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The jetenergy calibration and its uncertainties are derived from measurements of the calorimeter
response to single particles in both data and Monte Carlo simulation using proton—proton
collisions at v/s = 13 TeV collected with the ATLAS detector during Run 2 at the Large
Hadron Collider. The jet calibration uncertainty for anti-k, jets with a jet radius parameter
of R = 0.4 and in the central jet rapidity region is about 2.5% for transverse momenta (p)
of 20 GeV, about 0.5% for pt = 300 GeV and 0.7% for pt = 4 TeV. Excellent agreement is
found with earlier determinations obtained from pr-balance based in situ methods (Z/y+jets).
The combination of these two independent methods results in the most precise jet energy
measurement achieved so far with the ATLAS detector with a relative uncertainty of 0.3% at
pr =300 GeV and 0.6% at 4 TeV.

The jet energy calibration is also derived with the single-particle calorimeter response
measurements separately for quark- and gluon-induced jets and furthermore for jets with R
varying from 0.2 to 1.0 retaining the correlations between these measurements. Differences
between inclusive jets and jets from boosted top-quark decays, with and without grooming the
soft jet constituents, are also studied.
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1 Introduction

Jets, collimated sprays of hadrons, are ubiquitously produced in proton—proton (pp) collisions at the Large
Hadron collider (LHC). In the theory of the strong interaction, Quantum Chromodynamics (QCD), they
are interpreted as the footprint of quarks and gluons produced at high transverse momentum (pt). The
measurement of the energy of jets plays an important role for all jet-based measurements at the ATLAS
experiment, and the uncertainty in the jet energy calibration often limits the precision of important physics
results.

In ATLAS, the jet energy measurement [1-5] relies on corrections based on Monte Carlo (MC) simulations
modelling the detector response and by assessing in situ how well the MC simulations describe data. The
calibration of the average jet pr is called the ‘jet energy scale’ (JES) and consists of several steps. The
first correction based on MC simulations ensures that the reconstructed jet energy equals, on average, the
energy of the corresponding jet formed by stable particles interacting with the ATLAS detector. Several
effects are corrected including the non-compensating nature of the ATLAS calorimeter having 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 also equalized as function of variables,
like, e.g. the energy fraction in the hadronic calorimeter or the number of tracks, that are sensitive to jet
fragmentation. In this procedure the average jet response is not changed, but the jet resolution is improved.
In a final step of the jet calibration, the detector response to the jet in the MC simulation is compared to
the one in the data 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).

The jets are first calibrated in the central region of the detector. The pr-balance in dijet events with a
central and a forward jet extends this calibration to more forward regions. At higher pr, the uncertainties
associated with this extrapolation tend to be sub-dominant such that the primary motivation to improve the
precision of the jet energy calibration with independent methods is in the central region of the detector. In
this paper, the focus is therefore on the most central pseudo-rapidity region |n| < 0.8.!

In the standard jet calibration methods, the main systematic uncertainties are related to the knowledge
of the pr-balance in Z/y+jet event topologies in data and MC simulation. Since jets are composed of
collections of single particles, the single-particle response measurements can be used to derive the JES and
the corresponding JES uncertainties. During the beginning and end of the LHC Run 1, ATLAS derived
the data-to-MC jet response correction using calorimeter response measurements of single particles from
pp collisions at v/s = 7 and /s = 8 TeV [6, 7] and relied on test-beam measurements for particles in the
high-pr regime. The data-to-MC response shift was compatible with the one derived from the pr-balance
based methods, but the resulting uncertainty was larger. Therefore, the single-particle-based uncertainty
was only used for very high-pr jets beyond the kinematic reach of the pr-balance based methods. A similar
method was also used for the determination of the 7-lepton energy scale for hadronic 7-lepton decays at a
collision energy of 8 TeV [8].

In Run 1, the single-hadron response measurements, i.e., the ratio of the calorimeter energy to the
momentum of an isolated track (E/p), were only performed in minimum bias collisions. The kinematic
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reach was limited to a track pt of 20 — 30 GeV, since high-pr tracks are preferentially found within jets and
are not isolated. The higher pT range was therefore covered with pre-data-taking test-beam measurements
where a complete slice of the ATLAS detector was exposed to pion beams [9]. Differences between particle
types were studied with MC simulations.

In Run 2, where the LHC collided protons on protons at a centre-of-mass energy of 13 TeV, sufficiently
large data sets were available to exploit isolated single pions resulting from the hadronic decay of 7-leptons
produced in W boson decays (W — tv). The E/p response for isolated pions from 7-lepton decays was
measured for 10 < pt < 300 GeV with small uncertainties (below 1.5%) [10]. This much larger kinematic
reach and the small associated uncertainty opened up a new level of precision for the JES.

This paper presents the JES and the corresponding uncertainty derived from single-particle response
measurements and MC simulation studies. It is derived for anti-k,-jets [11] with a nominal radius parameter
R = 0.4, and clustered using the FasTJET package [12, 13]. Only the central pseudo-rapidity region
In| < 0.8 is used. The other calorimeter regions can be calibrated with the in situ dijet pseudo-rapidity
intercalibration method where the forward jet is balanced by a central jet [1-5]. The single-particle response
method also allows for the derivation of the JES calibration factors and the uncertainties for quark- and
gluon-induced jets, and for different jet definitions such as for varying the chosen value of R parameters.

The jets are formed from topological clusters of calorimeter cells [14] on the electromagnetic scale’
(EMTopo) and are corrected with a MC-based calibration [1, 4, 15, 16]. The JES derived from single-
particle measurements is compared to that obtained from the in situ pr-balance based methods, and
subsequently, combined with it. Since the uncertainties of the two methods are largely independent and
of somewhat similar amplitude the combination gives significant improvements. The combination for
particle-flow (PFlow) jets [2], where the information from the tracking and calorimeter system is combined
to achieve optimal performance, is only performed in a restricted jet pt range.

The paper is structured as follows: Section 2 briefly describes the ATLAS detector and the MC simulation.
The method to derive the JES from single-particle response measurements (deconvolution method) is
described in Section 3. The input measurements and their systematic uncertainties are explained. The final
results of the JES together with a detailed break-down of the uncertainties are presented in Section 4 for
quark- and gluon-initiated jets separately. The results are compared to the ones obtained with the Z /y+jets
methods. Section 5 presents the combination of the JES obtained with the deconvolution method and with
the Z/y+jets method. The new uncertainties are compared to the ones previously available for physics
analyses in Section 6.

In Section 7 the JES is obtained for jets with various radius parameters scanned from 0.2 to 1.0. Differences
between inclusive jets produced by strongly interacting particles and jets from boosted top quarks with and
without grooming soft jet constituents are studied. Finally, the conclusions are given in Section 8.

2 The electromagnetic scale is the calibration of the ATLAS calorimeter that ensures that the energy deposited by electromagnetic
showers is correctly measured.



2 ATLAS detector and Monte Carlo simulation

The ATLAS experiment [17] at the LHC is a multipurpose particle detector with a forward—backward
symmetric cylindrical geometry and a near 4 coverage in solid angle. It consists of an inner tracking
detector surrounded by a thin superconducting solenoid providing a 2 T axial magnetic field, electromagnetic
and hadronic calorimeters, and a muon spectrometer. The inner tracking detector covers the pseudo-rapidity
range |n| < 2.5. It consists of silicon pixel, silicon microstrip, and transition radiation tracking detectors.
Lead/liquid-argon (LAr) sampling calorimeters provide electromagnetic (EM) energy measurements with
high granularity within the region || < 3.2. A steel/scintillator-tile hadronic calorimeter covers the
central pseudo-rapidity range (|| < 1.7). The endcap and forward regions are instrumented with LAr
calorimeters for EM and hadronic energy measurements up to |r7| = 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 || = 2.7 and fast detectors for
triggering up to |n7| = 2.4. The luminosity is measured mainly by the LUCID-2 detector located close to the
beam-pipe. A two-level trigger system is used to select events [18]. The first-level trigger is implemented
in hardware and uses a subset of the detector information to accept events at a rate below 100 kHz. This is
followed by a software-based trigger that reduces the accepted event rate to 1 kHz on average, depending
on the data-taking conditions in the LHC Run 2.

A software suite [19] 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. The
ATLAS detector is modelled with a detailed simulation [20] based on GEanT4 [21]. The hadronic shower
simulations mainly consist of three kinematic regions: physics interactions of the nucleus for momenta of
the incident particles around 1 GeV (pre-compound model), nucleon-nucleon cascades in the nucleus in
the medium pt region, and the modelling of the nuclear break-up for high pt. The choice of the models
as function of the kinematic regime is called the ‘physics list’ in the GEANT4 simulation. The ATLAS
default simulation is based on the FTFP_BERT_ATL [22] physics list. In this physics list the Bertini cascade
model [23] is used for hadrons with energy below 12 GeV, and the Fritiof string model [24, 25] to model
the nuclear break-up for hadrons with energy above 9 GeV. The probability of using each model changes
smoothly across the region of overlap.

As alternative to the Bertini cascade model and the Fritiof model, the quark gluon string model (QGSP) [26]
and the binary cascade model [27] are used for systematic studies. Other variations include a high-precision
tracking of electromagnetic showers and very low energy neutrons, a different set of elastic p p cross-sections
and a different treatment of diffractive processes. Further systematic uncertainties are estimated by using
simulations with varied detector geometries. The material in the inner detector is increased in specific
regions and overall by 5% and material is added between the electromagnetic and the hadronic calorimeters.
Moreover, the detector geometry is distorted in the inner detector end plate, the cryostat and before and
after the calorimeter presampler. These variations are constructed based on the degree of knowledge of the
detector geometry based on measurements taken during construction and studies of interactions in the
inner detector [28].

The nominal MC simulation of a sample of inclusive dijet events is the same as used in the calibration of
jets in ATLAS [1-5]. It is produced using PyTHiA 8.235 [29] with the A14 set of tuned parameters [30].
PyTHIA uses a leading-order 2 — 2 matrix element interfaced with a parton distribution function (PDF)
to model the hard process. The PDF used is NNPDF2.3r0 [31]. Additional radiation is modelled in the
leading-logarithm approximation using pr-ordered parton showers. Multiple parton-parton interactions



and underlying event are also simulated. Hadronisation is based on the Lund string model [32, 33], and
EvTGeN 1.6.0 [34] is used to decay heavy hadrons.

An alternative sample of inclusive dijet events is generated with SHERPA 2.2.11 [35] with the CT14nnlo
PDF [36]. A leading-order 2 — 2 matrix element is interfaced with a parton shower using Catani—Seymour
dipole factorisation [37]. The cluster based hadronisation module anapic++ [38] is used with re-tuned
parameters that improve agreement with the LEP data of the fractions of different hadrons within hadronic
jets [39]. The internal HaAprons++ module is used to decay heavy hadrons.

The JES of large-R jets, where boosted top quarks and W bosons are merged in one large jet, is studied
using a sample with new hypothetical heavy Z bosons (Z”) that further decay into top quark pairs. This
sample is simulated using Pytnia 8.212 with the A14 tune and the leading-order NNPDF2.3L0 PDFs. The
cross-section of the hard-scattering process and the branching fractions were modified such that a fairly flat
jet pr spectrum is obtained between 250 GeV and 1.5 TeV for b-jets, c-jets, and light-flavour jets, with a
falling tail of the pr distribution populated to 3 TeV for each flavour.

Furthermore, simulated inclusive inelastic pp collisions were overlaid to model additional pile-up collisions
in the same and neighbouring bunch crossings. These were generated with PyTHia 8.186 [40] using the
NNPDF2.3L0 PDFs and the A3 set of tuned parameters [41].



3 Deconvolution method and input measurements

The jet energy calibration corrects the measured jet energy for several effects like calorimeter non-
compensation, energy losses in the dead material or energy deposited outside the jet. In a first step it is
derived from MC simulation comparing the reconstructed and the true jet energy.® In a second step, the
calorimeter response to jets in data and MC is evaluated, and the data-to-MC ratio is used as the jet energy
response correction. In the deconvolution method [6, 7], the jet response correction is determined by
viewing the reconstructed jet as a superposition of energy depositions from the single particles constituting
the jet. This method is based on MC simulation, but uses single-particle calorimeter response measurements
for various particle types in data and MC to compute the data-to-MC jet response correction. A schematic
overview of the method is shown in Figure 1.

In the ATLAS MC simulation, the energy depositions produced in the ATLAS detector by each individual
particle, called ‘truth’ particle in the following, can be identified. Therefore for each energy deposition in
the calorimeter the kinematics and the particle type (electron, photons, pions, protons etc.) are known.
The energy depositions of the particles associated to jets can be used to calculate data-to-MC jet response
correction using measurements of the calorimeter response to single particles in data and MC simulation.
For each calorimeter cell associated to the reconstructed jet, the energy deposits of the truth particles are
identified and corrected by the measured ratio between data and MC of the calorimeter response to an
isolated particle of the corresponding particle type with the same kinematics.

The ratio of the total energy depositions within the jet after and before the correction gives the data-to-MC
jet response correction (Rp,e, /Ryc). The mean of this jet response correction is used for jet calibration. The
data-to-MC jet energy correction uncertainty is calculated from the single-particle response uncertainties.
Each uncertainty component in the single-particle response gives an independent uncertainty component for
the JES. The numerical evaluation of the uncertainty in the JES is performed with MC pseudo-experiments.
In each pseudo-experiment, the jet energy scale correction is calculated after randomly varying the
MC single-particle energy response within the appropriate uncertainty range, as given by the measured
single-particle data-to-MC ratio. Each particle is treated independently. The final JES uncertainty is then
derived from the spread of the distribution of the jet energy scale over all pseudo-experiments.

The sequence of the randomly changed parameters are kept fixed within each pseudo-experiment such that
the energy response correlations are properly taken into account. This method is chosen as different truth
jets have different spectra of truth particle energies and types, and with this method the average corrections
for all jets as a function of pt can be obtained.

The measured data-to-MC single-particle energy shifts and the corresponding uncertainties depend on
the particle type and the kinematic range. They are obtained from measurements of the single-particle
response in data and MC simulation. The calorimeter response to single charged hadrons E/p is defined
as the ratio of the average energy deposited by an isolated charged particle in the calorimeter (E) to the
momentum of its inner detector track (p).

The E/p measurement for single pions with 10 < pp < 300 GeV is performed using W bosons decaying
into 7-leptons where the 7-lepton decays into a pion. The W bosons are produced by the W+jets process or
in 17 events from pp collisions at 13 TeV using the full Run 2 data sets corresponding to an integrated
luminosity of 139 fb~!. A missing transverse momentum trigger is used. The 7-leptons are selected as

3 The true jet energy is derived from the stable particles associated with the jet with a proper lifetime ¢t > 10 mm (excluding
neutrinos and muons) impinging the ATLAS detector as given by the MC simulation before any detector simulation.
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Figure 1: Sketch of the particles associated with a jet and the corresponding energy depositions in the calorimeter.
The colors represent the energy depositions of the various particle types. In the deconvolution method, the energy
depositions are corrected and smeared to obtain the data-to-MC jet energy correction from calorimeter response
measurements to single particles.
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isolated tracks which predominantly selects one-prong decays. The effect of the neutral pions that can be
produced in 7-lepton decays is substracted on a statistical basis. More details can be found in Ref. [10].
The measurements of single charged hadrons for pt < 10 GeV were performed following the methodology
of Ref. [7] using a minimum bias data sample obtained in pp collisions at 13 TeV from a special dedicated
low pile-up run where an average of two additional collisions are expected. Both of the measurements use
data sets processed employing the same thresholds for pile-up noise suppression corresponding to Run 2
pile-up conditions. The measurement of the electron and photon energy scale and uncertainty is performed
using a tag-and probe technique in a data set with Z bosons decaying into electron pairs [42, 43]. It also
uses the full Run 2 13 TeV data set corresponding to an integrated luminosity of 139 fb=!.

For all hadron types the same data-to-MC corrections are used. To account for differences of the calorimeter
response to hadrons of other types, additional systematic uncertainties are estimated from MC simulation
or previous measurements. Jet fragmentation effects are addressed by comparing the results obtained with
the PytHia MC event generator with the ones from SHERPA.

The kinematic ranges of the single-particle measurements and the uncertainty estimations are summarised
in Table 1 and explained in more detail in the following.

Systematic uncertainties in the E / p measurement in the W — v sample

The statistical uncertainty in the E/p measurements in the W — 7v sample is treated as a systematic
uncertainty in the JES. Possible variations of the background relative to the single-pion signal from
7-lepton decays, i.e. muons, electrons or jets with extreme fragmentation patterns, are estimated by varying
selection criteria. The peak of the E/p distribution is determined using a fit to a Gaussian distribution and



Table 1: Overview of the input measurements and uncertainties used by the deconvolution method used for the
calculation of the data-to-MC jet response correction.

Particle pr [GeV] comment
hadrons pr <0.5 5 % uncertainty
05<pr<10 isolated tracks in minimum bias collisions
10 < pt < 300 pions from 7-lepton decays in W — 7v sample
prt > 300 MC out-of-range studies and using JES uncertainty constraint
ely 5 < pr <200 standard e /7y calibration from Z — e*e”
and 0.5% uncertainty for effects in jets
prt > 200 extrapolation based on electron calibration
pr <5 additional 1% uncertainty from 70 — yy mass peak constraint

an empirically found Landau distribution to account for background events. The systematic uncertainties
are estimated from the fit closure in a MC sample and by varying the shape of the background distribution
using different MC generators. Moreover, the simulated response of the background from additional 7% in
7-lepton decays is considered.

The energy deposition from pile-up events is subtracted on a statistical basis using the same technique as
used for jets based on the event pr-density (p) [44]. The non-closure of the pile-up correction and possible
mis-modelling of pile-up effects is estimated by splitting the data sample into two samples with an average
of low (20) and high (50) number of pile-up events.

Biases in the track momentum measurement are addressed by modifying the event selection such that the
isolated track is matched to a muon allowing for a cross-calibration of the track pt to the muon pr that
is well measured using Z bosons decaying into muon pairs [45]. The statistical uncertainty as well as
the muon track calibration uncertainties are considered. Effects from the muon track resolution which
depend on the underlying pt spectrum are evaluated as well. Further details on the relative sizes of these
components as a function of pt can be found in Ref. [10]. A flat uncertainty of 0.15% is used that is also
in line with the studies on the sagitta bias using J /% and Z boson decays into muon pairs [46].

Systematic uncertainties in the E / p measurement in the minimum bias sample

The largest systematic uncertainty in the E/p measurement in the minimum bias sample is due to the
cluster seeding probability, which gives the fraction of charged isolated hadrons that deposit energy in the
calorimeter. that is too low compared with the noise thresholds. The ratio of the cluster seeding probability
in data and MC is taken as a systematic uncertainty. This uncertainty is about 30% up to about 1 GeV,
10% between 2 and 3 GeV and it is negligible at 10 GeV. Since the cluster seeding probability might be
different for isolated single particles or particles within jets, the full effect is treated as an uncertainty and
not as a jet response correction.

As a cross-check the energy fraction of truth particles depositing no energy in the calorimeter was also
evaluated in the MC simulation. If the total amount of this energy fraction is taken as uncertainty, this
method gives as expected a somewhat smaller uncertainty as for example it does not include effects from
the noise thresholds of the topological clusters.

An additional 5% uncertainty is taken for charged hadrons below the measured range, i.e. pt < 0.5 GeV as
estimated in Ref. [7]. Even with this large uncertainty the energy depositions of such low-pt hadrons have



a negligible effect, since they amount to only a tiny fraction of the jet energy. The statistical uncertainty in
the E/p measurement is also considered. The same uncertainty in the track momentum measurements as
in the W — 1v E/p measurement is used. Effects from pile-up collisions are estimated by comparing the
E /p measurement in events with one and two additional collisions. The influence of neutral particles close
to the isolated track used in the E/p measurements is estimated and subtracted using a data set where the
energy deposit in the electromagnetic calorimeter is compatible with a minimum ionising particle [7]. This
uncertainty is estimated to be 1% (3%) for p > 2 GeV (p < 2 GeV).

Systematic uncertainties in electrons and photons

The electron and photon calibration in ATLAS uses a tag-and-probe technique in an event sample with
Z boson decays (Z — e*e™) exploiting the constraint of the Z boson mass and cross-checked with J /¥
and Z — [ly decays at low transverse energy [42, 43]. The electron and photon calorimeter response is
measured in data and MC for pt > 5 GeV. Since the standard electron and photon calibration applies to
isolated particles, an additional uncertainty of 0.5% is estimated for effects in a jet environment and to take
possible differences between electrons and photons into account. For momenta beyond the reach of the
Z — e*e” in situ calibration, the standard extrapolation estimate based on the detailed knowledge of how
electrons are measured with the ATLAS detector is used [42, 47]. For lower momenta (pt < 5 GeV), the
invariant mass of neutral pions decaying into two photons is reconstructed using a minimum bias data
sample. The same energy shift between data and MC at higher momentum is found, but to stay conservative
an additional uncertainty of 1% is applied to low energy electromagnetic energy deposits.

Modelling of various hadron types

The most abundant particle types in jets are charged and neutral pions, but some other particle types
contribute as well. The hadronic interactions of baryons and mesons such as ©*, p, p, n, 1, K*, K;, with
the detector can lead to slightly different calorimeter responses [7]. The effect is small for particles with
pt > 20 GeV, but can be sizeable for very low pt. The baseline calibration and uncertainty derived
for charged pions from the W — 7v sample or a mixture of charged hadrons dominated by pions in the
minimum bias sample is applied to all hadron types, but additional uncertainties are estimated for specific
hadron types based on MC simulations.

Baryons produce less neutral pions and therefore the measured energy in the calorimeter is lower than for a
pion with the same momentum. These effects are well simulated [7, 48, 49]. Studies using A baryon decays
in pp collisions at 8 TeV show that the response of protons is about 10% lower than the one for pions for
momenta between 1 and 7 GeV [7]. The MC simulation describes this effect within statistical uncertainties.
Because of isospin symmetry neutrons behave similar to protons in the calorimeter. This is also confirmed
by simulation studies showing that protons and neutrons have the same energy deposit over the studied
kinematic range of 0.7 < p < 100 GeV [7]. Possible differences between the proton and neutron response
can be indirectly tested by studying the charge exchange reaction (7~ p — 7% versus n*tn — 7%p). The
calorimeter response to 7™ is about 10% higher than the one to 7~ at p = 1 GeV, while the response
becomes the same for p > 3 GeV [7]. The charge dependence at low prt is caused by the higher density
of neutrons relative to protons in the absorber material of the ATLAS electromagnetic calorimeter. The
simulation describes the data within statistical uncertainties. Since, however, no direct constraints are
available for neutrons and the above studies are statistically limited a conservative uncertainty of 10% (5%)
is assigned for neutrons with p < 3 GeV (p > 3 GeV) [7].



The slightly different showering of charged kaons compared with pions is well simulated [48] and no
additional corrections or uncertainties are taken into account. The long-lived neutral kaon (K ) lifetime is
such that they are likely to reach the calorimeter before decaying and will therefore start their hadronic
shower in the calorimeter but some of them will decay before entering the calorimeter.

If they decay before the calorimeter the impinging particles are different than for a stable particle produced
in the collisions. The uncertainties in the effect of long-lived neutral kaons on the jet energy measurement is
addressed by varying shower simulation models and detector geometries in the MC simulation. Simulations
of single particles in the ATLAS detector are used, with varied assumptions, including different models of
how particles interact with the detector and different detector geometries.

The largest deviation of the response ratio of long-lived kaons and pions relative to the default simulation
is 3% and is obtained when exchanging the Fritiof model with the QGSP model. The variations of the
detector geometry are negligible. The uncertainty is estimated conservatively to cover the full deviation.
For the region pt < 25 GeV a flat uncertainty of 3% is assumed, while for pt > 25 GeV the uncertainty is
parameterised as 0.05 — 0.015 - log (p1/GeV).

Short-lived kaons (Ks) decay 70% of the time into Kg — n*n~ and 30% into Ks — 7%7°. Above
27 GeV, a K on average travels over 1.47 m and, therefore, enters the calorimeter before decaying. At
high momentum, K behaves similarly to Ky (having a similar mass and the same charge), and both of
the particles produce showers in the calorimeter. Therefore, the same uncertainties as those for K are
applied to Kg above 27 GeV. Below 27 GeV, the Kg decay mode is simulated according to the branching
ratio, and either the charged pion uncertainties with half of the kaon momentum (p(x) = 0.5p(Ks)) or the
photon uncertainties with p(y) = 0.25p(Ky) are applied.

The uncertainties in the various particle types are all applied on top of the pion uncertainties from the E/p
measurements.

Extrapolation of the single-particle response to very high pt

For very high-pr jets, the extrapolation of the single-particle response beyond the measured kinematic
range is important. Two different methods are used to estimate this uncertainty. The first method is based
on variations of the hadronic shower simulations. The second method explores the knowledge of the
JES response of the pr-balance based in situ methods at 2 TeV to constrain the JES derived from E/p
measurements at high pt by scanning various assumed values of the out-of-range particle uncertainty.

In the first method the single-particle simulations as described in Section 2 are used. All variations are
forced to agree at pt = 175 GeV, where there are precise measurements from the W — tv data. Then the
variation is studied as function of pt up to 2 TeV. In addition, the energy is varied by 3% in the hadronic
barrel and by 8% in the hadronic endcap calorimeter based on differences seen in the E/p measurement
using 7-lepton decays [10]. The biggest effect is seen for the modelling of the nuclear break up for high-pt
jets using the QGS model instead of the Fritiof model. It can give a variation of up to 2% at the highest pr.
A simple parameterisation with a linear model, 0.02 log (pt/175 GeV), is used to cover the deviation.

The uncertainty in the E/p measurement is assumed to remain constant beyond the last single-particle
response measurement point. The extrapolation uncertainty is added in quadrature to the uncertainty in the
E /p measurement.

10



The second method studies the effect of scanning the assumed value of the out-of-range uncertainty
from 1% to 10% for particles outside of the kinematic reach of the E/p measurements. Previously 10%
was assumed [6, 7]. If the out-of-range single-particle response is changed up or down, the derived jet
response is correspondingly changed at high pr. For such a strong variation the JES derived from the E/p
measurements is not compatible with the JES derived from in situ pr-balance methods. The JES together
with its uncertainty derived from the pr-balance in situ methods therefore provides a constraint on the
single-particle out-of-range response uncertainty. The particle spectra in the jet have large fluctuations and
therefore particles at fixed p are contained in jets with a large range in jet p. The fraction of deposited
energy by particles in a fixed pr range increases for increasing jet pr. Therefore, the knowledge of the JES
response and of the corresponding uncertainty at a given pt can be used to extrapolate to higher pr. An
uncertainty of 2% on the single-particle out-of-range uncertainty is evaluated following this procedure,
resulting in a JES response uncertainty of 0.7% (0.8%) for a jet at pt = 2 (4) TeV. This result is similar to
the extrapolation uncertainty estimated from the variations in the simulation of the ATLAS detector.

In the final JES uncertainty the out-of-range uncertainty from the MC model variations (first method)
is used. This is a reduction of a factor of four compared with the previously assumed out-of-range JES
uncertainty [6, 7]. It is achieved by testing the detector modelling with in situ single-particle measurements
covering a wide kinematic range and is supported through cross-checks using precise high-pr jet response
measurements to constrain the high-pt single-particle response outside the p range where it is measured.
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4 Jet energy scale for quark- and gluon-induced jets and comparison to
pr-balance methods

Since the deconvolution method relies on the MC simulations to determine the JES using the single-particle
response measurements, the JES can be studied separately for quark- and gluon-induced jets. The standard
ATLAS definition for jet studies to define the jet flavour is used, i.e. the flavour of the parton with the highest
energy associated to the jet determines the jet flavour. The parton-to-jet association uses helper particles
with negligible energy, but pointing in the same direction as the partons. These so-called ‘ghost-particles’
are clustered together with the stable particles by the jet algorithm following the method of Ref. [11]. The
notion of a ‘quark-initiated’ or ‘gluon-initiated’ jet is not well-defined beyond leading-order in QCD [50,
51], but it captures well the differences in the jet fragmentation. On average quark-initiated jets are narrower
and have fewer constituents with a harder particle spectrum than gluon-initiated jets with the same pr.

Figures 2(a) and 2(b) show the response shifts separately for gluon- and quark-induced jets for the main
three single-particle measurements individually and the resulting total correction.

The individual corrections are obtained by selecting either electrons and photons (e/y) or hadrons in
exclusive kinematic domains at low pt (E/p in the minimum bias data sets) or at high pt (E/p in the
W — tv data sets). The total correction is obtained using all particles. The jet response in data is lower
than the one in MC. Therefore the jet response shift (Rp,/Rmc — 1) is negative for both of the types of
jets. The total jet response correction is about —5% at low-pt and —2% at high-p for quark-induced jets.
The response correction for gluon-induced jets is slightly more negative than the one for quark-induced
jets. Gluon-induced jet have a softer fragmentation, resulting in a higher fraction of the total jet energy
contained in low-p particles. The lower overall response shift is caused by the low-pT measurements
in the minimum bias data set. The correction for electrons and photons induces a shift of —1% at low
pr that gets a bit reduced towards higher pr, i.e. for pr = 4000 GeV it is —0.4%. The single-hadron
response measurement predicts a response shift of -0.4% at low pr and no shift at high pt. The single-pion
measurement from the 7-lepton decays predicts a response shift of -0.2% at low pr increasing to -1.5% for
prt = 4000 GeV.

The individual uncertainties of the JES derived from the single-particle response measurements are shown
in Figures 2(c) and 2(d) as a function of the jet pr. The e/y uncertainties contribute about 0.1% to 0.2%
almost independent of pt. The dominating uncertainty at low pr is the uncertainty due to tracks that do
not leave clusters in the calorimeter. This effect dominates the total uncertainty up to about pt = 200 GeV.
In the range of 200 < pt < 2000 GeV the largest single uncertainty is due to the calorimeter response
to neutral hadrons. Beyond this pt range the extrapolation uncertainty is largest. The uncertainties are
slightly larger for gluon- than for quark-induced jets, since the uncertainty for low momentum particles
have a higher impact on gluon-induced jets due to their softer fragmentation pattern.

The JES response and uncertainty as calculated from the single-particle measurement is shown in Figure 3
as a function of the jet p together with the JES from the pr-balance based in situ techniques. Here the jet
response is calculated with the relative amount of quark- and gluon-induced jets (quark/gluon mixture)
chosen to correspond to the expectation for jets in Z/y+jets events. With this quark/gluon mixture a good
agreement with the pr-balance based method is obtained. However, any other quark/gluon composition
would also give agreement within uncertainties.

The response shift between data and MC simulation of about -2% at high pt obtained with two completely
independent methods is very similar and well within the quoted uncertainties. The drop of the response
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Figure 2: Data-to-MC jet response shift for (a) gluon-induced and (b) quark-induced jets. The total correction
and the individual shifts due to the e/y correction, the single-hadron response measurement at low-pt and the
single-pion response at high-pt are shown. The horizontal dark blue line indicates no correction. Fractional jet
energy scale uncertainty derived from the E/p measurements as a function of the jet pr for (c) gluon-induced and
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(d) quark-induced jets. The individual systematic uncertainties and the resulting total uncertainty are shown.

ratio towards smaller pr is also reproduced within uncertainties. The uncertainty from the single-particle
response measurements is smaller than the one from the Z/y+jet in situ methods for about pt > 200 GeV.
The single-particle-based uncertainty smoothly and slowly increases towards the highest pt values. At
2000 GeV the pr-balance based JES uncertainty is 0.8% while the one from the single particles is 0.6%.
The single-particle response measurement can be used for all jet pr, i.e. also in the region where the

pr-balance based methods do not have kinematic reach.
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Figure 3: Data-to-MC JES response ratio derived from the pr-balance based in situ methods and the one from the
single-particle response measurements (E/p) as a function of the jet py. The quark/gluon fractions as expected in
the Z+jet process are used. The bands indicate the statistical and total uncertainties.

5 Combination of single-particle response and pr-balance methods

To achieve the highest precision determination of the jet energy scale corrections and uncertainties a
combination of the results from single-particle response measurements and the pr-balance based in situ
techniques is performed. The combination is performed using a spline-based procedure, that has also been
employed in e.g. Refs. [1, 3, 4, 15, 16, 52] and references therein. Either linear or quadratic splines are
used to interpolate between the various points of each in situ measurement and between the points of the
E/p result. They allow for the determination the contributions of each of these inputs in fine pr bins.

An uncertainty propagation procedure, based on pseudo-experiments (propagating the full information of
the input uncertainties with their correlations), allows to determine the covariance matrix of the various
contributions in a given fine pr bin. A weighted average of these contributions, based on a y*> minimisation,
is then performed. The weights for the various in situ py-balance based and E/p inputs, computed taking
into account the corresponding statistical and systematic uncertainties, should not be biased by the bin-size
choices that were made for each of them. For this reason, the determination of the averaging weights is
performed using in situ pr-balance and E/p inputs that are first integrated into a common large binning,
before performing the spline-based interpolation. The original in situ pr-balance and E/p binning is
employed afterwards, when performing the actual averaging using these weights.

While yielding a combined result that can be used for the jet energy calibration, it also allows for the
evaluation of the level of agreement between the inputs. Each of the input uncertainties (i.e. nuisance
parameters) is propagated through the combination procedure, by shifting the impacted inputs by one
standard deviation of that uncertainty, re-doing the full averaging procedure and comparing the result with
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the nominal one. The fit quality is evaluated based on the y2/Ndof, where Ndof is the number of degrees
of freedom. In case of some tensions between the inputs, identified through a y?/Ndof > 1 in a given bin,
the propagated uncertainties are increased by a factor y/ y2/Ndof, following the recommendations of e.g.
Ref. [53]. Finally, a Gaussian-kernel smoothing is applied coherently to the combination result and to its
uncertainties.

The baseline result of this study, with the EMTopo jet collection, employs the precise E/p result down to
pr values of 17 GeV. The combination result, with the corresponding in situ pr-balance and E/p inputs,
the relative combination weights and the +/y2/Ndof, as a function of the jet pr, are shown in Figure 4. In
contrast to previous combinations [1, 3, 4, 15, 16, 52], the results from the multi-jet balance (MJB) used to
extend the pr-range of the Z/y+jet results are not used anymore, since the high-pt region is now covered
by the E/p measurements and which are more precise than the MJB method.

The E/p result has a significant weight for the full pt range and is the most significant contribution across
the majority of the range where it is used. For instance, the weight of the E/p method increases with pt
from 10% at 40 GeV to 75% at 1 TeV. At very low pr like 20 GeV the weight is 70%, thus helping to
reduce the large uncertainty from the Z + jets modelling. The in situ pr-balance based and the E/p inputs
are also in good agreement over the full py range with a y?/Ndof around 0.5 in most of the pr-range. At
100 GeV the y*/Ndof is around 1.

In Run 2 most ATLAS physics results are based on the PFlow jet reconstruction algorithm [2] where
tracks and calorimeter-clusters are combined to improve the jet resolution and to mitigate pile-up effects.
The PFlow algorithm benefits from the fact that charged hadrons at low pt can be better measured with
the tracking detector than with the calorimeter. Moreover, the tracks can be better assigned to the hard
scattering vertex and therefore the rejection of pile-up contributions is easier. At high pt, however, charged
hadrons can be better measured with the calorimeter and the contribution from tracks becomes minimal.
The response of jets based on the PFlow algorithm therefore tends to the one from EMTopo jets towards
high-pr [4].

In the ATLAS PFlow algorithm a decision is made for each track whether the associated energy deposit
in the calorimeter can be accurately identified such that it can be subtracted and the track measurement
used [4]. This is dependent on the track pt and the energy density around the shower in the calorimeter as
in dense environments this identification becomes difficult. To correct for non-compensation effects, for
the particles where the subtraction is not performed a fraction of the track energy is still included in the jet.
Importantly, for particles where this subtraction is not performed, the shifted calorimeter contributions
can be used to evaluate the shift in the jet energy scale of PFlow jets. Since PFlow jets also use tracks
to reconstruct the jet energy, the jet response corrections take the reduced calorimeter energy fraction
into account. For jets with pt > 264 GeV the fraction of the jet constituents where the subtraction is
performed is below 5%, and thus the impact of track corrections is expected to be small. Therefore the
single-particle technique can be applied to derive the jet energy response corrections and uncertainties. To
avoid the region where this approximation might not be so accurate the combination of in situ pr-balance
techniques and single-particle response measurements is only performed above 300 GeV. The modelling of
the charged-particle energy fraction in PFlow jets, i.e. the sum of the energy in tracks with respect to the jet
pT, was measured previously [2, 16] and is well modelled. Therefore no additional uncertainty is added.

The combination result for PFlow jets, with the corresponding in situ pr-balance based and E/p inputs,
the relative combination weights and the / y2/Ndof, as a function of the jet pt, are shown in Figure 5.
Here also, the E/p result has a relatively important weight on average, for the full pt range where it is used.
At 300 GeV it contributes about 20 %, at 1 TeV almost 80% and 100 % for pr > 1500 GeV. The in situ
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pr-balance based and E/p inputs are also in good agreement in the full pr range where they overlap. The
x?*/Ndof is below 0.6 over the full pt range where the combination is performed.

16



o T T T T T L I T T T T T L T T
E - —
o 11 Vs =13 TeV, Data 2015-18 ATLAS
L 1.
© — . —
© - = + < .
£ [ antik,R=04,EMJES <08 i
- A Z(- ee)tjet 7
1.05 ) —
- Vo Z(- pp)tjet —
K o Elp i
1 L —
0 xolx I Ix M)r[ux I AAAEE X
T l.lx e URREELEL S
\v/ N
0.95/1 A 1] —
—— Central value T
Stat. uncertainty i
0.9— Total uncertainty —
B 1 1 1 1 1 1 Ll I 1 1 1 1 1 1 1 I 1 1 i
20 30 40 10> 2x10? 10> 2x10°
jet
p* [GeV]
(@)
5 F (s=137Tev, Dan 201518 | ATLAS-
o [T T T T T T ] 2 2 S = eV, Data - =
2 12?5;_??}%2“2@3}22? ATLAS 7 Em anti-k, R = 0.4, EM+JES, n| < 0.8 3
g r (R=04, ,Inl<0.8 9 = E
£ 1= y +jet ——— 16 =
> [ —— FEp / ] 14f E
Qo8 - Z(~ ee) + jet p———4 — E =
Ha 20 ) +jet I 1 i ]
8 os[-, _ / 3 i E
g r 1 N ) ] 0.8 e
o4 / 4 = 06E 3
[ T PR ] 0.4f 3
0.2 LY s/ N S - & E
N/ ] 021 E
) ; L ) ) ) b B Ll M | . ]
0 20 30 40 1c‘12 2x10? 11‘)3 2x10° 20 30 40 10*  2x10° 10°  2x10°
P [GeV] P} [Gev]
(b) ©

Figure 4: Combination of the in situ E/p and pr-balance (y + jet and Z +jet) [5] results for the EMTopo jet collection.
(a) Data-to-MC jet response ratio as a function of the jet pr. The points indicate the various measurements with their
statistical (inner bars) and systematic uncertainties added in quadrature (outer bars). The line indicates the nominal
combination result, while bands indicate its statistical (inner bands) and total uncertainty (outer band) respectively.

(b) The relative weights of the various input measurements used in the combination and (c) the v/ y2/Ndof as a

function of the jet pr.
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Figure 5: Combination of the in situ E/p and pr-balance (y + jet and Z + jet) [5] results for the PFlow jet collection.
(a) Data to MC jet response ratio as a function of the jet pr. The points indicate the various measurements with their
statistical (inner bars) and systematic uncertainties added in quadrature (outer bars). The line indicates the nominal
combination result, while bands indicate its statistical (inner bands) and total uncertainty (outer band) respectively.
(b) The relative weights of the various input measurements used in the combination and (c) the v/ y2/Ndof as a
function of the jet pr.
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6 Comparison to previous results

The main part of the jet calibration is based on in situ techniques that assess the difference between data and
Monte Carlo simulation of the calorimeter response to jets (JES from in situ calibration). The reduction in
the jet calibration uncertainties for EMTopo jets is illustrated in Figure 6(a) that compares the uncertainty
obtained by the combination of the two in situ techniques discussed in this paper with the previous ones
used in ATLAS measurements [4]. A significant improvement is seen for all values of jet pt. The large
improvement by a factor of 3 to 4 above roughly 2.5 TeV is mainly due to the larger kinematic range covered
in the E/p measurements in the W — 7v sample and the additional studies constraining the single-particle
uncertainties beyond the measured range (see Section 3).

However, in addition to the in situ calibration JES uncertainties, there are also additional uncertainties to
account for the dependence on the varying pile-up conditions (pile-up components) and on the flavour of
the parton initiating the jet [1-5] (flavour components). Significant progress has recently been made on the
understanding of the calorimeter response to different jet flavours [54, 55]. It was observed that the jet
response difference between PyTHia and HERwIG can be explained by the differences in the baryon fraction
of the particles constituting the jet. SHERPA ([56, 57]) using the cluster model [38, 58] was in agreement
with HErwiG but agreed with PyTHiA after a tuning of the baryon fraction to LEP data [39]. By calibrating
the jet response in HErwiG [59, 60] to the one in PyTH1A a large reduction of the flavour uncertainty was
obtained. As a result the jet flavour uncertainty was reduced to a negligible level. Moreover, the flavour
uncertainty was split into several components by comparing MC samples with different hadronisation
models (string vs cluster model), different parton showers and different modelling of the hard scattering
process (matrix element).

Figure 6(b) shows the previous total JES uncertainty [4] and the one presented here for a quark/gluon mix
in an inclusive dijet sample for PFlow jets. A significant improvement is seen for all jet pt. Also shown
are the additional uncertainties due to pile-up and to the jet flavour. The flavour uncertainty is very small
(below 0.4% for pr < 100 GeV and negligibly small for pr > 100 GeV). The pile-up uncertainty is the
largest uncertainty for jets below pt < 100 GeV. For higher pr the uncertainties related to the in situ JES
calibration are largest.

The total JES uncertainty amounts to about 4.5% at pt = 20 GeV, below 1% at pr = 100 GeV, 0.4%
at pt = 300 GeV and 0.6% at pr = 3 TeV. The uncertainty at low prt is dominated by the pile-up
component but recently new pile-up subtraction techniques have been developed to significantly reduce
these uncertainties [S]. The flavour uncertainties are significantly reduced by the updated treatment and the
combination of in situ techniques with the newly derived corrections from single-particle measurements
provide a significant reduction in this component above 400 GeV.
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Figure 6: (a) Fractional JES uncertainty in the data-to-MC response ratio from the in situ calibration using the new
(solid) and the previously recommended JES uncertainty [4] (dashed) for EMTopo jets as a function of the jet pr.
(b) Total fractional JES for PFlow jets in the most central pseudo-rapidity region as a function of the jet pt. In
addition to the JES from the in situ calibration (red dashed line) the additional uncertainties due to the pile-up (grey
dot-dashed line) and the jet flavour components added in quadrature (green dashed line) are shown. The blue area
shows the quadrature sum of all the uncertainties. For comparison the uncertainties as previously recommended for
physics analysis are also given: in situ calibration (red dotted line), flavour components (green dotted line) and total
(solid grey line).

7 Jets with various radius parameters

The deconvolution method allows for the derivation of the data-to-MC response corrections for jets
reconstructed with radius parameters of the anti-k; jet algorithm different from the ATLAS default value
(R = 0.4). In particular, studies of jet substructure for both small-R and large-R jets are interesting. In this
section results are presented for R-values ranging from 0.2 to 1.0. The JES can be studied with or without
applying clustering algorithms to remove soft jet constituents (jet grooming).

Figure 7(a) shows the data-to-MC jet response correction together with their uncertainties for jets with
radius parameters R = 0.2 and R = 1.0 divided by the one of R = 0.4 jets as a function of the jet pr.
Since the systematic uncertainties are correlated between the various R values, the presentation of the
results relative to the standard jets with R = 0.4 helps to better visualise the dependence of the jet response
correction on the jet radius. The small radius jets have the smallest jet response correction and the largest
radius jets the largest. At low pr differences between the R values up to about 3% are observed. At large
pr the differences are below 1%, but are still significant. For 1 TeV jets the response correction for R = 1.0
(R =0.2) is 0.15% (0.6%) lower (higher) than the one for R = 0.4 jets. For jets with pt > 2 TeV the
response shifts are within the systematic uncertainties.

Figure 7(b) shows the data-to-MC response correction as a function of the jet radius parameter for jets
with pt = 32 GeV and with 1008 GeV.* Here no ratio with respect to R = 0.4 is taken and the response
correction can be seen together with the uncertainty for each jet radius. In this presentation the systematic
uncertainties are strongly correlated across the R bins. At pt = 32 GeV the R = 0.2 jets have a jet response

4 A low-pT and a high-pr value is displayed as example. The quoted p values correspond to the beginning of the chosen p bin
which is more relevent than the bin centre since in most physics processes the pr distribution falls steeply.
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Figure 7: (a) Data-to-MC JES response ratio derived from the single-particle response measurements for jets with
R = 0.2 and R = 1.0 normalised to the one of jets with R = 0.4 as a function of the jet pr. The horizontal line at
unity is drawn for better visibility. (b) Data-to-MC JES response ratio for jets with pt = 32 GeV and pt = 1008 GeV
as a function of the jet radius. The error bars respresent the quadrature sum of all the individual uncertainties. The
flavour composition as in the inclusive dijet MC simulation is used.

shift of —3.5% while the largest jet with R = 1.0 has a response shift of —5.5%. For pt = 1008 GeV a
smaller variation is observed with the jet radius. When taking the correlation between the jet radii into
account, this variation is also significant.

Figures 8(a) and 8(b) show the response correction due to the various E/p measurements for the smallest
(R = 0.2) and the largest (R = 1) R-values as examples. The response shifts due to the measurements of
electrons and photons and of high-pT pions do not vary with the R-value. However, the response shift due to
the low-pt single-hadron response measurement in minimum bias collisions has a strong variation with the
R-value that is responsible for the overall response shift. The response shift due to low-pr particles changes
from —2% to -5% for pt = 30 GeV. Since the response shift is driven by low-pr particles measured in
minimum bias events, the overall response correction does not depend on the R-value at high-pt. This
indicates that the response difference between small-R and large-R jets, for quark- and gluon-induced jets,
is mainly driven by low-pr particles. This is in-line with ATLAS jet substructure measurements showing
that the energy density is highest close to the jet axis and that only a relatively small energy fraction is
located in the outer parts [61, 62]. Therefore, when enlarging the jet radius the energy fraction in the
low-pr particles is increased thus leading to an increase of the overall uncertainty.

Figures 8(c) and 8(d) show the uncertainty for the two R values discussed above. The uncertainty due
to the E/p measurement in minimum bias events remains dominant, but its magnitude is smallest for
small-R values and largest for large-R values. At pt = 30 GeV it is about 1% for R = 0.2 jets but is 3% for
R = 1.0 jets. At the highest pr the variation is much less. The other uncertainties do not dependent on the
R-values.

These results are obtained for the standard jets formed by strongly interacting particles in dijet events.
Large-R jets are used to identify the decay products from boosted particles such as W/Z bosons or top
quarks produced at large pt. To reduce the increased sensitivity of large-R jets to soft radiation, particles
produced by the underlying event collisions or in pile-up pp interactions, grooming algorithms are applied
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Figure 8: Data-to-MC jet response correction derived from the £ /p measurements as a function of the jet pr with (a)
R =0.2 and (b) R = 1.0. Shown are the total correction together with the individual shifts due to the ¢/y correction,
the single-hadron response measurement at low-pt and the single-pion response from 7-lepton decays at high-pr.
The horizontal black line indicates no correction. Fractional JES uncertainty derived from the E/p measurements as
a function of the jet pr for jets with (c) R = 0.2 and with (d) R = 1.0. The uncertainties are merged in classes for
better visibility. The flavour composition as in the inclusive dijet MC simulation is used.
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that remove soft jet constituents based on a clustering algorithm running on the jet constituents. For an
overview on this topic see Refs. [63, 64].

In ATLAS the best performance of boosted particle reconstruction [65] is obtained for jets with R = 1.0
that are used together with the soft drop clustering algorithm [66] with the radial distance parameter set to
B = 1.0 and the soft-drop threshold set to z = 0.1.

Without further requirements on substructure variables to increase the fraction of jets with a two- or
three-prong structure, the data-to-MC jet response correction is not changed for an inclusive jet sample. In
an event sample with boosted top quarks produced by Z’ boson decays to top quark pairs (see Section 2), the
data-to-MC jet response correction with and without jet grooming is almost the same. For pt > 200 GeV
they agree within 0.1%. While grooming with the soft drop algorithm does not significantly modify the
data-to-MC jet response correction, the origin of the jet does have an impact. The response difference
is 0.2% when comparing inclusive jets and jets in the event sample containing boosted top quarks for
pt > 200 GeV.

In summary, these studies show that differences of internal jet structure between inclusive jets and jets
from boosted top-quark decays also lead to differences in the jet response correction, while the application
of the soft-drop grooming algorithm with 8 = 1.0 and z = 0.1 has a negligible impact on the response of
both the types of jets.
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8 Conclusion

The jet energy scale correction together with the corresponding uncertainties has been derived from
measurements of the calorimeter response to single particles of the ATLAS detector operating at the LHC.
In particular, the measurements of isolated pions produced in 7-lepton decays have significantly increased
the kinematic range where the calorimeter response to single pions has been measured in situ. As a result
the jet energy scale correction uncertainty is significantly improved, reaching 2.5% at pr = 20 GeV, 0.5%
at pt =300 GeV and 0.7% at pt = 4 TeV.

The results obtained from the single-particle measurements and the pr-balance based method are in
excellent agreement with the single-particle-based method having an improved accuracy. Since the
uncertainties of the two measurements are uncorrelated, the combination of the two methods significantly
improves the jet energy scale measurement with respect to earlier estimates. While low-pr jets are still
dominated by uncertainties related to pile-up, at pt = 300 GeV the final JES uncertainty amounts to 0.3%
and increases to 0.6% at pt = 3 TeV.

Furthermore, the single-particle response method allows for the determination of the data-to-MC jet
response correction for any jet collection definition, such as for variations of the jet radius parameter.
Differences between jets of different radii are significant. While inclusive jets and jets from boosted
top-quark decays have a jet response correction of 0.2% for pt > 200 GeV, the application of the soft-drop
grooming algorithm with § = 1.0 and z = 0.1 has a negligible impact on the response of both types of
jets.

This analysis demonstrates a fundamental understanding of the jet energy measurement and a good
description of the physics processes in the calorimeter by the MC simulation. The data-to-MC jet response
shift as measured with the in situ pr-balance based methods observed since the beginning of the data
taking at the LHC can be shown to be due to the deficiencies of the MC simulation to describe the response
of the ATLAS calorimeter to single particles. A significant fraction of the response shift is due to the
simulation of electromagnetic processes and only partly due to limitations in the modelling of hadronic
calorimeter showers.

The improvements in the jet energy calibration presented in this paper pave the way for precision jet
measurements with the ATLAS detector.
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