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61.1 Introduction and SM theory overview
In the Standard Model (SM), the left-handed top quark is the Q = 2/3, T3 = +1/2 member

of the weak-isospin doublet containing the bottom quark, while the right-handed top quark is an
SU(2)L singlet. The phenomenology of the top quark is driven by its large mass, mt ' v/

√
2, where

v = 246 GeV is the Higgs vacuum expectation value, implying a Yukawa coupling of order unity.
Being heavier than the W boson, it is the only quark that can decay weakly into a real W boson
and a b quark. Its lifetime is shorter than the timescale of non-perturbative strong interactions,
which prevents hadronization and preserves properties such as its spin, allowing the top to behave
almost as a free quark. Through loop effects, it gives important contributions to SM precision
observables, and its unique role makes it central to many extensions of the SM, often linked to new
particles or interactions. These features strongly motivate increasingly precise studies of top-quark
physics, providing a unique laboratory for testing the SM at the electroweak symmetry-breaking
scale (EWSB) and beyond. At the same time, the abundant production of top quarks at the
LHC enables precision measurements of their mass, couplings, production cross sections, and decay
branching ratios. This review summarizes the experimental and theoretical issues in determining
these properties and reports on recent progress.

61.1.1 Mass
The top-quark mass largely determines its unique phenomenology. In the SM, quark masses

are derived parameters that are determined by the Yukawa coupling and the vacuum expectation
value. At the loop level, with the Higgs boson discovery and better than per mil measurement
of its mass, the values of the W -boson and top-quark mass are correlated, so that their precise
determinations provide a strong test of the SM (see Section 10 “Electroweak Model and constraints
on new physics” of this Review). At present, there is some tension at the 1.7σ level, between
the indirect top-quark (pole) mass determination from electroweak (EW) precision data of 175.2±
1.8 GeV (see Section 10 in this Review) and the combination of direct measurements at the LHC
that yields 172.52± 0.33 GeV [1].

The top-quark mass value is also crucial in the issue of vacuum stability in the SM [2–4]. At
high scales, the Higgs quartic coupling λ evolves to increasingly small values as mt grows. Above
mt = 171 GeV, i.e., very close to the most precise measurements, λ becomes negative at the Planck
scale, leading to a meta-stable EW vacuum, while for slightly larger values, mt > 176 GeV, the
EW vacuum would become unstable. Current top-quark measurements therefore point to a Higgs
quartic coupling that is nearly vanishing at the Planck scale. While being quite suggestive, in the
absence of a clear UV picture, this argument allows only to conclude that comparison between our
best SM predictions and the data does not imply new physics below the Planck scale (see Section
11.2.3 of “Status of Higgs Boson Physics” in this Review).

Due to its fundamental importance, precisely determining the top-quark mass has been a central
objective of precision measurement programs carried out by the ATLAS and CMS collaborations at
the LHC, and previously by the CDF and DØ collaborations at the Tevatron. The basic method-
ology rests on the idea of fitting mt-dependent kinematic distributions to fully-exclusive (Monte
Carlo) predictions, via the full or partial reconstruction of the system of the t and t̄ decay prod-
ucts. These are called “direct measurements” and aim for a target accuracy in the per-mil range.
With an absolute uncertainty of order or better than ΛQCD, however, a clear relation between the
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extracted mass and a well-defined quantum field theory parameter of the underlying theory has
become necessary.

Several mass parameter definitions exist with a precise field-theoretical meaning, which can
be organized into two broad classes: the long-distance ones, such as the “pole mass”, and short-
distance masses, such as the MS mass. An additional mass definition [5] interpolates between the
two.

Direct determinations rely on mass-sensitive observables constructed from the kinematics of the
top-quark decay products. Monte Carlo generators enforce the invariant mass of this system to
follow, as closely as possible, the virtuality of the top quark, which is modeled by a Breit–Wigner
distribution centered on the Monte Carlo mass parameter. In this framework, the latter acts as an
effective proxy for the pole mass. At e+e− colliders, one can define a short-distance mass, e.g., the
“potential mass” that can be determined by measurements at the tt̄ threshold, and it does not suffer
from non-perturbative ambiguities. At hadron colliders, all observables that can be connected to
the top-quark mass involve a top-quark reconstruction from the final state, and at the end are
connected to the pole mass.

A top-quark mass measurement cannot be defined solely in terms of the mass of the system of
its decay products: the top quark is a colored object; therefore, it cannot be an asymptotic state
of the theory, and no final-state hadronic system can be unambiguously associated with it. On the
other hand, final state observables, such as those arising from its decay, can be related to the top-
quark mass through computations that have both perturbative and non-perturbative components,
as seen in Monte Carlo generators.

From a purely theoretical (calculational) point of view, the top-quark mass parameter is defined
within a given renormalization scheme, since divergent perturbative corrections arise order by order
in perturbation theory and need to be subtracted. The pole mass scheme prescribes to subtract
the divergent mass corrections so that the pole in the quark propagator remains fixed order by
order in perturbation theory. The MS scheme prescribes to employ dimensional regularization and
subtract the pure 1/ε pole in the divergent mass correction. In doing so, the corresponding mass
becomes scale-dependent. In this scheme, the pole in the top quark propagator receives corrections
at all orders in perturbation theory. This scheme has the advantage of making the relation between
the mass and the Yukawa coupling straightforward in the SM and independent of non-perturbative
corrections.

The relation between the top quark pole mass mpole
t and mMS

t up to four loops reads [6]

mpole
t = mMS

t (mt)[1 + 0.4244αs + 0.8345α2
s + 2.375α3

s + (8.49± 0.25)α4
s] , (61.1)

which for strong coupling constant αs = α
(6)
s (mt) = 0.1088 andmpole

t = 172.5 GeV givesmMS
t (mt) =

162.69±0.006 GeV. The two definitions lead to perturbatively equivalent theories: the perturbative
expression of the pole mass in terms of the MS can be used to turn a result expressed in the pole
mass scheme into the corresponding one in the MS scheme. However, the relation above has only
a perturbative meaning, as the two masses differ by non-perturbative, long-distance effects. The
difference between the top-quark pole mass and the mass extracted in direct measurements arises
due to non-perturbative effects, which are currently modeled by shower Monte Carlo programs. It
is expected to be of order Q0 · αs(Q0) with Q0 ∼ 1 GeV, i.e., of order 0.5 GeV. Recent efforts to
precisely define and estimate the uncertainties of the top-quark mass can be found in Refs. [7, 8].

61.1.2 Width
Like other unstable elementary particles in the SM, the top-quark lifetime, and thus its decay

width, can be perturbatively calculated within the SM. With a mass exceeding the Wb production
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threshold and given that |Vtb| � |Vtd|, |Vts|, the top-quark decay width is dominated by the two-
body decay channel t → Wb. At next-to-leading order (NLO) prediction for the width within the
SM is given by [9]:

Γt=
GFm

3
t

8π
√

2

(
1− M2

W

m2
t

)2(
1 + 2M

2
W

m2
t

)[
1− 2αs

3π

(
2π2

3 − 5
2

)]
, (61.2)

where mt refers to the top-quark pole mass (to keep the formula simple, known m2
b/m

2
t , α2

s, and
(αs/π)(M2

W /m
2
t ) are not included). The known quantum chromodynamics (QCD) corrections of

order α2
s to Γt, and the EW NLO corrections [10, 11] improve the overall theoretical accuracy to

better than 1%. As a result, between mt = 170 GeV and 175 GeV, the width changes from 1.258
GeV to 1.394 GeV, with a linear dependence on mt assuming αs(MZ) = 0.1179 and MW = 80.377
GeV. At the reference value of mt = 172.5 GeV, one finds Γt = 1.326 GeV.

With its correspondingly short lifetime of about 0.5×10−24 s, the top quark is expected to decay
before top-flavored hadrons or tt quarkonium-like bound states can form [12]. However, in the latter
case, since the decay time is very close to the would-be-resonance binding time, a peak is predicted
in e+e− scattering at the tt threshold [13] (whose position and width are linked to the “potential
mass” of the top quark and its width, respectively), and it is also present in hadron collisions [14–16].
The short lifetime of the top quark also prevents strong interactions from efficiently scrambling its
spin, as such processes would require a much longer timescale. Moreover, the purely left-handed
structure of the weak interaction dictates that the top-quark decays predominantly via t → Wb,
followed by W → ff̄ ′, with the direction of the fermion f (the charged lepton or down-type quark
component) being almost 100% correlated with the top-quark spin. Taken together, these features
render the top quark unique among quarks, as they allow for direct experimental access to its spin
properties through the angular distributions of its decay products.

Other decay modes of the top quark provide negligible contributions to the total width. For
example, flavor-changing neutral current (FCNC) interactions, which are allowed starting at the
one-loop level, give [17,18]:

BrSM(t→ gc) = 5 · 10−12, BrSM(t→ gu) = 4 · 10−14,

BrSM(t→ γc) = 5 · 10−14, BrSM(t→ γu) = 4 · 10−16,

BrSM(t→ Zc) = 1 · 10−14, BrSM(t→ Zu) = 7 · 10−17,

BrSM(t→ Hc) = 3 · 10−15,BrSM(t→ Hu) = 2 · 10−17 .

61.1.3 Couplings
The SM couplings involving top quarks are of two types: gauge couplings, which are universal,

and Yukawa couplings, which instead depend on the generation. Following the notation of Sections
9 and 10 of this Review, after EWSB the top-quark interactions read

LSM
t = ψ̄t

[
i/∂ −mt

]
ψt − gsψ̄tγµtCψtACµ − eQtψ̄tγµψtAµ (61.3)

− g

2
√

2
Ψ̄γµ(1− γ5)(T+W+

µ + T−W−µ )Ψ − g

2 cos θW
ψ̄tγ

µ
(
gtV − gtAγ5

)
ψtZµ

− mt

v
Hψ̄tψt ,

where in the first line we include the kinetic term, the coupling to the SU(3) fieldACµ , to the EM field
Aµ, to the weak bosons, W±µ , Zµ and to the Higgs boson (Ψ = (t, b′) with b′ = Vtb b+ Vts s+ Vtd d).
As mentioned above, there are no neutral flavor-changing interactions in the SM at tree level.

In the absence of evidence for physics beyond the SM at the weak scale or below, the SM Effec-
tive Field Theory (SMEFT) [19–21] provides a simple and consistent framework to systematically
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parameterize possible deviations from the SM predictions in the interactions among the known
particles, using minimal theoretical assumptions. It amounts to extending the Lagrangian of the
SM by all higher-dimensional operators that respect the gauge symmetry

LSMEFT = LSM +
∑
D>4

ND∑
i

C
(D)
i O

(D)
i

ΛD−4 , (61.4)

where D is the dimension of the operator O(D)
i and Λ provides an upper bound for the scale of

new physics. An EFT model is generally characterized by power counting rules that identify a
hierarchy among operators. In the case of the SMEFT, a minimal approach is considered, where
the large-scale Λ provides a universal suppression factor for the higher-dimensional operators.

The currently adopted parametrization for SMEFT interpretations of top-quark measurements
relies on the Warsaw basis of gauge-invariant dimension-six operators [21] and it is detailed in
Ref. [22] (see [23, 24] for early discussions of top-quark related operators). For convenience, often
specific degrees of freedom are identified from combinations of Warsaw-basis operator coefficients
aligned with the directions of the EFT parameter space, which appear in given processes, in in-
terferences with SM amplitudes, and top-quark interactions with some of the gauge boson mass
eigenstates. Model implementations are available for tree-level and even one-loop Monte Carlo
simulations [25,26].

The definitions of the SMEFT operators can be organized in four categories: Four-quark, two-
quark-two-bosons, two-quark-two-lepton, and baryon-lepton-number-violating operators. The over-
whelming number of four-fermion operators is tamed by adopting simplifying assumptions about
beyond-the-standard-model flavor structures. A baseline flavor scenario in the quark sector and
motivated by the minimal flavor violation ansatz [27–29] corresponds to imposing a U(2)q×U(2)u×
U(2)d symmetry among the first two generations (q refers to the SU(2) left-handed doublet, while
u, d are right-handed singlets). In this case, the following numbers of degrees of freedom are pro-
duced for the operators of each category of field content:

four heavy quarks 11 + 2 CPV
two light and two heavy quarks 14
two heavy quarks and bosons 9 + 6 CPV

two heavy quarks and two leptons (8 + 3 CPV)× 3 lepton flavors

where we counted separately CP-conserving and CP-violating (CPV) parameters. These operators
are collected in Tab. 61.1. Other less restricted scenarios, such as that obtained by imposing
U(2)q+u+d symmetry featuring additional 10 + 10 CPV degrees of freedom, or more restricted
ones, such as top-philic scenario where it is assumed that new physics couples dominantly to the
left-handed doublet and right-handed up-type quark singlet of the third generation as well as to
bosons, featuring only 19+6 (CPV) degrees of freedom, are often considered. It is also customary
to analyze top-quark FCNCs separately, as at the tree level, they enter only quadratically.
61.1.4 Production

Top-quark production provides a powerful probe of QCD and the EW theory. Precise mea-
surements of production rates and kinematic distributions constrain PDFs, αs, and mt. Since its
discovery in 1995 at the Tevatron, direct measurements of top-quark production have been ex-
tensively performed. At the LHC, the broad range of center-of-mass energies, large production
cross sections, and the ability to study forward production and heavy-ion collisions make top-quark
measurements a uniquely sensitive tool for testing the SM and probing the partonic structure of
matter.
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Table 61.1: List of SMEFT operators at dimension six, assuming U(2)q × U(2)u × U(2)d flavor
symmetry. For more details on notation and conventions, see the reference in the text.

Operator Field content Operator Field content
Four-quark Two-quark-two-lepton

O
1(ijkl)
qq (q̄iγµqj)(q̄kγµql) O

1(ijkl)
lq (l̄iγµlj)(q̄kγµql)

O
3(ijkl)
qq (q̄iγµτ Iqj)(q̄kγµτ Iql) O

3(ijkl)
lq (l̄iγµτ I lj)(q̄kγµτ Iql)

O
1(ijkl)
qu (q̄iγµqj)(ūkγµul) O

(ijkl)
lu (l̄iγµlj)(ūkγµul)

O
8(ijkl)
qu (q̄iγµTAqj)(ūkγµTAul) O

(ijkl)
eq (ēiγµej)(q̄kγµql)

O
1(ijkl)
qd (q̄iγµqj)(d̄kγµdl) O

(ijkl)
eu (ēiγµej)(ūkγµul)

O
8(ijkl)
qd (q̄iγµTAqj)(d̄kγµTAdl) ‡O

1(ijkl)
lequ (l̄iej) ε (q̄kul)

O
(ijkl)
uu (ūiγµuj)(ūkγµul) ‡O

3(ijkl)
lequ (l̄iσµνej) ε (q̄kσµνul)

O
1(ijkl)
ud (ūiγµuj)(d̄kγµdl) ‡O

(ijkl)
ledq (l̄iej)(d̄kql)

O
8(ijkl)
ud (ūiγµTAuj)(d̄kγµTAdl)
‡O

1(ijkl)
quqd (q̄iuj) ε (q̄kdl)

‡O
8(ijkl)
quqd (q̄iTAuj) ε (q̄kTAdl)

Two-quark operators Baryon- and lepton-number-violating
‡O

(ij)
uϕ q̄iujϕ̃ (ϕ†ϕ) ‡O

(ijkl)
qqu (qciαεqjβ)(uckγel) εαβγ

O
1(ij)
ϕq (ϕ†i←→D µϕ)(q̄iγµqj) ‡O

1(ijkl)
qqq (qciαεqjβ)(qckγεll) εαβγ

O
3(ij)
ϕq (ϕ†i←→D I

µϕ)(q̄iγµτ Iqj) ‡O
3(ijkl)
qqq (qciατ Iεqjβ)(qckγτ Iεll) εαβγ

O
(ij)
ϕu (ϕ†i←→D µϕ)(ūiγµuj) ‡O

(ijkl)
duu (dciαujβ)(uckγel) εαβγ

‡O
(ij)
ϕud (ϕ̃†iDµϕ)(ūiγµdj)

‡O
(ij)
uW (q̄iσµντ Iuj) ϕ̃W I

µν
‡O

(ij)
dW (q̄iσµντ Idj) ϕW I

µν
‡O

(ij)
uB (q̄iσµνuj) ϕ̃Bµν

‡O
(ij)
uG (q̄iσµνTAuj) ϕ̃GAµν

Top-quark production processes are classified according to the underlying interaction mecha-
nism. The primary categories include: top-antitop quark pair production through QCD interactions
(tt̄), single top-quark production via EW interactions (t or t̄), and associated production involving
the creation of a single top quark or a top-quark pair alongside gauge bosons or other particles
via EW or QCD interactions (tt̄ + X, t/t̄ + X). Associated production also encompasses the rare
scenarios where multiple top quarks are produced, specifically three-top (ttt̄/t̄t̄t) and four-top (tt̄tt̄)
production. Among these, pair production is the most abundant mode of top-quark production.

A key aspect of top-quark phenomenology is the study of its spin through the angular distri-
butions of decay products, which directly reflect the production mechanism. In single-top-quark
production via the weak interaction, the top quark is predicted to be fully polarized. In contrast,
in tt̄ production dominated by QCD interactions, individual top quarks are nearly unpolarized,
but their spins exhibit nontrivial correlations. These spin effects are known up to NNLO in QCD
and NLO in EW theory [30, 31]. In specific kinematic regimes, such as near threshold or at high
transverse momentum (pT), the correlations are strong enough that the tt̄ spin system becomes
entangled [32]. Recent LHC measurements at threshold by ATLAS and CMS have provided ex-
perimental confirmation of this phenomenon [33–35], see Sec. 61.2.5.3. Fully exclusive predictions
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Figure 61.1: Representative Feynman diagrams for tt̄ production (a) via gluon-gluon fusion and
(b) via quark-antiquark annihilation.

via Monte Carlo generators for the tt̄ and single top production processes at NLO accuracy in
QCD are available, including top-quark decays and possibly off-shell effects [36–39] through the
MC@NLO [40] and POWHEG [41] methods. The first Monte Carlo implementation of the NNLO
QCD computation is also available [42,43].

61.1.4.1 Pair production
The dominant production mode for top quarks in hadron collisions is top-antitop pair produc-

tion via QCD interactions. Due to its significantly higher event rates compared to other production
modes, this process is primarily used to extract top-quark properties. Additionally, it constitutes a
significant background for many other collider physics measurements, making its thorough under-
standing and accurate modeling a key priority.

At leading order in QCD, the two principal partonic subprocesses that contribute to tt̄ produc-
tion are: gluon-gluon fusion (gg → tt̄) and quark-antiquark annihilation (qq̄ → tt̄), as shown in
Fig. 61.1.

The relative contributions of these subprocesses depend on the collision energy and the PDFs
of the incoming hadrons. At the Tevatron, where the initial state is proton-antiproton, and the
energy is lower, the production of tt̄ is dominated by quark-antiquark annihilation (approximately
85%), with gluon-gluon fusion contributing the remaining 15%. At the LHC, where protons collide
at higher energies, the parton composition at low momentum fraction x is dominated by gluons,
resulting in gluon-gluon fusion being the dominant production mechanism. At

√
s = 13 TeV, around

90% of tt̄ pairs originate from gluon–gluon fusion, decreasing to approximately 80% at
√
s = 7 TeV.

Theoretical predictions for the inclusive tt̄ production cross sections are available at NNLO
in QCD, supplemented by next-to-next-to-leading logarithmic (NNLL) resummation of soft-gluon
emissions [44,45]. A combination of NNLO in QCD and NLO EW corrections is also available [46].

Assuming a top-quark mass of 173.3 GeV, the NNLO+NNLL prediction for the tt̄ cross section
at the Tevatron at

√
s = 1.96TeV is:

σtt̄ = 7.16+0.11
−0.20 (scale)

+0.17
−0.12 (PDF) pb,

where the first uncertainty reflects variations in the renormalization and factorization scales, and
the second arises from PDF uncertainties [44].

The tt̄ cross sections for pp collisions at various center-of-mass energies for a top quark mass of
172.5 GeV and αs = 0.118 are presented in Tab. 61.2. They are calculated with the Top++2.0
program to NNLO in perturbative QCD (pQCD), including soft-gluon resummation to NNLL order
(see [47] and references therein). The first uncertainty comes from the independent variation of the
factorization and renormalization scales. In contrast, the second one is associated with variations
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in the PDF and αs, following the PDF4LHC prescription with the MSTW2008 68% C.L. NNLO,
CT10 NNLO and NNPDF2.3 5f FFN PDF sets (see [48] and references therein, and [49–51]).

Table 61.2: Theoretical predictions for top quark pair production at LHC calculated at
NNLO+NNLL in QCD. Results collected by the LHCTopWG, see https://twiki.cern.ch/
twiki/bin/view/LHCPhysics/TtbarNNLO.

√
s (TeV) σtt̄ (pb)

5.02 69.5+2.0
−2.3 (scale)

+2.9
−2.9(PDF)

7 179.6+4.8
−6.2 (scale)

+6.1
−6.1(PDF)

8 256.0+6.7
−8.9 (scale)

+8.0
−8.0(PDF)

13 833.9+20.5
−30.0 (scale)

+21.0
−21.0(PDF)

13.6 923.6+22.6
−33.4 (scale)

+22.8
−22.8(PDF)

The tt̄ production is typically accompanied by additional QCD radiation, primarily driven by
the initial states. Events with high jet multiplicities offer sensitivity to higher-order QCD radiation
and to the accuracy of parton shower modeling. The exclusive tt̄+ n−jet cross sections are known
at NLO in QCD. Inclusive samples matched with parton shower (PS) can be obtained by merging
samples that are accurate at NLO in QCD at fixed jet multiplicities [52,53].

Additional jets may originate from heavy quarks, such as b and c quarks. Predictions for these
processes can be obtained in different flavor schemes. For example, in the 4-flavor (3-flavor) scheme,
b (c) quarks are treated as massive and not included as initial-state partons [54], while in the 5-
flavor (4-flavor) scheme they are treated as massless and included on the same footing as the light
quarks [55]. Matching or merging with parton showers can also be applied [39]. Despite these
advances, theoretical predictions still carry sizable uncertainties. In particular, measurements of
tt̄+heavy-flavor production reveal moderate mismodeling, often requiring data-driven corrections
in the background estimation for precise measurements.

61.1.4.2 Pair production in heavy-ion collisions
The top quark constitutes a novel and theoretically precise probe of the nuclear parton distri-

bution functions (nuclear PDFs, or nPDFs), in the poorly explored region where partons have a
significant fraction of the nucleon momentum, as well as of the properties of the produced quark-
gluon plasma (QGP).

First, precise knowledge of nPDFs is a key prerequisite for extracting detailed information on
QGP properties from experimental data. Second, on average, top quarks decay on a timescale
similar to the formation of the QGP, offering a unique opportunity to study its time evolution [56].

For lead-lead (PbPb) collisions at center-of-mass energy of 5.02 TeV, the prediction for tt̄ cross
section is given by

σtt̄theory = σNNLO+NNLL
PbPb→tt̄+X = 3.22+0.38

−0.35 (nPDF4 PDF) +0.09
−0.10 (scale)µb,

calculated with the Top++2.0 program at NNLO in QCD, including soft-gluon resummation
at NNLL accuracy, with the nuclear EPPS16 and free-nucleon CT14 PDFs [47]. Results with a
central value lower than about 7% are obtained from free-nucleon CT14 and NNPDF30 NNLO
PDFs (scaled by the square of the number of nucleons in the Pb nucleus, A2 = 2082). A small
difference between the cross sections obtained with nuclear and free-nucleon PDFs arises from the
nPDF “antishadowing” effect, which is only mildly dependent on the center of mass energy.
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Figure 61.2: Representative Feynman diagrams for tt̄ associated production with (a) γ, Z, (b) W ,
(c) Higgs, (d) a single-top, (e) an extra tt̄ pair.

61.1.4.3 Associated pair production
The tt̄ production in association with other particles has substantially smaller cross sections

compared to standard top-quark production modes. Nevertheless, these associated production pro-
cesses offer valuable possibilities for precise tests of the SM, specifically enabling detailed studies of
the top-quark couplings and EW interactions. Representative diagrams for each production chan-
nel are given in Fig. 61.2.

tt̄V (V = W,Z, γ): Associated tt̄ production with vector bosons. Processes with γ and Z bosons
in the final state test the neutral EW couplings of the top quark, see Fig. 61.2 (a). In tt̄W , , on
the other hand, the W -boson couples to the initial qq̄′ state, see Fig. 61.2 (b). Predictions for
tt̄W and tt̄Z are computed at complete NLO accuracy, including both QCD and EW effects, with
resummation of soft emissions to NNLL accuracy in QCD [57]. Additionally, motivated by the large
NLO QCD corrections, approximate NNLO QCD predictions have been obtained for tt̄W [58, 59].
Approximate NNLO and N3LO predictions for tt̄Z production include, respectively, second- and
third-order soft-gluon corrections added to the exact NLO QCD calculation, together with NLO
EW contributions [60]. Predictions for tt̄γ are available at NLO in QCD [61].

tt̄H: This process directly explores the top-quark Yukawa coupling. Predictions have been com-
puted similarly to the tt̄W and tt̄Z processes, incorporating NLO corrections with soft-gluon emis-
sion resummation [57]. Recently, approximate NNLO QCD predictions have also been derived for
tt̄H production [62].

ttt̄/t̄t̄t: EW production of single t or t̄ can be accompanied by the QCD emission of a tt̄ pair. This
leads to a final state with three top quarks. Depending on the EW single-top-quark production
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channel, predictions can be calculated either at LO (for tW ) or at NLO (for s− and t-channels)
through automated codes. The LO expectation for the cross section at 14 TeV LHC is around 2
fb [63].

tt̄tt̄: The production of four top quarks at hadron colliders probes very high scales and is sensitive
to higher-order EW and QCD effects [64]. Predictions have been computed to next-to-leading log-
arithmic (NLL’) accuracy, matched to full NLO QCD and EW corrections. The NLL’ corrections
enhance the total production rate by approximately 26%, significantly reducing theoretical uncer-
tainties from scale variations, which are now smaller than current experimental uncertainties [65].

Theoretical predictions for these processes are implemented in Monte Carlo event generators to
at least NLO accuracy, and discussed in detail in the corresponding section in this Review. Many
of these processes have already been observed at the LHC, and their computed cross sections are
summarized in Tab. 61.3 at

√
s = 13 TeV.

Table 61.3: Predictions for inclusive cross sections at LHC at
√
s = 13 TeV for tt̄ production in

association with additional particles. The first uncertainty comes from scale variation, while the
second (when present) comes from the PDF. The perturbative order refers to the highest order in
QCD and EW available (aNNLO=approximated NNLO).

Process Cross section [fb] Perturbative order Ref.
tt̄W 745.3+37

−48
+14
−14 aNNLO QCD +EW NLO [59]

tt̄Z 811+89
−78

+19
−19 NLO+NNLL QCD [57]

tt̄γ (w/ cuts) 1720+207
−208

+16
−16 NLO QCD + EW NLO [66]

tt̄H 529+8
−12 aNNLO+NNLL QCD +EW NLO [67]

tt̄tt̄ 14.7+1.2
−2.5 NLO+NLL’ QCD + EW NLO [65]

61.1.4.4 Single production
There are three main mechanisms to produce top quarks singly in pp and pp̄ collisions, see

Fig. 61.3: t-channel (qb→ q′t), mediated by a space-like (virtual) W boson [68], s-channel produc-
tion (qq̄′ → tb̄) [69] mediated by a time-like W boson, and tW production (bg → tW−) [70], where
theW boson is on-shell. These processes have smaller cross sections than QCD-driven tt̄ production
but offer unique sensitivity to the EW sector and top-quark couplings. Separate measurements of
the s- and t-channel processes provide sensitivity to physics beyond the SM [71]. Additionally, the
production of single top-quarks associated with a Z or Higgs boson is classified as associated single
top-quark production.

q q′

b t

W

(a)

q̄′

q b̄

t

W

(b)

b

g

W

t

(c)

Figure 61.3: Representative Feynman diagrams for single top production (a) via t-channel, (b) via
s-channel, and (c) via tW -channel.
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Assuming |Vtb| � |Vtd|, |Vts| (see the Section “The CKM Quark-Mixing Matrix” in this Review),
the cross sections for single-top-quark production are proportional to |Vtb|2. This brings the unique
possibility that no additional assumptions about the number of quark families or CKM unitarity
are required to extract |Vtb|.

While suppressed by the weak coupling relative to QCD tt̄ production, t-channel single-top-
quark production is kinematically enhanced, leading to sizeable cross sections at both Tevatron and
LHC energies. At the Tevatron, the s-channel production is symmetric, while t-channel exhibits a
forward–backward asymmetry; at the LHC, the symmetric pp initial state yields different top and
antitop production rates in the t-channel.

For mt = 173.2GeV, the NNLO prediction for t-channel single top (t + t̄) in pp̄ collisions at√
s = 1.96TeV is [72]:

σt+t̄t-ch = 2.08+0.04
−0.03 (scale)

+0.08
−0.10 (PDF) pb.

Updated NNLO predictions for mt = 172.5 GeV at the LHC are given in Tab. 61.4, where the first
uncertainty reflects scale variation and the second PDF and αs uncertainties [72–74].

Finite-order expansions of resummed cross sections, including soft and collinear gluon correc-
tions, have been computed through NNLO for single-top-quark production in the s-channel. At
the Tevatron, the results for single top and antitop quarks are identical. For

√
s = 1.96TeV and

mt = 173GeV, the NNLO prediction is [75]:

σt+t̄s-ch = 1.05+0.001
−0.005 (scale)

+0.030
−0.028 (PDF) pb.

At the LHC, the NNLO cross sections are summarized in Tab. 61.4, with uncertainties quoted from
scale variation only.

Although negligible at Tevatron energies, tW production becomes sizeable at the LHC. Accurate
predictions for this process are difficult to obtain as, starting at NLO in QCD, it interferes with
tt̄ production. Several schemes to proper account for this effect have been proposed [76] and
implemented in MC generators [37, 77]. Approximate NNLO predictions, obtained from NNLL-
resummed calculations, are available for the combined (t+ t̄) production rates, which are expected
to be equal for top and antitop quarks. These predictions, summarized in Tab. 61.4, include
uncertainties from scale variation and PDFs [70]. The approximate NNLO corrections enhance the
cross section by about 8% relative to the NLO result.

Table 61.4: Predictions for inclusive cross sections of single top-quark production at the LHC.
The first uncertainty corresponds to renormalization and factorization scale dependence, while the
second is due to PDF+αs variations.

√
s (TeV) σt+t̄t−ch (pb) σt+t̄s−ch (pb) σt+t̄W t−ch (pb)

pp (NNLO) [72–74] (NNLO) [78] (approx. NNLO) [70]
5.02 30.3+0.4

−0.3
+0.6
−0.4 NA 6.54+0.16

−0.14
+0.33
−0.33

7 63.7+0.9
−0.5

+1.1
−0.7 3.00+0.03

−0.03 17.1+0.4
−0.3

+0.7
−0.7

8 84.3+1.1
−0.7

+1.4
−0.9 5.63+0.03

−0.03 24.4+0.6
−0.5

+0.9
−0.9

13 214.2+2.4
−1.7

+3.3
−2.0 11.07+0.06

−0.03 79.3+1.9
−1.8

+2.2
−2.2

13.6 232.2+2.6
−1.7

+3.4
−2.2 11.78+0.06

−0.04 87.9+2.0
−1.9

+2.3
−2.4

61.1.4.5 Associated single production
These rare processes can probe the EW interactions of the top quark and are sensitive to po-

tential contributions from new physics, such as anomalous couplings or effective operators. (Note
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Figure 61.4: Representative Feynman diagrams for single top-quark associated production with (a)
γ, Z (b) Higgs, and (c) WZ.

that in this section, with t we mean both top and antitop quarks). Representative diagrams for
each production channel are given in Fig. 61.4.

tZ: In this process, a Z boson is radiated from the top quark, the initial-state quark, or an internal
W -boson line, and it can occur in all three single-top-quark production channels, with the t-channel
contribution dominating. It provides direct sensitivity to anomalous tqZ and FCNC couplings [79].
At the LHC, the cross section for t-channel+Z production at

√
s = 13 TeV has been computed at

NLO in QCD and EW [80] and is listed in Tab. 61.5.

tγ: Photon emission in association with single-top-quark production or decay gives rise to this
process, which probes the electromagnetic structure of the top-quark coupling. It is sensitive to
anomalous tqγ and dipole interactions. At the LHC, the cross section for t-channel+γ production
at
√
s = 13 TeV has been calculated at NLO in QCD and EW [66] (see Tab. 61.5), with predictions

depending on photon identification (pT > 25 GeV, |η| < 1.44) and isolation requirements (see [66]
for details).

tH: The associated production of a Higgs boson can occur through radiation from either the top
quark or the intermediateW bosons. Non-trivial unitarity cancellations among diagrams make this
final state highly sensitive to anomalous interactions [79], thereby playing a crucial role in global
fits of top-quark EW couplings. At the LHC, the cross section for t-channel+H production at√
s = 13 TeV has been calculated at NLO in QCD and EW [80] and is reported in Tab. 61.5.

tWZ: A rare mode, this process produces a single top quark together with a W and a Z boson,
radiated from either initial-state quarks or intermediate propagators. The tWZ final state is
sensitive to a broad range of anomalous interactions [81] and contributes to global analyses of top-
quark EW couplings. At the LHC, the cross section for tWZ production at

√
s = 13 TeV has been

computed at NLO in QCD [81] (see Tab. 61.5).

Table 61.5: Cross sections at
√
s = 13 TeV for t(+t̄) in association with additional particles.

Process Cross section [fb] Perturbative order Ref.
tZ (t-channel only) 805+45

−89 (scale)
+3
−3 (PDF) NLO QCD+EW [80]

tγ (t-channel only w/ cuts) 806+57
−66 (scale)

+4
−4 (PDF) NLO QCD+EW [66]

tH (t-channel only) 71.3+5.2
−7.7 (scale)

+0.3
−0.3 (PDF) NLO QCD+EW [80]

tWZ 106.8+5.3
−6 (scale) NLO QCD [81]
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61.2 Top-quark and precision SM tests
The first direct observation of the top quark was made in 1995 at the Tevatron in pp̄ collisions at√

s = 1.8 TeV by the CDF and DØ experiments [82,83], followed by more precise measurements at√
s = 1.96 TeV. Since 2010, the ATLAS and CMS experiments at the LHC have extended top-quark

studies to higher energies, performing measurements in pp collisions at
√
s = 5.02, 5.36, 7, 8, 13, and

13.6 TeV. The LHCb experiment has further contributed by observing top-quark production in the
forward region [84], a phase-space domain inaccessible to other detectors. Dedicated low-energy
runs at

√
s = 5.02 TeV and

√
s = 5.36 TeV in PbPb collisions [85–87] and at

√
s = 8.16 TeV in

proton–lead (pPb) collisions [88,89] have provided a novel and theoretically precise probe of nuclear
parton distribution functions.

The experiments have collected approximately 10 fb−1 of data at the Tevatron and substantial
datasets at the LHC: 255 pb−1 at 5 TeV, nearly 5 fb−1 at 7 TeV, 20 fb−1 at 8 TeV, 139 fb−1 at
13 TeV, and about 250 fb−1 at 13.6 TeV to date. These diverse datasets enable unprecedented
precision in a wide range of top-quark measurements, including production mechanisms mediated
by EW and QCD interactions, precise determinations of the top-quark mass, detailed studies of
production dynamics such as tt̄ spin correlations and charge asymmetries, extensive measurements
of differential cross sections, investigations of the tWb vertex, and constraints on Wilson coefficients
describing physics beyond the SM.

The top-quark mass has now been measured with a precision better than 0.2%, making it the
most accurately determined quark mass to date [1]. Combined with precision measurements of the
W -boson mass and Higgs-boson properties, these results provide stringent and comprehensive tests
of the SM.

Significant progress has also been achieved in associated production processes involving the
top quark, such as tt̄bb̄, tt̄tt̄, tt̄γ, tt̄Z, tt̄H, tH, tZq, tγq, and tWZ. Most of these processes
have now been observed, including the recent observation of tWZ production, while tH associated
production remains beyond current experimental reach. These channels probe novel aspects of top-
quark physics, including its EW couplings to neutral gauge bosons and possible four-top production
mediated by new contact interactions. The measurements of tH and tt̄H production are discussed
in the Review “Status of Higgs Boson Physics” in Sec. 11.3.5.

Recent pioneering analyses have begun to explore quantum entanglement phenomena in top-
quark pair production, and an excess has been reported compatible with a pseudoscalar quasi-bound
state [90,91], discussed further in chapters 61.2.5.3 and 61.2.5.5. In parallel, numerous searches for
BSM physics exploit the top quark as a sensitive probe, either through its production dynamics or
through decays involving hypothetical new particles.

The following sections review the current status of top-quark measurements and discuss their
implications for our broader understanding of fundamental particle physics.

61.2.1 Cross-section measurements of pair production
Top quarks decay before they hadronize, and their presence is inferred from detecting their

decay products. Each top quark decays almost exclusively to a W boson and a b quark. The tt̄
final states are categorized based on the decays of the W bosons:

• All-hadronic (AH) channel (45.7%): tt̄→W+bW−b̄→ qq̄′b q′′q̄′′′b̄

• Lepton+jets (LJ) channel (43.8%): tt̄→W+bW−b̄→ qq̄′b `−ν̄` b̄ or `+ν`b qq̄′b̄
• Dilepton (DL) channel (10.5%): tt̄→W+bW−b̄→ `+ν`b `

′−ν̄`′ b̄

The branching fractions in parentheses are computed assuming lepton universality for the decay
of the W-boson. The symbol ` refers to any charged lepton (e, µ, or τ). However, most analyses
focus on electrons and muons due to the challenges associated with reconstructing τ leptons. The
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symbol q refers to any quark flavor other than a b quark. Final-state quarks hadronize into jets,
whose reconstruction depends on the decay kinematics and the analysis algorithm. Neutrinos are
not detected directly but are inferred as an imbalance in the event transverse momentum.

In general, the top-quark measurements extracted from tt̄ are categorized depending on the
number of leptons in the final state as dilepton (DL), lepton+jets (LJ), and all-hadronic (AH)
decay channels. The DL channel offers the highest signal purity but is affected by larger statistical
uncertainties due to its small branching ratio. The DL(eµ) channel specifically refers to events
containing one electron and one muon in the final state. In contrast, the LJ channel benefits from a
larger branching ratio and better statistical precision, although it is more susceptible to background
contamination and larger systematic uncertainties. As data samples increased from the Tevatron
to the LHC, the relative precision of these channels improved, with the DL channel often becoming
the most precise. Measurements in the AH channel are less common due to the overwhelming QCD
multijet background, which is challenging to model and suppress.

In some events, the top quarks are produced with high transverse momentum (pT > 400–
500 GeV), resulting in a boosted topology where the decay products become collimated. In this
case, traditional resolved analyses, which reconstruct separate jets, may not resolve individual
decay products. Instead, jet substructure techniques are employed to identify large-radius jets
consistent with hadronic top decays. Consequently, tt̄ final states are further classified into resolved
and boosted categories depending on the top-quark pT.

Experimentally, the measurement of the tt̄ production cross section begins with the selection of
collision events consistent with the expected tt̄ signatures described above. After event selection,
background contributions from processes that mimic the signal, such as W/Z+jets, single-top
production, QCD multijet and nonprompt-lepton events, and diboson production, are carefully
estimated. These estimates are typically obtained using data-driven techniques or Monte Carlo
simulations, which are validated against control regions in the data.

To distinguish genuine tt̄ events from background processes, analyses employ a variety of dis-
criminating methods, ranging from simple event-counting or kinematic selections to advanced mul-
tivariate classifiers such as boosted decision trees, neural networks, or matrix-element techniques.
Once suitable discriminants are defined, the signal yield and corresponding cross section are ex-
tracted using statistical inference methods, including template fits, profile likelihood fits, or simul-
taneous maximum-likelihood fits across analysis categories. These inference techniques optimize
the use of information in the data and improve the overall precision of the measurement.

Subsequently, detector effects such as trigger efficiency, acceptance, and event-selection efficiency
must be corrected to obtain the true tt̄ production rate. In simple event-counting analyses, these
corrections are typically applied multiplicatively to the observed signal yield, using factors derived
from detailed detector simulations calibrated with data. In more sophisticated analyses, such
effects are incorporated directly into the signal modeling used for the statistical inference, through
templates or parameterized response functions, which allows the fit to constrain the corresponding
uncertainties from data and improves the overall measurement precision.

Cross-section measurements rely on a specific Monte Carlo model of tt̄ production and decay,
which defines the kinematic properties, acceptance, and efficiency of the signal. These simulations
assume a value for the top-quark mass, typically 172.5GeV, and a particular modeling of QCD
radiation, hadronization, and parton showering. The assumed mass and modeling both affect the
acceptance corrections and, in some cases, the shapes of key kinematic and topological distributions
used in the analysis. The precision of the measurements, therefore, benefits greatly from Monte
Carlo generators that accurately reproduce the observables studied in data.

Comprehensive evaluations of systematic uncertainties, including detector performance and
object reconstruction, background and signal modeling uncertainties, and luminosity measurement
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accuracy, are integral to ensuring the reliability and robustness of the measurement.
Systematic uncertainties related to object reconstruction include the jet energy scale (JES), b-

tagging, and lepton identification. The JES uncertainty accounts for possible mismatches between
the true jet energy and its reconstructed value in the detector, affecting all measurements that rely
on jet kinematics. The b-tagging systematic reflects differences between data and simulation in the
efficiency of correctly identifying b-jets or misidentifying other jet flavors. Since nearly all top-quark
measurements rely on b-tagging, this uncertainty appears prominently in most analyses. The lepton
identification uncertainty accounts for potential discrepancies between data and simulation in the
efficiency of reconstructing and identifying electrons or muons, and tends to dominate in analyses
with multiple leptons.

A dominant source of systematic uncertainty in these measurements is the integrated luminosity,
which is typically quoted separately from other systematic uncertainties. To mitigate this, some
analyses have measured the tt production cross section relative to the Z boson production cross
section, thus reducing the dependence on the absolute luminosity estimate. This is typically done
in the early stages of data-taking, when the luminosity uncertainty is still large.

Finally, the measured tt̄ cross section is interpreted by comparing it with theoretical predic-
tions. Agreement or deviation from these predictions provides essential tests of the SM and opens
opportunities to explore potential new physics phenomena.

Figure 61.5 summarizes the measured tt production cross sections from Tevatron and LHC
collisions at various center-of-mass energies, compared to theoretical predictions at NNLO+NNLL
accuracy.

Studies of tt̄ production in single-, double-, or, more recently, even triple-differential measure-
ments are essential. Such measurements allow increasingly stringent tests of perturbative QCD
as a description of the production mechanism and, in combination with other data, facilitate the
extraction of PDFs. Measurements of the differential tt̄ cross section also allow for the extraction
of mt, αs, and the top Yukawa coupling to the Higgs boson. Moreover, such measurements enhance
sensitivity to possible new physics contributions, particularly now that NNLO predictions for the
main differential observables in tt̄ production are available [92] and have been independently con-
firmed [45]. Finally, precise differential results also reduce uncertainties in modeling tt̄ production
as a background in other SM measurements and in searches for rare processes or physics beyond
the SM.

Differential cross sections are typically determined by selecting candidate events, reconstructing
their kinematics, and unfolding the measured event to the parton level, binned in kinematic variables
to correct for detector resolution, acceptance, and migration effects. While bin-by-bin unfolding is
used in some analyses, others apply more sophisticated approaches. The most commonly employed
methods include iterative Bayesian unfolding (IBU) [93], often implemented through the RooUnfold
package [94], and profile-likelihood unfolding [95,96]. Alternative techniques, such as singular value
decomposition [97] and maximum likelihood fits [98], are also utilized. A general observation of
tt̄ differential measurements is that the measured top-quark pT spectrum tends to be significantly
softer than the corresponding NLO+PS theoretical predictions presented in the existing literature,
while the agreement improves significantly when compared to NNLO+PS predictions [43].

At the Tevatron, both the CDF and DØ collaborations evolved from an initial search program
aimed at discovering the top quark to performing precise measurements of the inclusive tt produc-
tion cross section. Table 61.6 summarizes the earliest tt measurements, the most precise individual
results, and the final combination.

The latest measurements of the tt̄ production cross section from the DØ collaboration [101]
and the CDF collaboration [102] assume a top-quark mass of 172.5 GeV, while earlier measure-
ments assumed 175 GeV. Combining these measurements using the Best Linear Unbiased Es-
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Figure 61.5: Measured and predicted tt production cross sections from Tevatron energies in
pp collisions to LHC energies in pp collisions. The LHCtopWG working group kindly provides
the plot, status as of May 2025, see https://twiki.cern.ch/twiki/bin/view/LHCPhysics/
LHCTopWGSummaryPlots.

timator (BLUE) method, the Tevatron collaborations report a combined cross section: σtt̄ =
7.60 ± 0.20 (stat.) ± 0.29 (syst.) ± 0.21 (lumi.) pb, which is in agreement with the SM prediction
calculated at the same top-quark mass [44]. The correlation coefficient between the measurements
from the two experiments is determined to be 17%.

Additionally, CDF has measured the tt production cross section in the DL channel, including
one hadronically decaying τ lepton, obtaining σtt̄ = 8.1 ± 2.1 pb. By separately identifying the
single-τ and di-τ leptons, CDF extracted the branching fraction of the top quark into a τ lepton,
τ neutrino, and b-quark as (9.6 ± 2.8)% [104]. CDF has also measured the tt production cross
section normalized to the Z boson production cross section, thus reducing the impact of luminosity
uncertainties [105].

The ATLAS and CMS experiments at the LHC employ similar techniques to measure the tt̄
production cross section in pp collisions. The most precise determinations are typically obtained in
the DL channel, particularly in the eµ final state, owing to the large statistical yield and high purity
of this channel. Numerous measurements have been performed across a wide range of center-of-mass
energies, including pPb and PbPb collisions, in different channels, and using a variety of techniques.
The uncertainties are divided into statistical, systematic, luminosity, and beam components. In
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Table 61.6: Summary of tt̄ cross-section measurements at the Tevatron.

Experiment [Ref.] Lumi. (fb−1)
√
s (TeV) Topology Measurement (pb)

CDF (first
observation) [82]

0.0067 1.8 LJ 6.8+3.6
−2.4

DØ (first
observation) [83]

0.0050 1.8 LJ 5.9± 1.7

CDF [99] 0.00109 1.8 DL+LJ 6.5+1.7
−1.4

DØ [100] 0.00125 1.8 DL+LJ 5.9± 1.4
DØ [101] 9.7 1.96 DL+LJ 7.26+0.58

−0.51

CDF [102] 8.8 1.96 DL 7.09± 0.84
CDF [103] 4.3–8.8 1.96 DL+LJ+AH 7.63± 0.50
DØ [103] 5.3–9.7 1.96 DL+LJ+AH 7.56± 0.59
Tevatron [103] 4.3–9.7 1.96 DL+LJ+AH 7.60± 0.41

CMS measurements, the uncertainty associated with the beam energy is typically included within
the quoted systematic uncertainty. As the beam energy determination improved, this convention
was also adopted in later ATLAS measurements. The systematic uncertainties strongly depend on
the final state and include experimental contributions, related to the identification of objects and
background estimates, as well as theoretical contributions that rely on the modeling assumptions
used to extract the measurement.

Most results are summarized in Tab. 61.7 and found to be consistent with theoretical predictions.
A description of the measurements at different collision energies follows.

61.2.1.1 Measurements at
√
s = 5.02 TeV

In a dedicated LHC run at this energy, both ATLAS and CMS measured the tt̄ production
cross section in the DL and LJ channels. Each experiment subsequently combined the results
from its individual channels. The ATLAS combination yields σtt̄ = 67.5± 0.9 (stat.)± 2.3 (syst.)±
1.1 (lumi.)±0.2 (beam) pb, with the dominant uncertainty arising from background modeling [106].
The corresponding CMS combination gives σtt̄ = 62.3 ± 1.5 (stat.) ± 2.4 (syst.) ± 1.2 (lumi.) pb,
where the main contributions to the uncertainty come from the integrated luminosity and from the
b-tagging scale factors for b-jets [107]. The two measurements are consistent with each other and
with the SM prediction within two standard deviations. These measurements provide important
constraints on the proton PDFs at large Bjorken-x.

61.2.1.2 Measurements at
√
s = 7 TeV

At this energy, a wide variety of final states and methods were explored. The ATLAS measure-
ment in the DL(eµ) channel yields σtt̄ = 182.9±3.1(stat.)±4.2(syst.)±3.6(lumi.)±3.3(beam) pb [108],
with the dominant uncertainty arising from the modeling of tt̄ production, evaluated by compar-
ing different Monte Carlo generators and hadronization models. CMS obtained its most precise
measurement also in the DL(eµ) final state, using a binned likelihood fit to multi-dimensional dis-
tributions related to b-quark jets and other jets identified in the event. The measured cross-section
is σtt̄ = 173.6± 2.1(stat.)+4.5

−4.0(syst.)± 3.8(lumi.)pb [109].
In the LJ channel, ATLAS utilized a three-class, multidimensional event classifier based on
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support vector machines to distinguish tt̄ fromW/Z+bb̄ and other background processes, obtaining
σtt̄ = 168.5± 0.7(stat.)+6.2

−5.9(syst.)+3.4
−3.2(lumi.) pb [110].

Additional measurements using partial datasets by ATLAS and CMS played a crucial role in re-
fining techniques and enhancing data understanding. These studies were carried out in several chan-
nels, including e/µ+jets [111], DL [112] [113], AH [114], lepton+τ [115], hadronic τ+lepton [116],
and τ+jets [117] [118]. These results are consistent with theoretical predictions, although they are
characterized by larger uncertainties due to limited data statistics and systematic effects.

Furthermore, both collaborations have jointly published a combined "legacy" cross-section mea-
surement at

√
s = 7 TeV, which is also included in Tab. 61.7.

The first observation of tt̄ production in the forward region of pp collisions was performed by
LHCb using the e+jets and µ+jets channels. The inclusive tt̄ production cross section measured in
the fiducial region is σtt̄ = 239±53(stat.)±33(syst.)± 24(theo.)fb [84]. This result is in agreement
with the SM predictions of 180+51

−41 fb at 7 TeV obtained at NLO using MCFM program [119].
ATLAS and CMS measured single-differential tt̄ cross sections for the jet multiplicity, the top-

quark pT, and mt, and the rapidity of the top quark as well as of the tt̄ system or kinematic
properties of the final-state charged leptons and jets associated with b-quarks. While CMS finds
in general good agreement with the pQCD calculations [120–122], ATLAS finds the data to be
softer, in particular in the tt̄ mass and the top-quark pT than the ALPGEN+HERWIG generator.
Also, some disagreement in the rapidity spectrum is observed, indicating a preference for the
HERAPDF1.5 PDF set over CT10 [123–125].

61.2.1.3 Measurements at
√
s = 8 TeV

The DIL(eµ) channel provided the most precise measurements of the tt̄ production cross section
at this energy, which is included in Tab. 61.7. ATLAS determined σtt̄ = 242.9 ± 1.7(stat.) ±
5.5(syst.)± 5.1(lumi.)± 4.2(beam) pb through a simultaneous extraction of the b-tagging efficiency
[126]. CMS conducted a measurement by fitting multidimensional final-state distributions involving
identified b-quark jets and other jets, obtaining σtt̄ = 244.9±1.4(stat.)+6.3

−5.5(syst.)±6.4(lumi.) pb [109,
127]. This measurement was also used to determine the mpole

t and set constraints on potential new
physics models.

In the LJ channel, ATLAS modeled the W+jets background using Z+jets data and employed
neural networks to classify events across three regions defined by jet and b-jet multiplicities. This
analysis resulted in σtt̄ = 248.3 ± 0.7(stat.) ± 13.4(syst.) ± 4.7(lumi.) pb [128]. CMS performed a
template fit to the invariant mass distribution Mlb, extracting from it σtt̄ = 228.5 ± 3.8(stat.) ±
13.7(syst.)± 6.0(lumi.) pb [129].

Additionally, both ATLAS and CMS measured the cross section in the hadronic τ+jets channel,
producing consistent but less precise results [130, 131]. CMS also obtained a measurement in the
AH final state [132].

ATLAS and CMS combined their DL(eµ) channel results [133], performing cross-section ratio
studies to verify the internal consistency of the measurements and to reduce sensitivity to specific
systematic uncertainties. Ratios of measurements taken at

√
s = 7 TeV and 8 TeV provided precise

tests of perturbative QCD and constraints on PDFs. Additionally, ratios between tt̄ and Z-boson
production cross sections were analyzed to minimize luminosity uncertainties while maintaining
sensitivity to the gluon-to-quark PDF ratio. These combined analyses also enabled the extraction
of mpole

t and the determination of αs.
LHCb measured tt̄ production in the forward region of pp collisions at 8 TeV in the e+jets and

µ+jets channels. The measured cross section is σtt̄ = 289± 43(stat.)± 40(syst.)± 29(theo.) fb [84],
which agrees with the NLO SM prediction of 312+83

−68 fb calculated using MCFM. Additionally, the
measured differential yield distributions and charge asymmetry are consistent with SM predictions.
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ATLAS measured single-differential cross sections in the DL and LJ channels, analyzing ob-
servables such as mt, top-quark pT., rapidity of the tt̄ system, and other event-level kinematic
variables [134,135]. These measurements demonstrate good or fair agreement with theoretical pre-
dictions across a wide kinematic range, with predictions beyond NLO accuracy notably improving
the consistency at high pT.

CMS performed extensive measurements of normalized differential cross sections for tt̄ produc-
tion in the LJ channel, examining kinematic variables such as missing transverse energy, scalar
sums of jet pT, scalar sums of the pT of all event objects, and the pT of the leptonically decaying
W bosons originating from top-quark decays [121]. Furthermore, CMS has measured differential
cross sections in both the LJ and DL decay channels, focusing on kinematic properties of charged
leptons, jets associated with b quarks, top quarks, and the entire tt̄ system, comparing the results to
predictions at approximate NNLO precision [136]. Notably, in the DL(eµ) channel, CMS’s normal-
ized double-differential cross-section measurements as a function of paired kinematic observables
significantly impacted the determination of gluon distributions in PDF fits [137].

Additionally, ATLAS and CMS carried out targeted differential tt measurements in the boosted
topology using the LJ channel. In these analyses, the hadronically decaying top quark was re-
constructed as a single large-radius jet and identified as a top candidate through jet substructure
techniques. ATLAS focused on events with hadronic top quarks of pT > 300 GeV [138], while CMS
used a threshold of pT > 400 GeV [139]. Predictions from NLO and LO matrix-element calculations
interfaced with parton-shower Monte Carlo generators generally overestimate the measured cross
sections. This can be explained by the softer pT spectra in the data compared to the simulation.

61.2.1.4 Measurements at
√
s = 13 TeV

The most precise measurement of the tt̄ cross section is obtained in the DL(eµ) final state with
b-tagged jets by ATLAS, yielding σtt̄ = 829±1(stat.)±13(syst.)±8(lumi.)±2(beam) pb [140]. This
analysis includes differential and double-differential measurements of kinematic variables of leptons
from top-quark decays, comparing results against predictions from several Monte Carlo generators.
Although no single prediction matches all distributions, reweighting the simulated tt̄ events to align
with the top-quark pT distribution calculated at NNLO significantly improves agreement, especially
for lepton pT distributions.

CMS measured the tt̄ cross section in the DL channel using a likelihood fit, reporting σtt̄ =
803 ± 2(stat.) ± 25(syst.) ± 20(lumi.) pb [141]. This result facilitated the extraction of the mpole

t

and MS schemes at NNLO and allowed the determination of αs.
In the LJ channel, ATLAS measured the inclusive tt̄ cross section using a profile-likelihood

fit, obtaining σtt̄ = 830 ± 0.4(stat.) ± 36(syst.) ± 14(lumi.) pb [142]. CMS measured this channel,
dividing events into regions based on top-quark pT and b-tag scores, and employed a combined χ2 fit
with migration matrices, measuring σtt̄ = 791±1(stat.)±21(syst.)±14(lumi.) pb, noting generally
good agreement with SM predictions except for certain double-differential distributions [143].

ATLAS utilized partial datasets in the DL eµ channel with one or two b-tags to determine
the mpole

t , compute ratios and double ratios of tt̄ to Z cross sections across different energies, and
measure absolute and normalized differential cross sections as functions of LJ and DL kinematic
variables [144]. A pioneering measurement of inclusive and normalized differential cross sections in
the LJ channel was also conducted by CMS [145]. Other significant results using partial datasets
include CMS measurements in the DL channel featuring a hadronically decaying τ [146].

CMS-TOTEM performed the first search for the central exclusive production of tt̄ pairs using
proton-tagged events with an integrated luminosity of 29.4 fb−1. The top-quark pair decay products
were reconstructed by the central CMS detector, while forward protons were measured using the
TOTEM precision proton spectrometer. An observed (expected) upper limit on the production
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cross section of 0.59 (1.14) pb was established at a 95% C.L. for proton collisions with fractional
momentum losses ranging from 2% to 20% [147].

LHCb measured the forward production of tt̄ in the µeb final state, consisting of a muon, an
electron, and a b-jet. The cross section is measured in a fiducial region defined by both leptons
pT and pseudorapidities as well as their angular separation, the b-jet pT and its angular separation
from the leptons, yielding σtt̄ = 126± 19(stat.)± 16(syst.)± 5(lumi.)fb [148].

Single- and double-differential cross-section measurements for tt̄ production have been exten-
sively performed in various channels. Both ATLAS and CMS have performed high-precision mea-
surements of these cross sections in the DL and LJ channels, probing the kinematic properties
of leptons, b-quark jets, top quarks, top-quark pairs, and jet multiplicities [149–153]. All results
are compared with SM predictions from Monte Carlo simulations with NLO accuracy in QCD at
matrix-element level interfaced to parton-shower simulations. While these measurements generally
agree well with theoretical predictions, notable discrepancies have been observed in specific DL anal-
yses. CMS has used these results to constrain the top-quark chromomagnetic dipole moment [154]
within an EFT framework at NLO QCD, and to extract tt̄ and leptonic charge asymmetries [155].

CMS performed the first triple-differential measurement of the tt̄ production cross section in
the dilepton (DL) channel, as a function of the invariant mass and rapidity of the tt̄ system and
the multiplicity of additional jets, using a partial Run 2 dataset. From this measurement, αs,
mpole
t , and PDFs were extracted [156]. With the full Run 2 dataset, CMS measured differential

tt̄ and tt̄+jets cross sections as functions of up to three kinematic variables, unfolded to both
parton and particle levels. Comparisons with QCD predictions show that theoretical calculations
do not consistently reproduce the data, with the most considerable deviations appearing in multi-
differential observables. Predictions beyond NLO provide similar or improved agreement for top-
quark and tt̄ observables, while improvements for lepton and b-jet variables remain limited. The
observed dependence on PDF choice indicates that these measurements can provide valuable input
to future global PDF fits [157].

ATLAS measured absolute and normalized differential cross sections for the tt̄ process in the eµ
DL channel as functions of different observables. Also, it provided complementary measurements of
eµbb̄ production, treating both tt̄ and Wt as signal. Comparisons with event generator predictions
show that state-of-the-art generators such as Powheg MiNNLO or Powheg bb4l better model the
lepton kinematics than the Powheg hvq process traditionally used for LHC physics analyses. These
precise measurements provide input that can be used to further refine the modeling of the top
quark production at hadron colliders [158].

ATLAS has performed measurements in the AH channel, examining the resolved regime with
individually reconstructed jets [159], and measuring differential cross sections as a function of
various kinematic properties of the top quarks and the overall tt̄ system, both at the stable-particle
level within a fiducial phase space and at the parton level in the full phase space.

In boosted topologies, CMS and ATLAS have performed dedicated analyses of tt̄ cross sections
as a function of top-quark and tt̄ system kinematics. CMS measured these cross sections in the AH
and LJ channels using large-radius jets with b-tags, finding absolute cross sections notably lower
than theoretical predictions [160]. ATLAS carried out similar measurements in these channels,
focusing on high-pT hadronic decays, characterizing additional radiation, and setting limits on
Wilson coefficients describing potential physics beyond the SM [161]. Mild discrepancies with the
data were observed in the modeling of additional radiation. ATLAS has also measured differential
tt cross sections in AH events in boosted topologies [162]. CMS has further performed single- and
double-differential measurements in the LJ channel, categorized by top-quark pT, boosted versus
resolved topologies, and b-tagging scores, extending momentum measurements well into the TeV
range [143].
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Several differential tt cross-section measurements have been performed to aid in the tuning of
Monte Carlo generators. ATLAS measured one- and two-dimensional differential cross sections
for eight jet substructure variables, defined using charged jet components and corrected for detec-
tor effects [140, 163]. QCD predictions agree well with measured energy-flow variables, whereas
discrepancies arise for variables sensitive to the three-body structure of top-quark jets. Addition-
ally, observables sensitive to color reconnection effects in top-quark pair-production events, such as
charged-particle multiplicity and scalar sums of charged-particle pT, were measured and unfolded
to the stable-particle level. These data disfavor certain color reconnection models, informing future
Monte Carlo parameter optimizations [164].

Furthermore, ATLAS measured observables related to b-quark fragmentation into b-hadrons.
Observables characterizing longitudinal and transverse momentum distributions of b-hadrons within
jets were corrected for detector effects. The unfolded results were compared to various Monte Carlo
generators, showing varying levels of agreement. These measurements complement similar results
from e+e− collider experiments, where b-quarks originate from color-singlet Z/γ∗ states [165].

61.2.1.5 Measurements at
√
s = 13.6 TeV

The LHC began colliding protons at
√
s = 13.6 TeV in 2022 and is expected to continue until

mid-2026. ATLAS and CMS have already performed inclusive tt̄ cross-section measurements using
partial Run 3 datasets at this energy.

The first result was reported by the CMS collaboration using 1.21 fb−1 of data in events in the
LJ channel [166]. Events were categorized according to lepton flavor and multiplicity, the number of
jets, and the number of b-tagged jets, and the cross section was extracted from a profile-likelihood
fit. CMS measured σtt̄ = 881± 23 (stat+syst)± 20 (lumi) pb.

ATLAS performed a complementary measurement in the DIL(eµ) final state with b-tagged jets
using 29 fb−1 of data [167]. The result, σtt̄ = 850±3 (stat.)±18 (syst.)±20 (lumi.) pb, corresponds
to a relative uncertainty of 3.2%, dominated by the luminosity calibration. To reduce its impact,
ATLAS also extracted the ratio of tt̄ to Z+jets production, obtaining Rtt̄/Z = 1.145±0.003 (stat.)±
0.021 (syst.) ± 0.002 (lumi.) with a relative uncertainty of 1.9%, benefitting from cancellations of
common systematic effects.

Both ATLAS and CMS results are consistent with SM expectations and the NNLO+NNLL
prediction, and already achieve percent-level precision despite being based on early Run 3 datasets.

61.2.2 Cross-section measurements of associated pair production
The associated production of a tt pair with an additional particle (tt̄X, with X = γ, W, Z, H,

top quarks or jets) provides direct probes of the top-quark couplings. The tt̄H process offers the
most direct access to the top–Higgs Yukawa coupling, while tt̄Z and tt̄W test the EW couplings of
the top quark and are sensitive to anomalous interactions in the EFT framework.

Measurements typically require the reconstruction of a tt̄ final state in the DL or LJ channels,
together with the specific signature of the associated particle (isolated photon, additional leptons,
bb̄ pair from H → bb̄, or extra jets), and employ multivariate techniques to separate signal from
background. CDF reported the first measurement of the associated tt̄γ production, while studies of
tt̄W , tt̄Z, tt̄H, and tt̄tt̄ processes were initiated at the LHC. Evidence and subsequent observations
of several of these processes began to emerge during Run 1.

This has become a very active area of research, with many new associated production processes
observed in recent years. As larger datasets are collected, these measurements are becoming increas-
ingly precise, and analyses are moving toward differential cross sections, which provide enhanced
sensitivity to EFT coefficients.

The next section is organized by associated production processes, beginning with the most
common production channel and progressing to increasingly rare ones.
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Table 61.7: Summary of tt̄ cross-section measurements at LHC.

Experiment [Ref.] Lumi. (fb−1)
√
s (TeV) Topology Measurement (pb)

ATLAS [106] 0.257 5.02 DL+LJ 67.5± 2.7
CMS [168], [169] 0.302, 0.0274 5.02 DL(eµ)+LJ 63.0± 5.1
ATLAS [108] 4.6 7 DL(eµ) 182.9± 7.1
ATLAS [110] 4.6 7 LJ 168.5+7.1

−6.7

CMS [109] 5 7 DL(eµ) 173.6+6.3
−5.9

ATLAS+CMS [133] 5 7 DL,LJ 178.5± 4.7
LHCb [84] 1 7 LJ (fwd) 0.239± 0.067
ATLAS [126] 20.3 8 DL(eµ) 242.9± 8.8
ATLAS [128] 20.2 8 LJ 248.3± 14.2
CMS [109] 19.7 8 DL(eµ) 244.9+9.1

−8.6

CMS [129] 19.6 8 LJ 228.5± 15.4
ATLAS+CMS [133] 20 8 DL 243.3+6.0

−5.9

LHCb [84] 2 8 LJ (fwd) 0.289± 0.065
ATLAS [126] 140 13 DL(eµ) 829± 15.4
ATLAS [142] 139 13 LJ 830± 38.6
CMS [141] 35.9 13 DL 803± 32.1
CMS [143] 137 13 LJ 791± 25.3
LHCb [148] 1.93 13 DL(eµ) (fwd) 126± 25.3
ATLAS [167] 29 13.6 DL 850± 27
CMS [166] 1.21 13.6 DL+LJ 881± 30

61.2.2.1 Associated pair production with jets
The production of tt̄ in association with jets, denoted as tt̄+jets, where the additional jets

originate from the fragmentation of quarks of any flavor or gluons, offers a valuable probe of
QCD radiation in a multi-scale environment. Within this context, the subset of events involving
additional b-quarks, tt̄+ b-jets, is of particular interest due to the added complexity introduced by
heavy-flavor production. Although NLO QCD calculations are available for both tt̄+jets and tt̄+bb̄
final states [170], these predictions are subject to sizable theoretical uncertainties. A major source
of uncertainty lies in the choice of factorization and renormalization scales, which is complicated by
the presence of at least two relevant physical scales: the mt and the pT of the additional jets. The
measurements of tt̄+jets offer useful constraints for tuning theoretical models of QCD radiation in
tt̄ events.

Measurements are usually performed in fiducial regions and unfolded to the particle level to
enable direct comparisons with NLO calculations and Monte Carlo simulations.

At
√
s = 7 TeV, ATLAS performed a study of tt̄ production with a veto on central jet activity,
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measuring the fraction of events that pass the jet veto as a function of the pT threshold across
multiple rapidity intervals [171]. Following, ATLAS measured the fiducial tt̄ production cross
section as a function of jet multiplicity, including up to eight jets, in both the LJ and DL decay
channels [172]. The precision of these measurements ranged from approximately 10% to 30%,
with the dominant uncertainties arising from background modeling at low jet multiplicities and
uncertainties in the jet energy scale at higher multiplicities.

CMS conducted similar measurements of normalized differential tt̄ cross sections as a function
of jet multiplicity in the LJ and DL channels [122]. In the LJ channel, the cross section was studied
as a function of the number of additional jets, while in the DL channel, the fraction of events with
no additional jets above a specified threshold was measured. Comparisons with perturbative QCD
predictions revealed no significant deviations.

At
√
s = 8 TeV, CMS extended these studies with measurements of absolute and normalized

differential tt̄+jets cross sections in the DL channel, exploring various jet pT thresholds and the
kinematics of the leading additional jets [173]. The fraction of events without additional jets was
also determined as a function of the pT of the leading additional jet and the scalar sum of the
transverse momenta of all additional jets. These results were compared with predictions from a
range of perturbative QCD event generators and NLO calculations, and were found to agree within
uncertainties.

ATLAS performed studies in the DL(eµ) channel with two identified b-jets and measured the
multiplicity and kinematic properties of additional jets for several pT thresholds [174]. Normalized
differential cross sections were reported for the five highest-pT additional jets, as well as gap fraction
observables, defined as the fraction of events lacking additional jets in a central rapidity region,
as functions of jet pT thresholds or the scalar pT sum. These observables were also explored in
different regions of the eµbb̄ system invariant mass. After correcting for detector effects, the results
were found to be largely consistent with LO and NLO event generator predictions, provided suitable
parameter settings were used.

At
√
s = 13 TeV, both ATLAS and CMS significantly extended the study of tt̄+jets, offering

more precise tests of QCD radiation patterns and generator modeling. These analyses focused
on inclusive and differential cross sections in both the LJ and DL decay channels, probing jet
multiplicities and detailed jet kinematics.

ATLAS measured normalized differential tt̄+jets cross sections in the LJ channel as functions
of jet multiplicity and the properties of the leading additional jets [175]. These measurements,
unfolded to particle level, were compared to predictions from several Monte Carlo event generators.
While the Monte Carlo simulations described the general features of the data, notable discrepancies
appeared in high jet multiplicity regions and in specific jet kinematic distributions.

In the DL channel, ATLAS performed a complementary study of tt̄+jets production [176], which
included differential measurements of jet multiplicities, transverse momenta, and gap fractions,
defined as the fraction of events without additional jet activity above a given threshold. The
results provided sensitivity to soft and collinear QCD radiation and were used to test both leading-
order and NLO predictions matched to parton showers. Although broad agreement was observed,
no single generator configuration consistently described all observables.

CMS measured differential and double-differential tt̄+jets cross sections in the DL channel
across a wide range of observables, including additional-jet momenta, angular separations, and
global event variables [177]. This extended set of observables provides tighter constraints on parton-
shower modeling and on the treatment of initial- and final-state radiation. Normalized tt̄+jets cross
sections were also measured as a function of jet multiplicity and the kinematics of additional jets in
both the DL and LJ channels [178]. The measurements are performed in a fiducial phase space and
extrapolated to the full phase space. The values of σtt̄bb̄ are extracted from the product of σtt̄jj and
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the measured cross-section ratio. Results unfolded to the particle level are broadly consistent with
NLO+PS predictions, although some tension is observed in observables sensitive to hard radiation
and color-reconnection effects.

Together, the ATLAS and CMS results at 13 TeV form a comprehensive dataset for validating
QCD predictions in top-quark production with jets. They highlight the strengths and limitations
of current theoretical tools and serve as benchmarks for improving Monte Carlo simulations used
throughout top-quark physics and beyond.

61.2.2.2 Associated pair production with b-jets
The production of tt̄ in association with additional b-jets arising from gluon radiation provides

a stringent test of perturbative QCD. This process is particularly challenging to predict due to the
interplay of multiple mass scales: the large mass of the top quark, the smaller but non-negligible b-
quark mass, and the energy scale associated with gluon splitting into bb̄ pairs. The hierarchy among
these scales introduces significant theoretical uncertainties, especially in modeling the emission of
heavy-flavor jets in the presence of top quarks.

Beyond its theoretical significance, tt̄ production with additional b-jets is also an important
background in several key analyses, such as those targeting tt̄H and tt̄tt̄ production, where its
modeling uncertainty can significantly impact the overall sensitivity. The most precise theoretical
predictions for these final states rely on fixed-order calculations at NLO accuracy in pQCD, typ-
ically matched to parton showers. These calculations are still limited by significant uncertainties
from missing higher-order corrections, making direct experimental measurements of these processes
especially valuable for improving the theoretical modeling.

To reduce the model dependence, experimental measurements are often performed in fiducial
phase-space regions that are closely aligned with the detector acceptance. This strategy enables a
more robust comparison with theoretical predictions, which are evaluated within the same fiducial
region, thereby minimizing extrapolation uncertainties into unmeasured regions.

The first measurements of tt̄ production with b-jets were performed by ATLAS at
√
s = 7

TeV [179]. Events with at least three b-tagged jets were selected, where two b-jets are attributed
to top-quark decays and the third to additional heavy-flavor jets, defined to include both b- and
c-jets. The result was expressed as the ratio of events with heavy-flavor jets to the total number of
tt̄ events with additional jets.

At
√
s = 8 TeV, CMS measured fiducial cross sections in the DL channel, requiring at least

four jets, of which two were identified as b-jets [180]. ATLAS performed similar measurements in
both the LJ and DL channels, targeting tt̄ production in association with one or two additional
b-jets [181].

CMS extended these studies with the first differential measurements of tt̄ cross sections as
functions of the jet multiplicity, exploring various jet transverse momentum thresholds and the
kinematics of the leading additional jets. Furthermore, it provided differential cross-section mea-
surements for tt̄+ b and tt̄+ bb̄ final states as a function of the kinematic properties of the leading
additional b-jets [173].

At
√
s = 13 TeV, ATLAS measured inclusive and differential cross sections for tt̄+bb̄ production

in both DL and LJ channels using a partial dataset [182]. The measured inclusive fiducial cross
sections were generally found to exceed theoretical predictions from various NLO matrix element
generators matched to parton showers.

CMS has performed complementary measurements of tt̄ + bb̄ production across diverse event
topologies: first in the DL channel [183], later in both the DL and LJ channels [184], and in the
AH channel [185] using partial datasets. In the AH final state, events with at least eight jets,
including at least two b-jets, were analyzed. A combination of multivariate techniques was used
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to suppress the substantial multijet background and to discriminate jets from top-quark decays
from those originating from additional radiation. A two-dimensional likelihood fit yielded a ∼25%
precision on the tt̄+ bb̄ cross section in this channel.

CMS reported comprehensive measurements of inclusive and normalized differential tt̄+bb̄ cross
sections using the full dataset in the LJ channel [186], providing results in four distinct fiducial
phase-space regions optimized to probe different aspects of the process. Distributions were unfolded
to the particle level using maximum likelihood fits, enabling direct comparisons with theoretical
predictions from a range of event generators. The measured inclusive cross sections tend to exceed
the predictions obtained with the default settings of these generators. At the differential level,
the data exhibit varying degrees of agreement, with discrepancies observed particularly in regions
sensitive to additional b-jet radiation.

ATLAS performed differential measurements in the DL final state, analyzing events with ex-
actly one electron and one muon and requiring at least three or four identified b-jets [187]. Results
were unfolded to the particle level and reported for both inclusive and normalized differential
cross sections. The differential measurements encompass global event properties, individual jet
kinematics, and observables sensitive to correlations among b-jets, including those stemming from
top-quark decays as well as those originating from additional heavy-flavor radiation. After correct-
ing for detector effects, the measured integrated fiducial cross sections are generally consistent with
predictions from various NLO matrix-element calculations matched to parton showers, within the
quoted theoretical and experimental uncertainties.

In both ATLAS and CMS results, the unfolded differential measurements are compared with
state-of-the-art theoretical predictions. While some event generators describe certain kinematic
distributions well, none achieves a fully consistent agreement across all observables. The differences
among the various theoretical predictions are generally smaller than the experimental uncertainties
for most measured quantities, underscoring the need for further theoretical improvements and more
precise data to better discriminate between modeling approaches.

61.2.2.3 Associated pair production with c-jets
Predicting and detecting production of tt̄ in association with additional c-jets arising from

gluon radiation is even more challenging than with additional b-jets. Both ATLAS and CMS have
published such measurements using the 13 TeV dataset. The first measurement was performed
by the CMS collaboration using a partial 13 TeV dataset [188]. The measurement is based on
events with dileptonic tt̄ final states and differentiates the three processes tt̄+light, tt̄ + bb̄ and
tt̄+ cc̄. The events are categorised using a neural-network approach that utilises charm-jet tagging
information. The output probabilities of the different classes are then used to construct a two-
dimensional discriminator that is used in a binned profile-likelihood fit to extract the cross-sections
for the three processes. The measurement is performed in a fiducial and in the inclusive phase
space. Also the ratios of cross-sections are extracted, which benefit from the cancellation of several
uncertainties. The measured cross-sections agree with the MC generator predictions within the
uncertainties. The cross-section of the tt̄+cc̄ process has an uncertainty of 18%, which is dominated
by statistical uncertainties as well as uncertainties in the c-tagging calibration and the ME-PS
matching uncertainties.

The ATLAS measurement based on the full 13 TeV datasets uses top-quark pairs with either one
or two charged leptons in the final state [189]. The cross-sections are extracted for two tt̄+charm
categories, namely tt̄+ ≥ 2c and tt̄+ 1c. A new flavour-tagging algorithm is employed that allows
to tag b and c jets simultaneously. The discriminating variables in this approach are either the
invariant masses of the two closest c-jets or b-jets, or the number of events in the specific region.
Seven signal-enriched regions are included in the fit alongside 12 control regions. The cross-sections
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of the two signal processes as well as for the tt̄ and tt̄ + b̄ processes are extracted simultaneously,
both for the fiducial and the inclusive cross-sections. Also ratios of cross-sections are measured.
The signal cross-sections have uncertainties of 20% and 14% for σ(tt̄+ ≥ 2c) and σ(tt̄ + 1c),
respectively. They are consistent with the predictions within the uncertainties, but are all slightly
below the predictions. The precision is limited by data statistics as well as the tagger calibration
and the modelling of the signal process.

61.2.2.4 Associated pair production with massive vector bosons
The associated production of tt̄ with a vector boson V (V = W,Z) is a rare but powerful

probe of the SM, accessible only at high energies and luminosities. These heavy final states allow
precision studies of EW couplings in the top sector and offer unique sensitivity to new physics. In
particular, tt̄W production features complex QCD and EW corrections, charge asymmetry from the
initial state, and same-sign dilepton signatures, key ingredients in many beyond-the-SM searches.
It also forms a major background in rare processes such as tt̄H and tt̄tt̄ production. Meanwhile, tt̄Z
production provides the most direct probe of the t–Z coupling. In the SM, theW boson is expected
to arise primarily from initial-state radiation. In contrast, the Z boson can also be emitted from a
final-state top quark, offering direct sensitivity to the top-quark neutral-current interactions and,
in particular, to the third component of its weak isospin, a property not yet directly measured.
Together, tt̄V processes are central to both precision tests of the SM and the ongoing search for
new phenomena at the LHC.

Experimental measurements of tt̄Z and tt̄W typically rely on leptonic decays of the Z and W
bosons to suppress the large backgrounds from tt̄+jets and tt̄+b-jets. The most sensitive channels
are final states with three or more charged leptons and events with two same-sign leptons (electrons
or muons), which provide substantial background reduction. These analyses require lepton identifi-
cation with high efficiency and purity to maximize the signal and minimize systematic uncertainties
from misidentified leptons.

A summary of the LHC measurements of the inclusive tt̄V cross sections is given in Tab. 61.8.
The first measurement of tt̄V in pp collisions was performed by CMS at

√
s = 7 TeV using two

independent analysis channels: a trilepton analysis targeting tt̄Z events and a same-sign dilepton
analysis sensitive to tt̄V production. The trilepton channel enabled a direct measurement of the tt̄Z
production rate, observed with a significance of 3.3 standard deviations above the background-only
hypothesis. The same-sign dilepton analysis yielded evidence for tt̄V production with a significance
of 3.0 standard deviations. In both cases, the measured rates were found to be consistent with NLO
SM predictions within uncertainties [190].

At
√
s = 8 TeV, both ATLAS and CMS observed the production of tt̄ with a W or Z boson.

Both collaborations made simultaneous measurements of the tt̄W and tt̄Z cross sections using final
states with two same-sign leptons, three leptons, and four leptons. ATLAS obtained significances
of 5.0 and 4.2 standard deviations above the background-only hypothesis for tt̄W and tt̄Z, re-
spectively [191]. CMS also reported significances of 4.8 standard deviations for tt̄W and 6.4 for
tt̄Z [192]. All results were found to be consistent with NLO SM predictions. In addition, the CMS
analysis was used to set constraints on five dimension-six operators in the framework of EFT that
could modify the tt̄W and tt̄Z production rates.

At
√
s = 13 TeV, the SM cross sections for tt̄Z and tt̄W production increase by factors of ap-

proximately 3.5 and 2.4, respectively, compared to 8 TeV. As Tab. 61.3 shows, these cross sections,
calculated at different orders in EW and QCD, carry an uncertainty of about 10%, primarily from
renormalization and factorization scale variations. At this center-of-mass energy, ATLAS and CMS
performed various measurements in final states with two same-sign leptons or three and four lep-
tons. Using partial datasets, ATLAS simultaneously measured the tt̄Z and tt̄W cross sections via a
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combined fit across multiple analysis regions [193]. The results are consistent with SM predictions
and were used to set constraints on dimension-six SMEFT operators involving the top quark and
the Z boson. CMS also reported measurements of the tt̄V cross section using similar final states.
For tt̄W production in the same-sign dilepton channel, the observed (expected) significance reached
5.3 (4.5) standard deviations. In the three- and four-lepton channels targeting tt̄Z, both observed
and expected significances exceeded 5 standard deviations. These results agree with SM predictions
and were further used to constrain Wilson coefficients of eight dimension-six EFT operators that
would modify tt̄W and tt̄Z production [194].

The first differential tt̄Z measurement by CMS used events with three or four leptons, with
the Z boson reconstructed from an oppositely charged lepton pair [195]. Results were presented as
functions of the Z pT and the angular distribution of the negatively charged decay lepton, providing
a detailed characterization of the process and enabling stringent limits on anomalous tZ couplings.

ATLAS measured inclusive and differential tt̄Z cross sections [196] also using events with three
or four isolated leptons. Differential results were unfolded at both the particle and parton levels
in specific fiducial regions and are reported as absolute and normalized cross sections. A range of
kinematic observables was studied to probe the dynamics of the tt̄Z system. The measurements
were compared with predictions from several fixed-order calculations and Monte Carlo generators,
showing good overall agreement.

An updated and extended tt̄Z measurement by ATLAS was later performed using the same
dataset [197]. This analysis introduced an additional final state targeting the AH decay of the tt̄,
alongside the multilepton channels. The measurement benefits from improved calibrations, better
background modeling, and reduced experimental and theoretical uncertainties. The inclusive and
differential cross sections were extracted using a simultaneous profile-likelihood fit across all analysis
regions. Unfolding was performed at both particle and parton levels using a consistent fiducial
volume, yielding robust and precise results. These measurements were further interpreted in the
EFT framework to constrain dimension-six operators relevant to the tZ interaction. Additionally,
the spin density matrix coefficients of the tt̄Z system were extracted for the first time, offering a
new perspective on the polarization structure of this process.

CMS measured inclusive and differential cross sections of tt̄Z simultaneously with tWZ and tZq
in events with three or more leptons. A multiclass deep neural network was employed to separate
tt̄Z+tWZ, tZq, and background processes. The inclusive cross sections for 70 < m`` < 110 GeV
are measured to be 1.14± 0.07 pb for tt̄Z+tWZ and 0.81± 0.10 pb for tZq, both consistent with
SM predictions [198].

A pioneering study of tt̄Z and tt̄H production in the LJ final state has been performed by CMS
to probe potential effects of BSM in top-quark interactions with the Z and Higgs bosons [199].
The analysis selected events with a single charged lepton, multiple jets, two of which are b-tagged,
and an additional large-radius jet with high pT, identified as a boosted Z or Higgs boson decaying
into a bb̄ pair. Signal strengths for boosted tt̄Z and tt̄H production were measured, and upper
limits are set on their differential cross sections as functions of the boson pT. These results are
translated into constraints on eight dimension-six EFT operators. Limits are also placed on eight
leading-order EFT parameters that significantly impact boosted tt̄Z and tt̄H production.

Using the full Run 2 datasets, both ATLAS and CMS have measured the tt̄W production cross
section. CMS determined the inclusive cross section and the separate contributions from tt̄W+ and
tt̄W− production [200], obtaining values slightly higher than but consistent with SM predictions
within two standard deviations. It also measured differential cross sections in final states with two
same-sign or three leptons, using multivariate and selection-based methods. The normalized results
agree with SM expectations, while the absolute cross sections are somewhat higher, in line with
previous measurements [201].
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ATLAS performed both inclusive and differential measurements of tt̄W production [202]. The
inclusive result lies slightly above the NNLO QCD prediction. At the same time, the unfolded
differential cross sections show good overall agreement with various theoretical models and provide
detailed insight into the tt̄W process. In addition, ATLAS reported separate measurements of the
tt̄W+ and tt̄W− cross sections.

Table 61.8: Summary of tt̄V cross-section measurements from LHC.

Experiment
[Ref.]

√
s (TeV) Measurement Comment

CMS [190] 7 σtt̄Z = 280+152.3
−114.0 fb 3.3σ

CMS [190] 7 σtt̄V = 430+192.4
−165.5 fb 3.0σ

ATLAS [191] 8 σtt̄W = 369+100
−91 fb 5.0σ (3.2σ expected)

ATLAS [191] 8 σtt̄Z = 176+58
−52 fb 4.2σ (4.5σ expected)

CMS [192] 8 σtt̄W = 382+117
−102 fb 4.8σ (3.5σ expected)

CMS [192] 8 σtt̄Z = 242+65
−55 fb 6.4σ (5.7σ expected)

ATLAS [193] 13 σtt̄W = 870± 191 fb 4.3σ (3.4σ expected)
ATLAS [193] 13 σtt̄Z = 950± 128 fb >5σ
CMS [195] 13 σtt̄Z = 950± 78 fb first differential, EFT limits
ATLAS [196] 13 σtt̄Z = 990± 94 fb
ATLAS [197] 13 σtt̄Z = 860± 57 fb updated result, EFT limits
CMS [199] 13 µ(tt̄Z) = 0.65+1.04

−0.98
µ(tt̄H) = 0.27+0.86

−0.83

EFT limits

CMS [200] 13 σtt̄W = 868± 65;
Rtt̄W+/tt̄W− = 1.61+0.17

−0.16

ATLAS [202] 13 σtt̄W = 880± 80 fb;
Rtt̄W+/tt̄W− = 1.96± 0.22

first differential

61.2.2.5 Associated pair production with one or two photons
The tt̄γ production provides a direct probe of the top-quark EM interactions. In particular,

deviations in the pT spectrum of the photon from the SM prediction could point to new physics
through anomalous dipole moments of the top quark or the production of excited top quarks
decaying radiatively via t∗ → tγ [203–206].

The EM coupling of the top quark can be accessed experimentally by studying final states where
a photon is radiated in tt̄ events via measurements of the absolute cross sections, cross section ratios
(e.g. σtt̄γ/σtt̄), or through fits within the framework of EFT using differential distributions.

In tt̄γ measurements, the cross section must be defined within a well-specified fiducial phase
space because the photon can originate from different parts of the event, such as top-quark decay
products or initial-state radiation. A clear fiducial selection area is required to unambiguously
define which phase-space region and photon kinematics are included in the measurement.

A summary of the Tevatron and LHC measurements of the inclusive tt̄γ cross sections is given
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in Tab. 61.9.
The first evidence for tt̄γ production was reported by the CDF collaboration [207]. The analysis

targeted events with a lepton, a photon, significant missing transverse momentum, at least one b-
tagged jet, three or more additional jets, and large total transverse energy. The first observation of
the tt̄γ process was reported by ATLAS in pp collisions at

√
s = 7 TeV, using events with an electron

or muon and a high-pT photon, with results consistent with LO theoretical predictions [208]. At√
s = 8 TeV, ATLAS measured the tt̄γ cross section for photons with pT > 15 GeV and |η| < 2.37,

selecting events with an isolated high-pT lepton, large missing transverse momentum, and at least
four jets, including at least one b-tagged jet [209]. The results are in good agreement with the
NLO prediction [210]. CMS performed a similar measurement in the LJ channel, requiring photons
with pT > 25 GeV and |η| < 1.44 [211]. When the measured cross-section is extrapolated to the
cross-section times branching fraction by dividing by the kinematic acceptance, it is also consistent
with theoretical predictions.

At
√
s = 13 TeV, ATLAS measured the fiducial and differential cross sections for tt̄γ production

in LJ and DL final states containing exactly one isolated photon [212]. Differential cross sections
were extracted as functions of the photon pT, |η|, and the angular distance between the photon and
the nearest lepton (∆R(γ, `)) in both channels. In the DL channel, additional observables include
the azimuthal opening angle and the absolute pseudorapidity difference between the two leptons.
All results are found to be consistent with theoretical predictions.

ATLAS measured the inclusive and differential cross-sections of combined tt̄γ and tWγ in eµ+γ
events with at least two jets, including at least one b-tagged jet [213]. Differential cross sections
were measured as functions of the photon pT, |η|, and angular correlations between the photon
and leptons, as well as between the two leptons. The results are in good agreement with NLO
predictions and state-of-the-art Monte Carlo simulations.

A subsequent ATLAS analysis measured inclusive and differential tt̄γ cross sections in both the
LJ and DL channels [214], focusing on events where the photon was radiated in the production stage.
The combined measurement achieves a relative uncertainty of 5.2%. Differential distributions were
further used to set limits on EFT parameters related to the EW dipole moments of the top quark,
with a significant improvement obtained when combining tt̄γ and tt̄Z differential measurements in
a joint interpretation.

CMS measured tt̄γ production in the LJ channel in a fiducial phase space defined at particle
level [215], requiring an isolated high-pT lepton, at least three jets (including one or more b-tagged
jets), and a single isolated photon. For photons with pγT > 20 GeV and |ηγ | < 1.4442, the inclusive
fiducial cross section agrees with NLO QCD predictions. Differential cross sections were measured
as functions of the photon pT and η, and the angular separation between the photon and the lepton,
and were interpreted in the EFT framework to constrain the Wilson coefficients ctZ and cItZ .

CMS also measured the inclusive tt̄γ cross section in the DL channel [216], selecting events
with exactly one isolated photon with pγT > 20 GeV and at least one b-tagged jet. Differential
cross sections were extracted as functions of observables related to the photon, leptons, and jets,
and combined with the LJ results in a joint EFT interpretation, further improving the constraints
on ctZ and cItZ . In addition, CMS measured in the DL channel the ratios of the inclusive and
differential tt̄γ to tt̄ cross sections, performed differential studies including the kinematics of the
top quarks, and extracted the top-quark charge asymmetry, AC , in tt̄γ events [217].

The production of a tt̄ pair in association with two photons has been observed by ATLAS [218].
This process constitutes an important background to tt̄H(γγ) and provides sensitivity to the top-
quark chromomagnetic and electric dipole moments [154], the latter also probed through the ratio
of tt̄ events with one or two photons. The measurement includes both the fiducial cross-section
and the cross-section ratio, extracted using a boosted decision tree as the final discriminant in a
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profile-likelihood fit. In the fiducial phase space at stable-particle level, events with at least one
high-pT electron or muon are selected, requiring two photons with pγT > 20 GeV. ATLAS measured
a fiducial cross section of σtt̄γγ = 2.42+0.46

−0.38 (stat)
+0.35
−0.38 (syst) fb, with an observed significance of

5.2σ.

61.2.2.6 Four top quarks
BSM effects that modify top-quark couplings are particularly relevant in rare processes with

small SM cross sections, such as tt̄tt̄ production, where they can notably enhance the rate or
distort kinematic distributions. Because of its tiny SM cross section, this process is highly sensitive
to such effects and is widely used in EFT fits to constrain four-fermion operators, especially the
four-top-quark operator. While tt̄tt̄ production offers the cleanest and most sensitive probe due to
its low SM background, other processes—such as high-energy tails of tt̄ production and other rare
top-quark final states—also exhibit sensitivity to the same operators. Owing to this, the study of
tt̄tt̄ production has attracted substantial theoretical and experimental interest in recent years.

Given its heavy final state and extremely low production rate, the first searches for tt̄tt̄ produc-
tion were conducted at a center-of-mass energy of 13 TeV. Similar to tt̄V analyses, these studies
target multilepton channels to improve signal purity and rely extensively on multivariate techniques
to separate signal from background. The large number of b-jets in the final state makes efficient and
well-calibrated b-tagging crucial, together with high reconstruction efficiency and small systematic
uncertainties for all final-state objects.

Table 61.10 summarizes recent measurements. Throughout this review, quoted signal signifi-
cances are taken directly from the corresponding publications; however, it should be noted that
these are sometimes evaluated relative to different theoretical hypotheses. While this caveat ap-
plies broadly, it is particularly relevant for tt̄tt̄ production, where variations in the assumed signal
theoretical cross section can lead to notably different significance estimates.

CMS initiated the effort with a search in the one-lepton and two-lepton opposite-sign chan-
nels [219]. This was followed by the first measurement using events with two same-sign leptons
or at least three leptons, which benefit from relatively low backgrounds but cover only a small
fraction of the total branching ratio [220], achieving an observed (expected) significance of 2.6σ
(2.7σ), approaching the threshold for evidence.

ATLAS measured tt̄tt̄ production in the same-sign dilepton and trilepton channels [221]. The
analysis was extended to include the one-lepton and opposite-sign dilepton channels, which are
dominated by tt̄ + heavy-flavor backgrounds [222]. The combination of these channels yielded an
observed (expected) significance of 4.7σ (2.6σ), providing the first evidence for the tt̄tt̄ production.

CMS later reported evidence for tt̄tt̄ production using a complementary approach targeting the
traditional tt̄ channels: DL, LJ, and AH final states [223]. Combining this result with the previous
multilepton measurements further increased the overall significance to 4.0σ (expected 3.2σ).

The first observations of tt̄tt̄ production were made following improvements in object recon-
struction and analysis techniques. ATLAS reported the observation in events with two same-sign
leptons or at least three leptons [224]. A graph neural network was employed to enhance signal-to-
background discrimination, and dedicated control regions were used to constrain dominant back-
grounds. The observed (expected) significance reached 6.1σ (4.3σ). In addition, the measurement
was interpreted to constrain the top-Higgs Yukawa coupling and EFT operator coefficients.

CMS reported the observation of the tt̄tt̄ production process using events with two same-sign,
three, or four charged leptons and multiple jets [225]. The analysis featured improved lepton and
b-jet identification, as well as a multivariate classification based on a multi-class boosted decision
tree, and achieved an observed (expected) significance of 5.6σ (4.9σ).

The cross-sections measured by ATLAS and CMS are almost twice the SM prediction and
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Table 61.9: Summary of tt̄γ cross-section measurements from Tevatron and LHC (see text for
photon selection criteria).

Experiment
[Ref.]

√
s (TeV) Measurement

CDF [207] 1.96 (pp̄) Evidence for tt̄γ production
σtt̄γ = 0.18± 0.08 pb
σtt̄γ/σtt̄ = 0.024± 0.009

ATLAS [208] 7 Observation of tt̄γ production with 5.3σ significance
σfid.(tt̄γ)×BR = 63+19

−15 pb per lepton flavor
ATLAS [209] 8 Fiducial cross section: σtt̄γ = 139± 18 fb
CMS [211] 8 Normalized cross sections:

Re+jets = (5.7± 1.8)× 10−4

Rµ+jets = (4.7± 1.3)× 10−4

Fiducial cross section: σtt̄γ = 244.9+9.1
−8.6 pb

ATLAS [212] 13 Fiducial cross section:
σtt̄γ = 521± 42 fb LJ channel
σtt̄γ = 69± 5 fb DL channel

ATLAS [213] 13 Fiducial cross section:
σtt̄γ = 39.6+2.7

−2.3 fb DL eµ+ γ channel
ATLAS [214] 13 Fiducial cross section (LJ+DL):

σtt̄γ = 319+16
−15 fb – γ only radiated in production

σtt̄γ = 788+38
−37 fb

ctZ , ctB and ctγ limits
CMS [215] 13 Fiducial cross section:

σtt̄γ = 798± 49 fb LJ channel
ctZ and cItZ limits

CMS [216] 13 Fiducial cross section:
σtt̄γ = 174.4± 6.6 fb DL channel
ctZ and cItZ limits

CMS [217] 13 Fiducial cross section:
σtt̄γ = 54± 5 fb DL channel
R(tt̄γ/tt̄) = 0.0125± 0.0005
AC = (−0.012± 0.042)%
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compatible with it within 2 standard deviations.

Table 61.10: Chronological summary of tt̄tt̄ production measurements at LHC at
√
s = 13 TeV.

Experiment
[Ref.]

Lumi.
(fb−1)

Topology Measurement
(fb)

Significance
(obs/exp)

CMS [219] 35.8 LJ, DL Search only —
CMS [220] 137 Same-sign DL, ≥ 3 leptons σ = 12.6+5.8

−5.2 2.6σ / 2.7σ
ATLAS [221] 139 Same-sign DL, ≥ 3 leptons σ = 24+7

−6 4.3σ / 2.4σ
ATLAS [222] 139 LJ, DL σ = 26+17

−15 1.9σ / 1.0σ
ATLAS [222] 139 Combined channels σ = 24+7

−6 4.7σ / 2.6σ
CMS [223] 137 LJ, DL, AH σ = 36+12

−11 3.9σ / 1.5σ
CMS [223] 137 Combined channels σ = 17± 5 4.0σ / 3.2σ
ATLAS [224] 140 Same-sign DL, ≥ 3 leptons σ = 22.5+6.6

−5.5 6.1σ / 4.3σ
CMS [225] 137 Same-sign DL, 3 and 4

leptons
σ = 17.7+4.4

−4.0 5.6σ / 4.9σ

61.2.3 Cross-section measurements of single production
The traditionally considered mechanisms for single-top-quark production are the t-channel ex-

change of a virtual W boson (qb → q′t) and the s-channel process (qq̄′ → tb̄). Additionally, the
associated production with a W boson tW -channel (bq̄ → tW ) is also regarded as a main pro-
duction mode. The primary motivation for precise measurements of single-top production is that
they enable a direct determination of the CKM matrix element Vtb, without relying on assumptions
about the number of quark generations or the unitarity of the CKM matrix.

At the Tevatron, the t-channel dominates, with a cross section approximately twice that of the
s-channel. At the LHC, the t-channel is further enhanced by the large gluon and light-quark parton
fluxes, while the s-channel rate is more than a factor of three smaller. Associated production of
a single top quark with a vector boson (W,Z, γ) is negligible at the Tevatron but becomes non-
negligible at the LHC.

In t-channel production, the final state contains a single top quark and a light spectator quark. A
characteristic signature is a forward, high-|η| spectator jet, typically well separated in rapidity from
the b-jet originating from the top-quark decay. Events generally have little additional jet activity,
and the absence of a second central b-jet provides further discrimination from tt̄ production.

In s-channel production, the final state consists of a single top quark produced together with a
second b-quark from the hard interaction. This process is of particular interest because deviations
from the SM cross section could signal physics beyond the SM, as predicted in scenarios involving
non-SM mediators such as a W ′ boson or a charged Higgs boson.

In tW channel, the signal is difficult to isolate because of its close resemblance to the tt̄ signature.
Its definition is also non-trivial, as at NLO a subset of diagrams leads to the same final state as tt̄
production, resulting in interference between the two processes [77]. The tW channel is particularly
interesting since it probes the Wtb vertex in a kinematic regime different from that of the s- and
t-channels, and because of its similarity to the associated production of a charged Higgs boson with
a top quark.

The top-quark decays almost exclusively via t→Wb, producing a high-pT central b-jet accom-
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panied by an isolated lepton and missing transverse momentum in leptonic W decays, or by two
additional jets in hadronic decays. Because the t-, s-, and tW -channel final states are relatively
simple and contain only a few reconstructed objects, they are easily mimicked by background
processes. Consequently, measurements of the t- and s-channels primarily use the single-lepton
plus jets (LJ) final state, where the lepton is an electron or muon, which provides a favorable
signal-to-background ratio. In contrast, the presence of two W bosons in the tW final state makes
dileptonic topologies (DL), characterized by two leptons, missing transverse energy, and jets, the
most sensitive channel for this mode.

61.2.3.1 Measurements at the Tevatron
The single-top production process was first observed in 2009 by the DØ collaboration [226–228]

and by CDF [229–231] at the Tevatron. Although the single-top production cross section at the
Tevatron is about half that of tt production, its final states are more difficult to isolate due to large
backgrounds fromW+jets and other processes. Comprehensive reviews of these early measurements
and the analysis strategies employed to extract the signal from background-dominated datasets are
provided in [232,233].

At the Tevatron, searches targeted single-top production in both the t-channel and s-channel
modes. These processes can in principle be separated kinematically, which is of particular interest
since various new-physics scenarios—such as a fourth-generation quark, heavyW ′/Z ′ bosons, flavor-
changing neutral currents [71], or a charged Higgs boson—affect the two channels differently. In
practice, however, this separation proved challenging, and the initial Tevatron results focused on
the combined s and t contributions.

Due to the diverse backgrounds, the experiments developed multiple parallel analyses to opti-
mize signal discrimination, employing advanced multivariate techniques, including likelihood fits,
artificial neural networks, matrix-element methods, and BDTs. Each approach provided an inde-
pendent cross-section measurement and statistical assessment of the excess over background ex-
pectations. To maximize sensitivity, the analyses were combined using a higher-level discriminant
that took as input the outputs of the individual analysis discriminants for each event [231].

The CDF and DØ collaborations later combined their results, first for the s + t channel using
partial datasets [234], and subsequently with the full Run 2 dataset to measure the t-channel
cross section [235]. In the latter publication, simultaneous extractions of the s-, t-, and combined
s+ t cross sections were reported. The measurements were consistent with theoretical predictions
at
√
s = 1.96 TeV and mt = 172.5 GeV, yielding for both t and t̄ production σs+t = 2.08 ±

0.13 pb [75,236].
These results were also used to extract the CKM matrix element |Vtb|, again in agreement with

theoretical expectations. It is worth noting that theoretical cross sections are typically quoted
separately for top and antitop quarks, whereas the Tevatron results refer to their sum. Since the
two contributions are equal in pp̄ collisions, the quoted theory predictions include a factor of two.

Finally, CDF and DØ combined their data to achieve the first observation of single-top produc-
tion in the s-channel, with an observed significance of 6.3 standard deviations [237].

A summary of Tevatron single-top measurements is provided in Tab. 61.11.

61.2.3.2 Measurements at the LHC
At the LHC, single-top-quark production is enhanced by the higher energy and gluon-rich initial

state with respect to the Tevatron. The t channel dominates, exceeding the combined rates of the
s channel and tW production by a factor of more than three. While the t and tW channels have
been observed, the s-channel process still has significance below 4σ.

Figure 61.6 summarizes the measured single-top-quark production cross sections in the t-
channel, s-channel, and tW -channel from LHC collisions at various center-of-mass energies, com-
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Table 61.11: Single-top-quark production measurements from the Tevatron at
√
s = 1.96 TeV.

Experiment [Ref.] Luminosity (fb−1) Measurement Note

DØ [226] 2.3 σs+t = 3.94± 0.88 pb Observation single top
CDF [229,231] up to 3.2 σs+t = 2.3+0.6

−0.5 pb
σs = 1.8+0.7

−0.5 pb
σt = 0.8+0.4

−0.4 pb

Observation single top

Tevatron [235] up to 9.7 σt = 2.25+0.29
−0.31 pb

σs+t = 3.30+0.52
−0.40 pb

|Vtb| = 1.02+0.06
−0.05

|Vtb| > 0.92 at 95% C.L

t-channel only
without assuming the
SM ratio of σs/σt

Tevatron [237] up to 9.7 σs = 1.29+0.26
−0.24 pb Observation s-channel

pared to theoretical predictions at NNLO+NNLL accuracy. The following sections provide a de-
tailed description of these measurements.
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Figure 61.6: The LHC measured and predicted single-top-quark production cross sections as a
function of the center-of-mass energy. The measurements are compared to theoretical calculations
based on: NLO QCD, aNNLO QCD complemented with aN3LL resummation and NNLO QCD.
The LHCtopWG working group kindly provides the plot, status as of May 2025, see https://
twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCTopWGSummaryPlots.

t-channel at the LHC
Studies of the t-channel process focus on precise measurements of the single top-quark (σt) and

top-antiquark (σt̄) production cross sections, which differ at the LHC, as well as their ratio (Rt)
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and the inclusive cross section (σt+t̄). Comparing these measured cross sections with theoretical
predictions allows the extraction of |Vtb|2. The measurements are performed separately for each
production mode and center-of-mass energy..

Measurements of t-channel single-top-quark production have been performed at several LHC
energies and are summarized in Tab. 61.12. Figure 61.7 summarizes the ATLAS and CMS mea-
surements of Rt compared to NLO QCD calculations using the PDF4LHC21 and CT18 PDF sets.
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Figure 61.7: Summary of the ATLAS and CMS measurements of Rt, the ratio of the t-channel
top-quark production cross section to the t-channel top-antiquark production cross section. The
data measurements are compared to NLO QCD calculations using the PDF4LHC21 and CT18
PDF sets. The colored bands represent the uncertainties on the theoretical predictions (scale and
PDF uncertainties). The plot is kindly provided by the LHCtopWG working group, status as of
May 2025, see https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCTopWGSummaryPlots

At
√
s = 5.02 TeV, ATLAS and CMS reported the observation of single-top production in

the t-channel [238, 239]. Separate measurements of top and antitop quark production allowed the
determination of their production ratio and an extraction of |Vtb|. This lower-energy result provides
an independent test of the SM, with backgrounds and systematic uncertainties distinct from those
at higher LHC energies.

At
√
s = 7 TeV, ATLAS measured the t-channel cross section in the LJ channel with one b-

tagged jet, relying on a neural-network discriminant [240, 241]. Differential cross sections for top-
and antitop-quark production were reported as functions of pT and |y|. CMS carried out analogous
measurements in the same channel [242]. One approach used the η distribution of the recoil jet
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and the reconstructed mt with background estimates from data control samples, while another
employed multivariate techniques. A combined ATLAS+CMS result at this energy shows good
agreement with SM predictions [243].

At
√
s = 8 TeV, both experiments extended and refined their studies. ATLAS measured

total, fiducial, and differential cross sections for top- and antitop-quark production evaluated at
both the parton and particle levels, extracting |Vtb| [244], and probed the structure of the Wtb
vertex using polarization observables, with asymmetries in angular distributions consistent with
the SM [245]. CMS performed measurements in the LJ channel, extracting the signal yield through
maximum-likelihood fits to the |ηj | distribution of the recoil jet [246], and reported separate fits
for top and antitop quark cross sections. Combined ATLAS+CMS results again confirmed SM
expectations [243]. CMS measured the top-quark spin asymmetry to be Aµ = 0.26± 0.03 (stat.)±
0.10 (syst.), derived from the angular distribution of the charged lepton relative to the top-quark
spin axis, defined by the spectator quark direction in t-channel production [247]. The measurement
assumes the SM spin-analyzing power of 100% for the charged lepton and corresponds to a p-value
of 4.6% (a 2.0σ deviation from the SM prediction, corresponding to ATH

µ = 0.44 with very small
uncertainty). The asymmetry probes the correlation between the lepton direction and the top-quark
spin, providing sensitivity to the polarization and chiral structure of the top-quark interaction.

At
√
s = 13 TeV, the first analyses were performed with partial datasets. ATLAS extracted cross

sections and their ratio using a binned maximum-likelihood fit to the output of a neural-network
discriminant [248], while CMS employed simultaneous fits to the transverseW -mass and the output
of a neural network to measure the cross section and determine |Vtb| [249]. CMS later refined the
measurement with a larger dataset, categorizing events by jet and b-jet multiplicity and applying
multivariate discriminators [250]. From these data, cross sections and their ratio were measured,
differential distributions obtained [251], and constraints placed on |Vtb| and other CKM elements
in a model-independent framework [252]. The spin asymmetry was measured as 0.440 ± 0.070,
consistent with the SM but in tension with the 8 TeV result. Using the full dataset, ATLAS
measured top and antitop quark cross sections with precisions of 6% and 8%, respectively [253], in
agreement with NNLO QCD predictions. These results are also sensitive to PDFs, interpreted in
terms of EFT operators, and used to measure |Vtb| and set 95% C.L. limits on |Vtd| and |Vts|. ATLAS
further determined the three components of the polarization vectors for top and antitop quarks in
t-channel events [254], reporting values consistent with SM expectations, and presented normalized
differential cross sections as functions of charged-lepton angles, used to bound the complex Wilson
coefficient of the dimension-six OtW operator.
s-channel at the LHC

The growth of the s-channel cross section from
√
s = 8 to 13 TeV is slightly larger than

that of W -boson production, the second most important background, but smaller than that of tt̄
production, which remains dominant. Theory predicts that the ratio of the s-channel single-top
cross section to the W -boson cross section is 1.4 × 10−4 (1.7 × 10−4) at

√
s = 8 (13) TeV, and its

ratio to the tt̄ cross section is 2.1 × 10−2 (1.2 × 10−2). Consequently, the analysis of this process
becomes increasingly challenging as the center-of-mass energy rises.

A summary of results at different center-of-mass energies is given in Tab. 61.13.
At
√
s = 7 TeV, CMS analyzed events in the LJ channel using a maximum-likelihood fit to a

BDT discriminant, presenting results that were later combined with those at 8 TeV [255].
At
√
s = 8 TeV, ATLAS reported the first evidence for s-channel single-top-quark production at

the LHC [256], employing a discriminant based on the Matrix Element Method optimized against
the dominant tt̄ and W+jets backgrounds. CMS measured the s-channel cross section using a
maximum-likelihood fit to a BDT discriminant [255] and combined the result with the 7 TeV
measurement, obtaining a best-fit value of 2.0± 0.9 for the ratio of the measured to the expected
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Table 61.12: Single top-quark t-channel production measurements from the LHC.

Experiment [Ref.]
√
s (TeV) Measurement

ATLAS [238] 5.02 σt+t̄ = 27.1+6.2
−5.5pb

Rt = 2.73+1.75
−0.87

fLV · |Vtb| = 0.94+0.11
−0.10

CMS [239] 5.02 σt+t̄ = 30.2+5.8
−5.6pb

Rt = 2.6+1.3
−0.7

ATLAS [240] 7 σt = 46± 6pb; σt̄ = 23± 4pb
Rt = 2.04± 0.18
σt+t̄ = 68± 8pb

CMS [242] 7 σt+t̄ = 67.2± 6.1pb
|Vtb| = 1.020± 0.049

LHC [243] 7 σt+t̄ = 67.5± 5.7pb
ATLAS [244] 8 σt = 56.7+4.3

−3.8pb; σt̄ = 32.9+3.0
−2.7pb

Rt = 1.72± 0.09
fLV · |Vtb| = 1.029± 0.048
|Vtb| > 0.92 at 95% C.L.

CMS [246] 8 σt = 53.8± 4.6pb; σt̄ = 27.6± 3.9pb
Rt = 1.95± 0.21
σt+t̄ = 83.6± 7.7pb
|Vtb| = 0.998± 0.041

LHC [243] 8 σt+t̄ = 87.7± 5.8pb
CMS [250] [252] 13 σt = 130± 19 pb; σt̄ = 77± 12 pb

Rt = 1.68± 0.054
|Vtb| > 0.970
|Vtb| = 0.988± 0.024
|Vtd|2 + |Vts|2 = 0.06± 0.06

ATLAS [253] 13 σt = 137+8
−8pb; σt̄ = 84+6

−5pb
Rt = 1.636+0.036

−0.034
σt+t̄ = 221± 13pb
fLV · |Vtb| = 1.015± 0.031
fLV · |Vtd| < 0.13
fLV · |Vts| < 0.31
EFT coefficients constraints

cross section. A joint ATLAS+CMS combination confirmed consistency with the SM [243], but did
not allow for observing the process.

At
√
s = 13 TeV, ATLAS studied the s-channel cross section using the full Run 2 dataset in

events with an electron or muon, missing transverse momentum, and exactly two b-tagged jets.
A discriminant based on Matrix-Element Method calculations was used to separate the s-channel
signal from tt̄ and W+jets backgrounds. The result was found to be consistent with the SM
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prediction [257], but the significance of the result is still below 4σ.

Table 61.13: Single top-quark s-channel production measurements from the LHC.

Experiment [Ref.]
√
s (TeV) Measurement

ATLAS [258] 7 σs < 26.5 (20.5) pb
CMS [255] 7 σs = 7.1± 8.1 pb
ATLAS [256] 8 σs = 4.8+1.8

−1.5 pb
3.2σ obs. (3.9σ exp.)

CMS [255] 8 σs = 13.4± 7.3 pb
Rs = 2.0± 0.9 combining 7 and 8 TeV
2.5σ obs. (1.1σ exp.)

LHC [243] 8 σs = 4.9± 1.4 pb
ATLAS [257] 13 σs = 8.2+3.5

−2.9 pb
3.3σ obs. (3.9σ exp.)

61.2.3.3 tW -channel at LHC
The tW signal is difficult to isolate because of its similarity to the tt̄ final state. Its definition is

further complicated at NLO, where part of the contributing diagrams lead to identical final states
as tt̄ production, giving rise to interference between the two processes [77]. The standard approach
is to define the signal using the diagram-removal technique [76], in which the interfering diagrams
are removed at the amplitude level. An alternative method, diagram subtraction, removes these
contributions at the cross-section level, leading to similar results [76]. Both techniques are valid
provided that the event selection cuts are chosen to keep interference effects small, which is typically
the case.

Experimentally, the presence of two W bosons in the final state makes dileptonic topologies the
most sensitive, requiring two leptons, missing transverse energy, and jets. A summary of results is
given in Tab. 61.14.

At
√
s = 7 TeV, both ATLAS and CMS reported evidence for this process [259, 260]. ATLAS

employed template fits to BDT classifiers, while CMS used a multivariate analysis. Both of them
used events in the DL channel with exactly one b-tagged jet. The combination of ATLAS and CMS
results is consistent with SM predictions [243].

At
√
s = 8 TeV, the two experiments strengthened their measurements. ATLAS observed tW

production with a significance of 7.7σ using a BDT discriminant and extracted the cross section
with a profile-likelihood fit; a fiducial cross section was also reported [261]. In a separate analysis,
ATLAS studied the LJ channel with at least three jets, training a neural network to discriminate
signal from tt̄ and extracting the cross section with a two-dimensional fit involving the neural
network output and the invariant mass of the hadronic W boson [262]. CMS analyzed the DL
channel with a b-tagged jet, employing a multivariate discriminant to suppress the tt̄ background
and observing the signal with a significance of 6.1σ [263]. ATLAS and CMS combined their results
to determine σtW and extract |Vtb|fLV, where fLV is a real form factor parameterizing potential
anomalous left-handed vector couplings. The extraction is based on the ratio of the measured to
the predicted cross section, under the assumption that |Vtd|, |Vts| � |Vtb|. The combined result
shows good agreement with the NLO+NNLL SM prediction [243].
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At
√
s = 13 TeV, analyses progressed with increasingly larger datasets. ATLAS first studied

the DL channel, defining signal and control regions by jet and b-tag multiplicities and employing
BDTs to separate the tW signal from backgrounds, measuring a cross section consistent with the
SM [264]. Differential cross sections were also obtained as functions of the b-jet energy, the energy
of the ``b system, and various invariant and transverse masses involving the leptons, b-jet, and
neutrinos [265].

A subsequent ATLAS analysis using the full Run 2 dataset improved precision by employing
a BDT discriminant in three jet and b-tag–defined signal regions, with the cross section extracted
from a profile-likelihood fit [266]. The measurement is dominated by systematic uncertainties, and
a value of Vtb was also extracted.

CMS performed measurements in the DL channel with a partial dataset, selecting events with
one tight and one loose lepton and at least one b-tagged jet. A BDT was used to separate signal
from background, and the cross section was extracted with a likelihood fit [267]. The same dataset
enabled a preliminary differential measurement in a fiducial region requiring exactly one b-tagged
jet [268]. CMS also analyzed the LJ channel, where a BDT was employed to discriminate tW from
tt̄, with other backgrounds constrained using data-driven methods. This led to the first observation
of tW production in the LJ final state, with a significance exceeding 5σ [269].

Finally, using the full Run 2 dataset, CMS measured inclusive and normalized differential cross
sections in eµ events [270]. A multivariate discriminant was used to isolate the signal for the
inclusive measurement, yielding a cross section consistent with the SM. The differential distributions
were unfolded to the particle level in a fiducial region requiring exactly one b jet and were found
to agree with NLO QCD predictions.

At
√
s = 13.6 TeV, CMS measured tW production using a partial dataset of 34.7 fb−1 [271].

The analysis includes both inclusive and differential cross sections in the DL(eµ) channel. For
the differential measurements at the stable-particle level in a fiducial phase space, good agreement
was observed with the predictions. The inclusive cross section is consistent with the NNLO QCD
prediction, with the overall precision limited by systematic uncertainties.

61.2.4 Cross-section measurements of associated single production
Beyond the primary single-top-quark production channels, rarer processes occur in association

with EW bosons, such as tZ, tγ, tH, and tWZ. Although their cross sections are much smaller,
these modes provide unique sensitivity to the couplings of the top quark to the Z boson, photon,
and Higgs boson. They thus serve as precision tests of the SM and impose powerful constraints
on anomalous couplings and possible effects of new physics [272, 273]. The Tevatron lacked the
sensitivity to observe these processes, and only with the increased energy and luminosity of the 13
TeV LHC dataset has evidence for them been obtained. The following sections summarize these
measurements in order of decreasing production rate, and Fig. 61.8 presents an overview of the
ATLAS and CMS results for associated single-top-quark production at 13 TeV.

61.2.4.1 Associated single production with a photon
As in the case of tt̄ + γ, the measurement of single-top+γ production requires a well-defined

fiducial phase-space definition that specifies the photon kinematic and isolation criteria, as well as
its separation from other objects, to ensure that the measured cross section corresponds to a clearly
defined and reproducible region of phase space.

The first evidence for the associated production of a single top quark with a photon was reported
by CMS at

√
s = 13 TeV using a partial dataset [274]. A multivariate discriminant was applied to

events containing a muon, a photon, and jets. For isolated photons with pT > 25 GeV in the central
detector region (|ηγ | < 1.44), the measured cross section times branching fraction was found to be
consistent with the SM expectation. At the same center-of-mass energy, ATLAS achieved the first
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Table 61.14: Single top-quark tW -channel measurements from the LHC. Unless indicated, mea-
surements are extracted in the DL channel.

Experiment [Ref.]
√
s (TeV) Measurement

ATLAS [259] 7 σtW = 16.8± 5.7 pb
|Vtb| = 1.03+0.16

−0.19
3.3σ obs. (3.4σ exp.)

CMS [260] 7 σtW = 16+5
−4 pb

4.0σ obs. (3.6σ exp.)
LHC [243] 7 σtW = 16.3± 4.1 pb
ATLAS [261] 8 σtW = 23.0+3.6

−3.9 pb
|Vtb| = 1.01± 0.10 at 95% C.L.

ATLAS [262] 8 σtW = 26± 7 pb (LJ channel)
CMS [263] 8 σtW = 23.4± 5.4 pb

|Vtb| = 1.03± 0.13
LHC [243] 8 σtW = 23.1± 3.6 pb

|Vtb| = 1.02± 0.045 > 0.79, with 7 and 8 TeV
ATLAS [264] 13 σtW = 94+30

−24 pb
ATLAS [266] 13 σtW = 75+15

−14 pb
|Vtb| = 0.97± 0.10

CMS [267] 13 σtW = 63.1± 7.0 pb
CMS [269] 13 σtW = 89± 13 pb (LJ channel)
CMS [270] 13 σtW = 79.2+7.8

−8.1 pb
CMS [271] 13.6 σtW = 82.3+10.6

−10.5 pb

observation of this process [275], exploiting the presence of a forward jet and using neural networks
for signal discrimination. Requiring a photon with pT > 20 GeV within the detector acceptance
(|ηγ | < 2.37), ATLAS measured a fiducial cross section consistent with the NLO QCD prediction of
515+36
−42 fb, with tt̄γ modeling among the leading sources of uncertainty. The results are summarized

in Table 61.15.

Table 61.15: Associated single top-quark production with a photon measurements from the LHC.

Experiment [Ref.]
√
s (TeV) Measurement

CMS [274] 13 σtγ = 115± 34fb (pγT > 25 GeV; |ηγ | < 1.44)
4.4σ obs. (3.0σ exp.)

ATLAS [275] 13 σtγ = 688+78
−75fb (pγT > 20 GeV; |ηγ | < 2.37)

9.3σ obs. (6.8σ exp.)
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Figure 61.8: Summary of ATLAS and CMS measurements of t + WZ, t + Z and t + γ cross
sections at 13 TeV. The cross-section measurements are compared to the NLO QCD theoretical
calculation. “Vis 1” and “Vis 2” highlight that the relevant phase space used for the ATLAS and
CMS tγ measurements is different. The theory prediction and experimental results of tZ, and
those of the CMS tγ measurement, are multiplied by a factor of 5 to allow for easy visualization on
the same scale; those of the CMS tWZ measurement are multiplied by a factor of 2. The theory
bands represent uncertainties due to renormalization and factorization scales and parton density
functions. The LHCtopWG working group kindly provides the plot, status as of May 2025, see
https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCTopWGSummaryPlots.

61.2.4.2 Associated single production with a Z boson
The tZq process probes both the WWZ coupling, when the Z boson is emitted from the t-

channel W in single-top production, and the tZ coupling, when the Z is radiated from the top
quark.

At
√
s = 8 TeV, CMS searched for tZq production in trilepton events and reported a hint of

signal with a significance of 2.4σ relative to the background-only hypothesis [276].
At
√
s = 13 TeV, both CMS and ATLAS measured tZq production in events with three leptons

from Z → `+`− and top quark decay. CMS reported evidence using a partial dataset [274],
followed by an observation with the full dataset [277], and later a comprehensive analysis of inclusive
and differential cross sections [278]. The latter included the ratio of cross sections for top-and
antitop-associated production, as well as the first differential measurements at both parton and
particle levels. The spin asymmetry, sensitive to top-quark polarization, was also determined from
the parton-level distribution of the polarization angle. All results were consistent with NLO SM
predictions. ATLAS employed a simultaneous binned maximum-likelihood fit with neural-network
discriminants to improve background rejection, extracting a signal also consistent with the SM
expectation [279].

These results are summarized in Tab. 61.16.

61.2.4.3 Associated single production with a W and Z boson
At
√
s = 13 TeV, CMS reported the first evidence for single-top-quark production in association

with a W and a Z boson in multilepton final states [280], with the Z reconstructed from e+e− or
µ+µ− pairs. The analysis made extensive use of multivariate techniques applied across multiple
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Table 61.16: Associated single top-quark production with a Z boson measurements from the LHC.

Experiment [Ref.]
√
s (TeV) Measurement

CMS [278] 13 σtZq = 87.9+10.5
−9.5 fb for m(``) > 30 GeV

Rt = 2.37+0.62
−0.44

Al = 0.58+0.16
−0.17

ATLAS [279] 13 σtZq = 97± 15 fb for m(``) > 30 GeV

regions and event categories to suppress backgrounds and extract the signal. A key challenge was
separating the tWZ signal from the dominant tt̄Z background, which was addressed using improved
tWZ modeling.

This result was recently updated using both 13 and 13.6 TeV datasets, corresponding to an
integrated luminosity of about 200 fb−1 [281]. Events with three or four leptons were divided into
distinct signal regions based on the output of a machine-learning classifier with multiple output
nodes, and the distributions in these categories were used in a profile-likelihood fit. For the 13 TeV
dataset alone, the expected significance increased from 1.4σ in the first analysis to approximately
3σ. Combining the 13 and 13.6 TeV results, summarized in Tab. 61.17, led to the first observation
of the tWZ process.

Table 61.17: Associated single top-quark production with a W and Z bosons measurements from
the LHC.

Experiment [Ref.]
√
s (TeV) Measurement

CMS [280] 13 σtWZ = 354± 109 fb
3.5σ obs. (1.4σ exp.)

CMS [281] 13 σtWZ = 248± 52 fb
13.6 σtWZ = 244± 74 fb

5.8σ obs. (3.5σ exp.) in combination

61.2.5 Properties
The following sections provide an overview of experimental results on top-quark properties,

that is, the intrinsic or fundamental characteristics of the particle itself, rather than how it is
produced or which process it participates in. In this context, “top-quark properties” serves as an
umbrella term for all observables that characterize the nature of the top quark itself, independent
of the particular process used to measure them. Measurements of these properties provide stringent
tests of the SM and sensitivity to new physics.

Intrinsic properties are quantities that define the top quark as a fundamental particle in the
SM, including its mass (mt), electric charge (+2/3 e), spin (1/2), and lifetime or decay width (Γt).
Interaction properties describe how the top quark couples to other SM particles, its couplings to the
W , Z, and Higgs bosons, as well as to gluons and photons. These reflect the particle’s gauge and
Yukawa interactions, which are part of its defining characteristics within the SM. Derived properties,
such as polarization, spin correlations, and charge asymmetries, characterize the behavior of the
top quark in production and decay and reveal how its intrinsic features manifest dynamically.
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This section begins with measurements of mt and Γt, followed by studies of its decay and spin
structure, including polarization, spin correlations in tt̄ pairs, and the observation of quantum
entanglement in tt̄ events. In this context, results on the production of a pseudo-bound state at
the tt̄ threshold are also reviewed. The V–A structure of the Wtb vertex is examined through
measurements in both single-top-quark and tt̄ events. Finally, results on asymmetries in tt̄ and
tt̄+X production are summarized and compared with theoretical expectations.

Most results are obtained from tt̄ events, with analyses categorized according to the final state:
lepton+jets (LJ), dilepton (DL), and all-hadronic (AH), as described in Sect. 61.2.1.

61.2.5.1 Mass
In the early 1990s, indirect constraints from precision measurements at CERN’s LEP collider

suggested that mt lay between about 150 and 200 GeV, based on radiative corrections to EW
observables involving the Z boson. In 1995, the top quark was directly discovered by the CDF
and D0 collaborations at the Tevatron pp̄ collider at Fermilab, with an initial mass estimate in the
range of 151–197 GeV. Subsequent measurements at the Tevatron rapidly improved the precision,
establishing the top-quark mass near 175 GeV. With the start of the LHC program, measurements
by ATLAS and CMS further reduced the uncertainty to below 1 GeV, making mt one of the most
precisely determined parameters of the SM.

Final state topologies The top-quark mass has been determined in both top-quark pair and single-
top-quark production, exploiting a variety of decay channels, each with distinct sensitivities to
systematic uncertainties. This diversity enables internal consistency checks and improved precision
when results are combined. The “standard” analyses use inclusive tt̄ final states, classified into
the DL, LJ, and AH channels, and further distinguished as resolved, when all decay products
can be individually reconstructed, or boosted, when the large pT of the top quarks causes two
or more decay products to merge into a single reconstructed object in the detector, as described
in Sec. 61.2.1. Since final states with many jets lead to larger overall systematic uncertainties,
alternative channels have also been explored for measuring the mt. Examples include events in
which the b hadron decays semileptonically and produces a low-pT (“soft”) lepton, which can be
combined with other objects to form an observable sensitive to mt, or decays containing a J/ψ
meson. These approaches benefit from a reduced impact of jet-related uncertainties but suffer from
the low branching ratios of the relevant b-hadron decays, resulting in larger statistical uncertainties.

Reconstruction of observables
The first step in a top-quark mass measurement is to identify an observable sensitive to mt and

reconstruct it from the event. The calculation of such observables requires assigning the parton-
level objects to the reconstructed objects in the detector. An assignment is considered correct
(“matched”) if ∆R(parton, detector object) < 0.3 or 0.4. Three categories are defined: correctly
matched events, incorrectly matched events, and unmatched events, the latter occurring when at
least one parton cannot be matched to a reconstructed object, for example, because it fails the
selection criteria or lies outside the detector acceptance. While leptons are matched with very high
efficiency, the matching efficiency for jets is significantly lower.

Several methods exist for jet–parton assignment. Kinematic fits are widely used, as they both
improve the resolution of reconstructed observables and provide a goodness-of-fit estimator, which
helps identify correctly matched events [282]. Matching can be further enhanced using machine-
learning techniques, such as deep neural networks trained with correct assignments as signal and
incorrect assignments as background. Since combinatorial mismatches worsen mass resolution and
increase overall uncertainty, removing unmatched or incorrectly matched events is crucial. One
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common strategy is to reject events in the tails of reconstructed mass distributions, which are
rarely populated by correctly matched events. The goodness-of-fit from kinematic fits also enables
event selection with high probability of correct assignment [283–286]. In another approach, a BDT
was trained to distinguish correctly from incorrectly or unmatched events, and events were selected
by applying a cut on the classifier output [282].

In the LJ and AH final states, the invariant mass of the objects assigned to their parton-level
particles, mreco

t , is often used for the measurement. In the DL channel, a full reconstruction of
the events is more challenging due to the presence of two neutrinos in the final state. To address
this, several methods have been developed, such as full kinematic reconstruction [287,288]. At the
Tevatron, the neutrino-weighting and matrix-element-weighting techniques were introduced [289–
291].

In the neutrino-weighting method, for each assumed value of mt, energy and momentum conser-
vation is applied to the decay, yielding up to four possible solutions for the neutrino and antineutrino
momenta. The missing transverse energy calculated from these solutions is then compared with
the observed missing ET to assign a weight. In the matrix-element weighting method, the neutrino
momenta are likewise solved up to a fourfold ambiguity, but each solution is assigned a weight
proportional to the likelihood of the kinematics arising from tt̄ production and decay at that mass
hypothesis. By scanning over mt values (typically in the range 80–280 GeV), one obtains a weight
distribution that reflects the production kinematics, decay distributions, and available phase space,
which is then used to extract mt.

Alternatively, without requiring full event reconstruction, several observables directly sensitive
to the top-quark mass can be used, albeit with larger systematic uncertainties. One example is the
invariant mass of the b-jet–lepton pair, mreco

`b [292], or event variables such as the scalar sum of jet
transverse energies and the missing transverse energy [293], both of which reduce the dependence on
jet-related uncertainties. In final states with additional leptons from b-hadron decays, the invariant
mass of all leptons can be used [294–296]. Another approach exploits the invariant mass of a charged
lepton from the W decay and the tracks forming a secondary vertex from the b hadron [297].

In addition to observables directly sensitive to the top-quark mass, auxiliary observables are
often employed to reduce specific groups of uncertainties. The invariant mass of the hadronically
decaying W boson, mreco

W , is widely used to constrain the jet-energy scale (JES). This can be
achieved either by extracting a dedicated jet-energy scale factor (JSF) simultaneously with mt [298,
299], or by using the ratio of the jet energies assigned to the top quark and to theW boson [300,301].

When the uncertainty in the b-JES is also relevant, an additional observable can be introduced
to determine the b-to-light jet scale factor (bJSF) [282]. To ensure sensitivity primarily to the bJSF
rather than the overall JSF, the ratio of jet momenta assigned to the W boson and to the b jets is
used, denoted Rreco

bq in the following.

Measurement techniques
A wide range of techniques has been developed to extract mt, many of which have subsequently

found applications in other areas of particle physics. The most precise determinations proceed by
reconstructing an observable in data and comparing it to the same observable obtained from Monte
Carlo simulations generated with different input values of mt. This so-called template method
has been the most widely used approach, see for example Refs. [283, 284, 302, 303]. The template
method has been used to extract mt since the first direct measurement at the Tevatron. It remains
in use today, now often fitting multiple observables simultaneously to constrain the main systematic
uncertainties.

Owing to its good signal-to-background ratio and the ability to use the hadronic W decay
to constrain the dominant JES uncertainty, the LJ channel is considered the golden channel for
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top-quark mass measurements.
At the Tevatron, considerable effort was devoted to improving the statistical precision of mt

measurements, leading to the development of new techniques. In the DL channel, methods were
introduced that fit the dynamics of the decay products and evaluate per-event weights (matrix-
element weighting) as mentioned above. In the LJ channel, the so-called matrix-element method
was pioneered [304]. In this approach, a probability density is calculated for each event as a
function of mt, using a leading-order matrix element for tt̄ production and decay. The probability
densities are calculated using the four-momenta of the reconstructed objects, taking into account
all possible jet–parton assignments. An in situ calibration of dijet pairs to the W → jj hypothesis
is simultaneously performed to constrain the JES uncertainty [299]. The top-quark mass is then
extracted from a likelihood fit to the ensemble of events, with each event contributing its own
likelihood distribution, in contrast to the template method, where each event contributes a single
number.

In the template method, templates are constructed from simulated samples generated with
different input values of mt for the observables used in the measurement. Typically, only one
jet–parton permutation is considered per event. The top-quark mass is then extracted from a
binned or unbinned maximum-likelihood fit. In the LJ channel, simultaneous fits of mt together
with the JSF and bJSF parameters have also been performed [282,298].

The ideogram mt method [305] is an unbinned likelihood fit that incorporates up to four
jet–parton permutations, weighted to reduce the impact of incorrect assignments. The weights are
derived from the goodness-of-fit probabilities obtained from the kinematic reconstruction. CMS
employed this method to measure mt simultaneously with an overall JSF, where the JSF was
constrained by a Gaussian prior whose width was set to the total uncertainty of the JES correc-
tions [306].

As the available statistics increased, methods aimed at reducing systematic uncertainties be-
came more widely developed. In recent years, the use of profile-likelihood fits has grown. These
are maximum-likelihood fits in which systematic uncertainties are incorporated as nuisance param-
eters. The nuisance parameters can be constrained in the fit, resulting in a reduction in overall
uncertainty compared to traditional methods. However, greater care is required for uncertainties
derived from comparisons of different Monte Carlo setups, which combine the effects of multiple
variations. A notable example is the modeling uncertainty associated with hadronization, which is
often evaluated by comparing simulations based on string and cluster models.

Results from the Tevatron
Both the DØ and CDF experiments performed numerous top-quark mass measurements, ex-

ploring various strategies to reduce the overall uncertainty in different final states. These included
the use of matrix-element and template techniques, as well as alternative approaches such as ex-
ploiting soft-muon decays [294], the transverse momentum of the lepton [307], and global event
variables like the scalar sum of jet transverse energies and the missing transverse energy [293].

The most precise results from both experiments are summarized in Tab. 61.18, which also shows
their combination. This average incorporates published Run 1 (1992–1996) results together with
the most precise published and preliminary Run 2 (2001–2011) measurements, based on up to 9.7
fb−1 of Tevatron data. Accounting for correlations among uncertainties, and combining statistical
and systematic contributions in quadrature, the Tevatron average yields mt = 174.30± 0.65 GeV,
corresponding to a relative precision of 0.37% [308].

Results from the LHC
In the following, the precision of top-quark mass measurements at the LHC is examined across
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Table 61.18: Summary of Tevatron top-quark mass measurements.

Experiment [Ref.] Lumi. (fb−1) Topology mt (GeV)
CDF (Run 1) [283] 0.1 LJ 176.1± 5.1 (stat)± 5.3 (syst)
CDF (Run 1) [291] 0.1 DL 167.4± 10.3 (stat)± 4.9 (syst)
CDF (Run 1) [309] 0.1 AH 186.0± 10.0 (stat)± 5.7 (syst)
DØ(Run 1) [304] 0.1 LJ 180.1± 3.6 (stat)± 3.9 (syst)
DØ(Run 1) [290] 0.1 DL 168.4± 12.3 (stat)± 3.9 (syst)

CDF (Run 2) [310] 8.7 LJ 172.9± 0.5 (stat)± 1.0 (syst)
CDF (Run 2) [311] 1.9 LXY 166.9± 9.0 (stat)± 2.8 (syst)
CDF (Run 2) [312] 8.7 ET 173.9± 1.3 (stat)± 1.4 (syst)
CDF (Run 2) [313] 9.1 DL 171.5± 1.3 (stat)± 2.5 (syst)
CDF (Run 2) [314] 9.3 AH 175.1± 1.2 (stat)± 1.6 (syst)
DØ(Run 2) [315] 9.7 LJ 175.0± 0.4 (stat)± 0.6 (syst)
DØ(Run 2) [316] 9.7 DL 173.5± 1.3 (stat)± 0.8 (syst)

CDF+DØ [308] 0.1-9.7 all 174.30± 0.35 (stat)± 0.54 (syst)

different decay topologies and analysis methods. Due to the large number of measurements that
were carried out at the LHC, the focus will be on the most precise ones. Further measurements
and more detailed discussions can be found in the reviews of the ATLAS and CMS experiments,
published in Refs. [288,317].

For the direct measurements, the most precise individual result is presented in Tab. 61.19 for
each topology. Except for the measurement using J/ψ mesons in b-hadron decays, performed with
the 8 TeV dataset, all results are based on 13 TeV data. Owing to the very large tt̄ dataset available
at the LHC (the 13 TeV sample alone contains more than 115 million events per experiment),
statistical uncertainties are negligible for most analyses and become relevant only in rare topologies
that exploit additional leptons from b-hadron decays.

The use of auxiliary observables in combination with profile-likelihood fits has substantially
reduced the overall uncertainty in the LJ channel. In the resolved analysis [286], several auxiliary
variables are included, such as mreco

W and Rreco
bq . The former helps constrain uncertainties from

JES corrections and final-state radiation (FSR). These sources, however, still dominate the overall
uncertainty, with jet-flavor–dependent jet-energy corrections being the largest component.

In the boosted analysis [318], the observable sensitive to mt is the average mass of the large-R
jets, m̄J . As in the resolved analysis, mreco

W is used to reduce sensitivity to jet-related uncertainties.
A significant uncertainty in this channel arises from modeling the recoil scheme in Pythia for sec-
ondary and subsequent gluon emissions. This effect is mitigated by introducing a third observable,
mtj , defined as the invariant mass of the leptonically decaying top quark and the nearest additional
jet. After these improvements, the dominant remaining uncertainties stem from the JES and tt̄
modeling, particularly FSR and color-reconnection effects.

The systematic models used by ATLAS and CMS are not identical, leading to different dominant
uncertainties in the measurements discussed here.
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Table 61.19: Comparison of the most precise individual measurements of mt per decay topology.
The uncertainties displayed are the statistical and systematic uncertainties. In the soft-muon-tag
and the boosted topology, an additional uncertainty related to recoil effects in the simulation is
also considered. The * indicates that the measurement was performed using 8 TeV data, while all
others use 13 TeV datasets. The last row shows the LHC combination of 7 and 8 TeV results.

Exp. [Ref.] mt (GeV) Topology Method Dominant uncert.

CMS [286] 171.77 ± 0.04 ± 0.37 Resolved
(LJ)

profile LH (5D) JES, FSR

CMS [141] 172.33 ± 0.14 +0.66
−0.72 Resolved

(DL)
profile LH JES, MC statistics

CMS [285] 172.34 ± 0.20 ± 0.70 Resolved
(AH)

ideogram JES, color reconnection

ATLAS [318] 172.95 ± 0.27 ± 0.46 Boosted
(LJ)

profile LH (3D) JES, tt̄ modelling

CMS [296] 173.5 ± 3.0 ± 0.9 J/Ψ (LJ)* template data statistics
ATLAS [295] 174.41 ± 0.39 ± 0.66

± 0.25
Soft muon
tag (LJ)

profile LH b fragmentation/decay,
data statistics

CMS [267] 172.13 ± 0.32 +0.69
−0.71 Single top particle-level

profiled
JES

LHC [1] 172.52 ± 0.14 ± 0.30 7 and 8 TeV
results

BLUE b-JES

Each experiment has produced a combined measurement of the top-quark mass using its indi-
vidual results. The CMS combination gives mt = 172.44 ± 0.13 (stat.) ± 0.47 (syst.) GeV [319],
while the ATLAS combination yields mt = 172.69± 0.25 (stat.)± 0.41 (syst.) GeV [282].

Global combinations from the Tevatron and the LHC account for correlations both within
individual experiments and between different experiments. A Tevatron–LHC combination released
in 2014 reported mt = 173.34 ± 0.76 GeV (0.44%) [320], but this result, based only on the 7 TeV
LHC data, has since been superseded by the most recent LHC combination [1]. In this latest
combination, ATLAS and CMS included fifteen individual measurements in leptonic and hadronic
top-quark decays, as well as a measurement in events enriched with single-top production via the
EW t-channel. The datasets correspond to the full 7 and 8 TeV samples. The combination was
performed using the BLUE method [321], incorporating estimator correlations both within and
across experiments. The impact of correlation choices on the final result was investigated and
found to be small. The combined result is mt = 172.52 ± 0.33 GeV, corresponding to a relative
precision of 0.2%, and is limited primarily by the b-jet energy scale (b-JES) uncertainty.

The direct measurements of the top-quark mass correspond to the parameter used in Monte
Carlo generators, which is closely related to the pole mass [8]. The relation between the pole mass
and short-distance mass definitions, such as MS, is affected by non-perturbative effects. Recent
calculations estimate the renormalon ambiguity to be below 250 MeV, which remains smaller than
the current measurement uncertainty [322, 323]. Other ambiguities, for example, the one related
to the parton-shower cut-off value, can be of the order of 500 MeV [8, 324]. A calibration of the
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top-quark mass parameter in Powheg+Pythia 8 with respect to the MSR mass scheme [325]
was performed by ATLAS. Using simulated tt̄ events in the LJ channel and the mass distribution
of large-radius jets containing the three quarks from the hadronic top decay, a difference between
the Monte Carlo mass and the MSR mass of about 80 MeV was obtained, with large associated
uncertainties [326].

As a result of renormalization at higher orders in perturbation theory, mt depends on the scale
at which it is defined. The first measurement of the running of the top-quark mass in the MS
scheme was reported by CMS [327]. The running mass was extracted from the differential cross
section as a function of the tt̄ invariant mass, unfolded to parton level in DL(eµ) final states. The
result shows a variation of about 15% betweenMtt̄ = 400 GeV andMtt̄ ≈ 1 TeV, in good agreement
with the one-loop renormalization-group prediction. Relative to the hypothesis of no running, the
significance of the observed effect is 2.6σ, although the interpretation is subject to large theoretical
uncertainties [328].

Measurements ofmt based on inclusive and differential cross sections of tt̄ and tt̄+jet final states
are summarized in Fig. 61.9. These have been performed at center-of-mass energies between 7 and
13 TeV using observables related to the production cross section. The most recent result, not yet
included in this comparison, obtained by ATLAS at 13 TeV in the DL channel with tt̄+jet final
states, yields mt = 170.9± 1.5 GeV [329].

Vacuum stability
With the discovery of a Higgs boson at the LHC with a mass of about 125 GeV [330, 331], the

precise determination of the top-quark mass has taken a central role in assessing the stability of the
EW vacuum. Radiative corrections from the top quark tend to drive the Higgs quartic coupling
λ negative, potentially leading to vacuum instability. An NNLO calculation [2] indicates vacuum
stability for a Higgs mass satisfying MH ≥ 129.4± 5.6 GeV [332]. Within this uncertainty, a Higgs
boson mass of 125 GeV is compatible with stability, although the central values of the Higgs boson
and top-quark masses still allow for a metastable scenario.

In the context of the European Strategy for Particle Physics 2025 update, ATLAS and CMS
prepared projections of future Higgs boson and mt determinations [333], shown in Fig. 61.10. These
projections are based on two mt measurements at 8 and 13 TeV, obtained from differential cross-
section measurements in tt̄+jets final states. For the projections, different scenarios for reducing
systematic uncertainties and employing alternative analysis methods are explored. Further projec-
tions can be found in the same document.

CPT test based on mt measurements
The CPT theorem requires that particles and their antiparticles have identical masses, lifetimes,

and absolute charges. A test of this symmetry has been performed by measuring the mass difference
between the top and antitop quarks, ∆mt = mt − mt̄, which is expected to vanish if CPT is
conserved. The top and antitop quarks are distinguished through the charge of the decay lepton,
and such measurements have been performed at both the Tevatron and the LHC. The results,
summarized in Tab. 61.20, are consistent with the SM expectation of no mass difference, with a
current sensitivity at the level of a few hundred MeV.

61.2.5.2 Width
The top-quark width, inversely proportional to its lifetime, is expected to be of order 1 GeV

(Eq. 1). Early measurements made at CDF [340] and CMS [341] established confidence-level inter-
vals for the width but lacked the sensitivity to make a direct measurement.

The total width of the top quark can be inferred from the partial decay width Γ (t→Wb) and
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Figure 61.9: Comparison of ATLAS and CMS measurements of the top-quark mass using observ-
ables related to tt̄ and tt̄+jet production. The LHCtopWG working group kindly provides the
plot, status as of November 2023, see https://twiki.cern.ch/twiki/bin/view/LHCPhysics/
LHCTopWGSummaryPlots.

Table 61.20: Comparison of the measurements of ∆mt = mt −mt̄ in tt̄ and single-top events.

Exp. [Ref]
√
s (TeV) ∆mt [GeV] Topology

CDF [334] 1.96 −1.95± 1.11(stat.)± 0.59(syst.) tt̄ LJ
DØ [335] 1.96 0.84± 1.81(stat.)± 0.48(syst.) tt̄ LJ
ATLAS [336] 7 0.67± 0.61(stat.)± 0.41(syst.) tt̄ LJ
CMS [337] 7 −0.44± 0.46(stat.)± 0.27(syst.) tt̄ LJ
CMS [338] 8 −0.15± 0.19(stat.)± 0.09(syst.) tt̄ LJ
CMS [339] 13 0.83+1.79

−1.35(stat.+ syst.) single-top LJ

the branching fraction B(t→Wb). DØ extracted Γ (t→Wb) from the measured t-channel single-
top-quark production cross section, and B(t → Wb) from the ratio R = B(t → Wb)/B(t → Wq)
in tt̄ events in the LJ channel with 0, 1, and 2 b-tags. Assuming B(t → Wq) = 1 for any
kinematically allowed quark q, the result was Γt = 2.00+0.47

−0.43 GeV, corresponding to a top-quark
lifetime of τt = (3.29+0.90

−0.63)× 10−25 s. Under the assumption of a heavy fourth-generation b′ quark
and unitarity of the four-generation mixing matrix, an upper limit of |Vtb′ | < 0.59 at 95% C.L. was
obtained [342].

The first direct measurement of the top-quark width was performed by ATLAS at
√
s = 8 TeV,
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Figure 61.10: Regions of stability, metastability and instability of the SM potential as a function
of the top-quark and the Higgs-boson masses [333]. The input measurements from ATLAS and
CMS were used to extrapolate the size of the dataset to 3 ab−1, using different assumptions on the
systematic uncertainties and analysis methods.

fitting reconstructed LJ events, and yielded Γt = 1.76± 0.33 (stat.)+0.79
−0.68 (syst.) GeV [343]. A more

recent ATLAS analysis at
√
s = 13 TeV, based on a template fit to the lepton–b-quark invariant

mass in DL final states, obtained Γt = (1.9± 0.5) GeV [344].
A similar analysis performed by CMS at

√
s = 8 TeV provided a more precise determination of

the width, yielding Γt = 1.36± 0.02 (stat.) +0.14
−0.11 (syst.) GeV [345].

61.2.5.3 Top Quark Spin Correlations, Polarization, and Entanglement
One of the unique features of the top quark is that it decays before QCD interactions can

flip its spin. Thus, the top quark polarization is directly observable via the angular distribution
of its decay products, and it is possible to define and measure observables sensitive to the top
quark spin and its production mechanism. Although the top and antitop-quarks produced by QCD
interactions in hadron collisions are essentially unpolarized, the spins of t and t̄ are correlated. For
QCD production at threshold, the tt̄ system is produced in a 3S1 state with parallel spins for qq̄
annihilation or in a 1S0 state with antiparallel spins for gluon-gluon fusion, as shown in Fig. 61.11.

The production mechanisms at the Tevatron, where tt̄ pairs are predominantly produced via qq̄
annihilation, and at the LHC, where gluon–gluon fusion dominates, are therefore complementary.
At the LHC, tt̄ production at large invariant mass arises mainly from gluons with opposite helicities,
resulting in tt̄ pairs with parallel spins, similar to the configuration produced at the Tevatron
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Figure 61.11: Spin state of the tt̄ system at the production threshold for qq̄ annihilation (left)
and gluon-gluon fusion (right). The thin arrows describe the momentum direction of the particles,
while the thicker arrows reflect the spin direction of the gluons (long arrows) and the quarks (short
arrows).

through qq̄ annihilation.
The top-quark spin is fully correlated with the angular distributions of the down-type fermion

(charged lepton or d-type quark) in the decay. The corresponding joint angular distribution is given
in Refs. [346–348]

1
σ

d2σ

d(cos θi+)d(cos θj−)
= 1

4(1 +Bi
+ cos θi+ +Bj

− cos θj− + Cij · cos θi+ · cos θj−), (61.5)

where θi+ and θj− are the angles of the daughters in the top-quark (antitop-quark) rest frame with
respect to a particular spin quantization axis i (j). The maximum value for C, 0.782 at NLO at
the Tevatron [349], is found in the off-diagonal basis [346], while at the LHC the value at NLO is
0.326 in the helicity basis [349]. The coefficients B+ and B− are near zero in the SM because the
top quarks are unpolarized in tt̄ production. In place of C, Aα+α− is often used, where αi is the
spin analyzing power, and A is the spin correlation coefficient, defined as

A=N(↑↑) +N(↓↓)−N(↑↓)−N(↓↑)
N(↑↑) +N(↓↓) +N(↑↓) +N(↓↑) , (61.6)

where the first arrow represents the direction of the top quark spin along a chosen quantization
axis, and the second arrow represents the same for the antitop-quark. The spin analyzing power
αi at parton level is +0.998 for positively charged leptons, -0.966 for down-type quarks from W
decays, and -0.393 for bottom quarks [350]. The sign of α flips for the respective antiparticles. The
spin correlation could be modified by a new tt̄ production mechanism such as through a Z ′ boson,
Kaluza-Klein gluons, a dark-matter mediator, or a Higgs boson.

Measurement of SM spin correlation fraction
The experiments typically use Monte Carlo simulation to provide templates for the measured

distributions, or a matrix-element method, and fit a parameter fSM, representing the fraction of
events with the expected SM correlation, with (1 − fSM) the fraction with no correlation. The
correlation coefficient is extracted via Ameas = f · ASM. A ‘fraction’ fSM > 1 means that the
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measured correlation coefficient is larger than the SM expectation. DØ pioneered the study of spin
correlations in tt̄ production during Run 1 [351], setting the first limits of κ > −0.25 at the 68%
confidence level using the DL channel. In Run 2, both CDF and DØ extended the studies to the DL
and LJ channels. Although the sensitivity was limited, these analyses provided the first evidence
for spin-correlation effects [352–355].

Spin correlations have been conclusively established at the LHC by both ATLAS and CMS. In
the dominant gluon-gluon-fusion production mode for tt̄ pairs, the angular separation between the
two leptons in the DL channel is sensitive to the degree of spin correlation [356].

Measurements have been performed at
√
s = 7, 8, and 13 TeV, with the corresponding values of

fSM summarized in Tab. 61.21. While the
√
s dependence of the correlations is of interest as a probe

of the production mechanism (qq̄ annihilation versus gluon-gluon fusion) and as a potential window
to new physics, the 7 and 8 TeV results [357–363] were limited by relatively large uncertainties.
These have since been superseded by the high-statistics measurements at 13 TeV, which are reviewed
here in more detail.

Table 61.21: Measurements of the SM spin correlation fraction fSM in tt̄ events at the LHC, per-
formed at

√
s = 7, 8 TeV and 13 TeV. The results are shown together with their overall uncertainties.

The precision is mainly limited by the systematic uncertainties. For the 13 TeV results, the pre-
cision is mainly limited by signal-modeling uncertainties. Only the most precise measurement per
channel and publication is listed below. Further results are given in the individual publications.

Exp. [Ref.] Lumi. Measurement Channel Observable
[fb−1] Value ± Unc.

7 TeV results

ATLAS [357] 2.1 fSM = 1.30±+0.30
−0.26 DL ∆Φ(`+, `−)

ATLAS [358] 4.6 fSM = 1.19± 0.20 DL ∆Φ(`+, `−)
ATLAS [358] 4.6 fSM = 0.87± 0.18 DL S-ratio of matrix-elements
ATLAS [358] 4.6 fSM = 1.12± 0.25 SL ∆Φ(`, d) + ∆Φ(`, b)
CMS [361] 5.0 fSM = 0.98± 0.15 DL From asymmetry A∆Φ measurement

8 TeV results

ATLAS [359] 20.3 fSM = 1.20± 0.14 DL ∆Φ(`+, `−)
CMS [362] 19.7 fSM = 0.72+0.17

−0.15 DL matrix-element method
CMS [363] 19.5 fSM = 1.12+0.12

−0.15 DL A∆φ measurement as function of mtt̄

13 TeV results

ATLAS [364] 36.1 fSM = 1.249+0.094
−0.111 DL ∆Φ(`+, `−)

ATLAS [197] 140 fSM = 1.20± 0.68 tt̄Z ev. combination of 9 observables
CMS [365] 35.9 fSM = 0.98± 0.05 DL From D measurement

At
√
s = 13 TeV, the most recent ATLAS measurement of fSM is based on ∆φ, the azimuthal

angle between the two charged leptons in eµ events, within an analysis that also measures the
differential cross sections in ∆φ and ∆η [364]. The comparison with NLO Monte Carlo generators
yields f = 1.249 ± 0.024 (stat.) ± 0.061 (syst.)+0.067

−0.090 (theo.). While earlier measurements were
statistically consistent with the SM expectation of f = 1.0, the current result lies above this value
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by about 2.2σ. The NLO predictions considered are based on QCD corrections only and correspond
to the production level. When EW corrections are included, the SM prediction becomes compatible
with the measurement within uncertainties, although it is affected by a relatively large uncertainty,
f = 1.03± 0.13.

The CMS measurement at
√
s = 13 TeV was obtained from DL events by measuring parton-level

normalized differential cross sections, which are sensitive to each of the independent coefficients
of the spin-dependent parts of the tt̄ production density matrix. These measured distributions
and extracted coefficients were compared with SM predictions from simulations at NLO accuracy
in QCD, and from NLO QCD calculations including EW corrections. The comparison with the
simulation yields f = 0.98 ± 0.03 (stat.) ± 0.04 (syst.) ± 0.01 (theo.). The normalized differential
cross sections are used in fits to constrain the anomalous chromomagnetic and chromoelectric
dipole moments of the top quark [154]: −0.24 < CtG/Λ

2 < 0.07 TeV−2 and −0.33 < CItG/Λ
2 <

0.20 TeV−2, respectively, at 95% C.L. [365].
These results are part of a comprehensive study of the top quark spin density matrix at

√
s = 13

TeV, as measured through the coefficients of Eq. 61.5, which will be discussed further below.

Measurement of the full spin density matrix
Instead of extracting a single overall correlation coefficient or the fraction of SM-like spin cor-

relation, the full spin density matrix can be measured. This requires determining the top- and
antitop-quark polarizations P in the three spatial directions and the nine components of the spin-
correlation matrix C1. An introduction to the spin-density-matrix formalism is given in Ref. [30].

To extract all coefficients, spin-quantization axes must first be defined. A full reconstruction of
the tt̄ final state is required. In the notation of the first ATLAS measurement [366], the helicity
axis is denoted k, the transverse axis n, and the r axis orthogonal to both. Spin analyzers are
boosted into the rest frames of the respective top or antitop quark, and the angular distribution
cos θ of their momenta relative to the chosen axis is reconstructed. The 15 parameters are then
obtained from data using one observable per parameter, as listed in Fig. 61.12 from Ref. [366].

The most precise individual measurement of these 15 coefficients has recently been performed
by CMS in LJ events at

√
s = 13 TeV [35], using the down-type quark and the charged lepton as

spin analyzers. In this analysis, the coefficients are extracted from a combined fit to data. Events
are categorized according to mtt̄, p

top
T , and the absolute value of the top-quark scattering angle

| cos θ|. The templates are parametrized as functions of the angular distributions of the top- and
antitop-quark decay products. The setup achieving the best precision is based on event categories
in bins of ptopT and | cos θ|.
61.2.5.4 Measurement of spin entanglement in pair production

Entanglement, such as between the spin states of two particles, is a fundamental property
of quantum mechanics [367–369]. Two particles are entangled if the state of one cannot be de-
scribed independently of the state of the other. While entanglement has been observed in many
physical systems, its study at high-energy colliders has been limited until recently. Notable exam-
ples include flavor entanglement in Υ (4S) → B0B̄0 decays [370] and tests of Bell non-locality in
B0 → J/ψK∗(892)0 decays [371]. The idea of probing entanglement in top-quark pairs through
their spin correlations was first proposed in 2020 [32,372–378].

At the LHC, tt̄ pairs are predominantly produced via gluon–gluon fusion. Near production
threshold (mtt̄ ≈ 2mt ≈ 350 GeV), they are expected to form dominantly a spin-singlet state (1S0),
which is maximally entangled. The different spin states are illustrated in Fig. 61.11. Since the spin
state of an individual top quark cannot be determined directly in a collision experiment, the presence

1Some publications denote the polarizations by P instead of B, and the correlations by C instead of A, as the
notation has varied over time.
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Expectation values NLO predictions Observables

Bk
+ 0.0030± 0.0010 cos θk+

Bk
− 0.0034± 0.0010 cos θk−

Bn
+ 0.0035± 0.0004 cos θn+

Bn
− 0.0035± 0.0004 cos θn−

Br
+ 0.0013± 0.0010 cos θr+

Br
− 0.0015± 0.0010 cos θr−

C(k, k) 0.318± 0.003 cos θk+ cos θk−
C(n, n) 0.332± 0.002 cos θn+ cos θn−
C(r, r) 0.055± 0.009 cos θr+ cos θr−

C(n, k) + C(k, n) 0.0023 cos θn+ cos θk− + cos θk+ cos θn−
C(n, k)− C(k, n) 0 cos θn+ cos θk− − cos θk+ cos θn−
C(n, r) + C(r, n) 0.0010 cos θn+ cos θr− + cos θr+ cos θn−
C(n, r)− C(r, n) 0 cos θn+ cos θr− − cos θr+ cos θn−
C(r, k) + C(k, r) −0.226± 0.004 cos θr+ cos θk− + cos θk+ cos θr−
C(r, k)− C(k, r) 0 cos θr+ cos θk− − cos θk+ cos θr−

Figure 61.12: Expected values and corresponding observables for the measurement of spin correla-
tions and polarizations of the top and antitop quarks [366].

of quantum entanglement must be inferred statistically from ensembles of tt̄ events. The spin singlet
is rotationally invariant, which motivates the use of the trace of the spin-correlation matrix C as an
entanglement witness. A sufficient condition for entanglement is given by tr[C] + 1 < 0, measuring
entanglement, a natural extension of spin-correlation studies. This can be rewritten as

D = tr[C]/3, (61.7)

which can be experimentally measured as:

D = −3 · 〈cosϕ〉. (61.8)

Here 〈cosϕ〉 is the average of the opening angle between the two spin analyzers in their respective
parent-top rest frames. If D < −1/3, the top quarks are entangled [32].

The first measurement ofD at
√
s = 13 TeV was performed by CMS using a partial dataset [365].

In that analysis, the full mtt̄ spectrum was included, which reduced the sensitivity and prevented
a significant deviation from zero.

The first observation of quantum entanglement in tt̄ events was reported by ATLAS using the
full Run 2 dataset at 13 TeV [33]. The analysis employed the mean value of the cosφ distribution to
construct a calibration curve relating detector-level to particle-level observables. This calibration
was then applied to the detector-level measurement of D in data, and the resulting particle-level
value was compared with theoretical predictions. Since entanglement effects are expected to be
most pronounced near threshold, the analysis was restricted to events with 340 < mtt̄ < 380 GeV.
The precision of the measurement is limited by signal-modeling uncertainties, particularly those
arising from differences between parton-shower algorithms.

Subsequently, CMS observed entanglement in tt̄ events in both the DL channel [34] and the LJ
channel [35]. In the DL analysis, a template fit to the full cosφ spectrum was performed using a
partial Run 2 dataset, with phase-space selections listed in Tab. 61.22. Non-relativistic bound-state
effects were included in the prediction, improving agreement with the data. The LJ result forms
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part of the measurement of the full spin density matrix discussed above. Although the sensitivity to
entanglement near threshold in this channel is insufficient for an observation, it provides access to
a second phase space where entanglement is present: events at high mtt̄, where the top quarks are
produced more widely separated in a 3S1 state. Since in this region Crr and Ckk become negative,
the entanglement witness D̃ is defined as

D̃ = 1
3(Cnn − Crr − Ckk) (61.9)

and has to fulfill the criterion: 3D̃ > 1 [375]. This was achieved for events with mtt̄ > 800 GeV
and | cos θ| < 0.4. The ATLAS and CMS experiments have observed entanglement at the highest
energy to date, both for tt̄ events almost at rest and for more space-like separated top quarks. The
measured values are summarized in Tab. 61.22.

Table 61.22: Measurements of different entanglement witnesses at
√
s = 13 TeV. The results are

shown together with their overall uncertainties. The precision for the threshold measurements is
mainly limited by signal-modeling uncertainties, while the measurement in the boosted phase-space
is limited by statistical uncertainties. The CMS results include the modeling of threshold effects.
Only the most precise measurement per channel and publication is listed below. Further results
are given in the individual publications.

Exp. [Ref.] Measurement Significance Topology Method/Phase space
Obs. (Exp.)

CMS [365] D = −0.237± 0.011 DL Fit to cosφ distribution
inclusive in mtt̄

ATLAS [33] D = −0.547± 0.021 > 5σ (> 5σ) DL Calibration curve
340 < mtt̄ < 380 GeV
Particle level

CMS [34] D = −0.480+0.026
−0.029 5.1σ (4.7σ) DL Fit to cosφ distribution

βtt̄z < 0.9, mtt̄ < 400 GeV
Parton level

CMS [35] D̃ = 0.652± 0.052 6.7σ (5.6σ) SL Fit to multi-differential distr.
mtt̄ > 800 GeV, | cos θ| < 0.4

61.2.5.5 Pseudo-bound tt̄ states at the production threshold
During the development of quantum entanglement measurements, it became clear that mod-

eling of the tt̄ threshold region required improvements. As shown in the CMS analyses [34, 35],
the inclusion of threshold effects leads to better agreement between the data and the prediction.
Because the top quark decays before forming hadrons, bound states cannot occur in the usual
sense. However, a tt̄ pair produced nearly at rest can exchange gluons before one quark decays
weakly [16,379].

Threshold effects from non-relativistic QCD (NRQCD) have two main contributions: the po-
tential has an attractive component from tt̄ pairs in a color-singlet configuration (produced in gg
fusion), corresponding to the 1S

[1]
0 spin–angular-momentum–color state. The second component of

the potential is repulsive and originates from tt̄ pairs produced in a color-octet configuration. The
latter component is small and not included in the measurements discussed here. The resummation
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of Coulomb gluon exchange enhances tt̄ production just below threshold. For mt = 172.5 GeV and
a binding energy of about 2 GeV, the expected mass of this state is ' 343 GeV, with a width of
2Γt.

Standard Monte Carlo tt̄ samples do not include these pseudo-bound-state effects, or other
QCD effects occurring at the production threshold and discussed in Ref. [380]. Although these
contributions amount to less than 1% of the total cross section and have negligible impact on most
top-quark measurements, they become important for precision studies close to threshold, such as
entanglement or top-quark Yukawa coupling measurements using the mtt̄ spectrum, and for new-
physics searches in the low-mtt̄ region. To address this, CMS developed a dedicated cross-section
measurement of this contribution using the full Run 2 dataset [90]. The analysis, performed in
the DL channel, fitted the full mtt̄ spectrum, which was divided into nine signal regions defined by
angular variables. This strategy significantly improved sensitivity compared with a single inclusive
distribution. The signal was simulated with MG5_aMC@NLO using a simplified resonance model
(ηtt̄) decaying into tt̄. The predicted cross section is 6.43 pb, and the measurement, limited by
systematic uncertainties, yielded σ(ηtt̄) = 8.8+1.2

−1.4 pb with a significance greater than 5σ.
ATLAS carried out a similar analysis [91], also extracting the cross section from the mtt̄ distri-

bution split into angular regions. The fit range was restricted to 300–500 GeV to avoid potential
mis-modeling at high invariant masses. A more complete pseudo-bound state model was em-
ployed, in which LO tt̄ matrix elements were reweighted using the NRQCD-resummed Green’s
function [16, 379]. The ATLAS result, also limited by systematic uncertainties, is σ(tt̄NRQCD) =
9.0± 1.3 pb with an observed significance of 7.7σ.

Both measurements are consistent with the production of a pseudo-bound color-singlet state.
However, with the current invariant-mass resolution, a clear observation of the peak structure
predicted by NRQCD cannot yet be claimed, and the enhancement can also be described within
more inclusive approaches [380]. Further theoretical and experimental studies will be needed to
clarify the nature of this enhancement.

61.2.5.6 W -boson helicity in top-quark decay
In the SM, the top quark couples to the W boson through the vector-minus-axial-vector (V−A)

charged-current interaction, −i g√2Vtbγ
µ 1

2(1− γ5). Because the fraction of decays to longitudinally
polarized W bosons is proportional to the top-quark Yukawa coupling, it is enhanced relative to
the weak coupling. The expected fraction is [381] FSM

0 ≈ x/(1 + x), with x = m2
t /(2M2

W ), giving
FSM

0 ' 70% for mt = 173 GeV. The fractions of left-handed, right-handed, and longitudinal W
bosons are denoted F−, F+, and F0, with SM expectations F− ' 30% and F+ ' 0%. Predictions
at NNLO in QCD are available [382].

Measurements of the W helicity in top-quark decays have been performed by both Tevatron
and LHC experiments, in tt̄ events reconstructed in the LJ and DL channels. As for the extraction
of the top-quark mass, the template technique is widely used, although the matrix-element method
and its variants have also been employed to determine the helicity fractions F .

In Run 1 at the Tevatron, the charged-lepton pT spectrum [383] and the invariant massM2
`b of the

lepton–b-quark system [384] in top-quark decays were used as template observables. In Run 2, both
of these observables [385] the helicity angle cos θ∗, defined as the angle between the lepton and the
b quark in the W -boson rest frame, became the primary observable [386–388]. In the DL channel,
reconstruction is further improved by applying the neutrino-weighting technique (see Sec. 61.2.5.1),
or both. The matrix element method has also been developed for this measurement, in which a
likelihood is constructed from event probabilities expressed as functions of the W -helicity fractions
F [389]. CDF and DØ combined their Run 2 results, based on 2.7–5.4 fb−1 of data [390], assuming
a top-quark mass of 172.5 GeV. From the combination of measurements that simultaneously deter-
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mined the fractions of W bosons, the results are F0 = 0.722± 0.081 [±0.062 (stat.)± 0.052 (syst.)]
and F+ = −0.033 ± 0.046 [±0.034 (stat.) ± 0.031 (syst.)]. In an alternative combination, where
one of the helicity fractions was fixed to the SM expectation, the results are F0 = 0.682 ±
0.057 [±0.035 (stat.) ± 0.046 (syst.)] and F+ = −0.015 ± 0.035 [±0.018 (stat.) ± 0.030 (syst.)].
Both sets of results are consistent with SM predictions.

The large LHC datasets make it possible to perform simultaneous fits of F0, F−, and F+; the
corresponding ATLAS and CMS results are summarized in Fig. 61.13.

At
√
s = 7 TeV, ATLAS used a template method for the cos θ∗ distribution and extracted

angular asymmetries from the unfolded cos θ∗ distribution in both the LJ and DL channels [391].
CMS performed a similar measurement in the LJ channel, also based on template fits to the cos θ∗
distribution [392].

Since the polarization of W bosons in top-quark decays is directly sensitive to the Lorentz
structure of the Wtb vertex and to possible anomalous couplings, both collaborations derived
limits on non-SM contributions to the Wtb interaction. ATLAS and CMS also combined their
7 TeV results, also assuming a top-quark mass of 172.5 GeV, to obtain joint values of the W -boson
helicity fractions and corresponding limits on anomalous couplings [393].

At
√
s = 8 TeV, ATLAS measured theW -boson helicity fractions in LJ events with at least one b

tag [394]. CMS carried out complementary measurements: in LJ events with two b-tags [395] Using
the same dataset, CMS also presented the first measurement of W -boson helicity in EW single-top
production [396], obtaining results of similar precision and in agreement with the SM. The 8 TeV
results from ATLAS and CMS in both tt̄ and single-top events were subsequently combined [397].
The combined analysis, consistent with the SM predictions at NNLO in QCD, improved the preci-
sion by 25% (29%) for F0 (FL) compared to the most precise individual measurement, and set limits
on anomalous right-handed vector (VR) and left- and right-handed tensor (gL, gR) tWb couplings,
as well as on the corresponding Wilson coefficients.

At
√
s = 8 TeV, ATLAS analyzed DL events with at least two b tags, measuring the normalized

differential tt̄ cross section with respect to cos θ∗ at parton level and, from template fits, extracting
the W -boson helicity fractions [398]. The results are complementary to earlier measurements and
consistent with SM expectations, with the precision limited by systematic uncertainties.

61.2.5.7 Yukawa coupling
The top-Higgs Yukawa coupling is expected to be the largest among all Yukawa couplings. It

can be accessed directly by measurements of the tt̄ cross section in association with a Higgs boson,
tt̄H, or indirectly via loop processes in gg → H production as well as H → γγ or H → WW
decays or in the rare process of tt̄tt̄ production. A discussion of the former can be found in
Chapter 11 of this review. Searches for and recent observations of tt̄tt̄ production are discussed in
Sec. 61.2.2. Measurements of yt in kinematic distributions of tt̄ production are providing additional
information [399,400].

61.2.5.8 Top-quark asymmetries
In tt̄ production at hadron colliders, the SM predicts different predicts characteristic angular

distributions that differ between the top and antitop quarks. Unlike most observables in the top-
quark sector, measurements of asymmetries are still largely limited by statistical precision. This is
particularly true for analyses probing the extreme regions of phase space, such as those targeting
boosted top quarks, and for rare production modes like tt̄W and tt̄γ. With the increasing lumi-
nosity delivered during Run 3 of the LHC and in future runs, significant improvements in these
measurements are anticipated. Theoretical predictions for these asymmetries, however, have al-
ready reached a high level of precision.
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Figure 61.13: W -boson helicity fractions measured at the ATLAS and CMS experiments at
different center-of-mass energies, compared to the theoretical NNLO predictions. The LHCtopWG
working group kindly provides the plot, status as of November 2023, see https://twiki.cern.ch/
twiki/bin/view/LHCPhysics/LHCTopWGSummaryPlots.

Measurement of the forward-backward asymmetry AFB
In pp collisions at the Tevatron collider, a forward-backward asymmetry arises in tt production
starting at order α3

S in QCD. The asymmetry originates from the interference between the Born
amplitude qq → tt with 1-loop box production diagrams and between diagrams with initial- and
final-state gluon radiation. The asymmetry, AFB, is defined by

AFB=N(x > 0)−N(x < 0)
N(x > 0) +N(x < 0) . (61.10)

Three types of asymmetries are discussed in the following:

• Att̄FB , where x is the rapidity difference between the top- and the antitop quark: ∆y = yt−yt.
This asymmetry requires the full reconstruction of the tt̄ final state.

• A`FB, where x is the product of the charge and the rapidity of the lepton: q` · η`.
This asymmetry is only defined in the SL channel.

• A``FB, where x is the rapidity difference between the two charged leptons: ∆η = η`+ − η`− .
This asymmetry is only defined in the DL channel.
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Calculations at α3
S predict a measurable AFB at the Tevatron. Both CDF and DØ measured asym-

metry values exceeding the SM prediction, which prompted considerable interest and speculation
about possible contributions from new physics (see, for example, [401] and references therein). An
overview of the early Tevatron measurements and the combined CDF and DØ results is given in
Tab. 61.23. More recent calculations, extended to order α4

S and including EM and EW correc-
tions, predict AFB ≈ 0.095 ± 0.007 [402]. This value is about 10% larger than the previous NLO
prediction [403,404], leading to improved agreement with experimental results.

Table 61.23: Forward-backward asymmetry measurements in tt̄ events at the Tevatron, performed
at
√
s = 1.96 TeV. If only one uncertainty is given, it reflects the total uncertainty on the measure-

ment or prediction.

Experiment
[Ref.]

Luminosity
(fb−1)

Measurement
Value ± (stat.) ± (syst.)

Note

DØ [405] 0.9 Att̄FB = 0.12± 0.08 first DØ result
CDF [406] 1.9 Att̄FB = 0.24± 0.14 first CDF result, parton level

Theory [402] AttFB = 0.095± 0.007 NNLO QCD + NLO EW
Comb. [407] 9-10 AttFB = 0.128± 0.021± 0.014 DØ+CDF combination
Theory [404] A`FB = 0.038± 0.003 NLO QCD + NLO EW
Comb. [407] 9-10 A`FB = 0.073± 0.016± 0.012 DØ+CDF combination
Theory [404] A``FB = 0.048± 0.004 NLO QCD + NLO EW
Comb. [407] 9-10 A``FB = 0.108± 0.043± 0.016 DØ+CDF combination

The first measured values at DØ and CDF were higher, though statistically consistent, with the
SM expectation. With the addition of more data, the uncertainties were reduced, and the central
values, if somewhat smaller, have remained consistent with the first measurements. At the same
time, the improved calculations based on theory have increased the predicted asymmetry values,
thereby improving the agreement between theory and experiment. Both experiments have also
measured differential asymmetries, in bins of mtt, ∆y, q` · η`, and ∆η``, with consistent results,
though the growth of AttFB with increasing mtt and ∆y appears somewhat more rapid than the SM
prediction [407].

Charge asymmetry AC
At the LHC, where tt̄ production is dominated by charge-symmetric gluon–gluon fusion, the mea-
surement is intrinsically different from that at the Tevatron. In the subdominant qq̄ production
mode, the symmetry of the pp initial state does not provide a natural definition of forward and
backward directions. Instead, charge and energy asymmetries are defined based on Eq. 61.10 as
follows:
• Att̄C , where x is the difference between the absolute rapidities of the top- and the antitop

quark: ∆|y| = |yt| − |yt|. The asymmetry requires the full tt̄ event reconstruction.
• A``C , where x is the difference between absolute pseudorapidities of the two charged leptons:
∆|η| = |η`+ | − |η`− |. This asymmetry is only defined in the DL channel and is referred to as
"leptonic charge asymmetry."

• AE , which is defined as the difference between the top- and antitop-quark energies, and can be
measured as a function of the associated high-pT jet angle, θj . The energies and jet angle are
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measured in the tt̄j rest frame. This asymmetry is referred to as "energy asymmetry" [408].

Both CMS and ATLAS have measured the charge asymmetry in different channels and at various
center-of-mass energies. Results from the individual experiments at 7 and 8 TeV, as well as their
combination, are summarized in Tab. 61.24. Statistical uncertainties primarily limit the precision;
however, in some measurements, the statistical and systematic components are of comparable size.
In addition to inclusive values, differential measurements as functions of mtt̄, and of the pT and
rapidity y of the tt̄ system, have also been performed.

To reduce model dependence, CMS performed a measurement in a reduced fiducial phase
space [409], obtaining AC = (−0.35± 0.72 (stat.)± 0.31 (syst.))%, consistent with the SM predic-
tion. To probe the mtt̄ dependence, ATLAS carried out a measurement in boosted tt̄ events with
mtt̄ > 0.75 TeV, and also reported results in three bins of mtt̄ [410].

Overall, the measurements from both experiments are in agreement with SM expectations.
At 13 TeV, the measurements are more diverse, targeting not only tt̄ events but also tt̄+jet and

tt̄+boson final states [217, 411–413]. The size and sign of the asymmetries differ for the various
final states. While the tt̄ asymmetry is diluted in inclusive measurements at the LHC owing to the
large fraction of gluon–gluon-initiated tt̄ events which increases as a function of the center-of-mass
energy, it is enhanced in other topologies such as tt̄γ due to an increased fraction of the quark
initiated production mode. Another interesting quantity is the leptonic charge asymmetry in tt̄W
events using final states with exactly three charged light leptons (electrons or muons). Here, the
events are also enhanced in quark-initiated production processes. Additionally, the W boson in the
initial state causes polarization of the tt̄ pair, which further leads to a sizeable asymmetry. The
results for the tt̄+boson and tt̄+jet final states are still strongly limited by statistical uncertainties
and will benefit from the increased dataset at 13.6 TeV and beyond.

The most precise measurement to date was performed by ATLAS at
√
s = 13 TeV, combining

LJ and DL channels with reconstruction techniques for both resolved and boosted topologies [424].
Differential results are reported as functions of the invariant mass, pT, and longitudinal boost of
the tt̄ system. Both inclusive and differential measurements are compatible with SM predictions at
NLO QCD with NLO EW corrections. The results are also interpreted in SMEFT, setting bounds
on several Wilson coefficients.

CMS measured the charge asymmetry in tt̄ events with highly Lorentz-boosted top quarks for
mtt̄ > 0.75 TeV, a phase space particularly relevant for BSM searches [425]. The measurement,
corrected for detector and acceptance effects using a binned maximum-likelihood fit, was performed
in three mtt̄ ranges. The results are in good agreement with the SM.

A model-independent comparison of the Tevatron and LHC results is made difficult by the
differing tt production mechanisms at work at the two accelerators and by the symmetric nature
of the pp collisions at the LHC. An early analysis from the CMS collaboration [427] using LJ
events at

√
s = 13 TeV, uses a likelihood analysis to separate the qq̄ process from production via

gluon-gluon and gluon-quark interactions. The values found for the asymmetry parameters are
AFB = 0.048+0.095

−0.087 (stat.) +0.020
−0.029 (syst.), for the anomalous chromomagnetic dipole moment µt =

−0.024+0.013
−0.009 (stat.) +0.016

−0.011 (syst.), and a limit is placed on the magnitude of a possible anomalous
chromoelectric dipole moment |dt| < 0.03 at 95% C.L. [427].
61.2.5.9 Electric charge

The top quark is the only quark whose electric charge has not been measured through threshold
production in e+e− collisions, and its electromagnetic coupling has only recently been studied in
detail. Early CDF and DØ analyses of top-quark production did not uniquely associate the b, b̄,
and W± to the top or antitop quark, so that exotic decays such as t→ W+b̄ and t̄→ W−b could
not be excluded. A quark with charge 4/3 is, in fact, compatible with EW precision data. In
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Table 61.24: Charge asymmetry measurements in tt̄ events at the LHC, performed at
√
s = 7 and

8 TeV. The results are shown together with their overall uncertainties and are compared to the
theoretical prediction. The precision is primarily limited by the dataset’s size.

Exp./Pred.
[Ref.]

Lumi.
[fb−1]

Measurement Note

7 TeV results

Theory [404] AttC = (1.23± 0.05)% NLO QCD + NLO EW
ATLAS [414] 4.7 AttC = (0.6± 1.0)% LJ
CMS [415] 5.0 AttC = (0.4± 1.5)% LJ
ATLAS [416] 4.6 AttC = (2.1± 3.0)%. DL, neutrino weighting
CMS [417] 5.0 AttC = (1.0± 1.6)%, DL, matrix weighting technique
Combin. [418] AttC = (0.5± 0.9)% LJ, ATLAS+CMS combination

Theory [404] A``C = (0.70± 0.03) % NLO QCD + NLO EW
ATLAS [416] 4.6 A``C = (2.4± 1.8)% DL
CMS [417] 5.0 A``C = (0.9± 1.2)% DL

8 TeV results

Theory [404] AttC = (1.11± 0.04)% NLO QCD + NLO EW
Theory [419] AttC = (0.95+0.05

−0.07)% NNLO QCD + NLO EW
ATLAS [420] 20.3 AttC = (0.9± 0.5) LJ
CMS [421] 19.7 AttC = (0.33± 0.43)% LJ (*) stat=syst
ATLAS [422] 20.3 AttC = (2.1± 1.6)% DL
CMS [423] 19.5 AttC = (1.1± 1.3)% DL
Combin. [418] AttC = (0.55± 0.34)% LJ, ATLAS+CMS combination (*)

Theory [404] A``C = (0.64± 0.03)% NLO QCD + NLO EW
ATLAS [422] 20.3 A``C = (0.8± 0.6)% DL
CMS [423] 19.5 A``C = (0.3± 0.7)% DL

particular, the Z → `+`− and Z → bb̄ measurements, including the discrepancy between ALR at
SLC and A0,b

FB and A0,`
FB at LEP, can be fitted with a 270 GeV quark of charge 4/3, provided the

right-handed b mixes with the isospin +1/2 component of an exotic doublet (Q1, Q4)R with charges
−1/3 and −4/3 [428, 429]. The third component of the top-quark weak isospin has likewise not
been measured directly.

DØ studied the top-quark charge in double-tagged LJ events, while CDF analyzed single-tagged
LJ and DL events. Assuming the top and antitop quarks carry equal and opposite charges, the b-
quark charge was reconstructed using jet-charge discrimination to test the |Qtop| = 2/3 SM scenario
against the exotic |Qtop| = 4/3 hypothesis. Within the framework of the exotic model of Chang
et al. [429], CDF excluded Qtop = 4/3 at 99% C.L. [430], while DØ excluded it at more than
5σ and limited the fraction of such quarks in the data to below 0.46 [431]. These results firmly
established that the observed particle is consistent with the SM quark of charge +2/3. At the
LHC, ATLAS performed a similar measurement at

√
s = 7 TeV using jet-charge techniques and
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Table 61.25: Asymmetry measurements in tt̄ and tt̄+X events at the LHC, performed at 13 TeV.
The results are shown together with their overall uncertainties and are compared to the theoretical
prediction. The dataset’s size primarily limits the precision.

Exp./Pred.
[Ref.]

Lumi.
[fb−1]

Measurement Note

tt̄

Theory [419] Att̄C = (0.64+0.05
−0.06) % NNLO (QCD) + NLO (EW)

ATLAS [424] 139 Att̄C = (0.68± 0.15) % DL+LJ, resolved+boosted
Bayesian unfolding, 4.7σ

Theory [404] A``C = (0.40+0.02
−0.01) % NLO (QCD + EW)

ATLAS [424] 139 A``C = (0.54± 0.26) %
Theory [419] Att̄C = (0.94+0.05

−0.07) % NNLO (QCD) + NLO (EW)
CMS [425] 138 Att̄C = (0.42+0.64

−0.69) % LJ, boosted topology, mtt̄ > 750 GeV

tt̄+jet

Theory AE = (−3.7± 0.3) % MG5_aMC@NLO
ATLAS [426] 139 AE = (−4.3± 2.0) % Bayesian unfolding, EFT interpretation

tt̄γ

Theory Att̄C = (−1.4± 0.1) % MG5_aMC@NLO
ATLAS [411] 139 Att̄C = (−0.3± 2.9) % stat limited, PL unfolding
Theory Att̄C = (−0.5± 0.2) % MG5_aMC@NLO
CMS [217] 138 Att̄C = (−1.2± 4.2) %

tt̄W

Theory A``C = (−8.4+0.8
−0.7) % Sherpa 2.2.10 (NLO QCD +EW)

ATLAS [412] 139 A``C = (−12± 15) % PL fit, reco level, 3` events
Theory A``C = (−9+12

−14) % NLO simulation
CMS [413] 138 A``C = (−19+16

−18) % 3` events
Theory A``C = (−6.3+0.8

−0.6) %, Sherpa 2.2.10 (NLO QCD +EW)
ATLAS [412] 139 A``C = (−11± 18) % PL fit, particle level

soft-lepton tagging in b decays combined with a kinematic likelihood fit. The measured top-quark
charge was 0.64±0.02 (stat.)±0.08 (syst.), excluding the exotic Q = −4/3 hypothesis at more than
8σ [432]. CMS also tested the exotic-charge scenario at

√
s = 7 TeV in the muon+jets channel,

exploiting the correlation between high-pT muons from W decays and soft muons from B-hadron
decays inside b-jets. Using an asymmetry variable A, with A = −1 corresponding to Q = −4/3
and A = +1 to Q = +2/3, CMS preliminary measured A = 0.97 ± 0.12 (stat.) ± 0.31 (syst.), in
agreement with the SM and excluding the exotic scenario at 99.9% C.L. [433].
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61.2.6 Physics beyond the SM
The top quark plays a special role in the SM. Being the only quark with a coupling to the

Higgs boson of order one, it provides the most important contributions to the quadratic radiative
corrections to the Higgs mass exposing the issue of the naturalness of the SM. It is therefore very
common for models where the naturalness problem is addressed to have new physics associated
with the top quark. In SUSY, for instance, naturalness predicts the scalar top-quark partners
to be the lightest among the squarks and to be accessible at the LHC energies (see the review
“Supersymmetry: Theory”). In models where the Higgs is a pseudo-Goldstone boson, such as Little
Higgs models, naturalness predicts the existence of partners of the top quarks with the same spin
and color, but with different EW couplings, the so-called vectorial t′. Stops and t′’s are expected
to have sizeable branching ratios to top quarks. Another intriguing prediction of SUSY models
with universal couplings at the unification scale is that for a top-quark mass close to the measured
value, the running of the Yukawa coupling down to 1 TeV naturally leads to the radiative breaking
of the EW symmetry [434]. In fact, the top quark plays a role in the dynamics of EW symmetry
breaking in many models [435]. One example is topcolor [436], where a large top-quark mass can be
generated through the formation of a dynamic tt̄ condensate, X, which is formed by a new strong
gauge force coupling preferentially to the third generation. Another example is topcolor-assisted
technicolor [437], predicting the existence of a heavy Z ′ boson that couples preferentially to the
third generation of quarks. If light enough, such a state might be directly accessible at the present
hadron collider energies, or if too heavy, lead to four-top interactions possibly visible in the tt̄tt̄
final state.

61.2.6.1 Direct searches for physics beyond the SM
In this section, the most recent direct searches for effects beyond the SM in top-quark production

and decay are reviewed. These searches can be broadly divided into two categories: (i) searches for
tt resonances, and (ii) searches for rare non-SM interactions involving top quarks, including flavor-
changing neutral currents (FCNC). Resonance searches in the top sector include (a) tt resonances,
in which a hypothetical heavy particle X decays into a tt pair, and (b) searches where a non-
SM decay product of the top quark is identified through its resonant signature. The most recent
results belong to the latter class. For comprehensive discussions of X → tt̄ searches, see Refs. [438–
440]. Searches for rare non-SM interactions and FCNC processes are interpreted within the EFT
framework described in Section 61.1.3. Here we focus on the limits on branching ratios obtained
from these searches, while the corresponding EFT interpretations are discussed in Section 61.2.6.2.

FCNC searches. The most recent FCNC searches target the decay t→ qH in tt production, or
an FCNC vertex in single-top-quark production associated with a Higgs boson.

ATLAS probes both processes usingH → V V decays. Neural-network outputs are used to define
four signal regions, two each for production and decay, further divided into categories with two same-
sign leptons or three leptons [441]. Despite the small branching ratio, this channel provides the
best sensitivity. The results are combined with complementary searches using Higgs-boson decays
to bb̄ [442], ττ [443], and γγ [444], accounting for correlations among parameters. The combined
upper limits on the branching ratios are B(t→ Hu) < 2.6× 10−4 and B(t→ Hc) < 3.4× 10−4.

CMS uses Higgs decays to vector bosons and ττ [445], and combines these results with analyses
targeting H → bb̄ [446] and H → γγ [447]. As in the ATLAS case, the H → V V decay mode
yields the highest sensitivity. The combined limits are B(t→ Hu) < 1.9× 10−4 and B(t→ Hc) <
3.7 × 10−4. A comparison of the ATLAS and CMS results with predictions from representative
BSM models is shown in Fig. 61.14.

Searches targeting tZq couplings use leptonic decays of the Z-boson and a trilepton final state.
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Figure 61.14: Overview of branching-ratio limits in searches for FCNCs in different production
and decay channels, compared to different theory predictions. The LHCtopWG working group
kindly provides the plot, status as of May 2025, see https://twiki.cern.ch/twiki/bin/view/
LHCPhysics/LHCTopWGSummaryPlots.

In tt events, the signal occurs through the FCNC decay t → Zq, in single-top quark the signal
occurs through the associated production of a top quark and a Z-boson. The branching-ratio
limits shown in Fig. 61.14 are for tZu and tZc left-handed couplings and assume, for tZu, that
the tZc coupling is zero and vice versa. Reference [448] presents limits for right-handed couplings,
which are close to the values quoted in Fig. 61.14 for left-handed couplings.

Searches targeting tγq couplings focus on a high-pT photon in the final state. As with tZq
couplings, signal events occur through top-quark decay in tt and through associated production of
a top quark and a photon in single-top events. ATLAS has set limits on the corresponding EFT
couplings, shown in Fig. 61.18 [449]. The limits are derived assuming left-handed couplings; those
for right-handed couplings are also provided and are only slightly weaker.

FCNC couplings tgq between a top quark, a gluon, and an up or charm quark have been probed
by ATLAS in single-top-quark production [450]. Such couplings enhance the single-top-quark
production cross section and, in the case of the tgc interaction, modify the rapidity distribution of
the top quark due to the different PDFs of valence and sea quarks.

1st December, 2025

https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCTopWGSummaryPlots
https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCTopWGSummaryPlots


64 61. Top Quark

Searches for charged-lepton flavor violation. CMS has searched for for charged-lepton-
flavor-violating (CLFV) interactions in both production, q → eµt, and decay, t → eµq, with
q = u or c [451] in final states with two leptons. Additional searches have been performed in
final states with three leptons [452] and, more recently, in single-lepton final states targeting µτqt
interactions [453]. Limits on scalar, vector, and tensor couplings are summarized in Tab. 61.26.
These limits are also shown in Fig. 61.17 and compared with the corresponding ATLAS search for
CLFV µτqt interactions [454], which uses final states containing a same-sign dimuon pair.

Searches for baryon number violation. CMS recently reported a search for baryon-number
violation (BNV) in top-quark production and decay [455], using events with two same-sign leptons
and at least one b-tagged jet. Both single-top and top-quark-pair production modes are considered.
Boosted decision trees are employed to discriminate signal from background processes. No signif-
icant excess is observed, and upper limits are set on the corresponding couplings. The obtained
limits improve upon previous constraints by several orders of magnitude.

Table 61.26: 95% C.L. limits on branching ratios (BR) of the top quark in searches for charged-
lepton flavor violation. All searches were carried out at

√
s = 13 TeV.

Exp. Process N(`) BR limit Reference
CMS t→ eµu (scalar) 2` 0.07× 10−6 [451]
CMS t→ eµu (vector) 2` 0.13× 10−6 [451]
CMS t→ eµu (tensor) 2` 0.25× 10−6 [451]
CMS t→ eµc (scalar) 2` 0.89× 10−6 [451]
CMS t→ eµc (vector) 2` 1.31× 10−6 [451]
CMS t→ eµc (tensor) 2` 2.59× 10−6 [451]
CMS t→ eµu (scalar) 3` 0.012× 10−6 [452]
CMS t→ eµu (vector) 3` 0.022× 10−6 [452]
CMS t→ eµu (tensor) 3` 0.032× 10−6 [452]
CMS t→ eµc (scalar) 3` 0.216× 10−6 [452]
CMS t→ eµc (vector) 3` 0.369× 10−6 [452]
CMS t→ eµc (tensor) 3` 0.498× 10−6 [452]
ATLAS t→ µτu (scalar) 2`SS 0.20× 10−6 [454]
CMS t→ µτu (scalar) 1` 0.04× 10−6 [453]
ATLAS t→ µτu (vector) 2`SS 0.33× 10−6 [454]
CMS t→ µτu (vector) 1` 0.08× 10−6 [453]
ATLAS t→ µτu (tensor) 2`SS 0.52× 10−6 [454]
CMS t→ µτu (tensor) 1` 0.12× 10−6 [453]
ATLAS t→ µτc (scalar) 2`SS 3.40× 10−6 [454]
CMS t→ µτc (scalar) 1` 0.81× 10−6 [453]
ATLAS t→ µτc (vector) 2`SS 5.30× 10−6 [454]
CMS t→ µτc (vector) 1` 1.71× 10−6 [453]
ATLAS t→ µτc (tensor) 2`SS 6.70× 10−6 [454]
CMS t→ µτc (tensor) 1` 2.05× 10−6 [453]

Resonance searches. While technically an FCNC search, a decay of the type t → qX where
q = u or c, could be missed when X is not the expected quark or boson. ATLAS has searched for
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Figure 61.15: Wilson coefficients (WCs) corresponding to vector boson operators and related BSM
search references. The LHCtopWG working group kindly provides the plot, status as of May 2025,
see https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCTopWGSummaryPlots.
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t → qX where X is a light scalar with a mass below the top quark that decays to bb [442]. Such
phenomena exist in composite Higgs models [456]. The ATLAS search used tt events and separated
signal from background by categorizing events according to the number of jets and the number of
jets tagged as originating from b-quarks. The observed limits correspond to the product of the BR
t→ qX and X → bb. The limit in the t→ uX(t→ cX) channel is 0.019% (0.018%) for MX = 20
GeV and 0.062% (0.078%) for MX = 160 GeV.

There is a wide range of searches for new resonances decaying into tt̄ events which are partially
covered in the section "Hypothetical particles and concepts" of this review.
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Figure 61.16: Wilson coefficients (WCs) corresponding to scalar boson operators and related BSM
search references. The LHCtopWG working group kindly provides the plot, status as of May 2025,
see https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCTopWGSummaryPlots.

61.2.6.2 Effective field theory
As described in Sec. 61.1.3, EFTs have become an important tool to search for new physics

processes. The EFT interpretations benefit from the increasing datasets, as this allows for very
precise inclusive and differential measurements of top processes. These precision measurements of
diverse sets of observables allows to improve the EFT interpretations by combining these measure-
ments in a global analysis, as can be done using tools such as SMEFit [457]. In Ref. [458], Zhang
and Willenbrock elucidate the advantages of the EFT approach compared to the vertex-function
approach for searching for BSM effects in top-quark interactions, including the fact that the EFT
approach incorporates the SM gauge symmetry and contact interactions that are neglected in the
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Figure 61.17: Wilson coefficients (WCs) corresponding to four-fermion operators and related BSM
search references. The LHCtopWG working group kindly provides the plot, status as of May 2025,
see https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCTopWGSummaryPlots.
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vertex-function approach. As a result of these advantages, EFTs have become the dominant tech-
nique for evaluating search limits, and the most recent results are reviewed in this section.

The top-EFT operators are categorized as follows: operators involving the contact-interaction
of four fermions together (four-fermion operators), operators involving the interaction between top
quarks and a vector boson (vector-boson operators) and between top quarks and scalar bosons
(scalar-boson operators). Operators can change the overall rate of top-quark production, modify
the kinematics of production and/or decay, or produce new interactions, such as FCNCs. To date,
all results are consistent with the SM expectation of zero for each Wilson coefficient C. The bounds
are set on C/Λ2 and have a dimension of TeV−2. Once the value for the unknown coupling strength
C of the interaction is set, the size of the interval is inversely proportional to the square of the new
physics scale.
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Figure 61.18: Wilson coefficients (WCs) corresponding to flavor-changing-neutral-current (FCNC)
operators and related BSM search references. The LHCtopWG working group kindly provides
the plot, status as of May 2025, see https://twiki.cern.ch/twiki/bin/view/LHCPhysics/
LHCTopWGSummaryPlots.

The individual limits from the ATLAS and CMS results provided by the LHCtopWG can be
found in Figs. 61.15–61.18. Marginalised limits and different representations can be found on the
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LHCtopWG page linked from the individual figure captions. Additional limits and references can
be found in the listings and for example in the references [199,216,451,459,460,460–468].

61.3 Summary and outlook
In the three decades since its discovery, top-quark physics has evolved from the observation of

a single particle into a precision field that probes the SM at the highest energy scales. With the
large datasets collected at the LHC, a wide range of top-quark properties have been measured with
unprecedented accuracy. Production cross sections and other

√
s-dependent quantities have been

determined at multiple energies, enabling stringent tests of QCD and EW production mechanisms.
All results to date are consistent with SM predictions, providing strong validation of the theory.
The precision will continue to improve as larger datasets and refined theoretical and experimental
techniques become available, enhancing sensitivity to potential deviations from the SM.

The large top-quark samples recorded in Run 2 have enabled detailed studies of both tt̄ produc-
tion and single-top processes, all now firmly established at the LHC. Many associated production
modes have also become accessible: while Run 1 provided the first evidence and observations of
processes such as tt̄γ, tt̄Z, tt̄W , tt̄H, and tt̄tt̄, Run 2 has opened the path to precision studies
of these reactions. Rare single-top associated modes, including tZ, tγ, and tWZ, are now being
measured as well, extending sensitivity to the structure of top-quark couplings and to possible
new physics. Many of these results are interpreted within the framework of EFT, providing global
constraints on higher-dimensional operators that parameterize deviations from the SM.

The complexity of top-quark final states and the precision they demand have driven major
advances in analysis techniques, notably multivariate methods and machine learning, which are now
standard in collider physics. The large top-quark mass, its unique role in electroweak symmetry
breaking, and its potential link to new dynamics continue to make it a central focus of particle
physics.

For many measurements, uncertainties in event simulation remain the dominant limitation on
precision. Differential measurements are essential to further reduce these uncertainties, particularly
in complex final states such as tt̄+heavy-flavor jets.

While most of the Run 2 dataset at
√
s = 13 TeV has been analyzed, Run 3 at

√
s = 13.6 TeV,

with an expected integrated luminosity exceeding 300 fb−1, will more than double the available
statistics. The forthcoming High-Luminosity LHC (HL-LHC) phase, expected to deliver up to
3 ab−1 of data, will mark the next major step in this progression—from discovery to precision
characterization. It will enable sub-percent precision in key measurements, stringent global EFT
constraints, and unprecedented sensitivity to rare processes and possible new interactions. With
many results already published and more to come, top-quark physics continues to provide one of
the most powerful tools for testing the SM and exploring physics at the TeV scale.
CDF and DØ notes can be retrieved from

https://inspirehep.net
with the search command "find CDF-NOTE-XXXXX" or "find D0 Note XXXX",
and ATLAS note references from

https://twiki.cern.ch/twiki/bin/view/AtlasPublic/TopPublicResults,
and CMS note references from

https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsTOP,
and plots provided by the LHC Top Working Group from

https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCTopWGSummaryPlots.
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