (anti)quark are collimated and depending on the
decay mode and the transverse momentum partially or fully merged. At the leptonic decay
leg, the charged lepton from the leptonically decaying W boson is close to the b jet from
the top quark decay, thus no isolation requirement is applied on the leptons in the event
selection. For the hadronic decay leg, depending on the transverse momentum of the top
(anti)quark, three possible topologies exist. For very large pT values, the decay products
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end up reconstructed in a single, large-radius jet (“boosted” topology), while for low pT
values the three final state quarks give rise to three individual jets, the so-called “resolved”
topology. For pT values in between, the two quarks from the hadronically decaying W
boson are reconstructed as one single jet, while the b jet from the top quark decay is
resolved from the W boson jet, the so-called “semi-resolved” category. Using large-radius
jet reconstruction and jet substructure techniques, the above mentioned topologies are
experimentally examined, and the large-radius jets are either identified as the collimated
decay products of a hadronically decaying top (anti)quark (t tag) or as collimated decay
products of a hadronically decaying W boson (W tag). Events with one t tag and no W
tag fall in the “boosted” category, events with one W tag and no t tag belong to the “semi-
resolved” category, and events with neither t nor W tag are considered as “resolved” events.
Events with more than one t or W tag are discarded.

Figure 24. 68% and 95% individual limits on Wilson coefficients in the SMEFT framework from the
differential Att̄

C asymmetry as a function of mtt̄ [60]. Only one coefficient is varied at a time while the
other are kept to zero.

Depending on the topology of the tt̄ event candidate, the reconstruction of the fourvec-
tors of top quark and antiquark differs. For events with a boosted topology, the t tagged
large-radius jet is assigned to the hadronically decaying top quark, and the small-radius
jets with ΔR > 0.8 from the hadronically decaying top quark are considered for the leptoni-
cally decaying top quark. In events with a “semi-resolved” topology, the large-radius jet
with the W tag is assigned to the hadronically decaying W boson and all small-radius jets
with ΔR > 0.8 from the hadronically W boson are considered for either the b jet from the
hadronically decaying top quark or the b jet from the leptronically decaying top quark. For
events in the “resolved” category all small-radius jets are considered for assigning them to
the final state quarks from the two decaying top quarks. For each event the hypothesis with
the best χ2, a measure for how close the masses of the two reconstructed top quarks are to
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each other and to the value determined simulation, is chosen and a cut on this variable is
applied to suppress background events.

A binned maximum likelihood fit is performed simultaneously to the Δ|y| distributions
in twelve channels (two lepton flavours, three data taking periods, two mtt̄ regions) to
extract the tt̄ charge asymmetry from the selected data set. The migration between true
and generated values is taken into account when constructing the likelihood. The fit
is performed for the fiducial volume as well as for the full phase space. For the latter
one, additional corrections for acceptance and event selection efficiency are applied to the
numbers of events in the twelve bins. For events with an invariant mass of the reconstructed
tt̄ system of mtt̄ > 750 GeV, the measured value for the tt̄ charge asymmetry in the full
phase space of tt̄ production is Att̄

C = 0.69+0.65
−0.69, where the uncertainty represents the total

uncertainty. The corresponding theoretical prediction at NNLO in QCD perturbation theory
with NLO electroweak corrections, calculated using the methods documented in Ref. [15]
is Att̄

C = 0.94+0.05
−0.07. The experimental results for different mtt̄ ranges in the fiducial region as

well as in the full phase space are summarized in Figure 25. The results are within their
uncertainties comparable with the SM predictions but also with zero asymmetry. Despite of
the limited statistical significance of the results, they nevertheless demonstrate the potential
to measure top quark properties in boosted event topologies.

Figure 25. Measured Att̄
C in the fiducial phase space (left) and in the full phase space (right) presented

in different mass regions after combining the μ+jets and e+jets channels [64]. The vertical bars represent
the total uncertainties, with the inner tick mark indicating the statistical uncertainty in the observed data.
The measured values are compared to the theoretical prediction, including NNLO QCD and NLO EW
corrections, calculated with the methods described in Ref. [15]. The theoretical prediction in the fiducial
region is obtained by fitting Asimov data that passed the signal candidate selection.

4. Measurement of the tt̄ Forward-Backward Asymmetry at the LHC

To date, the LHC measurements of the charge asymmetry AC have been discussed,
where top quark and antiquark yield different widths of the rapidity distributions as a result
of the underlying physics that are different for top quarks and antiquarks. Historically,
the tt̄ production asymmetry was described [3] and measured [4,5] as a forward-backward
asymmetry. As discussed earlier, also at LHC forward and backward directions can be
defined, and thus also a forward-backward asymmetry can be predicted and observed.
Because of the charge symmetric proton-proton collision, the definition of forward and
backward hemispheres is, however, only possible for individual events and needs to be
indirectly accessed by the longitudinal momentum of the tt̄ system.

In this chapter, we describe an AFB measurement by the CMS Collaboration, using
data from LHC collisions at

√
s = 13 TeV corresponding to an integrated luminosity of

35.9 fb−1 [65] . Candidate tt̄ events with a lepton+jets signature are selected. The idea is to
measure the forward-backward asymmetry in qq̄ → tt̄ events, by exploiting observables
that have the power to discriminate the qq̄ initial state for tt̄ production from gg and gq
initial states as well as from non-tt̄ backgrounds, and are sensitive to the forward and
backward direction of the produced top quark and antiquark.

The observable used to define whether the top quark is produced in forward or
backward direction is the cosine of the angle between the top quark and the direction
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of motion of the incoming quark in the centre-of-mass frame of the tt̄ system, c∗. The
differential cross section for the qq̄ → tt̄ process as a function of c∗ can be written as

dσ

dc∗ ≈ fsym(c∗) +
[∫ 1

−1
fsym(x)dx

]
c∗A(1)

FB (mtt̄), (8)

a linear combination of symmetric and antisymmetric functions of the production angle
c∗ with A(1)

FB being a parameter. From this definition of the differential cross section and

Equation (1) follows that the forward-backward asymmetry AFB ≈ A(1)
FB , the linearized

forward-backward asymmetry. A comparison between fitted A(1)
FB values and AFB values

determined from the numbers of events with top quarks produced in forward direction
and events with top quarks produced in backward direction in generated signal events
shows that the above approximation is valid.

The proton-proton collisions at LHC confront the analysers with two main challenges:
Firstly, the production of tt̄ pairs is dominated by the charge symmetric gg process, followed
by the qg subprocess, which features only a tiny asymmetry and secondly, the forward and
backward directions cannot be defined globally but need to be defined event by event. To
overcome this challenge, the analysis exploits observables that help to discriminate the
qq̄ → tt̄ process not only from non-tt̄ backgrounds but also from tt̄ production from gg and
gq initial states, and that are sensitive to the direction of the incoming quark parton. The
observables of choice are the invariant mass of the tt̄ system, mtt̄, the scaled longitudinal
momentum of the tt̄ system in the laboratory frame, xF = 2pL/

√
s, and c∗.

Distributions of these three observables are shown in Figure 26, for simulated tt̄ events,
separately for qq̄, gg, and qg initial states. The events have been generated using the POWHEG
Monte Carlo generator [66]. In all three distributions a differentiation between the qq̄ initial
state and the other two is clearly visible, while the distributions from gg and qg initial
states are very similar. For that reason, the latter two are treated as one single, combined
process in the analysis. The parton distribution function of the proton leads to a—on
average—higher momentum fractions of the incoming quark with respect to the incoming
antiquark and thus the longitudinal momentum of the tt̄ system in the laboratory frame
is correlated with the direction of the incoming quark in qq̄ initial states. Figure 26, lower
right, shows the performance of choosing the longitudinal direction of the tt̄ system in the
laboratory frame as the direction of the initial state quark, based on the dilution factor D,
defined as the difference between the number of correctly assigned quark directions and
incorrectly assigned quark directions, normalized to the sum of both numbers, as a function
of |xF|. As can be seen, especially for the region with higher |xF|, which is dominated by qq̄
initial states, the efficiency for the choice of the quark direction based in the longitudinal
direction of motion of the tt̄ system is very high.

In order to construct the reconstructed versions of the observables discussed above,
the candidate tt̄ system in each event needs to be reconstructed from the objects detected by
the detector. As contributions from potential new, massive particles are expected for large
values of mtt̄, and as the fraction of qq̄ initial states increases with increasing momentum
of the tt̄ system, it makes sense to group the events in categories according to the Lorentz
boost of the event and thus the mass and momentum of the candidate tt̄ pair. The analyzers
define two “boosted” categories with high Lorentz boost of the event, where the decay
products of the hadronically decaying top quark or top antiquark are all merged into one
single fat jet that is identified as originating from a top quark, “top tagged”, (type-1), or
where these decay products are fully or partially merged into a fat jet that is not top tagged
(type-2). The third category, containing most of the tt̄ events, is defined as events, where all
decay products are distinguishable, thus also called “resolved” category.

The reconstruction of the kinematic quantities of the tt̄ pair is done via a maximum
likelihood fit, in which the momenta of the decay products are allowed to vary within
their resolution, and all combinations of jets are considered. Owing to the different event
topologies in the three categories introduced above, the constraints for the assignment
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of the selected jets to the final state quarks differ. While for type-2 and type-3 events all
jet-quark assignments are considered to reconstruct the leptonic and hadronic top quark
candidates, for type-1 events, the top tagged jet is chosen to represent the hadronically
decaying top quark. In addition, the selected lepton and the missing transverse momentum
enter the reconstruction of the leptonic part of the tt̄ candidate in all three cases. From
the reconstructed tt̄ candidates, the observables relevant for the analysis can then be
constructed. The reconstructed observables are named mr, xr, and c∗r . As discussed above,
the direction of the incoming quark (needed for the calculation of c∗r ), is chosen according
to the longitudinal momentum direction of the reconstructed tt̄ system.

Figure 26. Normalized distributions at generator level of c∗ (upper left), |xF| (upper right), and mtt̄
(lower left) for three different tt̄ production modes. The dillution factor for the assumption that the
quark direction in qg events is given by the longitudinal direction of the tt̄ pair as a function of |(xF|
(upper right) [65].

For the extraction of AFB, a three-dimensional (in the three dimensions mr, xr, c∗r )
distribution function, being the sum of individual distribution functions for the signal and
several background processes, each scaled with the corresponding scaling parameter, is
used. tt̄ dilepton and full hadronic, single top quark, and Z+jets background contributions
are considered using a single background template, W+jets events are considered using
another background template. The third background template used in the fit, is constructed
from side-band data and represents the QCD mutlijet production. In order to construct the
signal template for this fit, a fourth observable, the lepton charge Q, is exploited. Assuming
a charge-parity symmetry of the detector with respect to the acceptance for events with
negatively charged leptons and events with positively charged leptons, the charge of the
lepton can be used to construct symmetric and antisymmetric distributions for the signal
qq̄ → tt̄ process. The parameter A(1)

FB enters the fit function as linear parameter with the
antisymmetric part of the signal template. The data are fitted in twelve different channels
in total—3 categories (type-1, type-2, type-3), 2 flavours (electron, muon), 2 lepton charges—
simultaneously. The systematic uncertainties are taken into account as nuisance parameters
of the fit. Using 1000 sets of pseudo data for each value of A(1)

FB , generated from the template

models with the corresponding A(1)
FB input value, a Neyman construction is derived and
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the final result can be read off this construction. Figure 27 shows the Neyman construction,
with the actual fit result drawn in as horizontal line and the corresponding true A(1)

FB value
with uncertainties, projected on the x axis.

The resulting forward-backward asymmetry of A(1)
FB = 0.048+0.095

−0.087(stat)+0.020
−0.029(syst) is

well comparable with the expectations from the standard model.

Figure 27. Neyman construction for the A(1)
FB parameter of interest in 1000 pseudo-experiments generated

with systematic uncertainty nuisance parameters allowed to vary. The horizontal dotted line indicates
the value of the parameter determined from the fit and the vertical dotted line indicates where this value
intersects with the central value and uncertainty contour from the pseudo-experiment.

5. Measurement of the tt̄ Energy Asymmetry at the LHC

Another way to study the tt̄ charge asymmetry is to use an observable linked to the
energy difference between the top quarks and antiquarks: ΔE = Et − Et̄. The energy
asymmetry [12] mainly occurs through the qg → tt̄q process which is more abundant
than the gg → tt̄ process at the LHC. It is therefor expected to be larger than asymmetries
based on rapidity. The presence of an additional jet allows us to investigate QCD effects at
leading order (LO) while the asymmetry in qq̄ → tt̄ is only appearing at NLO. The energy
difference ΔE is connected to the angle of the final-state particles (t, t̄, j) by energy and
momentum conservation and could be interpreted as an asymmetry of the top quark and
antiquark scattering angles with respect to the jet direction. In the process pp → tt̄j, the
energy asymmetry can be defined as a function of the jet angle θj as [12]:

AE(θj) =
σtt̄j(θj|ΔE > 0)− σtt̄j(θj|ΔE < 0)
σtt̄j(θj|ΔE > 0) + σtt̄j(θj|ΔE < 0)

, (9)

where σtt̄j(θj) is the differential tt̄j cross section as a function of θj. Both ΔE and θj are
defined in the tt̄j rest frame, which corresponds to the partonic centre-of-mass frame in
tree-level processes. The energy asymmetry can be formulated without involving the
direction of the incoming quark. The outgoing quark-jet is boosted in the direction of
the incoming valence quark. This boost translates into the rapidity of the tt̄j system in
the laboratory frame: ytt̄j. Hence it is possible to optimise the definition of the energy
asymmetry in Equation (9) by associating the forward ytt̄j > 0 and backward ytt̄j < 0 final
state with the forward θj and backward π − θj scattered jet [67,68]:

σopt(θj) = σ(θj|ytt̄j > 0) + σ(π − θj|ytt̄j < 0) , θj ∈ [0, π]. (10)

Equation (9) can then be redefined as:

AE(θj) =
σopt(θj|ΔE > 0)− σopt(θj|ΔE < 0)
σopt(θj|ΔE > 0) + σopt(θj|ΔE < 0)

(11)
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to maximise the statistical sensitivity to the energy asymmetry.
The ATLAS Collaboration has performed a measurement of this energy asymmetry

using 139 fb−1 of proton-proton collision data of the LHC at
√

s = 13 TeV [69]. The energy
asymmetry is measured in tt̄j production in a fiducial phase space defined at particle level.
The analysis is performed in the semileptonic tt̄ decay channel where one of the top quarks
is leading to a W boson that decays leptonically (leptonic top quark). The hadronic decay
products of the other top quark are required to be collimated in one large-radius jet, which
characterizes a top quark with large momentum. This phase space is also referred to as the
boosted regime. In this boosted regime, it is easier to identify the additional jet not coming
from the hadronically decaying top quark.

Events are selected requiring an isolated electron or a muon with pT > 27 GeV with
no other high momentum leptons. The hadronic top quark candidate is selected as a large-
radius jet with pT > 350 GeV separated from the lepton. This large-radius jet is required
to be tagged as a top quark candidate. Such top-tagging is performed with a DNN that
relies on jet substructure variable inputs [70] and has a efficiency of 80% for a large-radius
jet matched to a truth top quark. The jet from the leptonic top quark candidate is defined
as a small-radius jet close to the lepton but isolated from the hadronic top quark candidate.
The additional jet produced with the tt̄ event is requested to be a small-radius jet with
pT > 100 GeV separated from the large-radius jet and from the lepton and different from
the leptonic top quark candidate. This pT cut was chosen as a trade-off between statistical
precision and increase of the energy asymmetry for high-pT values. One of the small-radius
jets is requested to be tagged as coming from a b quark. It should be either the jet of the
leptonic top quark candidate or it should be within the hadronic top quark candidate. The
missing transverse momentum is used as an estimation of the transverse momentum of
the neutrino momentum coming from the W boson decay from the leptonic top quark.
The leptonic top quark four-momentum is defined as the sum of the four-vectors of the
lepton, the neutrino, and the jet assigned to the letponic top quark candidate. The charge
of the leptonic top quark is assessed using the lepton charge, while the opposite charge is
assigned to the hadronic top quark candidate.

The tt̄j process has been generated using the POWHEG-BOX generator [66] while MAD-
GRAPH5_aMC@NLO [71] was used for the interpretation of the results in terms of SMEFT.
The first main source of background to tt̄j production in the semileptonic channel comes
from events with a prompt electron or muon from a W or Z boson decay (tW, s-channel
single top production, W/Z+jets, diboson production, or tt̄W/Z/H). This background
is estimated from simulation. The production of W bosons in association with jets is the
main contribution corresponding to 5% of the events in the signal region, followed by t
events corresponding to roughly 3%. The second main source, contributing to 2% in the
signal region, is coming from events with fake or non-prompt leptons. This background is
evaluated using a data-driven method, the matrix method [72].

The asymmetry is extracted by computing the ratio defined in Equation (11) using the
number of events Nopt(θj) in three bins of θj: [0, π/3, 3/5π, π], each divided into four ΔE
bins (two bins with ΔE < 0 and two bins with ΔE > 0). The number of events observed
at the detector level is corrected for detector effects to particle level in a fiducial phase
space using the FBU technique. Experimental and theoretical systematic uncertainties are
included through nuisance parameters that are marginalized. The unfolding has been
found to be robust against the inclusion of standard model Effective Field Theory operators
within their current limits (see below). The data distributions at detector level input to the
unfolding are found to be in agreement with the SM expectations.

The uncertainty on the measurement is dominated by the statistical component. The
largest systematic uncertainties are the uncertainty in jet energy resolution, in tt̄ modelling,
and in the fake background estimation. The results are shown in Figure 28. The measure-
ment is found to be in good agreement with the SM expectation with a p-value of 0.80. In
the first bin the measured asymmetry differs from zero by 2.1 standard deviations.
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Figure 28. Measured energy asymmetry (black points) in three bins of the jet angle θj, compared to
the prediction from simulation (blue lines) [69].

The sensitivity of the energy asymmetry to new physics at a high energy scale is
investigated in the SMEFT framework. The operators considered in this interpretation
are of dimension six, while higher-dimensional operators are neglected. The analysis
also assumes CP invariance so that all coefficient are considered real. In the Warsaw
basis [73], 15 dimension-six operators can affect tt̄j production at tree level [17]. The energy
asymmetry is particularly sensitive to the chirality and colour charges of the involved
operators. To illustrate this sensitivity, a selection of six four-quark operators involving
different chiral structures (LL, RR, LR) and colour structure (singlet or octet) are chosen. To
assess the sensitivity of the energy asymmetry to the Wilson coefficients of these operators,
a χ2 is built between the measured asymmetry and the SMEFT predictions in the three
measured jet-angle bins taking into account the correlations among the measurements
and among the predictions. The obtained bounds on individual Wilson coefficients are
summarized in Figure 29. Overall the energy asymmetry is sensitive to the operator range
[−2, 2] at 95% C.L. Bounds for several pairs of operators are also derived. These show
complementary constraints between the asymmetry built using rapidity and the energy
asymmetry probing different directions in chiral and colour space. The energy asymmetry
is then able to resolve nearly blind directions left by other top-quark observables and so
will provide useful additional information in global EFT fits.

Figure 29. Bounds at 68% CL (solid) and 95% CL (dashed) on individual four-quark Wilson coefficient
from the ATLAS energy asymmetry, from a combined fit to the measured (black) and expected (blue)
energy asymmetry in three jet-angle bins [69].
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6. Measurement of the tt̄W Charge Asymmetry at the LHC

As discussed above, tt̄ production at the LHC is dominated by the gluon fusion process
which is charge symmetric. On the other hand, the production of a tt̄ pair in association
with a W boson referred to as tt̄W is initiated at LO by a qq̄′ initial state, while the quark-
gluon channels open up at NLO. The gluon fusion initial state does not contribute until
NNLO. The tt̄W production can then serve as an interesting tool to measure the tt̄ charge
asymmetry. Indeed the charge asymmetry in tt̄W events is expected to be larger than in tt̄
production [74,75]. In addition the W boson in such process can be radiated from the qq̄′
initial state and then serves as a polariser of qq̄′ and thus of tt̄. This polarisation further
enhances the asymmetry between the decay products of the top quarks and top antiquarks,
leading to an enhanced leptonic asymmetry when looking at leptonically decaying top and
antitop quarks. The SM NLO QCD prediction of the leptonic asymmetry in the full phase
space at

√
s = 13 TeV [74,75] is −0.1316−0.0081

+0.0112 where the quoted uncertainties are coming
from scale variations.

The drawback of the tt̄W process is however its much smaller cross section (around
0.6 pb) compared to tt̄ production (around 830 pb). Besides being a rare process, making
predictions for the tt̄W cross section is also challenging, as large corrections arise from
higher powers of both the strong and weak couplings [76]. Hence tt̄W measurements
represent sensitive tests of QCD predictions connected with the electroweak sector.

The ATLAS Collaboration has performed a search for the leptonic charge asymmetry in
tt̄W production using 139 fb−1 of proton-proton collision data of the LHC at

√
s = 13 TeV [77].

The measurement is performed in the trilepton channel both at detector level and at particle
level after unfolding. Events are selected with exactly three isolated light leptons (electrons
or muons) with pT larger than 30, 20, and 15 GeV. At least two jets and one b jet is required.
The selected events are then classified into four signal regions according to their jet and b-jet
multiplicity as well as their amount of Emiss

T . Four control regions are also defined in order
to fit the dominant backgrounds simultaneously with the signal. Because two of the leptons
are expected to come from the decays of the top quarks and antiquarks, the sum of the three
lepton charges is required to be ±1. The invariant mass of the opposite sign same flavour
lepton pair is required to be higher than 30 GeV and outside the Z boson peak region (except
for the control region for the tt̄Z background where such mass should be around 90 GeV).
Two control regions are used to evaluate the amount of non-prompt electrons or muons
arising from heavy-flavour hadron decays. These regions are defined by requiring that the
third lepton fails the isolation criteria. A last control region is targeting the estimation of γ
conversions by requiring that at least one of the leptons is an electron failing the material
conversion rejection criteria.

In order to compute Δ|η| = |η�+ | − |η�− | and then A��
C , the two opposite sign leptons

that are coming from the tt̄ decay need to be separated from the one coming from the W
decay. This is addressed using a BDT that takes five variables as input. They are defined as
the masses and ΔR of the systems formed by the leptons and the closest or second closest b
jets. The fraction of events in which the lepton with the highest BDT score originates from
a top quark or top antiquark decay is estimated to be 71%, using simulation. The second
lepton needed to compute Δ|η| is taken to be the lepton with the opposite charge from the
lepton selected by the BDT.

A profile-likelihood fit is used to extract the signal as well as the normalisation for the
most relevant background processes: ie. tt̄Z, non-prompt electrons and muons as well as
electrons from γ-conversions. The template shapes for these backgrounds are taken from
simulated events. Each of the four signal regions are separated into Δ|η| > 0 and Δ|η| ≤ 0.
Separate normalisation factors in the Δ|η| > 0 and Δ|η| ≤ 0 regions are allowed to float
freely in the fit to avoid any bias from an assumption of SM asymmetries for these processes.
The post-fit predictions and data yields for Δ|η| > 0 and Δ|η| ≤ 0 in the four signal region
are shown in Figure 30. Tests using MC have been performed to validate that the extracted
asymmetry value is not biased by the absolute normalisation of the tt̄W process.
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Figure 30. Comparison between data and the post-fit predictions for Δ|η| ≤ 0 and Δ|η| > 0 in the
four signal regions used to compute the tt̄W charge asymmetry in ATLAS [77].

The leptonic charge asymmetry in tt̄W event is measured to be: A��
C (tt̄W) = −0.123±

0.136(stat)± 0.051(syst) in agreement with the predictions from Sherpa simulation [78] in this
phase space: −0.084+0.005

−0.003(scale)± 0.006(MCstat). The measurement is statistically limited.
The leading systematic uncertainty is coming from the comparison of the fit performed with
separated control regions for Δ|η| > 0 and Δ|η| ≤ 0 (as in the default case) with an alternative
fit performed where each background is normalised with a single normalisation factor (i.e.,
not separated between Δ|η| > 0 and Δ|η| ≤ 0). Other important sources of systematic
uncertainties are coming from the tt̄W and tt̄Z modelling uncertainties.

To obtain the charge asymmetry at particle level in a specific fiducial phase space close
to the reconstructed one, an unfolding procedure is performed to correct for detector and
acceptance effects. For this result, a simpler method is adopted to associate the leptons
to the top quarks. A lepton is chosen to come from a top quark if the mass of the system
formed by this lepton and the closest b jet is the closest to the most probable mass value
according to the tt̄W simulation. This procedure has an efficiency of approximately 65%
to identify the correct leptons. The unfolding procedure is based on a profile-likelihood
approach as in Ref. [79]. In this approach, each bin in the particle-level distribution is folded
through the response matrix, resulting in the bins at detector level. The normalisations
for the main backgrounds and the analysis regions are split into Δ|η| > 0 and Δ|η| ≤ 0 in
the same way as for the detector-level results. An injection test is performed to verify that
charge asymmetries potentially deviating from the SM prediction can be recovered in the
unfolding procedure. The charge asymmetry value unfolded to particle level in the fiducial
phase space is found to be: A��

C (tt̄W) = −0.112 ± 0.170(stat)± 0.055(syst) compared to the
SM prediction from Sherpa [78]: −0.063+0.007

−0.004(scale)± 0.004(MCstat). The leading sources
of systematic uncertainties are the same as for the detector level result. As both results
are limited by the statistical uncertainty, the potential of tt̄W events to measure the charge
asymmetry is promising in the years to come.

7. Conclusions

The ATLAS and CMS Collaborations have performed several measurements of tt̄
asymmetries using LHC collision events with either a single lepton or exactly two leptons,
collected at 7, 8 , and 13 TeV centre-of-mass energy. The fact that tt̄ production via quark
antiquark annihilation is not invariant under exchange of top quark and top antiquark
manifests itself in different asymmetries. Both collaborations measured the lepton and tt̄
charge asymmetries. The CMS Collaboration analyzed in addition the forward-backward
asymmetry of tt̄ events, while the ATLAS Collaboration investigated the tt̄ energy asym-
metry and the charge asymmetry in tt̄ events where an additional W boson is produced.
The measured asymmetries are typically corrected for efficiency and acceptance effects and
thus extrapolated to either a fiducial or the full phase space. In addition both collaborations
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dedicated analyses to investigate the tt̄ charge asymmetry in events with a boosted topology.
While inclusive asymmetry measurements were performed at 7 TeV, the increase of the
dataset available at 8 and 13 TeVallowed to perform differential measurements in phase
spaces where asymmetries are predicted to be enhanced. Hence the expected asymmetry
decrease with increased centre-of-mass energy could be compensated. The corrections
of the reconstructed distributions required the application of unfolding methods where
especially for the differential measurements and their combination significant development
work was needed in order to make the existing algorithms applicable. The results of the
presented analyses have shown that the tt̄ charge asymmetry—although smaller in size
compared to the effect at the Tevatron—is also measureable at the LHC, even differentially
as function of suited kinematic variables of the tt̄ system. The LHC measurements yield no
significant hint of contributions from physics beyond the standard model.

Although the precision for some of the analyses is—especially given the small size of
the effect—quite impressive, it is apparent that the analyses are dominated by statistical
uncertainties in the phase spaces where the asymmetries are expected to be enhanced.
Their sensitivity thus is limited by the size of the selected dataset. Given that the data
taking periods at 7, 8, and 13 TeV are over, a reduction of the statistical component of the
measurements will only be possible by analyzing the data of the recently started Run 3
and the future high luminosity LHC phase. The to be expected larger samples of selected
tt̄ candidate events will enable measurements to focus on the interesting regions in phase
space with enhanced tt̄ charge asymmetry, e.g., mainly events with boosted topologies.
Furthermore, the vast amount of available tt̄ signal events will facilitate multi-differential
measurements of the tt̄ charge asymmetry and will thus help to increase our knowledge
of this property and the nature of the top quark itself. Higher collision energies on the
contrary will not bring further advantage as the size of the effect decreases with increasing
centre-of-mass energy.

Looking beyond the future LHC extensions, the next particle collider will most proba-
bly be an electron-positron machine. Assuming the centre-of-mass energy of the collider
exceeds the tt̄ production threshold, it will be able to study pairwise top-quark produc-
tion via electron-positron annihilation for the first time. The interaction of the produced
top quarks and antiquarks with the electric fields of the incoming electron and positron
will also result in preferred spatial directions for the production of top (anti)quarks, thus
giving rise to an asymmetry between top quark and antiquark. The thorough analysis
of this asymmetry in top quark pair production through electron-positron annihilation
will complement the information collected by analyzing the mostly QCD-induced charge
asymmetry in tt̄ production from quark-antiquark annihilation, as discussed in this review.

Thus, the future of tt̄ production asymmetries remains interesting. Incoming measure-
ments with increased precision will help to improve the level of details under which the
standard model of particle physics is scrutinized and the search for new physics beyond
what is currently known.
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Abstract: A study of the top-quark interactions via flavour-changing neutral current (FCNC) pro-
cesses provides an intriguing connection between the heaviest elementary particle of the standard
model (SM) of particle physics and the new scalar bosons that are predicted in several notable SM
extensions. The production cross sections of the processes with top-scalar FCNC interactions can
be significantly enhanced to the observable level at the CERN Large Hadron Collider. The present
review summarises the latest experimental results on the study of the top-quark interactions with the
Higgs boson via an FCNC and describes several promising directions to look for new scalar particles.

Keywords: top quark; FCNC; Higgs boson; scalar; LHC; new physics

1. Introduction

Conservation laws and flavour-symmetry structures represent the core element of any
theoretical model that provides a description of interactions involving elementary particles.
An experimental study of fundamental interactions is an excellent probe of higher-order
symmetries, potentially leading to the construction of a more complete model of nature,
resolving the remaining unanswered questions of the remarkably successful standard
model (SM). Flavour-violating processes in the quark sector in the electroweak interactions
are allowed through the charged weak currents. Such flavour-changing transitions proceed
via an exchange of a W boson between the two fermionic states. The weak eigenstates
are treated as left-handed doublets, allowing transitions between the up- and down-type
quarks, while the mass eigenstates are represented by a superposition of weak eigenstates
connected via a unitary matrix. The rotation from one type of state to another is then
expressed as the Cabibbo–Kobayashi–Maskawa (CKM) matrix which governs the flavour-
mixing processes through the flavour-changing charged weak transitions [1]. The processes,
where a fermion changes its flavour via an exchange of a neutral boson, are therefore absent
at the tree level in the SM due to the unitarity of the rotational matrices and are called the
flavour-changing neutral currents (FCNC) [2].

The effect of flavour mixing in the quark sector was first introduced using a three-
quark model that only included the u, d, and s quarks [3]. The experimental studies of
the KL → μ+μ− decays and neutral kaon-mixing processes, however, indicated important
difficulties in satisfying the theoretical predictions for the FCNC transitions [4]. The
problem was theoretically solved in the 1970s by introducing the fourth type of quark,
the charm (c) quark, in order to restore the quark–lepton symmetry of the weak interaction.
It was shown that an additional contribution associated with an exchange of a c quark at
the one-loop level almost completely cancels the respective contributions connected to the
lighter quarks. This effect leads to a significant suppression of FCNC transitions at higher
orders—the Glashow–Iliopoupos–Maiani (GIM) mechanism. The discovery of the c quark,
just a few years later, confirmed these theoretical speculations [5,6]. The four-quark model
was later extended to include five quark flavours, after the discovery of the bottom (b)
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quark [7]. It took a bit longer for the top (t) quark to be experimentally observed in 1995,
completing the SM to contain six quark flavours [8,9]. In a full representation of the quark
sector, the tree-level transitions between different quark flavours are only allowed through
the weak flavour-changing charged interaction, while the tree-level FCNC transitions are
completely missing in the SM and are only possible as loop corrections.

The FCNC effects are predicted in the leptonic sector as lepton flavour-violating
transitions. However, the branching fraction of such processes is expected at the level of
�10−54, in the case of the μ → eγ decay, due to an extreme suppression from the neutrino
mass difference to the power of four, and is experimentally inaccessible [10–12]. The
FCNC transitions in the decays of the hadronic states with s, c, or b quarks are observed
experimentally [13–18]. The studies of these processes are, however, affected by the large
uncertainties in the theoretical calculations of the branching ratios of the hadron decays,
mainly driven by the non-perturbative long-distance strong interaction contributions.

The lifetime of the top quark (τt � 5× 10−25 s), which is shorter than the typical forma-
tion time of the bound states (τhad = 1/ΛQCD � 10−24 s), makes the processes with the top-
quark production an excellent probe to search for FCNC effects. The absence of hadronic
activity leading to the formation of bound states involving top quarks makes the study of
the FCNC processes less affected by radiative QCD corrections. The FCNC effects can be
probed in the top-quark production processes, as well as in the decays of the top quarks.
The amplitude of an FCNC transition is proportional to the squared mass of the quark
involved in the loop diagram. A remarkable suppression of the top-quark FCNC decays
is explained by the fact that the only possible one-loop contributions are associated with
the lighter quarks, leading to the branching fractions of B(t → cX) � 10−15 − 10−12 [19],
where X represents either a gluon (g), photon (γ), Z, or a Higgs boson (h). Theoretical
predictions for the top-quark FCNC effects are available with the next-to-leading order
(NLO) precision [20,21], as well as the approximate next-to-next-to-next-to-leading order
calculations for some of these processes [22,23].

The study of the flavour structure of the SM is one of the strongest probes of the beyond-
the-SM (BSM) theories. A strong suppression of the top-quark FCNC transitions is a perfect
condition to search for various possible deviations from the SM predictions. Several experi-
mental studies of the properties of the FCNC decays of b hadrons have sparked a series of
intriguing anomalies in the measured probabilities of the rare b → s�+�− FCNC transitions,
as well as in the measurements of the ratios B(B+ → K+μ+μ−)/B(B+ → K+e+e−) [24],
B(B0 → K∗0μ+μ−)/B(B0 → K∗0e+e−) [25], as well as the branching fractions [26–28]. A
common analysis of these results reveals a potential tension with respect to the SM [29–33].
The experimental searches for FCNC effects in the top-quark sector therefore represent an
important channel to probe the anomalous interactions of the third-generation quarks.

2. Experimental Studies of the Top-Quark FCNC Processes

The top-quark FCNC effects can be probed directly in the production of a single top-
quark, as well as in the top-quark decays, as shown in Figure 1. Studies of the top-quark
FCNC decays are typically associated with similar sensitivities to the top-quark FCNC
couplings with an up and a charm quark. Experimental sensitivities to these couplings
mainly differ in terms of the performance of various reconstruction methods used for the
identification of hadronic jets originating from quarks of a different flavour. At hadron
colliders, the single top-quark FCNC production process is mostly sensitive to the top-quark
FCNC coupling with an up quark (or an up antiquark) due to an enhanced sensitivity due
to the proton distribution function of the colliding protons (or antiprotons). The importance
of these two production channels depends on a specific type of the top-FCNC coupling that
is probed in an experiment.
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Figure 1. Representative leading-order Feynman diagrams for (left) single top quark and (right)
top-quark pair production processes, involving top-Higgs FCNC couplings. The case of leptonic
decays of the W boson is shown.

Before the LHC, the top-FCNC couplings were studied in electron–positron collisions
at LEP2 [34–37], in deep inelastic scattering processes at HERA [38–42], and in proton–
antiproton collisions at Tevatron [43–46]. The electron–positron colliders allow for a study
of the top-γ and top-Z couplings in the processes with the production of a single top
quark, e+e− → tc̄(ū). The study of the deep inelastic scattering of electrons on protons
has an enhanced sensitivity to the same type of couplings in the processes of ep → et + X,
as well as to the top-gluon FCNC couplings in the ep → etq(g) + X processes. The obtained
experimental constraints were recently improved by almost one order of magnitude after
the analysis of the LHC proton–proton collision data [47–56].

The top-Higgs FCNC transitions receive the largest suppression in the SM with respect
to the other top-quark FCNC processes because of the large mass of the Higgs boson.
These transitions are among the rarest processes predicted in the SM in the quark sector,
and therefore, the study of these processes is associated with a generally enhanced sen-
sitivity to potential new physics effects. The discovery of the Higgs boson at the LHC
paved a way to a comprehensive study of the top-Higgs FCNC processes at the ATLAS and
CMS experiments, which resulted in the first experimental constraints on these anomalous
couplings [57–65]. The direct searches for the top-Higgs FCNC effects are performed in
top-quark decays, as well as in the associated production of single top quarks with a Higgs
boson. Many of the performed studies were targeting the top-quark FCNC decays in tt̄
events. In recent studies of the 13 TeV data, the analysis of the single top-quark-associated
production with a Higgs boson was also included [62–65].

2.1. h → γγ

Search channels that are relevant to the top-Higgs FCNC couplings are usually defined
based on the Higgs boson decay channels. The Higgs boson decays to pairs of photons
provide a clean experimental signature to look for the top-Higgs FCNC effects. In addition
to the two photons, these final states consist of up to one isolated lepton with additional
hadronic jets. The analysis strategy is primarily based on the reconstruction of the Higgs
boson diphotonic invariant mass. The contributions from various background processes are
fitted in the mass sidebands in the data, followed by its extrapolation to the signal region.
In these fits, the background contributions that are associated with the SM Higgs boson
production must be accounted for, representing one of the dominant resonant backgrounds
in the search region. The uncertainty associated with the choice of the fit function, the
statistical uncertainty in the data, as well as the background contributions from the SM
processes involving the Higgs boson represent the main uncertainties in the study of these
final states.

The searches for top-Higgs FCNC processes in the h → γγ channel were carried out
by ATLAS [59] and CMS [63] in the single-lepton and hadronic final states, including a
pair of photons (Figure 2). The integrated luminosity of the recorded 13 TeV data cor-
responds to 36 and 137 fb−1, respectively. The identification of isolated photon objects
and the common vertex of the photon pair is the core part of the analysis. The photon
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and the common vertex identification algorithms are based on the multivariate analysis
(MVA) approaches. The obtained mass resolution allows the observation of a resonance
structure in the diphoton invariant mass spectra in simulated signal events corresponding
to the Higgs boson decay. The contributing nonresonant background processes include
the diphoton production with jets, as well as the top-quark pair and the vector boson
production processes with additional photons. The SM production of the Higgs boson rep-
resents the dominant resonant background. The nonresonant backgrounds are estimated
directly from the data by performing a fit to the reconstructed diphoton invariant mass
spectrum. The fitted function represents the sum of a double-sided Crystal Ball function
that corresponds to the signal prediction, the resonant background from the SM Higgs
production, and a parameterised function describing the nonresonant background obtained
in a data control region. The main uncertainties include the b tagging and jet energy
corrections, as well as the photon identification systematic uncertainties. The uncertainty
in the limited number of events in the data also represents an important limiting factor in
the final sensitivity in these searches. An additional contribution to the total systematic
uncertainty is associated with theoretical uncertainties in the prediction of the resonant
background processes with the SM Higgs boson production. The unbinned likelihood
fit to the data using the described signal and background diphoton mass spectra is per-
formed, and the constraints are set on the top-quark FCNC decay branching fractions. The
observed (expected) limits obtained by ATLAS are B(t → hc) < 2.2 × 10−3 (1.6 × 10−3)
and B(t → hu) < 2.4 × 10−3 (1.7 × 10−3). The observed (expected) constraints obtained
in the CMS analysis are B(t → hc) < 7.3 × 10−4 (5.1 × 10−4) and B(t → hu) < 1.9 × 10−4

(3.1 × 10−4). An enhanced sensitivity obtained in the CMS analysis is explained by a larger
data sample used in the study, as well as due to the inclusion of the top-Higgs FCNC
process with the associated production of a single top quark and a Higgs boson. The latter
has led to an improved sensitivity to B(t → hu).

Figure 2. Distributions with the invariant diphoton mass showing the results of the fit to data in the
top-Higgs FCNC study of the h → γγ channel at (left) ATLAS [59] and (right) CMS [63]. The ATLAS
results are presented for hadronic final states, while the CMS results include a combination of all
considered channels with events weighted by the associated significance of each event category.

2.2. h → WW/ZZ/ττ

Multilepton final states arise from the Higgs boson decays to a pair of W or Z bosons,
as well as to τ leptons. The event categories in these studies are associated with the
final states with two same-sign or three selected leptons. The same-sign lepton channel
has dominant background contributions originating from processes with nonprompt and
misidentified leptons, while the three-lepton channel is mainly affected by the presence
of diboson events as well as nonprompt leptons. These backgrounds are estimated from
the data. The search channels involving one hadronic τ lepton identified in the Higgs
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boson decay receive the dominant background contributions from the processes with
misidentified τ lepton decays, as well as from events with the SM production of top quarks.
In the case when the decays of both τ leptons result in hadronic final states, a significant
background contribution is also associated with the Z boson decays to the pairs of τ leptons.

The searches for top-Higgs FCNC couplings in the multilepton channels were per-
formed at ATLAS [58] and CMS [61] using 36 fb−1 of 13 TeV and 20 fb−1 of 8 TeV data,
respectively. The events are split into the final states with two same-sign (2lSS) and three (3l)
leptons. The dominant backgrounds are associated with the nonprompt and misidentified
leptons, as well as with the leptons originating from photon conversions. The prompt-
lepton backgrounds correspond to events with an associated production of top-quark pairs
and a W, a Z, or a Higgs boson, with additional contributions arising from the processes
with diboson production. The baseline selection criteria require the presence of two or three
leptons and at least two jets, with one or two b-tagged jets. The prompt lepton identification
plays an important role in these studies in suppressing the dominant nonprompt lepton
backgrounds. The rejection of nonprompt leptons is usually achieved through an applica-
tion of an MVA approach, which exploits a number of kinematic variables that provide a
separation power between the two lepton categories, such as lepton isolation and properties
of the reconstructed jet in proximity of the selected lepton. The statistical and systematic
uncertainties associated with the prediction of the backgrounds with nonprompt leptons
are among the dominant uncertainties in these searches. Two separate boosted decision tree
(BDT) discriminants involving various reconstructed kinematic variables are trained in the
2lSS and 3l channels to further suppress various backgrounds. The BDT distributions that
are presented in Figure 3 are used in a binned maximum likelihood fit to extract the con-
straints on the top-Higgs FCNC processes. The observed (expected) 95% CL limits on the
top-quark FCNC branching fractions in the multilepton final states B(t → hc) < 1.6 × 10−3

(1.5 × 10−3) and B(t → hu) < 1.9 × 10−3 (1.5 × 10−3) are obtained. Multilepton searches
provide an excellent sensitivity to the top-Higgs FCNC couplings; however, the existing
results use only a partial data set, and further updates on these studies are anticipated in
the future.
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Figure 3. Distributions of the BDT discriminants using the top-Higgs FCNC signal selection in
multilepton search channels in the same-sign dilepton (left) and trilepton (right) final states [58].
The presented BDT discriminant was optimised for the case of the t → hc FCNC decays.

A dedicated study of the top-Higgs FCNC effects in the final states with one or
two hadronically decaying τ leptons was recently performed by ATLAS with 139 fb−1

of 13 TeV data [65]. The analysis strategy is similar to the one used in the previous
analysis [57], with an increased number of kinematic regions sensitive to the signal pro-
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duction, in order to account for the single-top production channel for the top-Higgs FCNC.
The dominant background in this search is associated with the presence of nonprompt τ
leptons, estimated from the data. Other backgrounds are predicted by simulation. The ob-
tained constraints on the branching fractions are B(t → hc) < 9.4 × 10−4 (4.8 × 10−4) and
B(t → hu) < 6.9 × 10−4 (3.5 × 10−4).

2.3. h → bb̄

The Higgs boson decays to a pair of b quarks with the largest branching fraction
of �58% [66]. A considerable amount of background events is associated with the tt̄
production with additional hadronic jets. The analysis of this channel is systematically
limited with the dominant contributions to the total uncertainty arising from the application
of the heavy flavour jet identification techniques, as well as the modelling uncertainties
relevant to the predictions of the top-quark production processes with additional jets.
One of the important handles for suppressing background processes is the kinematic
event reconstruction involving top quarks and additional jets. The assignment of the
reconstructed final-state objects to the initial hard-process particles is performed using the
MVA methods.

The top FCNC search in the h → bb̄ channel is performed in the final states with one
isolated lepton and additional jets. The total integrated luminosity used in the ATLAS
analysis corresponds to 36 fb−1 of 13 TeV data [57]. The CMS results use 101 fb−1 of
data [64], additionally combined with the previously published result from the analysis
of 36 fb−1 data [62]. The ATLAS analysis focuses on the study of the event topology
with at least four jets in the final state, mainly relevant to the top-quark FCNC decays.
The corresponding CMS analysis additionally includes the signal top-quark production
mode of the signal events, and therefore, the requirement on the minimum number of
reconstructed jets is set to a lower value. At least three b-tagged jets are required to be
present in the event. In both analyses, the selected events are classified based on the number
of jets and b-tagged jets. The dominant background contributions correspond to the top-
quark pair production in association with light-flavour jets in the event categories with
two b-tagged jets, while the associated production of top-quark pairs with heavy-flavour
jets (tt̄bb̄ and tt̄cc̄) represents the dominant background in the case of the higher number
of b-tagged jets. The theoretical predictions for these processes are subject to relatively
large uncertainties due to the renormalisation and the factorisation scale variations arising
from the different energy scales of the top-quark mass and the jet transverse momentum
involved in the generation process, as well as the inclusion of heavy quark masses in the
calculations [67]. The experimental uncertainties in the measurement of the production
cross sections of these processes reach �10–20% [68–71]. The background processes are
further suppressed by using the discriminants that exploit the kinematic information of
the selected reconstructed objects, defining the probability of an event to correspond to the
signal process hypothesis. As shown in Figure 4, in the ATLAS analysis, this is performed
by constructing the likelihood (LH) discriminant, while the BDT approach is used in the
case of the CMS search. The binned maximum likelihood fits are performed to the data
based on the described discriminants to extract the limits on the FCNC contributions,
resulting in the observed (expected) 95% CL constraints on the top-quark FCNC branching
fractions of B(t → hc) < 4.2 × 10−3 (4.0 × 10−3) and B(t → hu) < 5.2 × 10−3 (4.9 × 10−3).
The resultant constraints in the CMS analysis are B(t → hc) < 9.4 × 10−4 (8.6 × 10−4) and
B(t → hu) < 7.9 × 10−4 (1.1 × 10−3). The differences in the sensitivities in the published
results by the two experiments are mainly due to the different size of the analysed data
sample, as well as to the inclusion of the single top-quark production mode for the top-
Higgs FCNC process in the case of the CMS analysis. A combination of the results obtained
from the analyses of different Higgs boson decay channels, h → γγ, h → WW/ZZ, h → ττ,
and h → bb̄, was performed at ATLAS using 36 fb−1 of data, corresponding to the limits
of B(t → hc) < 1.1 × 10−3 (8.3 × 10−4) and B(t → hu) < 1.1 × 10−3 (8.3 × 10−4) [57].
The ATLAS constraints on the top-Higgs FCNC interactions are competitive to the ones
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obtained in the analysis of the h → γγ channel at CMS [63], which already uses all the
available recorded data at 13 TeV.

Figure 4. Distributions of the discriminants used in the analyses of the h → bb̄ channel at (left) AT-
LAS [57] and (right) CMS [64]. Selected events correspond to the final states with four reconstructed
jets, three of which are identified as associated with heavy-flavour hadron decays. The pre-fit and
post-fit results are shown for ATLAS and CMS, respectively.

2.4. Indirect Searches

The top-Higgs FCNC interactions can be indirectly constrained from the studies of
the SM processes that can potentially include FCNC loop-level contributions involving top
quarks. The relevant processes include the hadron electric dipole moments [72,73], Z → cc̄
decays [74], and D0 − D0 mixing [75]. The indirect limits are competitive with the current
direct constraints obtained at the LHC [76].

3. Global Approach to the FCNC Searches

A broad range of experimental searches for new physics phenomena have been using
the κ-framework to parameterise the potential deviations from the SM predictions [77].
This framework defines a set of scaling factors for production cross sections and decay
widths as a function of the new physics model parameters. While the κ-framework has
proved to be very successful in theoretical interpretations of a large number of experimental
results, it does not represent an ultimate approach to providing a complete systematic
description of various new physics effects.

Given the absence of any strong evidence of new physics, the natural assumption
is that new particles are much heavier than the SM particles, and its direct production
at present is not achievable within the LHC energy range. The potentially induced new
physics effects at the electroweak scale can be parameterised with a general effective field
theory (EFT) approach that includes additional high-energy dimensional operators in
the extended Lagrangian of the SM (SMEFT). The rich phenomenology of the SMEFT
includes 59 independent operators, assuming baryon number conservation [78,79]. A full
categorisation of EFT operators relevant to the top-quark sector and its interplay with other
SM processes is summarised in refs. [80–82]. Several of these operators are relevant to the
FCNC processes with top quarks. The Wilson coefficients (WCs) of the respective EFT
operators can be constrained from the measured production cross sections, as well as from
the study of the shapes of various kinematic variables. An EFT analysis of experimental
observables represents a general approach to study potential deviations from the SM
predictions that can be used to set constraints on various BSM models. The top-quark
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FCNC EFT couplings comprise several dimension-six operators, which are discussed in
refs. [81–85]. The FCNC EFT contributions can also interfere at higher orders [83,84,86].

The potential FCNC EFT effects with top quarks were probed in the experimental
studies of top-gluon and top-photon FCNC processes at the LHC [56,87]. Additionally,
several of the obtained experimental constraints on the FCNC top-quark decay branching
fractions and strength κ-modifiers, which were described in Section 2, can be directly
translated into the corresponding limits on the relevant WCs. The first direct measurement
of the constraints on the EFT WCs relevant to the top-Higgs FCNC interactions was
recently performed in ref. [65]. The re-interpretations of various experimental results that
are sensitive to the top-Higgs EFT operators are also available [80,84].

4. New Scalar Bosons

Several extensions of the SM can induce sizable FCNC effects that can be experimen-
tally probed at the LHC. There are two possible ways to introduce the top-quark FCNC in a
BSM model. The first possibility is to increase the number of fermions, modifying the CKM
matrix structure, escaping the GIM suppression. This approach is usually referred to as
the minimal flavour violation (MFV). The second option is to involve new heavy particles
in the loops of the higher-order diagrams, increasing the probability of FCNC transitions.
The study of top-Higgs FCNC effects appears to be rather promising in various simple
extensions of the SM, where the additional neutral scalar particles can potentially mix with
the SM Higgs boson.

A dedicated estimate of the BSM-enhanced branching fractions of t → u(c)h decays
shows the maximal values reaching 10−3 − 10−4 in some BSM models [19,88]. Such high
event rates are being probed at the LHC using recorded data with the typical constraints
set at the level of �10−3. However, the maximal branching fractions are not necessarily
associated with the most favourable parameter space of a BSM model and can potentially
involve additional model tuning.

The SM Higgs boson can have its additional partners in various BSM scenarios.
The two-Higgs doublet model (2HDM) is one of the simplest extensions of the SM that intro-
duces two Higgs doublets with five scalar particles: h0, CP-odd A0, CP-even H0 (mH > mh),
and H±, where h0 is the lightest CP-even SM-like Higgs boson [89–91]. The 2HDM contains
seven parameters, with only two of them relevant at the leading order (LO), usually de-
fined as cos(β − α) and tan(β). The former parameter is related to the couplings of a scalar
particle to vector bosons, while the latter represents the ratio of the vacuum expectation
values of the heavy and the SM Higgs bosons.

There are four (I, II, III, and IV) types of 2HDM. The 2HDM-I and 2HDM-II do not
include FCNC processes at the tree level due to the requirement of flavour conservation
via the presence of a Z2 symmetry. In these two types of 2HDM, all the fermions couple
to the same Higgs boson. In the 2HDM-III without an imposed discrete symmetry, the
fermions can couple to both Higgs doublets, and the tree-level FCNC transitions involving
the top-charm FCNC couplings with the Higgs boson can be significantly enhanced [92]. A
combined fit of various results from the direct and indirect experimental searches favours
the alignment limit cos(β − α) → 0 with cos(β − α) < 0.1 − 0.4, with some additional de-
pendence on tan(β), the mass of the scalar boson, as well as the type of the model [93–105].
The alignment scenario corresponds to the case, when h0 and the SM Higgs boson share
the same couplings.

In the aligned two-Higgs doublet model (A2HDM), it is assumed that both Yukawa
matrices are aligned in the flavour space to avoid the FCNC at the tree level [96]. The en-
hanced one-loop-induced t → ch decays can occur in such models [97]. Special extensions
of the 2HDM models can incorporate the FCNC at the tree level, such as the top-quark
2HDM (T2HDM) [98]. In this model, it is assumed that the top quark is the only elementary
fermion that couples to the non-SM Higgs doublet to generate its large mass in a natural
way, therefore allowing the top-Higgs FCNC due to a small cos(β − α) admixture of the
exotic neutral Higgs boson. The study of the t → ch decays represents a promising channel
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to probe the T2HDM and 2HDM-III at the LHC [99–102]. There are also the so-called
BGL modifications of the 2HDM, where the tree-level top-Higgs FCNC transitions can
be associated with either up- or down-type quarks, preserving the structure of the CKM
matrix [103–105].

Additional Higgs doublets can naturally appear in the context of supersymmetric
(SUSY) theories. The minimal supersymmetric standard model (MSSM) is the simplest
extension of the SM representing the 2HDM-II with additional supersymmetric particle
content [106–108]. At the tree level, this model contains two non-SM parameters: the mass
of the CP-odd Higgs boson, mA, and tan(β). An effective MSSM with the lightest CP-even
SM Higgs boson is referred to as the hMSSM, where the properties of the SM Higgs boson
define the remaining masses and couplings of the MSSM [91,109,110]. This approximation
of MSSM is only completely valid at the moderate values of tan(β). The recent LHC
experimental searches generally disfavour small values of mA below �600 GeV within
the hMSSM [93–105]. The predicted top-Higgs FCNC rates in a general MSSM can reach
10−7 [111], while in the case of the R-parity violation (RPV) in a general SUSY model, these
transitions can be enhanced to 10−5 [112].

An extended MSSM with baryon (B) and lepton (L) numbers as local symmetries, bro-
ken near the electroweak scale, is known as BLMSSM [113–116]. This model can incorporate
an enhancement of t → ch rates at one loop [117]. The next-to-minimal supersymmetric
standard model (NMSSM) represents an extension of the MSSM that naturally generates
the mass parameter μ in the Higgs superpotential at the electroweak scale and resolves the
so-called μ-problem [118,119]. The new neutral scalars considered in the MSSM theories
can potentially mix with the SM Higgs boson and therefore generate top-Higgs FCNC at
the tree level.

The addition of the exotic vector-like quark to the CKM matrix provides a way to
escape the GIM mechanism. The top-Higgs FCNC transitions can be enhanced to 10−5

in the quark singlet (QS) [120] and alternative left-right models (ALRM) [121]. Similar
enhancements can be achieved in the Littlest Higgs Model with T-parity (LHT) induced
by interactions with the new T-odd gauge bosons and fermions [122]. The presence of
the Kaluza–Klein fermion states in the Randall–Sundrum (RS) models with warped extra
dimensions can produce sizable FCNC effects of the same order [123–125].

The new light neutral scalar singlets (S) are present in various supersymmetric exten-
sions of the SM, including the NMSSM and the composite Higgs models (CHM) [126–130],
with t → cS tree-level FCNC decays [131]. In such extensions, these scalars are considered
as Nambu–Goldstone bosons (pNGBs) with the Higgs boson, representing a bound state
of new strongly interacting dynamics. The large mass of the top quark can be generated
through the mixing of elementary fermions with a composite operator of a high scaling
dimension [132]. In CHM, the SM elementary particles can be seen as composite states that
mix with its heavy partners. This model provides a promising explanation of the mass
hierarchy of the SM by introducing a new physics scale and the idea of compositeness of the
SM particles. The t → cS decays, with mS < mt − mc, are expected to strongly dominate
over the t → ch transitions in the CHM, providing a new window to constrain the new
physics models via the top-quark FCNC searches with neutral light scalars. These processes
are not yet studied experimentally. The predicted rates of the t → cS decays can be probed
down to 10−5 with the existing LHC data [129,130].

In addition to the top-quark FCNC decays with a Higgs boson, one can also search
for FCNC decays of the heavy neutral scalars (H) predicted in many BSM models. In a
general 2HDM model, as well as in its extensions, such as the T2HDM, the probability of
the H → tc̄ decay is proportional to sin(β − α), while the probabilities of the t → ch decays
are proportional to cos(β − α) [133–137]. This represents an important complementarity
of the top FCNC searches in the top-quark and heavy neutral scalar decays. At high
energies, one of the dominant decays of the heavy scalars is the production of two top
quarks, if the mass of the scalar particle exceeds the doubled mass of the top quark.
However, in the heavy scalar mass range of 175 and 350 GeV, the H → tc̄ decays are
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associated with the largest branching fraction in the model parameter space, favoured by
the current experimental constraints [138]. A study of the H → tc̄ decays is a promising
way to search for heavy neutral scalar particles at the LHC [133–137]. The dominant
production mode for heavy scalars is expected to be the gluon–gluon fusion process;
however, in the context of the “flavorful” 2HDM (F2HDM), that removes the 2HDM-
intrinsic Z2 discrete symmetry and additionally modifies the structure of the Yukawa
matrices [139–141], the dominant channel is the single top-associated production with
a heavy neutral scalar (pp → tH → ttc̄), resulting in the presence of two same-sign top
quarks in the final state [142]. Similar final states are relevant to the top-quark FCNC
searches within the T2HDM [133–137]. The searches for the heavy scalar FCNC decays
with top quarks are also proposed within the Froggatt–Nelsen singlet model (FNSM),
mostly relevant for the HL-LHC data analysis [143].

5. Future Perspectives

The LHC has accumulated about 25 fb−1 of proton–proton collision data at 7 and 8 TeV,
as well as nearly 140 fb−1 of data at 13 TeV. The latest studies from the LHC on the top-quark
FCNC processes therefore focus on the analysis of the 13 TeV data. The next round of the
data taking at the LHC is planned for 2022, where it is expected that the total accumulated
statistics will be doubled, reaching 300 fb−1 by the end of the LHC project. The future
experiments at the High-Luminosity LHC (HL-LHC) are planned to bring almost an order
of magnitude larger data set of 3 ab−1 due to a significant increase in the instantaneous
luminosity of the colliding proton beams up to 1035 cm−2 s−1, representing a 5 to 7 times
higher luminosity with respect to its nominal value. The projected sensitivities of the top-
quark FCNC searches, following the preliminary estimates of the expected performances of
the upgraded ATLAS and CMS detectors at the HL-LHC, indicate a significant improvement
in the constraints on the branching fractions of the top-quark FCNC decays after the analysis
of the full LHC statistics, reaching an order of magnitude [144].

There are several major international projects under consideration in the high-energy
physics domain, defining an evolving strategy for this field for many years to come.
The Large Hadron electron Collider (LHeC) is proposed as an extension of the LHC
project, re-using the existing proton accelerator complex and combining it with a new
electron accelerator for the production of 60 GeV electron beams for the study of the deep
inelastic scattering at high energies [145–148]. The planned experiments at the LHeC are
mostly sensitive to the top-γ/Z FCNC couplings, and the projected limits are expected to
be comparable to the corresponding sensitivities at the HL-LHC [149–151]. The study of
the top-Higgs FCNC interactions appears to be less promising at the LHeC, the expected
sensitivity of which has been already surpassed by the latest LHC results [152].

The electron–proton collisions are considered as part of the Future Circular Collider
(FCC) project, involving several experiments targeting different types of high-energy
collisions. The FCC-eh machine will collide a 60 GeV electron with 50 TeV proton beams,
produced by the FCC accelerator [153,154]. Due to the increased energy of the proton
beams, relatively similar sensitivities for the top-Higgs FCNC couplings are expected to
the ones of the HL-LHC. Most of the improvements are anticipated for the top-γ/Z FCNC
couplings [144,155]. The planned experiments at the high-precision electron–positron
collider (FCC-ee) will also be very sensitive to the top-γ/Z FCNC couplings [156]. The
dominant sensitivity to the top-Higgs FCNC processes at the FCC-ee is mainly associated
with the top-quark decay channels. The FCC-hh machine with proton–proton collisions at√

s = 100 TeV will allow increased sensitivity to all relevant top-quark FCNC couplings,
probing the t → ch decay branching fractions down to �10−5 [157–161]. The High-Energy
LHC (HE-LHC) project will adopt the FCC-hh technology to use proton–proton collisions
at

√
s = 27 TeV. The HE-LHC is viewed as capable to improve the HL-LHC limits on

the top-quark FCNC couplings by an order of magnitude [162,163]. The linear electron–
position colliders, such as the ILC and CLIC, are also associated with good prospects for
the top-quark FCNC studies [164–168]. However, the projected ILC/CLIC sensitivities
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for the top-Higgs FCNC interactions are not expected to reach the sensitivity level of the
corresponding studies at the HL-LHC.

A summary of the described experimental results and future projections is presented
in Figure 5. The analysis of the �140 fb−1 of the LHC 13 TeV data allows reaching the
95% confidence level limits of the order of 10−4 and 10−3 for the t → uh and t → ch decay
branching fractions, respectively. These experimental limits are obtained from the analysis
of the the Higgs boson decays to photon pairs, and therefore, the presented results are
expected to be further improved when combined with the results obtained in the analysis of
other Higgs boson’s decay modes. The illustrated sensitivities for future colliders are also
obtained in the analyses of specific channels. The comparison with the ultimate sensitivities
is expected to be more complete, once the LHC and the future projection results become
available for all the relevant decay channels of the Higgs boson. Based on the considered
projections, the best expected sensitivity of �10−5 is associated with the experiments at
the FCC-hh.
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Figure 5. Summary of the best experimental constraints to date on the top-Higgs FCNC processes at
the LHC [63,65], including sensitivity projections for future colliders. The results are also compared
to various BSM predictions that correspond to the maximal expected branching fractions in a given
model. Adapted from ref. [144].

The described sensitivities of the future experiments mainly correspond to the studies
of the top-Higgs FCNC couplings, with only a few projections available for some of the
top-quark flavour-changing neutral scalar processes. While the searches for new scalars via
the top-quark FCNC appear to be highly relevant for the HL-LHC, as well as its successors,
these processes are not yet explored to the full extent with the existing LHC data.

6. Summary

The sensitivity of the LHC experiments has reached the level of being able to rule
out several BSM models assuming the maximal branching fractions of the top-quark
FCNC decays. The study of the top-quark FCNC processes involving the neutral scalar
bosons is an excellent probe of the new physics effects in a number of BSM scenarios,
including additional Higgs doublets and scalar singlets through partial compositeness.
In some models, the production of new scalars can be significantly enhanced by the flavour-
changing neutral scalar couplings, and therefore, these studies represent a very promising
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direction to look for additional heavy and light partners of the discovered Higgs boson.
Beyond the LHC, the upcoming experiments at the HL-LHC and FCC are expected to
come with even better sensitivities to probe the top-quark anomalous couplings with the
new scalars. The analysis of the LHC and the future collider data will remain the only
way to directly probe the top-quark flavour-changing neutral scalar interactions in the
next decades.
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Abstract: The Standard Model (SM) of particle physics is the most general renormalizable theory
which is built on a few general principles and fundamental symmetries with the given particle
content. However, multiple symmetries are not built into the model and are simply consequences of
renormalizabilty, gauge invariance, and particle content of the theory. It is crucial to test the validity
of these types of symmetries and related conservation laws experimentally. The CERN LHC provides
the highest sensitivity for testing the SM symmetries at high energy scales involving heavy particles
such as the top quark. In this article, we are going to review the recent experimental searches of
charge–parity and charged-lepton flavor violation in the top quark sector.

Keywords: charge–parity violation; charged-lepton flavor violation; top quark

1. Introduction

The Standard Model (SM) of particle physics is an extremely successful theory that
has been extensively verified against experimental results. However, it can not explain
several fundamental aspects of nature such as neutrino masses, dark matter, and baryon
asymmetry in the universe. The SM Lagrangian is built based on a few principles including
gauge symmetries and renormalizability. While the gauge symmetry is considered as
fundamental rules in the SM Lagrangian, there are some symmetries in the SM that come
from the structure imposed by the fundamental rules, called global symmetries. These
symmetries can be exact or approximate and are very powerful tools for testing the SM
validity. To explain the SM open issues, many models beyond-the-SM (BSM) have been
proposed. These BSM models usually introduce new particles and interactions which lead
to violation of the SM global symmetries. Therefore, testing the SM global symmetries is
also considered as a unique window for probing BSM physics scenarios.

The combined transformation of parity (P) and charge-conjugation (C) operations was
believed to be exact symmetry, until the discovery of CP violation in the neutral Kaon
system in 1964 [1]. A model proposed by Kobayashi and Maskawa [2], denoted as the
KM model, pointed out that an irreducible complex phase in the quark mixing matrix,
known as the Cabibbo–Kobayashi–Maskawa (CKM) matrix, would enable CP violation in
a natural manner, if there are at least three generations of quarks. With the discovery of the
charm, bottom, and top quarks, together with the discovery of CP violation in the B-meson
system [3,4], the KM model has been confirmed and became one of the key ingredients
of the modern SM. However, even with the big success of the KM model, the known CP
asymmetry in the SM is still far from enough to form a matter-dominant universe, hence it
is necessary to look for additional sources of CP violation experimentally.

Top quark is playing an important role in the B-meson mixing, which is one of the
main processes that CP violation can actually occur in the bottom sector. Unlike the bottom
quark, the top quark itself has a rather monotonic flavor structure. Top always decays to
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bottom and W-boson since |Vtb| is much larger than |Vtd| and |Vts|. As top is much heavier
than any other quark, the GIM mechanism [5] is very effective and the flavor-changing
neutral current processes are very suppressed. The CP violation effect vanishes in the
limit of md, ms ≈ 0; no other interfered process generates a non-zero strong phase to have
measurable CP asymmetries, which require the presence of both strong and weak phases.

However, if there are contributions from new physics, the situation can be very dif-
ferent. Any hint of CP violation in the top sector will be a smoking gun signal for new
physics [6]. With more than 108 pairs of top quarks produced at the LHC, the experi-
ments have a very good chance to probe sub-percent effects already. However, as the
over-dominant t → bW decay, the usual measurements which involve different decays
as introduced for strange and bottom quarks cannot be repeated for top. Alternative
observables have to be introduced instead.

In the SM with massless neutrinos, the mixing of neutrino flavors is forbidden. Conse-
quently, the flavor of charged leptons is conserved and couplings of leptons to gauge bosons
are lepton flavor universal (LFU). The lepton flavor conservation in the neutral-lepton
sector was found to be violated after the discovery of neutrino oscillations. Neutrino oscil-
lations could also give rise to charged-lepton flavor violating (CLFV) processes. Because
of the smallness of the neutrino masses, these processes are highly suppressed and are
far below experimental sensitivity. Although the SM predictions for the CLFV processes
are below experimental sensitivity, many theoretical scenarios beyond the SM, such as
the two-Higgs doublet model [7], the minimal supersymmetric model [8], and the inverse
seesaw model [9], predict detectable CLFV rates. Any evidence for such rare processes
would therefore serve as a clear signature of physics beyond the SM.

The hints of LFU violations have been reported in semileptonic B decays, and the
experimental evidence has risen over the past few years [10,11]. It is known that models
accommodating violation of lepton universality generally also lead to observable effects in
lepton flavor violation [12]. Models that can describe these small deviations also predict
measurable observables in the top quark sector [13]. For example, certain leptoquark mod-
els that can accommodate the observed deviation in the B sector would imply branching
fractions of t → ��′c ≈ 10−6, with � and �′ representing different-flavor charged leptons.
Searching for CLFV processes related to the top quark would be complimentary to the
searches in the B meson sector [14].

In this article, we discuss the measurements that have been carried out by ATLAS and
CMS experiments in the context of CP violation in the top quark sector. In addition, we
review the results of the first search for the top quark CLFV interactions performed by the
CMS collaboration.

2. Search for CP Violation in Single Top Events

ATLAS has presented a note on the search for CP violation in the lepton plus jets decay
of single top quarks [15]. The top quarks are produced via t-channel where the top quarks
are highly polarized, and it is possible to define CP-violating sensitive observables with the
angles derived by the top decay products. The top quarks are exclusively decaying to W
boson and bottom quark, and the Wtb vertex in the general effective operator framework
can be expressed as [16,17]

LWtb = − g√
2

bγμ(VLPL + VRPR)tW
−
μ − g√

2
b

iσμνqν

mW
(gLPL + gRPR)tW

−
μ + h.c., (1)

where the weak coupling constant is denoted by g; mW and qν are the mass and four
momentum of the W boson. The left (right) handed projection operators, vector, and tensor
coupling are given by PL (PR), VL (VR), and gL (gR), respectively. In the SM, the VL is simply
the CKM element Vtb, and the anomalous couplings, VR, gL, and gR all vanish to zero.
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In order to probe these couplings, it is possible to construct angular asymmetry observ-
ables based on the decay products of the top quark, such as a forward-backward asymmetry,

AFB =
Nevt(cos θ > 0)− Nevt(cos θ < 0)
Nevt(cos θ > 0) + Nevt(cos θ < 0)

, (2)

where Nevt is the number of events with the criterion cos θ > 0 or cos θ < 0, and θ is
an angle formed by the direction of top decay daughters. A typical choice of the angle
(denoted as θ∗) could be the angle between the direction of the lepton from the W decay in
the W boson rest frame and direction of the W boson in the top quark rest frame. However,
the asymmetry defined with θ∗ is not really sensitive to the anomalous couplings related to
CP violating complex phases.

As suggested in Refs. [18,19], in the t-channel single top production, the top quarks
are mostly polarisation in the direction of the spectator quark; hence, by defining a new
reference direction,

−→
N = −→st ×−→q , where −→st is the direction of the spectator quark, and

−→q is the momentum of W boson, all in the rest frame of the top quark. A new angle θN

can be defined by the angle between the lepton in the W boson rest frame and the new
direction

−→
N . The forward-backward asymmetry defined by θN , denoted as AN

FB, could
provide information of the anomalous coupling gR, in particular for the imaginary part
which is sensitive to the CP violation. In the SM, the coupling gR is very close to zero,
(−7.17 − 1.23i)× 10−3 [20].

ATLAS has performed a measurement of AN
FB and provided a bound on the imaginary

part of gR based on the data collected at
√

s = 7 TeV, corresponding to an integrated
luminosity of 4.66 fb−1. The data events are required to have at least an electron or a muon
at the trigger. At the analysis level, an offline reconstructed electron or muon, significant
transverse missing energy Emiss

T , and two jets (one of the jets must be tagged as originated
from b-quark) are required for the signal candidates. The candidate electron should have a
transverse momentum pT greater than 25 GeV, and within |η| < 2.47 (while the transition
region 1.37 < |η| < 1.52 is excluded). For the candidate muon, the minimal pT is also
25 GeV and should be within the region |η| < 2.5. Jets are required to have a minimal pT
greater than 30 GeV; Emiss

T and the transverse mass of the reconstructed W boson should be
above 30 GeV as well.

The top quark is reconstructed from the b-jet and the W boson, where the W boson is
reconstructed with the charged lepton and neutrino momenta. The transverse momentum
of neutrino is assumed to be the same as Emiss

T , while the longitudinal component is solved
by the constraint of W boson mass. In the case of two possible solutions, the solution
with smaller longitudinal neutrino momentum is selected. Based on the reconstructed
momenta of top quark and W boson, the decay angle θN can be derived. The distribution
of cos θN includes the detector effects and has to be unfolded back to the parton level. The
forward-backward asymmetry AN

FB is then computed based on the unfolded distribution
of cos θN :

AN
FB = 0.031 ± 0.065 (stat.)+0.029

−0.031 (syst.). (3)

The major systematic uncertainties considered in the measurement of AN
FB are: signal

t-channel single top modeling, tt modeling, background normalization, jet energy scale
and resolution, lepton selection and trigger. The effects of rest systematic sources are all
smaller than 0.005.

The relation between AN
FB and gR can be approximated by AN

FB = 0.64P�(gR) [21] if
the values of gR are small (assuming VL = 1, VR = 0, and gL = 0). Assuming a value of
P = 0.9 derived from the knowledge of top quark polarization, the limit on the value of
�(gR) is obtained to be [−0.20, 0.30] at the 95% confidence level. The measured AN

FB and
the derived limit on �(gR) are both consistent with the predictions from the SM, and no
significant CP-violating effect is observed in the t-channel single top production.
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3. Measurements of T-Odd Triple-Product Observables

A triple-product correlation is constructed with three directional vectors and takes the
form of −→v1 · (−→v2 ×−→v3 ). The vectors could be particle momenta or spins. The combined triple
product is odd under time-reversal (T) transformation; under the CPT theorem, a T-odd
observable is also a CP-odd observable. In the pp → tt → bbW+W− production and decay
chain, there are multiple momentum vectors which can be reconstructed experimentally,
but how to select useful combinations of triple-products is a non-trivial task. The authors of
Refs. [22,23] examined a series of triple-product observables and studied the contributions
from a chromoelectric dipole moment (CEDM) of the top quark. The magnetic and electric
couplings between the top quarks and gluons can be expressed as

L =
gs
2

tTaσμν(ag
t + iγ5dg

t )tG
a
μν, (4)

where the strong coupling constant and the gluon field strength tensor are denoted by gs and
Ga

μν, respectively; the parameters ag
t and dg

t are for the chromomagnetic and chromoelectric

dipole moments. The term dg
t can be further written as dg

t =
√

2v
Λ2 �(dtG), where Λ is the

scale of the BSM phenomena, v ≈ 246 GeV is the vacuum expectation value, and dtG is
the CEDM parameter. CMS has performed several studies along this proposal, including
dilepton channel [24] and lepton plus jets decays [25,26].

3.1. Search in the Dilepton Channel

The analysis in the dilepton channel exploits the top-pair production, with both W
bosons decaying leptonically to define two CP-odd correlations:

O1 = ε(pt, pt, p�+ , p�−), (5)

O3 = ε(pb, pb, p�+ , p�−), (6)

where pt (pt), pb (pb), p�− (p�+ ) are the four momenta of top (anti-top) quark, bottom
(anti-bottom) quark, and lepton (anti-lepton), respectively, and ε is the Levi–Civita tensor.
The CP violation can be tested by the measurements of the asymmetries,

AOi
=

N(Oi > 0)− N(Oi < 0)
N(Oi > 0) + N(Oi < 0)

. (7)

These two asymmetries are the observables with the highest sensitivity and linear
to dtG.

The data used in the dilepton analysis are from pp collisions at 13 TeV correspond
to an integrated luminosity of 35.9 fb−1. The events are required to pass the single or
dilepton trigger conditions, and then categorized according to the combination of lepton
flavors, e+e−, μ+μ−, or e±μ∓. Electron candidates are reconstructed with CMS tracker
and calorimeter information, must have a pT > 25 (20) GeV for the leading (sub-leading)
candidate, and are within the volume |η| < 2.4. Muon candidates are reconstructed with a
combination of tracker and muon system information and fulfill the same criteria on the
transverse momentum and pseudorapidity. The jets are reconstructed using the anti-kT
algorithm with a distance parameter R = 0.4, and are required to have pT > 30 GeV and

|η| < 2.4. If a jet candidate is too close (ΔR =
√

Δη2 + Δφ2 < 0.4) to a lepton candidate,
the jet itself is removed.

An event is required to have two charged leptons, and at least two jets. One of the
selected jets must be tagged as originating from bottom quark. The events with additional
lepton of pT > 20 GeV are discarded. The invariant mass of dilepton pairs must be greater
than 20 GeV to suppress contributions from low-mass resonance decay and the Drell–Yan
process. The same-flavor dilepton events with an invariant mass in the region between 76
and 106 GeV are also rejected to suppress the contributions from Z boson decays; however,
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these events in the Z mass region are still used to normalize the Drell–Yan background
contribution in the analysis.

The four momenta of quark and anti-quark used in the construction of observables
are resolved by a reconstruction based on kinematic information: the transverse missing
momentum is assumed to originate from the neutrinos, and the mass of reconstructed W
boson and top quark should be equal to 80.4 GeV and 172.5 GeV, respectively. Detector
resolution effects are taken into account through a smearing of the measured energies and
directions of the reconstructed objects. The efficiency of this reconstruction procedure is
around 90%; events without solutions for the neutrino momenta are excluded.

The observables are computed using the resolved four momenta of quark and anti-
quark. A maximum likelihood fit is introduced to extract the asymmetries from the ob-
servables. The effects of systematic uncertainties are estimated by varying the nominal
inputs and samples by the uncertainties, and repeating the full measurements. Most of
the uncertainty sources are naturally cancelled in the asymmetries. The remaining major
uncertainties are from limited simulated background samples, jet energy resolution and
scale, top modeling such as color reconnection. None of the uncertainty source results
have a variation larger than 0.003 on the asymmetries. The resulting asymmetries, which
are summarized in Table 1, are found to be consistent with zero and used to derive a
measurement on the CEDM parameter dtG. The measured asymmetries and the coefficients
of CEDM term are consistent with the expectation from the SM.

Table 1. The measured asymmetries AO1
and AO3

, and the CEDM parameter dtG.

Observable Asymmetry (×10−3) dtG

O1 2.4 ± 2.8(stat)± 2.8(syst) 0.10 ± 0.12(stat)± 0.12(syst)
O3 0.4 ± 2.8(stat)± 2.2(syst) 0.00 ± 0.13(stat)± 0.10(syst)

3.2. Analysis in the Lepton Plus Jets Channel

The lepton plus jets analysis exploits a different set of observables recommended
in Ref. [23]:

O3 = Q�ε(pb, pb, p�, pj1) ∝ Q�
−→p ∗

b · (−→p ∗
� ×−→p ∗

j1), (8)

O6 = Q�ε(P, pb − pb, p�, pj1) ∝ Q�(
−→p b −−→p b) · (−→p � ×−→p j1), (9)

O12 = q · (pb − pb)ε(P, q, pb, pb) ∝ (−→p b −−→p b)z · (−→p b ×−→p b)z, (10)

O14 = ε(P, pb + pb, p�, pj1) ∝ (−→p b +
−→p b) · (−→p � ×−→p j1). (11)

The symbol ∗ indicates the momenta at the bb center-of-mass frame; the z subscript
indicates the projection along the beam axis; P (q) is the sum (difference) of the four-
momenta of the protons in the pp collision; pj1 represents the momentum of the jet with
highest transverse momentum; Q� is the lepton charge. The presence of CP violation will
result in a nonzero asymmetry defined in Equation (7).

The study uses the data collected at
√

s = 13 TeV corresponding to an integrated
luminosity of 138 fb−1. Trigger requirement includes the presence of an isolated lepton
with a pT above 24–35 GeV. In the offline analysis, the electron candidates are required to
have pT > 38 GeV and within |η| < 2.4 (excluding the gap between barrel and endcap
calorimeter, 1.44 < |η| < 1.57). Muon candidates are required to have a transverse
momentum above 30 GeV and within |η| < 2.4. The flavor of lepton (electron or muon) is
used to categorizing the events too.

Jets are clustered using the anti-kT algorithm with a distance parameter of 0.4, with a
minimal pT threshold of 30 GeV. Jets should be separated from the selected lepton candidate
by an angular distance of ΔR > 0.4. Jets from the hadronization of bottom quarks are
identified using a deep-learning neural network based algorithm.

204



Universe 2023, 9, 62

The events are required to have a reconstructed lepton, and at least four reconstructed
jets; two of the jets should be tagged as bottom quarks. The association of top quark
and anti-top quark with the final state jets and leptons are resolved with a χ2 algorithm
that introduces the masses of top quark and W boson as constrained conditions: χ2 =

[(mjjb − mt)/σt]
2 + [(mjj − mW)/σW ]2, where mjjb is the invariant mass of three jets (two

non-b-tagged and one b-tagged); mt, σt, mW and σW are the mass of top quark, resolution of
reconstructed top quark mass, mass of W boson, and resolution of reconstructed W boson
mass, respectively. The object assignment is decided by selecting the permutation with the
lowest χ2 score. By imposing the requirements of χ2 < 20 and mlb < 150 GeV, the fraction
of correctly assigned b jets is around 74% with an efficiency of 65% and a purity of tt events
is 95%.

The measured asymmetry can be diluted by the detector and mis-reconstruction.
In the analysis, the effect is parametrized with a dilution factor D, and the raw asym-
metry (denoted as A′

CP) and the ideal ACP are related as a multiplicative correction
A′

CP = DACP. The values of D and the associated systematic uncertainties have been
determined from simulations: D(O3) = 0.46+0.01

−0.02, D(O6) = 0.44+0.01
−0.02, D(O12) = 0.74+0.01

−0.02,
and D(O14) = 0.60 ± 0.01. The observables O3 and O6 require distinguishing bottom and
anti-bottom quarks, resulting in a lower chance of correct reconstruction and smaller D
value. Nevertheless, as ACP and A′

CP are linearly dependent, a non-zero A′
CP is already

evidence of CP violation in the top sector; hence, the raw asymmetry A′
CP is considered as

the primary result of the analysis.
The asymmetries are computed with the signal yields with positive or negative val-

ues of Oi. These yields are determined with an extended maximum likelihood fit to the
invariant mass distributions of lepton and b-tagged jet. Systematic uncertainties are also
largely cancelled in the asymmetry measurements. The detector effects are studied using an
event-mixing method, which is mixing the momentum of the b-tagged jet and the highest
pT light-flavor jet across different events. Other experimental and theoretical systematic
uncertainties are all found to be tiny in this analysis, resulting in a total systematic uncer-
tainty smaller than 0.001 on the asymmetries. The measured asymmetries can be used to
provide a constraint on the CEDM contributions. The detector effects are first removed by
dividing the dilution factors. The constraints on CEDM parameter are computed from the
corrected asymmetries and then combined with the correlation among the CP observables
taking into account. The resulting asymmetries as well as the derived CEDM parameters
dtG are summarized in Table 2; the parameter dtG is measured to be 0.04 ± 0.10 ± 0.07 with
a combination of the results from the four observables. The measured asymmetries on the
CP observables are consistent with the expectation from the SM, and show no hints for
CP-violating effects.

Table 2. The measured raw A′
CP, the corrected asymmetry ACP, and the derived CEDM parameter dtG.

The first uncertainty is statistical, and the second is systematic.

Observable A′
CP (%) ACP (%) dtG

O3 −0.05 ± 0.09+0.04
−0.07 −0.10 ± 0.20 ± 0.14 +0.04 ± 0.11 ± 0.07

O6 −0.13 ± 0.09+0.05
−0.07 −0.30 ± 0.21 ± 0.16 +0.25 ± 0.20 ± 0.15

O12 +0.09 ± 0.09+0.03
−0.05 +0.12 ± 0.13 ± 0.07 +0.45 ± 0.47 ± 0.27

O14 −0.17 ± 0.09+0.09
−0.02 −0.29 ± 0.16 ± 0.14 −0.81 ± 0.48 ± 0.44

4. Search for CLFV in Top Quark Production and Decay

A search for CLFV in both top quark associated production, and decay is presented by
the CMS Collaboration [27]. The effective field theory approach is followed for parametriz-
ing the CLFV effects. The top related operators are categorized based on their Lorentz
structure to vector-, scalar- and tensor-like operators as the following:
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Ovector = (l aγ μlb)(q cγ μqd) + (l aγ μlb)(u cγ μud) + (eaγ μeb)(q cγ μqd) + (eaγ μeb)(u cγ μud), (12)

Oscalar = (l aeb) ε (q cud) + h.c, (13)

Otensor = (l aσμνeb) ε (q cσμνud) + h.c, (14)

where a �= b are lepton-flavor indices, c and d are quark-flavor indices, q and l represent
left-handed fermion doublets, u and e the right-handed fermion singlets, τ I the Pauli
matrices, ε ≡ iτ2 is the antisymmetric SU(2) tensor, σμν = i

2 [γ
μ, γν], and γμ the Dirac

matrices. Three Wilson coefficients Cvector, Cscalar, and Ctensor are probed individually in
this analysis. The CLFV interactions contribute to the single top production and decay
of the top quark in top quark–antiquark pair production (tt). Due to the larger cross
section of the CLFV process in the production mode compared to the decay mode and
more distinctive kinematic distributions of the production mode with respect to the SM
background, the production mode plays a leading role in the sensitivity of the search. This
analysis presents results of the first search for “eμtu” and “eμtc” CLFV interactions in the
eμ final state.

The analysis is based on pp collisions collected by the CMS detector at the LHC at a
center-of-mass energy of 13 TeV, corresponding to an integrated luminosity of 138 fb−1.
Events with one oppositely charged electron–muon pair in the final state, along with at least
one jet identified as originating from a bottom quark (b-tagged jet) are selected. The leading
(sub-leading) lepton pT should be greater than 25(20)GeV and to lie within |η| < 2.4.
Selected events are required to have at least one b-tagged jet with pT > 20 GeV and
|η| < 2.4. Selected background events dominated with SM tt events (≈90%), followed by
single top quark production in association with a W boson (tW) (≈10%). The contributions
from the SM background processes are estimated using the simulated events. Events are
categorized further based on number of b-tagged jets to signal and tt control regions by
requiring exactly one and greater than 1 b-tagged jets, respectively. A boosted decision tree
(BDT) is trained based on the distinctive features of the signal process in the production
mode with respect to the main backgrounds to maximize the sensitivity of the search.

Various sources of systematic uncertainty from modeling of the detector response and
theoretical modeling of the signal and background processes are considered in this search.
The final BDT distribution in the signal region tt control regions fitted simultaneously using
a binned likelihood function to test for the presence of signal events. All the systematic
uncertainties are treated as nuisance parameters in the fit. The fit results are consistent with
the SM prediction and show no evidence for the presence of the CLFV signal. Therefore,
upper limits are set on the signal cross sections at a 95% confidence level using the modified
frequentist CLs method. Upper limits on the cross section of the CLFV processes are
translated to the upper limits on the Wilson coefficients and related branching fractions of
the top quark B(t → eμq), q = u (c) quark. Limits obtained for vector-, scalar-, and tensor-
like interactions are summarized in Table 3. In Figure 1, the results for two-dimensional
limits on CLFV Wilson coefficients and branching fractions are displayed.

Table 3. Expected and observed 95% CL upper limits on the CLFV Wilson coefficients and top quark
CLFV branching fractions.

Vertex
Int. Ceμtq /Λ2 [TeV−2] B(10−6)

Type Exp Obs Exp Obs

eμtu

Vector 0.12 0.12 0.14 0.13

Scalar 0.23 0.24 0.06 0.07

Tensor 0.07 0.06 0.27 0.25
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Table 3. Cont.

Vertex
Int. Ceμtq /Λ2 [TeV−2] B(10−6)

Type Exp Obs Exp Obs

eμtc

Vector 0.39 0.37 1.49 1.31

Scalar 0.87 0.86 0.91 0.89

Tensor 0.24 0.21 3.16 2.59

Figure 1. The observed 95% CL exclusion limits on the eμtc; of the eμtu Wilson coefficient (left)
and B(t → eμc) as a function of B(t → eμu) (right) for the vector-, scalar-, and tensor-like CLFV
interactions. The hatched bands indicate the regions containing 68% of the distribution of limits
expected under the background-only hypothesis.

5. Conclusions and Outlook

In this article, several studies on the tests of charge–parity (CP) symmetry and lepton
flavor conservation have been reviewed. ATLAS collaboration has performed a measure-
ment of a CP-violating forward-backward asymmetry in t-channel single top quark events,
where top quarks are expected to be highly polarized. This measurement is consistent
with null forward-backward asymmetry, and CP is conserved. The result has been used
to derive a constraint on the anomalous coupling under the effective operator framework.
CMS collaboration has looked for CP asymmetries with top quark pair productions in
dilepton and lepton plus jets’ final states. The CP asymmetries are tested with the CP-odd
triple-product observables, constructed using the four-momenta reconstructed from with
the final-state particles. The asymmetries of the proposed observables are measured to
be consistent with zero and then converted to the measurements of the chromoelectric
dipole moment contribution to the top quark. A search for charged-lepton flavor violation
(CLFV) has been carried out by CMS in top quark production and decay as well. Events
with oppositely charged electron–muon pairs are selected in the study, and no significant
excess over the background is observed. Limits are set on the decay branching fractions as
well as the strength of four-fermion effective operators in the framework of an effective
field theory approach.

Although none of the existing experimental searches to date shows evidence of sym-
metry breaking effects in the top sector, the studies should be still pursued. As the Standard
Model of particle physics failed to explain several important aspects of the nature, such as
baryogenesis of the universe and the origin of neutrino masses, substantial tests of these
fundamental symmetries and the conservation laws governing them are the key methods
to explore the open issues in the particle physics. As the top quark does play an important
role in the Standard Model, it is mandatory to refine the existing measurements and look for
other possibilities in the future. In particular, the upcoming high-luminosity LHC project
will provide more than a factor of twenty statistics of top quarks, compared to the currently
accumulated datasets during LHC Run-2. Precision of existing analyses can be further
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improved by one or two orders of magnitudes. More observables can be further examined
with the data produced at future LHC or with the planned high-energy e+e− colliders.
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On Extra Top Yukawa Couplings of a Second Higgs Doublet
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Abstract: A very likely New Physics in plain sight, but that the community does not see, is a second
Higgs doublet that has a second set of Yukawa couplings. The extra tt and tc couplings can each drive
baryogenesis, with O(1) Higgs quartic couplings providing a first order electroweak phase transition.
A natural cancellation mechanism can tame electron EDM, if extra ee, tt couplings “know” the known
fermion mass and mixing hierarchies. Colliding c with g produces tH/A, bH+ via extra tc coupling,
and together with extra tt coupling give ttc(bar), ttt(bar), and btb(bar) signatures at the LHC. Extra
tu coupling can also be probed, but more definitive would be the B to μν and τν decay rate ratio.
Myriad extra Yukawa couplings can make an impact on flavor physics and CP violation, including on
muon g-2. The opening to the prelude of a new physics Higgs and flavor era may unfold before us.

Keywords: second Higgs doublet; Yukawa couplings; baryogenesis; Higgs quartic couplings; phase
transition; electric dipole moment (EDM); mass and mixing hierarchy; LHC; flavor physics; CP
violation; muon g-2

1. Introduction: Historical Development of Extra Top Yukawa Couplings

Mass is central to physics, energy alone is not enough. Without mass, an electron will
not bind to a nucleus to form an atom, nor planets to its sun to form solar systems. For
elementary particles with no known structure, mass is dynamically generated by coupling
to the Higgs field. For the SU(2) gauge theory of the weak interactions of the standard
model (SM), Weinberg introduced [1] a complex Higgs doublet to spontaneously generate
the vacuum expectation value v ∼= 246 GeV, giving mass to vector bosons via the Higgs
mechanism [2–4]: 2mV = gv, with g the gauge coupling. As left-handed fermions come
in weak doublets while right-handed fermions in singlets, Weinberg introduced [1] the
Yukawa interaction Lagrangian by balancing the gauge charge of the left–right fermion
bilinear with the Higgs doublet. Thus, charged fermion mass generation is analogous to
the Higgs mechanism:

√
2m f = λ f v, with λ f the Yukawa coupling. This linear relation of

Higgs couplings vs mass was spectacularly demonstrated recently [5] by ATLAS and CMS,
from λt ∼= 1 for top, down to λμ for the muon [6] that is over a thousand times weaker!
Yukawa couplings are now measured dynamically.

With Yukawa couplings now “real”, they are also “complex”. The chiral nature of
fermions in the above discussion means that the Yukawa couplings involved in fermion
mass generation are complex. Kobayashi and Maskawa demonstrated [7] that it takes
three generations of u- and d-type quarks to yield a single CP violating (CPV) phase; all
laboratory-verified CPV effects so far [5] can be accounted for by this unique phase.

With λt ∼= 1, the strongest coupling we know, we turn to the possibility of extra top
Yukawa couplings. To explain the absence of antimatter in the Universe is one of the greatest
challenges facing particle physics, which provides the biggest motivation for exploring
extra top Yukawa couplings. The fourth generation (4G) naturally comes to mind [8], which,
besides λt′ , λb′ themselves, there are their mixings with the top quark. Indeed, around 2010
there was some hope [9] that 4G may provide enough CPV for electroweak baryogenesis
(EWBG [10]), although a sufficient first order phase transition seemed lacking. However,
except discovering [5] the expected SM-like h(125), no new physics has emerged at the
LHC, and 4G is also absent. Furthermore, h(125) production through gluon–gluon fusion
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is consistent with only the top quark in the triangle loop, rather than having t, t′, b′ all
contributing [8], which would have given an order of magnitude larger cross section.

Next would be vector-like quarks (VLQ), where left- and right-handed quarks have
the same gauge charge, but can mix with SM quarks. For example, when the top remained
unseen in the early 1990s, a left–right singlet Q was invoked [11] to hide the top via t → cH
(H here is SM Higgs boson) by t–Q mixing, i.e., extra top Yukawa couplings. It was refuted,
however, that t–Q mixing cannot generate sufficiently large c–t mixing [12], as it would still
be suppressed by mc/mQ. There is further the issue of mQ scale: be it singlet or doublet,
the gauge invariant mQ is arbitrary, making its plausibility dubious, as we have never seen
one [5]. Since the VLQ representations do not follow the SM pattern, they are seen as more
exotic than 4G. However, there were still some interest in VLQs, e.g., in the LEP2 era [13].

With h(125) discovery at the LHC, however, at the same time that it spelled the demise
of 4G [14,15], VLQ became in vogue. For example, in the context of “composite Higgs”
models [16–20], to protect the lightness of h(125), one “engineers” a cancellation of top-
loop corrections by additional VLQ loops. This bears analogy to SUSY where there are
“scalar top partners” (stop), so these VLQs are also called vector-like “top partners”. The
cancellation mechanism points mQ to the TeV scale. Before long, one had handbooks and
hunter’s guides [21,22]. However, a decade after h(125) discovery, experimental bounds
from various singlet/doublet T and B VLQ searches have reached the TeV scale, but they
still have not been seen [5]. Are VLQ top partners going the way of SUSY particles? The
pursuit certainly continues.

In this article, we comment on another type of extra top Yukawa couplings, those
that ought to be present if a second Higgs doublet (2HDM) exists [23] in Nature. Like 4G,
the existence of a second Higgs doublet is a conservative extension of SM. The “traditional”
approach, however, is to enforce the Natural Flavor Conservation (NFC) condition of
Glashow and Weinberg [24], that only one doublet can generate fermion masses, which
forbids the extra Yukawa couplings altogether by fiat! Though clearly ad hoc, the NFC
condition is usually implemented via a Z2 symmetry, hence come in two types [23]: in
Model I, both u- and d-type quarks receive mass from the same doublet; for Model II,
they receive mass from separate doublets. The latter arises automatically in SUSY, making
2HDM II the most popular. Dropping NFC, however, there is a third type, 2HDM III [25],
one that possesses extra Yukawa couplings. Such couplings were used to stress t → ch [25]
as a decay mode to watch, where h is some Higgs boson lighter than top.

So how does one address Glashow’s concern of flavor changing neutral Higgs (FCNH)
couplings? As pointed out by Cheng and Sher [26], by capitalizing on fermion mass and
especially mixing hierarchies that emerged after the NFC paper—and never predicted by
SM— Nature has spoken her mind! It was further clarified [25] that one need not assume a
specific mass-mixing “Ansatz”, as in Ref. [26], but the known mass-mixing hierarchies may
suffice to hide the effect of the second doublet. Just before the top finally emerged, it was
noted that t → ch for some light h boson could actually still hide the top below MW [27],
but Nature soon unveiled the surprisingly heavy top at Fermilab.

Fast forward to LHC, the lightness of h(125) itself indeed immediately prompted [25]
the experimental pursuit of t → ch, first done by ATLAS [28], and the clarification [29]
that, aside from the extra FCNH coupling ρtc, there is a mixing factor cos(β − α) in SUSY
notation, and later called plainly cos γ in 2HDM III. Surprisingly, the emergent “alignment”
phenomenon [30], that h so resembles the SM Higgs boson, helped clarify the situation
further: the mixing angle cγ ≡ cos γ of h with the exotic CP-even Higgs, H, is small, which
can explain the absence [5] of t → ch so far. The emerging picture is that the mass-giving
doublet Φ, to which h belongs, does not mix much with the exotic second doublet Φ′ that
is not involved in generating v. The absence so far in searches [5] for the H, pseudoscalar
A and H+ bosons from Φ′ means the Φ and Φ′ doublets are somewhat separate in mass
scale. We shall argue that one need not send the exotic Higgs bosons to multi-TeV, as in the
minds of some SUSY advocates, but they should be sub-TeV in mass for reasons [31] we
shall discuss. Such a mass range should be fully explored at the LHC in any case.
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Reflecting our times, with no new physics found, it is common to assume that the scale
Λ of beyond SM (BSM) physics is high, hence a popular approach is [32] effective field
theory (EFT), i.e., expanding in powers of 1/Λ with higher dimension operators. We do not
take this approach, however, as we do not think dimension-4 operators are exhausted yet.

Thus, this article proceeds as follows. We promote 2HDM III and call it the general
2HDM (g2HDM), where an extra Higgs doublet exists but without NFC, and let Nature
speak her design. Descending down this “Road Not Taken” by most, we present in Section 2
two sets of dimension-4 dynamical operators, namely the extra Higgs quartic couplings and
the extra Yukawa couplings. In Section 3, we assert that the extra top Yukawa couplings ρtt
and ρtc can separately drive EWBG, while the current bound on the electron electric dipole
moment (eEDM) can be satisfied with finite ρee, where intriguingly its ratio with ρtt must
reflect the ratio of λe/λt with specific phase correlation. That is, the two types of Yukawa
matrices “know” each other. For the sake of EWBG, we argue that the extra Higgs bosons
ought to be sub-TeV in mass, hence ripe for the LHC to explore. In Section 4, we recount the
main production processes at the LHC, all with ρtc as crux, but also comment on accessing
ρtu. Turning to flavor, we explore in Section 5 the special ratio of B(B → μν)/B(B → τν),
that if it is found to deviate from 0.0045 by Belle II, it not only would rule out both SM
and 2HDM II, but point to ρtu �= 0 in g2HDM, which would provide impetus for collider
study. We then generalize and make clear that the pursuit of extra Higgs bosons with extra
Yukawa couplings (not just top-related) is an experimental question, altogether involving
over 60 new parameters. A new era on Higgs and flavor could unfold before us, and we
offer the prospects and conclusions in Section 6.

This article is written in essay style, giving a narrative on the physics but avoiding
formulas as much as possible. A companion article with considerably more detail on the
new Higgs/flavor era can be found in Ref. [33].

2. Two Sets of Dimension-4 Dynamical Operators

The general 2HDM, or g2HDM, has an extra Higgs doublet that possesses extra
Yukawa couplings, i.e., without the NFC condition imposed. It thus provides two sets of
dimension-4 operators to be scrutinized at the LHC and by flavor experiments: extra Higgs
quartics, and extra Yukawa couplings. This is in contrast with the present EFT trend [32],
that there is a high scale Λ for BSM operators, or else one has particles with weaker than
SM couplings. Actually, g2HDM does involve weaker couplings, in general, but is not part
of the dark sector, with coupling strengths to be determined by experiment.

Generalizing the familiar Higgs potential of SM, V(Φ) = μ2|Φ|2 + λ|Φ|4 with μ2 < 0,
the Higgs potential of g2HDM, i.e., with no Z2 symmetry imposed, is [31,34]

V(Φ, Φ′) = μ2
11|Φ|2 + μ2

22|Φ′|2 −
(

μ2
12Φ†Φ′ + h.c.

)
+

1
2

η1|Φ|4 + 1
2

η2|Φ′|4

+ η3|Φ|2|Φ′|2 + η4|Φ†Φ′|2 +
[

1
2

η5(Φ
†Φ′)2 +

(
η6|Φ|2 + η7|Φ′|2

)
Φ†Φ′ + h.c.

]
, (1)

in notation of Ref. [31], with Φ the mass-giving doublet that is responsible for v, and Φ′
the exotic doublet with 〈Φ′〉 = 0, i.e., μ2

22 > 0. This natural separation is called the Higgs
basis [35]. With μ2

11 < 0, v is generated in the usual way, except for a slight change in
convention [31]. A second minimization condition μ2

12 = η6v2/2 eliminates μ2
12, and η6 is

the sole parameter for Φ-Φ′ mixing. Note that η6, η7 would be absent under usual Z2 to
impose NFC. Thus, g2HDM has two inertial mass parameters μ2

11 < 0 (transferred to v)
and μ2

22 > 0, plus seven quartics ηi. It is more intuitive than 2HDM I and II, where both
μ2

11, μ2
22 < 0 (transferred to v1, v2), with μ2

12 playing the dual role of inertial mass and Φ-Φ′
mixing, while η6 and η7 are absent. In SUSY, μ2

12 is now often considered at several TeV2.
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The extra Yukawa couplings for charged fermions are [34,36,37]

− 1√
2

∑
f=u,d,�

f̄i

[(− λ
f
i δij sγ + ρ

f
ij cγ

)
h +

(
λ

f
i δij cγ + ρ

f
ij sγ

)
H − i sgn(Q f ) ρ

f
ij A

]
R fj

−ūi

[
(Vρd)ij R − (ρu†V)ij L

]
dj H+ − ν̄i ρ�ij R �j H+ + h.c., (2)

in notation of Ref. [37], where i and j are summed over generations, L, R = (1 ∓ γ5)/2 are
projections, and V the Cabibbo–Kobayashi–Maskawa matrix; the lepton matrix is taken as
unity due to vanishing neutrino mass. The h–H mixing angle cγ is known to be small [30],
but the value in g2HDM would be harder to extract than 2HDM II. The smallness of cγ

means that h largely arises from Φ, while Φ′ gives exotic Higgs bosons H, A, and H+.
As stressed in the Introduction, the fermion mass hierarchies m2

1 � m2
2 � m2

3 across
generations plus m2

b � m2
t , together with the mixing hierarchy |Vub|2 � |Vcb|2 � |Vus|2 �

|Vtb|2 ∼= 1, if reflected also in the ρ
f
ij Yukawa matrices, may be Nature’s mechanism in

hiding the exotic bosons so far. None of these relations were predicted, and constitute
together the flavor enigma, with the non-flavor c2

γ � 1 thrown in as bonus. For example,
the bound on t → ch is now below 10−3, but this can be largely absorbed by c2

γ, rather than
small ρ2

tc.
Equation (1) has 8 parameters (including cγ) besides v, and Equation (2) has 9 × 3 × 2 = 54

parameters, but the latter extend from similar SM parameters, which are already plenty.
Linking to CPV in the Heavens (baryon asymmetry of the Universe) and on Earth (electron
EDM constraint), one finds profound implications, as discussed in the next section:

• CPV for EWBG calls for O(1) extra top Yukawa couplings, while first order phase
transition calls for O(1) Higgs quartics. The latter, in turn, suggests sub-TeV exotic
Higgs masses, as we shall see.

• For the electron EDM constraint, the diagonal extra electron Yukawa coupling ρee
needs to correlate with extra top Yukawa coupling ρtt that echoes the known Yukawa
coupling pattern.

3. Driving EWBG and Facing eEDM: Extra tt, tc and ee Couplings

A main reason to pursue extra Yukawa couplings is for CP violation: Kobayashi–
Maskawa phase [7] can account for all CPV measured so far on Earth, but the CPV needed
for baryogenesis is tremendously larger. As a Belle member, we keenly recall the time when
the detector was under construction, there was the sense that, even if we demonstrated the
Kobayashi–Maskawa phase, the baryon asymmetry of the Universe was far out of reach.
That agony was only uplifted when the Belle direct CPV result [38] pointed to a possible
fourth generation solution for baryogenesis [9]. However, with 4G now out of favor, as
there are no clear hints of new physics whatsoever, the extra Yukawa couplings for each
type of charged fermions in g2HDM should be kept and scrutinized experimentally.

In this vein, it was found [39] that the product

λt Im ρtt, (3)

can robustly account for EWBG: with λt � 1 measured, a best guess for |ρtt| is also O(1)
and applicable to the imaginary part, making the product—interfering Φ and Φ′—rather
transparent and more convincing than the previous 4G work [9]. Interestingly, if ρtt turns
out accidentally small, then ρtc could kick in as a back-up option. However, it would need
to be [39] close to 1 with near maximal CPV phase, hence is less robust than via ρtt, where
strength at 0.1 is more than enough. Note that ρbb has also been employed [40,41] for
EWBG, but whether the estimate of scattering off the expanding bubble wall is trustworthy
enough has been questioned [42] for such light quarks. Furthermore, the strength of ρbb,
by analogy with λb, is likely much weaker, and strongly constrained [36] by b → sγ.
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One prerequisite (of Sakharov) for EWBG [10] is a first order electroweak phase
transition, which is possible if [43] quartic couplings ηi are also O(1). It was argued [31]
that this implies H, A, and H+ are sub-TeV in mass, or else perturbation theory starts to
fail for exotic Higgs scatterings, which can be tested in principle at the LHC. Although it
is not in itself a failure, one loses control of predictions. Similarly, μ2

22/v2 should [31] also
be O(1), otherwise a large inertial mass would damp the needed scattering off the bubble
wall of our very early Universe, hence quench EWBG.

Worthy of mention [31] is the η1 coupling, the analog of λΦ4 of SM. It could be only
slightly less than 1 in strength, with O(1) η6 coupling (h–H mixing) helping to push mh
down to the observed value by level repulsion. Thus, one may discover considerably larger
hh production than SM expectation and harbinger [44] first order phase transition.

It is therefore interesting that, for the sake of EWBG, the exotic H, A, and H+ bosons
would be sub-TeV in mass, and the dimension-4 operators of Equations (1) and (2) are
just right for the LHC to probe, which we shall turn to in the next section. However,
before that, one needs to face the challenge of low energy precision measurements such as
electron EDM.

Although λt Im ρtt being O(1) can achieve the lofty goal of baryogenesis, it does
“expose” one to the current frontier of eEDM, de. The ACME experiment already pushed the
frontier in 2014 [45], so in our EWBG work, we made [39] a simplified estimate by turning
off ρee, the extra diagonal electron Yukawa coupling. The point was to make a projection
for the ACME upgrade to check. To our surprise, the ACME2018 update excluded [46]
our “prediction” altogether, and we were forced to put ρee back for a more complete study.
However, the study turned out fruitful [47]: we found a (still) simplified ansatz for a
cancellation mechanism, if Nature follows the pattern that (r depends on loop functions)

Im ρ f f

Im ρtt
= r

λ f

λt
,

Re ρ f f

Re ρtt
= −r

λ f

λt
, (4)

i.e., extra Yukawa couplings echo the known mass-mixing hierarchy pattern of SM, with partic-
ular phase correlation! Even values that are two orders of magnitude below [47] ACME2018
bound can be entertained. However, we think the current bound of ∼1 × 10−29 e cm [46]
should be scrutinized carefully, hopefully by several experiments using different ap-
proaches. A discovery at, or not far below, this bound would be exciting.

Equation (4) confirms our implicit assumption that the ρ f matrices of Equation (2)
“know” the mass and mixing hierarchies that Nature has revealed through SM Yukawa
couplings long ago. We remark that the ρtc mechanism for baryogenesis evades eEDM
constraint altogether [47], but the ρtt mechanism is more robust.

4. Crux of Production at Hadron Colliders: Extra tc Coupling

Gluon–gluon fusion production of H and A proceed via sizable ρtt, with H, A subse-
quently decaying to tt̄, tc̄ and also τμ, ττ. The tt̄ final state is of interest, interfering with
the enormous QCD production of tt̄ pairs, with associated difficulty in analysis due to
the rise-dip “signal” [48]. Experimental studies are ongoing; for example, a CMS study
with partial Run 2 data reported some global excess [49] of 1.9σ at 400 GeV, with local
excess higher. We await experimental progress. The tc̄ final state is naively simple, but
the catch is the unknown tc̄ mass resolution. For H, A decaying to lepton pairs, if one
takes ρτμ, ρττ ∼ λτ , one suffers from branching ratio suppression as tc̄, tt̄ thresholds [50]
turn on.

Thus, we advocate exotic Higgs production in association with a top or a bottom
quark, with three main production processes: a gluon excites a charm quark, which emits
H/A (H+) via basically the ρtc coupling and turn into top (bottom). At the parton level,
the processes are (we refer to Ref. [51] for a brief review):

1. cg → tH/tA → ttc̄: Same-Sign Top plus c-jet [52];
2. cg → tH/tA → ttt̄: Triple-Top [52];
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3. cg → bH+ → btb̄: Single-Top plus two b-jets [53].

4.1. Top-Associated Neutral Higgs Production

The production relies on the not well-constrained ρtc coupling. If ρtt vanishes or
mH,A < 2mt, the H, A decay only to tc̄ (tt̄c signature suffers high backgrounds). For finite
ρtt and above tt̄ threshold, the ttt̄ final state would mutually dilute ttc̄ cross-section.

Thus, top-associated H and A production lead to the two signatures of ttc̄ and ttt̄. For
the former “Same-Sign-Top plus jet” production, the hard (charm) jet provides additional
signature for discriminating against background. For the latter “Triple-Top” production,
the cross-section can be several hundred times larger [51,52] than SM expectation [54],
providing exquisite signature for detailed study at the high luminosity LHC (HL-LHC).

4.2. Bottom-Associated Charged Higgs Production

A simple but subtle extension of the above is cg → bH+ → btb̄, i.e., the H+ boson
decays to tb̄, while production is through H+ emission from c → b transition. Here lies
the subtlety: if one thinks in 2HDM II mindset, the process would be suppressed by Vcb.
However, following Equation (2) carefully and working out the Vρd or ρu†V products, one
finds [53] that the c̄bH+ vertex is not Vcb-suppressed in g2HDM, hence receives Vtb/Vcb
enhancement over 2HDM II! The c̄bH+ vertex is on equal footing with t̄bH+ vertex, which
governs H+ → tb̄ decay, that an undiluted ρtc coupling also governs cg → bH+ production
in g2HDM. Thus, not only cg → bH+ is on equal footing as tH/tA associated production,
it is favored in phase space by only requiring a light accompanying b quark instead of top.

One may think single top [5] production should provide stringent constraint. However,
once again the two hard b and b̄ jets are unusual for single top production, and discriminat-
ing against QCD-produced bb̄ should be straightforward. Our collider study of the “Single
Top plus two b-jets” signature did not spot [53] particularly worrisome backgrounds.

The tt̄tt̄ (4t) production at the LHC has a SM cross-section at 12 fb−1 level [54,55],
larger than triple-top in SM and has been pursued [5] by both ATLAS and CMS. Lacking a
similar pursuit for triple-top, we utilized [56] the 4t results to constrain ρtc–ρtt parameter
space. However, we believe a genuine effort on triple-top should be pushed as the signature
is quite different, and with possibility of discovering a much larger cross-section than 4t,
which may in turn provide extra backgrounds to some approaches of studying 4t.

4.3. Enter the tu Coupling

So far we have considered ρtt, ρtc couplings but not ρtu. This is prudent, given that
mass-mixing hierarchies imply ρtu should be considerably weaker. However, with two
u quarks per proton, one should be careful. For instance, in the latest t → ch search by
CMS [57] with h → γγ, one does incorporate single-top production off a valence u quark,
and the constraint on t → uh is indeed more stringent than on t → ch.

We have done a collider study [58] for 4t feed down to ug → tH/tA, keeping ρtu but
not ρtc. As in the t → qh study, we find stronger constraint on ρtu than for the analogous
cg → tH/tA study, but certainly not as stringent as by

√
mu/mc, as implied by Cheng–Sher

ansatz [26]. A dedicated search [58] comparing significance of positively versus negatively
charged same-sign dilepton events could be fruitful, especially at the HL-LHC. Note that
keeping both ρtu and ρtc in such a study may not be fruitful, since there is no good tool in
separating c from u jets. This brings us to the next topic: a unique probe of ρtu through the
ratio of B → μν and B → τν decay rates.
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5. Turning to Flavor: Ratio of B to Muon+Neutrino vs. Tau+Neutrino

The subtlety of cg → bH+ being enhanced by Vtb/Vcb [53] in g2HDM compared with
2HDM II was originally uncovered through the study of B → μν vs τν rate ratio. As we
noted earlier in a flavor physics and CP violation (FPCP) review [59], the ratio

B(B → μν)

B(B → τν)
=

m2
μ(m2

B − m2
μ)

m2
τ(m2

B − m2
τ)

∼= 0.0045, (5)

holds for both SM and 2HDM II, because of the m�-independent correction factor for the
latter [60] that we uncovered long ago. However, thanks to a referee remark, we stressed [59]
that the SM ratio need not hold for g2HDM because more Yukawa couplings enter, hence
provides a very interesting probe for Belle II. It turned out [61] rather interesting.

For B → �ν decay, ū annihilates the b quark, the decay constant fB accounts for the
disappearance of the meson, and the virtual H− turns into �ν̄�′ in g2HDM; this �′ index
is the first subtlety [61]. As ν�′ goes undetected, according to Equation (2), the �′ flavor
should be summed over, bringing in the extra lepton Yukawa couplings ρ��′ in g2HDM!
That is, ρμτ for B → μντ , and ρτμ for B → τνμ, besides the diagonal ρμμ, ρττ , respectively.

The quark side is even more subtle [61], for both Vρd and ρu†V in Equation (2). The
former gives ∑i ρibVui = ρbbVub + ρsbVus + ρdbVud

∼= ρbbVub, with ρsb and ρdb constrained
severely at tree level by Bs and Bd mixings. The smallness of ρbb ∼ λb and Vub suppression
means this term, the one that is operative for 2HDM II [60] by simple replacement, is
small compared with ρu†V in g2HDM. This latter sum gives ∑i ρ∗iuVib = ρ∗tuVtb + ρ∗cuVcb +
ρ∗uuVub

∼= ρ∗tuVtb, as ρcu is constrained by D0 mixing and ρuu is suppressed by mass-
mixing hierarchy, with both terms further CKM-suppressed. Since ρtu is poorly known
experimentally while receiving |Vtb/Vub| ∼ 300 enhancement (!) compared to ρbbVub, this
makes B → �ν very interesting for Belle and Belle II [61]. Let us not analyze further, but note
that B → μν can still deviate from SM expectation (but fB-dependent), while B → τν is
expected to be SM-like, which is the case observed [5], taking ratio cancels common factors,
such as fB.

The subtleties on the neutrino and/or the quark side were missed by earlier studies,
such as Refs. [62,63], but could become definitive for g2HDM in the near future. Addition-
ally, it was through clarifying the Vρd and ρu†V products that led subsequently [53] to the
cg → bH+ → btb̄ process, where production is Vtb/Vcb enhanced in amplitude compared
with 2HDM II thinking.

The current Belle result [64] for B(B → μν) = (5.3 ± 2.0 ± 0.9)× 10−7 is consistent
with SM but with errors still sizable, so this ratio can be measured in the near future when
Belle II accumulates just a factor of two or three times Belle data. If any deviation from
0.0045 is observed, it would not only be BSM, but beyond 2HDM II. We would then know
ρtu �= 0 in g2HDM, which should stimulate LHC studies. It furthermore points to finite ρτμ

(ρμτ), which can also be studied at the LHC via gg → H, A → τμ [50,65].
Put simply, Equation (5) probes the extra Yukawa coupling product ρtuρτμ in g2HDM,

receiving Vtb/Vub enhancement in amplitude and thereby provides a sophisticated probe [61]
of g2HDM through subtle H+ effects. Any deviation from the SM value of 0.0045 would
also rule against [59] 2HDM II that is automatic in SUSY.

We started with extra top Yukawa couplings because they are likely the strongest and
least constrained, and can drive [39,47] baryogenesis. However, by now it should be clear
that the issue of extra Yukawa couplings in 2HDM— if an extra scalar doublet actually
exists—is an experimental question. The NFC condition of Glashow and Weinberg [24] is
plainly ad hoc, dated, and ought to be retired, as it is best left for experiment to arbitrate.

We have barely touched upon the issue of flavor. A more detailed survey finds [66]
that μ → eγ, μN → eN conversion and τ → μγ are rather interesting via ρtt enhancement
through the two-loop mechanism [67]. Furthermore, ēμq̄q operators may turn μN → eN
into sophisticated probes of diagonal ρqq couplings by utilizing many different nuclei,
and with help from nuclear physics in evaluating nuclear matrix elements. For rare B
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decays [66], on one hand g2HDM effects quite often hide themselves and may be hard
to probe, but especially B → μν, τν as we have advocated [61], and Bs,d → μμ that are
hotly pursued at the LHC [5], these modes with SM expectations can probe g2HDM effects
through interference, and appear rather promising [66].

For the “B anomalies", the effects are so large that they cannot arise from, but can
coexist [66] with, g2HDM. As to the recently confirmed [68] muon g − 2 anomaly, it can [69]
be explained by a known [70–75] one-loop mechanism in g2HDM, if ρτμ ∼ ρμτ ∼ 20 times
larger than λτ ∼ 0.01. What was surprising was that [69] CMS gg → H, A → τμ [65]
search provided more stringent bound than τ → μγ by Belle [76]. Given the mass-mixing
hierarchy, we do not particularly favor such large ρτμ strength, but there should be no
doubt that Nature “reigns” over all things. If the one-loop mechanism is behind muon
g − 2, it would be a great boon [77] to muon physics, making the aforementioned leptonic
processes far more interesting, including perhaps [78] the observation of μEDM in the not
too distant future! We would see a renaissance of muon-related physics.

6. Prospects and Conclusions

In addition to the broadened impact on the flavor front as discussed in the previous
section, on LHC and future colliders side, our three main processes of cg → ttc̄, ttt̄ [52],
btb̄ [53] in Section 4 are only starting points. If there exists a second Higgs doublet that is sub-
TeV in mass, the myriad extra couplings promise rich phenomena for future collider studies,
which we refer to Ref. [51] for a little more discussion. For the one-loop mechanism behind
muon g − 2 in g2HDM, one could have spectacular [69] signatures, such as pp → bτμW or
btcW, with τμ or tc descending from a neutral H, A scalar, while bW does not come from
top but arises from a combination of bH+ production and H+ weak decay. Our sub-TeV
exotic Higgs masses were argued based on EWBG, but we do not yet know the actual
spectrum. Once we learn the spectrum at the LHC, the extra dimension-4 couplings of
Equations (1) and (2) should lead to very rich phenomena that await us at the LHC, and at
future colliders.

One remark we would like to make is in regards the extra ρd Yukawa matrix. The K0,
B0

d, and B0
s systems are the most sensitive probes of FPCP that we have, in particular, to

the FCNH ρds, ρdb and ρsb couplings: we could have observed spectacular “BSM” effects
in meson mixings and rare decays since long ago. The fact that all three systems behave
according to SM should have implications. It is our conjecture that Nature somehow
deactivated this sector, that the ρd matrix is close to diagonal; otherwise there would be
arbitrary tuning space with ρtt loop effects. This enhances our doubt that ρbb is behind
baryogenesis, inasmuch as it can carry a CPV phase. Perhaps it traces back to Nature’s
choice of λb � λt, where both couplings are now experimentally measured, and the
astonishing hierarchy confirmed.

With O(1) Higgs quartics, and with possibly O(1) extra top Yukawa couplings ρtc and
ρtt, together with 50 more (likely weaker) flavor parameters in the form of extra Yukawa
couplings, we may be just at the opening to the “prelude” of a new Higgs and flavor era that
could start to unfold before us. We have dubbed this prospect “the Decadal Mission” [33].

In conclusion, Nature may, or may not, have g2HDM in store for us, but we must walk
the walk to probe these sub-TeV extra Higgs bosons and carry out this “mission” towards
unveiling a possible new physics Higgs and Flavor era.

Funding: This research is funded by MOST 110-2639-M-002-002-ASP of Taiwan, and also NTU
111L104019, 111L894801.

Acknowledgments: I have enjoyed collaborative works with my able collaborators as listed in the
References. I thank Paoti Chang, Kai-Feng Chen, and Chi-Jen David Lin for helping to realize the
ASP Project.

Conflicts of Interest: The author declares no conflicts of interest.

217



Universe 2022, 8, 475

References

1. Weinberg, S. A Model of Leptons. Phys. Rev. Lett. 1967, 19, 1264. [CrossRef]
2. Higgs, P.W. Broken symmetries, massless particles and gauge fields. Phys. Lett. 1964, 12, 132. [CrossRef]
3. Brout, R.; Englert, F. Broken Symmetry and the Mass of Gauge Vector Mesons. Phys. Rev. Lett. 1964, 13, 321.
4. Higgs, P.W. Broken Symmetries and the Masses of Gauge Bosons. Phys. Rev. Lett. 1964, 13, 508. [CrossRef]
5. Zyla, P.A.; Barnett, R.M.; Beringer, J.; Dahl, O.; Dwyer, D.A.; Groom, D.E.; Lin, C.-J.; Lugovsky, K.S.; Pianori, E.; Robinson,

D.J.; et al. Review of particle physics. Prog. Theor. Exp. Phys. 2020, 2020, 083C01.
6. Sirunyan, A.M.; Tumasyan, A.; Adam, W.; Bergauer, T.; Dragicevic, M.; Erö, J.; Escalante Del Valle, A.; Frühwirth, R.; Jeitler, M.;

Krammer, N.; et al. Evidence for Higgs Boson Decay A Pair Muons. J. High Energy Phys. 2021, 1, 148. [CrossRef]
7. Kobayashi, M.; Maskawa, T. CP Violation in the Renormalizable Theory of Weak Interaction. Prog. Theor. Phys. 1973, 49, 652.

[CrossRef]
8. Holdom, B.; Hou, W.S.; Hurth, T.; Mangano, M.L.; Sultansoy, S.; Unel, G. Four Statements about the Fourth Generation. PMC

Phys. A 2009, 3, 4. [CrossRef]
9. Hou, W.S. Source of CP Violation for the Baryon Asymmetry of the Universe. Chin. J. Phys. 2009, 47, 134. [CrossRef]
10. Morrissey, D.E.; Ramsey-Musolf, M.J. Electroweak baryogenesis. New J. Phys. 2012, 14, 125003. [CrossRef]
11. Mukhopadhyaya, B.; Nandi, S. Evading the top mass bound at the Tevatron: New signals for the top. Phys. Rev. Lett. 1991, 66, 285.

[CrossRef]
12. Hou, W.S. The Top quark cannot evade the tevatron mass bound via mixing with singlet quarks. Phys. Rev. Lett. 1992, 69, 3587.

[CrossRef] [PubMed]
13. del Aguila, F.; Aguilar-Saavedra, J.A.; Miquel, R. Constraints on Top Couplings in Models with Exotic Quarks. Phys. Rev. Lett.

1999, 82, 1628. [CrossRef]
14. Djouadi, A.; Lenz, A. Sealing the fate of a fourth generation of fermions. Phys. Lett. B 2012, 715, 310. [CrossRef]
15. Eberhardt, O.; Herbert, G.; Lacker, H.; Lenz, A.; Menzel, A.; Nierste, U.; Wiebusch, M. Impact of a Higgs boson at a mass of 126

GeV on the standard model with three and four fermion generations. Phys. Rev. Lett. 2012, 109, 241802. [CrossRef] [PubMed]
16. Dugan, M.J.; Georgi, H.; Kaplan, D.B. Anatomy of a composite higgs model. Nucl. Phys. B 1985, 254, 299. [CrossRef]
17. Kaplan, D.B. Flavor at SSC energies: A new mechanism for dynamically generatedfermion masses. Nucl. Phys. B 1991, 365, 259.

[CrossRef]
18. Contino, R.; Da Rold, L.; Pomarol, A. Light custodians in natural composite Higgs models. Phys. Rev. D 2007, 75, 55014.

[CrossRef]
19. Contino, R.; Kramer, T.; Son, M.; Sundrum, R. Warped/composite phenomenology simplified. J. High Energy Phys. 2007, 5, 074.

[CrossRef]
20. Matsedonskyi, O.; Panico, G.; Wulzer, A. Light Top Partners for a Light Composite Higgs. J. High Energy Phys. 2013, 1, 164.

[CrossRef]
21. Aguilar-Saavedra, J.A.; Benbrik, R.; Heinemeyer, S.; Pérez-Victoria, M. Handbook of vectorlike quarks: Mixing and single

production. Phys. Rev. D 2013, 88, 094010. [CrossRef]
22. De Simone, A.; Matsedonskyi, O.; Rattazzi, R.; Wulzer, A. A First Top Partner Hunter’s Guide. J. High Energy Phys. 2013, 4, 004.

[CrossRef]
23. Branco, G.C.; Ferreira, P.M.; Lavoura, L.; Rebelo, M.N.; Sher, M.; Silva, J.P. Theory and phenomenology of two-Higgs-doublet

models. Phys. Rept. 2012, 516, 1. [CrossRef]
24. Glashow, S.L.; Weinberg, S. Natural Conservation Laws for Neutral Currents. Phys. Rev. D 1977, 15, 1958. [CrossRef]
25. Hou, W.S. Tree level t → ch or h → tc̄ decays. Phys. Lett. B 1992, 296, 179. [CrossRef]
26. Cheng, T.P.; Sher, M. Mass Matrix Ansatz and Flavor Nonconservation in Models with Multiple Higgs Doublets. Phys. Rev. D

1987, 35, 3484. [CrossRef]
27. Hou, W.S. Is the top quark really heavier than the W boson? Phys. Rev. Lett. 1994, 72, 3945. [CrossRef]
28. Aad, G.; Abbott, B.; Abdallah, J.; Abdel Khalek, S.; Abdinov, O.; Aben, R.; Abi, B.; Abolins, M.; AbouZeid, O.S.; Abramowicz,

H.; et al. Search Top Quark Decays t → QH H → γγ Using ATLAS Detect. J. High Energy Phys. 2014, 6, 008. [CrossRef]
29. Chen, K.F.; Hou, W.S.; Kao, C.; Kohda, M. When the Higgs meets the Top: Search for t → ch0 at the LHC Phys. Lett. B 2013,

725, 378. [CrossRef]
30. Aad, G.; Abbott, B.; Abdallah, J.; Abdinov, O.; Abeloos, B.; Aben, R.; AbouZeid, O.S.; Abraham, N.L.; Abramowicz, H.; Abreu,

H.; et al. Measurements of the Higgs boson production and decay rates and constraints on its couplings from a combined ATLAS
and CMS analysis of the LHC pp collision data at

√
s = 7 8 TeV. J. High Energy Phys. 2016, 8, 045. [CrossRef]

31. Hou, W.S.; Kikuchi, M. Approximate Alignment in Two Higgs Doublet Model with Extra Yukawa Couplings. EPL 2018, 123, 11001.
[CrossRef]

32. Pomarol, A. The SM EFT & new physics. In Proceedings of the LHCP2021, Paris, France, 7–12 June 2021.
33. Hou, W.S. Decadal Mission for the New Physics Higgs/Flavor Era. Chin. J. Phys. 2022, 77, 432–451. [CrossRef]
34. Davidson, S.; Haber, H.E. Basis-independent methods for the two-Higgs-doublet model. Phys. Rev. D 2005, 72, 035004. [CrossRef]
35. Botella, F.J.; Silva, J.P. Jarlskog-like invariants for theories with scalars and fermions. Phys. Rev. D 1995, 51, 3870. [CrossRef]
36. Altunkaynak, B.; Hou, W.S.; Kao, C.; Kohda, M.; McCoy, B. Flavor Changing Heavy Higgs Interactions at the LHC. Phys. Lett. B

2015, 751, 135. [CrossRef]

218



Universe 2022, 8, 475

37. Hou, W.S.; Modak, T. Prospects for tZH and tZh production at the LHC. Phys. Rev. D 2020, 101, 035007. [CrossRef]
38. Lin, S.W.; Unno, Y.; Hou, W.S.; Chang, P.; Adachi, I.; Aihara, H.; Akai, K.; Arinstein, K.; Aulchenko, V.; Aushev, T.; et al. Difference

in direct charge-parity violation between charged and neutral B meson decays. Nature 2008, 452, 332–335. [PubMed]
39. Fuyuto, K.; Hou, W.S.; Senaha, E. Electroweak baryogenesis driven by extra top Yukawa couplings. Phys. Lett. B 2018, 776, 402.

[CrossRef]
40. Modak, T.; Senaha, E. Electroweak baryogenesis via bottom transport. Phys. Rev. D 2019, 99, 115022. [CrossRef]
41. Modak, T.; Senaha, E. Probing Electroweak Baryogenesis induced by extra bottom Yukawa coupling via EDMs and collider

signatures. J. High Energy Phys. 2020, 11, 025. [CrossRef]
42. Cline, J.M.; Laurent, B. Electroweak baryogenesis from light fermion sources: A critical study. Phys. Rev. D 2021, 104, 083507.

[CrossRef]
43. Kanemura, S.; Okada, Y.; Senaha, E. Electroweak baryogenesis and quantum corrections to the triple Higgs boson coupling. Phys.

Lett. B 2005, 606, 361. [CrossRef]
44. Reichert, M.; Eichhorn, A.; Gies, H.; Pawlowski, J.M.; Plehn, T.; Scherer, M.M. Probing baryogenesis through the Higgs boson

self-coupling. Phys. Rev. D 2018, 97, 075008. [CrossRef]
45. Baron, J.; Campbell, W.C.; DeMille, D.; Doyle, J.M.; Gabrielse, G.; Gurevich, Y.V.; Hess, P.W.; Hutzler, N.R.; Kirilov, E.; Kozyryev,

I.; et al. Order of Magnitude Smaller Limit on the Electric Dipole Moment of the Electron. Science 2014, 343, 269.
46. Andreev, V.; Ang, D.G.; DeMille, D.; Doyle, J.M.; Gabrielse, G.; Haefner, J.; Hutzler, N.R.; Lasner, Z.; Meisenhelder, C.; O’Leary,

B.R.; et al. Improved limit on the electric dipole moment of the electron. Nature 2018, 7727, 355.
47. Fuyuto, K.; Hou, W.S.; Senaha, E. Cancellation mechanism for the electron electric dipole moment connected with the baryon

asymmetry of the Universe. Phys. Rev. D 2020, 101, 011901. [CrossRef]
48. Carena, M.; Liu, Z. Challenges and opportunities for heavy scalar searches in the tt channel at the LHC. J. High Energy Phys. 2016,

11, 159. [CrossRef]
49. Sirunyan, A.M.; Tumasyan, A.; Adam, W.; Ambrogi, F.; Bergauer, T.; Brandstetter, J.; Dragicevic, M.; Erö, J.; Escalante Del Valle,

A.; Flechl, M.; et al. Search Heavy Higgs Bosons Decaying A Top Quark Pair Proton-Proton Collisions
√

s = 13 TeV. J. High Energy
Phys. 2020, 4, 171.

50. Hou, W.S.; Jain, R.; Kao, C.; Kohda, M.; McCoy, B.; Soni, A. Flavor Changing Heavy Higgs Interactions with Leptons at Hadron
Colliders. Phys. Lett. B 2019, 795, 371. [CrossRef]

51. Hou, W.S.; Modak, T. Probing Top Changing Neutral Higgs Couplings at Colliders. Mod. Phys. Lett. A 2021, 36, 21300064.
[CrossRef]

52. Kohda, M.; Modak, T.; Hou, W.S. Searching for new scalar bosons via triple-top signature in cg → tS0 → ttt̄. Phys. Lett. B 2018,
776, 379. [CrossRef]

53. Ghosh, D.K.; Hou, W.S.; Modak, T. Sub-TeV H+ Boson Production as Probe of Extra Top Yukawa Couplings. Phys. Rev. Lett. 2020,
1256, 221801. [CrossRef] [PubMed]

54. Barger, V.; Keung, W.Y.; Yencho, B. Triple-Top Signal of New Physics at the LHC. Phys. Lett. B 2010, 687, 70. [CrossRef]
55. Frederix, R.; Pagani, D.; Zaro, M. Large NLO corrections in tt̄W± and tt̄tt̄ hadroproduction from supposedly subleading EW

contributions. J. High Energy Phys. 2018, 2, 031. [CrossRef]
56. Hou, W.S.; Kohda, M.; Modak, T. Implications of Four-Top and Top-Pair Studies on Triple-Top Production. Phys. Lett. B 2019,

798, 134953. [CrossRef]
57. CMS Collaboration. Search for flavor-changing neutral current interactions of the top quark and Higgs boson in final states with

two photons in proton-proton collisions at
√

s = 13 TeV. arXiv 2021, arXiv:2111.02219.
58. Hou, W.S.; Hsu, T.H.; Modak, T. Constraining the t → u flavor changing neutral Higgs coupling at the LHC. Phys. Rev. D 2020,

102, 055006. [CrossRef]
59. Chang, P.; Chen, K.F.; Hou, W.S. Flavor Physics and CP Violation. Prog. Part. Nucl. Phys. 2017, 97, 261. [CrossRef]
60. Hou, W.S. Enhanced charged Higgs boson effects in B− → τν̄, μν̄ and b → τν̄ + X. Phys. Rev. D 1993, 48, 2342. [CrossRef]
61. Hou, W.S.; Kohda, M.; Modak, T.; Wong, G.G. Enhanced B → μν̄ decay at tree level as probe of extra Yukawa couplings. Phys.

Lett. B 2020, 800, 135105. [CrossRef]
62. Crivellin, A.; Kokulu, A.; Greub, C. Flavor-phenomenology of two-Higgs-doublet models with generic Yukawa structure. Phys.

Rev. D 2013, 87, 094031. [CrossRef]
63. Chen, C.H.; Nomura, T. Charged Higgs boson contribution to B−

q → �ν̄ and B̄ → (P, V)�ν̄ in a generic two-Higgs doublet model.
Phys. Rev. D 2018, 98, 095007. [CrossRef]

64. Prim, M.T.; Bernlochner, F.U.; Goldenzweig, P.; Heck, M.; Adachi, I.; Adamczyk, K.; Aihara, H.; Al Said, S.; Asner, D.M.; Atmacan,
H.; et al. Search B+ → μ+ νμ B+ → μ+ N Incl. Tagging. Phys. Rev. D 2020, 101, 032007. [CrossRef]

65. Sirunyan, A.M.; Tumasyan, A.; Adam, W.; Ambrogi, F.; Bergauer, T.; Brandstetter, J.; Dragicevic, M.; Erö, J.; Escalante Del Valle,
A.; Flechl, M.; et al. Search Lepton Flavour Violating Decays A Neutral Heavy Higgs Boson μτ Eτ Proton-Proton Collisions

√
s =

13 TeV. J. High Energy Phys. 2020, 3, 103.
66. Hou, W.S.; Kumar, G. Muon Flavor Violation in Two Higgs Doublet Model with Extra Yukawa Couplings. Phys. Rev. D 2020, 102,

115017. [CrossRef]
67. Chang, D.; Hou, W.S.; Keung, W.Y. Two loop contributions of flavor changing neutral Higgs bosons to μ → eγ. Phys. Rev. D 1993,

48, 217. [CrossRef]

219



Universe 2022, 8, 475

68. Abi, B.; Albahri, T.; Al-Kilani, S.; Allspach, D.; Alonzi, L.P.; Anastasi, A.; Anisenkov, A.; Azfar, F.; Badgley, K.; Baessler, S.; et al.
Measurement of the positive muon anomalous magnetic moment to 0.46 ppm. Phys. Rev. Lett. 2021, 126, 141801. [CrossRef]

69. Hou, W.S.; Jain, R.; Kao, C.; Kumar, G.; Modak, T. Collider Prospects for Muon g − 2 in General Two Higgs Doublet Model. Phys.
Rev. D 2021, 104, 075036. [CrossRef]

70. Assamagan, K.A.; Deandrea, A.; Delsart, P.A. Search for the lepton flavor violating decay A0/H0 → τ±μ∓ at hadron colliders.
Phys. Rev. D 2003, 67, 035001. [CrossRef]

71. Davidson, S.; Grenier, G.J. Lepton flavour violating Higgs and τ → μγ. Phys. Rev. D 2010, 81, 095016. [CrossRef]
72. Omura, Y.; Senaha, E.; Tobe, K. Lepton-flavor-violating Higgs decay h → μτ and muon anomalous magnetic moment in a general

two Higgs doublet model. J. High Energy Phys. 2015, 5, 028. [CrossRef]
73. Omura, Y.; Senaha, E.; Tobe, K. τ- and μ-physics in a general two Higgs doublet model with μ − τ flavor violation. Phys. Rev. D

2016, 94, 055019. [CrossRef]
74. Iguro, S.; Tobe, K. R(D(∗)) in a general two Higgs doublet model. Nucl. Phys. B 2017, 925, 560. [CrossRef]
75. Iguro, S.; Omura, Y.; Takeuchi, M. Testing the 2HDM explanation of the muon g − 2 anomaly at the LHC. J. High Energy Phys.

2019, 11, 130. [CrossRef]
76. Uno, K.; Hayasaka, K.; Inami, K.; Adachi, I.; Aihara, H.; Asner, D.M.; Atmacan, H.; Aushev, T.; Ayad, R.; Babu, V.; et al. Search

Lepton-Flavor Tau-Lepton Decays �γ Belle. J. High Energy Phys. 2021, 10, 19.
77. Hou, W.S.; Kumar, G. Charged lepton flavor violation in light of muon g − 2. Eur. Phys. J. C 2021, 81, 1132. [CrossRef]
78. Hou, W.S.; Kumar, G.; Teunissen, S. Charged Lepton EDM with Extra Yukawa Couplings. J. High Energy Phys. 2022, 1, 092.

[CrossRef]

220



Citation: Behr, J.K.; Grohsjean, A.

Dark Matter Searches with Top

Quarks. Universe 2023, 9, 16.

https://doi.org/10.3390/

universe9010016

Academic Editors: Efe Yazgan, Pedro

Ferreira da Silva and Jinmin Yang

Received: 18 November 2022

Revised: 16 December 2022

Accepted: 20 December 2022

Published: 27 December 2022

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

universe

Review

Dark Matter Searches with Top Quarks

J. Katharina Behr *,† and Alexander Grohsjean *,†

Deutsches Elektronen-Synchrotron DESY, Notkestr. 85, 22607 Hamburg, Germany
* Correspondence: katharina.behr@desy.de (J.K.B.); alexander.grohjsean@desy.de (A.G.)
† These authors contributed equally to this work.

Abstract: Collider signatures with top quarks provide sensitive probes of dark matter (DM) produc-
tion at the Large Hadron Collider (LHC). In this article, we review the results of DM searches in
final states with top quarks conducted by the ATLAS and CMS Collaborations at the LHC, including
the most recent results on the full LHC Run 2 dataset. We highlight the complementarity of DM
searches in final states with top quarks with searches in other final states in the framework of various
simplified models of DM. A reinterpretation of a DM search with top quarks in the context of an
effective field theory description of scalar dark energy is also discussed. Finally, we give an outlook
on the potential of DM searches with top quarks in LHC Run 3, at the high-luminosity LHC, and
possible future colliders. In this context, we highlight new benchmark models that could be probed
by existing and future searches as well as those that predict still-uncovered signatures of anomalous
top-quark production and decays at the LHC.

Keywords: top quark; dark matter; WIMP; LHC

1. Introduction

The particle nature of dark matter (DM) is one of the major puzzles in modern particle
physics, despite long-standing evidence for its existence. As early as 1884, Lord Kelvin
realized that the mass of the Milky Way derived from the velocity dispersion of the stars
orbiting its center is very different from the mass of the visible stars. He considered the
majority of stars in our galaxy to be dark bodies. One hundred and forty years later,
overwhelming astronomical and cosmological evidence has been accumulated for the
existence of dark matter (DM) across different scales, ranging from the rotational velocity
of stars in ultra-faint galaxies over gravitational lensing effects to precision measurements
of the cosmic microwave background [1–5].

It is well established that 85% of the matter in our Universe consists of DM. The
dominant part of DM must be stable with a lifetime much longer than the age of the
Universe. The fact that DM was already produced in the early Universe may provide a
clue to nongravitational interactions. At the same time, the feature that DM must form
cosmological structures consistent with current observations allows setting a limit on the
strength of DM interactions with SM particles and with itself. It is clear that none of the
Standard Model particles is consistent with all of these observations.

One of the highly-motivated theory paradigms for DM is the so-called WIMP (weakly
interacting massive particle) paradigm, also known as the WIMP miracle [6]. Assuming DM
to be produced via the freeze-out mechanism, one can achieve the observed relic density
when the DM mass is close to the electroweak scale and when the DM coupling to Standard
Model particles is on the order of the weak interaction. Consequently, DM particles could
be produced and studied at the Large Hadron Collider (LHC) [7]. Alternative strategies
to search for DM include indirect detection searches, which target recoils of DM particles
from the local DM halo in sensitive underground detectors, as well as indirect detection
searches, which aim to detect the products of DM interactions, such as DM annihilation
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into SM particles, e.g., gamma rays, within the visible universe. Recent reviews of results
from direct- and indirect-detection searches can be found in Refs. [8,9], respectively.

An advantage of DM searches at colliders, besides the fact that DM would be produced
under controlled experimental conditions, lies in the fact that they could provide access
to the particles mediating the interactions between DM and the Standard Model. A DM
mediator produced in proton–proton (pp) collisions could decay to DM particles. Such
invisible decays could only be inferred via the presence of missing transverse momentum,
pmiss

T , in the detector. However, a DM mediator decaying back into SM particles (visible
decays) would provide direct access to its properties. DM searches at the LHC explore
both avenues. To detect the invisible decays of a mediator, it is mandatory to produce
the mediator in association with SM particles. In this review article, we will focus on the
associated production with top quarks and, more generally, on the role of top quarks in the
quest for DM. Best suited to study DM in top-quark channels are the two general-purpose
detectors ATLAS [10] and CMS [11]. Recent reviews of DM searches at the LHC, including
those without top quarks, can be found, e.g., in Refs. [12,13].

Discovered in 1995 at the Fermilab Tevatron collider [14,15], the top quark is the
heaviest of all known elementary particles. In the case of a DM mediator with Yukawa-like
couplings, the top quark would be ideal for discovery. Moreover, the top quark would
allow for a first characterization of the dark sector. Due to its short lifetime, the top quark
fully transmits its spin information to the decay particles. In turn, this allows inferring the
spin of the mediator for both the associated production of top quarks and DM as well as
for the decay of a mediator to a top-quark pair.

Another major unknown in the physics of our universe, besides the particle nature of
DM, is the origin of its accelerating expansion [16,17], which is usually attributed to the
presence of a yet-unknown repulsive force, referred to as dark energy (DE). If DE is a scalar
field, it may be possible to produce it at the LHC. Similar to DM, DE would escape the
detector unnoticed. DM searches with top quarks could be sensitive to DE production, as
shown in Sections 2.4 and 4.4 of this review.

This article is structured as follows. After a detailed discussion of the underlying DM
models in Section 2, we focus on the experimental signatures of DM searches involving top
quarks at LHC in Section 3. In Section 4, current highlights and results from DM searches
at LHC are summarized. We conclude with a discussion of uncovered signatures and
models, followed by an outlook on prospects for discovering DM at future colliders in
Sections 5 and 6.

2. Models with BSM Signatures Involving Top Quarks

Collider searches for DM are usually interpreted in the context of so-called simplified
models, which contain a minimal set of new particles and couplings. Most of these models
contain only a single Dirac DM particle and a single mediator particle. They are charac-
terized by a minimal set of free parameters, namely, the masses of the DM and mediator
particles and the couplings of the mediator to the SM and dark sector. Simplified models
provide a convenient framework to compare searches in different final states and among
different experiments. In the following, the simplified models used for the interpretation
of DM searches involving top quarks are described. Additionally, an effective field theory
(EFT) description of scalar DE is introduced.

2.1. Vector and Axial-Vector Mediators
2.1.1. Flavor-Conserving Interaction

A mediator with flavor-universal couplings to the SM quarks and leptons, respectively,
is predicted in a simplified model that describes a flavor-conserving interaction between
a fermionic WIMP DM particle χ and the SM fermions [18]. It is based on a simple
extension of the SM by a new U(1) gauge symmetry under which χ, as well as some of
the SM fermions, are charged, thus allowing the mediator to couple to the SM sector. The
interaction described by this gauge group is mediated by the s-channel exchange of a new,
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electrically neutral spin-1 particle Z′ with either vector or axial-vector couplings to the DM
and SM fields. It is referred to as vector mediator or axial-vector mediator in the following.

The model contains five free parameters [18]: the masses of the mediator, mZ′ , and
the DM particle, mχ, as well as the quark-flavor universal coupling gq of the mediator to
quarks, the lepton-flavor universal coupling g� of the mediator to leptons, and the coupling
gχ of the mediator to DM.

The mediator can decay either invisibly into a χχ̄ pair or visibly into a fermion–anti-
fermion f f̄ pair, as illustrated schematically by the left and right diagrams, respectively, in
Figure 1. The former process can be detected as a pmiss

T + X signature in the presence of
initial-state radiation (ISR), where X can be a gluon, photon, or vector boson, depending on
the type of ISR, while the latter process results in a resonant enhancement in the invariant
mass spectrum of the f f̄ pair.

Constraints on this model are derived in various parameter planes, including the
(mZ′ , mχ) plane for fixed couplings gq, g�, gχ [19] and as upper limits on gq as a function of
mZ′ , as shown in Section 4.1.1.

Figure 1. Schematic representation of the dominant production and decay modes of the simplified
model with an s-channel vector or axial-vector mediator Z′ [19].

2.1.2. Flavor-Changing Interaction

DM signatures with top quarks are predicted in simplified models containing a vector
mediator Z′

VFC with a flavor-changing coupling Vut to the top and up-quark. This type of
model, referred to as VFC model in the following, is motivated, for example, by scenarios
with DM in a hidden sector that only interacts with the SM sector via a flavor-changing
coupling of a Z′ boson [20,21]. The dominant production and decay modes of the VFC
model are shown in Figure 2. The mediator can be produced on-shell in association with
a single top or anti-top (left diagram) and decay either invisibly into DM or visibly into
a top and up-quark. The former decay results in a pmiss

T + t signature, often referred to
as mono-top. The latter decay yields a characteristic final state with two top quarks (tt) or
two anti-top quarks t̄t̄ (same-sign tt). This signature can be easily distinguished from the
more abundant tt̄ production via SM processes by the sign of the lepton charges in fully
leptonic decays. Similar tt/t̄t̄ final states arise from the other two diagrams in Figure 2,
which represent the t-channel exchange of the Z′

VFC mediator.
The VFC model is fully characterized by four free parameters: the mass of the mediator,

mZ′
VFC

, the mass of the DM particle, mχ, the coupling of the mediator to DM, gχ, and
the flavor-changing coupling, gut [22]. The DM mass has no significant impact on the
collider phenomenology of the VFC model, if 2mχ < mZ′

VFC
, and is fixed to a value of

1 GeV for existing collider searches [19]. Constraints on the VFC model are accordingly
derived in several parameter planes involving the remaining free parameters (or dependent
parameters): mZ′

VFC
, gut, and the invisible branching ratio BR(χχ̄) of the mediator.
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Figure 2. Schematic representation of the dominant production and decay modes of the VFC
model [19].

2.2. Scalar and Pseudoscalar Mediators

A preferred coupling of DM to top quarks is predicted in simplified models containing
a spin-0 mediator with Yukawa-like couplings to SM fermions. The mediator can be either
a scalar (φ) or pseudoscalar (a). These models can be straightforwardly embedded in
ultraviolet (UV) complete theories with extended Higgs sectors, such as two-Higgs-doublet
models (2HDMs; see also Section 2.3). Assuming Yukawa-like couplings allows this class
of models to satisfy strong constraints from flavor precision measurements. The dynamics
of flavor violation are completely determined by the structure of the ordinary fermion
Yukawa couplings, which is referred to as minimal flavor violation (MFV) [23].

The simplified models described in this section can be broadly categorized into models
with a color-neutral and a color-charged interaction. An overview of the models falling into
each category can be found in Ref. [19] and references therein. Two representative bench-
mark models used by the ATLAS and CMS collaborations are presented in the following.

2.2.1. Color-Neutral Interaction

A color-neutral interaction between an SM and a DM particle is described by a sim-
plified model with a neutral, scalar, or pseudoscalar mediator [18,24] with Yukawa-like
couplings to the SM fermions. The model has four free parameters: the mass of the DM
particle, mχ, the mass of the mediator, mφ/a, the coupling of the mediator to DM, gχ, and the
coupling of the mediator to SM fermions. The latter is parameterized by a flavor-universal
coupling constant gq ≡ gu = gd = g�, which modifies the SM-like Yukawa coupling of
the mediator to fermions [24], thus satisfying the requirements of MFV. It should be noted
that couplings to leptons are explicitly included in the model, but in practice, the related
signatures play no significant role in the parameter space accessible to collider searches [18].
Couplings to vector bosons W, Z are not included in this simplified model [24]. The Yukawa-
like couplings imply that the mediator is mostly produced via loop-induced gluon fusion
via a heavy-quark dominated loop or in association with heavy-flavor quarks, mostly top
quarks. Additionally, visible decays of the mediator preferentially result in heavy quarks.
The dominant production and decay modes of the mediator with heavy-flavor quarks in
the final state are shown in Figure 3. These are (from left to right):

• Visible decay of a mediator produced via gluon-fusion to heavy-flavor quarks, result-
ing in a resonant tt̄ or bb̄ signal.

• Associated production of a mediator that decays either visibly or invisibly with heavy-
flavor quarks, leading to a pmiss

T + tt̄/bb̄ signature in the case of invisible mediator
decay or characteristic fully visible tt̄tt̄, tt̄bb̄, bb̄bb̄ signatures.

• Associated production of an invisibly decaying mediator with a top quark and a light
(d, u, s, c) quark, leading to a pmiss

T + tj signature.
• Associated production of an invisibly decaying mediator with a top quark and a W

boson, resulting in a pmiss
T + tW signature.

Additional signatures not shown here include pmiss
T + jet and pmiss

T + V/h production.
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Figure 3. Schematic representation of the dominant production and decay modes with heavy-flavor
quarks in the final state in the simplified model with a scalar (φ) or pseudoscalar (a) mediator [19].

It should be noted that, while the Yukawa-like coupling structure implies a greater
importance of signatures involving top quarks rather than bottom quarks in the final
state, signatures involving bottom quarks are still relevant as some UV completions of this
simplified model involve a parameter modifying the relative importance of the couplings to
up- and down-type quarks. In these UV completions, signatures involving bottom quarks
can be more sensitive than signatures involving top quarks if the couplings to up-type
quarks are suppressed.

2.2.2. Color-Charged Interaction

A color-charged interaction between the SM quarks and DM is described in a class of
simplified models containing a scalar, color-triplet mediator particle. This type of simplified
models is inspired by the minimal supersymmetric standard model (MSSM) [25,26] with
first- and second-generation squarks and neutralino DM [19]. The mediator couplings to
quarks and DM in the simplified models, however, can differ from those of the MSSM,
leading to additional production diagrams.

Different models of color-charged mediators, differing by the mediator couplings to
quarks, have been probed at the LHC. These include a model with preferred couplings of
the mediator to the first and second quark generation, a model with preferred mediator
couplings to bottom quarks, and a model with preferred mediator couplings to top quarks.
Only the latter will be discussed in this review. The concrete realization of this model is
documented in Ref. [21]. It contains a new SU(2)L singlet field that couples to right-handed
quarks. The mediator corresponding to this field is produced from a down-type quark–
anti-quark pair and decays to a top quark and a DM particle, as illustrated in Figure 4. This
model can be related to the MSSM if an additional R-parity violating interaction of the top
squark with the down-type quarks is assumed [19]. The free parameters of this model are
the mass of the DM particle, mχ, the mass of the mediator, mηt , the t-DM coupling strength
of the mediator, λt, and the coupling strength of the mediator to down-type quarks, gds.

Figure 4. Schematic representation of pmiss
T + t production via a color-changing scalar mediator

ηt [19].

2.3. Extended Higgs Sectors

Extended Higgs sectors are predicted by a range of BSM theories, such as supersym-
metry [27], certain classes of axion models [28], or theories predicting additional sources
of CP violation in the Higgs sector to explain the observed baryon asymmetry in the
universe [29,30]. Extension of the SM Higgs sector by a second complex SU(2) doublet,
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referred to as two-Higgs-doublet models (2HDMs), are among the simplest and most
studied models with an extended Higgs sector, historically due to their strong motivation
from supersymmetry. In the past years, 2HDMs have also received considerable attention
from the DM community as a means of embedding the simplified, mediator-based, models
described in the previous sections in the context of a UV-complete and renormalizable
framework with a broader collider phenomenology. Models of DM based on a 2HDM
with a vector [31], pseudoscalar [32,33], and scalar [34] mediator have been proposed.
Concrete realizations of the former two have been used as benchmark models by the LHC
experiments. Models with vector mediators are not discussed in this review as final states
with top quarks do not play a dominant role in their phenomenology. Models with a
pseudoscalar mediator, on the other hand, feature a rich phenomenology involving rele-
vant signatures with top quarks due to the Yukawa-type coupling of the mediator to SM
fermions. Pseudoscalar mediators are also particularly interesting to study at the LHC as
they are not strongly constrained by direct-detection experiments because the DM–nucleon
scattering cross-section pseudoscalar couplings are strongly suppressed at tree-level by the
momentum transfer in the nonrelativistic limit [35]. A concrete realization of a 2HDM with
a pseudoscalar mediator that is used as a benchmark model by the LHC experiments is
described in Section 2.3.

2HDM with a Pseudoscalar Mediator

A 2HDM with a pseudoscalar mediator a [32], referred to as 2HDM + a in the following,
is a more complex simplified model that embeds the phenomenology of the simplified
models with a color-neutral pseudoscalar mediator (Section 2.2.1) in more complete model
with a second complex SU(2) doublet. The 2HDM in this model has a CP-conserving
potential with a softly broken Z2 symmetry [36]. Its Higgs sector contains five Higgs
bosons: two scalars, h and H, a pseudoscalar, A, and two charged Higgs bosons H±. The
alignment limit is assumed, meaning that one of the two scalars of the model is identified
with the 125 GeV Higgs boson discovered in 2012. Furthermore, the Yukawa structure
of the 2HDM is of type-II [37], meaning that couplings of the additional Higgs bosons to
top quarks are preferred over those to other fermions at low values of the ratio of the two
vacuum expectation values, tan β, one of the model parameters with the biggest impact
on the collider phenomenology of the model. The pseudoscalar mediator a mixes with the
pseudoscalar A of the 2HDM with mixing angle θ.

The phenomenology of the 2HDM + a is fully defined by 14 free parameters, making it
considerably more complex than the simplified models described in the previous sections.
These parameters are as follows: the masses mh, mH , and mA of the neutral Higgs bosons;
the masses mH± of the charged Higgs bosons; the mass ma of the mediator; the mass mχ of
the DM particle; the coupling yχ between DM and the mediator; the three quartic couplings
λP1, λP2, λ3 of the mediator to the SU(2) fields; the vacuum expectation value (VEV) v of
the electroweak sector; the ratio tan β = v2

v1
of the VEVs of the two Higgs fields; the mixing

angle α between the two scalar Higgs bosons h and H; and the mixing angle θ between the
pseudoscalar Higgs boson A and the mediator a.

The choice of the alignment limit (cos(β − α)=0) implies that mh = 125 GeV and
v = 246 GeV. The DM–mediator coupling is set to unity (yχ = 1.0) without significant
impact on the phenomenology of the model. The setting λ3 = 3 is chosen to ensure
the stability of the Higgs potential in the mass ranges of interest of the heavy Higgs
bosons [19]. Furthermore, the choice λP1 = λP2 = λ3 = 3 maximizes the trilinear couplings
between the CP-even and CP-odd neutral states [19]. Finally, the choice mA = mH = mH±
ensures compatibility of the model predictions with flavor constraints [32] and additionally
simplifies the phenomenology of the model [19].

With these constraints, the remaining 2HMD+a parameter space can be described
by the following five parameters: mA, ma, mχ, sin θ, and tan β. Representative bench-
mark scans of this parameter space have been defined by the LHC Dark Matter Working
Group [38] with the aim to highlight different aspects of the phenomenology of this bench-
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mark model and the interplay between searches targeting different signal processes across
this parameter space. Additional benchmark scans are defined in Ref. [39].

The 2HDM + a predicts a rich phenomenology with a diverse range of final states. The
dominant processes leading to final states with top quarks are shown in Figure 5, along with
the leading diagrams for the resonant production of an invisibly decaying mediator with
a Higgs or Z boson, leading to pmiss

T + h and pmiss
T + Z final states, respectively, which are

among the most sensitive probes of the 2HDM + a. A full overview of the phenomenology
of the 2HDM + a can be found in Refs. [32,38].

Figure 5. Schematic representation of relevant production and decay modes with top quarks leading
to either top quarks in the final state or pmiss

T + h/Z signatures. From left to right: resonant production
of a neutral scalar or pseudoscalar particle H/A/a decaying to tt̄ or bb̄; associated production with
bb̄ or tt̄ of a single H/A/a decaying either visibly to heavy flavor or invisibly to DM; associated
production of a top quark and a charged Higgs boson decaying to a W boson and an invisibly
decaying mediator a; resonant A/H production with subsequent decay to a Z/h boson and an
invisibly decaying mediator a [19].

2.4. EFT Model of Scalar Dark Energy

Searches for DM signatures involving top quarks provide a powerful tool to probe
models of scalar DE. The first reinterpretation of DM searches in the context of DE, which
relied on the analysis of 36 fb−1 of LHC Run 2 data [19], used an EFT implementation [40] of
the Horndeski theories [41] to describe DE production at the LHC [19]. The latter introduce
a new scalar field, φDE, corresponding to DE, that couples to gravity.

The EFT model contains two classes of operators: operators that are invariant under a
shift symmetry φDE → φDE+constant and operators that break this symmetry. The former
contain only derivative couplings of the DE field to SM fermions as direct Yukawa-type
interactions break the shift symmetry. The latter induce direct couplings of the DE field to
the SM fermions, such as Yukawa-type interactions, and are subject to tight experimental
constraints [42].

Only shift-symmetric operators of the EFT model have been considered for the DE
reinterpretation of LHC DM searches [19]. The model under consideration contains nine
such operators, O(d)

i , where d denotes the dimensionality of the operator. This leads to nine
possible terms in the Lagrangian, each suppressed by powers of a characteristic energy
scale Md−4

i , according to the operator’s dimensionality:

L = LSM +
9

∑
i=1

ciLi = LSM +
9

∑
i=1

ci

Md−4
i

O(d)
i ,

where the ci denote the Wilson coefficients.
Only the phenomenology of the two leading, i.e., least suppressed, terms has been

considered by the LHC experiments so far. These are of dimension eight and can be
expressed in terms of the conformal anomaly, Tν

ν (= mψ̄ψ for a Dirac field), and the energy-
momentum tensor of the SM Lagrangian Tμν as follows:
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L1 =
∂μφDE∂μφDE

M4
1

Tν
ν

L2 =
∂μφDE∂νφDE

M4
2

Tμν.

The coupling described by the first term, L1, is proportional to the mass of the SM
fermions to which the DE field couples, thus making collider signatures involving top
quarks a sensitive probe of DE. A schematic representation of DE production at the LHC
via this operator is shown in Figure 6. It describes the radiation of a pair of DE particles off
a final-state top quark from SM tt̄ production, leading to a pmiss

T + tt̄ signature.
The second operator, L2, involves derivatives of the SM fields and is therefore pro-

portional to their momenta. Final states involving high-momentum intermediate states, of
which a DE pair is radiated off, provide the best sensitivity to this operator. At a hadron
collider such as the LHC, the most likely high-momentum intermediate state particles
are hadronically interacting particles, such as gluons, leading to characteristic pmiss

T + jet
signatures as the smoking-gun signatures for DE production.

Constraints on the EFT model of DE have been derived using searches for both
pmiss

T + tt̄ (L1 term) and pmiss
T + jet signatures [19] (L2 term). Only the former are discussed

in this review.
It should be noted that additional signatures, such as pmiss

T + t production, are predicted
based on the sub-leading operators. The exploration of these additional signatures and
possible reinterpretations of further DM searches in the context of DE is left to future work.

Figure 6. Schematic representation of the leading process of DE production in association with a tt̄
pair in an EFT model of scalar DE via the operator L1 [19].

3. Experimental Signatures

Searches for DM in pp collisions involving single or multiple top quarks can be broadly
split into two categories: searches for large pmiss

T and searches for a DM mediator decaying
into SM particles. Both classes rely on different analysis techniques. Common to all searches
is a detailed exploration of the top-quark decay. Due to the almost diagonal structure of the
CKM matrix and, in particular, Vtb being close to one, the top quark decays almost 100% of
the time into a bottom quark and a W boson. The W boson itself decays with about 30%
probability into a charged lepton, i.e., an electron, muon, or tau, and the corresponding
neutrino, or into two quarks otherwise. Similar to DM particles, neutrinos can only be
inferred from missing transverse momentum in the detector. Events with two top quarks
or with a single top quark and a W boson are typically categorized into three orthogonal
channels based on the lepton (� = e, μ, including decays via τ leptons, i.e., τ → e,τ → μ)
multiplicity in the final state. The 0-lepton (0�) final states arise in events in which both W
bosons decay hadronically; 1-lepton (1�) final states arise in events in which one W boson
decays hadronically, the other leptonically; 2-lepton (2�) final states arise if both W bosons
decay leptonically.

When top quarks recoil against significant pmiss
T or result from the decay of a very

heavy resonance, top quarks are highly Lorentz-boosted and their decay products become
highly collimated. In the case of hadronic top-quark decays, this means that the particle
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showers from the three final-state quarks can no longer be reconstructed as three separate
small-radius (small-R) jets (resolved decay) but instead merge into a single large-radius
(large-R) jet with characteristic substructure (merged decay). Merged top-quark decays are
identified using dedicated top tagging algorithms.

3.1. Final States with Invisible Decays

3.1.1. pmiss
T + t

Searches for the production of large pmiss
T in association with a single top quark were

conducted by both the ATLAS [43] and CMS [44] collaborations.
The ATLAS Collaboration performed a pmiss

T + t search targeting merged hadronic
top-quark decays using 139 fb−1 of

√
s = 13 TeV pp collision data [43]. Events are required

to have pmiss
T >250 GeV and contain at least one large-R (anti-kt [45] R = 1.0) jet with

transverse momentum 350 < pT < 2500 GeV and mass 40 < m < 600 GeV. Additionally,
the selected jet must be identified as a top-quark candidate via a dedicated top-tagging
algorithm [46], which relies on a deep neural net (DNN) that uses jet kinematics and
substructure variables as input [46,47]. The working point for the top tagging algorithm
chosen for this analysis corresponds to a 50% top tagging efficiency.

Dedicated signal regions targeting resonant DM production via a color-charged scalar
mediator (Section 2.2.2) and nonresonant DM production via a vector mediator with a Vut
coupling (Section 2.1.2) are defined based on the output score of XGBoost classifiers [48]
that are trained on several event observables. Control regions are defined to constrain the
dominant backgrounds from tt̄ and V + jets production.

A similar search was performed by the CMS Collaboration [44]. Different from the
ATLAS analysis, the result is based on data recorded in 2016 that only correspond to
an integrated luminosity of 36 fb−1. To identify the hadronically decaying top quark,
CA15 jets were used. CA15 jets are clustered from particle flow candidates using the
Cambridge–Aachen algorithm [45] with a distance parameter of 1.5. The CA15 jets
must have a transverse momentum pT > 250 GeV, |η| < 2.4 and an invariant mass
of 110 GeV < m < 210 GeV. Furthermore, several substructure observables, such as the
N-subjettiness [49] or so-called energy-correlation functions [50,51], are combined in a
boosted decision tree (BDT) [52] to distinguish top-quark jets from the hadronization
products of single light quarks or gluons. At 50% signal efficiency, the BDT background
acceptance is 4.7%. The dominant backgrounds from tt̄ and single vector bosons (Z, W,
γ) are constrainedfrom dedicated control regions. The signal is probed in distributions of
missing transverse energy pmiss

T considering two signal regions which correspond to a BDT
output between 0.1 and 0.45 and above 0.45, respectively.

The summary plots for the benchmark model with a color-charged scalar mediator in
Section 4.2.2, which show the interplay between the pmiss

T + t and same-sign tt (Section 3.2.1)
searches, are based on an earlier search of the ATLAS Collaboration using 36 fb−1 of√

s = 13 TeV pp collision [53]. This analysis statistically combines the results from two
orthogonal channels, targeting semi-leptonic and hadronic top-quark decays, respectively.

3.1.2. pmiss
T + tW and pmiss

T + tj

Similar to the pmiss
T + t searches described in Section 3.1.1, searches for pmiss

T + tW
target events with single top quarks produced in association with large pmiss

T additionally
require the existence of a second visible object. This can be either a W boson or a hadronic
jet. The resulting signatures are referred to as pmiss

T + tW and pmiss
T + tj, respectively. It

should be noted that searches in these final states are not orthogonal to the pmiss
T + t searches

discussed in Section 3.1.1, as the latter do not veto the presence of additional visible objects
in the event, and hence implicitly include pmiss

T + tj and pmiss
T + tW signatures.

While pmiss
T + t searches are traditionally used to constrain resonant DM production

via a color-charged scalar mediator, and nonresonant DM production via a vector mediator
with a flavor-violating Vut coupling, as explained in Section 3.1.1, pmiss

T + tW searches in
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particular are used to probe the 2HDM + a (Section 2.3) and, more recently, also simplified
models with a scalar or pseudoscalar mediator (Section 2.2.1).

Simplified models with a scalar or pseudoscalar mediator predict both pmiss
T + tW

and pmiss
T + tj production, as illustrated by the two right-most diagrams in Figure 3. The

corresponding signal cross-sections are, up to mediator masses of 200 GeV, smaller than
those of the dominant pmiss

T + tt̄ production mode discussed in Section 3.1.3. Therefore,
pmiss

T + tW and pmiss
T + tj searches have not been used to constrain these simplified models

by the ATLAS Collaboration. However, with the increased sensitivity of recent searches,
single-top-associated production becomes more and more relevant, and a first search
including pmiss

T + tW and pmiss
T + tt̄ signatures was performed by the CMS Collaboration [54],

as further discussed in Section 3.1.4.
pmiss

T + tW and pmiss
T + tj production is also predicted in the 2HDM + a. Compared to

simplified models with a single (pseudo-)scalar mediator, this model contains additional
production modes, illustrated, for example, by the third diagram in Figure 5, which lead to
higher predicted signal cross-sections for pmiss

T + tW and pmiss
T + tj production. A search for

pmiss
T + tW and pmiss

T + tj signatures, optimized specifically for 2HDM + a signal processes,
was conducted by the ATLAS Collaboration [55] using 139 fb−1 of

√
s = 13 TeV pp collision

data. The search considers events with one or two leptons (e,μ), at least one b-tagged
jet, and significant pmiss

T in three orthogonal categories. Two of them target pmiss
T + tW

production in final states with one or two leptons, while the third channel targets pmiss
T + tj

production in final states with exactly one lepton. The search was extended in the context
of a preliminary analysis of the same dataset [56] to include events with highly energetic
W boson decays in final states with zero leptons or one lepton. These provide additional
sensitivity for large masses of the charged Higgs bosons. The newly added zero- and
improved one-lepton channels are statistically combined with the two-lepton channel of
Ref. [55].

3.1.3. pmiss
T + tt̄

Searches for DM or DE production in association with a tt̄ pair target final states
characterized by sizeable pmiss

T and the presence of the tt̄ decay products.
The CMS Collaboration released a search for DM in association with a tt̄ pair using

137 fb−1 of data recorded at
√

s = 13 TeV between 2016 and 2018 [57]. The analysis combines
previous searches in final states with 0 [58], 1 [59], or 2 [60] leptons. While the primary
target of the analyses is pair production of the supersymmetric partner of the top quark
(stop), a reinterpretation of the combined result in a simplified DM model with scalar
mediators is provided.

A central feature of the analysis in the 0-lepton channel is an advanced jet-tagging
algorithm identifying hadronically decaying top quarks and W bosons with low and high
Lorentz-boost. For the highly Lorentz-boosted regime, the DeepAK8 algorithm [61] is
used, whereas in the resolved regime the DeepResolved algorithm [59] is explored, to
tag top quarks in the intermediate transverse momentum range from 150 to 450 GeV.
The analysis includes a total of 183 nonoverlapping signal regions. The contribution
of each SM background process is estimated through measurements of event rates in
dedicated background control samples that are translated to predicted event counts in the
corresponding signal region with the aid of MC simulation.

The key requirements in the 1-lepton channel are exactly one lepton and pmiss
T > 250 GeV.

Moreover, the transverse mass computed from the lepton and the missing momentum is
required to be larger than 150 GeV to reduce the dominant background from SM tt̄ and W
+ jets production, for which the transverse mass has a natural cutoff at the mass of the W
boson. The SM production of dileptonic tt̄ events, where one of the leptons is lost, is the
largest remaining background. It is estimated through a set of dedicated control regions and
reduced by using the modified topness variable [59]. The 1-lepton channel also exploits the
jet tagging algorithms used in the 0-lepton channel, to identify hadronic top-quark decays.
In order to enhance the sensitivity to different signal scenarios, including the case of small
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missing transverse momentum, events are categorized into a total of 39 nonoverlapping
signal regions.

The search in the 2-lepton channel explores orthogonal signal regions based on the
flavor of the leptons and three characteristic observables: the so-called missing transverse
momentum significance [62] and two specific definitions of the stransverse mass [60,63].
The pmiss

T significance is given by the ratio of the pmiss
T over its resolution and it is particularly

powerful to suppress events where detector effects and misreconstruction of particles from
pileup interactions are the main source of missing transverse momentum. The key feature
of the stransverse mass using leptons (lepton and b-quark jets) is that it retains a kinematic
endpoint at the W-boson (top-quark) mass for SM background events from the leptonic
decays of two W bosons (top quarks). The dominant backgrounds arise from tt̄ and tt̄ + Z
production as well as single-top-quark production in the Wt channel. After a veto of the
Z-boson mass window, i.e., |m�� − mZ| > 15 GeV, Drell–Yan production represents only a
minor source of background.

A similar search using 139 fb−1 of LHC data was released by the ATLAS Collaboration
exploring the 0-lepton [64], 1-lepton [65], and 2-lepton [66] channels separately. All three
final states were combined afterwards into a single result [67]. In this context, the (0�)
channel search was further optimized through an improved selection of triggers targeting b-
jets. Searches for pmiss

T + tW (Section 3.1.2) production were not included in this combination
as their datasets are not orthogonal to those in the pmiss

T + tt̄ by construction. Including
them in a statistical combination is left to future publications. While, by now, the pmiss

T + tt̄
searches discussed above have been interpreted in simplified models with a scalar or
pseudoscalar mediator only (see Section 4.2.1), earlier searches, based on smaller datasets,
have already been used to constrain a 2HDM with a pseudoscalar mediator (Section 4.3.1)
and a model of scalar DE (Section 2.4).

3.1.4. pmiss
T + tW, pmiss

T + tj and pmiss
T + tt̄

A first result exploring topologies of single top quark and top-quark pair associated
production was released by the CMS Collaboration [54]. The analysis uses 36 fb−1 of data
recorded in 2016 at 13 TeV and combines multiple selection categories in final states with 0
or 1 lepton. In the 1-lepton channel, dominant background is suppressed using a similar
strategy as the one discussed in Section 3.1.3, while in the 0-lepton channel, dominant
background is reduced by a cut on the missing transverse energy, the ratio of the leading
jet transverse momentum over the total hadronic transverse energy in the event, and the
minimum opening angle between the missing transverse energy and the two leading jets.
To enhance the sensitivity to single top quark associated production, events are separated
according to the number of identified b-quark jets. Events with a single b-tagged jet are
further split into events with a central or forward jet. The categorization in terms of
forward jets allows a further enhancement of t/t̄+DM t-channel events. This production
mode leads to final states with one top quark and an additional jet, which tends to be in the
forward region of the detector, while the additionally produced b-quark is typically low in
transverse momentum and therefore not reconstructed. A key observation of this search
is the pmiss

T spectrum explored in a combined fit to different orthogonal signal regions.
Overall, data are found to be in good agreement with the expected SM background. Due to
the combination of single top quark and tt̄ associated production, this analysis was able to
derive the most stringent limits from LHC data on spin-0 mediators at that time.

3.2. Final States without Invisible Decays
3.2.1. Same-Sign tt

Events with a same-sign tt pair are identified via the leptonic decays of the W bosons
from the two top quarks. They are required to contain two same-sign charged leptons, at
least one b-jet, and significant pmiss

T from the two neutrinos resulting from the leptonic W
boson decays.
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A search in same-sign tt events was conducted by the ATLAS Collaboration, using
36 fb−1 of

√
s = 13 TeV data [22]. The signal region of this search is defined by requiring

the presence of two positively charged leptons (e,μ) and at least one b-jet. Additionally, the
scalar sum of the transverse momenta of all selected objects in the event, HT , is required
to be significant (HT > 750 GeV). Further requirements on the pmiss

T and the angular
separation of the two leptons are imposed. The signal region is split into three orthogonal
channels based on the lepton flavor (ee, eμ, μμ). The main backgrounds of this search are
estimated using MC simulation, while the subdominant background from fake leptons is
estimated using data-driven techniques.

3.2.2. tt̄

A search for resonant tt̄ production in the 0� channel was conducted by the ATLAS
Collaboration using 139 fb−1 of

√
s = 13 TeV data [68]. This search targets heavy vector

and axial-vector resonances (including DM mediators) with masses > 1.4 TeV, resulting in
two merged top-quark decays. Merged top-quark decays are identified using a deep neural
net (DNN)-based top tagger trained on the distributions of various characteristic jet and
jet substructure variables to distinguish top-quark from light-quark and gluon initiated
jets. SM tt̄ production constitutes the main, irreducible background to this search, followed
by strong multijet production. The background spectrum is derived from data by fitting
a smoothly falling function to the reconstructed mtt̄ distribution, similar to the approach
classically chosen in di-jet resonance searches.

A larger range of resonance masses was probed by a search for resonant tt̄ production
in the 1� channel, conducted by the ATLAS Collaboration on 36 fb−1 of

√
s = 13 TeV

data [69]. This search targets both merged and resolved hadronic top-quark decays and is
sensitive to resonance masses just above the tt̄ kinematic threshold (>2mtop). The main,
irreducible background from SM tt̄ production, as well as most other, smaller backgrounds,
are estimated using MC simulation. Data-driven corrections are applied to the MC simula-
tion of the W + jets background. The small background from strong multijet production is
estimated with a fully data-driven approach.

A first search for heavy spin-1 resonances combining final states with 0, 1, and 2 lep-
tons was performed by the CMS Collaboration using data recorded at

√
s = 13 TeV and

corresponding to a total integrated luminosity of 35.9 fb−1 [70]. The analysis utilizes recon-
struction techniques that are optimized for top quarks with high Lorentz-boosts, which
requires the use of nonisolated leptons partially overlapping with b-quark jets and jet
substructure techniques for top-quark tagging. Except for the QCD multijet background in
the 0-lepton channel, the shapes of all backgrounds are estimated from MC simulation. The
signal strength is extracted from the distributions of the reconstructed invariant mass of
the top-quark pair for the 0- and 1-lepton channels and from the sum of missing transverse
energy and the transverse momenta of all jets and leptons in the 2-lepton channel.

Interference effects between the resonant signal and background processes are not
taken into account in the searches discussed above as they are irrelevant for spin-1 and
spin-2 particles. However, this is not true for scalar and pseudoscalar resonances, such as
additional heavy Higgs bosons, which are produced from gg initial states via heavy quark
loops. The process gg → A/H → tt̄ interferes strongly with the irreducible background
from SM tt̄ production, which is dominated by gg → tt̄. Interference effects significantly
distort the resonance lineshape from a Breit–Wigner peak to a characteristic peak-dip
or even more complicated structures. The treatment of these effects is nontrivial and
requires dedicated analysis methods, in particular in the statistical analysis. Searches
for heavy scalars and pseudoscalars were conducted by both the ATLAS [71] and CMS
collaborations [72] in the 1� and 1�+ 2� channels, respectively. These searches are sensitive
to the production of scalar and pseudoscalar DM mediators; however, due to the strong
model-dependence of the interference patterns, no dedicated interpretation of these results
in the context of DM models exists to date. An approximate reinterpretation of the results
in Ref. [71] in the context of the 2HDM + a (Section 2.3) can be found in Ref. [32].
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3.2.3. tt̄tt̄

Final states with four top quarks (tt̄tt̄) can arise from nonresonant processes predicted
in the SM but are also predicted in BSM models allowing for the associated production
of a heavy BSM resonance, which subsequently decays to tt̄, with a tt̄ pair. Four-top final
states are particularly relevant in searches for heavy scalars and pseudoscalars, as the
signal-background interference is negligible for associated production with tt̄ compared to
loop-induced production from gg initial states (Section 3.2.2). It should be noted, though,
that the production cross-section for associated production is significantly lower than for
loop-induced production.

Four-top final states are characterized by a high object multiplicity. Orthogonal signal
regions can be defined based on the multiplicity of leptons (e, μ) in the final state, which
corresponds to the number of top quarks with a leptonically decaying W boson.

The ATLAS Collaboration recently found evidence (4.3σ observed, 2.4σ expected sig-
nificance) for four-top-quark production in a search focusing on the multilepton final state
conducted on 139 fb−1 of

√
s = 13 TeV pp collision data [73]. The result is consistent with

the SM prediction for four-top production within 1.7σ. A subsequent dedicated search for
BSM four-top production on the same dataset specifically targets tt̄-associated production
of heavy scalar or pseudoscalar Higgs bosons A/H decaying to tt̄ (tt̄ A/H → tt̄tt̄) [74]. It
is based on and extends the analysis strategy of Ref. [73] to increase the sensitivity to A/H
production. In both the SM and BSM searches, events are required to contain either a same-
sign lepton pair or at least three leptons. A multivariate discriminant based on a boosted
decision tree (BDT) is used to separate between SM four-top production and other back-
ground processes, using event-level information such as jet and b-jet multiplicity as well as
additional kinematic variables. The BSM search relies on a second BDT to subsequently dis-
tinguish between BSM and SM four-top production. This second BDT is parameterized as
a function of the mass of the heavy Higgs boson by introducing the mass as a labeled input
in the training [75]. The main, irreducible backgrounds arise from associated production of
a tt̄ pair with a boson and additional jets (tt̄ + W + jets, tt̄ + Z + jets, tt̄ + h + jets). They are
estimated using MC simulations with additional data-driven corrections applied in the case
of tt̄ + W + jets production. Smaller, reducible backgrounds arise mostly from tt̄ + jets and
tW + jets production with misidentified charge or fake/nonprompt leptons. These smaller
backgrounds are estimated from data using dedicated control regions. No significant excess
of events over the SM prediction is observed in the BSM four-top search and the results are
interpreted in the context of a type-II 2HDM. No dedicated interpretation in the context
of DM models has been performed. The constraints on the type-II 2HDM with mA = mH ,
however, indicate that this search can improve upon the current four-top constraints on the
2HDM + a parameter space included in the latest 2HDM + a summary plots of Ref. [76]
(Section 4.3.1), which are based on a search in the single-lepton channel using 36 fb−1 of√

s = 13 TeV data [77].
The CMS Collaboration reported an observed (expected) significance for tt̄tt̄ of 2.6σ

(2.7σ) in the multilepton channel using 137 fb−1 of
√

s = 13 TeV pp collision data [78]. The
search relies on a new multivariate classifier to maximize the sensitivity to the SM tt̄tt̄
signal. As in the equivalent ATLAS search, the main backgrounds from tt̄ + boson + jets
production are estimated using MC simulations. Data-driven corrections are applied in
the cases of tt̄ + W + jets and tt̄ + Z + jets production. Backgrounds arising from charge
misidentification or fake/nonprompt leptons are estimated from data. This result has
been used to constrain scalar and pseudoscalar production in 2HDMs as well as in the
simplified DM model with a scalar or pseudoscalar mediator (Section 2.2.1). No dedicated
interpretation for the 2HDM + a is available, although the constraints on type-II 2HDMs
suggest that the search will also constrain the 2HDM + a parameter space.

The searches described above have been optimized for nonresonant tt̄tt̄ production
and/or production of heavy scalar or pseudoscalar resonances, including resonance masses
below 1 TeV. An additional search targeting top-philic vector and axial-vector (Z′) reso-
nances with masses > 1 TeV was conducted by the ATLAS Collaboration. The preliminary

233



Universe 2023, 9, 16

result relies on 139 fb−1 of
√

s = 13 TeV data [79]. Unlike other searches in the tt̄tt̄ final
state, this search was designed to reconstruct the BSM resonance explicitly from a pair of
reclustered jets identified as merged top quarks. The results can, in principle, be used to
constrain purely top-philic vector or axial-vector mediators to which classic tt̄ resonance
searches, which assume Z′ production from light-quark or gluon initial states (Section 3.2.2),
may not be sensitive. A dedicated interpretation of this search in the context of DM models
is left to future work.

3.2.4. tbH±(tb)
Final states with two top and two bottom quarks are sensitive to the associated

production of a charged Higgs boson H± with a top and a bottom quark (tb) and its
subsequent decay to tb.

The ATLAS Collaboration published a search for tbH±(tb) production using 139 fb−1

of
√

s = 13 TeV data [80]. It targets charged Higgs boson masses in the range 0.2–2.0 TeV.
Events are required to contain exactly one electron or muon to suppress the large back-
grounds from strong multi(-b)-jet production. The selected events are further classified
according to the number of reconstructed jets and the number of b-jets among them. A
neural network is used to enhance the separation between signal and background. The
dominant background for this search is composed of tt̄ jets events as well as single-top
production in the Wt channel [81]. The backgrounds are modeled using MC simulations
with additional data-driven corrections derived in a dedicated control region.

A search for charged Higgs bosons decaying into a top and a bottom quark in the
0-lepton final state was performed by the CMS Collaboration using proton–proton collision
at

√
s = 13 TeV from 2016 [82]. Two different scenarios were studied: the associated

production with a top and bottom quark and the s-channel production of a charged Higgs.
The results were combined with a search in final states with one or two leptons [83]. For
production in association with a top quark, upper limits at the 95% confidence level on
the charged Higgs production cross-section and branching fraction of 9.25 to 0.005 pb
were obtained for charged Higgs masses in the range of 0.2 to 3 TeV. While there is no
DM interpretation of the result by the CMS Collaboration, the result from ATLAS was
interpreted in a 2HDM + a scenario, as further detailed in Section 4.3.1.

4. Results

4.1. Vector and Axial-Vector Mediators
4.1.1. Flavor-Conserving Interaction

Strong constraints on visible decays of the axial-vector (Figure 7) or vector (Figure 8)
mediator mZ′ are obtained from a variety of resonance and related searches that probe
mediator masses in the range between 50 GeV [84] and 5000 GeV [76].

The latest constraints on axial-vector mediators released by the ATLAS Collaboration
and based on data from pp collisions at

√
s = 13 TeV are shown in Figure 7. The coupling

of the mediator to leptons is set to zero (g� = 0), while the coupling to DM is set to unity
(gχ = 1.0) and the DM mass is taken to be 10 TeV to kinematically suppress invisible
mediator decays and highlight the interplay of constraints on visible mediator decays.

In the high mediator mass range, the main sensitivity comes from two searches for
di-jet resonances, referred to as di-jet and di-jet angular. The former aims to identify local
resonant enhancements in the di-jet invariant mass spectrum and targets narrow mediator
widths. The latter, for which no results on the full LHC Run 2 dataset are available, relies
on the di-jet angular separation to identify broader mediator widths that cannot be probed
by the search in the invariant mass spectrum. Neither of the searches imposes quark-flavor
specific selection requirements, and hence are sensitive to all possible hadronic decays of
the mediator.
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Figure 7. Upper limits at 95% CL on the coupling gq of the mediator to quarks in a simplified model
with a vector or axial-vector mediator obtained from different types of resonance searches using data
from pp collisions at

√
s = 13 TeV. The DM mass is mχ = 10 TeV and its coupling to the mediator is

gχ = 1 [76].

Figure 8. 95% CL observed and expected exclusion regions on vector mediators in the DM–mediator
mass plane from searches with visible and invisible final states released by the CMS Collaboration [84].
Exclusions are computed for a leptophobic scenario with gl = 0, a universal quark coupling of
gq = 0.25, and a DM coupling of gDM = 1.0.

Searches for tt̄ resonances, which rely on top-quark identification algorithms to specif-
ically identify the decays of the mediator to top quarks, have a slightly lower expected
sensitivity to the coupling gq than di-jet searches, although the observed limit is stronger
than that from the di-jet search in some small regions of the mediator mass where the di-jet
observed limit fluctuates upward. The use of top-quark identification allows for a stronger
suppression of SM backgrounds compared to di-jet and also di-b-jet searches, in particular
the background from strong multijet production. This effect partially compensates the
disadvantage of probing only roughly 1

6 of the hadronic mediator decays.
In Figure 8, constraints on vector mediators in the plane of the DM and the mediator

mass from the CMS Collaboration [84] are shown. Different from Figure 7, results from
visible and invisible decays are summarized. While searches with invisible final states
are only possible when the mediator mass is about twice the DM mass, the sensitivity of
searches for visible decays only depends on the DM mass through the width of the mediator.
When the decay channel to DM particles opens up, the width of the mediator increases and
resonant searches become less sensitive. The best sensitivity to vector mediators from pmiss

T
searches is provided by DM searches with initial state radiation either from a gluon/quark
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jet or from the hadronic decay of a vector boson [85]. Searches with visible final states
achieve best sensitivity down to 50 GeV when looking for a large radius jet that recoils
against the mediator [86]. At high mass, the strongest constraints are obtained from di-jet
searches [87]. The searches discussed in Section 3.2.2 probing vector mediators decaying
into tt̄ are not shown, as no dedicated interpretation of these results were performed in
models of DM by the CMS Collaboration. However, the interpretation of the searches in
generic vector particle models show comparable sensitivity between the results released by
the ATLAS and CMS collaborations.

The collider constraints on simplified models with a vector or axial-vector mediator
can be translated into limits on the spin-dependent DM–proton or DM–neutron and spin-
independent DM–nucleon scattering cross-sections as a function of the DM mass to allow
for a comparison with results from direct-detection experiments [88]. It should be noted that
such a sensitivity comparison is highly dependent on the choice of model parameters, such
as the mediator coupling type, as illustrated in the following. In Figure 9, constraints on the
spin-independent DM–nucleon scattering cross-section (left) and the spin-dependent DM–
neutron scattering cross-section (right) are shown for the case of a vector mediator and an
axial-vector mediator, respectively. In the former case, the sensitivity from direct-detection
experiments supersedes that from collider searches by several orders of magnitude for
DM masses above 10 GeV. For smaller DM masses, collider experiments dominate the
sensitivity as the sensitivity of direct-detection experiments is limited by the very low
energy recoils that such low-mass DM particles would induce. In the case of an axial-vector
mediator, collider experiments dominate the sensitivity across the studied DM mass range.
A detailed discussion of the interplay between collider and direct-detection experiments in
simplified models with a vector or axial-vector mediator can be found in Ref. [19].

Figure 9. Upper limits on the spin-independent DM–nucleon scattering cross-section (left) and spin-
dependent limits on the DM–neutron scattering cross-section (rigth) as a function of the DM mass,
obtained from searches with the ATLAS detector as well as relevant direct-detection experiments,
are summarized [76]. The limits for the spin-independent (spin-dependent) case are derived for the
hypothesis of a leptophobic (gl = 0) vector (axial-vector) mediator with a universal quark coupling of
gq = 0.25 and a DM coupling of gDM = 1.0. The ATLAS limits are at 95% CL while the direct-detection
results are at 90% CL.

4.1.2. Flavor-Changing Interaction

The strongest constraints on the VFC model are obtained from searches targeting
same-sign tt and pmiss

T + t production on 36 fb−1 of pp collision data [19]. Results for two
representative parameter planes are shown in Figure 10.

The left plot of Figure 10 shows a scan in the mediator mass versus the flavor-changing
coupling gut while fixing the remaining two parameters at mχ = 1 GeV and gχ = 1. The
pmiss

T + t search provides stronger constraints on gut at lower mediator masses, excluding
gut down to 0.07 at 1 TeV, while the same-sign tt search is more sensitive for mediator
masses > 1.6 TeV, still excluding gut > 0.3 at 3 TeV. Mediator masses below 1 TeV were
probed by the CMS Collaboration at

√
s = 13 TeV and are shown in Figure 11. The pmiss

T + t
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search discussed in Section 3.1.1 is able to exclude couplings as low as 0.03 for mediator
masses of 200 GeV.

The right plot of Figure 10 shows a scan in the invisible branching ratio of the mediator
BR(χχ) and the coupling gut. The constraints derived from the same-sign tt search exhibit
only a weak dependence on BR(χχ) due to the fact that the sensitivity of this process
is dominated by the t-channel exchange of the mediator (middle and right diagrams in
Figure 2). This process is only indirectly sensitive to gχ through the total width of the
mediator in the t-channel exchange. The same-sign tt analysis, hence, dominates the
sensitivity at low values of gχ (and, hence, low values of BR(χχ)), while the pmiss

T + t
analysis dominates the sensitivity at large values of BR(χχ), excluding gut down to almost
0.06 at BR(χχ) = 1.

Figure 10. Regions in the (mZ′
VFC

,gut) (left) and the (BR(χχ),gut) plane (right) of the VFC model
excluded at 95% CL by searches in the same-sign tt̄ and pmiss

T + t final states [19].

Figure 11. Exclusion limits for the VFC model in the two-dimensional plane spanned by the mediator
mass and the coupling between the mediator and quarks released by the CMS Collaboration [44].
The observed exclusion range is shown as a yellow solid line, while the yellow dashed lines show
the cases in which the predicted cross-section is shifted by the assigned theoretical uncertainty. The
expected exclusion range is indicated by a black solid line, and the experimental uncertainties are
shown in black dashed lines.

4.2. Scalar and Pseudoscalar Mediators
4.2.1. Color-Neutral Interaction

Simplified models with a color-neutral scalar or pseudoscalar mediator were con-
strained by searches targeting invisible mediator decays at the ATLAS and CMS exper-
iments using data from pp collisions at

√
s = 13 TeV. The most recent constraints from

the CMS Collaboration based on pmiss
T + tt̄ events are shown in Figure 12, while Figure 13

shows the most recent summary from the ATLAS Collaboration.
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Figure 12. Expected (dashed line) and observed (solid line) upper limits at the 95% CL on the ratio of
the excluded and predicted cross-section at leading-order for a DM particle with a mass of 1 GeV as a
function of the mediator mass for a scalar (left) and pseudoscalar (right) mediator [57]. The green
and yellow bands represent the regions containing 68 and 95%, respectively, of the distribution of
limits expected under the background-only hypothesis. The mediator couplings are set to 1.

Figure 13. Upper limits at 95% CL on the production of a scalar φ (left) and pseudoscalar a (right)
mediator as a function of the mediator mass [76]. The limits are expressed in terms of the ratio of the
excluded cross-section and the cross-section calculated for a coupling assumption of g = gq = gχ =

1.0. The latter was calculated at NLO for the pmiss
T + tt̄ signatures and at LO for the pmiss

T + tW/tj and
pmiss

T + j signatures.

Up to now, only tt̄-associated DM production has been probed by the CMS Collabo-
ration using the full Run II dataset of 137 fb−1 [57]. The interpretation of this analysis in
simplified models of scalar and pseudoscalar mediators is shown in Figure 12. Assuming a
mediator coupling of 1 to DM and SM particles, masses up to 400 GeV and 420 GeV can
be excluded for scalar and pseudoscalar mediators, respectively. While the sensitivities
of the 0- and 1-lepton channels are comparable, the sensitivity of the 2-lepton channel is
significantly weaker. The sensitivity of this channel can be further enhanced by exploring
information sensitive to the spin of the mediator, which was not performed here. The
exclusion limits for pseudoscalar mediators can be further extended up to 470 GeV by
pmiss

T + jet searches [85].
The results shown in Figure 13 are obtained from analyses targeting pmiss

T + tt̄,
pmiss

T + tW, pmiss
T + tj, pmiss

T + bb̄, and pmiss
T + jet production using the full ATLAS Run

2 dataset of 139 fb−1 [76]. The sensitivity across most of the mediator mass region is
dominated by a statistical combination of three searches for pmiss

T + tt̄ production in the
0-, 1-, and 2-lepton channels (Section 3.1.3). In the scenario with a scalar mediator, the
statistical combination of the pmiss

T + tt̄ searches provides the strongest constraints across
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the probed mediator mass range, while for the pseudoscalar case, the dominant constraints
for mφ/a > 300 GeV are obtained from pmiss

T + jet searches. Searches targeting the pmiss
T + bb̄

signature provide significantly weaker constraints on this model. However, as explained in
Section 2.2.1, in UV completions of the simplified model, the couplings to up-type quarks
can be suppressed compared to those to down-type quarks, making pmiss

T + bb̄ searches
a relevant complement to pmiss

T + tt̄ searches. Searches targeting DM production with a
single top quark (pmiss

T + tj and pmiss
T + tW; see Section 2.2.1) have a similar sensitivity to

the individual searches for pmiss
T + tt̄ production. They were not included in the statis-

tical combination as they are not orthogonal to the searches in the pmiss
T + tt̄ final states

by construction.
If mφ/a > 2 · mt, searches targeting visible mediator decays to top quarks are also

sensitive to the production of scalar or pseudoscalar mediators. Two different modes can
contribute: gluon-induced mediator production and production of a mediator in association
with tt̄. Searches targeting both modes were performed, as discussed in Sections 3.2.2
and 3.2.3, respectively. However, only the results of a search for four-top production
conducted by the CMS Collaboration were interpreted in the context of simplified models
with a scalar or pseudoscalar mediator. The results are shown in Figure 14 as upper limits
on the cross-section of associated production of the mediator with top quarks times the
branching ratio of the mediator decay to tt̄. Masses between 350 GeV and 450 (510) GeV for
a scalar (pseudoscalar) mediator are excluded.

Figure 14. Upper limits at 95% CL on the production of a scalar ((left), called H here instead of
φ) and pseudoscalar ((right), called A here instead of a) mediator as a function of the mediator
mass [76]. The limits are expressed in terms of an upper limit on the production cross-section times
the branching ratio of the mediator to tt̄ and compared to the cross-section calculated at LO for a
coupling assumption of g = gq = gχ = 1.0 (here denoted as gSM = gDM = 1.0).

It should be noted that the reinterpretation of the results from searches targeting gluon-
induced mediator production is significantly more involved than for the case of associated
production due to the presence of strong signal-background interference (Section 3.2.2).
The resulting interference patterns are highly model-dependent which means that a reinter-
pretation in the context of a different model requires the generation of the model-specific
interference pattern and a subsequent rerunning of the full profile likelihood fit for these
model-specific interference patterns.

4.2.2. Color-Charged Interaction

Models in which the color-charged mediator decays to a top quark and a DM particle
are constrained by the searches in pmiss

T + t final states discussed in Section 3.1.1. Mediator
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masses up to 5 TeV can be excluded by the ATLAS Collaboration for coupling strength
values λt = 0.4 and gds = 0.6, assuming a DM mass mχ = 10 GeV [43].

Results with a mixed scalar and pseudoscalar coupling to both SM quarks, as well as
DM and top quarks, are provided by CMS Collaboration [44]. Assuming a coupling of 0.1
to SM quarks and of 0.2 to DM and top quarks, mediators with masses up to 3.3 TeV can be
excluded for a dark matter mass of 100 GeV.

4.3. Extended Higgs Sectors
4.3.1. 2HDM with a Pseudoscalar Mediator

Constraints on the 2HDM + a are derived from a variety of searches targeting different
production and decay modes of the mediator and the additional Higgs bosons. The most
comprehensive summary of constraints was released by the ATLAS Collaboration [76].
These summary plots are based on results obtained on the partial or full Run 2 datasets.
Not all of the latest searches on the full Run 2 dataset were reinterpreted in the context of
the 2HDM + a. Updated summary plots will be released in the near future.

The constraints are evaluated as a function of the free parameters of the model de-
scribed in Section 2.3. Two representative parameter scans in the (ma,mA) and the (ma,tan β)
plane highlighting the interplay of signatures involving top quarks with other types of
signatures are shown in Figure 15. The constraints for other benchmark scans can be found
in Ref. [76].

The sensitivity in the (ma,mA) plane for tan β = 1, sin θ = 0.35, and mA = mH = mH±
is largely dominated by searches targeting the production of an invisibly decaying mediator
with a Higgs or Z boson, leading to pmiss

T + h and pmiss
T + Z signatures, directly. These

processes are dominated by diagrams involving the resonant production of a neutral Higgs
bosons H or A that decays to ah or aZ, respectively. The sensitivity from searches for
pmiss

T + tW production, which can also proceed resonantly via a charged Higgs boson
(Section 2.3), is subdominant in this parameter region.

Constraints that are largely complementary to those from pmiss
T + X searches are

obtained from a search targeting resonant-associated production of a charged Higgs boson
H± with a top–bottom-quark pair (tbH±) with subsequent decay to a top–bottom-quark
pair tb. These constraints exhibit only a weak dependence on the mediator mass ma as
this signature does not involve production of a mediator at leading order, and is, hence,
only indirectly dependent on the mediator mass via its effect on the branching ratio to tb
compared to those for other decays, such as H± → aW±, AW±, HW±.

Searches targeting resonant production of the neutral Higgs bosons A/H, either via
gluon fusion or tt̄-associated production, and their decay to tt̄, leading to tt̄ and tt̄tt̄ final
states, respectively, are expected to also provide complementary constraints to those from
pmiss

T + X searches in this parameter region, given that the choice tan β = 1 favors the
coupling of those Higgs bosons to top quarks. No constraints from A/H(tt̄) have been
derived for the 2HDM + a yet due to the presence of strong, model-dependent interference
effects that make a straightforward reinterpretation of these searches in the context of other
benchmark models difficult, as explained in Section 4.2.1. A search targeting tt̄A/H(tt̄)
production was used to constrain the 2HDM + a parameter space (see below). It is based
on 36 fb−1 of LHC Run 2 data and not sensitive at tan β = 1, as shown in Figure 15 (right
plot). The results of a search for tt̄A/H(tt̄) production in multilepton final states using
139 fb−1 of LHC Run 2 data indicate that A/H masses up to 700 GeV could be excluded in
the 2HDM + a for the parameter region with tan β under consideration here [74].
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Figure 15. Regions in the 2HDM + a parameter space excluded at 95% CL by several individual
searches targeting different signatures and a statistical combination of pmiss

T +Z(��) and pmiss
T +h(bb̄)

searches. The results are shown in the (ma,mA) plane (left) and the (ma,tan β) plane (right). In
the former case, tan β = 1, while in the latter case, mA = 600 GeV. In both cases, the conditions
sin θ = 0.35 and mA = mH = mH± are imposed. All results are based on either the full 139 fb1 of pp
collision data at

√
s = 13 TeV or a subset of that dataset amounting to 36 fb1 [76].

In the (ma,tan β) plane with mA = mH = mH± = 600 GeV (right plot in Figure 15),
the sensitivity is again dominated by the statistical combination of the pmiss

T +h(bt̄) and
pmiss

T +Z(��) searches and the search for tbH±(tb) production, which provide complemen-
tary constraints in this region of parameter space. Low values of tan β are fully excluded
by the search for charged Higgs bosons decaying to tb. The constraints from the search
targeting tt̄tt̄ production on 36 fb−1 of LHC Run 2 data are also shown. While they are
notably weaker than the constraints from the charged-Higgs-boson search, which relies
on the full Run 2 dataset amounting to 139−1, the results from the search for tt̄A/H(tt̄) on
139 fb−1 of LHC Run 2 data [74] (Section 3.2.3) indicate that this final state may provide
a comparable exclusion power to the charged-Higgs-boson search if reinterpreted in the
context of this model.

Searches for pmiss
T + tt̄ production, which dominate the sensitivity to the simplified

model with a color-neutral scalar or pseudoscalar mediator (Section 4.2.1), only weakly
constrain the benchmark scenarios [38,39] probed at the LHC. It should, however, be noted
that the pmiss

T + tt̄ constraints shown in Figure 15 are based on only 36 fb−1 of LHC Run 2
data and the sensitivity is mainly limited by low event rates. Hence, significantly stronger
constraints are expected from a reinterpretation of searches using the full 139 fb−1 of LHC
Run 2 data [67]. The sensitivity of the pmiss

T + tt̄ final state is expected to become comparable
to that of searches in the pmiss

T + h and pmiss
T + Z final states for an integrated luminosity

of 300 fb−1, expected to be available after the end of LHC Run 3 (2022–2025) [32]. In this
context, it should be noted that the cross-section for pmiss

T + tt̄ production is suppressed by
sin θ2, making this process more sensitive for large values of sin θ [32]. Furthermore, for
ma > 2 · mt, visible mediator decays to tt̄ are possible, reducing the invisible branching
ratio a → χχ and, hence, the sensitivity of the pmiss

T + tt̄ searches [32].

4.4. Scalar DE EFT Model

Searches in the pmiss
T + tt̄ final state were used to constrain the L1 operator in the EFT

model of scalar DE (Section 2.4). Results from three independent analyses, each targeting a
different tt̄ decay mode (0-, 1-, 2-lepton channels), were used. No statistical combination
was performed. Instead, the constraint from the analysis yielding the smallest CLs value
for a given signal hypothesis was reinterpreted in the EFT model of DE. The strongest
constraints arise from searches in the 0- and 1-lepton channels, with both contributing
roughly equally.

The constraints are derived as a function of the effective coupling g∗ associated with
the UV completion of the EFT model and the effective mass scale M1. It is assumed that the
EFT is valid for momentum transfers Qtr < g∗M [19]. For events failing this requirement,
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a conservative approach to correct the final limits based on the fraction of valid events,
referred to as iterative rescaling [18], is applied.

The regions excluded at 95% CL are shown in Figure 16. Mass scales < 200 GeV
are excluded for g∗ > π2. The sensitivity of the pmiss

T + tt̄ signature to softer effective
couplings g∗ is limited by the EFT criterion as tt̄-pair production typically involves large
momentum transfers.

Figure 16. Regions in the plane of the effective coupling g∗ associated with the UV completion of the
EFT model and the effective mass scale M1 for the L∞ operator excluded at 95% CL by searches in
the pmiss

T + tt̄ final state [19].

5. Discussion

A variety of searches targeting top-quark production in association with DM or via
visible decays of mediator particles were conducted by the ATLAS and CMS collaborations.
No significant deviation from the SM prediction was observed; therefore, the results were
used to constrain DM in a variety of simplified models as well as scalar DE described in an
EFT model. Signatures involving top quarks often provide sensitivity in parameter regions
not covered by other DM searches, underlining their importance as sensitive probes of DM
at colliders. They provide a particularly relevant probe of models involving new particles
with Yukawa-like interactions, which imply preferred couplings to top quarks.

It should be noted that many of the results and summary plots presented in this review
are preliminary, as various searches on the full LHC Run 2 collision data are still ongoing.
Furthermore, not all of the existing results have been interpreted in relevant benchmark
models. Further results of DM searches with top quarks are expected to be released by both
collaborations in the near future.

6. Outlook

6.1. LHC Run 3

The nonobservation of WIMP DM at the LHC and various direct-detection experiments
to date has prompted the particle physics community to place a stronger focus on models
and searches for non-WIMP DM as well as uncovered DM signatures at the LHC that can
be probed during LHC Run 3 (2022–2025) and/or via reinterpretations of existing searches
on LHC Run 2 data [89–91]. A few notable examples involving signatures with top quarks
are given in the following.

6.1.1. ALPs

Axions and axion-like particles (ALPs) [92,93] have received increasing attention in
recent years. A novel strategy to search for ALPs and, more generally, pseudo-Nambu–
Goldstone bosons (pNGB) at the LHC was proposed in Ref. [94], focusing on nonresonant
searches that would be sensitive to ALPs produced as off-shell s-channel mediators. It
is motivated by the fact that the pNGB nature of the ALPs implies that their couplings
to the SM are dominantly derivative, which leads to a cross-section enhancement for
nonresonant ALPs production at center-of-mass energies ŝ >> ma, where ma denotes the
mass of the ALP. The focus of recent studies is on constraining the ALP-boson (W, Z, h,
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g, γ) coupling via nonresonant ZZ, γγ, and gg [94], nonresonant ZZ and Zh [95], and
nonresonant WW, Zγ [96] production. The ALPs–fermion coupling can be predominantly
probed via nonresonant tt̄ production (illustrated by the left diagram in Figure 17) due to
the Yukawa-like structure of the ALP–fermion couplings. No public results exist to date,
but studies are ongoing.

Figure 17. Schematic representation of nonresonant tt̄ production via an off-shell s-channel ALP
((left), [97]) and SM tt̄ production with subsequent decay of one of the top quarks to an up-type
quark and a long-lived ALP ((right), [98]).

The ALPs–fermion coupling can also be probed in pmiss
T + tt̄ final states. These are

sensitive to tt̄-associated production of a single ALP with couplings to quarks derived
from couplings to the bosonic sector and proportional to the fermion mass [99]. It should
be noted that the pmiss

T distribution predicted for this signal process is softer on average
than that predicted by, e.g., stop production in supersymmetric models, emphasizing the
importance of keeping the pmiss

T threshold low in future searches.
Novel detector signatures involving exotic top-quark decays are predicted in models

with flavor-violating ALPs [98], which are motivated by t-channel dark sector models [100]
or Frogatt–Nielsen models of flavor [101]. These models predict flavor-violating decays
of the top quark to an up-type quark and an ALP, with the ALP decaying predominantly
to hadrons, either promptly or with a long lifetime. Precision measurements of single-
top-quark production can constrain the parameter space of such models for prompt ALPs
decays to jets and detector-stable ALPs. Displaced detector signatures are predicted for
nonprompt ALPs decays within the detector volume. A novel search was proposed [98],
focusing on exotic top-quark decays from SM tt̄ production (right diagram in Figure 17),
where one of the top quarks decays into an up-type quark and an ALP, which in turn
decays into a displaced narrow jet within the calorimeter volume. This and other signatures
involving long-lived particles (LLP) in top-quark decays have not yet been probed in
dedicated searches at the LHC. They remain an exciting prospect for the analysis of LHC
Run 3 data within the currently fast-growing field of LLPs searches at the LHC, a field that
benefits in particular from novel trigger and reconstruction algorithms deployed by the
ATLAS and CMS experiments for Run 3 data-taking.

6.1.2. Composite Pseudo-Nambu–Goldstone Bosons

Signatures with top quarks can also be used to probe still-viable WIMP models in
which WIMP DM is made up of composite pNGBs [102]. In these models, both the SM
Higgs boson and DM emerge from a TeV-scale strongly-coupled sector as pNGBs, and the
SM–DM interaction is provided by higher-dimensional derivative couplings with the Higgs
fields, which leads to a strong suppression of the DM scattering rates against SM particles.
Thus, these models evade the strong constraints from direct-detection experiments, making
collider searches particularly relevant. The pNGB DM contains additional interactions with
the SM sector, besides the derivative Higgs portal, with preferential couplings to third-
generation fermions being well motivated [102]. If couplings to top quarks are preferred
over couplings to bottom quarks, e.g., in the case of Yukawa-type couplings, pNGB models
can be probed at the LHC via associated production of pNGB DM with tt̄ or a single top
quark, i.e., in pmiss

T + tt̄ or pmiss
T + t + X final states. Two possible production modes of
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pNGB leading to pmiss
T + tW final states via the Higgs portal and direct DM–top interactions

are shown in Figure 18. Searches in these final states are complementary to searches for
invisible Higgs boson decays in vector boson fusion (VBF) production as they are sensitive
to pNGB interactions with fermions not accessible via the latter. Reinterpretations of
existing pmiss

T + tt̄ and pmiss
T + tW searches, as well as possible optimizations of future

searches for pNGB production, could be interesting to explore during LHC Run 3.

Figure 18. Schematic representation of pmiss
T + tW production via DM–Higgs operators (left) and

DM–top operators in an EFT of composite pNGBs [102].

6.1.3. Dark Mesons

Final states with multiple top quarks are predicted in models with a strongly cou-
pled dark sector consisting of composite particles that carry electroweak, but no color,
charges [103]. These models not only address the hierarchy problem but can also provide
a DM candidate in the form of a composite meson whose decays are suppressed via an
automatic accidental symmetry.

The most promising target for collider searches is the dark meson sector, consisting
of dark vector mesons ρD and dark pions πD [103]. Signatures with multiple top or
bottom quarks are predicted if a pair of dark pions with gaugephobic couplings to the
SM is produced from the decay of a resonantly produced ρD (pp → ρD → πDπD). The
dark pions then decay predominantly into third-generation fermions, with decays to tt̄
(tb) dominating the branching fraction for π0

D (π±
D) if the pion mass is above the tt̄ (tb)

production threshold. Depending on the charge of the intermediate ρD, different final states
involving third-generation quarks are possible: bb̄tb̄, tt̄bb̄, tt̄tb̄.

Existing searches in multitop final states only weakly constrain the parameter space of
these models [103]. This is due to the fact that small masses of the ρD and πD are still viable,
which means that the SM fermions in the final state tend to be rather soft. In searches at√

s = 13 TeV, in particular, higher thresholds are imposed on the energy/momenta of the
final-state objects or their vector sum. In order to probe dark pions, or more generically
strongly-coupled-like models, dedicated searches targeting final states with a high multiplic-
ity of low-momentum objects compatible with the decays of one or several low-momentum
top quarks are needed.

6.2. HL-LHC and HE-LHC

The physics potential for DM searches involving top quarks during the high-luminosity
phase of the LHC (HL-LHC, starting 2028) and the perspectives for a possible future high-
energy LHC (HE-LHC) were studied in the context of a 2019 CERN Yellow Report [104].
The final HL-LHC dataset is expected to amount to an integrated luminosity of 3000 fb−1

at a center-of-mass energy
√

s = 14 TeV. The HE-LHC scenario relies on the assumption
of a possible further upgrade of the LHC to a 27 TeV pp collider with a final integrated
luminosity of 15,000 fb−1.

Sensitivity studies were performed for the pmiss
T + tt̄, pmiss

T + tW, pmiss
T + t, tt̄, and tt̄tt̄

signatures within various benchmark models, including simplified models with a scalar
or pseudoscalar mediator (Section 2.2.1), simplified models with a vector mediator with
a flavor-changing coupling to the top and up-quark (Section 2.1.2), and the 2HDM + a
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(Section 2.3). These studies were mostly based on the analysis tools and strategies used
for the analysis of the partial LHC Run 2 dataset (2015–2016). They do not include further
improvements, such as new machine-learning-based tools or background estimation strate-
gies, implemented for the later analyses of the full LHC Run 2 dataset. A full review of the
results of these sensitivity studies across the different final states and models is beyond
the scope of this article, but a few general observations can be made. Overall, both the
increase in integrated luminosity (HL-LHC) and center-of-mass energy (HE-LHC) lead
to a significant sensitivity increase across the different final states. For example, the mass
range for a (pseudo-)scalar mediator expected to be excluded by pmiss

T + tt̄ searches in the
simplified model of Section 2.2.1 with g = gq = gχ = 1.0 (compare Figure 13) is expected
to increase by a factor of two for the HL-LHC compared to the expected sensitivity for LHC
Run 3, and by another factor of two for the HE-LHC compared to the HL-LHC.

The sensitivity of most of the searches is dominated by the systematic uncertainties
on the main (often irreducible) background processes, for example, tt̄ + V in the case
of pmiss

T + tt̄ searches. In tt̄ final states, these typically arise from two sources: firstly,
uncertainties related to reconstructed objects, such as the energy scale for hadronic jets,
and, secondly, uncertainties arising from the modeling of SM processes, such as missing
higher-order corrections. These uncertainties can vary between a few percent and a few
tens of percent, depending on the process and kinematic region. The former are expected
to decrease with increasing integrated luminosity as the statistical uncertainties on the
measurements from which they are derived are reduced accordingly. A further reduction
of these uncertainties can be expected due to the development of better and more refined
calibration methods. The latter can be reduced significantly through profiling in a likelihood
fit to data if appropriate, background-enriched control regions are defined. Improved
theoretical predictions, for example, for differential cross-sections at higher orders in
perturbation theory, can also significantly boost the sensitivity of many searches.

In the case of the HE-LHC, in addition to the improvements due to the larger integrated
luminosity, the larger center-of-mass energy provides access to mediator masses beyond
the kinematic reach of the (HL-)LHC and to processeswith small signal cross-sections.

6.3. FCC-hh

Similar considerations to those for the HE-LHC apply to the case of a potential future
hadron collider operating at center-of-mass energies beyond that of the LHC and HE-LHC.
The most prominent example is that of the FCC-hh, the Future Circular Collider, in its
operation mode as a hadron collider with a center-of-mass energy of

√
s = 100 TeV [105].

Few dedicated studies regarding the sensitivity of DM searches with top quarks at the
FCC-hh exist. For example, in Ref. [106], the sensitivity of the 2-lepton pmiss

T + tt̄ final
state to Higgs portal models and their extensions is discussed. In general, a significant
increase in the accessible mass range of both mediators and DM particles is expected, as
well as a significant increase in the sensitivity to smaller DM–SM couplings, rendering
detector signatures involving decays of long-lived particles away from the interaction
point that is highly relevant. Moreover, top quarks appearing in the final states of FCC-hh
collision can be extremely boosted, underlining the need for high-resolution detectors
to identify very collimated decays, as well as the use of advanced pattern recognition
methods for top-quark tagging. A particularly interesting observation is the fact that
associated production of a single Higgs boson with tt̄ becomes the dominant Higgs boson
production mode at Higgs boson transverse momenta of 1-2 TeV and above, a kinematic
regime that would be well-populated at the FCC-hh [107]. According to initial studies [107],
searches for invisible Higgs boson decays in this production mode would feature a very low
background contamination (S/B ∼ 1) and, hence, provide excellent sensitivity to Higgs
portal models with small couplings. The corresponding final state would be pmiss

T + tt̄ with
highly boosted top quarks.
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6.4. Future e+e− Colliders

No studies of DM searches with top quarks exist for future e+e− colliders, such as the
International Linear Collider (ILC) [108], the Compact Linear Collider (CLIC) [109,110],
the Future Circular Collider FCC-ee [111,112], and the Circular Electron Positron Collider
(CEPC) [113,114]. This can be mostly attributed to the fact that these machines are primarily
designed for Higgs boson and top-quark precision measurements, rather than a broad
range of BSM (including DM) searches, and that their foreseen center-of-mass energies are,
in many cases, below or close to the tt̄ production threshold. For example, operation modes
at

√
s = 240 GeV (250 GeV), i.e., around the maximum of the Zh production cross-section,

are foreseen for the FCC-ee and the CEPC (ILC). Additional operation modes in the range
350–365 GeV (FCC-ee, CEPC) and 380 GeV (CLIC) are foreseen for top-quark precision mea-
surements. Higher center-of-mass energies of 1 TeV (ILC) and 1–3 TeV could be possible
for the linear e+e− machines to allow for wider range of BSM searches. Hence, direct DM
production in association with at least one top quark, leading to pmiss

T + tt̄ and pmiss
T + t + X

final states, while in principle possible, is trivially limited by the available center-of-mass
energy. Nevertheless, the foreseen precision scans of the tt̄ production threshold at the
FCC-ee could, in principle, be sensitive to anomalous resonant or nonresonant tt̄ produc-
tion linked with DM or DM mediators as well as anomalous top-quark decays. Further
studies are needed to understand the prospects for DM searches with top quarks at future
e+e− colliders.

6.5. Conclusions

Collider signatures with top quarks provide sensitive probes of DM predicted by a
wide range of models, and possibly even to DE signatures. Searches targeting top-quark
production in association with DM or via visible decays of mediator particles have been per-
formed by the ATLAS and CMS Collaborations, with many searches on the full LHC Run 2
collision data still ongoing. As shown in this review, DM searches involving top quarks of-
ten provide sensitivity in parameter regions not covered by other DM searches, underlining
their importance as sensitive probes of DM at colliders. The upcoming LHC Run 3 opens
up further opportunities to improve upon existing results or to explore new signatures, for
example, involving top quarks in association with long-lived particle signatures.
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Abstract: Axionlike particles (ALPs) emerge from spontaneously broken global symmetries in high
energy extensions of the Standard Model (SM). This causes ALPs to be among the objectives of future
experiments that intend to search for new physics beyond the SM. We discuss the reach of future pp
collider FCC-hh in probing the ALP model parameters through top quark pair production associated
with ALP (tt̄ + ALP) in a model-independent approach. The search is performed in the semi-leptonic
decay mode of tt̄ and the analysis is performed using a parametric simulation of the detector response
for a projected integrated luminosity of 30 ab−1. It is shown that tt̄ + ALP production at the FCC-hh
is a promising channel with significant sensitivity to probe the ALP coupling with gluons. The ALP
coupling with gluons obtained from HL-LHC and other experiments is presented for comparison.

Keywords: top quark; models beyond the standard model

1. Introduction

Axionlike particles (ALPs) are pseudo-Goldstone bosons that can appear from the
spontaneous breaking of some global symmetries at energy scales well above the elec-
troweak scale. In recent years, there has been much interest in ALPs because of their
various notable aspects. ALPs possess many applications based on their masses and cou-
plings in the parameter space. ALPs can solve the strong CP problem [1] and they are
appropriate candidates for non-thermal Dark Matter (DM) [2]. ALPs can play a vital role
in baryogenesis, giving an explanation for the observed imbalance in matter and anti-
matter [3], and are able to explain the neutrino mass problem through an ALP–neutrino
interaction that causes neutrinos to earn mass [4]. Furthermore, ALPs can address the
muon anomalous magnetic dipole moment [5] and the excess observed in the rare K meson
studies reported by the KOTO experiment [6].

ALPs are mostly probed in a model-independent effective field theory (EFT) frame-
work. The strength of ALPs’ couplings to SM fields is proportional to the inverse of U(1)
spontaneous symmetry breaking scale fa, which is much higher than the electroweak sym-
metry breaking scale of the SM. Thus far, a remarkable region of the ALP parameter space
in terms of its mass and couplings has been probed or will be studied by cosmological
observations, low-energy experiments, and collider searches [7–14].

Very light ALPs with masses below the electron pair mass (ma < 2me) are only allowed
to decay into a pair of photons. Based on the ALPs’ masses and couplings, heavier ones
are allowed to decay into hadrons and charged leptons. The decay rates of light ALPs are
usually very small, such that they can travel a long distance before they decay. Long-lived
ALPs appear as invisible particles at colliders; therefore, they appear as missing energy
in the detectors since they decay outside the detector environment. There are several
proposals for searches at collider experiments to probe long-lived ALPs via mono-jet,
mono-V (V = γ, W, Z), and jet + γ [15–22]. Searches for ALPs via exotic Higgs decays
H → Z + a and H → a + a with ALP decays to diphoton and dilepton at the LHC have
provided remarkable sensitivities in a vast region of parameter space [10,11,23–25]. There
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are searches for ALPs through the production of dijet in association with an ALP and
jet+ALP at the LHC and FCC-hh, which can be found, for instance, in Refs. [15,21]. It
has been shown that the dijet+ALP channel using multivariate analysis provides strong
sensitivity to the ALP coupling with gluons. Although the bounds on the ALP coupling
with gluons from dijet+ALP and jet+ALP [21] are very strong, it is worth performing
complementary searches through tt̄ + ALP. Furthermore, the structure of the fermionic
ALP couplings is specific as it consists of the Yukawa matrices; as a result, the ALP is
expected to couple more strongly to third-generation quarks. This makes tt̄ + ALP an
important channel by which to explore the ALP model.

In this paper, we propose a search for strong and fermionic couplings of ALPs through
the associated production of an ALP with a pair of tt̄ in proton–proton collisions at the
future circular collider (FCC-hh) [26] at a center-of-mass energy of 100 TeV. In particular,
the focus is on a region of the parameter space in which an ALP does not decay inside the
detector and manifest as missing energy.

This paper is organized as follows. In Section 2, an introduction to the ALP model is
presented. Section 3 is dedicated to presenting the details of the search for the ALP model
using tt̄ + ALP. In Section 4, a summary of the results and discussion is given.

2. Effective Lagrangian for Axionlike Particles

The theoretical framework adopted throughout this work is a linear effective field
theory where electroweak physics beyond the SM is expressed by a linear EFT expansion
versus gauge-invariant operators ordered by their mass dimension. The model includes
SM plus an ALP, where the scale of the new physics is the ALP decay constant fa. The most
general effective Lagrangian describing ALP interactions with SM fields up to dimension
D = 5 operators has the following form [15]:

LD≤5
e f f = LSM +

1
2
(∂μa)(∂μa)− 1

2
m2

aa2 + caΦO
ψ
aΦ

− cgg
a
fa

GA
μνG̃μν,A − cWW

a
fa

WA
μνW̃μν,A − cBB

a
fa

Bμν B̃μν,
(1)

where

O
ψ
aΦ ≡ i

(
Q̄LYUΦ̃uR − Q̄LYDΦdR − L̄LYEΦeR

) a
fa

+ h.c. (2)

where eR,dR,uR are SU(2)L singlets and LL and QL are the SU(2)L doublets. The ALP
EFT Lagrangian of Equation (1) is implemented in FeynRules [27] according to the no-
tation of Ref. [15]. The obtained Universal FeynRules Output (UFO) model [28] (http:
//feynrules.irmp.ucl.ac.be/attachment/wiki/ALPsEFT/ALP_linear_UFO.tar.gz (accessed
on 31 December 2021)) is embedded in MadGraph5_aMC@NLO [29] to compute the cross-
sections and to generate the ALP signal events.

ALP Decays

According to the ALP interactions presented by the effective Lagrangian Equation (1),
an ALP is allowed to decay into pairs of SM particles. For the MeV-scale ALPs, the decays
into photons, charged leptons, and light hadrons are dominant. The diphoton decay mode
is the most important one for light ALPs with mass ma < 2me = 1.022 MeV. As ma increases
to 2me and above, the leptonic decay mode a → l+l− becomes accessible. The ALP hadronic
decay modes appear when ma > mπ and arise from the ALP decays a → gg and a → qq̄.
The triple pion decay modes a → π+π−π0 and a → π0π0π0 are the main hadronic modes
for ma < 1 GeV. Other ALP hadronic decay modes such as a → π0γγ and a → π+π−γ
are suppressed with respect to π+π−π0 and 3π0 due to the presence of powers of the fine
structure constant [17].

One should note that a fraction of ALPs decay inside the detector environment and
consequently they do not appear as missing energy. The decay length of ALP La is
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proportional to
√

γ2 − 1/Γa, where Γa and γ are the total width and ALP Lorentz factor,
respectively. The ALP decay probability in the detector volume is proportional to e−Ldet/La .
Ldet is the transverse distance of the detector component from the collision point. In this
study, the probability that the ALP does not decay inside the detector and escapes detection
is considered event-by-event. The total width of the ALP is obtained from Ref. [30], where
the chiral perturbation theory and vector meson dominance model have been used in
width calculations. For instance, the decay probability for an ALP with ma = 10 MeV and
|�pa| = 242 GeV is 0.0053, while the decay probability for an ALP with ma = 70 MeV and
|�pa| = 387 GeV is 0.999.

3. ALP Production Associated with a Pair of Top Quarks

Top quark pair production in association with an ALP in proton–proton collisions at a
center-of-mass energy of 100 TeV is used to probe the parameter space of the ALP model.
As indicated previously, the focus is on the ALPs that do not decay within the detector
volume and are not detected by the detectors appearing as missing momentum. Figure 1
depicts the representative Feynman diagrams for tt̄ + ALP in proton–proton collisions.

Figure 1. Representative leading order Feynman diagrams for production of a pair of top quarks
with an ALP in pp collisions.

At the production level, this process is sensitive to cgg and caΦ. Assuming one non-
vanishing ALP coupling at a time, the cross-sections σ(pp → tt̄ + ALP)(cXX) at leading
order (LO) read:

σ(cgg) = 459.6
( cgg

fa

)2
pb,

σ(caΦ) = 2.45
( caΦ

fa

)2
pb, (3)

where fa is in units of TeV and the cross-sections are calculated using MadGraph5_aMC@NLO
with the NNPDF23 [31] as the parton distribution functions (PDFs) of a proton. The
cross-sections are obtained for the value of ALP mass ma = 1 MeV and change up to 10%
when ma increases to 100 MeV. This is expected as, in this mass range, ma is negligible
in comparison to the typical energy scale of the process. The total cross-section of the
SM tt̄ production at leading order calculated by MadGraph5_aMC@NLO is 24,673.5 pb. From
Equation (3), it is clear that there is more sensitivity to cgg than caΦ, which is due to the fact
that cgg appears in both initial and final states and the large gluon PDF. Since the tt̄ + ALP
rate has no significant sensitivity for caΦ coupling with respect to cgg, a weaker bound on
caΦ is expected.

As the ALP escapes detection, the tt̄ + ALP can be probed through the tt̄ + Emiss
T

signature. A similar signature has been studied by the CMS and ATLAS collaborations
in Refs. [32,33] to explore simplified models for dark matter where a mediator exists that
couples to both the SM particles and dark matter. These studies investigate the production
of a fermionic dark matter through a color-neutral scalar or pseudo-scalar particle (φ)
exchange, where the couplings between the new (pseudo)scalar and SM particles are
Yukawa-like. Therefore, the mediator is expected to be produced mainly in association
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with heavy quarks or through loop-induced gluon–gluon fusion. The distinctive signature
for dark matter in tt̄ + φ production followed by φ → χχ, where χ is the dark matter field,
is the emergence of a high missing transverse momentum recoiling against the tt̄ system.

In this analysis, as in the past LHC search [20,32], the concentration is on the semi-
leptonic tt̄ decay channel and follows a similar selection. The final state consists of one
charged lepton, four jets, and large missing transverse momentum. The main background
sources to the signal arise from tt̄, W + jets, Z + jets, single top production, and diboson.
All background contributions are estimated from simulation. Both signal and background
processes are generated using MadGraph5_aMC@NLO at leading order and passed through
Pythia [34] to perform showering and hadronization. Delphes 3.5.0 [35], and the FCC-hh
detector card (https://github.com/delphes/delphes/blob/master/cards/FCC/FCChh.
tcl (accessed on 31 December 2021)) is used for detector simulation. The jet finding is
performed using FastJet [36] using an anti-kt algorithm with a distance parameter of
0.4 [37], considering the particle-flow reconstruction approach as described in Ref. [35].
Several signal samples are generated with ALP masses from 1 MeV to 150 MeV and
fa is taken to be 1 TeV. Based on the final state, events are selected by applying the
following requirements:

• Only one isolated charged lepton (e, μ) with pT ≥ 30 GeV and |η| ≤ 2.5. Events
containing additional charged leptons with pT ≥ 10 GeV that fulfill loose isolation
criteria are discarded. Isolated leptons are chosen with the help of the isolation variable
IRel according to the definition given in Ref. [35]. Similar to Ref. [32], IRel is required
to be less than 0.15 for muons and 0.035 for electrons. For loose electrons (muons), IRel
is required to be less than 0.126 (0.25).

• At least three jets with pT ≥ 30 GeV and |η| ≤ 2.5 from which one must be tagged
as a b-jet. B-jet identification is based on a parametric approach that relies on Monte
Carlo generator information. The probability for b-jet identification is according to
the parameterization of the b-tagging efficiency available in the FCC-hh detector card.
For a jet with 10 < pT < 500 GeV and |η| < 2.5, the b-tagging efficiency is taken to be
82% and misidentification rates are 15% and 1% for c-quark jets and light flavor jets,
respectively.

• The magnitude of missing transverse momentum to be greater than 160 GeV.

For further reduction of tt̄ and W + jets backgrounds, the transverse mass

MT =
√

2pT,lEmiss
T (1 − cos Δφ(�pT,l,�Emiss

T )) has to be greater than 160 GeV. Moreover, the
magnitude of the vector sum of all jets with pT > 20 GeV and |η| < 5.0, HT, is required
to be larger than 120 GeV. To suppress the contribution of SM tt̄ background, a lower cut
value of 200 GeV is applied on the MW

T2 variable. The MW
T2 variable has been introduced in

Ref. [38] in searches for supersymmetric partners of the top quark. To ensure the validity
of the considered effective Lagrangian, it is required that its suppression scale fa must be
larger than the typical energy scale of the process. Therefore, in each event, the energy scale
of the process

√
ŝ has to be much less than fa. In this work, the ALP appears as missing

momentum and
√

ŝ is not totally measurable. As a result, to provide the validity of the
effective theory, fa is compared to the magnitude of missing transverse momentum. The
magnitude of missing transverse momentum is required to be less than fa in each event.
The signal efficiency after the cuts is found to be 12.7% for the case of ma = 1 MeV. The total
number of background events after the cuts corresponding to an integrated luminosity of
30 ab−1 is 2.12 × 107. The signal and background efficiencies after lepton and jet selection
and the cuts on MT, MW

T2, and HT are presented in Table 1.
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Table 1. Efficiency of cuts for two signal cases with (cgg/ fa = 0.1 TeV−1, ma = 1 MeV);
(caΦ/ fa = 0.1 TeV−1, ma = 1 MeV), and for background processes after lepton and jet selection
and applying cuts on MT , MET, HT , MW

T2.

Cut cgg / fa = 0.1 TeV−1 caΦ/ fa = 0.1 TeV−1 tt̄ Single Top W+jets Z+jets Diboson

Lepton and jet selection, MT , MET, HT , MW
T2 12.7% 3.7% 0.0077% 0.0044% 5.65 × 10−6% 5.78 × 10−6% 0.0046%

In order to constrain cXX/ fa coupling, the first step is to set an upper limit on the
signal cross-section. The expected upper 95% CL limit on the signal cross-section in
the background-only hypothesis is obtained using the standard Bayesian approach [39].
Comparing the upper bound on the signal cross-section with the theoretical cross-section,
the 95% CL upper limits on |cXX/ fa| are derived. The expected 95% CL upper bound on
|cgg/ fa| for ma = 1 MeV is found to be:

| cgg

fa
| ≤ 0.00446 TeV−1 @ 30 ab−1, (4)

The prospect at HL-LHC for ma = 1 MeV is [20]: | cgg
fa
| ≤ 0.063 TeV−1 @ 3000 fb−1.

Excluded regions in the (|cgg/ fa|, ma) plane at 95% CL from tt̄ + ALP are presented in
Figure 2. The regions are corresponding to integrated luminosities of 3000 fb−1 for the LHC
and 30 ab−1 for the FCC-hh at the center-of-mass energies of 14 and 100 TeV, respectively.
For the case of non-vanishing caΦ coupling, using the related signal and background
efficiency in Table 1, the upper bound on |caΦ/ fa| for ma = 1 MeV is found to be 0.11 TeV−1.
This limit is two orders of magnitude looser than the one derived on |cgg/ fa|, which is due
to the weaker dependence of the signal cross-section on caΦ/ fa than cgg/ fa. The analysis
does not have sensitivity to |cgg/ fa| greater than approximately 10−3 since, in this region,
the ALP will decay inside the detector, and this is in contrast to our assumption of ALP
being long-lived and detected as missing energy. Moreover, for a heavier ALP, its decay
length tends to zero and, consequently, it will decay inside the detector. It is notable that
the limits are obtained considering only statistical uncertainty. In the case of including
systematic uncertainties similar to Ref. [32], the upper limit on |cgg/ fa| is weakened by
around 2.2%.
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Figure 2. The expected excluded regions of the ALP model parameter space (|cgg/ fa|, ma) at 95%
CL obtained from tt̄ + ALP and j + γ + ALP channels are presented. The regions derived from
tt̄ + ALP and j + γ + ALP processes at HL-LHC are corresponding to an integrated luminosity of
3 ab−1 and are adapted from Ref. [20]. The blue region shows the constraint obtained in the present
analysis using tt̄ + ALP process at FCC-hh at a center-of-mass energy of 100 TeV with an integrated
luminosity of 30 ab−1. The grey region denoted by SN presents the bound from supernova neutrino
burst duration adapted from Ref. [7]. The region labeled by K± → π± + inv adapted from [8]
(purple) and beam dump (yellow) present the constraints from Kaon decay and from the proton
beam dump experiment CHARM adapted from Ref. [9].
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4. Discussion

ALPs are CP odd scalar particles arising from spontaneously broken global U(1)
symmetries that can address some of the SM shortcomings, such as the strong CP problem,
baryon asymmetry, neutrino mass, and dark matter. The potential of tt̄ + ALP production
to probe the parameter space of light ALPs at FCC-hh is studied. In general, light ALPs
have a long lifetime and do not decay inside the detector, appearing as missing momentum
in the final state. For the ALP mass ma = 1 MeV, the obtained upper limit on ALP coupling
with gluons |cgg/ fa| at FCC-hh is found to be 0.00446 TeV−1. This bound corresponds to
the ultimate integrated luminosity that the FCC-hh will eventually operate at based on the
benchmark specifications. As seen in Figure 2, the limit on |cgg/ fa| varies slightly as the
ALP mass increases. In order to compare the limits obtained in this analysis with those
already derived at HL-LHC, the expected upper limits on |cgg/ fa| at 95% CL from tt̄ +ALP
and j + γ + ALP are presented in Figure 2. A comparison shows that the constraints
obtained from FCC-hh are stronger than the limits derived from tt̄ + ALP and j + γ + ALP
analyses at HL-LHC by one to three orders of magnitude depending on the ALP mass.
Results of Figure 2 indicate that the analysis of tt̄ + ALP FCC-hh is able to span a large
area in the ALP parameter space that is not accessible by K± → π± + inv, SN, and beam
dump experiments. It can be concluded that the tt̄ + ALP production at FCC-hh provides
an excellent solution in exploring the light ALP physics as a significant portion of the
parameter space is accessible through this channel.
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