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1 Introduction

An interesting avenue in searching for possible interactions beyond the Standard Model (BSM)
is looking for non-zero Wilson coefficients (WCs) of effective field theories (EFTs), and in
particular those that couple to the top quark. Owing to its heavy mass, mt ≈ 172.5 GeV [1],
and short lifetime, 1/Γt ∼ O(10−25) s [2], the top quark decays before hadronising, mainly
through the weak process t → Wb [2]. This makes the measurement of its production and
decay kinematics a unique probe of BSM physics.

In the bottom-up approach, an effective theory is an approximation to physics at a higher
energy scale. A prominent example is the Standard Model effective field theory (SMEFT) [3].
In the SMEFT, the Standard Model (SM) is treated as the EFT of an unknown BSM theory
at a higher scale, where the scale of the SM is characterised by the electroweak (EW) scale
given by the vacuum expectation value v. Even though the BSM theory is unknown, its effects
can still be parameterised by higher-dimensional operators in a power expansion. Therefore,
the effective SM Lagrangian can be written as an expansion

Leff = L
(4)
SM +

1

Λ

∑

i

c
(5)
i O

(5)
i +

1

Λ2

∑

i

c
(6)
i O

(6)
i + O

(

1

Λ3

)

+ . . . ,
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where the ci are the WCs [4] of the operators Oi, containing all degrees of freedom below
the scale Λ, which is the energy scale of the BSM physics. The scale Λ is the cut-off scale at
which the power expansion breaks down and the BSM theory cannot be explained by the
effective theory anymore. At this energy scale, the heavy particles that were parameterised
out in the EFT approach can instead be produced directly (‘on-shell’), and their dynamics
must be explicitly included in the theory. The number in parentheses is the energy dimension
of the respective operators. Usually, O

(5) terms are not considered because they violate
baryon-number conservation.

BSM physics at higher scales could manifest itself at lower energies through its effective
interactions, leading to detectable deviations from SM predictions [5]. There are a large
number of top-quark-related dimension-six operators that can be constructed from the SM
degrees of freedom [6]. A complete, non-redundant basis expressed in the Warsaw basis
was given in ref. [7] and consists of 59 independent operators, not counting flavour indices
and Hermitian conjugates. Among the 59 operators, this analysis focuses solely on the five
operators contributing to the t-channel single-top-quark production process or the t → W b

decay, out of which three have complex WCs.

In proton–proton (pp) collisions at the Large Hadron Collider (LHC) [8], the t-channel
has the largest rate among all single-top-quark production channels [9, 10]. Moreover, it is the
only channel that produces a polarised top quark, providing unique access to the imaginary
sector of the Lagrangian through analyses of differential angular decay rates. Figure 1 shows
a representative Feynman diagram for t-channel single-top-quark production, occurring at
leading order (LO) in the four-flavour factorisation scheme (4FS), but at next-to-leading
order (NLO) in the five-flavour scheme (5FS) [11–13]. In this diagram, a light-flavour quark q
(i.e. u-, c-, d -, or s-quark) from one of the colliding protons interacts with a gluon (splitting
into a bb pair) by exchanging a space-like virtual W boson, producing a top quark t and
a recoiling light-flavour quark q′, the so-called spectator quark. The second b-quark from
gluon scattering is expected to have a softer transverse momentum (pT) spectrum and a
broader pseudorapidity (η) distribution than the b-quark produced in the top-quark decay.
It is generally either not detected in the experiment or does not pass the event selection.
The final state includes one light-flavour spectator jet, one b-jet, one lepton and missing
transverse momentum from the neutrino.

The differential distribution of the top-quark decay, t → W b → ℓνb, can be fully
determined by four angles [14]. The first two angles (θ, ϕ) are the spherical coordinates
of the outgoing W -boson momentum direction in the top-quark rest frame, defined in a
Cartesian coordinate system (x, y, z). The frame is chosen by first selecting the proton beam
whose pz matches that of the outgoing spectator jet, aligned with the incoming proton beam.
Then, following ref. [15], three orthogonal directions are defined. The ẑ direction is the
direction of the momentum of the spectator jet, p⃗s, in the top-quark rest frame. The ŷ
direction is taken to lie along ẑ × p̂q, where p⃗q is the direction of the incoming proton, in
the top-quark reference frame. The x̂-direction is then chosen so as to make a right-handed
coordinate system. The remaining two angles (θ∗, ϕ∗) are the spherical coordinates of the
charged lepton’s momentum in the W -boson rest frame, in the coordinate system (x′, y′, z′)

obtained by a “standard” boost from the previous frame, such that the ẑ′ axis is the direction
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Figure 1. Representative LO Feynman diagram for t-channel single-top-quark production and decay
in the 4FS. Here q represents a u/c or d/s quark, and q′ represents a d/s or u/c quark. The initial
b-quark typically arises from a gluon splitting into a bb pair.

p

θ

p

ϕ*

θ*

q’

t

b

W+

ℓ+

ν

ϕ

Figure 2. Illustration of the definition of the four angles (θ, ϕ, θ∗, ϕ∗) in the t → Wb → ℓνb decay
chain. The incoming protons, the spectator, top and b quarks, the W boson, and the lepton and
neutrino are denoted by p, q′, t, b, W , ℓ, and ν, respectively. The angles θ and ϕ specify the direction
of the W -boson (or spectator-quark) momentum in the top-quark rest frame, while θ∗ and ϕ∗ specify
the direction of the charged lepton momentum in the W -boson rest frame.

(θ, ϕ) of the W -boson momentum and the ŷ′ = ẑ′ × p̂s axis lies in the x−y plane. In this
system, ϕ is the angle between the production plane and the top-quark decay frame, while
ϕ∗ is the angle between the top-quark decay plane and the W -boson decay frame. The
four angles are illustrated in figure 2.

Many previous measurements by ATLAS [10, 16–18] and CMS [19–23] provide constraints
on the WCs examined in this paper. In addition, other measurements [24–27] by ATLAS
constrain BSM contributions to the tWb vertex, albeit in the language of anomalous couplings
rather than EFT coefficients. Constraints on the real parts of the three complex WCs
examined in this paper have also been obtained from an ATLAS measurement of W -boson
helicity in top-quark decay [28], although there were not enough independent observables
available to constrain all of the WCs simultaneously.

– 3 –
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This paper is structured as follows. The WCs chosen for study in this analysis are
introduced in section 2. A brief description of the ATLAS detector is given in section 3.
Details about the data samples, the Monte Carlo (MC) simulation event samples, and the
background estimation are provided in section 4. Then the object definitions, reconstruction,
and the event selection are discussed in section 5 and section 6, respectively. Section 7
describes the systematic uncertainties arising in this analysis. Section 8 presents the analysis
strategy, including the Fourier techniques employed to extract observables from the dataset,
the manner in which they are related to the WCs, and the construction of the profile-likelihood.
Finally, the results are discussed in section 9 and the conclusions are given in section 10.

2 Choice of Wilson coefficients

Written in the physical basis, where the Higgs field of the Warsaw basis is set to its vacuum
expectation value [29], four of the operators contribute to the tWb Lagrangian as

O
3
φQ ⊃ −gv2

√
2
b̄Lγ

µtLW
−
µ ,

Oφtb ⊃
[

gv2

2
√

2
b̄Rγ

µtRW
−
µ

]†

,

OtW ⊃ 2vb̄Liσ
µνqνtRW

−
µ ,

ObW ⊃
[

2vb̄Riσ
µνqνtLW

−
µ

]†
,

where γ denotes the Dirac matrices, σ the generators of the Clifford basis, and qν the
four-momentum transferred in the t-channel process.

Each of the operators contributes to the tWb vertex with a different Lorentz structure:
O

3
φQ has a Lorentz structure similar to the SM and therefore modifies the left-handed vector

coupling (VL) present in the SM, while Oφtb induces a right-handed vector coupling and
ObW and OtW contribute as left-handed and right-handed tensor couplings, respectively.
Furthermore, Oφtb, ObW , and OtW are non-Hermitian operators and therefore their WCs are
complex. A non-vanishing imaginary part then leads to CP violation [30].

The remaining two operators contributing to the top-quark physics studied in this analysis
are two four-quark operators, which modify the top-quark production in the t-channel. The
relevant four-quark operators have the left–left (LL) and right–right (RR) chiral structure

O
3,1
Qq =

(

Q̄γµτ
IQ
) (

q̄iγ
µτ Iqi

)

,

O
3,8
Qq =

(

Q̄γµT
Aτ IQ

) (

q̄iγ
µTAτ Iqi

)

,

where Q = (tL, bL), while q refers to left-handed doublets in the first two generations.
The first operator is an SU(2) triplet and colour singlet and the second one is an SU(2)
triplet and colour octet. From these two, only the first operator interferes with the SM
amplitude, since W -boson exchange is also a colour singlet. The colour-octet operator has
already been constrained quite tightly using processes where it does interfere with the SM
amplitude [17, 20, 31, 32]. Therefore, it is assumed that the colour-singlet operator dominates,
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and this analysis is restricted to studying the operator O
3,1
Qq . For convenience, the WC of

O
3,1
Qq , c3,1

Qq, is referred to as cQq in this paper.
As seen above, the dimension-six operators contributing to the top-quark interactions

considered in this analysis are

O
3
φQ, Oφtb, ObW , OtW , O

3,1
Qq .

The corresponding EFT coefficients cφQ and cQq are real, while cφtb, cbW , and ctW are
complex, giving a total of eight free parameters. However, the measurement of the angular
distributions can only constrain a subspace of the eight-dimensional complex parameter space.
At LO, there are four distinct amplitudes for top-quark decay. Two of them correspond to
decays to a left-handed b-quark and for mb = 0, only receive contributions from the SM,
cφQ and ctW . The others correspond to decays to a right-handed b-quark and only receive
contributions from cφtb and cbW . Thus, one can in principle determine the relative phase
between cφtb and cbW , but one cannot determine the phase relative to the SM for either.
For convenience, the analysis takes cφtb to be real and positive, and interprets Arg (cbW )

as implying a phase relative to that of cφtb. This leaves two imaginary parameters that,
in principle, can be constrained by analysing the angular variables. In total, seven free
parameters [14] remain to be measured: CφQ, CtW , CI

tW , CbW , CI
bW , Cφtb, and CQq, with:1

VL = Vtb

(

1 +
v2

Λ2CφQ

)

,

ctW = CtW + iCI
tW ,

cbW = CbW + iCI
bW ,

cφtb = Cφtb ,

cQ,q = CQq ,

where VL is the left-handed vector coupling in the anomalous-coupling notation [33] and
Vtb is the quark-mixing matrix element (ME) in the Cabibbo–Kobayashi–Maskawa (CKM)
matrix [2]. The superscript I on the WCs C denotes their imaginary part.

Fixing cφtb to be real and positive is done purely for practical purposes and does not
constrain cφtb to have positive or even real values. Multiplying cφtb by an arbitrary phase
does not change the posterior probability distributions of the fit as long as cbW is multiplied
by the same phase.

Finally, it is noted that O
3
φQ has the same Lorentz structure as the SM top-quark

decay, and therefore only affects the overall cross-section, and has no effect on the angular
distributions. Thus, measuring normalised angular distributions only constrains the ratios of
coefficients CtW /VL, CI

tW /VL, etc., while measuring the total rate allows one to set constraints
on the absolute values of the coefficients. In this analysis, the strength of measuring both the
normalised angular distribution and the cross-section is used to obtain the best sensitivity
among all the targeted WCs.

1
In this work, lowercase c is used for complex-valued WCs, while uppercase C is reserved for parameters

that are strictly real.
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3 ATLAS detector

The ATLAS experiment [34] at the LHC is a multipurpose particle detector with a forward–
backward symmetric cylindrical geometry and nearly 4π coverage in solid angle.2 It consists
of an inner tracking detector surrounded by a thin superconducting solenoid providing a 2 T
axial magnetic field, electromagnetic and hadronic calorimeters, and a muon spectrometer.
The inner tracking detector covers the pseudorapidity range |η| < 2.5. It consists of silicon
pixel and microstrip detectors, and a transition radiation tracker (TRT). Lead/liquid-
argon (LAr) sampling calorimeters provide electromagnetic (EM) energy measurements with
high granularity within the region |η| < 3.2. A steel/scintillator-tile hadronic calorimeter
covers the central pseudorapidity range (|η| < 1.7). The endcap and forward regions are
instrumented with LAr calorimeters for EM and hadronic energy measurements up to |η| = 4.9.
The muon spectrometer surrounds the calorimeters and is based on three large superconducting
air-core toroidal magnets with eight coils each. The field integral of the toroids ranges between
2.0 and 6.0 T m across most of the detector. The muon spectrometer includes a system of
precision tracking chambers up to |η| = 2.7 and fast detectors for triggering up to |η| = 2.4.
The luminosity is measured mainly by the LUCID-2 [35] detector, which is located close to
the beam pipe. A two-level trigger system is used to select events [36]. The first-level trigger
is implemented in hardware and uses a subset of the detector information to accept events at
a rate below 100 kHz. This is followed by a software-based trigger that reduces the accepted
event rate to about 1.25 kHz on average depending on the data-taking conditions. A software
suite [37] is used in data simulation, in the reconstruction and analysis of real and simulated
data, in detector operations, and in the trigger and data acquisition systems of the experiment.

4 Data and simulated event samples

This analysis uses data from pp collisions at
√
s = 13 TeV collected with the ATLAS detector

at the LHC during 2015–2018. Stringent detector and data quality requirements were
applied [38], resulting in a data sample corresponding to a total integrated luminosity of
140 fb−1 [35]. The events were selected by single-lepton (electron or muon) triggers [39, 40],
imposing low thresholds on the transverse energy (ET) of electrons and the pT of muons, in
addition to isolation requirements, or imposing a looser identification criterion and higher
thresholds with no isolation requirement. The lowest thresholds were varied from 20 to
26 GeV depending on the lepton flavour and the data-taking period.

Samples of simulated events were produced using different MC event generators, including
parton shower (PS) and hadronisation models for both the signal and background processes.
The effect of multiple interactions in the same and neighbouring bunch crossings (pile-up)
was modelled by overlaying the hard-scattering event with simulated inelastic pp collisions

2
ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point (IP) in the

centre of the detector and the z-axis along the beam pipe. The x-axis points from the IP to the centre of

the LHC ring, and the y-axis points upwards. Polar coordinates (r, ϕ) are used in the transverse plane, ϕ

being the azimuthal angle around the z-axis. The pseudorapidity is defined in terms of the polar angle θ as

η = − ln tan(θ/2) and is equal to the rapidity y = (1/2) ln[(E + pz)/(E − pz)] in the relativistic limit. Angular

distance is measured in units of ∆R ≡

√

(∆y)
2

+ (∆ϕ)
2
.
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Process Generator ME order PS PDF set PS tune

t-channel Powheg Box [45–48] NLO Pythia 8 NNPDF3.0nlo A14 [49]
MadGraph [50] LO Pythia 8 NNPDF3.0nlo A14

tt Powheg Box NLO Pythia 8 NNPDF3.0nlo A14
MadGraph LO Pythia 8 NNPDF3.0nlo A14

V + jets Sherpa 2.2.11 [44] MEPS@NLO Sherpa NNPDF3.0nnlo default
Associated tW Powheg Box NLO Pythia 8 NNPDF3.0nlo A14
s-channel Powheg Box NLO Pythia 8 NNPDF3.0nlo A14
V V , qqV V Sherpa 2.2.2 MEPS@NLO Sherpa NNPDF3.0nnlo default
V V V Sherpa 2.2.2 MEPS@NLO Sherpa NNPDF3.0nnlo default
ttH Powheg Box NLO Pythia 8 NNPDF3.0nlo A14
ttW Sherpa 2.2.10 NLO QCD+EW Sherpa NNPDF3.0nnlo default
ttZ MadGraph5_aMC@NLO [50] NLO Pythia 8 NNPDF3.0nlo A14
tZ MadGraph5_aMC@NLO NLO Pythia 8 NNPDF3.0nlo A14
tWZ MadGraph5_aMC@NLO NLO DR1 Pythia 8 NNPDF3.0nlo A14
tt̄t MadGraph5_aMC@NLO QCD NLO Pythia 8 NNPDF2.3lo A14
tt̄tt̄ MadGraph5_aMC@NLO QCD NLO Pythia 8 NNPDF3.1nlo A14
ggH, qqH Powheg Box QCD NLO Pythia 8 CT10 [51] AZNLO [52]
WH,ZH Pythia 8 QCD NLO Pythia 8 NNPDF2.3lo A14

Table 1. The configurations used to generate events for signal (t-channel) and background processes.
“ME order” refers to the order of the matrix-element calculation. The simulation samples used to
model EFT effects are shown in grey. A dedicated set of tuned PS parameters [44], developed by the
Sherpa authors and referred to as the “default” tune, was used for simulation samples generated
with Sherpa.

generated with Pythia 8.186 [41] using the NNPDF2.3lo set of parton distribution func-
tions (PDFs) [42] and the A3 set of parameters (tune) [43]. Events were reweighted such
that the distribution of the average number of interactions per bunch crossing matches that
observed in data. Table 1 presents a summary of all configurations used to generate events
for signal (t-channel) and background processes.

The effects of variations associated with different sources of modelling systematic un-
certainty were evaluated by comparing alternative simulation samples with the nominal
ones. These alternative samples were generated either through internal reweighting or with
dedicated event generators. Each variation was introduced independently unless explicitly
stated otherwise, ensuring a consistent assessment of its individual impact on the analysis.
Further details about these samples are provided in section 7.

Single-top-quark production in the t-channel was modelled using the Powheg Box v2 [46–
48, 53] generator, which provides ME calculations at NLO accuracy in the strong coupling
constant αs in the 4FS with the corresponding NNPDF3.0nlo [54] set of PDFs. The

functional form of the renormalisation (µr) and factorisation (µf) scales was set to
√

m2
b + p2

T,b

following the recommendations of refs. [53, 55]. Top quarks were decayed at LO using
MadSpin [56, 57] to preserve all spin correlations. For PS and hadronisation, the events
were interfaced with Pythia 8.230 [58], which used the A14 tune [49] and the NNPDF2.3lo

PDF set [42].

The predicted cross-sections for single-top-quark and single-top-antiquark production in
the t-channel in pp collisions at a centre-of-mass energy of 13 TeV are σ(tq) = 134.2 +2.6

−1.7 pb

– 7 –
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and σ(t̄q) = 80.0 +1.8
−1.4 pb, respectively. The cross-sections were calculated with the MCFM

program [59] at next-to-next-to-leading order (NNLO) in quantum chromodynamics (QCD).
The quoted uncertainties include the uncertainties due to choosing µr and µf scale values,
the uncertainty in the PDFs, and the uncertainty in the value of the strong coupling constant
αs. The uncertainty due to the scales was determined by raising and lowering µr and µf

independently by a factor of two, whilst never allowing them to differ by more than a factor
of two. The combined PDF and αs uncertainties were determined at the 68% confidence
level (CL) according to the Hessian representation of the PDF4LHC21 PDF set [60].

The production of tt events was modelled at NLO in QCD in the 5FS using
Powheg Box v2 [45–48] with the NNPDF3.0nlo PDF set. The Powheg:hdamp param-
eter was set to 1.5 ×mt [61].3 Events were interfaced with Pythia 8.230, which used the A14
tune and the NNPDF2.3lo PDF set [42]. The simulation samples were normalised to the
cross-section of 834 +29

−37 pb predicted at NNLO in QCD, including the resummation of next-
to-next-to-leading logarithmic (NNLL) soft-gluon terms calculated using Top++ 2.0 [62–68].
The combined PDF and αs uncertainties were determined at the 68% CL according to the
Hessian representation of the PDF4LHC21 PDF set.

To model the EFT effects, LO SM events were produced with MadGraph 2.8.1 [50] with
the NNPDF3.0nlo PDF set interfaced with Pythia 8.244, which used the A14 tune and the
NNPDF2.3lo PDF set. The events were subsequently reweighted at LO by rescaling each
event by the ratio of EFT to SM MEs [69], computed using the dim6top UFO model [70]. In
this setup, the dim6top model is used with EFT insertions allowed at both the production and
decay vertex of the top quark. This setup therefore retains all contributions up to quadratic
order in the WCs in the cross-section, arising from the squared ME. In this approach,
events with different parton multiplicities in the MadGraph simulation sample are each
reweighted using the tree-level ME evaluated at the corresponding final-state multiplicity;
this reweighting is applied solely within the LO MadGraph simulation sample and does
not involve the NLO Powheg simulation. Higher-order QCD corrections are accounted for
by an additive yield correction defined as the difference between the NLO Powheg and
LO MadGraph predictions at the SM point, treated as a constant k-factor independent
of the WC values. Consequently, the modelling includes the interference between SM and
EFT amplitudes, as well as all interference terms between EFT contributions arising in
the production and decay of the top quark. A six-dimensional grid, formed by CtW , CI

tW ,
CbW , CI

bW , Cφtb, and CQq, was generated for both the t-channel signal sample and the tt

background sample. Here, CφQ is not included in the grids, since it only changes the overall
cross-section, which can be parameterised by a scale factor, as introduced in section 2. The
points of this grid were designed to cover the 95% confidence intervals of the previous analysis
results [16, 27]. An analytically derived top-quark width correction was incorporated into
the reweighting to account for variations in the top-quark’s width Γt induced by changes in
the WCs [71], since this correction cannot be handled by the MadGraph 2.8.1 reweighting
function. This procedure ensures a consistent treatment of EFT effects in both production
and decay, including the dependence of the top-quark width on the WCs, thereby ensuring

3
The Powheg:hdamp parameter controls the pT of the first additional emission beyond LO in the PS and

therefore regulates the high-pT emission against which the tt system recoils.
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that the total width scales correctly with the modified couplings. The approach follows the
same formalism as presented in ref. [16], where the dependence of the cross-section on the
WCs is explicitly constructed. Overall, the signal model consistently includes all SM, linear
EFT, and quadratic EFT contributions, together with their mutual interferences, for the
full process including both production and decay.

The production of single-boson (V + jets) events was simulated using Sherpa 2.2.11 [44].
The MEs were calculated at NLO (LO) accuracy in QCD for up to two (for three or four)
partons (0,1,2j@NLO + 3,4j@LO) using the Comix library [72], with the virtual QCD loop
corrections supplied by the OpenLoops library [73–75]. The ME calculations were matched
and merged with the default Sherpa PS [76], based on Catani–Seymour dipole factorisation
and the cluster hadronisation model [77]. The NNPDF3.0nnlo PDF set was used together
with a dedicated set of Sherpa-tuned PS parameters, and the simulation samples were
normalised to NNLO cross-section predictions [78].

Single top quarks from s-channel and tW associated production were generated with
Powheg Box v2 in the 5FS at NLO in QCD with the NNPDF3.0nlo PDF set, with µf and

µr set to
√

m2
b + p2

T,b, following the recommendation of refs. [55, 79], respectively. For the
latter process, the Diagram Removal 1 (DR1) scheme was employed to handle the interference
between tW and tt [61]. The EFT effects in the tW process are neglected, since its impact
on the total event yield is small compared to the dominant t-channel and tt processes, as
demonstrated in the yield tables and figures in the following sections.

The V V and V V V processes were simulated by Sherpa 2.2.2 [44] with off-shell effects
and Higgs contributions at NLO (LO accurate for up to three additional parton emissions).
The MEs were matched to PS with MEPS@NLO [80–83] with the set of tuned parameters
developed by the Sherpa authors. The samples include events from loop-induced and
EW production.

Top-quark associated and Higgs-boson backgrounds were simulated at NLO in QCD
using various generators with matched PS. They include ttH , ttW , ttZ , tZq, tW Z , ttt,
tt̄tt̄, and Higgs-related processes (ggH, qqH, WH, ZH).

In all simulated signal and background samples, the top-quark mass was set to mt =

172.5 GeV. The strong coupling constant was set to αs = 0.118. These values were also
used in the computation of production cross-sections for processes involving the top quark.
The bottom and charm hadron decays were simulated with EvtGen [84] for non-Sherpa-
generated event samples.

5 Object definitions

Interaction vertices from the pp collisions are reconstructed from at least two tracks with
pT > 500 MeV that are consistent with originating from the beam collision region in the x−y
plane. If more than one primary vertex candidate is found in the event, the candidate for
which the associated tracks form the largest sum of squared pT is selected as the hard-scatter
primary vertex [85].

Electron candidates are reconstructed from energy clusters in the electromagnetic calorime-
ter matched to a track in the inner tracking detector (ID) [86]. They are required to satisfy
pT > 10 GeV and |ηcluster| < 2.47, excluding the transition region between the barrel and
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Loose electron Loose muon

Identification loose medium

Acceptance pT > 10 GeV, |ηcluster| < 2.47 pT > 10 GeV, |η| < 2.5

except 1.37 < |ηcluster| < 1.52

Impact parameter |d0/σ(d0)| < 5.0 |d0/σ(d0)| < 3.0

|z0 sin(θ)| < 0.5 mm |z0 sin(θ)| < 0.5 mm

Tight electron Tight muon

Identification tight medium

Isolation required required
Extra selections Electron charge-misassignment veto

Electron conversion candidate veto

Table 2. Summary of the electron and muon object definitions. The selection requirements for Tight
electrons/muons are applied in addition to the preselected (Loose) objects used for the overlap removal.

endcap calorimeters (1.37 < |ηcluster| < 1.52). The loose and tight electron identification
working points are used to identify Loose and Tight electrons respectively [86], based on a
likelihood discriminant employing calorimeter, tracking, and combined variables that provide
separation between electrons and jets, and electrons and photons.

Muon candidates are reconstructed from tracks measured in the ID matched to tracks
measured in the muon spectrometer [87, 88]. The resulting muon candidates are re-fitted
using the complete track information from both detector systems. They are required to satisfy
pT > 10 GeV and |η| < 2.5. The medium muon identification working point [88] is used.

Electron (muon) candidates are matched to the primary vertex by requiring that the
significance of their transverse impact parameter, d0, satisfies |d0/σ(d0)| < 5.0 (3.0), where
σ(d0) is the measured uncertainty in d0, and by requiring that their longitudinal impact
parameter, z0, satisfies |z0 sin(θ)| < 0.5 mm [86, 87].4 Furthermore, lepton isolation is
required for both electron and muon candidates [87, 89]. Tight leptons with incorrect charge
assignment, or originating from heavy-flavour hadron decays, misidentified jets, or photon
conversions (collectively referred to as “non-prompt leptons”) are suppressed using a BDT
discriminant, based on calorimeter, tracking, isolation, and lifetime-related quantities [87, 89],
which allows prompt muons (barrel/endcap electrons) to be selected with an efficiency
of about 60% (60%/70%) at pT ∼ 20 GeV and reaching a plateau of approximately 95%
(95%/90%) at pT ∼ 40 (40/65) GeV, while achieving a rejection factor of about 20 against
leptons from b-hadron decays.

Table 2 summarises the definitions of the reconstructed electron and muon candidates.

The constituents for jet reconstruction are identified by combining measurements from
both the ID and the calorimeter using a particle flow (PFlow) algorithm [90]. Jet candidates
are reconstructed from these PFlow objects using the anti-kt algorithm [91, 92] with a radius
parameter of R = 0.4. They are calibrated using simulation with corrections obtained by

4
The transverse impact parameter, d0, is defined in the x–y plane as the distance of closest approach of

the track to the beamline. The longitudinal impact parameter, z0, is defined as the distance in z between the

primary vertex and the point on the track used to evaluate d0.
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using in situ techniques in data [93]. Only jet candidates with pT > 30 GeV and within
|η| < 4.5 are selected. To reduce the effect of pileup, each jet with pT < 60 GeV and |η| < 2.4

must satisfy the Tight working point of the jet vertex tagger (JVT) [94] criteria. Moreover,
jets with 2.5 < |η| < 4.5 (hereafter called “forward jets”) and pT < 120 GeV must satisfy the
Tight working point of the forward jet vertex tagger (fJVT) [95] criteria. A set of quality
criteria is also applied to reject events containing at least one jet arising from non-collision
sources or detector noise [96].

Jets containing b-hadrons are identified (b-tagged) via the DL1r [97] algorithm. It uses
a deep feed-forward neural network based on the distinctive features of b-hadron decays,
primarily the impact parameters of tracks and the displaced vertices reconstructed in the ID.
Additional input to this network is provided by discriminating variables constructed by a
recurrent neural network (RNN) [97], which exploits the spatial and kinematic correlations
between tracks originating from the same b-hadron. A multivariate b-tagging discriminant
value is calculated for each jet. In this measurement, a jet is considered b-tagged if it passes
the working point corresponding to 60% average expected efficiency to tag a b-quark jet, with
a light-flavour-jet rejection factor of about 2500, and a charm-jet rejection factor of about 40.
Correction factors, derived from dedicated calibration samples enriched in b-jets, c-jets, or
light-flavour jets, are applied to the simulated event samples [98–100].

The reconstruction of hadronically decaying τ -lepton candidates (τhad) is seeded by jets
reconstructed via the anti-kt algorithm, using calibrated energy clusters as inputs, with
a radius parameter of R = 0.4 [101, 102]. Jets seeding τhad candidates are additionally
required to have pT > 10 GeV and |η| < 2.5. To separate the τhad candidates initiated by
hadronic τ -lepton decays from jets initiated by quarks or gluons, an RNN [102] identification
method was trained on information from reconstructed charged-particle tracks and clusters of
energy in the calorimeter matched to τhad candidates, as well as on high-level discriminating
variables. A separate multivariate discriminant based on a BDT [101, 103] is also used to
reject backgrounds arising from electrons mimicking a τhad. This discriminant (eBDT) is built
using information from the calorimeter and the ID. Transition radiation information from
the TRT system plays a key role in the performance of this discriminant. Baseline τhad

are required to have one or three associated tracks, electric charge of ±1, pT > 20 GeV and
|η| < 2.5, excluding the barrel–endcap transition region. Each τhad must satisfy the Medium

RNN identification requirement, with efficiencies of 75% for 1-prong decays and 60% for
3-prong decays, and the Loose eBDT requirement, with an efficiency of 95% [101, 103].

Ambiguities between independently reconstructed electrons, muons, jets and τhad can
arise. A sequential “overlap removal” procedure is performed to resolve these ambiguities and
thus avoid double counting of candidates. This procedure is applied to leptons satisfying the
Loose criteria described in table 2. If two electrons are separated by ∆R < 0.1, only the one
with the higher pT is kept. If an electron and a muon overlap within ∆R < 0.1, the muon is
removed if it is reconstructed only from an ID track and calorimeter energy deposits consistent
with a minimum-ionising particle, otherwise the electron is removed. If an electron and a
selected jet are found within ∆R < 0.2, the jet is removed. Any electron subsequently found
less than ∆R = 0.4 from a jet is removed. A jet–muon separation is required at ∆R < 0.4 if
a muon is found within a jet using the ghost-matching technique [91]. If the overlapping jet
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contains less than three tracks with pT > 500 MeV, the jet is removed, otherwise the muon is
rejected. Any τhad found less than ∆R = 0.2 from an electron is removed. Any τhad found
less than ∆R = 0.2 from any type of muon with pT > 2 GeV is removed, except those with
pT > 50 GeV which are only removed if overlapping with a combined-type muon. Finally, if
a jet is found less than ∆R = 0.2 from a τhad, the jet is removed.

The missing transverse momentum p⃗T
miss (with magnitude Emiss

T ) is defined as the
negative vector sum of the transverse momenta of all identified and calibrated objects and
remaining unclustered energy, the latter (composing the “soft term”) being estimated from
low-pT tracks associated with the primary vertex but not with any lepton or jet candidate [104].
The Emiss

T is taken as a measurement of the undetectable particles, and is affected by energy
losses due to detector inefficiencies and acceptance, and by energy resolution.

6 Reconstruction and event selection

The on-shell W boson originating from the decay of the top quark is reconstructed from the
momenta of the lepton (electron or muon) and the neutrino by imposing four-momentum
conservation. Since the neutrino escapes undetected, the x and y components of the re-
constructed p⃗T

missare assumed to correspond to the pT of the neutrino. The unmeasured
longitudinal component of the neutrino momentum, pν

z , is computed by imposing a W -boson
mass constraint5 on the lepton–neutrino system. If the resulting quadratic equation yields
two real solutions for pν

z , the solution closer to the reference top-quark mass mt = 172.5 GeV

is taken. If the solutions are complex, the reconstructed p⃗T
missis rescaled, preserving its direc-

tion, to obtain a unique real solution for pν
z . The top-quark candidate is then reconstructed

by combining the four-momenta of the reconstructed W boson and the selected b-tagged jet.

To enhance the sensitivity to the relevant WCs, it is crucial to maximise the selected yield
of t-channel single-top-quark events while minimising background contributions from other
processes. To achieve this, one signal-enriched region (SR) and two control regions (CRs)
are defined. These regions facilitate the simultaneous extraction of the WC values and the
data-driven normalisation factors of the tt and W + jets backgrounds. In the analysis, both
the SR and CRs are divided into four channels based on the lepton charge and the pT of
the reconstructed top quark, where channels with reconstructed top-quark pT greater than
80 GeV are labelled as high-pT, and those with lower pT are labelled as low-pT. Partitioning
the data by lepton charge takes advantage of the charge asymmetry present in W + jets and
t-channel single-top-quark production, in contrast to the charge-symmetric tt background.
Likewise, separating events by top-quark pT above and below the 80 GeV threshold, optimised
using simulated signal samples, improves the sensitivity because certain EFT operators, most
notably CQq, impact the high- and low-energy regions differently; for CQq, the ratio of the EFT
prediction to the SM expectation exhibits a pronounced shape variation, with a sign change
around 80 GeV, enhancing the expected constraint by about 20% in the full likelihood fit.

5
The constraints used to reconstruct the neutrino momentum are set using the world-average values of the

W -boson mass, mW = 80.399 GeV from ref. [105], which correspond to the value employed in the generation

of the MC simulation samples.
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Events are first required to satisfy a set of preselection criteria, primarily designed to
suppress backgrounds from jets misidentified as other objects. The preselection is defined
as follows:

• Exactly one Tight charged lepton ℓ (electron or muon, as defined in table 2, originating
from the decay of the W boson or from the subsequent decay of a leptonically decaying
τ) with pT > 30 GeV, matched to the single-lepton trigger.

• Veto on any additional Loose charged leptons (defined in table 2) to reduce the dilepton
backgrounds; events containing reconstructed hadronically decaying τ -leptons (τhad)
are also vetoed to further suppress processes involving a τhad.

• Exactly two jets; for jets within the calorimeter’s endcap–forward transition region
(2.75 < |ηj | < 3.5, where ηj denotes the η of the jets), the threshold is increased to
35 GeV.

• At least one of the jets must be b-tagged.

• Emiss
T > 35 GeV.

Two additional multijet background rejection criteria are applied [16]:

• Transverse mass of the lepton–p⃗T
misssystem must fulfill mT(ℓp⃗T

miss) > 60 GeV.

• The lepton transverse momentum pT(ℓ) must satisfy

pT(ℓ) > 50 [1 − (π − |∆ϕ(j1, ℓ)|)/(π − 1)] GeV ,

where j1 refers to the jet with leading pT and ∆ϕ is the azimuthal angle between the jet
and lepton. This requirement rejects backgrounds, especially the QCD multijet process
where two jets are produced back-to-back in the azimuthal plane and one of those is
misreconstructed as a lepton.

Events that pass the single-lepton trigger but fail the preselection are enriched in non-
prompt lepton (“fake”) background contributions and are therefore used to validate the fake-
lepton background estimation. These backgrounds arise from processes that produce either a
jet misidentified as an electron, or a muon or electron originating from the semileptonic decay
of a heavy-flavour quark. In this analysis, a matrix method [89] is employed to estimate such
backgrounds in a data-driven way. The parameterised efficiencies of lepton misidentification
are derived from a multijet-enriched control region requiring a single Loose lepton. The real-
and fake-lepton efficiencies, parameterised in lepton pT and |η|, are then applied event by
event to data events with a Loose, but not Tight, lepton.

Events that satisfy the preselection criteria are classified into three mutually exclusive
regions: an SR, a W + jets-enriched CR (CR-W ), and a tt -enriched CR (CR-tt). Events in
the SR and CR-W are required to have exactly one b-tagged jet, with the second jet failing
the b-tagging working point. The CR-W region is defined by events that match this b-tagging
configuration but fail at least one of the additional SR selection requirements. Events in
CR-tt are required to contain two jets that both satisfy the b-tagging criteria.
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An event is classified as being in the SR if it satisfies the preselection and the following
additional requirements:

• Invariant mass of the lepton and b-jet: mℓb < 153 GeV; top-quark mass proxy recon-
structed from the lepton, missing transverse momentum p⃗T

missand b-jet four-vectors:
mreco

t = m
ℓp⃗T

miss
b

∈ [120.6, 234.6] GeV. These criteria help to select events consistent
with a top-quark mass around 172.5 GeV.

• Trapezoidal requirement defined as:
(

ηj < a1ηℓp⃗T

miss
b

+ b1

)

∩
(

ηj > a1ηℓp⃗T

miss
b

− b1

)

∩
[(

ηj > a2ηℓp⃗T

miss
b

+ b2

)

∪
(

ηj < a2ηℓp⃗T

miss
b

− b2

)]

,

where the parameters a1,2 and b1,2 are optimised by applying the mℓb requirement and
finding the maximum signal-to-background ratio, S/B. The chosen values are a1 = 3,
b1 = 10.5, a2 = 0.25, and b2 = 2.5. This requirement helps to distinguish the signal
process from the W + jets background.

• Invariant mass of the full system: m
jℓp⃗T

miss
b
> 320 GeV. In t-channel single-top-quark

events, the angles between these objects are typically large, leading to a high invariant
mass, whereas the backgrounds peak at a lower mass value.

• Scalar sum of the pT of all the reconstructed objects in the final state (lepton, jets and
p⃗T

miss): HT > 190 GeV. This ensures the presence of significant hadronic activity.

• To reject events with semileptonic decayed b-jets, the events are selected by performing
a kinematic fit with the reconstructed masses of the W boson and the top quark
constrained to their measured values [2] in the kinematic likelihood (KL) fit frame-
work [106].6

Table 3 summarises the yields for each channel in the SR, detailing contributions from
different MC process components as well as the data.

7 Sources of systematic uncertainty

Various sources of systematic uncertainty are evaluated for their effect on the signal and
background rates and the shape of the angular distributions. In the following, the procedures
used to evaluate these sources of systematic uncertainty are discussed. The systematic
uncertainties considered are of two main types: experimental uncertainties and theory
modelling uncertainties. All systematic uncertainties are modelled uniformly across the full
set of simulation and reconstruction procedures for ATLAS data-taking during the LHC Run
2 scenario. The effect due to the limited size of the simulated event samples is also taken
into account when evaluating the total uncertainty.

6
Breit–Wigner distributions are used to construct the kinematic likelihood function. For the W boson,

the Breit–Wigner distribution of the ℓν system has a mean value of mW = 80.399 GeV [105] and a width of

ΓW = 2.1 GeV. For the top quark, the Breit–Wigner distribution of the W b system has a mean value of

mt = 172.5 GeV and a width of Γt = 1.5 GeV.
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Process SR t low-pT SR t high-pT SR t̄ low-pT SR t̄ high-pT

t-channel 23 900 ± 1400 15 400 ± 1300 13 900 ± 800 7260 ± 600
s-channel 80 ± 7 20 ± 2 80 ± 5 30 ± 2
tW 570 ± 20 210 ± 10 570 ± 20 198 ± 10
tt 3350 ± 450 1730 ± 240 3380 ± 540 1780 ± 230
W + jets 6500 ± 700 1680 ± 200 5300 ± 800 1150 ± 150
Z + jets, V V 600 ± 130 170 ± 32 550 ± 120 160 ± 35
Others 300 ± 110 80 ± 40 400 ± 160 110 ± 40

Total expected 35 300 ± 1600 19 300 ± 1300 24 100 ± 1200 10 690 ± 700

Data 35 817 18 573 24 639 10 536

S/B 2.10 ± 0.20 3.95 ± 0.50 1.36 ± 0.15 2.12 ± 0.25
Data / Prediction 1.02 ± 0.05 0.96 ± 0.07 1.02 ± 0.05 0.99 ± 0.06

Table 3. The pre-fit event yields in the four SRs: t low-pT, t high-pT, t low-pT, and t high-pT. The
event yield predictions are obtained from simulated samples normalised to theoretical cross-sections,
except for the multijet contribution which is derived from a data-driven method. Uncertainties
quoted include both statistical and systematic components. Individual predictions are rounded to
the relevant digit with the ‘Total expected’ obtained from the sum of the full-precision individual
predictions and subsequently rounded. The last two rows show the signal-to-background (S/B) and
the data-to-prediction ratios in each region, computed using full-precision individual predictions.

The uncertainty in the integrated luminosity is ±0.83% [107] and is applied to the signal
and all simulated background processes that are scaled by the luminosity as one overall rate
uncertainty in the fit. To account for the difference between the pile-up distributions in data
and MC simulations, an uncertainty related to the scale factor used to adjust the MC pile-up
to the data pile-up profile is applied. This uncertainty is obtained by scaling the value of
average number of interactions per bunch-crossing ⟨µ⟩ in data by factors of 1.01 and 0.93

instead of the nominal scale factor of 0.97 [108].

To determine the jet energy scale (JES) and its associated uncertainty, information from
test-beam data, LHC collision data and simulation are used as described in ref. [93]. The JES
uncertainty is decomposed into a set of 31 uncorrelated components, with contributions from
pile-up, jet flavour composition, single-particle response, effects of jets not contained within the
calorimeter, theory modelling, and statistical uncertainties. The jet energy resolution (JER) is
measured separately for data and MC simulation, using in situ techniques [93]. Its uncertainty
is represented by 13 components accounting for jet-pT- and jet-η-dependent differences
between simulation and data. The uncertainty associated with the JVT is obtained by
increasing and decreasing the scale factor used to correct the JVT efficiency in simulation
within its uncertainties [95]. The uncertainties associated with the fJVT are related to
data–MC efficiency scale factors in the same manner as the JVT uncertainty.

The efficiency of the b-tagging algorithm is measured for each jet flavour using control
samples in data and in simulation. From these measurements, correction factors are derived
to correct the tagging rates in the simulation. For b-jets, the correction factors and their
uncertainties are estimated from data using dileptonic tt events [97, 98]. For c-jets, they
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are derived from jets arising from W boson decays in tt events [99]. For light-flavour jets,
the correction factors are derived from Z + jets events [100]. Uncertainties from sources
affecting the b-tagging efficiencies of b-jets, c-jets and light-jets are evaluated as a function
of jet pT, including bin-to-bin correlations.

For electrons and muons, the reconstruction, identification, isolation, and trigger perfor-
mance can differ slightly between data and MC simulation. Scale factors, estimated using the
tag-and-probe method [86–88], are applied to simulated events to correct for these differences.
The lepton momentum scales and resolutions are assessed using leptonic decays of Z bosons
and J/ψ mesons. Corrections to the lepton momentum scale and resolution are applied to
data and simulation respectively, and include uncertainties in the lepton trigger efficiencies.
The associated systematic uncertainties are then propagated to the distributions used in this
analysis. Since events containing reconstructed hadronically decaying τ -leptons are vetoed, a
τhad energy scale systematic uncertainty [101] is also included.

The systematic uncertainties related to the modelling of the Emiss
T in the simulation are

estimated by propagating the uncertainties in the energy and momentum scales of electrons,
muons and jets, as well as the uncertainties in the resolution and scale of the soft term [109].
For the data-driven fake-lepton background estimate, real-lepton and fake-lepton efficiency
differences between the MC-driven and data-driven methods are taken as an additional
source of systematic uncertainty.7 Systematic uncertainties associated with the signal and
background MC modelling are estimated by comparing event samples from different generators
and by varying parameter values in the event generation.

The uncertainty due to the choice of hadronisation model and the other non-perturbative
aspects of the PS is evaluated by comparing samples generated with different hadronisation
models or set-ups. The uncertainty in the PS is estimated for all top-quark processes by com-
paring samples from Powheg Box interfaced to Pythia 8 with samples from Powheg Box

interfaced to Herwig 7.1.3. To estimate the matching scheme uncertainties in t-channel single-
top-quark and tt production, a sample was produced with Powheg Box v2 and Pythia

using a POWHEG:pThard setting of 1, instead of 0 as in the nominal sample. This setting
regulates the definition of the vetoed region of the Pythia 8 showering [110]. The effect of
choosing a different Powheg:hdamp parameter value in tt simulation is assessed with alterna-
tive samples generated with hdamp = 3.0 × mt. To assess the uncertainty arising from the
choice of recoil scheme in the modelling of QCD radiation from b-quarks in top-quark decays,
an alternative tt sample is generated with Powheg Box v2 interfaced to Pythia, in which
the POWHEG:recoilToTop option replaces the nominal POWHEG:recoilToColor configuration
used for the baseline tt simulation setup [111]. The effect of the top-quark mass uncertainty
is estimated as the difference resulting from samples with a 0.5 GeV top-quark mass variation,
for t-channel and tt productions. All the other modelling uncertainties are uncorrelated
between the t-channel and tt processes, except for the top-quark mass uncertainty. For
associated tW production, an additional sample using the diagram subtraction (DS) scheme
was produced to evaluate the tt interference uncertainties.

7
The MC-driven method employs the same matrix method as the data-driven method but replaces the

data with simulated samples and recomputes the fake-lepton efficiency. The real-lepton efficiency remains the

same for both methods.
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The uncertainty due to missing higher-order QCD corrections in the ME computation
is estimated for all processes involving top quarks by independently varying the µr and µf

scales by factors of 0.5 and 2.0 with respect to their chosen value. Additionally, for the
t-channel and tt processes, uncertainties due to initial-state radiation modelled by the PS
are assessed by varying the Var3c eigentune variation of the A14 tune [112]. Furthermore,
the impact of final-state radiation is evaluated by varying the µr scale for PS emissions by
factors of 0.5 and 2.0, using reweighted events. For all processes, PDF uncertainties are
evaluated using the PDF4LHC15 uncertainty set which consists of 30 eigenvector variations
from multiple NLO PDF sets [113].

The event yields associated with the simulated signal and background processes are
estimated using the selection acceptances and the theoretically predicted cross-sections
reported in Section 4. The uncertainties in these cross-sections are taken into account.
However, for those processes whose normalisation is extracted from the data-driven fits,
the effect is negligible. To evaluate the impact of the flavour composition uncertainty in
the W + jets simulation templates, an upward and downward variation of 10% is applied
to the relative rate of W + b-jets vs W + c-jets. No variation is considered for W + light-
flavour jets production since its contribution is negligible. An uncertainty of 20% is assigned
to the Z + jets cross-section. For tt events, an additional uncertainty in the modelling of
the top-quark pT distribution is evaluated by taking the full difference between applying
and not applying the correction needed to match the predictions accurate to NNLO in QCD
and NLO in EW theory [114].

Statistical fluctuations in the MC-simulated event samples contribute to the overall system-
atic uncertainty. These uncertainties arise from the finite number of simulated background
and signal events.

8 EFT analysis strategy

A standard method for modelling EFT effects in differential distributions involves the use
of templates; however, this becomes impractical for a fourfold distribution. The method
used here instead performs a Fourier analysis of the quadruple-differential angular decay rate
of t-channel single-top-quark production at detector level, using a set of orthogonal basis
functions. The resulting Fourier coefficients provide a complete characterisation of the shape
of the quadruple-differential angular decay distribution. They are computed through a simple
averaging procedure, which simultaneously provides their uncertainties and correlations.
Along with the event yields, these coefficients, their uncertainties, and their correlations
serve as inputs to a χ2 fit to the WCs. An advantage of this approach lies in its ability
to simultaneously capture many features of the shape and normalisation of the differential
cross-section, including those that are more frequently studied in dedicated analyses, such
as cross-section or polarisation analyses.

This analysis procedure is described in more detail in the following sections. Section 8.1
explains the procedure used to transform the quadruple-differential angular decay rates into
a limited number of coefficients for an orthogonal basis of so-called M -function. Section 8.2
describes how to obtain the EFT dependency of the M -function coefficients. Section 8.3
introduces the statistical tool used to obtain the final limits.
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8.1 Choice of basis functions

The orthogonal functions employed in this analysis are called M -functions and are defined as

M
j1j2

m
′

m
(ϕ, θ, ϕ∗, θ∗) =

1

4π
(2j1 + 1)1/2(2j2 + 1)1/2D

j1

m
′

m
(ϕ, θ, 0)D

j2

m,0(ϕ∗, θ∗, 0) (8.1)

where Dj1

m
′

m
and D

j2

m,0 are the Wigner D-functions [115].

Dj

m
′

m
(α, β, γ) ≡ ⟨jm′|e−iαJze−iβJye−iγJz |jm⟩ .

The M -function obeys the orthonormality condition
∫∫

M j1j2

m1m2
(ϕ, θ, ϕ∗, θ∗)∗M

j
′

1j
′

2

m
′

1m
′

2

(ϕ, θ, ϕ∗, θ∗)dΩdΩ∗ = δj1,j
′

1

δj2,j
′

2

δm1,m
′

1

δm2,m
′

2

.

This choice of basis functions is motivated by the form of the quadruple-differential
top-quark decay distribution [116]. Using the helicity formalism of ref. [117], the amplitude
for the top-quark decay t → Wb → ℓνb can be written, in the narrow-width approximation, as

Aµλ2λ3λ4
=
∑

λ1

aλ1λ2
bλ3λ4

D1/2 ∗
µν (ϕ, θ, 0)D1 ∗

λ1λ(ϕ∗, θ∗, 0) , (8.2)

where λ1, λ2, λ3 and λ4 are defined to be the helicities of the W boson, b-quark, charged
lepton and neutrino, respectively, µ is the third spin component of the top quark, ν = λ1 −λ2,
λ = λ3 − λ4, and aλ1λ2

and bλ3λ4
are constants. For the top-quark decay, angular momentum

conservation implies that there are only four non-zero reduced amplitudes (or just “amplitudes”
for short): a1, 1

2

, a0, 1

2

, a0,− 1

2

and a−1,− 1

2

. The reduced amplitudes are simply complex constants
unlike the Aµλ2λ3λ4

of eq. (8.2), which carry the angular dependence. The SM interaction
of the W boson with charged leptons implies λ3 = ±1/2 and λ4 = ∓1/2 for W± decays,
assuming massless charged leptons. Therefore, λ = 1 for top quarks, λ = −1 for top anti-
quarks, and in each case there is only one non-zero b constant, which can be factored out
and plays no further role in the distributions. With this choice of basis functions, only 23
coefficients fully describe the top-quark decay.

Thus, the differential cross-section at parton level can be fully determined by 23 coefficients
c

j1j2

m
′

m
defined in eq. (8.3), having j1 ≤ 1 and j2 ≤ 2 [116]:

1

Γ

dΓ

dΩdΩ∗ =
∑

j1j2m
′

m

c
j1j2

m
′

m
M

j1j2

m
′

m
(ϕ, θ, ϕ∗, θ∗) , (8.3)

where Γ is the decay rate.
Through a Fourier transform, the M -function coefficients can be determined by projecting

the differential distribution ρ(ϕ, θ, ϕ∗, θ∗) ≡ (1/Γ)dΓ/dΩdΩ∗ onto the M -function basis:

c
j1j2

m
′

m
=

∫

dΩdΩ∗ρ(ϕ, θ, ϕ∗, θ∗)M
j1j2

m
′

m
(ϕ, θ, ϕ∗, θ∗)∗ .

The right-hand side of this equation is not only interpreted as a coefficient, but also
represents the average of the quantity M j1j2

m
′

m
(ϕ, θ, ϕ∗, θ∗)∗ over a dataset distributed according

to ρ(ϕ, θ, ϕ∗, θ∗). Therefore, the practical approach to determining cj1j2

m
′

m
for any given dataset
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is to first substitute (ϕi, θi, ϕ
∗
i , θ

∗
i ) into eq. (8.1) for each individual event i, and then take

the average over the entire dataset. This averaging procedure serves as the foundation of
this analysis. Hence, the procedure used to obtain these coefficients for both data and MC
simulation is to calculate

c
j1j2

m
′

m
=

∑N
i=1wiM

j1j2

m
′

m

(

ϕi, θi, ϕ
∗
i , θ

∗
i

)

∑N
i=1wi

, (8.4)

where the sum is over the event sample, and wi is the MC weight of the ith event, and for
data events wi = 1. The weighted averages yield 23 mean values designated as c⃗(s) of channel
(s) for real and, when relevant, imaginary parts of M -function values over the dataset.

The averaging procedure used in eq. (8.4) is also applied to products of real and imaginary
parts of M -functions to obtain the average of their products over the dataset. Subtracting
the product of the averages from the average of the products yeilds the sample covariance,
then dividing by the sum of weights (or number of events, in data), gives the covariance
of the two observables, or the variance if the two observables are identical. These are
elements of the statistical covariance matrix ℂ

(s) which is used below in the construction
of the likelihood function.

Detector effects, including resolution, acceptance, and efficiency, strongly affect the angular
distributions and hence the M -function coefficients. As well as modifying the 23 M -function
coefficients, these effects introduce coefficients with j1 > 1 and/or j2 > 2.8 This analysis is
restricted to considering angular components with j1 ≤ 1 and j2 ≤ 2, at reconstruction level,
since the coefficients with j1 > 1 and/or j2 > 2 are mainly shaped by the detector effects,
whereas the chosen M -function coefficients are mainly shaped by the EFT operators. The
dependence of these M -function coefficients on the WCs is computed at reconstruction level
using MadGraph+Pythia MC events as described in section 4.

Both the signal and the tt background are modelled using MC simulation, and the
corresponding M -function coefficients are obtained after the background is suppressed by
the event selection defined in section 6. The background coefficients are then added linearly
to the signal M -function coefficients, since Fourier analysis is a linear operation, to construct
a model for the data. The signal component of the model, as well as the tt background
component, are allowed to vary with the WCs, as described in section 8.2.

8.2 Morphing

To model the response of the M -function coefficients to variations of the WCs, a morphing
technique is used. The numerator of the right-hand expression in eq. (8.4) is taken to
give the unnormalised M -function coefficients. They are proportional to the cross-section
of the process, and are each a polynomial function of the WCs. This parameterisation is
mathematically equivalent to the explicit morphing functions used in previous measurements
with a smaller number of operators (e.g. ref. [16]), but is generalised here to simultaneously
accommodate the larger set of WCs considered. For the WCs CtW , CI

tW , CbW , CI
bW and

Cφtb, the corresponding operators contribute to both the t-channel production of a single top

8
Angular momentum conservation ensures that, at the generator level, the M -function coefficients vanish

whenever j1 > 1 and j2 > 2.

– 19 –



J
H
E
P
0
7
(
2
0
2
6
)
1
0
7

quark and its decay. Therefore, the observables that are proportional to the cross-section
depend on these WCs to at most fourth-order, as the amplitude is at most quadratic in the
WCs and the cross-section is obtained from its square.

On the other hand, their dependence on CQq, which only affects the production of
single-top-quark events, will be at most second-order.

The unnormalised M -function coefficients, for different EFT assumptions, are computed
from reconstructed LO MadGraph+Pythia events. For CQq, a three-point Lagrange
interpolation is used to parameterise the M -function; for the other WCs, a five-point Lagrange
interpolation is employed. The correlations among all the WCs are incorporated in the results
via the interference terms when using this procedure. Consequently, the final morphing
function for each M -function coefficient is expressed as a 203-term polynomial in CtW , CI

tW ,
CbW , CI

bW , Cφtb, and CQq. This is of the same form as the simpler 15-term polynomial
used in ref. [16].

An overall LO-to-NLO correction term for the M -function coefficients is calculated by
determining the difference between the LO MadGraph+Pythia SM event sample and the
NLO Powheg Box+Pythia SM event sample:

c⃗NLO
O (C⃗) = c⃗LO

O (C⃗) +
[

c⃗NLO
O (C⃗SM) − c⃗LO

O (C⃗SM)
]

.

The LO-to-NLO event-count correction is obtained as a scale factor equal to the ratio
of the two event counts.

Finally, CφQ is not morphed; instead, the dependency of CφQ could be obtained from
the t-channel scale factor St-channel as described in eq. (8.5):

St-channel = |VL|2 =

(

1 +
v2

Λ2CφQ

)2

. (8.5)

8.3 Fit strategy

Data used in the statistical analysis consist of 23 M -function coefficients c⃗(s) for each of
the four channels s = 1, . . . , 4, distinguished by top-quark pT and lepton charge as defined
in section 6, which results in a total of 92 coefficients. In addition, the event counts in each
channel’s SR, W + jets CR and tt CR are used, which gives 12 additional inputs. A statistical
covariance matrix in the coefficients is determined by the M -function analysis along with
their values as described in section 8.1. Because of the manner in which the M -functions
are obtained, i.e. eq. (8.1), the central limit theorem guarantees Gaussian uncertainties, and
a simple χ2 fit is used. Parameters of the fit include the WCs CtW , CI

tW , Cφtb, CbW , CI
bW ,

and CQq, collectively referred to as the parameter of interest (POI) vector C⃗, as well as
normalisation factors for the t-channel single-top-quark process (namely CφQ as defined in
eq. (8.5)) and the W + jets and tt processes, collectively denoted by the vector S⃗.

The systematic uncertainty is taken into account by computing a covariance matrix for
the systematic uncertainty sources:

ℂ
syst. =

∑

syst. sources

∆v⃗ ⊗ ∆v⃗T , (8.6)
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Source of uncertainty CtW CI
tW Cϕtb CbW CI

bW CQq CϕQ

Jet energy scale −0.03,+0.03 −0.01,+0.01 −0.6,+0.4 −0.3,+0.3 −0.3,+0.3 −0.02,+0.05 −0.10,+0.09

Pile-up −0.01,− − −0.1,+0.2 −,+0.1 −0.1,− −,+0.01 −0.08,+0.06

b-tagging −0.02,+0.03 −0.01,+0.01 −0.6,+0.6 −0.1,+0.2 −0.1,+0.1 −0.02,+0.02 −0.13,+0.13

Jet energy resolution −0.02,+0.02 −0.01,+0.01 −0.8,+0.7 −0.1,+0.1 −0.1,+0.1 −0.02,+0.03 −0.08,+0.09

PDF −0.02,+0.02 −0.01,+0.01 −0.7,+0.6 −0.1,+0.1 −0.1,+0.1 −0.03,+0.04 −0.08,+0.09

Muon −0.03,+0.02 − −0.4,+0.3 −0.1,+0.1 −0.1,+0.1 −0.01,+0.03 −0.07,+0.06

Emiss
T −0.02,+0.02 − −0.5,+0.4 −0.1,+0.1 −0.2,+0.2 −0.01,+0.02 −0.06,+0.05

e/γ −0.01,+0.01 − −0.2,+0.1 −0.1,+0.1 −0.1,+0.1 −,+0.01 −0.06,+0.07

Jet vertex tagging −0.01,+0.01 − −0.1,+0.2 −,+0.1 − −0.02,+0.03 −0.17,+0.18

Lumi. & cross-section −0.01,− − −0.1,+0.1 −0.1,+0.1 −0.1,+0.1 −0.01,− −0.07,+0.07

τhad energy scale − − − − − − −
Non-prompt leptons −0.01,− − −,+0.2 −,+0.1 −0.1,+0.1 −0.01,− −0.01,+0.01

t-channel modelling −0.01,+0.01 − −0.3,+0.1 − − −0.04,+0.04 −0.15,+0.15

tt modelling −0.03,+0.02 −0.01,− −0.5,+0.4 −0.1,+0.1 −0.1,+0.1 −0.01,+0.03 −0.04,+0.08

W + jets modelling −0.01,+0.02 −0.01,+0.01 −0.8,+0.6 −0.1,+0.1 −,+0.1 −0.01,+0.02 −0.06,+0.08

MC sample sizes −0.03,+0.03 −0.03,+0.03 −0.9,+0.8 −0.2,+0.2 −0.2,+0.2 −0.03,+0.05 −0.14,+0.14

Data sample size −0.06,+0.05 −0.04,+0.04 −3.1,+1.7 −0.5,+0.7 −0.5,+0.5 −0.05,+0.08 −0.13,+0.15

Total systematic −0.07,+0.07 −0.02,+0.02 −1.8,+1.5 −0.4,+0.5 −0.5,+0.5 −0.07,+0.10 −0.35,+0.36

Total −0.10,+0.09 −0.06,+0.06 −3.9,+2.6 −0.8,+0.9 −0.7,+0.7 −0.09,+0.14 −0.41,+0.43

Table 4. Summary of the expected systematic and statistical uncertainty breakdown for the 1σ

confidence interval of each WC from the one-dimensional likelihood scans. The limited data and
MC simulation sample sizes are sources of statistical uncertainty. The symbol ‘−’ indicates that the
uncertainty is negligible.

where ∆v⃗ is the vector of the expected 1σ uncertainties from the sources of systematic
uncertainty described in section 7. Due to the central limit theorem, the likelihood function
combining the M -function coefficients and the event counts is a multivariable Gaussian
function. The χ2 = −2 lnL is given by

χ2(C⃗, S⃗) =
∑

(s)

{

(

c⃗(s) − c⃗(s),model(C⃗, S⃗)
)T (

ℂ
(s)
)−1 (

c⃗(s) − c⃗(s),model(C⃗, S⃗)
)

+
∑

j∈ SR, CR-W, CR-tt̄}

(

N (s,j),model(C⃗, S⃗) −N (s,j)
)2

N (s,j)

}

,

(8.7)

where c⃗(s) is the vector of 23 M -function coefficients in channel s, N (s,j) is the event count in
channel s and SR or CR j, and the covariance matrix ℂ

(s) is a linear sum of statistical covari-
ance ℂ

stat.
data from the data, statistical covariance ℂ

stat.
MC from the MC events, and systematic

covariance ℂ
syst. as defined in eq. (8.6). The superscript “model” indicates values predicted

from the fitting model. The fit has 92 + 12 inputs − 9 parameters = 95 degrees of freedom.
Systematic uncertainties can be treated either individually or collectively by computing the
systematic covariance matrix of eq. (8.6) from a restricted set of sources of uncertainty, and
introducing the resulting matrix into the χ2 of eq. (8.7). The fit is tested with pseudoex-
periments over a wide range of input physics and nuisance parameters consistent with the
expected precision of the measurement.
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Figure 3. Schematic overview of the analysis workflow, from individual events selected in SR and
CRs to the final likelihood function used for limit settings.

The effect of each systematic uncertainty on the WCs is evaluated by removing that
systematic uncertainty from eq. (8.6) and comparing the − lnL scan with that for the nominal
fit. Similarly, the impact of the MC statistical uncertainty is obtained by comparing the
− lnL scans with and without inclusion of ℂstat.

MC . Table 4 summarises the sources of both the
systematic and statistical uncertainties for the 1σ confidence interval for each of the POIs.
Although the total systematic uncertainty is comparable to the statistical uncertainty of
the data except for CφQ, no single source of systematic uncertainty significantly outweighs
the overall MC statistical uncertainty, which is distributed among the dominant simulated
processes, with the t-channel contribution slightly larger than those from the tt̄ and W+jets
samples, which are of comparable size.

Finally, the overall analysis workflow is illustrated in figure 3. For the SR, the four decay
angles are reconstructed event by event and inserted into eq. (8.1) to compute the coefficients
of the orthonormal M -function basis. These per-event coefficients are then combined via a
(weighted) average over all SR events (as defined in eq. (8.1)) to form the final M -function
observables. The dependence of the (averaged) coefficients on the WC vector, C⃗, in both the
t-channel single-top-quark and tt processes is obtained from MC simulation and modelled
using the morphing technique described in section 8.2. This approach fully captures the
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Figure 4. The relative differences between the observed and SM predicted event counts in the SRs
and CRs, for both the observed data and the fitted EFT model. The black points represent observed
data, with the data statistical uncertainties as uncertainty bars. The grey dashed area indicates the
total systematic uncertainties, while the red boxes are centred at positions determined by the best-fit
values of the WCs, with heights determined by systematic uncertainties constrained by the fit. The
coloured scattered markers correspond to expected values when making various WC assumptions.

impact of the WCs on the quadruple-differential phase space without the need to bin a
four-dimensional distribution. A Gaussian likelihood L, built from the averaged M -function
coefficients and the event counts in the SR and CRs, is then maximised to extract the
best-fit WC values.

9 Results

Summing over the four channels, the final observables are the 3 × 4 event counts in the SR
and two CRs, along with the 23 × 4 M -function coefficients in the SR. Figure 4 shows the
relative differences between the observed event counts and the SM predictions. Figure 5
shows the absolute deviations of the M -function coefficients from the SM prediction, for both
the observed data and the fitted EFT model in each channel’s SR. The black points represent
the data, while the scattered markers correspond to the expected values when making various
WC assumptions. The grey band, centred at zero, represents the SM expectation; its width
indicates the pre-fit systematic uncertainties. The centre of each red box is determined by the
best-fit value from the EFT fit; its height is set by the post-fit uncertainties, which include
the effect of correlations. The plots demonstrate the effect of the data upon the fitted model.

As expected, due to the large number of observables compared to the number of uncon-
strained parameters, the uncertainties of the observables are reduced by the fit.

The SM prediction is in reasonable overall agreement with the 104 observables, with
a χ2 = −2 lnL = 105.2, indicating a p-value at 44.9%, although agreement is poorer for
some high-pT SR observables. At the best-fit point of the EFT fit with nine parameters, the
likelihood has a χ2 = 87.4 for 95 degrees of freedom (p-value of 70.0%). Both hypotheses
are consistent with the data.

The best-fit values of the WCs are substituted into the morphing functions of the t-channel
and tt cross-sections to obtain the post-fit angular distributions, in order to demonstrate
that the overall agreement between data and MC is preserved after the fit. The post-fit SR
distributions of the four angles cos θ, cos θ∗, ϕ, and ϕ∗ are shown in figure 6. They are all in
good agreement with the data, with χ2 values ranging from 5 to 18 for 20 bins.
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Figure 5. The absolute deviations of the M -function coefficients, as defined in eq. (8.4), from the
SM prediction, for both the observed data and the fitted EFT model, in the SR of the (a) low-pT

(< 80 GeV) top-quark channel, (b) high-pT (≥ 80 GeV) top-quark channel, (c) low-pT top-antiquark
channel, and (d) high-pT top-antiquark channel, respectively. The black points represent observed
data, with the data statistical uncertainties as uncertainty bars. The grey dashed area indicates the
total systematic uncertainties, while the red boxes are centred at positions determined by the best-fit
values of the WCs, with heights determined by systematic uncertainties constrained by the fit. The
coloured scattered markers correspond to expected values when making various WC assumptions.
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Figure 6. Post-fit distributions of the four angles, namely (a) cos θ, (b) cos θ∗, (c) ϕ, and (d) ϕ∗ in
the inclusive SR. The fitted predicted distributions are compared with the observed data, depicted as
black points with statistical uncertainties. The uncertainty bands reflect the statistical and systematic
uncertainties, taking into account the post-fit constraints from the profile likelihood fit. Correlations
among all parameters obtained from the fit are accounted for in the calculation of the uncertainty
bands. The lower plot for each angular distribution shows the ratio of the observed data to the fitted
prediction in each bin, offering a quantitative measure of how well the two agree.

Scale factor
Fully profiled fit Reduced fit

Best-fit value 68% CL interval Best-fit value 68% CL interval

SW + jets 0.92 ±0.07 0.91 ±0.06

Stt 1.09 ±0.08 1.10 ±0.08

Table 5. The best-fit results for the scale-factor vector S⃗ with the corresponding 68% CL intervals.
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Wilson coefficient Reduced fit

[TeV−2] Central value 68% CL interval 95% CL interval

CtW /Λ2 0.12 [+0.04,+0.20] [−0.03,+0.28]

CI
tW /Λ2 0.02 [−0.03,+0.06] [−0.08,+0.11]

CQq/Λ
2 0.21 [+0.13,+0.27] [+0.05,+0.32]

CφQ/Λ
2 0.54 [+0.19,+0.88] [−0.16,+1.21]

Table 6. The best-fit values obtained by the reduced fit scheme, and the 68% and 95% CL intervals.
In this fitting scheme, only the WCs CtW , CI

tW , CQq and CφQ that have a linear effect on the
M -function coefficients are free floating.

Three different fitting schemes are considered for a one-dimensional likelihood scan:

• Fully profiled fit: each POI is scanned while profiling the other six POIs.

• Reduced fit: WCs that are dominated by quadratic dependencies (Cφtb, CbW , CI
bW )

are fixed at SM values in this scheme. This fit allows one to obtain well-defined point
estimates and a covariance matrix for the remaining parameters.

• Individual fit: all other POIs fixed at the SM values when scanning a POI.

The fitted scale factors of the two major background processes tt and W + jets are summarised
in table 5.

One-dimensional likelihood scans for these fitting schemes are shown in figure 7 for the
EFT coefficients that have a linear effect on the M -function coefficients, and in figure 8
for those that have a quadratic effect. The non-zero value of the b-quark mass used in the
generation of the EFT grid points used for the morphing leads to a slight linear dependence, so
the resulting likelihood scans are not expected to be completely symmetric about the SM point.

The limits on each WC for each fitting scheme introduced above are summarised in table 6
and table 7. For the reduced fit, the covariance matrix of the four WCs CtW , CI

tW , CQq

and CφQ is given in figure 9.
Two-dimensional likelihood scans for the fully profiled fitting scheme are shown in figure 10

and figure 11. The 68% and 95% CL regions are obtained by using the conventional −2∆ lnL

thresholds for two degrees of freedom [2]. It is known that one can construct a linear
combination of Oφtb and ObW that has no sensitivity to the fraction of top quarks that
decay to right-handed W bosons [14]. Additional observables in this analysis somewhat
break that degeneracy, but a strong correlation still remains. Negligible correlation between
CtW and CI

tW is observed. There is, however, some correlation between the fitted results
for CQq and CφQ or CtW .

The constraints on all seven WCs are summarised in figure 12. Competitive constraints are
placed on all of these parameters, the most restrictive being those on the real and imaginary
parts of ctW . The sensitivity to the various WCs arises from different aspects of the data:

• The imaginary components of ctW and the product of cφtb and cbW are constrained by
the imaginary parts of the M -function coefficients, while the constraints on the real parts
of ctW , cbW , and cφtb are determined by the real parts of the M -function coefficients.
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Figure 7. The likelihood scans for the parameters (a) CtW , (b) CI
tW , (c) CφQ, and (d) CQq, comparing

the fully profiled fit scheme (black curve), the reduced fit scheme (dashed blue curve) and the individual
fit scheme (dash-dotted red curve). The 68% and 95% CL intervals (CI) for each parameter in each
scheme are shown in the bottom plots.
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Figure 9. Covariance matrix for the reduced fit, assuming Λ = 1 TeV.
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Figure 10. Likelihood scan of (a) Cφtb and CbW , and (b) CtW and CI
tW , with all other parameters

profiled. The expected SM point is marked with a blue triangle. The observed (expected) 68% and
95% CL regions are shown as inner green (blue) and outer yellow (red) regions (lines), respectively.
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Wilson coefficient Fully profiled fit Individual fit

[TeV−2] 68% CL interval 95% CL interval 68% CL interval 95% CL interval

CtW /Λ2 [−0.03,+0.17] [−0.12,+0.26] [+0.10,+0.26] [+0.02,+0.34]

CI
tW /Λ2 [−0.04,+0.07] [−0.10,+0.13] [−0.03,+0.07] [−0.08,+0.12]

Cφtb/Λ
2 [−4.6,−2.3] ∪ [+0.5,+3.8] [−5.8,+4.8] [−3.6,+1.0] [−4.6,+2.6]

CbW /Λ2 [−1.0, 0.0] ∪ [+0.2,+1.4] [−1.4,+1.8] [−0.2,+0.4] [−0.5,+0.7]

CI
bW /Λ2 [−0.4,+0.5] [−0.9,+0.9] [−0.3,+0.3] [−0.6,+0.6]

CQq/Λ
2 [+0.17,+0.37] [+0.08,+0.50] [+0.12,+0.24] [+0.05,+0.29]

CφQ/Λ
2 [+0.17,+0.86] [−0.19,+1.2] [−0.45,+0.13] [−0.75,+0.41]

Table 7. The WC intervals at 68% and 95% CL, obtained by a one-dimensional likelihood scan.
The table compares two scenarios: a fully profiled fit in which all non-scanned WCs are profiled
simultaneously, and an individual fit in which all other coefficients are kept fixed at their SM
value (zero).
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Figure 11. Likelihood scan of (a) CQq and CφQ, and (b) CtW and CQq, with all other parameters
profiled. The expected SM point is marked with a blue triangle. The observed (expected) 68% and
95% CL regions are as inner green (blue) and outer yellow (red) regions (lines), respectively.

Since ObW and Oφtb do not produce large interference with the SM amplitude, the
corresponding WCs are less constrained.

• CφQ and CQq are constrained by the event counts in the two pT regions; CφQ affects
the overall rate, whereas CQq impacts the high-pT region more than the low-pT region.
Having multiple pT regions allows one to separate the effects of these two WCs. A
non-zero CQq also predicts a slight reduction in the polarisation of the produced top
quarks, with more of an effect in the high-pT region [118]. The fitted result of CQq,
which corresponds to a 2.8σ deviation from the SM, is attributed to the small difference

– 30 –



J
H
E
P
0
7
(
2
0
2
6
)
1
0
7

1.5− 1− 0.5− 0 0.5 1 1.5

]-2 [TeV2ΛWilson Coefficient / 

2Λ/
tW

C

2Λ/I
tW

C

2
Λ/

Qq
C

2
Λ/

Qϕ
C

Fully profiled fit

Reduced fit

Individual fit

ATLAS

-1=13 TeV, 140 fbs

68% CI 95% CI

best-fit

(a)

10− 8− 6− 4− 2− 0 2 4 6 8 10

]-2 [TeV2ΛWilson Coefficient / 

2
Λ/

tbϕ
C

2Λ/
bW

C

2Λ/I
bW

C

Fully profiled fit

Individual fit

ATLAS

-1=13 TeV, 140 fbs

68% CI 95% CI

(b)

Figure 12. Summary of confidence intervals extracted from the likelihood fits described in section 9
for (a) CtW , CI

tW , CQq, CφQ and (b) Cφtb, CbW , CI
bW . The WC 68% CL (thick line) and 95% CL

(dotted line) intervals are shown for each of the different fitting schemes.

between the number of events observed in the high-pT signal region and the number
predicted by the Powheg Box v2 simulation. More studies are needed to determine
whether NNLO effects could provide better agreement with the data. Since both CQq

and CφQ affect the event counts, two bins in pT are the minimum required to separate
their effects. In the future, it would be beneficial to use more pT bins to better determine
CQq.

The best previously published constraint on CtW comes from a measurement of the
fraction of top-quark decays that produce each W -boson helicity state (F0, FL, FR) in pp
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collisions at
√
s =8 TeV, assuming that CφQ = 0 [28]. This analysis improves on that result

by a factor of two, while removing the assumption that the other WCs are zero. The two-
dimensional limit contours for Cφtb and CbW improve on the results from the measurement
of FR in ref. [28] by providing constraints along the direction to which FR is blind, while
achieving comparable precision along the direction to which FR is sensitive. This result
also improves on the limits on CI

tW from measurements of top-quark polarisation [16] by
a factor of three. More recent measurements from CMS [22] also yield constraints on the
WCs investigated here. The precision of those constraints is a factor of two better in Cφtb

and CbW , and complementary to those presented here; however, they do not provide any
information on the imaginary components of these WCs. Reference [22] also provides tighter
constraints on CQq by a factor of three and shows no significant tension with the SM. The
constraints on CQq presented here are found to be compatible, within uncertainties, with
ref. [22]. After the submission of this manuscript, a related study was reported in ref. [119].
Although that analysis was not optimised for the extraction of EFT parameters, it indicates
that the inclusion of NNLO effects improves the agreement between SM predictions and the
data. The measurement of the total t-channel single-top-quark cross-section [10] provides
slightly better constraints on CφQ, but only under the assumption that all other WCs are
zero. This paper leads to an improvement in the constraints on CφQ by a factor of two.

It should be pointed out that while NLO and EW corrections [120–122] have been
calculated for the structure functions, defined in ref. [123], to the M -function coefficients
used in this analysis, NNLO corrections are currently available only for those associated with
W -boson helicity fractions [124]. With additional data from LHC Run 3, together with an
improved understanding of systematic uncertainties, the overall uncertainty could be reduced
to a level comparable to the expected size of these NNLO corrections.

10 Conclusion

In summary, constraints are placed on dimension-six WCs at the tWb vertex, and on the
four-quark coefficient CQq, using the 140 fb−1 dataset collected from

√
s = 13 TeV pp collisions

by the ATLAS detector during Run 2 of the LHC. The strategy used in this study offers an
approach for probing EFT WCs with high precision through Fourier-based angular analysis.
The quadruple-differential decay spectrum of t-channel single-top-quark events is projected
onto an orthonormal M -function basis, and the 23 leading normalised M -function coefficients
for each of four different channels are fitted simultaneously with the event yields using a
maximum-likelihood method. Although the systematic uncertainty is the dominant source of
uncertainty overall, no individual source of systematic uncertainty significantly outweighs
the total statistical uncertainty, which is primarily driven by the size of the data sample.
All best-fit points are consistent with the SM expectation.
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