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1 Introduction

In quantum chromodynamics (QCD), the theory of strong interactions, the quarks and gluons carry colour
charge. Because of the confinement properties of QCD, they cannot be detected directly but instead form
collimated sprays of hadrons, called jets. Jets are produced abundantly at the Large Hadron Collider
(LHC) [1] and are an important signature for many processes. The measurement of the jet energy plays a
vital role in all jet-based analyses with the ATLAS detector, with the uncertainty in the energy calibrations
often being one of the largest uncertainties in precision measurements [2—6].

In ATLAS, the jet energy is evaluated through a series of corrections starting from the correction to
the energy of the individual jet’s constituents [7—11]. The calibration of the average jet transverse
momentum (pr) is called the ‘jet energy scale’ (JES) and the calibration of the pt resolution is called
the ‘jet energy resolution’ (JER). The jet energy corrections are based on Monte Carlo (MC) simulations
modelling the detector response and on assessing in situ how well the MC simulations describe data.
The corrections ensure that the reconstructed jet pt equals, on average, the pt of the corresponding
particle-level jet, i.e. the event generator output after the hadronisation and before the detector simulation.
Several effects are corrected including the non-compensating nature of the ATLAS calorimeter (i.e. a
lower response to hadrons than to electrons or photons), energy deposits outside jets and energy losses in
dead material before and in-between the calorimeters. The jet response is usually expressed as a function
of variables, such as the energy fraction in the hadronic calorimeter or the number of charged-particle
tracks associated to a jet, that are sensitive to jet fragmentation.

A subsequent set of in situ jet calibrations are applied to ensure that the jet pt evaluated in data matches the
simulation. These corrections are obtained by exploiting the pr-balance in certain event topologies where
the jet recoils against a well-measured object like a photon or a Z boson decaying into electron or muon
pairs (Z/y+jet), dijet or multijet events, and by comparing the pr-balance in simulation with that in data.

The ‘Z/y+jet’ method was also used for JER measurement in previous ATLAS calibrations [7]. Currently,
ATLAS JER measurements rely on two methods. Firstly, the ‘dijet-balance’ method [10], where the scalar
balance of the pr of the jets in dijet events, is exploited. Secondly, the ‘random cones’ technique [10], in
which energy deposits in the calorimeter are summed in circular areas analogous to the jet area for anti-k;
jets [12], providing the best precision for low pr jets.

This paper focuses on a new technique to improve the current in situ calibration for the JES and JER by
measuring jets in top-quark pair-production (¢f) events, where one of the top-quark decays includes a lepton
from the W boson (semileptonic ¢f events). Semileptonic ¢f events are chosen due to the presence of a
hadronically decaying W boson whose lineshape distribution is sensitive to JES and JER. Additionally,
semileptonic ¢f events contain a high-momentum charged lepton that provides a clear signal for the trigger
to accept the events. Finally, the ¢7 production cross-section is large at the LHC and the decay products
provide a signature with an isolated lepton and b-jet in the final state that leads to an experimental signature
with minimal background. The ATLAS Collaboration previously used ¢7 events as a cross-check of the JES
calibration [13]. Moreover, several top-quark mass measurements performed by the ATLAS Collaboration
exploited the W-boson lineshape distribution to control the JES uncertainties [5, 14, 15], demonstrating the
potential of W-boson mass distribution as a powerful probe of the jet response. However, the obtained
corrections to the JES in the previous top-quark mass measurements are not universal and cannot be
generalised to other final states and selections.

This paper presents a measurement of the correction factors between simulation and data for the JES and
the JER, targeting jets clustered with the anti-k, algorithm with a radius parameter R = 0.4 using the



proton—proton collision data collected by the ATLAS detector in Run 2, i.e. between the years 2015 and
2018 at a centre-of-mass energy of v/s = 13 TeV and, separately, for data collected in Run 3 in the years
2022 and 2023 at /s = 13.6 TeV.

The forward-folding formula [16] is applied to individual jets to generate templates representing different
JES or JER assumptions. The two jets originating from the hadronically decaying W boson are identified and
the templates for the invariant mass of the two jets are constructed. Only central jets in the pseudorapidity
region of |n| < 0.8 are considered to facilitate the future combination with other in sifu measurements. A
likelihood fit of the generated templates to the observed data is performed to find the optimal values for the
JES and JER parameters together with their uncertainties.

2 ATLAS detector

The ATLAS detector [17, 18] at the LHC covers nearly the entire solid angle around the collision point.
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 of |5| < 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).
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 |r7| = 2.0. The TRT also provides 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 || < 4.9. Within the region |n| < 3.2,
electromagnetic calorimetry is provided by barrel and endcap high-granularity lead/liquid-argon (LAr)
calorimeters, with an additional thin LAr presampler covering || < 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 || < 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 || < 2.7. These
were complemented in the innermost layer of the endcap region by cathode-strip chambers in Run 2,
which were replaced in Run 3 by layers of small-strip thin-gap chambers and Micromegas chambers, both
providing precision tracking in the region 1.3 < || < 2.7. The muon trigger system covers the range

' 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, ¢) are used in the transverse plane, ¢ being the azimuthal angle around the z-axis. The pseudorapidity is
E+p:

defined in terms of the polar angle 6 as n = —Intan(6/2) and is equal to the rapidity y = % In (E_—pz) in the relativistic limit.

Angular distance is measured in units of AR = +/(Ay)? + (A¢)2.



|n| < 2.4 with resistive-plate chambers in the barrel region, thin-gap chambers in the endcap regions,
and, in Run 3, the small-strip thin-gap chambers and Micromegas chambers in the innermost layer of the
endcap.

The Iuminosity is measured mainly by the LUCID-2 detector [19] that records Cherenkov light produced
in the quartz windows of photomultipliers located close to the beampipe.

Events were 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 [20, 21]. The first-level
trigger accepted events from the 40 MHz bunch crossings at a rate close to 100 kHz, which the high-level
trigger further reduced in order to record complete events to disk at about 1.25 kHz and 3 kHz in Run 2 and
Run 3, respectively.

The Run 3 detector configuration benefits from several upgrades compared with that of Run 2 to maintain
high detector performance at the higher pile-up levels of Run 3. The improvements include a new innermost
layer of the muon spectrometer in the endcap region, which provides higher redundancy and a large
reduction in fake muon triggers. The trigger system also benefits from new digital electronics readout
of the LAr calorimeters with significantly increased granularity. Other updates and further details are
provided in Ref. [18].

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 Monte Carlo samples

This analysis uses two data samples collected by ATLAS. Only events recorded when LHC beams were
stable and all ATLAS detector systems were operational are selected [23]. The first sample consists of the
full LHC Run 2 data collected in 13 TeV proton—proton (p p) collisions during 2015-2018, corresponding
to an integrated luminosity of 140 fb~! [24]. The second consists of LHC Run 3 pp data collected during
2022 and 2023, corresponding to an integrated luminosity of 52 fb~!. The uncertainty in the total integrated
luminosity is 0.83% for the Run 2 data-taking and 2% for the Run 3 data-taking [24, 25]. The mean average
number of interactions per bunch crossing was 33.7 for Run 2 and 42.5 and 51.2 during Run 3 data-taking
in 2022 and 2023 respectively.

Only data events selected by the single-electron or single-muon trigger [26, 27] are used in the presented
analysis. The electron trigger reached the efficiency plateau region for electrons with reconstructed
pt > 25 GeV in 2015 and for pt > 27 GeV in 2016-2023. The corresponding thresholds for the muon
trigger were 21 GeV in 2015, 27 GeV in 2016-2018 and 25 GeV in 2022-2023.

The top-quark mass was set to m, = 172.5 GeV in all simulated processes, unless stated otherwise. The
decays of bottom and charm hadrons were performed by EvrGen 1.6.0 [28] in the Run 2 simulation and by
EvtGen 2.1.1 in the Run 3 simulation.

The production of #f events was simulated using the PowHEG Box v2 [29-32] generator at next-to-leading
order (NLO) with the NNPDF3.0NLo [33] parton distribution function (PDF) set and the /gamp parameter2

2 The hgamp parameter is a resummation damping factor and one of the parameters that controls the matching of PowHEG matrix
elements to the parton shower. It essentially regulates the high-pr radiation against which the #7 system recoils.



set to 1.5m; [34]. The tf sample was normalised to the cross-section prediction at next-to-next-to-
leading order (NNLO) in QCD including the resummation of next-to-next-to-leading-logarithmic (NNLL)
soft-gluon terms calculated using Top++ 2.0 [35-41].

The associated production of top quarks with W bosons (W) was simulated by the Pownec Box v2 [30-
32, 42] generator at NLO in QCD using the five-flavour scheme and the NNPDF3.0nLo set of PDFs.
The functional form of the renormalisation and factorisation scales was set to a dynamic scale with
u = Ht/2 = (m10p + mT,w + pT1j1)/2, Where mT,op and mt w are the transverse masses of top quark and
W boson, respectively, and ptj; is the transverse momentum of the leading jet. The diagram removal
scheme [43] was used to remove interference and overlap with ¢7 production. The inclusive cross-section
was corrected to the theory prediction calculated at NLO in QCD with NNLL soft-gluon corrections [44,
45]. The tW process dominates the contribution of the single-top processes in the analysis selection
described below.

Single-top #-channel and s-channel production was simulated using the PowHEG Box v2 [46, 47] generator at
NLO in QCD using the four-flavour (five-flavour) scheme for the #-channel (s-channel) and the corresponding
NNPDEF3.0nLo set of PDFs.

For all nominal simulated ¢7 and single-top samples, the events were interfaced to PyThia 8.230 [48] for
the Run 2 simulation and interfaced to PyTH1a 8.308 for the Run 3 simulation to model the parton shower,
hadronisation, and underlying event, with parameters set according to the A14 set of tuned parameters
(tune) [49] and using the NNPDF2.3L0 set of PDFs [50]. Several alternative MC generators are used to
estimate the uncertainty in the modelling of the ¢7 and tW events as described in Section 6.

The production of (Z/W)+jets events was simulated with the SHERPA 2.2.11 and SHERrPA 2.2.14 [51]
generators using NLO matrix elements (ME) for up to two partons, and leading-order (LO) matrix
elements for up to four (five) partons in the Run 2 (Run 3) simulation calculated with the Comix [52]
and OpenLoops [53-55] libraries. They were matched to the SHERPA parton shower [56] using the
MEPS @NLO prescription [57-60] with the set of tuned parameters developed by the SHERPA authors. The
NNPDF3.0nnLo set of PDFs [33] was used and the samples were normalised to an NNLO prediction [61].

Samples of diboson final states (VV) were simulated with SHERPA 2.2.11 or SHERPA 2.2.12 for the Run 2
simulation, and SHERPA 2.2.14 or SHERPA 2.2.16 for the Run 3 simulation, depending on the process,
including off-shell effects and Higgs boson contributions, where appropriate. Fully leptonic final states and
semileptonic final states, where one boson decays leptonically and the other hadronically, were 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.

Simulated 7 events with both W bosons decaying hadronically are used to estimate the contribution
of the fake and non-prompt lepton background. The flavour-tagging requirements with the kinematic
reconstruction presented in Section 5 significantly suppress the other sources of the fake and non-prompt
backgrounds and the contribution is expected to be dominated by the 77 events.

The effect of pile-up was modelled by overlaying [62] the simulated hard-scattering event with inelastic
pp events generated from a mix of Epos2.0.1.4 [63] and PyTtHia 8.308 [64]. The Eros events were
generated with the Epos LHC tune [65] and the PyTHia events with the A3 tune [66] and the NNPDF2.3L0
set of PDFs. PyTHia pile-up events include either a high pr jet, a prompt photon, or a lepton from a
B-hadron decay, while Epos was filtered to simulate all remaining pile-up events in the overlay sample.
The individual simulations were first reweighted to ensure a smooth connection across jet pt, then the



combination reweighted to match the distribution of the actual number of interactions per bunch crossing
measured in data.

The ATLAS detector response was simulated using the GEanT4 toolkit [67] with the full simulation of
the ATLAS detector [68] for most of the samples. For some of the systematic variations affecting the
measurement of the JES and JER correction factors, a fast detector simulation based on a parametric
description of the calorimeter showers [69] was used. The samples with fast detector simulations are
always compared only to nominal samples with the same fast detector simulations.

4 Object definitions and forward-folding method

Electrons are reconstructed from energy deposits in the electromagnetic calorimeter matched to a track
in the ID. The electrons are required to satisfy the ‘tight’ likelihood-based identification working point
and to be well isolated [70, 71]. These electrons are required to have pt > 27 GeV and || < 2.47 while
excluding the transition region between the barrel and endcap calorimeters (1.37 < || < 1.52). Muons are
reconstructed from a track in the ID and a matched track from the MS. The muons are required to satisfy
the ‘medium’ identification working point and to be well isolated [72, 73]. The muons are required to have
pt > 27 GeV and |n| < 2.5. The identification, isolation and trigger efficiencies of the electrons and muons
are corrected in simulation via scale factors to match the efficiencies measured in data [26, 27, 71].

Electron (muon) candidates are matched to the reconstructed position of the main interaction point, the
primary vertex [74], by requiring that the significance of their transverse impact parameter, dy,’ satisfies
|do/o(do)| < 5 (3), where o(dp) is the measured uncertainty in dy, and by requiring that their longitudinal
impact parameter, zo,* satisfies |z( sin 6| < 0.5 mm.

The jets are reconstructed from particle flow objects [8] using the anti-k, clustering algorithm with a radius
parameter R = 0.4, implemented in the FAsTJET software package [75]. Only jets that have pt > 15 GeV
and || < 2.5 are considered for the selection, while only jets with pt > 20 GeV and || < 0.8 are used for
the JES and JER correction measurement. To suppress jets originating from pile-up, jets with pt < 60 GeV
are required to satisfy a neural-network-based jet vertex tagger (NNJVT) discriminant, a successor to the
jet vertex tagger algorithm [76]. The reconstructed jets are calibrated in two different ways for use in this
measurement, once with no in situ corrections applied for examining the JES and once with the currently
used in situ corrections [10] for examining the JER. In both cases, the MC-based JES correction is applied.
Using these two separate calibrations for the different studies ensures that the results can be compared
with other in situ calibration techniques, and that the best-available calibration is used as the basis for each
step.

Jets that include B-hadrons (b-tagged jets) are identified by the GN2 flavour tagging algorithm [77] with a
working point corresponding to an efficiency of 85% for selecting a true b-jet in a 7 reference sample.
Scale factors are applied to simulation to match the efficiency of the b-tagging measured in data [78—80].

The missing transverse momentum is defined as the negative vector sum of the transverse momenta of all
selected and calibrated physics objects, including a term to account for the momenta of soft particles that
are not associated with any of the selected objects [81]. This soft term is calculated from ID tracks matched
to the primary vertex. The magnitude of the missing transverse momentum vector is denoted by E%‘i“.

3 The transverse impact parameter, do, is defined in the x—y plane as the distance of closest approach of the track to the beamline.
4 The longitudinal impact parameter, zo, is defined as the distance in z between the primary vertex and the point on the track used
to evaluate d).



To avoid any double-counting of physics objects, a dedicated sequential overlap-removal procedure is
applied to resolve the ambiguities. Jets within AR = (.2 of an electron or muon are discarded and electrons
with 0.2 < AR < 0.4 to the remaining jets are rejected. Jets with fewer than three tracks are removed if
they overlap with a muon within AR = 0.4.

For the forward-folding procedure [16, 82, 83], particle-level objects need to be identified, using the MC
particle-level record in simulation. Particle-level leptons are selected as leptons originating from the decay
of a W or Z boson. The four-momentum of an electron or muon is summed with the four-momenta of
all radiated photons within a cone of size AR = 0.1 around its direction, excluding photons from hadron
decays. The particle-level jets are reconstructed with the anti-k, algorithm with a radius parameter of
R = 0.4, using all stable particles (ct > 10 mm) except for the selected electrons, muons, and photons
used in the definition of the selected leptons, and neutrinos originating from the Z boson or W bosons. The
particle-level jets are required to have pt > 10 GeV and || < 2.5.

The forward-folding method is used to simulate the changes to the p of the selected jets due to alternative
assumptions on the values of the JES or JER and it is implemented in the FAsTFRAMES software library [84].
The method relies on matching the detector-level jets to the corresponding particle-level jets and changing
the momenta of reconstructed jets using the formula

folded _ reco reco

pr =5 pFO+ (pFC -R-pI") - (r—s), (1)

where p,gren is the momentum of the generated particle-level jet matched to the reconstructed jet with
transverse momentum pF° and s (r) is the parameter representing the flavour-inclusive correction factor
to the simulated JES (JER). The correction factors from Eq. (1) are consistently applied to the jet’s pt and
its energy. The jet energy response and resolution is averaged over 7 in the relevant analysis region with jet
|n| < 0.8 as the detector is approximately homogeneous in this narrow central region. The forward-folding
formula is used to generate templates, i.e. distributions representing various JES and JER correction factors
with values ranging from 0.95 to 1.05 and 0.60 to 1.40, respectively, to cover the range of the expected

corrections. The parameter R represents the mode of the jet response distribution

pI‘CCO
R = argmax z,en )
Pr

estimated in simulation by fitting a Gaussian function around the peak position separately in several jet pr
and |r| bins, for different jet flavours and for LHC Run 2 and Run 3 simulations. The following jet flavours
are identified for the parameter R using the MC particle-level record: b-jet, c-jet, light-flavour (u, d, s)-jet
and gluon-jet. The R parameter is found to be close to unity in most of the kinematic regions and for most
jet flavours. The JES variations are generated while keeping the nominal JER assumption, i.e. setting the
parameter r in Eq. (1) to unity and vice-versa for the JER variations. All further procedures are applied
after a specific set of r and s parameters are applied.

For each reconstructed jet, the closest particle-level jet in angular distance is identified. The reconstructed
and particle-level jets are matched if the angular distance AR is smaller than 0.2 and there is only one
particle-level jet satisfying the requirement for a given reconstructed jet. Additionally, isolation is imposed
on the matched particle-level jet by requiring that no other particle-level jet is found within AR = 0.5.
Furthermore, to ensure the measured energy for a given reconstructed jet represents only the jet energy, no
particle-level electrons or muons originating from on-shell W or Z bosons are allowed within AR = 0.5



of the reconstructed jet. In simulation, under these criteria, more than 90% of the selected jets with
pr < 150 GeV can be matched to the corresponding particle-level jets, while the fraction significantly
drops for jets with pt > 150 GeV to about 25% in the most extreme case, where most of the jets fail
to match due to the isolation requirements of the particle-level jets. Jets failing either the matching or
isolation requirements are not included in forward-folding, and they appear unmodified in the W-boson
mass distributions. Changing the angular distance for the matching from AR < 0.2 to AR < 0.3 has no
significant impact on the final results.

5 Event selection and W-boson mass reconstruction

Events are required to have at least four jets with pt > 20 GeV and at least two jets need to be b-tagged
and have pt > 30 GeV. Only events with exactly one electron or one muon with pt > 27 GeV are selected.
The lepton pt requirement is imposed to ensure the trigger efficiency is high. Additionally, the events
are required to have ErTniss > 30 GeV. These criteria are imposed on all events affer the application of the
forward-folding procedure described in Section 4 for each folded set of jets, as the results of the folding
can change the event selection decision.

The impact of the folding on E‘T]rliSS is estimated by propagating the difference between the folded and
original jet four-momenta using the following equation

’

- miss, folded _ - miss, original - jet folded,i - jet original,i
pPT =DpT - PT - DT

i

miss

. .. - . - jet . .
with the missing transverse momentum vector pr and jet transverse momentum vector pTJe of jeti.

A simple permutational algorithm is used to identify the two jets from the hadronically decaying W boson.
From all permutations of reconstructed jets, those that give the best agreement with the expected top-quark
and W-boson masses—quantified by the x? value defined below—are selected
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Here m™®° represents the invariant mass of the three jet system from the top-quark decay, m$ " represents

a fixed constant for the top-quark mass set to 172.5 GeV and the constant X, represents the decay width
of the top quark as well as the approximate experimental resolution and is set to 35 GeV. A systematic
uncertainty varying the top-quark mass is considered as described in Section 6. Similarly, m57° represents
the invariant mass of the two jet system from the W-boson decay, m%;n represents the W-boson mass set to
80.38 GeV and Xy represents the decay width and resolution of the W boson and is set to 25 GeV. The y?
value is evaluated for permutations of up to six jets. If there are more than six jets in an event, at least
two b-tagged jets (ordered in p) are always considered and then up to four other jets (ordered in p) are
considered. For the permutations, within each top-quark combination, the jet not included in the W boson
must be b-tagged and permutations corresponding to the same top-quark or W-boson combinations are
only considered once. The permutation with the best (lowest) x> value is chosen. Figure 1 shows the
distribution of the y? value for the best permutations in the Run 2 data sample without the JES in situ
corrections applied. Good agreement between the prediction and data can be seen within the uncertainties.
To improve the matching purity, only events for which the best permutation has y? < 1 are considered. This



requirement removes about half of the pre-selected events satisfying all the previous criteria except the y?
requirement. Changing the parameters 2, and Xy in Eq. (2) to 15 and 10 GeV, respectively, and changing
the y? selection to keep the same selection efficiency, does not impact the matching purity significantly.

Additionally, the reconstructed jets identified to come from the hadronically decaying W boson are required
to be well isolated. For the reconstructed jets, a different isolation procedure compared to the particle-level
jets is employed. A jet isolation variable fiy, is defined by

f‘ _ PiTSO — pAiso
iso — T -

pJ;t — PAjet

where pi{io represents the scalar sum of the p of all inputs to the jet algorithm within an isolation annulus
with inner and outer radii of 0.4 and 0.5. The ratio of momenta is calculated after subtracting the pile-up
contribution, which is obtained by multiplying the jet active area Aje; and the area of the isolation annulus
Ajso = 71-0.5% - Ajee by the pile-up density p [85]. The jets from the W-boson decay are required to
have fis, < 0.3 to select well isolated jets. An alternative isolation requirement based on the angular
distance between the closest reconstructed jets is found to give consistent results with the isolation variable
requirement.

Figure 2 illustrates the reconstructed W-boson mass distribution in Run 2 and Run 3 after applying all the
selection criteria including the y? < 1 requirement in data without the in situ jet calibration corrections
applied. There is good agreement between the prediction and data within the uncertainties.
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Figure 1: The distribution of the best y? value for the considered permutations for matching reconstructed jets to jets
from the top-quark decay in the Run 2 data. Data without the JES in situ calibration (PFlow+JES) are shown as
markers and compared to simulation from the signal and background processes. The uncertainty band includes all
systematic uncertainties as described in Section 6. The bottom panel shows the ratio of the data to the prediction.
The dashed line represents the ratio of one. The last bin contains the overflow events.

Only events where both of the jets from the W-boson decay have pr in the range of 20-200 GeV, and
In| < 0.8 are analysed further. As the JES and JER corrections are determined as a function of the jet pr,
the distribution of the invariant mass of the two jets from the W-boson decay is analysed in multiple regions
corresponding to bins in jet pt for the leading and subleading jets. The diagonal regions refer to events
where jets fall into the same jet p bin, while the remainder are referred to as off-diagonal regions. Figure 3
illustrates the definition of the regions used for the measurement and the selected events in each of the
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Figure 2: Reconstructed hadronically decaying W-boson mass after applying all selection criteria in the (a) Run 2
data and (b) Run 3 data without the JES in situ corrections applied (PFlow+JES). The uncertainty band includes all
systematic uncertainties. The bottom panels show the ratio of the data to the prediction. The dashed line represents
the ratio of one.

regions in Run 2 data without in situ corrections. Due to the kinematic restrictions of the W-boson decay,
the diagonal region for the jet pr range of 20-35 GeV is not considered in the analysis further. Figure 4
displays the reconstructed W-boson mass for various JES and JER assumptions in the diagonal region with
jet pr between 50 and 70 GeV in the Run 2 data. It can be seen that the JES assumptions mostly shift the
distribution, while the JER assumptions mostly affect the width of the distribution.

> ATLAS
© 500 | 15 = 13 TeV, 140 fb”
S anti-k, R = 0.4 (PFlow+JES) o
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2 08 :
Q0 et
D
c
5 100-150
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o)
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35-50
20-35

20-35 35-50 50-70 70-100 100-150 150-200
Leading jet p’Te°° [GeV]

Figure 3: Definition of the analysis regions based on reconstructed pt and 7 of the two jets identified to originate
from the W-boson decay. The two jets from W boson are required to have |n| < 0.8. The regions shown on the
diagonal are the regions where both jets from the W boson fall into the same reconstructed prt bin, off-diagonal
are the regions where the two jets fall into different reconstructed pt bins. The diagonal region with jets having a
reconstructed p between 20 and 35 GeV is not used due to kinematic restrictions. The numbers in the bins represent
the number of selected events in Run 2 data without in sifu corrections.
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Figure 4: Reconstructed W-boson mass in the region with the two jets from the W-boson decay with reconstructed pr
between 50 and 70 GeV in the Run 2 simulation. Templates with different (a) JES and (b) JER assumptions
represented by the parameters of the forward-folding formula are shown. For the JES (JER) variations shown, the
JER (JES) correction is set to one. The differences between the total yields for each distribution come from the
acceptance effects due to the changes in the reconstructed jet pr. The bottom panels show the ratios to the template
with nominal (a) JES or (b) JER assumption. The solid line in the bottom panels represents the ratio of one.
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6 Systematic uncertainties

Several systematic uncertainties can affect the measurement of the JES and JER parameters. Uncertainties
affecting leptons, E1"* and b-tagged jets can impact the measurement due to the acceptance effects, while
the uncertainties in the modelling can also affect the W-boson lineshape.

The uncertainties in the electron and muon identification, isolation, reconstruction, track-to-vertex
association and trigger scale factors measured using Z — u*u~ and Z — e*e™ [26, 27, 71, 73] are
evaluated. Uncertainties related to the electron (muon) energy (momentum) scale and resolution are also
evaluated as estimated by using resonance decays [71, 72].

The uncertainty in the efficiency of the jet-vertex tagger algorithm is evaluated via the variation of the
corrections applied to the simulation. The JES and JER uncertainties from the best available calibration
are estimated by using the Run 2 data sample [76]. The same uncertainties are applied to the Run 3 based
simulation, and are validated using Run 3 data. Additional uncertainties are considered for the Run 3
simulation to cover the residual differences between data and simulation.

The impact of the JER uncertainties is evaluated for the JES correction and the impact of the JES
uncertainties is evaluated for the JER correction. The uncertainties in the efficiency of b-tagging are
evaluated via the variation of the scale factors affecting the b-/c-/light-flavour (in)efficiencies, using
measurements similar to Refs. [78-80].

The uncertainty from the leptons and jets is propagated to the ErT"iss. Additionally, a dedicated set of
uncertainties from the soft term is evaluated, varying the magnitude and the direction of the missing
transverse momentum vector.

Several sources affecting the modelling of the ¢7 process are evaluated, affecting the production or decay of
the top quarks. Variations of the renormalisation and factorisation scale in the ME by factors of 0.5 and 2 are
evaluated separately. Uncertainty in the initial-state radiation (ISR) is estimated by using the Var3c variation
of the PytHiA 8 A14 tune [49]. Variations of the renormalisation scale in the strong coupling constant
in the final-state radiation (afSR) by factors of 0.5 and 2 of the A14 tune are evaluated. The uncertainty
related to the POwHEG to PyTH1A matching is estimated by comparing with a dedicated POowHEG+PyTHI1A 8
sample with the pl%‘“d parameter set to one instead of the default value of zero. The uncertainty in the choice
of the hgamp parameter is estimated by comparing with a dedicated PowHeG+PyTHIA 8 sample produced
with twice the nominal hgamp value (hgamp = 3my). Due to a known mismodelling of the top-quark pr
distribution, an uncertainty estimated from reweighting the top-quark pt to NNLO QCD predictions [86]
is evaluated as a proxy for missing higher order predictions in the kinematics. This uncertainty is found to
have a negligible impact on the JES or JER estimate in the Run 2 analysis and is thus not considered further.
The impact of using a different parton shower and hadronisation model on the Run 2 (Run 3) analysis is
evaluated by comparing the nominal ¢f sample with another sample generated with PowHEG interfaced to
Herwic 7.2.1 [87-89] (HErwiG 7.2.3), using the HErwiG 7.1 default set of tuned parameters [89] and the
MMHT2014L0 PDF set [90]. The PowHEG settings are the same as for the nominal sample. To estimate
the uncertainty in the colour reconnection (CR), samples were generated with three models: CR0O — a
multiple-parton-interactions (MPI) based model, CR1 — a QCD-based model and CR2 — a gluon-move
based model [91]. The uncertainty is estimated by comparing the CR1 and CR2 models with the prediction
of CRO and taking the larger uncertainty. Variations in the top-quark mass of 0.5 GeV are evaluated
by using dedicated samples with m,, = 172.0 GeV and m,p = 173.0 GeV. Variation in the MPI and
underlying event (UE) modelling (Var! variation in the A14 tune) is estimated with samples with UE
variations in Pytaia. The modelling of secondary gluon emissions from quarks originating from coloured
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resonance decays can affect both the b-quark and W-boson kinematics as well as the b-jet fragmentation.
To assess the impact of this choice on the measurement, an alternative sample with the recoil model within
PyTHIA 8 changed to recoilToTop was produced. The uncertainty in the PDF estimate for the ¢f process is
assessed by evaluating the impact of the PDFALHC [92, 93] variations. Since the W bosons decay into an
s-quark and a c-quark in about half of the hadronic decays, a variation of the Lund-Bowler c-fragmentation
function [94, 95] is tested, but it is found to have a negligible impact.

The uncertainty due to the choice of the parton shower generator for the tW process is estimated by
comparing the nominal PowHEG+PyTHIA 8 sample with PowHEG interfaced to the HErwiG sample. The
variations in the ME, Var3c and afSR are evaluated analogously to the ¢ case. The uncertainty in the
overlap between the 7 and W diagrams is assessed by comparing the nominal prediction using the

diagram-removal approach to the diagram-subtraction approach [43] in an alternative sample.

Uncertainties in the prediction of the cross-section of the various processes are taken into account although
these are expected to have only a small impact on the measured W-boson line shape. A 5% uncertainty is
considered for the ¢7 and single-top processes following the uncertainty in the predicted cross-section [35-41,
96]. A conservative 50% uncertainty is assigned to the V+jets and VV+jets, and 100% uncertainty is
applied to the fake-lepton estimate. These uncertainties in the predicted cross-section have a negligible
impact on the measured corrections for the JES and JER.

7 Results

The mean values u of the W-boson mass distributions in the pt regions defined in Section 5 are used to
extract the JES parameters from a fit to data. Similarly, the standard deviation o~ of the W-boson mass
distribution is used for the JER measurement. The u (o) of each forward-folded W-boson mass distribution
is extracted for each value of the s (r) parameters from the forward-folding Eq. (1) and in the case of
the off-diagonal regions, for each combination of the s; and s, (] and r,) parameters of the JES (JER)
estimate. Due to the y? < 1 selection, the minimum and the maximum of the reconstructed W-boson mass
distribution is bounded to the range m%{c,n + 25 GeV, thus the o extraction does not suffer from outliers.
In the diagonal regions the obtained u (o) are fitted with a linear (quadratic) function ¥ (s) (¥ (r)). In
the off-diagonal regions, the u (o) are fitted with a quadratic function F (s1, s2) (F (r1, r2)) where s; and
s> (r1 and ry) are the forward-folding formula parameters for the leading and sub-leading jet identified
to originate from the W-boson decay. The diagonal parameterisation function # (s) and off-diagonal
parameterisation function ¥ (s, s2) share a set of six parameters s;, one for each reconstructed jet pr bin,
and analogously for the JER parameterisation. For the JES parameterisation, most fitted points are within
one standard deviation from the fitted function with only one point slightly above two standard deviation,
with the standard deviation representing the uncertainty due to the finite number of simulated events. For
the JER parameterisation, most fitted points are within one standard deviation with one point around 1.5
standard deviations away from the fitted function. Additionally, a dedicated uncertainty is assigned for
the imperfect parameterisation and for neglecting possible correlations between the parameters in the 7
functions due to region migrations of simulated events when varying the JES and JER corrections and it is
referred to as ‘non-closure’ uncertainty. Due to the low statistical power of the separation of the various
JER smeared templates in the diagonal region with jet pr between 150 and 200 GeV, this region is not
included in the JER correction measurement. Figure 5 shows an example of the parameterisation for the
JES and JER parameters in the Run 2 data. The larger impact on o for the lower pt jet compared to the
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higher pr jet originates from the naturally lower resolution for the lower p jets due to the detector’s
calorimeter response.
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Figure 5: The mean (top plots) and standard deviation (bottom plots) of the W-boson mass distribution in a
representative reconstructed jet pr region as a function of the JES (JER) parameter in the Run 2 simulation. (a)
and (c) show the diagonal region with reconstructed jet pr between 50 and 70 GeV, while (b) and (d) show the
off-diagonal region with the leading jet (jet,) with reconstructed pt between 150 and 200 GeV and the sub-leading
jet (jet,) with reconstructed pt between 35 and 50 GeV. The fitted function is shown by the solid line. For the
diagonal regions, the bottom panels show the ratio of the mean (standard deviation) value to the fitted function. The
dashed line in the bottom panels represents the ratio of one. For the off-diagonal regions, the colour gradient shows
the mean (standard deviation) of the W-boson mass distribution for the JES (JER) templates.

Once the parameterisations # are obtained, a maximum-likelihood fit to i (0°) in data is performed to
extract the values of the JES (JER) parameters for all the regions simultaneously. The likelihood is defined
as

L3ls) = | | 6 [wlFG) 0]

i€reg

where /i is the vector of u (o) values measured in data, ¥ is the vector of the scale (resolution) parameters
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to be estimated, G represents the Gaussian function, ¥ is the parameterisation of u (o) values as described
above and o7, is the data statistical uncertainty in the y (o) values in region i for the JES (JER) estimate.

The systematic uncertainties in the measurement of the JES and JER correction factors are estimated by
shifting the expected distributions as summarised in Section 6, fitting the expected distributions with the
nominal model and evaluating the impact on the best-fit parameters. The parameterisation ‘non-closure’
uncertainty is estimated by fitting the distributions representing a variation of up to 5% in JES and up to
25% in JER, and comparing the best-fit values with the s and r values used to generate the given varied
distribution. The final ‘non-closure’ uncertainty in each pr bin is estimated as the maximal deviation from
the input value for all variations and is symmetrised.

Figures 6 and 7 show the u or o of the W mass distribution as obtained without forward-folding (pre-fit)
and with forward-folding using the fitted JES or JER (post-fit) correction factors. Because each region
has different selections applied, the u and o values vary accordingly, however the calibration procedure
takes these differences into account. Due to the non-Gaussian nature of the uncertainties, stemming
from the non-linear parameterisation, pseudo-experiments are used to obtain the uncertainty band. In the
pseudo-experiments, random Gaussian distributed numbers are generated for the JES (JER) parameters with
the standard deviation representing the total measured uncertainty, and the variations are then propagated to
1 (o) of the W-boson mass distribution using the obtained parameterisation. The diagonal region with jets
between 150 and 200 GeV has a large statistical uncertainty due to the relatively low number of selected
events compared to the other regions.

The fitted central values for the JES and JER parameters with their uncertainties are shown in Figure 8
for both Run 2 and Run 3 data. Bin-centre corrections are applied to the horizontal values by taking the
mean of the jet pt distribution of the jets from the W-boson decay in each pt bin. Tables 1-4 show the
breakdown of the sources of systematic uncertainties for the JES and JER measurement for all jet pr
bins, separately for the Run 2 and Run 3 data. The central values for the JES measurement are below
unity in the Run 2 data and in most jet pt bins in the Run 3 data, indicating that the energy scale in the
simulation needs to be decreased to match the scale observed in data. The measured JES correction factors
in Run 2 are compatible with the previously measured corrections by ATLAS using the standard calibration
techniques [10]. The measured JES correction factors in Run 2 are consistently about 2% lower than the
Run 3 correction factors, which are closer to unity, suggesting the MC simulation in Run 3 models the
experimental data better than the Run 2 simulation. The measured JER correction factors are consistent
with unity in all jet pt bins.

Overall, the uncertainties are compatible between the Run 2 and Run 3 data. For the JES measurement, the
first jet pt bin suffers from large uncertainties due to low sensitivity because of the small separation in
templates between the different JES correction factors for the lowest p bin. Apart from the first jet pt
bin, the JES uncertainties range from about 0.93% (0.98%) to about 1.7% (1.6%) in Run 2 (Run 3). The
uncertainties in the JER measurement range from about 14% (16%) to about 22% (28%) in Run 2 (Run 3).
The dominant uncertainties affecting the JES measurement stem from the variation of the >R in the 7
samples, the comparison between PyTHia and HErwiG generators and the JER uncertainties. A shift in the
afSR parameter shifts the peak of the reconstructed W-boson mass distribution mimicking the effects of

the JES variation, and the impact decreases with higher jet pr.
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Figure 6: Mean of the W mass distributions shown for the analysis regions defined in Section 5 in the JES fit in the (a)
Run 2 and (b) Run 3 measurement. The values obtained in data are compared with those in simulations before and
after the forward-folding correction. The uncertainties are obtained from pseudo-experiments taking into account
the statistical and systematic uncertainties. The non-forward-folded (pre-fit) distribution is shown with a dotted
line and the forward-folded (post-fit) distribution with a solid line. The first five bins show the diagonal regions,
while the other bins show the off-diagonal regions. The bottom panels show the ratios of the data without the JES in
situ calibration (PFlow+JES) to the pre-fit (dotted line) and post-fit (solid line) predictions, with the dashed line
representing the ratio of one.
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Figure 7: The standard deviation of the W mass distributions shown for the analysis regions defined in Section 5 in
the JER fit in the (a) Run 2 and (b) Run 3 measurement. The values obtained in data are compared with those in
simulations before and after the forward-folding correction. The uncertainties are obtained from pseudo-experiments
taking into account the statistical and systematic uncertainties. The non-forward-folded (pre-fit) distribution is shown
with a dotted line and the forward-folded (post-fit) distribution with a solid line. The first four bins show the diagonal
regions, while the other bins show the off-diagonal regions. The bottom panels show the ratios of the data with the
JES in situ calibration (PFlow+JES in situ) to the pre-fit (dotted line) and post-fit (solid line) predictions, with the
dashed line representing the ratio of one.
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Figure 8: The central values and the corresponding uncertainties for the (a) Run 2 JES and (b) JER and (c) Run 3 JES
and (d) JER correction factors as a function of reconstructed jet pt. The statistical uncertainty is shown with a thick
solid bar with arrows on both ends, while the total uncertainty is shown with a thin dashed line. The thin solid line in
the JER results (b, d) shows the total uncertainty without the PytH1A versus HERwW1G component. The horizontal
values are taken from the mean of the reconstructed jet pr distribution of the jets from the W-boson decay in each pt
bin. The dashed horizontal line represents no correction.
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Table 1: Uncertainties in the JES estimate grouped into categories for the Run 2 data. Uncertainties for the different
reconstructed jet pr regions are presented.

Category ‘ JES uncertainty [%], Run 2

Region [GeV ] | 20 < piee° < 35 | 35 < pfee© < 50 | 50 < pfe© <70 | 70 < pfS© < 100 | 100 < pf< < 150 | 150 < pfe° < 200
JER 6.5 0.86 1.0 0.57 0.23 0.37
b-tagging 0.09 0.04 0.03 0.02 <0.01 <0.01
Electron 0.01 <0.01 <0.01 <0.01 <0.01 < 0.01
E%‘iss 0.07 0.01 < 0.01 <0.01 <0.01 0.01
Muon 0.02 <0.01 <0.01 <0.01 <0.01 <0.01
tf PyTHIA versus HERwWIG 2.8 0.63 1.0 0.71 0.83 1.6
17 afSR 2.9 0.88 0.60 0.50 0.19 0.24
tf CR variation 0.98 0.21 0.05 0.17 0.15 0.10
tf UE variation 0.04 0.34 0.05 0.07 0.06 0.18
tf other 0.80 0.40 0.17 0.20 0.18 0.40
Single-top tW modelling 0.26 0.02 0.02 0.03 0.07 0.07
Non-closure 0.37 0.12 0.04 0.06 0.04 0.06
Normalisation 0.09 <0.01 0.02 <0.01 <0.01 <0.01
Other 0.13 0.03 0.04 0.06 0.07 0.09
Statistical 0.64 0.23 0.13 0.11 0.12 0.23
Total systematic 7.8 1.5 1.6 1.1 0.92 1.7
Total uncertainty 7.8 1.5 1.6 1.1 0.93 1.7

Table 2: Uncertainties in the JER estimate grouped into categories for the Run 2 data. Uncertainties for the different
reconstructed jet p regions are presented.

Category ‘ JER uncertainty [%], Run 2

Region [GeV ] | 20 < piee° < 35 | 35 < pfee© < 50 | 50 < pfe© <70 | 70 < pfe© < 100 | 100 < pfe< < 150 | 150 < pf<° < 200
JES 3.1 1.6 5.8 8.2 6.1 6.1
b-tagging 0.6 0.6 0.5 0.3 0.3 0.4
Electron <0.1 <0.1 <0.1 < 0.1 <0.1 <0.1
Elmiss 0.1 <0.1 <0.1 <0.1 0.1 0.3
Muon <0.1 <0.1 <0.1 <0.1 <0.1 0.2
t7 PyTHIA versus HERWIG 20 17 12 10 17 15
17 afSR 33 3.1 1.6 1.6 1.3 <0.1
tf CR variation 1.2 1.0 1.0 1.0 0.6 11
tf UE variation 0.8 <0.1 0.7 1.4 1.1 59
tf other 1.8 24 2.2 4.3 3.1 4.7
Single-top tW modelling 0.2 0.2 <0.1 0.3 0.2 < 0.1
Non-closure 0.6 0.6 0.7 0.4 0.6 1.6
Normalisation 0.9 0.7 0.5 0.3 0.3 0.4
Other 0.8 0.7 0.7 04 0.4 0.2
Statistical 2.1 1.8 1.8 2.0 2.8 7.6
Total systematic 20 18 14 14 18 21
Total uncertainty 20 18 14 14 19 22
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Table 3: Uncertainties in the JES estimate grouped into categories for the Run 3 data. Uncertainties for the different
reconstructed jet pr regions are presented.

Category ‘ JES uncertainty [%], Run 3

Region [GeV ] | 20 < piee° < 35 | 35 < pfee© < 50 | 50 < pfe© <70 | 70 < pfS© < 100 | 100 < pf< < 150 | 150 < pfe° < 200
JER 6.0 0.72 0.78 0.61 0.23 0.33
b-tagging 0.10 0.05 0.04 0.03 0.02 0.01
Electron 0.03 <0.01 <0.01 <0.01 <0.01 < 0.01
E%‘iss 0.04 0.01 0.01 <0.01 <0.01 0.01
Muon 0.03 <0.01 <0.01 <0.01 <0.01 0.01
tf PyTHIA versus HERwWIG 2.0 0.20 0.64 0.71 0.83 1.4
17 SR 3.0 0.96 0.56 0.36 0.23 <0.01
tf CR variation 0.40 0.38 0.09 0.04 0.09 0.12
tf UE variation 0.08 0.46 0.27 0.24 0.16 0.41
tf other 1.7 0.59 0.09 0.17 0.33 0.48
Single-top tW modelling 0.22 < 0.01 0.01 0.03 < 0.01 0.01
Non-closure 0.43 0.18 0.07 0.03 0.06 0.10
Normalisation 0.14 0.03 0.02 <0.01 <0.01 <0.01
Other 0.21 0.02 0.05 0.04 0.05 0.07
Statistical 1.2 0.37 0.20 0.17 0.18 0.36
Total systematic 7.3 1.5 1.2 1.1 0.97 1.6
Total uncertainty 7.4 1.5 1.2 1.1 0.98 1.6

Table 4: Uncertainties in the JER estimate grouped into categories for the Run 3 data. Uncertainties for the different
reconstructed jet p regions are presented.

Category ‘ JER uncertainty [%], Run 3

Region [GeV ] | 20 < piee° < 35 | 35 < pfee© < 50 | 50 < pfe© <70 | 70 < pfe© < 100 | 100 < pfe< < 150 | 150 < pf<° < 200
JES 33 5.0 9.5 11 11 11
b-tagging 0.7 0.7 0.6 0.3 0.4 0.8
Electron <0.1 <0.1 <0.1 <0.1 <0.1 0.1
E%‘i” 0.1 0.3 0.2 <0.1 0.2 0.4
Muon <0.1 <0.1 <0.1 <0.1 <0.1 0.1
t7 PyTHIA versus HERWIG 22 14 13 13 11 21
17 afSR 4.5 4.0 2.7 1.2 1.3 1.7
tf CR variation 2.6 2.5 3.8 2.3 3.6 7.0
tf UE variation 4.1 1.0 0.1 1.1 2.7 0.4
tf other 3.8 2.6 4.1 5.2 3.8 49
Single-top tW modelling 0.2 0.2 0.3 0.1 0.3 0.9
Non-closure 1.1 0.7 0.8 0.3 1.0 2.2
Normalisation 0.7 0.6 0.6 0.2 0.3 0.4
Other 0.9 0.7 0.8 0.5 0.5 1.4
Statistical 3.7 3.0 3.0 33 4.5 12
Total systematic 23 16 17 18 16 25
Total uncertainty 24 16 18 18 17 28
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The JER uncertainties are dominated by the difference between PyTHia and HErRwIG that accounts for
most of the total uncertainty. The difference can be traced to the large difference between the predictions
of the W-boson lineshape in the generator output before the detector simulation and only part of the
difference comes from the difference between the jet responses. The difference between the generators
resembles resolution effects, thus the difference is highly correlated with the JER effects, resulting in a
large uncertainty from the comparison of the two parton-shower generators.

Figure 9 compares the pre-fit and post-fit predictions and the observed data in the W-boson mass distribution
for jets between 70 and 100 GeV in the Run 2 data. The post-fit prediction is obtained by propagating the
fitted JES values to the predicted yield in each bin. The post-fit prediction agrees with data for all jet pt
regions.
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Figure 9: The pre-fit (dotted line) and post-fit (solid line) predictions for the W-boson mass distribution in the
diagonal region with reconstructed jet pt between 70 and 100 GeV in the (a) JES and (b) JER fit to the Run 2 data.
The hatched uncertainty band is estimated by propagating the total uncertainty in the (a) JES or (b) JER to the bin
yield predictions. The predictions are normalised to the same total yield as data. The bottom panels show the ratio of
the data (a) without the JES in situ calibration (PFlow+JES) or (b) with the JES in situ calibration (PFlow+JES in
situ) to the post-fit prediction, with the dashed horizontal line representing the ratio of one. The arrows indicate a
data value outside of the displayed range.

8 Conclusion

A data-based calibration of the small-radius jet energy scale and resolution using ¢f events with the ATLAS
detector is presented. The forward-folding technique is used to generate templates for the invariant mass
of hadronically decaying W bosons that are then compared with the distribution in data. Two separate
measurements are made, one for the full Run 2 data sample of the LHC at /s = 13 TeV corresponding to
an integrated luminosity of 140 fb~! and the other for the LHC Run 3 data sample collected in years 2022
and 2023, corresponding to an integrated luminosity of 52 fb~!. The extracted values for correction of
the energy scale and resolution are binned in the jet transverse momentum ranging from 20 to 200 GeV.
This technique provides a precision that is competitive with the established calibration techniques for
jet pr > 35 GeV. However, analyses with a similar final state, especially those using observables correlated
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with the W mass distribution as presented here, such as top-quark mass measurements, need to carefully
evaluate whether this calibration can be applied to their measurements. The dominant uncertainties for the
JES and JER calibration originate from the modelling of the final-state radiation and parton shower in the ##
process. If the dominant /7 modelling uncertainties are reduced in the future, a precision of about 0.5% for
the jet energy scale and about 10% for the jet energy resolution could be reached using this ¢7 calibration
technique on its own. The results will be combined with the standard ATLAS calibration techniques.
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