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Measurement of the top quark mass with the ATLAS detector using 

𝑡𝑡 events with a high transverse momentum top quark
.The ATLAS Collaboration ⋆

A R T I C L E I N F O A B S T R A C T 

Editor: M. Doser The mass of the top quark is measured using top-quark-top-antiquark pair events with high transverse momentum 
top quarks. The dataset, collected with the ATLAS detector in proton–proton collisions at 

√
𝑠 = 13 TeV delivered 

by the Large Hadron Collider, corresponds to an integrated luminosity of 140 fb−1. The analysis targets events in 
the lepton-plus-jets decay channel, with an electron or muon from a semi-leptonically decaying top quark and a 
hadronically decaying top quark that is sufficiently energetic to be reconstructed as a single large-radius jet. The 
mean of the invariant mass of the reconstructed large-radius jet provides the sensitivity to the top quark mass 
and is simultaneously fitted with two additional observables to reduce the impact of the systematic uncertainties. 
The top quark mass is measured to be 𝑚𝑡 = 172.95 ± 0.53 GeV, which is the most precise ATLAS measurement 
from a single channel.
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1. Introduction

The top quark is the heaviest fundamental particle observed to date 
and precise knowledge of its mass (𝑚𝑡) is crucial to test the consis
tency of the Standard Model (SM) of particle physics [1--5]. Since the 
discovery of the top quark at the Tevatron [6,7], the CDF and D0 col
laborations have made multiple measurements of 𝑚𝑡 , culminating in the 
2016 combined result [8]. The two general-purpose experiments at the 
Large Hadron Collider (LHC), ATLAS [9] and CMS [10], produced mul
tiple measurements of 𝑚𝑡 using data collected in proton–proton (𝑝𝑝) 

⋆ E-mail address: atlas.publications@cern.ch.

collisions at 
√
𝑠 = 7 TeV and 8 TeV. The combination of these mea

surements is 𝑚𝑡 = 172.52 ± 0.33 GeV [11]. The large dataset provided 
by the LHC during collisions at 

√
𝑠 = 13 TeV corresponding to an inte

grated luminosity of 140 fb−1 increases substantially the number of top 
quarks available for measurements. Measurements of 𝑚𝑡 performed with 
a partial 13 TeV dataset [12--18] include the most precise single mea
surement to date of 171.77±0.37 GeV [16] from the CMS Collaboration. 
The 13 TeV dataset also opens the possibility to make measurements in 
rare phase-space regions, for example events where the top quarks have 
high transverse momenta (𝑝T). In this boosted regime, the top-quark 
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decay products are collimated and are often captured in a single large
radius (large-𝑅) jet. This simplifies the reconstruction of hadronically 
decaying top quarks compared with the inclusive phase space, poten
tially reducing the systematic uncertainties in 𝑚𝑡 . In this regime the 
CMS Collaboration measured 𝑚𝑡 = 173.06 ± 0.84 GeV [19].

In this Letter, the first ATLAS measurement of the top quark mass 
using boosted top quarks is presented. The measurement targets events 
consistent with top quark pair production in the lepton-plus-jets decay 
channel (𝑡𝑡→𝑊 +𝑊 −𝑏𝑏̄→ 𝓁𝜈𝑞𝑞′𝑏𝑏̄ with 𝓁 = 𝑒 or 𝜇) and the hadron
ically decaying top quark is reconstructed using a single large-𝑅 jet 
(𝑅 = 1.0). The large-𝑅 jets used in this Letter are formed by reclus
tering 𝑅 = 0.4 jets [20] such that the energy and mass scales of the 
large-𝑅 jets are largely determined by the precise jet energy scale of 
the 𝑅 = 0.4 jets [21]. The selection and reconstruction applied largely 
follow those of the ATLAS cross-section measurement in the same chan
nel [22]. The mean of the invariant mass of the selected large-𝑅 jet is 
the observable sensitive to 𝑚𝑡 and two additional observables are de
fined to control and reduce the impact of the systematic uncertainties. 
One observable is sensitive to the jet energy scale and the other is sen
sitive to radiation from the 𝑏-quarks that originate from the decay of 
top quarks. The top quark mass is obtained from a profile-likelihood 
fit to the three observables in which the systematic uncertainties are 
included as nuisance parameters. The combination of the boosted se
lection, improved understanding of the flavour dependence of the jet 
energy response [23,24] and the fit strategy lead to smaller systematic 
uncertainties than in previous ATLAS 𝑚𝑡 measurements.

The fit model in the measurement uses Monte Carlo (MC) simulation 
that is based on a next-to-leading-order (NLO) calculation in quantum 
chromodynamics (QCD) of 𝑡𝑡 production. This is interfaced to a parton 
shower (PS) algorithm that provides resummation of soft and collinear 
QCD radiation and a non-pertubative hadronisation model that simu
lates the formation of hadrons. The top quark mass is a renormalisation
scheme-dependent parameter in perturbative quantum field theory. The 
precise identification of the 𝑚𝑡 parameter in MC simulations within a 
field-theoretic mass scheme is the subject of theoretical studies [25--28]. 
The boosted top-quark regime may, in the future, offer the possibility 
to connect to hadron-level calculations where the top quark mass is un
ambiguously defined [27,28].

2. Data and simulation

The data were recorded with the ATLAS detector at the Large Hadron 
Collider during 𝑝𝑝 collisions at 

√
𝑠 = 13 TeV using triggers designed 

to select events containing high 𝑝T electrons or muons [29--31]. The 
integrated luminosity of the dataset is 140 fb−1 [32]. The ATLAS exper
iment [9] is a multipurpose particle detector with a forward–backward 
symmetric cylindrical geometry and a near 4𝜋 coverage in solid an
gle.1 It consists of an inner tracking detector surrounded by a thin 
superconducting solenoid providing a 2 T axial magnetic field, elec
tromagnetic and hadronic calorimeters, and a muon spectrometer. The 
inner tracking detector covers the pseudorapidity range |𝜂| < 2.5. It con
sists of silicon pixel, silicon microstrip, and transition radiation tracking 
detectors. Lead/liquid-argon (LAr) sampling calorimeters provide elec
tromagnetic (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 

1 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 Δ𝑅 ≡

√
(Δ𝑦)2 + (Δ𝜙)2.

regions are instrumented with LAr calorimeters for EM and hadronic en
ergy 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 [33] detector, which is located close 
to the beampipe. A two-level trigger system is used to select events [34]. 
The first-level trigger is implemented in hardware and uses a subset of 
the detector information to accept events at a rate close to 100 kHz. This 
is followed by a software-based trigger that reduces the accepted rate of 
complete events to 1.25 kHz on average depending on the data-taking 
conditions. A software suite [35] is used in data simulation, in the recon
struction and analysis of real and simulated data, in detector operations, 
and in the trigger and data acquisition systems of the experiment.

Monte Carlo simulated event samples are used in the analysis to 
model the 𝑡𝑡 events and most of the background processes. Most sam
ples are processed through a full simulation of the ATLAS detector [36] 
based on Geant4 [37]. A few samples used for evaluating the system
atic uncertainties employ a faster simulation setup that makes use of 
parameterised showers in the calorimeters [38]. All simulated samples 
are overlaid with additional 𝑝𝑝 interactions (pileup), generated with 
Pythia 8.186 [39] using the NNPDF2.3lo [40] set of parton distri
bution functions (PDF) and the A3 set of tuned parameters [41]. The 
average number of interactions per bunch crossing is reweighted to 
match that in data. Events are processed with the same reconstruction 
pipeline as the data. A 𝑚𝑡 value of 172.5 GeV is used in all samples, 
unless stated otherwise.

The production of 𝑡𝑡 events is modelled using the Powheg Box v2 [42--
45] generator, which provides matrix elements (ME) at NLO in QCD 
in the production process (implemented via Powheg-hvq), and the 
NNPDF3.0nlo [46] PDF set. The ℎdamp parameter, which effectively reg
ulates the high transverse momentum (𝑝T) radiation against which the 𝑡𝑡
system recoils, is set to 1.5𝑚𝑡 [47]. The renormalisation (𝜇r ) and factori

sation (𝜇f ) scales are dynamic, using the functional form: 
√
𝑚2
𝑡
+ 𝑝2T(𝑡). 

The events are interfaced with Pythia 8.230 [48] for the parton shower 
and hadronisation, using the A14 set of tuned parameters [49] and the 
NNPDF2.3lo set of PDFs. The value of the strong coupling constant 
in the final state shower of Pythia (𝛼FSR

𝑠
) is 0.127. Matrix element 

corrections that approximate NLO QCD are enabled in Pythia for all 
emissions, compensating for the leading-order (LO) precision used in 
Powheg-hvq to simulate the top quark decay. The 𝑝hardT parameter, 
which affects the matching of the parton shower to the ME calculation, 
is set to 0. The recoil parameter, which decides the recoil target for 
secondary gluon emissions from the 𝑏-quark in the 𝑡→𝑊 𝑏 vertex, is 
set to the 𝑏-quark.2 The early resonance decay parameter, controlling 
whether resonance decays can occur before or after colour reconnec
tion (CR) happens in the simulation, is set such that resonance decays 
can only occur after CR. Samples are generated with the full ATLAS de
tector simulation and five different 𝑚𝑡 values: 171,172,172.5,173 and 
174 GeV. The sample with 𝑚𝑡 = 172.5 GeV is referred to as the nomi
nal 𝑡𝑡 sample. An additional sample using the fast detector simulation 
is available for comparisons made to fast-simulation samples used for 
evaluating some of the systematic uncertainties.

Alternative 𝑡𝑡 samples are generated to assess the systematic uncer
tainties in the modelling of 𝑡𝑡 production. Several samples make just one 
change in the MC settings compared to the nominal 𝑡𝑡 sample, allow
ing individual systematic effects to be investigated separately. To probe 
uncertainties in final-state radiation (FSR), two samples are generated 
with alternative values of 𝛼FSR

𝑠
, equal to 0.115 for the down variation 

and 0.142 for the up variation, corresponding to variations of the scale 

2 This corresponds to setting recoilToColor=on in the TimeShower class 
in Pythia.
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𝜇FSR
r by a factor of two and a half. Another sample is produced with the 

ℎdamp parameter doubled to 3𝑚𝑡. The ambiguities in matching the ME 
calculation and the parton shower are tested with a sample where the 
𝑝hardT parameter is set to 1 [50]. The ambiguity in the choice of the re
coil particle for the secondary gluon emission from a 𝑏 quark produced 
in 𝑡 → 𝑊 𝑏 is addressed by generating a sample where the top quark 
takes part in the recoil (recoil-to-top). Uncertainties in the modelling 
of the underlying event are evaluated with two samples where the set
tings for the 𝛼𝑠 value used in the multiple parton interactions (MPI) and 
the CR range of the proton beam remnants are changed according to 
the VAR1 eigentune of Pythia [49]. Two samples are generated with 
alternative CR models: in the ‘QCD-based’ model (CR1) the formation 
of dipoles containing three quarks is enhanced and as a consequence 
the production of baryons is enhanced, while in the ‘gluon-move’ model 
(CR2) only the gluons are considered for the reconnection. To isolate 
the systematic effects related to the CR model, a third sample (CR0) is 
generated with the nominal MPI-based CR model, but employing a ded
icated CR tune that is consistent with the tuning used in the CR1 and 
CR2 samples [51,52].

The effects of using different parton shower and hadronisation mod
els are evaluated using a sample produced with Powheg interfaced to 
Herwig 7.2.1 [53--56] using the default set of tuned parameters and the 
MMHT2014lo [57] PDF set. The settings in Powheg are the same as 
in the nominal sample.

Two further 𝑡𝑡 samples are used to test the robustness of the fit 
model. One sample is simulated using the same setup as the nominal 
sample, except for having the early resonance decay parameter set such 
that resonance decays can occur before CR happens in the simulation. 
The other 𝑡𝑡 sample is simulated with the Sherpa 2.2.12 [58] gener
ator using MEs at NLO in QCD for up to two partons, and at LO in 
QCD for up to four partons calculated with the Comix [59] and Open
Loops [60--62] libraries. They were matched with the Sherpa parton 
shower [63] using the MEPS@NLO prescription [64--67] and a dedi
cated set of tuned parton-shower parameters developed by the Sherpa 
authors. The NNPDF3.0nnlo [46] set of PDFs was used.

All 𝑡𝑡 samples are normalised to the 𝑚𝑡-dependent cross-section pre
diction at next-to-next-to-leading-order (NNLO) in QCD, including a 
resummation of next-to-next-to-leading logarithmic (NNLL) soft-gluon 
terms. Top++2.0 yields 𝜎𝑡𝑡 = 832+20−29(scale)

+35
−35(PDF + 𝛼𝑆 ) pb for 𝑚𝑡 =

172.5 GeV [68--74].
Backgrounds to the signal process including the decay of at least one 

𝑊 or 𝑍 boson into leptons are simulated using MC samples. Top quark 
production in association with a 𝑊 boson (𝑡𝑊 ) and single-top-quark 
(single-top) production via the 𝑠-channel are modelled using the same 
setup as the nominal 𝑡𝑡 sample, using the fiveflavour scheme. The dia
gram removal scheme [75] was used to remove interference and overlap 
between 𝑡𝑊 and 𝑡𝑡 production. An alternative sample is simulated using 
the diagram subtraction scheme [47,75] to evaluate the uncertainty due 
to the choice of the interference treatment scheme. Another alternative 
sample is generated with Powheg interfaced to Herwig 7.04 [53,54] to 
test the impact of a different parton shower and hadronisation model in 
𝑡𝑊 production. Single-top 𝑡-channel production is modelled in an iden
tical way to 𝑡𝑊 and 𝑠-channel production, but using the fourflavour 
scheme in the PDF set [76]. All single-top samples are normalised us
ing cross-section predictions at higher orders, at NNLO in QCD for the 
𝑠-channel and 𝑡-channel [77] and at NLO+NNLL in QCD for the 𝑡𝑊
process [78].

The production of 𝑡𝑡 𝑉 events, where 𝑉 represents a 𝑊 or 𝑍 boson, is 
modelled at NLO in QCD using the MadGraph5_aMC@NLO 2.3.3 [79] 
generator with the NNPDF3.0nlo PDF set. The events were interfaced 
to Pythia 8.210 using the A14 tune and the NNPDF2.3lo PDF set. 
The production of 𝑡𝑡𝐻 events is modelled using the same generator 
setup as the nominal 𝑡𝑡 sample. The 𝑡𝑡𝑊 sample was normalised to a 
cross-section calculated at NNLO in QCD, including NLO electroweak 
corrections [80], whereas the 𝑡𝑡𝑍 and 𝑡𝑡𝐻 samples were normalised 

to cross-sections calculated at NLO in both the strong and electroweak 
couplings [81].

The production of 𝑉 +jets is simulated with the Sherpa 2.2.1 [58] 
generator in an identical way to the 𝑡𝑡 sample simulated using Sherpa. 
The samples were normalised to a NNLO prediction in QCD [82].

Samples of diboson final states (𝑉 𝑉 ) are simulated with the 
Sherpa 2.2.1 or 2.2.2 [58] generator depending on the process, us
ing MEs at NLO in QCD for up to one additional parton and at LO in 
QCD for up to three additional parton emissions. Samples for the loop
induced processes 𝑔𝑔 → 𝑉 𝑉 were simulated using LO-accurate ME for 
up to one additional parton emission. The ME calculations were matched 
and merged with the Sherpa parton shower as in the 𝑉 +jets samples. 
The samples also use the same set of PDFs and dedicated set of tuned
parameters.

All simulated samples other than those generated with Sherpa use 
the EvtGen program [83] to simulate the decays of bottom and charm 
hadrons. Most of the samples use version 1.6.0 of the program. The al
ternative 𝑡𝑡 samples used to probe the FSR and the parton shower and 
hadronisation uncertainties use version 1.7.0 and the 𝑡𝑡𝑊 and 𝑡𝑡𝑍 sam
ples are produced using version 1.2.0.

The QCD multijet background refers to events originating from pro
cesses that do not involve leptons produced by 𝑊 , 𝑍 or Higgs boson 
decays. It is estimated by using the data-driven ‘Matrix method’ [22,84], 
in which a selection of events in data with looser identification and 
isolation lepton requirements is used along with measurements of the 
probability of leptons to satisfy the nominal selection requirements.

3. Event reconstruction and selection

Electron candidates are identified by matching energy deposits in 
the electromagnetic calorimeter with a corresponding track in the in
ner tracking detector. They must have 𝑝T > 27 GeV and |𝜂| < 2.47, 
excluding candidates with 1.37 < |𝜂| < 1.52. They must also satisfy the 
‘Tight’ identification and isolation requirements discussed in Ref. [85]. 
Muon candidates are reconstructed by combining a track in the inner 
tracking detector with either a track or hits in the muon spectrometer. 
They are required to have 𝑝T > 27 GeV, |𝜂| < 2.5, satisfy the ‘Medium’ 
identification requirements and the ‘Tight’ isolation requirements [86]. 
The transverse momenta requirements on the leptons are chosen to be 
slightly above the single-lepton trigger thresholds. Corrections are ap
plied to the simulation to bring the efficiency of lepton reconstruction 
and identification in agreement with the data and to correct the energy 
(momentum) scale and resolution of electrons (muons).

The anti-𝑘𝑡 clustering algorithm [87,88] is used to reconstruct jets 
with radius parameter 𝑅 = 0.4 using particle flow objects, utilising both 
track and calorimeter information [89]. The energy scale of jets is cali
brated using both simulation and data [21] and selected jets must have 
𝑝T > 26 GeV and |𝜂| < 2.5. Corrections are also applied to the simulation 
to bring the jet energy resolution in simulation into agreement with the 
jet energy resolution measured in data [21]. For jets with 𝑝T < 60 GeV
and |𝜂| < 2.4, a threshold placed on the output of the multivariate jet
vertex tagger (JVT) must be satisfied to remove jets originating from 
pileup [90]. Overlap removal criteria are applied to avoid double count
ing energy between leptons and jets, as discussed in Ref. [22]. Jets 
including 𝑏-hadrons (𝑏-jets) are identified using the DL1r multivariate 
𝑏-tagging algorithm [91], where the chosen working point corresponds 
to an efficiency of 77% per 𝑏-jet, and rejection factors of 170 and 5 
for lightflavour (𝑢, 𝑑, 𝑠) jets and jets initiated by 𝑐-quarks, respectively. 
Reconstructed jets satisfying this working point are referred to as 𝑏
tagged jets. Measurements of the efficiency of the 𝑏-tagging algorithm 
are used to adjust the simulation to match the performance measured 
in data [92--94].

To reconstruct the hadronic decay of boosted (𝑝T ≳ 2𝑚𝑡) top quarks, 
the anti-𝑘𝑡 algorithm is used to form large-𝑅 jets with radius param
eter 𝑅 = 1.0 using as input selected 𝑅 = 0.4 (small-𝑅) jets with 
𝑝T > 30 GeV [20]. A trimming procedure [20,22,95] is applied to the 
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large-𝑅 jets to remove constituent jets likely to originate entirely from 
pileup. The four-momenta of large-𝑅 jets are calculated from the sum 
of four-momenta of the constituent jets, allowing the jet energy scale of 
the small-𝑅 jets to be propagated to the large-𝑅 jets. To ensure that the 
large-𝑅 jet corresponds to the hadronic decay of a boosted top quark it 
must have 𝑝T > 355 GeV, |𝜂| < 2.0, contain at least two jet constituents 
where at least one must be a 𝑏-tagged jet, and have an invariant mass 
in the range of 120 < 𝑚𝐽 < 220 GeV. In cases where events have more 
than one reconstructed large-𝑅 jet that satisfies these criteria, the one 
with highest 𝑝T is associated with the boosted top-quark decay, and is 
referred to as the ‘top-jet’. The missing transverse momentum, with mag
nitude 𝐸miss

T , is reconstructed based on the negative vector sum of the 
momentum of the calibrated leptons, small-𝑅 jets with 𝑝T above 20 GeV
(30 GeV) for |𝜂| < 2.5 (|𝜂| > 2.5) and the soft radiation term [96].

Selected events must have one top-jet (𝐽 ), at least one 𝑏-tagged jet 
not associated with the top-jet, and exactly one lepton candidate. The se
lected lepton must match the lepton reconstructed by the trigger within 
Δ𝑅 < 0.15 [29,30]. A requirement of Δ𝑅(𝑒, 𝐽 ) > 1.0 ensures that the 
top-jet is not originating from a high-𝑝T electron. Additionally, the lep
ton is required to be close to a 𝑏-tagged jet not associated with the 
top-jet, Δ𝑅(𝓁, 𝑏) < 2.0. A requirement that the invariant mass of the 
lepton and the closest 𝑏-tagged jet satisfying the former selection must 
be less than 180 GeV is applied to reject events originating from 𝑡𝑊
single-top production while retaining on-shell 𝑡𝑡 signal events [97]. The 
contribution from the multijet background is reduced by requiring that 
events have 𝐸miss

T > 20 GeV and 𝐸miss
T +𝑚𝑊

T > 60 GeV, where 𝑚𝑊
T is the 

transverse mass of the 𝑊 boson.3 These requirements ensure that the 
events have the expected boosted topology.

4. Systematic uncertainties

Many systematic uncertainties affect the measurement of 𝑚𝑡 and are 
described below. Systematic uncertainties are found to have approxi
mately symmetric effects on the observables used in this Letter and are 
explicitly symmetrised as follows. For uncertainties with separate ‘up’ 
and ‘down’ variations, the symmetric effect is obtained from the aver
age of the two variations. For systematic uncertainties where there is 
only one variation, this is taken as the ‘up’ variation and the effect is 
mirrored to obtain the ‘down’ variation. Before measuring 𝑚𝑡 , all sys
tematic uncertainties are assumed to be uncorrelated with one another. 
The impact of the uncertainties on the measurement is discussed in Sec
tion 6.

The uncertainty in the integrated luminosity is 0.83% [32] and is 
applied to all processes other than the QCD multijet background. The 
reweighting of the simulation to match the pileup distribution in data 
involves rescaling the average number of interactions per bunch crossing 
to achieve improved agreement between data and simulation for the 
observed number of primary vertices. The uncertainty in this rescaling 
is propagated to the reweighting factors to estimate the uncertainty due 
to pileup.

Electrons and muons have uncertainties associated with the effi
ciency for the reconstruction, identification and isolation requirements, 
all derived from studies using 𝑍 → 𝑒𝑒 and 𝑍 → 𝜇𝜇 events [85,86]. Sim
ilar studies give the uncertainties in the trigger efficiencies [29,30]. Un
certainties corresponding to the electron and muon energy/momentum 
scales and resolutions are evaluated using resonance decays [98,99].

Uncertainties in the jet energy scale (JES) are evaluated using 35 in
dependent variations in the jet energies that parametrise the uncertain
ties in the JES of 𝑅 = 0.4 particle flow jets [21,23,24], which are prop
agated through to the large-𝑅 jets. Included are six variations related 

3 𝑚𝑊
T = 

√
2𝑝𝓁T𝐸

miss
T (1 − cosΔ𝜙) where 𝑝𝓁T is the transverse momentum of 

the lepton and Δ𝜙 is the difference in azimuthal angle between the lepton and 
missing transverse momentum.

to the flavour of the jets. Three variations relate to the response differ
ence between lightflavour quark- and gluon-initiated jets and three for 
the response of heavyflavour (𝑐, 𝑏) quark-initiated jets [23,24]. The to
tal flavour response uncertainty on 𝑏-quark-initiated jets is 1.2% (0.3%) 
at 𝑝T = 30(100) GeV. This is an improved treatment relative to previous 
ATLAS 𝑚𝑡 measurements and reduces the impact of flavour uncertainties 
in the measurement. The remaining variations correspond to the uncer
tainties from the in situ calibration and from the impact of pileup on 
the jets. Previous studies have shown that propagating the 𝑅 = 0.4 JES 
uncertainties to large-𝑅 reclustered jets provides an accurate model of 
the large-𝑅 jet energy and mass scales [100,101]. In the remainder of 
the Letter, the heavyflavour (HF) JES uncertainties are presented sep
arately to the other JES uncertainties, as these are not expected to be 
constrained in the fit. Uncertainties in the jet energy resolution (JER) 
are evaluated using 13 independent variations that reflect the uncertain
ties in the measurements of the JER [21] and these are propagated to 
the large-𝑅 jets. An uncertainty in the efficiency of the JVT requirement 
on jets for pileup suppression is also included.

Uncertainties corresponding to the performance calibrations of the 
𝑏-tagging algorithm in data are propagated by varying the efficiency cor
rections associated with the 𝑏-tagging [92--94]. This uncertainty model 
includes nine / four / four independent variations for the 𝑏 / 𝑐 / light-jet 
calibrations, respectively, and two components for the extrapolation to 
high-𝑝T jets.

Uncertainties in the 𝐸miss
T arise from potential mismodelling of the 

tracks in the soft term. Three variations for the uncertainty in the scale 
and resolution of the 𝐸miss

T soft term are included. Furthermore, the 
uncertainties in the energy scales and resolutions of the leptons and jets 
are propagated to the 𝐸miss

T .
The modelling of 𝑡𝑡 events is a complex process and several system

atic uncertainties are included to reflect the corresponding uncertain
ties. These are assessed by either reweighting the nominal 𝑡𝑡 sample or 
by using the alternative 𝑡𝑡 samples described in Section 2. The uncer
tainty due to missing higher-order corrections is covered by separately 
varying 𝜇r and 𝜇f in the ME calculation by factors of 0.5 and 2.0. 
The 𝑝T distribution of the top quarks is known to be softer in data 
than the nominal 𝑡𝑡 prediction and better described by NNLO calcu
lations [22,102,103]. As a consequence, an additional uncertainty is 
included by reweighting the distribution of the top quark 𝑝T, and the 
𝑝T and mass distributions of the 𝑡𝑡 pair in the simulation to match the 
prediction calculated at NNLO in QCD with NLO electroweak correc
tions [104]. The uncertainty originating from the PDFs is evaluated 
using the 30 eigenvectors of the PDF4LHC PDF set [105]. Several sys
tematic variations are made to cover uncertainties in the amount of 
QCD radiation in 𝑡𝑡 events. One uncertainty component is obtained by 
reweigthting the 𝑡𝑡 sample to use the Var3c eigentune of the Pythia 8 
A14 tune, which changes the scales in the initial-state radiation (ISR) 
shower in Pythia. Another uncertainty component is derived from the 𝑡𝑡
sample with the alternative value for the ℎdamp parameter. Variations in 
the FSR are obtained using the samples with alternative values of 𝛼FSR

𝑠
. 

The change in scale is applied to all branchings in the parton shower, 
consistent with the expectation that at high 𝑝T lightflavour quarks and 
𝑏-quarks must behave in the same way. The uncertainty related to the 
matching of the NLO calculation is evaluated using the 𝑡𝑡 sample with 
the alternative 𝑝hard

T setting. Uncertainties in the parton shower and 
hadronisation model are assessed by comparing the sample generated 
with Powheg+Herwig7.2.1 with the nominal 𝑡𝑡 sample. In the sim
ulation of QCD radiation from the 𝑏-quarks produced in the top quark 
decay, there is an ambiguity in the choice of the recoil particle for gluon 
emissions after the first emission [106]. This can affect out-of-cone radi
ation for the reconstructed 𝑏-tagged jets and hence the reconstructed top 
quark mass. An uncertainty for this is assessed by using the sample with 
the alternative recoil setting in Pythia. The uncertainty from the under
lying event is assessed using the two samples generated with the VAR1 
eigentune variation. Uncertainties in the CR model are assessed by com
paring the samples with the two alternative CR models (CR1 and CR2) 
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with the CR0 sample. CR1 and CR2 are seen to have different impacts 
on the observables used in the measurement. Both models have differ
ent 𝑚𝑗𝑗 distributions to the nominal, while only CR2 is seen to have a 
different shape in 𝑚𝑡𝑗 (see Section 5 for definitions of 𝑚𝑡𝑗 and 𝑚𝑗𝑗 ). Both 
comparisons are therefore included as systematic uncertainties.

The event selection (Section 3) results in a sample dominated by 𝑡𝑡
events and hence uncertainties in the background model play a minor 
role in the measurement. The largest background is the single-top 𝑡𝑊
process. Variations of the scales in the NLO calculation and the par
ton shower are included in the same way as done for the 𝑡𝑡 sample. 
These uncertainties are assumed to be uncorrelated with the uncertain
ties in the 𝑡𝑡 sample. The uncertainty originating from the removal of 
𝑡𝑡 events from the 𝑡𝑊 sample is accounted for by comparing a sample 
with the diagram subtraction scheme [75] with the nominal sample that 
uses the diagram removal scheme. The uncertainty in the overall pro
duction rate of 3.7% for 𝑡𝑊 includes scale, PDF and 𝛼𝑠 uncertainties in 
the higher-order calculation of the cross-section. The equivalent uncer
tainties for the single-top 𝑠- and 𝑡-channel processes are 3.9% and 1.9%, 
respectively. The uncertainty in the 𝑊 +jets background is evaluated 
by modifying event weights corresponding to varying the renormali
sation and factorisation scales simultaneously by factors of 0.5 and 2.0. 
The background from processes where top-quark-top-antiquark pairs are 
produced in association with either a vector boson or the Higgs boson 
(𝑡𝑡𝑋) is dominated by the 𝑡𝑡𝑊 process. As the 𝑡𝑡𝑊 cross-section recently 
measured by ATLAS [107] is higher than the theoretical prediction by 
slightly more than the theory uncertainty, the difference between the 
measurement and the theory (18%) is used as the normalisation uncer
tainty for all the 𝑡𝑡𝑋 processes. Very few 𝑍+jets and diboson events 
satisfy the event selection and an uncertainty of 50% is used for the 
normalisation of these processes. The QCD multijet background has a 
normalisation uncertainty of 65%, following Ref. [22].

5. Definition of observables

Three observables are built using the kinematic information of 
the selected events. The first observable is the invariant mass of the 
top-jet, 𝑚𝐽 , whose mean value (𝑚𝐽 ), calculated using events with 
145 < 𝑚𝐽 < 205 GeV, is sensitive to 𝑚𝑡, as shown in Fig. 1(a).

The second observable is 𝑚𝑗𝑗 , defined as the invariant mass of the 
two non 𝑏-tagged constituent jets inside the top-jet that have the largest 
𝑝T. This observable is defined only for events where the constituents of 
the top-jet include at least two jets that are not 𝑏-tagged. In the nomi
nal 𝑡𝑡 simulation, 62% of the selected events are expected to meet this 
requirement. This observable aims at identifying the jets that originate 
from the 𝑊 → 𝑞𝑞′ decay and is sensitive to the JES. This is demonstrated 
in Fig. 1(b), which shows the expected distribution for the observable 
and for the first eigenvector component of the JES systematic uncertain
ties relating to the MC models used for the in situ JES calibration [21]. 
The expected distribution includes a clear peak corresponding to the 
𝑊 boson decay, where the 𝑊 boson mass is sufficiently well known 
such that 𝑚𝑗𝑗 can be used to constrain the JES uncertainties.

The final observable is 𝑚𝑡𝑗 , defined as the invariant mass of the semi
leptonically decaying top quark (𝑡→ 𝓁𝜈𝑏) and the closest additional jet. 
This observable is designed to select events where there is additional 
QCD radiation from the 𝑏-quark and aims at constraining the system
atic associated with the recoil in the top quark decay (see Section 4). 
The increased wide-angle radiation in the alternative recoil model re
sults in lower 𝑚𝐽 than the nominal model and this change in radiation 
pattern also results in an increase in the number of events with an ad
ditional jet close to the semi-leptonically decaying top quark, allowing 
𝑚𝑡𝑗 to control this uncertainty source. The semi-leptonically decaying 
top quark is reconstructed using the lepton, the closest 𝑏-tagged jet not 
associated with the top-jet, and the neutrino, where the missing trans
verse momentum is used to estimate 𝑝𝜈

𝑥
and 𝑝𝜈

𝑦
, while 𝑝𝜈

𝑧
is calculated 

using 𝑚(𝓁𝜈) = 𝑚𝑊 [22]. Using the subset of events (3.7% of selected 
simulated 𝑡𝑡 events) that have an additional jet that is close to this re

constructed top quark, Δ𝑅(𝑡, 𝑗) < 0.5, 𝑚𝑡𝑗 is expected to peak close to the 
top quark mass for events with additional radiation from the 𝑏-quark. 
The distribution of 𝑚𝑡𝑗 for the nominal simulation is compared with the 
one from the alternative recoil model in Fig. 1(c). The alternative model 
is found to predict more events than the nominal model, particularly 
near 𝑚𝑡𝑗 ∼ 𝑚𝑡, consistent with the expectation of increased wide-angle 
radiation.

The numbers of events satisfying the selection criteria for the data 
and the simulated signal and background processes for the three ob
servables are shown in Table 1. The observed difference between the 
number of data events and the total prediction is consistent with the pre
vious observations that the prediction from Powheg+Pythia is higher 
than the measured cross-section at high top quark 𝑝T [22,102]. The 
agreement between prediction and data improves if Powheg+Pythia is 
reweighted to match NNLO predictions [102].

6. Profile-likelihood fit and results

The mean of the invariant mass of the selected top-jet is found to 
depend linearly on 𝑚𝑡 as 𝑚𝐽 (𝑚𝑡) = 𝐴 + 𝐵 ⋅ (𝑚𝑡 − 172.5). The parame
ters 𝐴 and 𝐵 are extracted by performing a fit to combined signal and 
background templates created from the 𝑡𝑡 MC samples with different 𝑚𝑡

values and the fit is displayed in Fig. 1(a). The effect of changing 𝑚𝑡

in the single-top background was found to be negligible and is not in
cluded in the parameterisation. The 𝑚𝐽 also depends on the number of 𝑡𝑡
events (due to the background contribution) and the systematic uncer
tainties, included via the nuisance parameters (NP) 𝜽. Including these 
effects results in

𝑚𝐽 (𝑚𝑡,𝜇,𝜽)  =  𝐴+𝐵 ⋅ (𝑚𝑡 − 172.5) +𝐶 ⋅ (𝜇 − 1) +
∑
𝑠 
𝜃𝑠Δ𝑠, (1)

where 𝜇 controls the expected number of 𝑡𝑡 events and is defined such 
that 𝜇 = 1 is the SM prediction with 𝜎𝑡𝑡 = 832 pb (see Section 2). The pa
rameter 𝐶 = 0.02 GeV is determined by varying the 𝑡𝑡 cross-section by 
±10%. This small impact on the top quark mass originates from the low 
number of background events. The parameters Δ𝑠 encode the symmetric 
impact of changing each systematic uncertainty 𝑠 by one standard de
viation. The simulation confirms that all systematic uncertainties with 
a significant impact on 𝑚𝐽 have a symmetric impact on 𝑚𝐽 . Due to the 
large number of selected events, the measured value in data 𝑚𝐽

𝑑 is ex
pected to follow a Gaussian distribution (𝐺) with width 𝜎𝑚𝐽

given by 
the root-mean-square (RMS) of 𝑚𝐽 divided by the square root of the ex
pected number of events. A likelihood is constructed using 𝑚𝐽 and the 
binned distributions of 𝑚𝑗𝑗 and 𝑚𝑡𝑗 :

𝐿

(
𝑚𝐽

𝑑
,𝒏𝒎𝒋𝒋

,𝒏𝒎𝒕𝒋
|𝑚𝑡,𝜇,𝜽

)

= 𝐺
[
𝑚𝐽

𝑑 |𝑚𝐽 (𝑚𝑡,𝜇,𝜽), 𝜎𝑚𝐽

]

×
∏
𝑖 
𝑃

[
𝑛𝑚𝑗𝑗 ,𝑖

|𝜈𝑖(𝜇,𝜽)
]
×
∏
𝑘 
𝑃

[
𝑛𝑚𝑡𝑗 ,𝑘

|𝜌𝑘(𝜇,𝜽)
]

×
∏
𝑠 
𝐺
[
𝛽𝑠|𝜃𝑠,1] , (2)

where 𝜈𝑖 and 𝜌𝑘 are the expected number of events in each bin of the 
𝑚𝑗𝑗 and 𝑚𝑡𝑗 observables, respectively. The number of bins is chosen 
to achieve sufficient sensitivity to the systematic uncertainties, while 
retaining enough events in each bin to avoid issues with statistical un
certainties in the simulation. Twelve bins are used for 𝑚𝑗𝑗 and three for 
𝑚𝑡𝑗 . The large bin width for 𝑚𝑡𝑗 ensures negligible dependence on 𝑚𝑡 and 
𝑚𝑗𝑗 also has no visible dependence on 𝑚𝑡. Consequently, 𝜈𝑖 and 𝜌𝑘 de
pend on the number of 𝑡𝑡 events and the systematic uncertainties, but 
not 𝑚𝑡. The observed number of events in the bins, 𝒏𝒎𝒋𝒋

and 𝒏𝒎𝒕𝒋
act to 

constrain the impact of the systematic uncertainties on the 𝑚𝑡 measure
ment. The events contributing to 𝑚𝐽 , 𝑚𝑗𝑗 and 𝑚𝑡𝑗 are not orthogonal and 
there is a degree of statistical correlation between the observables. The 
likelihood assumes that the observables can be treated as statistically 
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Fig. 1. The dependence of 𝑚𝐽 on 𝑚𝑡 is shown in (a) where the filled pseudo-data points are built from 𝑡𝑡 samples with different values of the top quark mass and the 
nominal background prediction. For each point, 𝑚𝐽 is calculated using events in the range of 145 < 𝑚𝐽 < 205 GeV. The linear fit to the points is shown by the solid 
line and the fit parameters are also displayed in (a). (b) Comparison between the 𝑚𝑗𝑗 distribution expected for the nominal 𝑡𝑡 simulation and the simulation where 
one of the JES uncertainties is varied to ±1𝜎 and (c) 𝑚𝑡𝑗 distribution for the alternative recoil-to-top model used in the top quark decay compared with the nominal 
𝑡𝑡 prediction. The error bars show the statistical uncertainty in the MC samples.

Table 1
The observed number of data events is compared with the expectation from the signal and 
background processes for the selections for the 𝑚𝐽 , 𝑚𝑗𝑗 and 𝑚𝑡𝑗 observables. The uncertainties 
in the expectations include all systematic uncertainties described in Section 4.

Process 145 < 𝑚𝐽 < 205 GeV 60 <𝑚𝑗𝑗 < 105 GeV 150 <𝑚𝑡𝑗 < 270 GeV

𝑡𝑡 65000 ± 9500 38100 ± 5800 2340 ± 430 
Single-top 1000 ± 170 400 ± 130 50 ± 9 
𝑡𝑡𝑋 700 ± 130 360 ± 67 54 ± 10 
Multijet 400 ± 260 170 ± 110 23 ± 15 
𝑊 + jets 250 ± 100 59 ± 22 21 ± 9 
𝑍 + jets 49 ± 24 10 ± 5 5 ± 3 
Diboson 22 ± 11 5 ± 3 2 ± 1

Total prediction 67400 ± 9500 39100 ± 5800 2500 ± 430

Data 57459 32722 2312 

uncorrelated such that 𝜈𝑖 and 𝜌𝑘 follow Poisson distributions (𝑃 ). This 
assumption is validated with the test discussed in the next paragraph. 
A pruning procedure is used to remove systematic uncertainties that 
have a negligible impact on the measurement. Any systematic uncer
tainties that change the normalisation of both 𝑚𝑗𝑗 and 𝑚𝑡𝑗 by less than 
0.1% and cause the event yield in every bin of 𝑚𝑗𝑗 and 𝑚𝑡𝑗 to change by 
less than 0.01% (not including normalisation effects) are not included in 
the likelihood fit. The effect of the systematic uncertainties on the 𝑚𝑗𝑗

distribution is assumed to be smooth and hence a smoothing procedure 
is employed to remove statistical fluctuations from the systematically 
varied templates. The small number of bins means that no smoothing is 
needed for 𝑚𝑡𝑗 . The final term of Eq. (2) contains the prior constraints 
on the systematic uncertainties, defined such that the 𝛽𝑠 parameters are 
zero and the corresponding Gaussian distributions have width equal to 
one. A Poisson term is included into the likelihood for each bin in the 
𝑚𝑗𝑗 and 𝑚𝑡𝑗 distributions to account for statistical uncertainties in the 
MC simulation; these terms are not displayed in Eq. (2). The top quark 
mass and its uncertainty are finally extracted from the profile-likelihood 
ratio [108]:

𝜆(𝑚𝑡) =
𝐿

(
𝑚𝐽

𝑑
,𝒏𝒎𝒋𝒋

,𝒏𝒎𝒕𝒋
|𝑚𝑡,

̂̂𝜇,
̂̂
𝜽
)

𝐿

(
𝑚𝐽

𝑑
,𝒏𝒎𝒋𝒋

,𝒏𝒎𝒕𝒋
|𝑚̂𝑡, 𝜇̂, 𝜽̂

) , (3)

where 𝑚̂𝑡, 𝜇̂, 𝜽̂ are the parameters that maximise the likelihood and ̂̂𝜇, ̂̂𝜽
maximise the likelihood for the given value of 𝑚𝑡.

The performance of the likelihood fit is evaluated before examining 
the data. The assumption that the observables can be treated as un
correlated is tested by performing pseudo-experiments that reflect the 

statistical uncertainty and include the statistical correlation between the 
observables. Each pseudo-experiment is fitted in turn and the RMS of the 
fitted 𝑚𝑡 values is found to agree with the results of pseudo-experiments 
that ignore the correlations. The mean of the pseudo-experiments is also 
found to agree with the input 𝑚𝑡. The linearity is tested by injecting 
pseudo-data into the fit corresponding to the expectation from using 
combined signal and background samples created from the 𝑡𝑡 MC sam
ples with different 𝑚𝑡 values. This test probes whether the 𝑚𝑗𝑗 and 𝑚𝑡𝑗

distributions can be treated as independent from 𝑚𝑡 and the validity of 
neglecting the dependence of the background on 𝑚𝑡 . The fit linearity is 
found to be excellent and a residual fit closure uncertainty of 0.07 GeV
is assigned to cover deviations from perfect linearity.

The inclusion of 𝑚𝑗𝑗 and 𝑚𝑡𝑗 in the fit improves the total expected 
uncertainty from 1.7 GeV to 0.51 GeV for 𝑚𝑡 = 172.5 GeV. The largest 
improvement comes from the reduction of the total JES uncertainty from 
1.4 GeV to 0.26 GeV. The inclusion of the 𝑚𝑗𝑗 distribution also reduces 
the impact of the ISR and FSR uncertainties on the measurement, where 
the expected uncertainty contribution reduces from 0.82 GeV in a fit 
with only 𝑚𝐽 to 0.14 GeV in the full fit. The inclusion of the 𝑚𝑡𝑗 distri
bution reduces the recoil systematic uncertainty from 0.36 GeV in a fit 
with 𝑚𝐽 and 𝑚𝑗𝑗 to 0.08 GeV in the full fit. The inclusion of 𝑚𝑗𝑗 and 𝑚𝑡𝑗

increases the statistical uncertainty in 𝑚𝑡 from 0.11 GeV to 0.25 GeV, 
but this increase is more than compensated by the reduction of the total 
systematic uncertainty in 𝑚𝑡 from 1.7 GeV to 0.44 GeV. The robustness 
of the fit model to 𝑡𝑡 modelling uncertainties is tested by fitting pseudo
data created from the nominal background expectation and either the 
Sherpa 𝑡𝑡 sample or the Powheg+Pythia 𝑡𝑡 sample with the alter
native early resonance decay setting (see Section 2). In each case, the 
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Fig. 2. The pre and postfit expectations for the 𝑚𝑗𝑗 and 𝑚𝑡𝑗 distributions are compared with the data. For the prefit case, the 𝑡𝑡 sample corresponds to 𝑚𝑡 = 172.5 GeV
and is scaled to 𝜇 = 0.856, which is the ratio of data to theory found in the previous ATLAS cross-section measurement [22]. There is no uncertainty in the prefit 
value of 𝜇. The uncertainty band represents the total uncertainty in the model and is significantly reduced after the fit. The bottom panel reflects the agreement 
between the data and total prediction, where the error bars show the statistical uncertainty of the data. This includes the systematic and MC statistical uncertainties 
and for the postfit case it also includes the uncertainty on 𝜇.

fit returns 𝑚𝑡 with a bias smaller than 0.08 GeV, which is significantly 
smaller than the total expected modelling uncertainty in the measure
ment (0.27 GeV). This demonstrates the fit is able to adjust to 𝑡𝑡 MC 
models that are not directly included in the fit model as systematic un
certainties.

The use of the 𝑚𝐽 , rather than the full distribution of 𝑚𝐽 means that 
the pulls and constraints on the NP could be examined by performing a 
fit to data using only 𝑚𝑗𝑗 and 𝑚𝑡𝑗 . The full fit adds one additional ob
servable and one free parameter, meaning the fitted values of the NPs 
do not change when 𝑚𝐽 is added to the fit of 𝑚𝑗𝑗 and 𝑚𝑡𝑗 . The value of 
𝑚𝐽 in data was blinded with a random offset until the full fit model was 
finalised. The prefit distributions for 𝑚𝑗𝑗 and 𝑚𝑡𝑗 are compared with 
the data in Figs. 2(a) and 2(b) and the corresponding postfit distribu
tions are shown in Figs. 2(c) and 2(d). The 𝑡𝑡 normalisation factor is 
found to be 𝜇 = 0.87 ± 0.09, in good agreement with the results of the 
dedicated cross-section measurement [22]. The model is seen to pro
vide a good description of the data, with a goodness-offit probability of 
0.36 obtained using the saturated model [109] and the fit improves the 
agreement in the shape of the observables. The fitted values for the NPs 
with the largest contributions to the total uncertainty 𝑚𝑡 are displayed in 
Fig. 3. No pulls beyond one standard deviation are observed, while some 
NPs are constrained, indicating the fit provides valuable information 
about the systematic uncertainties. The parton shower and hadronisa
tion systematic uncertainty has a large effect on the 𝑚𝑗𝑗 distribution, 
which results in a significant constraint on the corresponding NP. As 
this uncertainty encompasses more than one physics effect, propagat
ing the constraint from 𝑚𝑗𝑗 to 𝑚𝐽 and 𝑚𝑡𝑗 is avoided by decorrelating 

Fig. 3. The contribution of individual NPs, 𝜃, to the total uncertainty in 𝑚𝑡 is 
shown by the coloured bars and can be read off using the upper 𝑥-axis. The red 
(blue) coloured bars represent NPs that have a positive (negative) correlation 
with 𝑚𝑡 and only NPs that have a contribution to the uncertainty in 𝑚𝑡 of more 
than 0.05 GeV are shown. The fitted values and postfit uncertainties for these 
NPs are shown by the points, which refer to the lower 𝑥-axis. All modelling 
uncertainties displayed in the figure correspond to uncertainties in the 𝑡𝑡 process.
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Fig. 4. The distributions of (a) the 𝑝T of the second-leading constituent inside the top-jet, (b) the Δ𝜙 between the second-leading additional jet and top-jet (for events 
including at least two additional jets), and (c) the selected lepton 𝑝T are compared with the prediction of the postfit model. These distributions do not include the 
overflow of events that can satisfy the event selection of Section 3. The uncertainty band includes the effect of the systematic uncertainties, including the postfit 
correlations and constraints. The bottom panel reflects the agreement between the data and total prediction, where the error bars show the statistical uncertainty of 
the data. Values of 𝜒2 and the number of degrees of freedom (ndf) are provided for each distribution.

Fig. 5. The (a) prefit and (b) postfit expectations for the 𝑚𝐽 distribution are compared with the data. The fit does not contain the distribution of 𝑚𝐽 , but only the 
value of 𝑚𝐽 . The distribution is shown to illustrate the agreement between data and prediction. For the prefit case, the 𝑡𝑡 sample corresponds to 𝑚𝑡 = 172.5 GeV and 
is scaled to 𝜇 = 0.856, which is the ratio of data to theory found in the previous ATLAS cross-section measurement [22]. There is no uncertainty in the prefit value 
of 𝜇 or 𝑚𝑡. The uncertainty band represents the total uncertainty in the model and is significantly reduced after the fit. The bottom panel reflects the agreement 
between the data and total prediction, where the error bars show the statistical uncertainty of the data. This includes the systematic and MC statistical uncertainties 
and for the postfit case it also includes the uncertainty in 𝜇 and 𝑚𝑡.

this systematic uncertainty between the observables. The postfit values 
for this systematic uncertainty for the three observables all agree with 
each other, indicating that the nominal model based on Pythia agrees 
consistently with data across all three observables. The central value of 
𝑚𝑡 is stable with respect to this choice, changing from the nominal re
sult by 0.06 GeV if the fit is performed with a single correlated parton 
shower and hadronisation NP. The recoil NP is constrained due to the 
inclusion of the 𝑚𝑡𝑗 distribution. The fitted value is found to be in excel
lent agreement with the model in the nominal Pythia sample and the 
uncertainty in the NP is significantly reduced in the fit. Moderate pulls 
and constraints are obtained on several NPs associated with JES uncer
tainties, which is expected as 𝑚𝑗𝑗 is directly sensitive to the JES. The 
NP for FSR is also constrained, which is expected as this physics effect 
causes changes in the shape of the 𝑚𝑗𝑗 distribution.

To validate the robustness of the fit, the constrained model is prop
agated to control observables that are not strongly correlated with 𝑚𝐽 , 
𝑚𝑗𝑗 or 𝑚𝑡𝑗 . Three example distributions, the 𝑝T of the second-leading 
constituent inside the top-jet, the Δ𝜙 between the second-leading addi
tional jet and top-jet (for events including at least two additional jets), 

and the 𝑝T of the selected lepton, are shown in Fig. 4. The 𝑝T of the 
lepton and the second-leading constituent inside the top-jet probe the 
modelling of the semi-leptonically decaying top quark and the top-jet, 
respectively, and the Δ𝜙 variable probes the modelling of the parton 
shower by considering the second additional jet. A 𝜒2 test is performed 
between the data and the model for each observable, where the covari
ance matrix includes the effect of the constrained systematic uncertain
ties. Good agreement is observed between the constrained model and the 
data; all tested observables have 𝑝-values greater than 0.19. The stabil
ity of the result is tested by splitting the data used in the 𝑚𝐽 observable 
into two in three different ways: according to the data taking period 
(2015--2017, 2018), the lepton flavour or the number of constituent jets 
inside the top-jet. In each case, a fit to data is performed with two 𝑚𝑡

parameters and the fitted values are found to be consistent within one 
standard deviation, accounting for correlations in the statistical test.

The mean of the top-jet mass in data is observed to be 172.46 GeV and 
the profile-likelihood fit gives 𝑚𝑡 = 172.95 ± 0.53 GeV. To visualise the 
agreement between data and expectation, the fit model is propagated 
to the binned distribution of 𝑚𝐽 and the pre- and postfit predictions 
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Table 2
Grouped breakdown of the uncertainty sources contributing 
to the total uncertainty in 𝑚𝑡. Each group’s contribution is 
equal to the sum in quadrature of the individual uncertainty 
contributions. ‘Radiation’ refers to the sources relating to 
the modelling of ISR and FSR for 𝑡𝑡 events. Those associated 
with ISR are the setting of ℎdamp and the use of the Var3c 
eigentune of the Pythia 8 A14 tune. ‘Higher-order correc
tions’ refers to sources relating to the 𝜇f and 𝜇r scales and 
the NNLO reweighting. Systematic uncertainties related to 
the modelling of background processes are contained within 
the ‘Background modelling’ group.

Source Uncertainty [GeV]

JES ± 0.29 
Radiation (ISR and FSR) ± 0.17 
Colour reconnection (CR1 and CR2) ± 0.15 
JES heavy flavour ± 0.14 
Parton shower and hadronisation model ± 0.14 
JER ± 0.10 
MC statistics ± 0.08 
Underlying event ± 0.08 
Recoil ± 0.07 
Fit closure ± 0.07 
Background modelling ± 0.05 
Matrix element matching (𝑝hardT = 1) ± 0.04 
𝑏-tagging ± 0.04 
Higher-order corrections ± 0.02 
𝐸miss

T ± 0.02 
Pileup ± 0.01 
JVT ± 0.01 
PDF ± 0.01 
Leptons ± 0.01 
Luminosity < 0.01

Total statistical ± 0.27 
Total systematic ± 0.46

Total ± 0.53 

are compared with the data in Fig. 5. The total uncertainty is slightly 
larger than expected (0.51 GeV) mainly due to the observed number 
of events being smaller than the expected number. The breakdown of 
the uncertainties in different categories is shown in Table 2, where the 
contribution of each systematic uncertainty is extracted from the co
variance matrix of the fit [110] and the total uncertainty per-category 
is the sum in quadrature of the effect of each uncertainty in the category. 
The statistical uncertainty is then calculated from the quadratic differ
ence between the total uncertainty and the total systematic uncertainty 
(which itself is the sum in quadrature of every systematic uncertainty). 
The contributions to the total systematic uncertainty from experimental 
and theoretical sources are quite similar (0.36 and 0.28 GeV, respec
tively) and the uncertainty category with the largest impact is the JES. 
The flavour uncertainties for the JES are reduced compared with previ
ous ATLAS measurements thanks to the improved uncertainty treatment 
detailed in Refs. [23,24]. The impact of the most important individual 
systematic uncertainties is shown in Fig. 3. Several aspects of the simu
lation of 𝑡𝑡 events are important systematic uncertainties, including the 
CR model, the parton shower and hadronisation model and the mod
elling of additional radiation.

A comparison of this result with other 𝑚𝑡 measurements is shown 
in Fig. 6. This new measurement is found to be in excellent agreement 
with previous ATLAS measurements, the ATLAS+CMS Run 1 combina
tion [11] and the CMS measurement using boosted top quarks [19], 
while it is 1.2 GeV higher than the most precise CMS measurement 
performed with Run 2 data [16]. Precisely quantifying the level of agree
ment between the results displayed in Fig. 6 requires a detailed estimate 
of the correlation between each pair of measurements, which is beyond 
the scope of this Letter.

7. Conclusion

The top quark mass is measured using 𝑡𝑡 events in the lepton-plus
jets decay channel where the hadronically decaying top quark has high 
transverse momentum. The dataset used corresponds to 140 fb−1 of 
𝑝𝑝 collisions at 13 TeV recorded with the ATLAS detector at the LHC. 
The boosted hadronically decaying top quark is reconstructed as a large
radius jet and the mean of the invariant mass of the jet is chosen as 
the observable with high sensitivity to the top quark mass. Additional 
observables, 𝑚𝑗𝑗 and 𝑚𝑡𝑗 , are included into the likelihood fit to reduce 
the impact of the systematic uncertainties, in particular those associated 
with the jet energy scale and the modelling of the recoil in the top quark 
decay. The top quark mass is measured to be 𝑚𝑡 = 172.95 ± 0.53 GeV, 
which represents a significant improvement on all previous individual 
ATLAS measurements and is in good agreement with other top quark 
mass measurements. The measurement also achieves an improved pre
cision compared to previous measurements in events with boosted top 
quarks made by the CMS Collaboration. The largest systematic uncer
tainties stem from the understanding of the jet energy scale and the 
modelling of 𝑡𝑡 events. The measurement has a non-negligible statistical 
uncertainty, which indicates that future measurements in the boosted 
phase space with larger LHC datasets could reach an improved preci
sion.
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