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1 Introduction

The Cabibbo-Kobayashi-Maskawa (CKM) matrix [1, 2] is a 3 × 3 unitary matrix which
parameterises the couplings of the W gauge bosons to the quarks. Its elements are among
the fundamental parameters of the Standard Model (SM), which can be determined only by
experiment. Its |Vcb| element was first determined in 1983, following the initial measurement
of the typical B hadron lifetime [3, 4], which was found to be surprisingly long at O(1ps).
This lifetime, in turn, implied that |Vcb| ∼ 0.05 ≪ |Vus| [5], heralding for the first time the
realisation that the CKM matrix was strongly hierarchical [6]. In the subsequent years, the
determination of |Vcb| has improved dramatically, both via a sequence of measurements of
increasing precision on semileptonic decays of B hadrons, and from improved theoretical
understanding [7] of the extraction of |Vcb| from the measured quantities. The current PDG
average is |Vcb| = (41.1 ± 1.2) × 10−3 [8], but this masks an unresolved discrepancy of around
three standard deviations between the determinations made in inclusive and in exclusive
semileptonic B decays. It is thus timely to introduce the novel approach to the measurement
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of |Vcb| reported here, which is based on the method proposed in ref. [9] and uses W bosons
produced in the decays of top-quark pairs (tt̄).

During LHC Run 2 (2015–2018), O(108) tt̄ pairs were produced and decayed in the
ATLAS experiment. In such events, assuming the SM, both top quarks decay via an on-shell
W boson, and in this sense, the LHC operates effectively as a W boson factory. While
single W events are even more numerous, single-lepton tt̄ events have a big advantage for
studying hadronic W decays in ATLAS. Such events allow relatively easy triggering on
the charged lepton, which also helps control hadronic backgrounds in offline analysis. The
method used here uses these events, in which one top quark decays into b̄ℓ−ν̄ (ℓ ≡ e, µ

or leptonically decaying τ -lepton), while the other top quark decays hadronically via the
t → bW + → bb̄c decay.1 The physical context of the measurement is thus very different from
those of traditional approaches using B decays, and the experimental uncertainties obtained
are of significantly different origins. It is worth noting that on-shell W bosons were first used
to measure a CKM matrix element at LEP 2, but only for the much larger |Vcs| [10–12].

Traditional measurements of |Vcb| [13] exploit the decays of B mesons, and are thus made
at an effective momentum-transfer squared (q2) in the region of

(mb
2
)2, where mb is the

mass of the b-quark. They use a variety of theoretical techniques in low energy hadronic
physics to relate the measured quantities to |Vcb|, including lattice gauge theory for the
exclusive semileptonic B decays and the heavy quark expansion for the inclusive B decays.
These methods each require the introduction of distinct theoretical uncertainties into the
respective measurements. Here, the first measurement of the CKM matrix element |Vcb|
is presented, made using top quark decays via an on-shell W (q2 ≃ M2

W ). The top quark
decays before it hadronises, and the couplings are probed more directly at the parton level.
Thus, the measurement described here does not rely on the aforementioned theoretical inputs
(lattice, heavy quark expansion) and can provide an independent consistency check. Like
other couplings, |Vcb| is expected to run above the weak scale, albeit quite slowly [14, 15],
although it is expected that such evolution ceases below the weak scale [8]. Therefore, if the
value of |Vcb| extracted in this measurement were to differ significantly from that determined
in B decays, the explanation could be either due to new physics in the t → bb̄c decay or a
poorly understood aspect of the low-q2 B decay phenomenology.

The measurement determines |Vcb| via the ratio of on-shell W + → cb̄ decays to W + → cq̄,
where q is any down-type quark. The leading-order Feynman diagram for the t → bW + → bb̄c

and leptonic t̄ decay signal process is shown in figure 1. Taking the ratio of the branching
fraction of these decays to that of all similar decays in which the W daughter quark partnering
the c-quark has any flavour, determines |Vcb| via the following relation, valid in the three-
generation SM:2

|Vcb|2 = |Vcb|2∑
q |Vcq|2

= B(W + → cb̄)
B(W + → cq̄) = B(t → bb̄c)

B(t → bq̄c) = N (tt → bb̄c b̄ℓ−ν̄)
N (tt → bq̄c b̄ℓ−ν̄)

, (1.1)

1Charge-conjugate decays are assumed throughout this paper.
2The two top-quarks decay independently. Negligible differences in phase space between the three final states

in the denominator are ignored. These are calculable from standard formulae (see e.g. ref. [16, section 4.5])
and are found to be at the level of ≲ 0.3%.
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Figure 1. Leading-order Feynman diagram describing the tt̄ → bW + b̄W− → bb̄c b̄ℓ−ν̄ decay. Vertices
are labelled with the appropriate CKM matrix elements.

where q = d, s, b, and N represents the event yield of the decay mode in question. This is
a challenging measurement due to the small ratio of event yields, |Vcb|2 ≃ 1.7 × 10−3 [8].
Backgrounds and imperfect detector response complicate the extraction of |Vcb| significantly
compared with the simple picture implied by eq. (1.1). The phenomenological study of the
sensitivity of this measurement reported in ref. [9] did not take account of all experimental
backgrounds. The analysis presented here applies this method for the first time, using
data collected from the ATLAS detector, with a complete treatment of backgrounds and
systematic uncertainties.

2 ATLAS detector

The ATLAS detector [17] at the LHC covers nearly the entire solid angle around the collision
point.3 It consists of an inner tracking detector surrounded by a thin superconducting
solenoid, electromagnetic and hadronic calorimeters, and a muon spectrometer incorporating
three large superconducting air-core toroidal magnets.

The inner-detector system (ID) is immersed in a 2 T axial magnetic field and provides
charged-particle tracking in the range |η| < 2.5. The high-granularity silicon pixel detector
covers the vertex region and typically provides four measurements per track, the first hit
generally being in the insertable B-layer (IBL) installed before Run 2 [18, 19]. It is followed
by the SemiConductor Tracker (SCT), which usually provides eight measurements per track.
These silicon detectors are complemented by the transition radiation tracker (TRT), which
enables radially extended track reconstruction up to |η| = 2.0. The TRT also provides

3ATLAS 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+pzc
E−pzc

)
in the relativistic limit. Angular distance is

measured in units of ∆R ≡
√

(∆y)2 + (∆ϕ)2.
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electron identification information based on the fraction of hits (typically 30 in total) above a
higher energy-deposit threshold corresponding to transition radiation.

The calorimeter system covers the pseudorapidity range |η| < 4.9. Within the region
|η| < 3.2, electromagnetic calorimetry is provided by barrel and endcap high-granularity
lead/liquid-argon (LAr) calorimeters, with an additional thin LAr presampler covering
|η| < 1.8 to correct for energy loss in material upstream of the calorimeters. Hadronic
calorimetry is provided by the steel/scintillator-tile calorimeter, segmented into three barrel
structures within |η| < 1.7, and two copper/LAr hadronic endcap calorimeters. The solid
angle coverage is completed with forward copper/LAr and tungsten/LAr calorimeter modules
optimised for electromagnetic and hadronic energy measurements respectively.

The muon spectrometer (MS) comprises separate trigger and high-precision tracking
chambers measuring the deflection of muons in a magnetic field generated by the
superconducting air-core toroidal magnets. The field integral of the toroids ranges between 2.0
and 6.0 T m across most of the detector. Three layers of precision chambers, each consisting
of layers of monitored drift tubes, cover the region |η| < 2.7, complemented by cathode-strip
chambers in the forward region, where the background is highest. The muon trigger system
covers the range |η| < 2.4 with resistive-plate chambers in the barrel, and thin-gap chambers
in the endcap regions.

The luminosity is measured mainly by the LUCID-2 [20] detector that records Cherenkov
light produced in the quartz windows of photomultipliers located close to the beampipe.

Events are selected by the first-level trigger system implemented in custom hardware,
followed by selections made by algorithms implemented in software in the high-level trigger [21].
The first-level trigger accepts events from the 40 MHz bunch crossings at a rate below 100 kHz,
which the high-level trigger further reduces in order to record complete events to disk at
about 1.25 kHz.

A software suite [22] 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.

3 Data and simulated event samples

Proton-proton (pp) collisions at
√

s = 13 TeV collected in 2015–2018 by the ATLAS experiment
are analysed [23]. Only the events where all detector components were operational are selected,
resulting in a total data sample corresponding to an integrated luminosity of 140 fb−1 [24].
Selected events are required to be triggered by one of the single-muon or single-electron
triggers which are further described in section 4.

As described in section 1, the analysis focuses on tt̄ events with a single electron or muon
and four jets in the final state. Monte Carlo (MC) simulated event samples are used to estimate
the signal and background contributions in such events, and details are provided below in
section 3.1. Heavy-flavour decays are modelled with the EvtGen 1.6.0 program [25] in all
parton shower generators, except the Sherpa [26] generator. The modelling of backgrounds
with subleading contributions to the phase space is described in section 3.2. The ATLAS
simulation infrastructure [27] is used for all the simulated samples, with the detector response
simulated using Geant4 [28]. For the signal tt̄ sample with W + → cb̄ decays, as well as
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all samples used to evaluate modelling systematic uncertainties, a fast simulation relying
on parametrisations of the hadronic showers is used [29]. When evaluating the modelling
uncertainties, the fast simulation is used for both the nominal and alternative samples. All
simulated samples are processed with the same reconstruction software as the data.

To account for additional pp interactions from the same or close-by bunch crossings
(pile-up), a set of minimum-bias interactions generated with Pythia 8.186 [30] using the
NNPDF2.3lo parton distribution function (PDF) set [31] with the A3 set of tuned parameters
(tune) [32] is superimposed on the hard scattering events. Furthermore, the simulated events
are reweighted according to the number of additional pp interactions per bunch-crossing
to match the pile-up conditions of each data sample corresponding to the 2015–2018 years
of data-taking. Corrections are applied to simulated events to improve agreement between
the data and the simulation samples in the object identification efficiencies, energy scales,
and energy resolutions, as described in section 4.

3.1 tt̄ modelling

All tt̄ MC samples used are simulated using Powheg Box-v2 [33–36], which is based on next-
to-leading-order (NLO) QCD matrix element (ME) calculations. A suite of tt̄ MC samples
with various settings are generated to estimate the tt̄ contributions and derive systematic
uncertainties for the MC modelling of tt̄ processes. All tt̄ MC samples are normalised to the
next-to-next-to-leading-order (NNLO) cross-section including the resummation of soft gluon
emissions at next-to-next-to-leading-logarithmic (NNLL) accuracy using Top++ 2.0 [37–43].
The resulting cross-section for the tt̄ process is σtt̄ = 834+21

−30(scale) ± 21(PDF + αS) pb
for mt = 172.5 GeV.

The simulation of tt̄ samples is split according to the W boson decay. For single lepton
events where the hadronic W boson does not decay via W + → cb̄, the simulation uses
the simple two-generation quark mixing matrix [44] with Cabibbo angle θC [1] given by
sin θC = 0.225. Events in the orthogonal single lepton sample, denoted by tt̄|Vcb|=1, are
generated by forcing the hadronic top daughter W boson to decay as W + → cb̄. The
measurement of |Vcb| relies on the ratio constructed from these two samples, which differ
only in the quark mixing matrix element settings. All tt̄ events that do not feature W + → cb̄

decay, including single lepton and dilepton events, are collectively denoted by tt̄|Vcb|=0.
Both tt̄|Vcb|=1 and tt̄|Vcb|=0 samples are generated in the five-flavour scheme (5FS) using the
Powheg Box-v2 ME generator, the NNPDF3.0nlo PDF [45], the Pythia 8.230 parton
shower (PS) generator [46] and the A14 underlying event (UE) tune [47]. They also use
µr = µf =

√
m2

t + p2
T,t with mt = 172.5 GeV, hdamp = 1.5mt and pT,hard = 0, where µr and

µf denote the renormalisation and factorisation scales respectively. The hdamp parameter
controls the first high pT emission after the Born configuration, while pT,hard is a setting that
affects the ME-PS matching. Although the tt̄|Vcb|=1 sample uses the fast simulation for the
detector response, the consistency between fast and full simulation has been validated using
the tt̄|Vcb|=0 sample, where agreement is observed within the MC statistical uncertainty.

The generated tt̄ events are categorised based on the presence of additional heavy-flavour
(HF) hadrons (b- and c-hadrons), which do not originate from the tt̄ system. To identify
these, a recursive ancestry check is applied to the generator truth record. The algorithm first

– 5 –



J
H
E
P
0
7
(
2
0
2
6
)
0
7
8

counts the total number of HF hadrons in the event. It then subtracts the number of b- and
c-quarks that trace their ancestry directly back to the tt̄ system. The remaining count defines
the number of additional HF hadrons. Events containing at least one additional b-hadron are
defined as tt̄ + b. Events with no additional b-hadrons but at least one additional c-hadron
are defined as tt̄ + c. Both tt̄ + c and tt̄ + b processes are collectively referred to as tt̄ + HF,
while events not classified as tt̄ + HF are referred to as tt̄ + light.

Alternative samples are used to assess systematic uncertainties associated with the
modelling of tt̄ in MC samples. Both the tt̄|Vcb|=0 and tt̄|Vcb|=1 samples are alternatively
interfaced with the Herwig 7.1.3 [48, 49] parton shower generator. Additional tt̄|Vcb|=0 samples
are generated with a variety of mt, hdamp, pT,hard and UE tuning settings. Furthermore,
samples with variations in the final state radiation, b-fragmentation, colour reconnection
and the recoil to the top quark transverse momentum pT,t are available to assess systematic
uncertainties. An alternative sample is generated with the four-flavour scheme (4FS) at NLO
precision using Powheg Box Res [50] and OpenLoops [51–53] using the NNPDF3.1nnlo
4FS PDF set [54]. The mass of the b-quarks in the ME calculation is set to mb = 4.95 GeV.
The events are then interfaced to Pythia 8.245 with the A14 tune [47] and the NNPDF2.3lo
PDF set [31]. In this sample, the production of additional b-quarks is modelled in the ME,
instead of through the PS in the default 5FS sample. This alternative sample is used to
define an additional systematic uncertainty for tt̄ + b.

To serve as pseudo-data for validating the statistical model in section 8.1, an additional
tt̄ sample is generated. This sample is simulated in the 5FS at NLO precision using
Sherpa 2.2.12 [26] and OpenLoops, with the NNPDF3.0nnlo PDF set [45]. The parton
showering is performed by Sherpa based on Catani-Seymour dipole factorisation [55, 56]
using the MEPS@NLO prescription [57, 58], with parameters tuned by the Sherpa authors.

3.2 Modelling of other backgrounds

Compared to tt̄ production, other SM backgrounds make a sub-leading contribution to the
event rate. They are predicted with MC simulations, unless stated otherwise, and described
in the following.

Single-top processes are split into s-channel, t-channel and tW production. All production
modes are modelled with Powheg Box v2 [34–36, 59] at NLO, use the NNPDF3.0nlo PDF
set, are interfaced to Pythia 8.230 and use the A14 tune for the UE. To remove overlaps
with the tt̄ sample in the tW sample, the diagram removal scheme [60] is used. Similar to
the tt̄ samples described in the previous section, a variety of alternative samples, including
a tW alternative sample using the diagram subtraction scheme [60, 61], are generated to
assess systematic uncertainties.

The ME, PS and hadronisation for W +jets, Z+jets and diboson (WW, WZ, ZZ) processes
is simulated using Sherpa 2.2.11, 2.2.12 or 2.2.14, with the Sherpa version depending on
the boson decay modes. The NNPDF3.0nnlo set of PDFs [45] is used in the ME. These
samples are matched with the Sherpa parton shower [56] prescription [57, 58, 62, 63] using
the set of tuned parameters developed by the Sherpa authors. The production of V +jets is
simulated using NLO MEs for up to two partons, and leading-order (LO) matrix elements for
up to five partons. They are normalised to an NNLO prediction [64]. Samples of diboson final
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states (V V ) are simulated including off-shell effects and Higgs boson contributions, where
appropriate. Fully leptonic final states and single lepton final states, where one boson decays
leptonically and the other hadronically, are simulated using matrix elements at NLO accuracy
in QCD for up to one additional parton and at LO accuracy for up to three additional
parton emissions. Samples for the loop-induced processes gg → V V are simulated using
LO-accurate matrix elements for up to one additional parton emission for both the cases
of fully leptonic and single lepton final states. Finally, a small background comes from
tt̄ + H, tt̄ + W and tt̄ + Z processes. The production of tt̄H events is modelled using
the Powheg Box v2 [33–36, 65] generator at NLO with the NNPDF3.0nlo [45] PDF set.
The events are interfaced to Pythia 8.230 [46] using the A14 tune. The production of tt̄V

events is modelled using the MadGraph5_aMC@NLO 2.3.3 [66] generator at NLO with
the NNPDF3.0nlo [45] PDF. The events are interfaced to Pythia 8.210 [46] using the A14
tune [47] and the NNPDF2.3lo [45] PDF set.

The multijet background is estimated by using the Matrix Method [67] using fake enriched
regions orthogonal to the analysis regions. The total fake and non-prompt lepton efficiency
is measured using looser lepton identification and isolation requirements and are used to
extrapolate the multijet contribution to the analysis regions.

4 Event reconstruction and selection

Events are required to have at least one reconstructed pp interaction vertex with a minimum of
two associated tracks with transverse momenta pT > 0.5 GeV. The primary vertex is defined
as the vertex with the highest sum of squared transverse momenta of associated tracks [68].

Electron candidates are reconstructed from energy deposits in the EM calorimeter matched
to a track in the ID [69]. The track is required to be matched to the primary vertex, where the
track longitudinal impact parameter z0, must satisfy |z0 sin θ| < 0.5 mm and the ratio of the
transverse impact parameter d0 to its uncertainty σ(d0) must satisfy |d0/σ(d0)| < 5. Electron
candidates are required to be within |η| < 2.47, excluding the transition region between the
barrel and the endcap calorimeters, 1.37 < |η| < 1.52. They must satisfy pT > 25 GeV and
the Tight likelihood identification criteria and Tight isolation criteria [69].

Muon candidates are reconstructed by associating tracks in the ID with tracks or track
segments in the MS [70], refined through a global fit that uses hits from both sub-detectors [71].
The track longitudinal and transverse impact parameters must satisfy the requirements
|z0 sin θ| < 0.5 mm and |d0/σ(d0)| < 3, respectively. Muon candidates must satisfy pT >

25 GeV, |η| < 2.5 and the Medium identification and Tight isolation criteria [70].
Jets are reconstructed using the particle flow algorithm, which combines topological

clusters of calorimeter cells with tracking information [72, 73]. These objects are then
clustered by the anti-kt algorithm [74, 75] with a jet radius parameter R = 0.4. The jet energy
scale (JES) is calibrated using both data and simulation, as detailed in ref. [73]. Procedures
are adopted to match the jet energy resolution (JER) in simulation to that observed in
data [73]. Jets are required to satisfy pT > 25 GeV and |η| < 2.5. To suppress jets originating
from pile-up interactions, the jet vertex tagger (JVT) multivariate likelihood [76] discriminant,
using track-based variables, is applied to jets satisfying pT < 60 GeV and |η| < 2.4, ensuring
that the selected jets are matched to the primary vertex.

– 7 –



J
H
E
P
0
7
(
2
0
2
6
)
0
7
8

5.0 2.5 0.0 2.5 5.0 7.5 10.0 12.5
Db

0.00

0.02

0.04

0.06

0.08

0.10

0.12
N

or
m

al
is

ed
 n

um
be

r o
f j

et
s

untagged c-tagged b-tagged

ATLAS Simulation√
s = 13 TeV

tt events with 1 b-tagged jets

light-jets
c-jets
b-jets
Db = 0.665
Db = 4.565

Figure 2. Distribution of the Db scores for jets from tt̄ events after applying the event selection
requirements detailed in the text, with the thresholds used to define c- and b-tagged jets shown. For
visualisation purposes, the distributions for each flavour are normalised such that the plotted numbers
of true light-, c-, and b-jets are equal. Since at least one b-tagged jet is required in the event selection,
there is a step in the distribution at the b-tag Db threshold.

Jets originating from beauty and charm hadrons (b- and c-jets) are identified using the
DL1r deep neural network algorithm [77]. This algorithm exploits the distinct features of
such jets in terms of track impact parameters and displaced vertices reconstructed in the
inner detector. The inputs to the DL1r network include discriminating variables constructed
by a recurrent neural network, which exploits the spatial and kinematic correlations between
tracks originating from the same b- or c-hadron. The performance of this tagging algorithm
is calibrated in data [78–80].

Jets are classified using the single DL1r b-tagging discriminant output score, Db. A jet
is considered b-tagged if its score exceeds the threshold corresponding to a 60% efficiency
for correctly identifying b-jets in tt̄ events. A jet is considered c-tagged if it is not b-tagged
but has a score above the threshold corresponding to an 85% b-jet efficiency. This working
point yields a 32% efficiency for correctly identifying c-jets in tt̄ events. The chosen b- and
c-tagging criteria have a rejection factor of 2500 and of 40 on light-jets, respectively. The
distribution of the Db scores for jets from tt̄ events is shown in figure 2.

The missing transverse momentum, p⃗miss
T , with magnitude Emiss

T , is defined as the negative
vector-sum of the transverse momenta of all calibrated objects. Tracks that are not associated
with any of the physics objects but originate from the primary vertex are taken into account
as a Emiss

T soft term [81].
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To avoid double-counting the same energy deposits in multiple objects due to
reconstruction ambiguities, an overlap removal procedure is applied: jets within ∆R < 0.2
of an electron are removed; electrons within ∆R < 0.4 of a remaining jet are removed; jets
with less than three ID tracks within ∆R < 0.2 of a muon are removed to avoid rejecting
high-energy muons affected by calorimeter energy loss; muons within ∆R < 0.4 of remaining
jets are removed.

Events are selected using single-electron or single-muon triggers with offline pT thresholds
of 25 GeV for the 2015 data-taking period, and 27 GeV for 2016–2018 [82, 83]. Each selected
event is required to contain exactly one reconstructed electron or muon. This lepton must
also be matched to the object that fired the trigger. Events containing additional electrons
or muons with pT > 10 GeV satisfying the Loose identification criteria [69, 70] are vetoed to
suppress backgrounds with multiple leptons. Furthermore, events are required to contain
exactly four reconstructed jets with pT > 25 GeV and |η| < 2.5. At least two jets must be
identified as either b- or c-tagged, of which at least one must be b-tagged.

5 Overview of the analysis

As noted above, only events with exactly four reconstructed jets satisfying the kinematic
selection are used in the analysis. Jets are tagged uniquely as either b-, c- or light-flavoured
(for all other jets), and the events are divided into tagging categories (TCs), denoted “mbnc”,
based on the numbers m of b-tagged and n of c-tagged jets they contain. Similarly, production
flavours (PFs) are defined using the same mbnc notation, based on the truth-level flavour
of jets in each event. The truth-level flavour of a jet is assigned by matching the jet to
truth-level hadrons within an angular distance of ∆R < 0.3 and following the priority
order b > c > light [77]. TC event yields are different from the corresponding PF event
yields, due to jet-flavour mistagging which causes significant numbers of events to migrate
between categories.

As suggested by eq. (1.1), sensitivity to |Vcb| comes primarily from the ratio of the number
of events in the 3b1c “signal” TC to that in the 2b1c TC: |Vcb|2 ≃ N(3b1c)/N(2b1c). However,
a number of effects complicate this simple picture. First, mistagging of jet flavour means
that the signal TC contains additional events which need to be accounted for, according to a
suitable calculation involving the numbers of events in other PFs and the various jet mistag
probabilities which determine the migration between categories. Second, significant numbers
of background events enter the signal TC, as a result of physics processes other than pure
single lepton weak decays of tt̄ pairs. In particular, the most significant backgrounds arise
from tt̄ + HF events, in which QCD processes generate an extra pair of heavy quarks (cc̄

or bb̄) in addition to the usual weak decay products of the tt̄ decays, while simultaneously
not increasing the number of detected jets. This can happen when, e.g. quark pairs do not
form resolved jets, or when one or more jets fall outside the acceptance, leaving just four
jets of uncontrolled flavour. The rates of these tt̄ + HF processes are often underestimated in
simulation, and the approach taken in this analysis is to determine these rates, simultaneously
with the measurement of |Vcb|.

A final complication of this analysis is that although central ATLAS calibrations of the
jet-flavour (mis)tag probabilities (technically, measured weights parameterising data/MC
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differences) exist for the jet flavours considered, those for true c-jets are calibrated using the
same channel as the analysis, namely single lepton tt̄ decays [79], with the |Vcb| value fixed.
Thus, for this analysis the provided c-jet calibration cannot be used directly, and must instead
be determined simultaneously with the measurement of |Vcb|. The sensitivity of this channel
to the c-jet tagging efficiency, ϵc, comes directly from the fact that the flavour composition of
the vast majority of single lepton tt̄ decays is very well known from the unitarity of the CKM
matrix: hadronic W boson decays to two light-flavoured quarks occur with the same rate as
those with one light and one c-quark, up to the small contribution given by |Vcb|2 ∼ 0.2%.
Thus, the ratio of the yields of events with these flavours after tagging is directly sensitive to
the charm tagging efficiency: N(2b1c)/N(2b0c) ≃ ϵc/(2 − ϵc), where the dependence on |Vcb|
makes only a negligible correction. Furthermore, among genuine single lepton tt̄ decays, the
3b0c PF has negligible rate in the SM as it is suppressed by |Vub|2, and the yield of events
seen in the corresponding TC is directly proportional to the c-to-b mistagging probability:
N(3b0c) ∝ fcb, allowing the latter to be determined.

From the above discussion, it is clear that the analysis needs to include the numbers of
events in several TCs, in addition to the signal TC, 3b1c. In practice, eight TCs are used,
requiring at least two heavy flavour tags, including at least one b-tag:

1b1c, 1b2c, 1b3c, 2b0c, 2b1c, 2b2c, 3b0c, 3b1c.

The 4b0c TC is not used as it does not provide a statistically significant contribution to
the analysis.

The tt̄ + HF background events which pass the selection criteria are expected to be
incomplete (they have at least six primary partons, with only four jets reconstructed), so
that they generally differ kinematically from the primary signal events. Thus, in order to
help separate them from the signal, a neural network (NN), trained to distinguish signal
events from such incomplete background events, is deployed. The remaining contribution
of the tt̄ + HF background to the signal-enriched regions is constrained using background-
enriched regions. The NN score, σ, is defined on a scale between 0 and 1, and the events are
separated into three distinct regions (NNR) denoted low, med and high. The boundaries of
the NNR are obtained by optimising the expected sensitivity to |Vcb|, resulting in σlow ≤ 0.643,
0.643 < σmed < 0.736 and 0.736 ≤ σhigh. The same NNR boundaries are used across all
eight TCs to give 3 × 8 = 24 “fit-regions”. Eventually, the event yields in all 24 regions are
fitted using a binned profile-likelihood fit [84], while floating |Vcb|2, the total tt̄ rate, the
rates of tt̄ + c and tt̄ + b, and ϵc and fcb separately in each of the three NNRs. Figure 3
illustrates the pre-fit NN score distribution in the signal-enriched 3b1c TC, as well as the
optimal NN score boundaries.

The following sections describe in more detail the architecture of the NN, the in situ
charm tagging, and details of the fit to extract |Vcb|.

6 Details of the analysis

6.1 Neural network configuration

A classifier is designed to discriminate between correctly reconstructed tt̄ events and
background events, defined in the following paragraph. The classification is based on the
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Figure 3. Pre-fit distribution of the Neural Network (NN) output score in the 3b1c tagging category.
The data are shown as closed circles with statistical uncertainties; the prediction is shown as stacked
histograms, broken down into the signal |Vcb| = 1 and background processes. The signal |Vcb| = 1
process is also overlaid separately for visualisation. The hatched bands represent the total systematic
uncertainties. The lower panels show the ratios of the data to the prediction. The arrows indicate the
optimised bin boundaries that are used in the profile-likelihood fit. The “Others” category consists of
Z+jets, diboson, tt̄ + H/W/Z and multijet events.

output of a NN, which is trained on simulated events and deployed on data and MC. The
NN takes a set of reconstructed kinematic inputs from each event, and outputs an activation
(score), bound between zero and one, where background events are assigned a low activation,
and signal events a high activation. To avoid biasing the extraction of the c-jet tagging
probabilities, no flavour-tagging information is used as an input to the NN.

For the NN training, signal events are defined as single lepton tt̄ events in simulation, in
which the reconstructed lepton and jets can be matched to the corresponding generator-level
particle and parton, respectively, within a given angular acceptance. Such events are identified
by finding the jet assignment that minimises

√∑
i ∆R2

i , where ∆Ri is the angular separation
between the i’th reconstructed jet and its paired generator-level parton. In accordance with
the jet radius used in the jet reconstruction algorithm, a threshold of ∆R < 0.4 is applied to
define matched events. In addition, the reconstructed and generator-level leptons are required
to be matched within ∆R < 0.3. Single lepton tt̄ events that fail the matching criteria, as
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well as simulated events from other processes (including dilepton tt̄ and non-tt̄), are labelled
as background in the training set and weighted according to their respective cross sections.

A set of reconstructed kinematic features is chosen as input, and is split into two distinct
input structures. The first is a vector, containing nine features that are independent of the
jet assignment (permutation) to parent W and t-quarks. The other nine features in the
second input structure do depend on the selected jet permutation, e.g. the angular distances
between the two top candidates, the hadronic W candidate and the lepton. Additionally,
the reconstructed masses of the leptonically and hadronically decaying top-quarks (m(tlep)
and m(thad)), and the hadronic W boson (m(Whad)) are included. There are 12 unique4

assignments between four jets and the four partons from a single lepton tt̄ decay, each of
which yields a unique set of values for the permutation-dependent features. The second
NN input structure is therefore a 12 × 9 matrix, with the rows each representing a fixed
jet permutation relative to labels ordered by jet pT. The shapes of the input distributions
are standardised to ensure that all inputs have the same absolute scale and width. This
is done by applying a Yeo-Johnson power transformation [85], and then normalising each
distribution to zero mean and unit standard deviation.

The vector input is processed by a branch of fully connected layers, and the matrix
input is processed by a branch of convolutional layers, the latter exploiting the information
encoded in the transition between one jet permutation and the next. The outputs of the two
branches are processed further by a set of fully connected layers. In addition to background
discrimination, the NN is trained to predict the most likely jet permutation as an auxiliary
task. This is included as a second output from the NN architecture, and is used for validation
plots, but not for the analysis itself.

Two datasets are produced by sorting the full set of simulated events that satisfy the
selection criteria into even and odd event numbers. Two NNs with identical architecture
are trained, one on each dataset, and are deployed on simulated and observed events in the
opposite dataset. For each dataset, 20% is reserved for validation during the training routine.
Each NN is trained for a maximum of 50 epochs, the internal weights of each model being
saved after each epoch. The final trained model is selected as the one with the minimum
loss on the validation set. The trained models select signal events with an efficiency of 81%
while the corresponding background efficiency is 18%, and assigns the jet permutation with
an efficiency of 63%, when deployed on the validation set.

To verify the importance of the input variables while preserving physical correlations, a
local sensitivity analysis [86] is employed based on the partial derivative of the discrimination
output σ with respect to each input variable xi. The importance is quantified by the
magnitude of the averaged sensitivity, |⟨∂σ/∂xi⟩|, which captures the response to infinitesimal
perturbations.5 As shown in figure 4, the Whad mass is the most discriminating variable,
followed by the softest jet pT and angular variables; lepton features are retained despite
lower sensitivity for their unique information.

4The reconstructed quantities used are not sensitive to swapping the assigned W daughter jets.
5The perturbation magnitude is set to 1% of the standard deviation for each input variable.
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Figure 4. Ranking of the neural network input variables by importance, evaluated with data. The
metric is defined as the magnitude of the averaged partial derivative of the discrimination output
score with respect to the input. Here, j1,2,3,4 refer to the four selected jets in descending order of pT.
The reconstructed neutrino is referred to as ν, whose px and py are defined based on Emiss

T , and whose
pz is derived using the W boson invariant mass constraint m(ℓν) = 80.4 GeV. The hadronic W boson
daughter jets are referred to as jW 1 and jW 2, in descending order of pT.

6.2 In situ charm tagging calibration

The c-jet tagging efficiencies are calibrated in situ using a data-driven method based on the
relative event yields in the different TCs. Jet flavour tagging is described by a matrix of
tagging rates that encodes both tagging efficiencies and mistag probabilities between light-,
charm-, and bottom-flavoured jets,

T =


ϵl flc flb

fcl ϵc fcb

fbl fbc ϵb

 , (6.1)

where ϵx denotes the tagging efficiency for jets of true flavour x and fxy the probability for
a jet of true flavour x to be tagged as flavour y. As each row of T must be normalised to
unity, the matrix has six independent parameters, which are chosen to be those in the second
and third columns. These tagging rates are defined as kinematically averaged probabilities
within the three mutually exclusive NNRs defined in section 5.

Since the standard ATLAS c-jet calibration assumes the SM value of |Vcb| and relies
on the same data sample used in this analysis, the c-jet tagging efficiency ϵc and the c-to-b
mistag rate fcb are instead calibrated directly in the fit. On the other hand, for b- and
light-flavoured jets, the tagging rates are corrected by applying the simulation-to-data scale
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factors and associated uncertainties derived in dedicated calibrations [78, 80], to account
for the differences between data and simulation.

In a first step, the six independent tagging rates chosen from the T matrix are determined
in each NNR from simulation. The simulated events include all events from the fifteen
possible PFs without any tagging preselection. They are partitioned into a signal process
(k = S, including only |Vcb| = 1) and a background process (k = B, including all the
other tt̄ and single top-quark processes) to reduce correlations with |Vcb| and to improve the
sensitivity to the tagging rates. The determination of the tagging rates is mainly driven
by the |Vcb| = 0 component of the background. Events are classified into one of the PFs
according to their truth-level jet flavour composition, and the probability, Pij(T ), for an
event in the i-th PF to be reconstructed in the j-th TC is computed from combinatorial
expressions involving only the tagging rates encoded in T . In this calculation, the tagging
probabilities for each jet are treated as independent of those for the other jets in the event,
an assumption validated by a subsequent closure test. The probability for an event of process
k to be tagged into TC j is then given by

pk
j (T ) =

PFs∑
i

tk
i Pij(T ), (6.2)

where tk
i is the fraction of events of process k in the i-th PF.

A single, shared set of tagging rates is extracted by minimising a total χ2 constructed
from the separate contributions of the signal and background processes:

χ2 =
∑
j,k

(
Nk

j − Nk · pk
j (T )

∆Nk
j

)2

, (6.3)

where Nk
j is the simulated event yield for process k in TC j, Nk is the total yield, pk

j (T ) is
the tagging probability given T . The uncertainty ∆Nk

j is defined as
√

Nk
j , which models the

Poisson fluctuation expected in the real data. The subscript j runs over the eight considered
TCs, and k runs over the signal and background processes, giving sixteen terms in total. The
fit is performed separately in each NNR to reduce the impact of any kinematic differences
between the regions. Closure tests are performed by applying the extracted tagging rates
to eq. (6.2) to evaluate the predicted event fractions, and then comparing these predictions
with the simulated fractions in each TC. Good agreement is observed between the two within
the expected statistical fluctuation of the data, as represented by ∆Nk

j .
The second step is performed as part of the final profile-likelihood fit for |Vcb|, in which the

c-jet tagging efficiency ϵc and c-to-b mistag rate fcb are incorporated via floated normalisation
factors that correct the event yields in each TC to fit the data. In this step, all elements of T

except ϵc and fcb are fixed to their calibrated values, and distinct tagging rates are used for
the low, medium, and high NNRs. The tagging rates, ϵNNR

c and fNNR
cb (NNR = low, med,

high), together with their associated uncertainties, are fitted simultaneously with |Vcb|.
The in situ calibration is applied to all tt̄ and single top-quark events simulated with

Powheg and Pythia. For the other minor processes, a normalisation uncertainty of 30%
per true c-jet is assigned.
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7 Systematic uncertainties

The measurement of |Vcb| is affected by systematic uncertainties arising from experimental
sources, the modelling of physics processes, and the finite size of MC samples. For two-sided
uncertainties, where both upward and downward variations are available, the symmetrised
uncertainty is calculated as the signed average of the original variations. In cases of one-sided
uncertainties, where only a single alternative scenario is compared against the nominal one,
an opposite variation of equal magnitude is assumed.

7.1 Experimental uncertainties

Experimental uncertainties related to the reconstruction of physics objects, pile-up modelling
and integrated luminosity are considered. These uncertainties are derived from dedicated
measurements using Run 2 data and are applied to all simulated processes. This analysis is
primarily sensitive to the experimental uncertainties originating from jet energy and light-jet
tagging calibrations.

The uncertainty in the combined 2015–2018 integrated luminosity is 0.83% [24].
Additionally, the distribution of the average number of interactions per bunch crossing
in simulation is rescaled to match that in data. Uncertainty in this rescaling process is
propagated by varying the corresponding reweighting factors.

Uncertainties associated with electrons and muons arise from the trigger, reconstruction,
identification, and isolation efficiencies, as well as their momentum scale and resolution.
These are derived from measurements primarily using Z → ℓℓ (ℓ = e or µ) events [69, 70,
82, 83, 87, 88].

Uncertainties in the JES and JER are evaluated using a series of simulation-based
techniques and in situ measurements [73, 89]. These include uncertainty components related
to the jet flavour composition, η-intercalibration, punch-through, single-particle response,
calorimeter response to different jet flavours and pile-up effects. They consist of 30 uncorrelated
JES components and 13 uncorrelated JER components. An uncertainty associated with
the JVT efficiency is also included [76].

Uncertainties related to the calibration of the DL1r flavour tagging algorithm for b-jets
and light-flavoured jets are determined from dedicated measurements using events in the
dilepton channel of tt̄ and Z + jets processes, respectively [78, 80]. These uncertainties are
decomposed into a set of uncorrelated eigenvectors, including 45 components for b-jets and
20 components for light-jets. Additionally, there are four uncertainty components to account
for the extrapolation to high-pT jets, for both flavours. Uncertainties from ref. [79] are not
applied to c-jets, since the flavour tagging for c-jets is calibrated within this analysis.

Finally, uncertainties associated with the energy scale and resolution of leptons and jets
are propagated to Emiss

T . Additional uncertainties in Emiss
T arise from momentum scale and

resolution uncertainties of the track-based soft term derived from Z → µµ events [81].

7.2 Modelling uncertainties

Modelling uncertainties for tt̄ and single top-quark processes are estimated by comparing MC
samples generated with baseline settings to those generated with alternative settings. The
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dominant systematic uncertainties in this analysis are related to tt̄ modelling, particularly
those associated with the modelling of PS and hadronisation.

Uncertainties related to the QCD scale variations in the ME are estimated by varying
µr and µf in the ME calculation independently by factors 2 and 0.5. PDF uncertainties are
evaluated using the 30 eigenvectors in the PDF4LHC15 [90] prescription, symmetrising the
full difference between the nominal PDF4LHC weight and the variation for each eigenvector.
Alternative PDF sets corresponding to different αs values of 0.117 and 0.119 are also included.
Uncertainties in the initial-state radiation (ISR) modelling are estimated according to the
Var 3c set of parameters that are part of the A14 tune [47]. Similarly, the uncertainty
related to final-state radiation (FSR) is assessed by varying µr for final-state parton-shower
emissions up and down by a factor of two. The PS and hadronisation model uncertainty is
estimated by comparing the nominal Pythia predictions to those obtained from a sample
generated with Powheg Box v2 using the same settings as the nominal sample for the
hard scattering, but interfaced with Herwig 7.1.3 [48, 49], using the default set of tuned
parameters [48] and the MMHT2014lo PDF set [91]. The ME-PS matching uncertainty
is estimated by comparing the nominal sample to one with the same settings but using
pT,hard = 1 instead of 0 in Pythia [92].

Since tt̄ is the single most important process in this analysis, more detailed modelling
uncertainties are considered. The uncertainty arising from the limited precision of the
fixed-order NLO QCD ME calculation is evaluated by comparing the baseline differential
distributions to the NNLO QCD prediction [93]. The difference is parametrised by reweighting
factors derived iteratively using top-quark pT, tt̄ mass and tt̄ pT distributions. The uncertainty
related to the modelling of high-pT radiation is estimated by comparing the nominal sample
to one with the hdamp parameter increased by a factor of 2 [61]. The uncertainty related to
the top-quark mass is propagated by varying its value by ±0.5 GeV. The uncertainty arising
from the ambiguity in the choice of the recoil particle after the first gluon emission [94] in
simulating QCD radiation from b-quarks in top-quark decay is evaluated, based on alternative
samples in which the top-quark participates in the recoil [95]. The uncertainty in the b-quark
fragmentation function is evaluated by comparing samples generated with rb = 0.85, the
default value in the A14 tune, with the retuned value rb = 1.05 from ref. [96]. An underlying
event and multi-parton interaction (MPI) modelling uncertainty is evaluated with alternative
samples generated with varied strong coupling constant for MPI and the colour-reconnection
range parameter for the proton beam remnants within the Var1 parameter set of the A14
tune [47]. The uncertainty related to the modelling of colour reconnection is estimated
by comparing samples generated by the “QCD-based” model (CR1) and the “gluon-move”
model (CR2) with the baseline sample generated by the “MPI-based” model (CR0). The
colour-reconnection uncertainty is then defined by the largest variation for each bin [97, 98].

An additional uncertainty is considered for the choice of flavour scheme in the simulation
of tt̄ + b events. This is evaluated by comparing the 5FS baseline sample, assuming a massless
b-quark, with a 4FS alternative sample, generated with a b-quark mass of 4.95 GeV, which
is consistent with the b-quark mass in the top-quark decays.

The tt̄ uncertainties are treated as uncorrelated between the single lepton and dilepton
processes, as at least two of the selected jets have to come from ISR or FSR in dilepton
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events. While most modelling uncertainties are correlated between tt̄|Vcb|=0 and tt̄|Vcb|=1, the
tt̄ PS and hadronisation uncertainty is treated as uncorrelated to account for their different
heavy-flavour compositions. Furthermore, the PS and hadronisation uncertainty is split
into tt̄ + light, tt̄ + c, and tt̄ + b components, because c- and b- jets are more likely to be
produced via gluon splitting in tt̄ + c and tt̄ + b processes, respectively. These decorrelation
treatments are designed to model the distinct effects independently and prevent unphysical
propagation of constraints. Ultimately, the best-fit |Vcb| and its uncertainty are not found
to depend significantly on these treatments.

For the dominant background process tt̄|Vcb|=0 + light, the uncertainties related to the
PS and hadronisation, FSR, and colour reconnection are decomposed into TC and NN
components. The TC component captures event migration between TCs, while the NN
component captures event migration between NN score bins within each TC. This treatment
prevents the fit from propagating constraints from a sensitive component to an insensitive one,
which would otherwise underestimate the total uncertainty. To further reduce the constraint
on the NN component of PS and hadronisation uncertainty in tt̄|Vcb|=0 + light, the original
variation is 50% decorrelated across the NN score bins by splitting it into one correlated and
three uncorrelated components, each scaled by 1/

√
2. This treatment significantly relaxes

the constraints associated with this source of the uncertainty while having a minor impact
on the |Vcb| sensitivity.

An extra uncertainty in the calculation of the interference between tW and tt̄ processes
is considered for single top-quark modelling. This uncertainty is estimated by comparing
the baseline tW sample simulated using diagram-removal, to an alternative sample using
diagram-subtraction [60, 61] with otherwise identical settings.

The tt̄ normalisation is determined in the fit to data. A cross-section uncertainty of 5.4%
is applied to single top-quark processes [99]. For the remaining processes, including W+ jets,
Z + jets, diboson and tt̄ + X, an overall uncertainty of 45–50% is applied [100, 101]. An
overall 100% uncertainty is applied to the small multijet background. These uncertainties
have a negligible effect on the final results.

8 Statistical analysis and results

8.1 Fit setup

The value of |Vcb| is extracted using a binned profile-likelihood fit [84] implemented within
the TRExFitter framework [102]. A normalisation factor, µ|Vcb|, defined as the ratio of the
post-fit value to the pre-fit one, is used throughout this section. The pre-fit value of |Vcb| is
set to a nominal value of 0.04173, used by the event generators. In addition to µ|Vcb|, the
overall normalisations of the tt̄, tt̄ +c, and tt̄ +b components are treated as free parameters.
The c-jet tagging efficiencies and mistag rates are also treated as free parameters and are
independent in the three NN score regions. Systematic uncertainties are incorporated as
nuisance parameters that affect the predicted event yields through bin-by-bin variations. Most
nuisance parameters are constrained by Gaussian probability density functions. The nuisance
parameters related to the statistical uncertainty of the simulated samples are constrained
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Parameter Affected samples / quantities

µ|Vcb| tt̄|Vcb|=1 (all), yield scaled with µ2
|Vcb|

µtt̄ tt̄|Vcb|=1 (all), tt̄|Vcb|=0 (all)

µtt̄+c tt̄|Vcb|=1 + c, tt̄|Vcb|=0 + c

µtt̄+b tt̄|Vcb|=1 + b, tt̄|Vcb|=0 + b

ϵlow,med,high
c c-jet tagging efficiency in low, med, and high regions

f low,med,high
cb c-to-b mistag rate in low, med, and high regions

Table 1. Overview of the normalisation and tagging parameters used in the fit and their effect on
the simulated samples.

by gamma distributions following the Beeston-Barlow technique [103]. The fit is performed
simultaneously across 24 bins, comprising eight TCs for each of the three NN score regions.

The likelihood function is the product of Poisson probability terms over all analysis bins,
multiplied by constraint terms for the nuisance parameters, and is defined as

L(data | µ|Vcb|, µ, θ) =
∏

k∈bins
Pois

(
nk | νk(µ|Vcb|, µ, θ)

)
×
∏

i

Gauss (θi | θi,0, 1) , (8.1)

where nk denotes the observed number of events in bin k, and νk is the corresponding expected
yield, which depends on the signal strength parameter µ|Vcb|, the set of normalisation factors
µ, and the nuisance parameters θ. All nuisance parameters, except those accounting for the
limited size of the simulated samples, are constrained by Gaussian terms.

Systematic uncertainties with an impact of less than 0.5% on the yield of a given sample
in a given bin are omitted for that sample and bin to improve numerical stability and
computational performance. It was verified that variations of this threshold have a negligible
impact on the fit results.

Table 1 summarises the impact of the fit parameters on the different simulated samples. A
common normalisation factor is applied to all tt̄ samples, while additional scaling parameters
control the relative contributions of the heavy-flavour components. With this parametrisation,
the value of |Vcb| is directly extracted from the fit through its effect on the tt̄|Vcb|=1
normalisation.

The model is fit to pseudo-data to validate its robustness. The pseudo-data is constructed
from the total prediction, where the contribution of the nominal tt̄ sample is replaced by
the Sherpa tt̄ prediction. The results indicate that the fit to the pseudo-data can recover
the inserted values of µ|Vcb| and the other free parameters within the considered modelling
uncertainty.
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8.2 Fit results

The value of |Vcb| extracted from the fit is

|Vcb| = (50+7
−9 (stat.) +9

−10 (syst.)) × 10−3

= (50+11
−14) × 10−3.

This corresponds to |Vcb|2 = (2.5± 1.2)× 10−3, which scales the decay rate of W + → cb̄. The
observed (expected) significance relative to the hypothesis in which |Vcb| = 0 is 2.0σ (1.9σ).
The value of |Vcb| measured in this analysis is consistent, within one standard deviation,
with both inclusive and exclusive measurements from B decays, and with the current world
average of |Vcb| = (41.1 ± 1.2) × 10−3 [8]. This consistency supports the Standard Model
descriptions of both the low-q2 phenomenology of B decays, and of the much higher q2 decays
t → bb̄c which this analysis probes.

The consistency of the high-q2 measurement of |Vcb| with the three generation Standard
Model allows the measurement to be re-interpreted in terms of the branching fraction
B(t → bb̄c). Eq. (1.1) reduces to

|Vcb|2 = B(t → bb̄c)
B(t → bq̄c) , (8.2)

while the unitarity of the CKM matrix gives B(t → bq̄c) = 1
2B(t → bq̄q) exactly.6 Thus

B(t → bb̄c) = 1
2 |Vcb|2B(t → bq̄q), (8.3)

from which the measured branching fraction, B(t → bq̄q) = (66.5 ± 1.4)% [106], gives

B(t → bb̄c) = (8 ± 4) × 10−4. (8.4)

The post-fit data and predicted yields in all analysis bins are shown in figure 5. The fit
has many free parameters and the data are well described by the fitted model in all regions,
with an excellent goodness-of-fit, evaluated by a saturated model [84]. Figure 6 shows the
post-fit distribution in the 3b1c region. The bottom panel displays the data after subtraction
of the predicted background contributions and compares it to the expected signal yields for
different values of the |Vcb| normalisation factor µ|Vcb|, including the best-fit result.

Table 2 summarises the central values and uncertainties of the free-floating parameters of
the fit. The overall tt̄ normalisation is found to be in good agreement with the SM prediction.
The normalisations of the tt̄ + c and tt̄ + b components are measured to be larger than
predicted by simulation, consistent with earlier measurements of the same processes [107, 108].
The uncertainties in these normalisations are larger in this analysis than in the dedicated
measurements. This is because the present analysis uses only the four-jet topology, whereas
the dedicated measurements use events with higher jet multiplicities, which provide better
sensitivity to these processes. An additional validation of these normalisations is performed
in regions with 5–6 jets containing at least one additional c- or b-jet, where good agreement

6There are corrections of order ≤ 10−10 to these branching fraction formulae from loop-mediated FCNCs
in the SM [104, 105].
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Figure 5. Post-fit distributions of the data and predicted event yields across all bins used in the
fit. Each panel in the grid represents a tagging category (1b1c-3b1c), showing the event yields in the
three Neural Network (NN) output score bins (Low, Medium, High). The grid is organised such that
regions in the same row contain the same total number of heavy-flavour (b or c) jets and share the
same y-axis scales, while regions in the same column contain the same number of b-jets. The data are
shown as closed circles with statistical uncertainties; the prediction is shown as stacked histograms,
broken down into the signal |Vcb| = 1 and background processes. The signal |Vcb| = 1 process is also
separately overlaid for visualisation. The hatched bands represent the total systematic uncertainties.
The lower panels show the ratios of the data to the predictions.

Parameter Value Parameter Value

µ|Vcb| 1.19+0.27
−0.35 NN Low NN Medium NN High

µtt̄ 0.99 ± 0.03 ϵc 0.35 ± 0.02 0.34 ± 0.02 0.33+0.02
−0.01

µtt̄+c 1.60+0.64
−0.60 fcb (10−3) 25 ± 6 26 ± 3 26 ± 2

µtt̄+b 1.45+0.54
−0.34

Table 2. Best fit values of the freely floating parameters extracted from the fit. The values of ϵc and
fcb are shown in the three different NN score regions.

– 20 –



J
H
E
P
0
7
(
2
0
2
6
)
0
7
8

0

500

1000

1500

2000

2500

Ev
en

ts

ATLAS√
s = 13 TeV, 140 fb 1

3b1c region, Post-fit

Data

tt|Vcb| = 1

tt|Vcb| = 0+b

tt|Vcb| = 0+c

tt|Vcb| = 0+light

Single top
W+jets

Others

Uncertainty

0.90

0.95

1.00

1.05

1.10

D
at

a 
/ P

re
d.

Low Medium High
NN output

80

0

80

160

240

D
at

a 
- B

ac
kg

ro
un

d

|Vcb| = 0.50
|Vcb| = 1.00

|Vcb| = 1.50
|Vcb| = 1.19 (best fit)

Figure 6. Post-fit distribution of the NN output in the 3b1c region. The upper panel shows the data
yield in each bin, and the fitted background and signal MC samples. The middle panel shows the
ratio between data and MC. The shaded region marks the total systematic uncertainty, while the
error bar on the data symbols represents the statistical uncertainty. The bottom panel shows the data
with the background (all samples, excluding tt̄|Vcb|=1) subtracted, with the lines showing the expected
number of tt̄|Vcb|=1 events at different values of µ|Vcb|, together with the best fit value.

is found between the data and the scaled predictions. The fitted c-jet tagging efficiency
and mistag rates are both consistent with a constant value across the neural network score
regions and with prior ATLAS calibrations [79].

Table 3 shows the contribution of the different sources of systematic uncertainty to the
total uncertainty in |Vcb|. These contributions are estimated by using a toy MC approach,
in which 5000 pseudo-experiments are generated for each uncertainty group. The resulting
uncertainty breakdown is found to be consistent with the total uncertainty when summed in
quadrature. As a cross-check, the impact of each systematic uncertainty is also estimated by
using the covariance between µ|Vcb| and the corresponding nuisance parameter [109]. This
alternative method yields a similar ranking of the dominant uncertainties. The impact in
µ|Vcb| for the 15 highest ranked systematic uncertainties is shown in figure 7. The most
important uncertainties are those associated with variations of the parton shower model

– 21 –



J
H
E
P
0
7
(
2
0
2
6
)
0
7
8

Uncertainty in |Vcb| Up/Down [10−3]
Modelling of tt̄ 8/9
↪→ PS and hadronisation 5/6
↪→ Others 5/6

Jet flavour tagging calibration 2.9/3.1
↪→ Light-jet 2.5/2.8
↪→ b-jet 1.2/1.3

Simulation statistical uncertainty 2.6/2.7
Jet calibration 2.4
Modelling of non-tt̄ processes 1.6
Others 0.8
Systematic uncertainty 9/10
Statistical uncertainty 7/9
Total uncertainty 11/14

Table 3. Breakdown of the contribution from each source to the total uncertainty in |Vcb|. The
uncertainty components are estimated with a toy MC method, where 5000 toy samples are generated
for each uncertainty group. The leading contributions to the ‘Others’ category in tt̄ modelling are
from final-state radiation, matrix-element and parton-shower (PS) matching, and colour reconnection.
The contribution from in situ c-jet calibration cannot be measured using the same approach. Instead,
it is incorporated into the statistical uncertainty along with the contributions from other freely
floating parameters.

between Pythia and Herwig, which lead to large uncertainties for the tt̄|Vcb|=1 + light,
tt̄|Vcb|=0 + light, tt̄|Vcb|=0 + c, and tt̄|Vcb|=0 + b samples.
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and the associated band shows the post-fit uncertainty of the parameter. Uncertainties that are
decorrelated between samples or regions are labelled with the corresponding sample or region in
parentheses. The light-jet mistag efficiency and jet energy resolution uncertainties are split into
components; the parentheses indicate the most impactful component.
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9 Conclusion

The first measurement of the CKM matrix element |Vcb| at the weak scale is presented.
The measurement uses single lepton tt̄ events with exactly four jets, taken from 140 fb−1

of pp collision data at
√

s = 13 TeV collected with the ATLAS detector at the LHC. The
measurement determines |Vcb|, via the ratio of on-shell W + → cb̄ decays to W + → cq̄, where
q is any down-type quark. The normalisations of tt̄ processes with additional heavy quarks,
together with the charm-jet tagging efficiency and mistag rates are determined simultaneously.

The measured value

|Vcb| =
(
50+11

−14
)
× 10−3 (9.1)

is found to be consistent, within one standard deviation, with earlier measurements made at
lower energy scales in B decays. Within the Standard Model, this value can be reinterpreted
as the branching fraction

B(t → bb̄c) = (8 ± 4) × 10−4. (9.2)

This first measurement of |Vcb| using top quark decays demonstrates the potential to
measure |Vcb| at hadron colliders, and sets the stage for more precise measurements at the
LHC in the future. Such measurements will profit from significant progress in flavour tagging
algorithms, larger data samples and extended analysis categories.
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