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Abstract Jet energy scale and resolution measurements
with their associated uncertainties are reported for jets using
36D81 51 of protonBproton collision data with a centre-
of-mass energy of s = 13 TeV collected by the ATLAS
detector at the LHC. Jets are reconstructed using two differ-
ent input types: topo-clusters formed from energy deposits
in calorimeter cells, as well as an algorithmic combination of
charged-particle tracks with those topo-clusters, referred to
as the ATLAS particle-Bow reconstruction method. The anti-
ki jet algorithm with radius paramet&= 0.4 is the primary

jet debnition used for both jet types. This result presents new
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of particle-Bow jets in ATLAS. Jets are initially calibrated 6.2 Noise measurement using random cones. . 28
using a sequence of simulation-based corrections. Next, sev- 6.3 Combination of in situ jet energy resolution. 31
eral in situ techniques are employed to correct for differences 6.4 Application of JER and its systematic uncertain-
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of high-pr jets (250< pr < 2000 GeV), to 5% at very low
pt (20 GeV) and 3.5% at very hight (> 2.5 TeV). The
relative jet energy resolution is measured and ranges fro
(24+ 1.5)% at 20 GeV to (& 0.5)% at 300 GeV.

1 Introduction

Phe energetic protonbprotomp) collisions produced by

the Large Hadron Collider (LHC) yield bnal states that are
predominantly characterized by jets, or collimated sprays
of charged and neutral hadrons. Jets constitute an essen-
tial piece of the physics programme carried out using the
ATLAS detector due to their presence in the signal pro-

Contents

1 Introduction . . . ... 1 cesses being measured and searched for, the various back-
2 The ATLAS detector. . . . . ............ 2 ground processes that hide those signals, and the additional
3 Data and Monte Carlo simulated samples . . . . 3 activity due to simultaneousp collisions. Measurements of
4 Jetreconstruction. . . ............ ... 4 the energy scale and resolution of these complex objects, as
5 Jetenergy scale calibration . . . .. ....... S well as their associated systematic uncertainties, are there-
5.1 Simulation-based jet calibrations. . . . . . . 6 fore essential both for precision measurements of the Stan-
5.1.1 Pile-up corrections . . . ... ... .. 6 dard Model (SM) and for sensitive searches for new physics
5.1.2 Jetenergy scale andtalibration . . . . 7 peyond it. This paper presents the strategy used for the deter-
5.1.3 Global sequential calibration. . . . . . 9 mination of the jet energy scale (JES) and resolution (JER)
5.2 Insitu jet calibrations. . . . .. ... . ... 11 by the ATLAS experiment and its implementation as it per-

tains to the analysis of data from Run 2 of the LHC. Results

e-mail: atlas.publications@cern.ch for the JES and JER are presented using data collected dur-
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ing 2015D2017, corresponding to integrated luminosities in  The silicon pixel detector covers the vertex region and typ-
the range 36081 %3, depending on the analysis method andically provides four measurements per track, with the inner-
its goals. This publication focuses on calibrating jets reconmost space-point provided by the insertable B-layer that was
structed with the antiq [1] algorithm with radius parameter installed before Run 21[1,12]. The pixel detector is fol-
R= 0.4. lowed by the silicon microstrip tracker, which usually yields
The ATLAS Collaboration has published previous cali- eight measurements per track. The silicon-based detectors
brations and uncertainties of the energy scale and resolutiare complemented by the transition radiation tracker (TRT),
for this jet debnition with data taken in 2012Ef], 2011  which enables radially extended track reconstruction up to
[5], 2012 [6], and 2015 7]. Additionally, some ATLAS pub- | | = 2.0. The TRT also provides electron identibcation
lications have targeted different jet depnitions. In particuinformation based on the fraction of hits (typically 30 in
lar, the Run 1 papers include dedicated calibrafimfgets  total) above a higher energy-deposit threshold correspond-
reconstructed with the aniti- algorithm withR = 0.6 and  ing to transition radiation.
R = 1.0, and a dedicated in situ calibration of large-radius The calorimeter system covers the pseudorapidity range
jets has also been completed in Run 2 d&aThis pub- | | < 4.9. Within the region| | < 3.2, high-granularity
lication extends and improves on previous calibrations ofead/liquid-argon (LAr) calorimeters with both barrel and
antiki R = 0.4 jets, taking full advantage of the larger endcap sections provide electromagnetic calorimetry. An
dataset recorded over the period of 2015D2017. The signi&dditional thin LAr presampler covefs| < 1.8, and is used
icant increase in the number of proton collisions per bunctio correct for energy loss in materials traversed by parti-
crossing in 2016 and 2017 data-taking leads to a correspondtes prior to reaching the calorimeters. Hadronic calorime-
ingly more difpcult environment for jet reconstruction, andtry is provided by the steel/scintillator-tile calorimeter, seg-
this result presents new jet energy scale and resolution memented into three barrel structures withir] < 1.7, and

surements in these unique high pile-up conditions. two copper/LAr hadronic endcap calorimeters cover the
Section2 describes the ATLAS detector, and Se8t. range 15 < | | < 3.2. The solid angle coverage between
describes the recorded data and the Monte Carlo (MC) sinB.2 < | | < 4.9 is completed with forward copper/LAr

ulation samples used in this paper. Sectidmpresents the and tungsten/LAr calorimeter modules optimized for elec-
inputs and algorithms used to reconstruct the jets. Sed&ion tromagnetic and hadronic measurements respectively. Inter-
and Sect6 present the methods used and the result of botfaces that exist between each of these components, in partic-
the calibration and the resulting systematic uncertainties aflar between the barrel and endcap regions, provide for space
the JES and the JER, respectively. to route various services and infrastructure, such as electri-
cal and Pber-optic cabling, cooling, and support structures.
However, these so-callddansition regionsalso create dis-
2 The ATLAS detector continuities in the response of the calorimeter to both charged
and neutral particles due to energy absorption in the inactive
The ATLAS detector 0] at the LHC covers nearly the materials and changes in the geometry of the active materi-
entire solid angle around the collision pofnit consists of ~ als of the calorimeters. The calibrated response and resolu-
an inner tracking detector surrounded by a thin supercortion of the calorimeter must therefore either correct for these
ducting solenoid, electromagnetic and hadronic calorimetergeatures, or account for them when establishing systematic
and a muon spectrometer incorporating three large superconncertainties. Figuré shows the many components of the
ducting toroidal magnets. The inner-detector system (ID) isalorimeter system, with reference pseudorapidities and var-
immersed in a 2 T axial magnetic Peld and provides chargedeus relevant transition regions marked as w0, L 3,14].
particle tracking in the range| < 2.5. The muon spectrometer (MS) comprises separate trigger
and high-precision tracking chambers measuring the del3ec-
1 Comparisons in Run 1 betwedd= 0.4 andR = 0.6 jets conprm  tion of muons in a magnetic Peld generated by supercon-
the need for dedicated calibrations for different jet ra8ji [ ducting air-core toroids. The Peld integral of the toroids
2 ATLAS uses a right-handed coordinate system with its origin at theranges between 2.0 and 6.0 Tm across most of the detec-
no_mi_nal interaction point in _the centre of_the det_ector. _The positive tqor. A set of precision chambers covers the redidrc 2.7
axis is debned by the direction from the interaction point to the centre . . .
of the LHC ring, with the positivey-axis pointing upwards, while the with three Iay(_ars of monlto_red drift tubes, CQmplememed
beam direction debnes tieaxis. Cylindrical coordinate¢r, ) are Dy cathode-strip chambers in the forward region, where the
used in the transverse plane being the azimuthal angle around the background is highest. The muon trigger system covers the

z-axis. The pseudorapidityis dePned in terms of the polar angléy range| | < 2.4 with resistive-plate chambers in the barrel,

=S Intan( / 2). Rapidity is dePned as= 0.5 In[(E+ p,)/( ES py)], . . .
where E denotes the energy ang is the component of the momen- and thln-ggp chambers in the endcap regions.
tum along the beam direction. The angular distand® is debned as Interesting events are selected to be recorded by the prst-

(y2+() 2 level trigger system implemented in custom hardware, fol-
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Fig. 1 Layout of the ATLAS calorimeters with pseudorapitidy) ¢al- layers. The hadronic Tile calorimeter is shown in light blue while the
ues marked for reference. The inner detector systems can be seenhiadronic endcap calorimeters based on liquid argon are illustrated in
black-and-white in the center of the diagram; tracking is provided up tdight orange. The forward calorimeters are shown in dark orange. Pink
= 2.5. The electromagnetic (EM) barrel and endcap calorimeters arblled regions represent the tile plug calorimeter, often referred to as
shown in green. The EM barrel has consistent performance throughoufjleGapl and TileGap2. The thin hot pink line marks the location of
but has a seam in the construction at 0 which can impact jet energy the very narrow gap and cryostat scintillators (TileGap3). The regions
resolution. The EM endcap has a precision region marked in darkerorresponding to the transition from barrel to endcap ( 1.4) and
green and an extended region in light green, and the transition from orfeom endcap to forward calorimeter ( 3.1) are given for reference
to the other around 2.5 involves a dramatic change in the material

lowed by selections made by algorithms implemented in softdatasets, respectivel$§|. As described below, these condi-
ware in the high-level triggerlp]. The Prst-level trigger tions are accounted for in the production and reconstruction
accepts events from the 40 MHz bunch crossings at a rat@f simulated data.

below 100kHz, which the high-level trigger reduces in order Simulated dijet, multijet,Z+jet, and +jet samples are

to record events to disk at about 1 kHz. used in determining the jet energy scale and its uncertainties.
Table 1 summarizes the MC generators, adjustable sets of
parameters (tunes), and parton distribution function (PDF)
sets used for all nominal and alternative samples of the vari-
ous simulated processes. The nominal samples for the major-

The data used for the measurements presented here wc'et|yeOf analyses were generated witythia 8.186 L 7] (from

. . . now on referred to aBythia 8) or Powheg+Pythia 8.186
collected inpp collisions at the LHC with a centre-of-mass 17,20,21]. The multijet balance analysis ussberpa 2.1.1
energy of 13 TeV and a 25 ns proton bunch crossing inter[— o J Y pas.t.

val during 2015D2017. The integrated luminosities of th%rzlrzt]aea'se ttshii Itqhoemrlnnilrigee:]:?etz'[ as’:]r(]dcii E;Jr;c;:)ﬂzr:ltﬁ;tjz ft:r
datasets used are in the range 36D81 #ter requiring that J

. . Hﬁultijet processes that have more than two jets in the Pnal
all detector subsystems were operational during data record- " . . .
. State. The dijet, multijet, and+jet nominal samples use the

ing.
. - . NNPDF2.3LOPDF set 9] and the A14 set of tuned param-
Additional pp collisions in the same and nearby bunCheters L8] For theZ+jet analysis, the dedicated AZNLO tune

crossings are referred to page-up The number of recon- ) . . .
gs a . 2 b [26] is used instead. Alternative samples for debning system-
structed primary verticesNpy) and the mean number of . o .
atic variations use various generators and tunes.

interactions per bunch crossi are optimal observables . .
P na)( P Stable particles, debned as those witl> 10 mm, out-

to quantify the level of pile-up activity. The average value
ofﬂ is 12/_7 249 andp37.8ri)n the 2y015 2016 gnd 201.Put by the generators were passed througethent 4-based

3 Data and Monte Carlo simulated samples
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Table 1 List of generators used for various processes. Information ilement. Abbreviations in the PDF names and matrix element orders
given regarding the underlying-event tunes, the PDF parameter setare LO (leading order), NLO (next-to-leading order), and NNLO (next-
and the perturbative QCD highest-order accuracy used in the matrito-next-to-leading order)

Process Generator + fragmentation/hadronization Tune PDF set Matrix element order
Dijet & multijet Pythia 8.186 [L7] Al14 18 NNPDF2.3LO [L9] LO
Powheg+Pythia 8.186 [17,20,21] Ald NNPDF2.3LO [L9] NLO
Sherpa 2.1.1 R2] Sherpa-default CT1023] LO(2 2+2 3)
Herwig 7.0.4 p4] H7UE [24] NNPDF3.0NLO[25] LO
Z+jet Powheg+Pythia 8.186 [17,20,21] AZNLO [26] CT10 23] Z+0j@NLO
Sherpa2.2.1 P2 Sherpa-default NNPDF3.0NNLO[25] Z+0,1,2j@NLO
+et Pythia 8.186 [L7] Al4[18] NNPDF2.3LO[19] LO
Sherpa2.1.1 R2] Sherpa-default CT1023] LO

simulation of the ATLAS detector2]7,28]. This step simu- or algorithmic combinations of the latter two, as in the case
lates the interactions of the particles with matter in the deteoaf the particle-Row reconstruction techniquss]
tor and generates outputs which can be reconstructed in the For use in jet reconstruction, calorimeter cells are brst
same way as data. Hadronic showers were simulated usimjustered into three-dimensional, massless, topological clus-
the FTFP BERT model as described in R&X9|| A set of  ters (topo-clusters) using a nearest-neighbour algorigin [
simulated dijet events using the less detailed Atlfast-1l (AFI)Cells are added to a topo-cluster according to the ratio of the
are also studied to determine the difference in performanceell energy to the expected noise in each cell using thresh-
between full and fast simulation and provide appropriate calelds that control the growth of each topo-cluster. The result-
ibrations for AFIl samples in analyse27]. ing energy of the topo-cluster is debned at the electromag-
Pile-up is incorporated in the MC samples by overlay-netic (EM) scale, which is the baseline calorimeter scale
ing simulated inelastic interactions on the generated hardhat correctly measures energy depositions from electromag-
scatter interaction. The inelastic interactions were simulatedetic showers. Only positive-energy topo-clusters are used as
in Pythia 8.210 using the A3 tune and tidNPDF2.3LO inputs to the jet reconstruction. A jet produced in the hard-
PDF set 19,30]. To determine the number of simulatggh  scatter process is expected to originate from the primary ver-
collisions to overlay onto a particular hard-scattering pro-tex, debned as the reconstructed vertex with at least two asso-
cess, a random value is drawn from a Poisson distributiogiated tracks and the largest sum of squared track momen-
of the number ofpp collisions per bunch crossing with a tum. Therefore, an event-by-event correction to account for
mean given by the desired average number of collisions pehe position of the primary vertex in each event b referred
crossing for a particular data period. Events simulated withio as arorigin correctionb is applied to every topo-cluster,
a particular pile-up proble are then compared with data fronbased on its depth within the calorimeter and pseudorapidity.
the corresponding data period. One set of MC samples wakhis method is to be contrasted with earlier approachies [
created using the pile-up proble of 2015 + 2016 data (averagbat applied this correction only to the jet four-momentum
number of collisions 23.7) while a second independent set afather than to its constituents.
samples used the proble of 2017 data. When data and simu- Jets reconstructed using only calorimeter-based energy
lation are compared in this paper, both sets of MC samplemformation use the origin-corrected EM scale topo-clusters
are used unless otherwise specibed and are normalized to thed are referred to &Mtopo jets This was the primary jet
luminosity of 2015+2016 data and 2017 data separately. debnition used in ATLAS physics results prior to the end of
Run 2. EMtopo jets exhibit robust energy scale and resolution
characteristics across a wide kinematic range, and are inde-
4 Jet reconstruction pendent of other reconstruction algorithms such as tracking
at the jet-building stage.
The primary jet dePnition used in the majority of physics ~Hadronic Pnal-state measurements can be improved by
analyses by the ATLAS Collaboration and in the studies premaking more complete use of the information from both the
sented here is the arki-[1] algorithm with a radius param- tracking and calorimeter systems. The particle RB®Iow)
eterR = 0.4 as implemented in thEastJet 3.2.2 B1,32]  algorithm is based on Ref3§] and updated as described
software package. Four-vector objects are used as inputs glow. Particle Bow directly combines measurements from
the algorithm, and may be stable particles debned by MC geioth the tracker and the calorimeter to form the input sig-
erators, charged-particle tracks, calorimeter energy depositdals for jet reconstruction, which are intended to approxi-
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mate individual particles. Specibcally, energy deposited in After the subtraction, two scalings are applied. These
the calorimeter by charged particles is subtracted from thaccount for the difference in response, here debned as the
observed topo-clusters and replaced by the momenta oétio of measured to true particle energy, between topo-
tracks that are matched to those topo-clusters. These resultiotysters at the EM scale and tracks for which the energy
PFlow jetsexhibit improved energy and angular resolution,scale is closer to the true particle energy. The prst scale fac-
reconstruction efpciency, and pile-up stability compared tdor applies only when no subtraction has been performed
calorimeter jets 33]. EMtopo and PFlow jets are retained for a selected track. In this case the PFlow object includes
for the analyses discussed in this paper only if they have aboth the full topo-cluster energy and the track momen-
uncalibratedpr > 7 GeV and | < 4.5. tum. To avoid double-counting the energy while maintain-
The updates to the PFlow algorithm since its descriptioring the contribution from the calorimeter measurement, the
in Ref. [33] are as follows. The expected mean value of thetrack momentum is scaled by a fact@r S Edep / Ptr)-
energy deposited by pionsEgep , and its expected stan- The resulting PFlow object uses the desired information
dard deviation, ( Eqep), were recomputed using the updatedand has a bnal energy of approximateh, matching the
simulation, geometry, and topo-cluster noise thresholds faresponse for the subtracted case. The second scale fac-
Run 2 [7]. The shower probles were similarly updated. Thetor is applied in both the subtracted and non-subtracted
only algorithmic change was an improvement in the transicases for all PFlow objects created from selected tracks
tion between using track energy and cluster energyin lmigh- below 100 GeV. It smooths the transition between the
jets. Since energetic particles are often in the core of jets arildwer-energy PFlow objects which are at the scale of the
thus poorly isolated from nearby activity, accurate removatracks and the higher-energy objects at the electromag-
of the calorimeter energy associated with the track can beetic scale of the clusters. The energy of these PFlow
difbcult. Therefore, the PFlow algorithm prevents energyobjects is scaled by unity foptT’k below 30 GeV, by(1 S
subtraction in these cases. Formerly this was managed b¥qep / pyk) for objects with 60 Ge\x ptTrk < 100 GeV,
applying a simpleptTrk < 40 GeV cut in the track selection. and by a linearly descending scale factor in between. This
In the updated algorithm, a more sophisticated procedure isnsures that all objects are at the electromagnetic scale by
used to prevent the subtraction in cases where the advantagg@&GeV.
of the tracker are smaller and where the particle shower falls Tracks used in PFlow objects and in deriving calibrations
in a region with signibcant energy depositions from othefor both EMtopo and PFlow jets are reconstructed within the
particles. For all tracks up tp‘Trk = 100 GeV, if the energy full acceptance of the inner detectgr|(< 2.5), required
ECUSin a cone of size R = 0.15 around the extrapolated to have apt > 500 MeV, and satisfy quality criteria based

particle satispes on the number of hits in the ID subdetectors. To suppress

EOusE Eg the effects of pile-up, tracks must sati$hg sin | < 2 mm,

—— % 5 332x log; o(40 GeV pk), (1) wherezgis the distance of closest approach of the track to the
( Edep) hard-scatter primary vertex along taxis and is the polar

then the subtraction is not performed. With this parameteriangle. Tracks are matched to jets using ghost associd&shn [
zation, the subtraction is performed at lower track momenta procedure that treats them as four-vectors of inPnitesimal
unless the calorimeter activity measured®{#'Sis very high,  magnitude during the jet reconstruction and assigns them to
such as in very dense environments where the accuracy tie jet with which they are clustered.

the subtraction is degraded. Since the calorimeter provides a MC simulation is used to determine the energy scale and
good energy measurement at h'@ﬁﬁ this parameterization resolution of jets by comparing PFlow and EMtopo jets with
effectively slowly truncates the algorithm, yet allows the sub-particle-leveltruth jets Truth jets are reconstructed using
traction to continue to be performed for a small range abovstable bPnal-state particles and exclude muons, neutrinos, and
this cut-off even when the calorimeter energy deposition iparticles from pile-up interactions. Truth jets are selected
low or near the expected valudgep . The momentumrange with the samepr > 7 GeV and| | < 4.5 thresholds as

up to which the subtraction is still allowed to be performedEMtopo and PFlow jets, and are geometrically matched to
is driven by the coefbcient of 33.2 in EQ) @nd is typically  those jets using the angular distancB with the requirement
about 20D50% above the 40 GeV cut-off previously used. R < 0.3.

Above pik = 100 GeV no track information is used and the

PFlow algorithm becomes equivalent to EMtopo, benebtting

from excellent calorimeter performance at high energies. The

result of the improved subtraction method detailed here isthd& Jet energy scale calibration

the energy resolution of PFlow jets becomes compatible with

that of EMtopo jets at high energies while remaining superioiThe jet energy scale calibration restores the jet energy to
at low energies. that of jets reconstructed at the particle level. The full chain
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Reconstructed pr-density-based Absolute MC-based
jets pile-up correction calibration

Jet finding applied to Applied as a function of Removes residual pile-up Corrects jet 4-momentum
tracking- and/or event plle7u[) p- density dependence, as a to the particle-level energy
calorimeter-based inputs. and jet area. function of y and Np,. scale. Both the energy and

direction are calibrated.

Global sequential
[ }

Reduces flavour dependence A residual calibration
and energy leakage effects is applied only to data
using calorimeter, track, and ~ to correct for data/MC
muon-segment variables. differences.

Fig. 2 Stages of jet energy scale calibrations. Each one is applied to the four-momentum of the jet

of corrections is illustrated in Fig. All stages correct the 5.1.1 Pile-up corrections
four-momentum, scaling the jgtr, energy, and mass.

At the beginning of the chain, the pile-up correctionsAs a result of the increase of the topo-clustermgthresh-
remove the excess energy due to additional protonbBprotaids (to suppress electronic and pile-up noise) and in the
interactions within the same (in-time) or nearby (out-of-instantaneous luminosity, the contribution from pile-up to
time) bunch crossings. These corrections consist of twthe JES in the 2015D2017 data-taking period differs from
components: a correction based on the jet area and trane one observed in 2015. The pile-up corrections are there-
verse momentum density of the event, and a residual cofere evaluated using updated MC simulations of the software
rection derived from MC simulation and parameterized aseconstruction and pile-up conditions. These corrections are
a function of the mean number of interactions per bunclderived using the same methods employed in 201 2hd
crossing (1) and the number of reconstructed primary ver-are summarized in the following paragraphs.
tices in the eventNpy). These corrections are discussed in  First, a jetpr-density-based subtraction of the per-event
Sect.5.1.1 TheabsoluteJES calibration corrects the jet so pile-up contribution to the jepr is performed. The jet area
that it agrees in energy and direction with truth jets fromAis a measure of the susceptibility of the jet to pile-up and is
dijet MC events, and is detailed in Sebtl.2 Furthermore, calculated by determining the relative numbegbbstpar-
the global sequential calibratior(derived from dijet MC ticles associated with a jet after clustering. Next, the pile-up
events) improves the jgir resolution and associated uncer- contribution is estimated from the mediafn density, , of
tainties by removing the dependence of the reconstructgets in theyb plane, pt/ A . The calculation of uses jets
jet response on observables constructed using informatiaeconstructed using tikg algorithm 36] with radius parame-
from the tracking, calorimeter, and muon chamber detecter R = 0.4 from positive-energy topo-clusters with < 2.
tor systems, as introduced in Sestl.3 All these calibra- The computation of in the central region of the detector
tions are applied to both data and MC simulation. Finally,gives a more meaningful measure of the pile-up activity than
a residual in situ calibration is applied to data only to cor-the median over the entirerange, and this is becausérops
rect for remaining differences between data and MC simuto nearly zero beyonfl | 2. This drop is due to the lower
lation. It is derived using well-measured reference objectspccupancy in the forward region relative to the central region,
including photons,Z bosons, and calibrated jets, and for which is a result of a coarser segmentation in the forward
the brst time benebts from a lops measurement using region. Thek; algorithm is chosen due to its tendency to nat-
the missingET projection fraction method for better pile- urally reconstruct jets including an uniform soft background
up robustness. Itis described in Séc The full treatment  [35], while is used to reduce the bias from hard-scatter
and reduction of the systematic uncertainties is discussed jets which populate the higpr tails of the distribution. The

Sect.5.3. distribution of in MC simulation for representativilpy
values is shown in Fig. The ratio of the -subtracted jepr
5.1 Simulation-based jet calibrations to the uncorrected jgtt is applied as a scale factor to the jet

four-momentum and does hence not affect its direction.
The derivation of the calibrations derived exclusively from The calculation is derived from the central, lower-
MC simulation samples is described below. occupancy regions of the calorimeter and does not fully

describe the pile-up sensitivity in the forward calorimeter
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8 O e T T The dependences of ther-density-based and residual
5 0.25[ 15 =13 TeV, Pythias Diet - EPV z ;g E corrections ompy andy as a function of geq for PFlow jets
B : z;‘:ﬁ'icgge topo-clusters | |<2.0 No=35 are shown in Figd. The negative dependencejofor out-of-
E 02p E time pile-up is a result of the liquid-argon calorimeterOs pulse
g 0.155_ _ shape, which is negative during the period shortly after reg-
- ] istering a signal37]. These corrections are similar to those
01f = derived for EMtopo jets, although thepy-dependent cor-
0.055_ _ rections for PFlow jets in the gef < 2.5 region are reduced
. ] by about 60% relative to EMtopo due to the usage of tracks
o5 T — in the PFlow algorithm. For EMtopo jets, the shape of the

[GeV] residual corrections is comparable to that found in 2015 MC

simulation, exceptinthe forward regign §ef > 2.5), where
Fig. 3 Per-eventmediapr density, , atNpy = 15(solid).Nev = 25 it s found to be smaller by 0.1 GeV. This difference is pri-
i(rllo&gcd;ﬁrjgzi’;]nwpv = 35(shortdashed)for 37y < 38asfound - caused by higher topo-cluster noise thresholds used

in the full Run 2 data.

Four systematic uncertainties are introduced to account

region or in the higher-occupancy core of high-jets. It  for MC mis-modelling ofNpy, |, the topology, and the
is therefore observed that after this correction some deperpr dependence of the residual pile-up corrections. The last
dence of the anti; jet pr on the pile-up activity remains, and of these is derived from the full logarithmic bts toand
consequently, a residual correction is derived. This residual, as discussed previously. Two in situ methods are used
dependence is dePned as the difference between the recéd-estimate uncertainties in the modelling Mgy and p.
structed jefpr and truth jetpr and itis observed as a function The Prst method uses jets reconstructed from tracks to pro-
of both Npy andp, which are sensitive to in-time and out- vide a measure of the jgtr independent of pile-up. This is

of-time pile-up respectively. only used for] | < 2.1. The second method exploits the
The jetpr after all pile-up pr-density-based and residual) balance between a reconstructed jet and boson and is
corrections is given by used for 21 < | | < 4.5. These systematic uncertainties are
described in more detail in Ref3@]. Finally, the topol-
psoT = pit°S  x AS x (NpyS1)S xuy, ogy uncertainty accounts for the uncertainty in the underly-

ing eventOs contribution tq and is discussed in detail in
where p7® refers to thepr of the reconstructed jet before Sect.5.2.4
any pile-up correction is applied. Reconstructed jets with
pr > 7 GeV are geometrically matched to truth jets within5.1.2 Jet energy scale andcalibration

R = 0.3. The residuapt dependences oNpy ( ) andpu

() are observed to be fairly linear and independent of ondhe absolute jet energy scale andcalibrations correct
another. Independent linear bts are used to derie@d the reconstructed jet four-momentum to the particle-level
coefbcients in bins of"®and| qeq, wherepi“®istheprof ~ energy scale accounting for non-compensating calorime-
thetruth jetthat matches the reconstructed jet. Thegeint-  ter response, energy losses in passive material, out-of-cone
ing from the geometric centre of the detectqg, is usedto  effects and biases in the jetreconstruction. Such biases
remove any ambiguity as to which region of the detector isare primarily caused by the transition between different
measuring the jet. Both theand coefbcients are seen to calorimeter technologies and sudden changes in calorime-
have a logarithmic dependence pﬁff‘e, and logarithmic bts ter granularity. The calibration is derived f& = 0.4 anti-
are performed in the range 20 GeV p‘True < 200GeV for k; jets from aPythia 8 MC simulation of dijet events after
each binof gef. Ineach ge bin, the btted values of the  the application of the pile-up corrections. Reconstructed jets
and coefbcients aplf“® = 25GeV are taken as their nomi- are geometrically matched to truth jets withinR = 0.3.
nal values, ref3ecting their behaviour in theregion where  In addition, reconstructed (truth) jets are required to have
pile-up effects are most relevant. The differences betweeno other reconstructed (truth) jet @ > 7 GeV within
the logarithmic bts over the futthrue range and the nominal R= 0.6( R= 1.0).
bts are used for pr-dependent systematic uncertainty inthe  The average jet energy resporiBedebned as the mean
residual pile-up dependence. Finally, linear bts are performeaf a Gaussian bt to the core of tB&CY E"€ distribution, is
to the binned coefbcients as a function g&{. This reduces measured ifE™€and gebins. The decision to calculate the

the effects of statistical Ructuations and allows thand response as a function Bf"*'"®instead of£"®°is motivated by
coefbcients to be smoothly sampled igeq, particularly in  the fact that for bxed "¢ (E"°) bins the response distribu-
regions of varying dependence. tionis (not) Gaussian. The average response is parameterized
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Fig. 5 The average energy response as a function of reconstructad jetandb energyE"™¢®. Each value is obtained from the corresponding
parameterized function derived with tRgthia 8 MC sample and only jets satisfying > 20 GeV are shown

0.08~

as a function oE"using a numerical inversion procedure, g 7 ATLAS Simuration E*SI30Gev 1
as detailed in Ref.Z], and the jet calibration factor is taken T 0.06[- fs=13TeV, Pythia djet  ° ooy
as the inverse of the average energy response. The response &_ ooab Anti-k; R = 0.4 (PFlow) o E™°=400GeV ]
is higher for PFlow jets than for EMtopo jets at low energies X Ot & E™=1200 GeV 1
since tracking information is used. The response for PFlow  § 002|- o {
jetsas afunction 0E"™°( e for representativege (E) g 0% 5 I 50000, ]
bins is shown in Fig5. P L g et TGS 08 o o ]
After the JES calibration based on the results in BEig. ~0:02 @ﬁw K
is applied, the response diverges from 1 by a maximum of _004F o0 .
about 5% (3%, 1%) af"® = 20(30, 50) GeV. This level of Y- B V- my Sy w8
non-closure is observed across entigg range. These small I,

non-closures are seen for lopst jets due to a slightly non-

Gaussian energy response and iet reconstruction threshcg@' 6 The signed difference be_tweenthe recons_tructe(_i and truth jet
gy P J enoted by "®®°and U respectively. Each value is obtained from the

_ezﬁeqts, both (_)f Whi(?h impact the response Pts. The closurg,esponding parameterized function derived with Riyehia 8 MC
in this result is an improvement with respect to the 2015ample and only jets satisfyingr > 20 GeV are shown

calibration and is thanks to advances in the btting method
and parameters. ) ) )
A bias in the reconstructed jet, dePned as a signip- respectively, is observed and shown in Figas a func-

cant deviation from zero in the signed difference betweetion Of | ded for PFlow jets. The bias for EMtopo jets is
the reconstructed and truth jetdenoted by ®®and tve  similar, showing the same features. It is largest in jets that

encompass two calorimeter regions with different energy
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responses caused by changes in calorimeter geometry ortegrocedure is used, as explained in Sé&ct.2 Six observ-
nology. This artibcially increases the energy of one side oébles are identibed that improve the resolution of the JES
the jet relative to the other, altering the reconstructed fourthrough the GSC. For each observable, an independent jet
momentum. The barrelbendcdpgéd 1.4) and endcapPb four-momentum correction is derived as a functiorpf;ﬂ"e
forward ( gef 3.1) transition regions can be clearly seenand | 4ef by inverting the reconstructed jet response in
in Fig. 5a as susceptible to this effect. A second correction ifythia 8 MC simulation events. Corrections for each observ-
therefore derived as the difference between the reconstructedble are applied independently and sequentially to the jet
and truth ( "®and " respectively) parameterized as a four-momentum for jets with gef < 3.5 (unless stated oth-
function of E® and get to remove such bias. A numeri- erwise). No improvement in resolution was found from alter-
cal inversion procedure is again used to derive correctionmg the sequence of the corrections.
in E°° from E'"®, This calibration only alters the jgtt The six stages of the GSC account for the dependence of
and , not the full four-momentum. EMtopo and PFlow jets the jet response on (in the order in which they are applied):
calibrated with the full jet energy scale anaalibration are
considered to be at the EM+JES scale and PFlow+JES scalef fcharged the fraction of the jepr measured from ghost-
respectively. associated tracks withr > 500MeV ( gef < 2.5);

The absolute JES andcalibrations are also derived fora € frjeo, the fraction of jet energy measured in the brstlayer
Pythia 8 MC sample using AFIl. An additional systematic  of the hadronic Tile calorimetef (4ef < 1.7);
uncertainty is considered for these samples to account for€ f a3, the fraction of jet energy measured in the third
a small non-closure in the calibration beyondey 3.2, layer of the electromagnetic LAr calorimetdr e <
due to the approximate treatment of hadronic showers in the 3.5);
forward calorimeters. This uncertainty is below 0.5% for all € nyk, the number of tracks wittpr > 1GeV ghost-

central jets and is about 3% for a forward jeimf= 20 GeV, associated with the jet (ge < 2.5);

falling rapidly with increasingor. € Wy, also known as track width, the averageweighted
transverse distance in th® plane between the jet axis

5.1.3 Global sequential calibration and all tracks ofpr > 1GeV ghost-associated with the

jet( ded < 2.5);
Even after the application of the previous jet calibrations € nsegments the number of muon track segments ghost-
(from now on referred to as MCJES), for a givept{%e, associated with the jet (gef < 2.7).
det) bin, the response can vary from jet to jet depending

on the Ravour and energy distribution of the constituent parfhe Pbrst correction is only applied to PFlow jets. The
ticles, their transverse distribution, and the Ructuations of thasegmentscorrection, also known as the punch-through cor-
jet development in the calorimeter. Furthermore, the averagection, reduces the tails of the response distribution caused
particle composition and shower shape of a jet varies betwedry high-pr jets that are not fully contained in the calorime-
initiating particles, most notably between quark- and gluonter. All corrections are derived as a function of jgt, except
initiated jets. A quark-initiated jet will often include hadrons for the punch-through correction, which is derived as a func-
with a higher fraction of the jepr that penetrate further into tion of jet energy since this effect is more correlated with the
the calorimeter, while a gluon-initiated jet will typically con- energy escaping the calorimeters.
tain more particles of softqrr, leading to a lower calorimeter The underlying distributions of these observables are
response and awider transverse proble. The global sequentidown for PFlow jets in MC simulation and bins of equal
calibration (GSC), a procedure used in the 2@ 2hd 2015 statistics in Fig7. Each observable has been studied in data
[7] calibrations, is a series of multiplicative corrections toand simulation and is found to be well modellédq,33]. The
reduce the effects from these Ructuations and improve the jepike at zero in theftjeo distribution at IowptTr“e, shown in
resolution without changing the average jet energy responsgig. 7b, corresponds to jets that are fully contained in the elec-
The jet resolution r is given by the standard deviation of tromagnetic calorimeter and do not deposit energy in the Tile
a Gaussian bt to the jgtr response distribution, where the calorimeter. The tail towards negative values in fligo and
pr response is dePned similarly to jet energy response as tHgas distributions at lowpt“®, shown in Fig.7b, c, respec-
ratio of pfeto piue. tively, rel3ects calorimeter noise Buctuations. Slight differ-

The GSC is based on global jet observables such as tlences with respect to data have a negligible impact on the
longitudinal structure of the energy depositions within theGSC since the dependence of the average jet response on the
calorimeters, tracking information associated with the jetobservables is well modelled in MC simulation, as observed
and information related to the activity in the muon chamber$y an in situ dijet tag-and-probe method described in Rgf. [
behind a jet. For these studies, reconstructed jets are gelmthis method, the average: asymmetry between back-to-
metrically matched to truth jets and a numerical inversiorback jets is measured as a function of each observable.
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The average jepr response for PFlow jets in MC simu- O e ton . NS

x

lation as a function of each of the GSC observables is shown ) [ 15=13TeV, Pythias dijet *Fepargos .
. . - true c 0.2|— Anti-k R = 0.4 (PF+JES) v o+t .
in Fig. 7 for representativgy"® ranges. The dependence of S L 02<h, |<03 o B
the jet response on each observable is reduced to less than 3 o L ]
2% after the full GSC is applied, with small deviations from Y o ]
unity ref3ecting the correlations between observables that are o C e ]
unaccounted for in the corrections. 15 01 e B

The fractional jet resolution, dePned a¥ R, is used to r s%s-;,? o ]
determine the size of the Buctuations in the jet energy recon- 0'05;_ “"’J-“r'x';;,:iii_:__;_;:
struction and is shown for PFlow jets witt20< | ged < 0.3 r ‘ ‘ ]
in MC simulation in Fig 8. As more corrections are applied, % o w ‘ w
the fractional jet resolution improves and the jet response |% UBJ o . 7
dependence on the jet Ravour is reduced. No improvement is B E_0_05i*ggg*%%gg&mzﬁmﬂ””’" &=
observed in Fig8 from the punch-through correction since 2 S N e R
only asmall fraction of jets received this calibration, but there @ 30 10° 2x10° 10° 2x10°

. . . . truth
are analyses where their region of interest has a large fraction P [GeV]

of jets that would receive this correctiodq 40). Fig. 8 Resolution of jets at the PFlow+JES scale witB € | gef <

0.3 measured irPythia 8 dijet MC simulation after each stage of the
5.2 In situ jet calibrations global sequential calibration (GSC). All jet Ravours, includmgets,
are considered. The lower panel shows the difference in quadrature
etween the resolution before any GSC correction is appli¢dud

Once jets are corrected to the particle level using the MCIE S, the corresponding GSC step is applied (

and GSC, they require one Pnal calibration step to account for
differences between the jet response in data and simulation.
These differences are caused by imperfect simulation of botgion from a function of reference objept to a function of
the detector materials and the physics processes involved: tigf pr (and jet where applicable). This is the Pnal in situ
hard scatter and underlying event, jet formation, pile-up, angalibration.
particle interactions with the detector. The bnal in situ cali- There are three stages of in situ analyses. First, the
bration measures the jet response in data and MC simulatiditercalibration analysis corrects the energy scale of for-
separately and uses the ratio as an additional correction Ward (@8 | def < 4.5) jets to match those of central
data. (I def < 0.8) jets using thept balance in dijet events. Sec-
Jet response is calculated by balancing theof a jet  ond,theZ+jetand +jetanalyses balance the hadronic recoil
against that of a well-calibrated reference object or systenin an event against thpr of a calibratedZ boson or pho-
The responsBin situ is dePned as the average ratio of the jetton. The missinger projection fraction (MPF) method uses
pr to the reference objeqir in bins of reference objeqty,  the full hadronic recoil instead of a jet to compute the bal-
where that average is taken from the peak location found bgnce to help mitigate effects of pile-up and jet reconstruc-
btting the distribution with a Gaussian functid®, sity is ~ tion threshold which otherwise make lopt measurements
sensitive to effects such as the presence of additional radiatig@allenging #1]. Finally, the multijet balance (MJB) analy-
jets or the transition of energy into or out of the jet cone Sis uses a system of well-calibrated Igw-jets to calibrate
although these effects can be mitigated through careful eve@tsingle highpr jet [42]. The Z/ +jet and MJB analyses
selectior® A better method is to form the double ratio from are computed only for central jets, but are also applicable to

the response in data and MC simulation: forward jets due to the effect of theintercalibration. Each
measurementis translated from a function of reference object
Rdata . . . . . .
— Ninsitu pr into jet pr. A statistical combination of th&/ +jet and
RMC. MJB analyses provides a single smooth calibration applica-

S le across the full momentum range.
which is robust to secondary effects so long as they are Weﬁ 9

N ) ; g Since the three in situ analysesiftercalibrationZ/ +jet
modelled in simulation and is therefore a reliable measure af ysesi / J

. . . PF, and MJB) are performed sequentially, systematic
the jet energy scale difference between data and MC simula- o ) P q Y, Sy -
. o : L uncertainties are propagated from each to the next. Within
tion. The double rati@ is transformed via numerical inver-

each analysis, systematic uncertainties arise from three
sources: modelling of physics processes in simulation, uncer-

° Requirements on the angle between the leading jet and the wellyivios in the measurement of the reference object, and
calibrated reference object, as well as cuts on the maxirptiof the !

second jet in the event, help suppress additional radiation to ensure thd1certainties in the expectgsr balance due to the eventOs
events are as clean as possible. topology. Mis-modelling is accounted for by comparing the
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predictions of two MC generators and taking their differencerequirements match jets to the primary vertex and are 92%

as the uncertainty. Systematic uncertainties in the measurefpcient for EMtopo jets and 97% efpcient for PFlow jets.

ment of the reference object are taken from#tie uncer-

tainties in each objectOs calibration and propagated througt2.1 Relative calibration measurement imising dijet

the analysis. Event topology uncertainties are estimated by  events

varying the event selections used and observing the impact

on the Pnal MC simulation to data ratio. The intercalibration analysis produces a correction whichis
Arebinning procedure is applied to each systematic uncetapplied to forward jets (8 | ged < 4.5) to bring them to

tainty to ensure that the features represented in the Pnal resthie same energy scale as central jetg{ < 0.8). Jetsinthe

are statistically signibcant and not the result of Buctuationsentral region of the detector are taken to be well-calibrated,

in small numbers of simulated or data events. This is onlyhile jets in the forward regions vary in response and must

performed where the response does not vary sharplypyith be corrected accordingly. Events are selected with exactly

ensuring it does not obscure real physics effects. The rebinwo jets in different regions of the detector. To maximize

ning procedure follows a bootstrapping method: pseudostatistics, neither jet need be in the central region: instead, all

experiment datasets are created by sampling from a Poissoegions will be calibrated relative to one another.

distribution with a mean of one for each event in the data or For these dijet events, momentum balance requires that

MC simulation B3]. The pseudo-experiments are thereforethe transverse momentum of the two jets must be equal and

statistically correlated yet unique, and the root mean squampposite. Therefore, the momentuasymmetryof the two

of the response distribution across the pseudo-experimenjests is a metric for the response difference between the two

provides a measure of the statistical uncertainty of the anatletector regiond€ft andright for simplicity):

ysis. The measured result for each systematic uncertainty is .

left right
then rebinned as appropriate for each analysis to ensure thgt - ing ,
the bPnal shapes are statistically signibcant.
TheZ/ +jet and MJB calibrations and uncertainties are avg _ , left . .right
derived from the full 201592017 combined datasets with g‘vherepT = (pr” + py )/ 2. The response ratk of the

total luminosity of 80 fi§1. The intercalibration analysis two jets debnes the calibration factofor each jet and is

uses a dataset of total size 815 but since this analy- then o
sis is more sensitive than the others to year-by-year Buctuas _ cleft _ 2+ A _ pe
tions, the dataset is splitinto two blocks and atime-dependent ~ cfight 2S5 A prTight :

result is computed instead. Onéntercalibration is derived . . .
from and applies to the 2016 2016 dataset while a sec- . Thgﬁav'erag(;:‘i rr(]atsponse ratla?qéx IS meas'ured n er?\ch bin
ond independent calibration is derived from the 2017 datasét®’ @ 1 Of 9% andx of pr~.  Rijx s the stafistical
and applies to 2017 2018 data. These two data IC)eriodsu_ncertaunty in each bin. All v_alues are in detegtor coor-
are treated separately due to a change in LAr calorimeteqmates_ rather_ than corrected jet coordl_nat%tx_smce the
read-out that occurred between 2016 and 2017 data takir%{Opert'eS of interest correlate to specibc regions of de_tec-
and affected jet reconstruction in the endcap regions. Wit r hardware. The foIonvmg function .relates the correction
no changes of similar scale made between 2017 and zofgctors and responses in each of Mins:

data taking, the 2017 calibration can be reasonably applied N jS1 1 2
to 2018 as well. The post-calibration jet performance is conS(Cix, - - ., CNx) = R (cix Rijx S cjx)
sistent between these two different data periods and therefore j=2i=1 X

asingle set of uncertainties based on the 202816 dataset + X(Cix) -

is used for the intercalibration in all years, with only a small

localized additional uncertainty added for 2018 as describe . o LT )

in Sect5.2.1 y correction factors deviating from“Minimizing this func-
e : . . tion produces the correction factors to be used in the calibra-

Certain common selection criteria are applied to all thre%

o ion.

in situ analyses. Each event must have a reconstructed vertex

with at least two associated tracks pf > 500 MeV. All

jets must satisfy quality criteria to reject non-collision back-

ground, calorimeter noise, and cosmic rayd][ Further- PR ) 1N s

more, each jetwith 20 Ge¥ pr < 60 GeVand gef < 2.4 This penalty function takes the foriX(c;) = N i=1GS1

must pass jet vertex tagging, or JVT, requirements with select'ére _introduces the Lagrange multiplier visible in E@).(The pur-
pose of the penalty function is to ensure that the appropriate minimum

tion criteria that are specibc to the jet dePnitidb][ These s selected by suppressing local minima with large valugsofnd as
such its exact form is somewhat arbitrary.

Here, the functiorX(cix) quadratically imposes a penalty on

Previous iterations of the jet energy scale have used a
bt in Minuit to minimize S(cjx). The current calibration
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instead minimizes the function analytically. Suppressing théion are smoothed using a two-dimensional Gaussian kernel
x indices for clarity and setting the derivative & with  with parameters selected to preserve signibcant structures.

respect to some correction factor equal to zero, the fol- Figure 9 shows the measured response in data and
lowing equation debnes the correction factor values whiclPowheg+Pythia 8 MC simulation for the 2017 dataset as a

minimise S: function of gefor three differenp? “ranges (Figdabc) and
as a function ofp$" for three different getranges (Fig9dD

$1 g s1o g N g2 f). The simulation can be seen to approximately reproduce

- g Nz " . ?R + 7R *Ne ¢ the gerdependent features of the response observed in data,

N cRr. although the response in data is consistently higher than the

+ 5 R'i tNz 6 SyTO (2)  response in simulation. The simulation/data response ratio

as directly measured is shown in discrete points in the bot-
tom panel, while the calibration derived from smoothing the
Here isalagrange multiplier arising from the penalty term response ratio is overlaid as the solid curve. The dashed curve
whose value has no effect on the minimization result bushows the extrapolation tpt ranges beyond the available
prevents the trivial solution where all tisggare null. data, taken from the Gaussian smoothing results. Since the
Equation R) can then be expressed as a matrix systensmoothing is stronger in ther direction and weaker inget
of linear equations. This matrix system is solved indepento preserve detector features, this sets each extrapolated value
dently for eacfp?vg bin x to obtain values for the correction to approximately the value of the last populated bin at lower
factorscix for each getbini in this momentum range. Solv- pr. Above pr = 2 TeV the value is kept constant.
ing analytically for thecix in this way allows the result to Uncertainties are derived as a function g§and pr and
be found approximately a thousand times more quickly thamccount for mis-modelling of physics, detector, and event
using a bt. This large reduction in computational requiretopology effects on the momentum balance of dijet events.
ments in turn allows the analysis to use a bner binning ifhe dominant uncertainty is in MC mis-modelling and is
det: Capturing more details of the detector structure. Thaaken to be the difference between the smoothed calibration
two methods agree well and each shows good closure whemrrves derived from theowheg+Pythia 8 andSherpadijet
tested in simulation. Finally, the full set of correction factorssamples. Additional uncertainties in the physics and topology
are normalized such that the average correction factor in thmodelling are assessed by varying ﬁﬁ@d, , and pile-up
central regior] gef < 0.8 is unity. suppression cuts and using a bootstrapping method to ensure
Events are selected using a combination of single-jet trigebserved shapes are statistically signibcant as discussed in
gers, with each trigger only considered in thepetrange for ~ Sect.5.2 Similarly, the JVT uncertainty is determined by
which it is at least 99% efbcienl$,46]. Events may pass comparison with tighter and looser working points. These
either a central jet trigger or a forward jet trigger, or both.uncertainties can take positive or negative values. The sta-
In the case that a trigger is prescaled, the passing eventftistical uncertainty is strictly positive and is taken from the
weighted by the appropriate amount. Jets ity < 24  data and MC simulation sample sizes. Finally, a non-closure
are also required to satisfy JVT criteria to minimize contri-uncertainty is assessed by comparing the response in data
butions from pile-up and must pass basic cleaning requirewith that in Powheg+Pythia 8 after applying the derived
ments B8,44]. Each selected event must have two jets withintercalibration. This uncertainty is largest foge] 2.1D
pr > 25 GeV and | < 4.5. To ensure a clean dijet topol- 2.6, where detector transitions make modelling of the LAr
ogy, events are further required to have no third jet with sigpulse shape particularly difeculd4], and for jets near the
nibcantpr: pi'Y/ pf9 < 0.25, wherep$'? is the average kinematic limit, where they have the maximum possipte
momentum of the two leading jets. The two leading jets ardor agiven getSubjectto the constraint of a 13 TeV centre-of-
required to be back-to-back in the azimuthal plane such thahass energy. The non-closure uncertainty is treated as three
> 25rad. independent nuisance parameters, two covering the regions
Like the other in situ analyses, the goal of thenter- aroundt 2.4in getand one atthe kinematic limit, since these
calibration is to correct for databsimulation differencestwo non-closure uncertainties are uncorrelated.
so the quantity of interest is the ratio of the measured After being corrected each with their dedicated calibra-
calorimeter response in MC simulation to the response ition, the 2015+2016 and 2017 datasets are in good agreement,
data. The nominal calibration is derived by comparison withand therefore a single set of uncertainties is sufpcient to cover
Powheg+Pythia 8 simulated events. The analysis binning in both cases. The uncertainties calculated with the 2015+2016
p?vg and getis selected to balance the requirements of bottdataset are selected for this role. The only dataset-dependent
sufbcient statistics in sparse regions and resolution of natncertainty is an additional small non-closure uncertainty
row detector features. As such, it varies for different valuesised for 2018 data only. It covers the region arourd+ 1.5
of ger Remaining statistical Buctuations in the Pnal calibrato account for the difference in Tile calorimeter calibration
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Response is shown as a function g for jets of a 40 GeV< p_ﬂft <
60 GeV,b 85 GeV < pr' < 115 GeV, andc 270 Gev< pf' <

330 GeV, and as a function qft for jets ofd 1.2 <
det < 3.2. The lower panel shows

2.6 < get < 2.8, andf 3.0 <

during this year of data-taking and has a maximum size oflominated by the modelling term. In the cases where up and

2%.

The method uncertainties are shown in Bi@. Three illus-
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smoothed in situ calibration factor derived from the ratio (solid curve)
which is used to perform the intercalibration. Dotted lines show the

extrapolation of the in situ calibration to the regions without data points.
The dashed red and blue horizontal lines provide reference points for

the viewer

down variations differ, the largest absolute value of the two

is used at each point. The total systematic uncertainty and

trative pt values are selected. The uncertainties decreadbe statistical uncertainty are both symmetrizeda. The
slightly as a function ofpr and increase signibcantly as a non-closure uncertainties, not included in Fi.as they are
function of getoutside of the central detector region, while not method uncertainties, are instead shown inZ2gvhere

in the central region they are zero by construction. For practiit can be seen that they are kept asymmetric to ref3ect real

cal use the various systematic uncertainty terms are summelifferences in the detector.
in quadrature to produce one single systematic uncertainty
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Fig. 10 Systematic uncertainties associated with tirgercalibration  cal uncertainty alone. Individual sources of uncertainty are marked by
procedure as a function ofjet for PFlow+JES jets o& pt = 50 GeV,  coloured lines. These have been smoothed to remove the impact of sta-
b pt = 100 GeV, anct pt = 300 GeV. The solid purple band shows tistical Buctuations. Thus the visible shapes are statistically signipcant.
the total systematic uncertainty, while the grey band shows the statistFhe MC modelling term is the dominant source of uncertainty

The calibrations are similar in size and shape betweeiihe Z+jet response measurement is limited at moderate to
PFlow and EMtopo jets. Systematic uncertainties are alshigh pt by low statistics and thus covers a range inpet
similar in size and shape since the dominant MC modellingrom 17 GeV to 1 TeV with large uncertainties in the pnal
component does not differ meaningfully between the two jebin. The +jet response measurement benebts from much
collections. higher statistics and extends to 1.2 TeV with little loss in
sensitivity. However, it is limited at low jept by both the
trigger prescales and the prevalence of soft jets misidentibed
as photons and so begins at 25 GeV.
events The missingET projection fraction technique is used for

. . . .. both of theZ/ +jet analyses and balances the reference
The next stage of the in situ calibration corrects for the differ- ] y

: : ) object pt against the full hadronic recoil in an event. By
ences between data and MC simulation using the momentum_. o . .
0ing so, it is possible to compute the calorimeter response

balance between the measured hadronic activity in the evept . . . :

. 0 hadronic showers directly. This approach is robust to both
and thepr of a well-calibrated photon af boson. Only the pile-up and the underlying event, which each cancel out
central region of the detectdr ( < 0.8) is used for this anal- '

is the intercalibration ensures that rrection deriv ddirectionally on average over a large collection of events,
ysis. ine ercajibration ensures that a correction denvet, ,y is not strongly affected by jet debnitions since these
centrally translates directly to forward jets as well.

The 7/ +iet | | th le of th become relevant only in the application of the calibration.
c Jet analyses Tely on fhe energy scale of e, showering and topology effects in moving from a recoil-
photon or the electrons and muons from thelecay being

: 2 level quantity to a jet-level quantity are studied and found to
well measured. All three objects are cleanly measured in th g y J g y

Be small, as discussed below. Takipg®'as the total trans-

ATLAS detector and the uncertainties in their energy scale\s/erse momentum of the hadronic activity in a clein +jet

are small § 7,48 The refpoénse s calculated separately in, o,y andp as the transverse momentum of the photon or
4 e'e> andZ U™ U= events since the sources of

e I . Z boson, conservation of transverse momentum means that
uncertainties propagated froerendp calibration are inde-

. at the particle level:
pendent, and the three channels are combined at a later stage. P

5.2.2 Calibration measurement using Z +jet andljet
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pren+ Pracal = 0. (3) A combination of single-photon triggers are used for the
This balance could be altered by the presence of initial- jetanalysis, with the lowest trigger threshold correspond

o ~ing to E; > 15 GeV. Off3ine photons must ha >
or bnal-state radiationTo suppress the effects of such addi- 9% Br > Ge priotons must ET .
. o ; . 25GeVand | < 1.37 and must satisfy tight identibcation
tional radiation, a cut is placed on the azimuthal angle : . o
. . and isolation criteria47).
betweenthe jetandthe reconstructed photahlooson in the . . .
. . Both theZ+jet and +jet analyses have further selection
event and an uncertainty due to the topology is evaluated b . ) .
) . . . equirements on the jets and event topology to suppress pile-
varying the event selection requirements. If the calorimeter o L - R
: R . up and initial- and Pnal-state radiation. All jets withirR =
response to the hadronic activity in this evemjisr and the

. I 0.2 of a photon or R = 0.35 of a lepton are removed.
_response_for_ the calibrated reference object is 1, and assuTéts must satisfy basic cleaning requirements and pass the

sf\/T selection to suppress pile-up. Selected events must have
one jet withpy > 10 GeV and | < 0.8. Additional event

_ _ activity is suppressed by requiring that any subleading jet
P+ rvpe pISSon = S E{MSS musthavepr < max(0.3x pi', 12) GeV and thatthe leading

. I . ... jetand reference object must be relatively back-to-back with
After taking the projection of each term in the direction”™ " ref jet 2.9. The relatively looser cut on subleading

of the reference ObJeCt.' debn_e d by a unit vectay, the rﬁets is shown to be acceptable for the MPF analysis due to its
response to the hadronic recoil is then seen to depend o . .
iptrinsic robustness to pile-up effects.

on the missing energy in the event and th_e momentum o Figuresll and12 show the MPF response calculated in
the reference object. The MPF respoRggor is dePned by . .
measuring the average ofipr across events binned in the Zﬂet a_nd *jet events for data and for two MC samples
reference objecpr. Thus, using d_|fferent generators. The lower panels show the MC
simulation to data ratio for both generators. The results using
Nref - ETmiSS Powheg+Pythia 8 (Z+jet) andPythia 8 ( +jet) constitute
T the nominal calibration whil&herpa is used to debne an
uncertainty due to the generator choice. In the lowgst
This peak location is taken to be the average response {in of the +jet measurement, the discrepancy between the
that bin, and the response is mapped from reference firjet MC predictions is caused by a generator-level cut at 35 GeV
by Pnding the average jetr in the events in each bin after  present in theSherpa sample. This point is included in
intercalibration but before the application of any other in situthe pnal in situ combination, but due to its large generator
steps. uncertainty it contributes very little to the overall weighted-
Missing energy in each event is reconstructed frompyerage-based result (see Séc2.5and Fig.19a) and the
calorimeter topo-clusters in the case of EMtopo jet calibratotal effect is negligible. The +jet generator uncertainty at
tion and from particle-Bow objects in the case of PFlow jetihis point has therefore been set to its value in the second-
calibration, ensuring that the energy scale is consistent. Thgwest bin for display purposes in Figi4 to better reRect its
Zel Eeevents are required to pass a dielectron trigger witfyctual contribution to the total systematic uncertainties. The
pr > 15 GeV; Z MU events must pass a similar apparent dip near the lowept range of each measurement
dimuon trigger withpT“l'“2 > 14 GeV B9,50. Electrons s due to the interplay of two factors: an asymmetry in the
entering the analysis must hayg > 20 GeV, ensuring Rypg distribution near the lowpt reconstruction threshold
that the trigger is fully efbcient, must be contained withinwhich causes the measured response to increase for the low-
the tracker such thdte| < 2.47, and must not fall in the estpy values, and the natural increase in response with higher
calorimeter transition region 37 < | | < 1.52). Muons jet py. One motivation for the use of the MPF technique is
entering the analysis are required to hawe> 20 GeV and increased resilience to this threshold effect.
to fall within | | < 2.4. Both electron and muon candidates  Two small correction factors are derived in simulation and
must also pass loose identiPcation and isolation requiremenise thetrue calorimeter responsalebned as the ratio of
[47,48]. All Z+jet events are selected such that the reconmeasured energy in the calorimeter deposited by particles
structed mass calculated from the electron or muon pair musielonging to a particle-level jet to the total energy of the
be close to th& boson mass: 66 Ge¥ megy, < 116 GeV. particle-level jet. Theopology correctioraccounts for the
differences in calorimeter response for sparse energy depo-
5 The balance can also be affected by leptonic processes in heavy Ravagitions versus those in the dense cores of jets, and is found by
decays, though heavy Ravour production is rar& et events. Elec-  tgking the average of the ratio Bfpr to the true calorimeter

trons are included in the balance calculation but muons and neutrinos af%sponse in eachr bin. Theshowering correctiomccounts
not. However, this effect is not a problem like additional radiation, since )

the balance in heavy Ravour events actually contributes to measurir{&r the Bow OT particle?c,-entering.or exiting across the bounFj'
the energy loss and correctly calibrating their momenta. aries of the jet debnition and is calculated from the ratio

to the hadronic recoilrfypr < 1), then at the detector level
Eq. ) becomes:

Rvpr= 1+
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Fig. 11 Average PFlow jet response as a function of refergmcéor to independent Monte Carlo samples from two different generators, and
Z+jet events where th& boson decays inta electrons and intdo their error bars show the statistical uncertainties. The ratio of MC sim-
muons calculated using the MPF technigde. eeandZ ML ulation to data for both generators is shown in the bottom panel and
events are combined at a later stage. The black points correspond debnes the in situ correction to be applied. The dotted lines at 1 and
2015D2017 data while the pink diamonds and blue triangles correspordd05 serve as a reference

§ 0.92 ATLAS eData 4 of Rypr in data and simulation is the quantity of interest for
0.90F (s=13TeV, 80 b, y+jet  Pythiad E the in situ calibration, the correction would cancel out in the
[ Antik, R =0.4 (PFlow+JES) vSherpa2.1.1 ratio and only the uncertainty in its derivation is relevant.
088" 1<08 = This uncertainty is taken f i f two different
. N y is taken from a comparison of two differen
086 ———_._+*+++_,__._+* physics lists (FTFP BERT2P] and QGSP BIC$1)) in the
0salb __:"‘ *f simulation of the particle/detector interactions and is found
E o - ] tobe 2% forjets withpr < 20 GeV, 0.5% for jets with
0.82 E e E 20 GeV< pr < 40 GeV and zero for jets withr > 40 GeV.
080 = — The full set of uncertainties is shown fortde  ee+ jet
© - : — andZ  uu +jetanalysesin Figl3andforthe +jetanaly-
g 1-05: ¥ ] sis in Fig.14. The dominant systematic uncertainties are due
~ r I SR P Sl | to generator differences at lowpt and to the photon energy
c§> LAUY e Ty scale at highepr. Uncertainties in the, u, and energy
30 100 200 1000 scales and resolutions are taken from the calibrations pro-
P'ff [GeV] vided for each physics object and are propagated through the

analysis §7,48]. The and second-jet veto uncertainties

+jet events calculated using the MPF technique. The black pointgre estimated by varying the cuts and comparing the result-

correspond to 2015D2017 data. The red and blue triangles correspond#§) F€Sponse measurements. Asin thatercglibrati_on, '_[he
independent Monte Carlo samples from two different generators. Errad VT uncertainty is determined by comparison with tighter

bars show the statistical _uncertaint_ies. The ratio of MC simulation tognd |looser working points. A photon purity uncertainty is
_datg for both generators |s_shown in the bo_ttom panel and debnes t'é%timated for the +jet analysis using control regions domi-
in situ correction to be applied. The dotted lines at 1 and 1.05 serve as . . e .
a reference nated by dijet events where one of the jets can be misidentibed
as a photon. The uncertainty on the bPnal state modelling is
taken, as discussed, from the generator comparison. Limited
of the true calorimeter response to the measured responsedsfta and MC statistics contribute to the statistical uncertainty,
the reconstructed jet, therefore varying with the jet algorithmwhich is largest for the lowest and highest bins of each analy-
and size. The total correction factor is the product of the twesis. A bootstrapping procedure is applied to the uncertainties
and is found to be less than 2% for jetsf < 50 GeV  to suppress statistical Ructuations as previously described.
and negligible above that. This correction factor would in  Similar analyses in th&/ +jet Pnal states but explicitly
principle be applied identically t®Rypr in both data and balancing the referenqger against thepy of a reconstructed
simulation to better estimate jet response, but since the ratiet (direct balancé are used to cross-check the jet energy

Fig. 12 Average PFlow jet response as a function of refergmcéor
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Fig. 13 Systematic uncertainties for PFlow jets as a function of refer-vidual objects. The statistical uncertainties come from the MC simu-
encepr fora Z eet jet events and) Z M+ jet events calcu-  lation/data ratio and reach a maximum value of 0.088 wwhile the

lated using the MPF technique. Uncertainties due to the JVT, secondlifference between thRythia 8 andSherpa samples debnes the MC

jet veto, and  cuts derive from the analysis technique. Electron orgenerator uncertainty. All uncertainties are smoothed to ensure that the
muon (as appropriate) scale and resolution uncertainties are propagatédible Buctuations are statistically signibcant

through the analysis from the uncertainties associated with the indi-

2004 TATLAS T T PFlow objects in computing the missing energy, the mea-
c i [ Total uncertainty . . .

- Vs = -1 ion 1 d responses are independent of the MCJES calibration
8 [ (s=13TeV,801b Photon resolution ] sure . _ alib!
3 [ y+et, 7] <08 — Photon scale ] and reRRect the precalibration response for each jet input
c | Anti-k, R = 0.4 VT ] L ;
S 0.03_ o ES Second-jet veto ] type. The MPF responses measureq in .th;et analysis for
ﬂ — A i EMtopo and PFlow jets are shown in Fith. The shape of
> — Statistical 1 the EMtopo measurement follows the form of the GroomOs
S N MC generator - 1 function, which ds to th ted f
S 0.02 Photon purity | unction, which corresponds to the response expected from
T [ 1 a hadronic calorimeteibp]. The PFlow measurement does
E . not follow the same shape but instead shows an improvement

0.01 ] over the baseline calorimeter response at [pwthanks to
' the inclusion of information from tracks.
B 5.2.3 High-p jet calibration using multijet balance
30 100 200 1000

pref [GeV] The Pnal stage of in situ calibration derives a correction for
T jets with pt above the range of th&/ +jet analyses using

Fig. 14 Systematic uncertainties on PFlow jets as a function of referthe multijet balance (MJB) technique. Events are selected
encepr for +jet events calculated using the MPF technique. Uncerwith a single highpr jet balanced against a system of lower-
talntles_ due to_the JVT, second-jet veto, and_cuts derlve_ fr_om the jets (therecoil system The jets of the recoil system are
analysis technique. Photon scale and resolution uncertainties are pro | h Il cali . .
agated through the analysis from the uncertainties associated with th ected to ensyre they are well ca Ibrat.ed using g Comblna-
individual objects. The statistical uncertainties come from the MC simution of theZ/  +jet results (Secb.2.2), while the leading jet

lation/data ratio while the difference between Rythia 8 andSherpa  is |eft at the scale of the intercalibration. The response of
samples debnes the MC generator uncertainty. All uncertainties ake o system is debned as:

smoothed to ensure that the visible Buctuations are statistically signiP- ’

cant lead

Rwis= ——=
ref !
PT

scale calibration. The JES results computed using direct ba\hfhereprTef is taken from the vector sum of all jets in the recoil
ance showed good agreement with those derived via MPF.system. In a procedure parallel to that used forlie +jet

The innate difference in response between EMtopo andnalyses, the response is measured in binpfliﬁfand the
PFlow jets can be seen by comparing their measured MPE&orrection is then mapped to the uncalibrated leading jet by
responses. Since the MPF method uses topo-clusters abkdading the averagr,\'{-ead of the events in each bin.
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£ 1qamas . Data (PFlow+JES) in simulation, leaving the calibration unbiased. The lower
E (s =13TeV, 80 fb™, y+jet E panel shows the ratio of the response of each MC sample to
1.0E Anti-k, R = 0.4 o Data (EM+JES) .
E <os ] data. Here, the ratio of tigherpa sample to data debnes the
0'95 ' I nominal correction while the ratio based Bgthia debnes
08 T ————" o an uncertainty on the generator choice. This response ratio is
0 7; {F#++4} E constant and approximately 2% for jets above 1 TeV; below
E o ] this point the calculated correction is slightly smaller.
0-6§ ine E All uncertainties in the MJB analysis are shown in
0.5 3 Fig. 16b. The dominant term at lowp!®3 is the uncer-
= ——— ——————— tainty from jet Bavour, derived in simulation and reBect-
w 1 2: e E ing the difference in jet response for quark-initiated and
= 19 r— 3 gluon-initiated jets. Two terms contribute, one ref3ecting the
o er e o o ] . . . L. . .
TR 1| T T uncertainty in the fraction of gluon-initiated jets in the sam-
o 30 100 200 1000 ple, the other based on the difference in MC simulation-
,OrTef [GeV] derived gluon response between generators. Other indepen-

dently derived uncertainties correspond to pile-up and punch-

Fig. 15 Average jet response as a function of referepgdor +jet :
events calculated using the MPF technique in 201592017 data. The soH&roth effects and are propagated through the MJB analysis

points correspond to PFlow jets while the hollow points correspond td//& the reCOi.I S}/Stem- ThE+jet, +jet, and interqalibra-
EMtopo jets. The ratio of PFlow response to EMtopo response is showtion uncertainties are propagated from the previous stages

in the bottom panel of in situ analysis. Event selection uncertainties are deter-
mined by varying each of the analysis cuts and determin-
ing the effects on the measured response ratio. Finally, the

Since the MJB analysis can only include events wheréIC generator uncertainty is derived as described above by

all jets of the recoil system can already be well-calibratedcomparing the response ratio 8herpa with Pythia as an

events with very higrp'Teadare often excluded as their second alternative. Results usirderwig andPowheg+Pythia are

and third leading jets can have momenta outside the rangghown for reference but are not included in the uncertainty

of calibration by theZ/ +jet analyses. To address this, MJB dePnition as they are less reliable for this measurement. All

proceeds via two iterations. In the brst iteration, a combiuncertainties are smoothed via the bootstrapping procedure

nation of theZ/ +jet results is used to calibrate the recoil to ensure statistical signibcance, and the total uncertainty is

system, so only events with subleading jetpef< 1.2 TeV  found to be below F% for all considered values qi¢a

are included. In the second iteration, events with subleadinhe MC generator uncertainty, which is debned in a one-

jets up topt = 1.8 TeV are included and calibrated using thesided fashion from the response ratios, is symmetrised by

MJB results from the brst iteration. This extends the rang¢he in situ combination process along with the other uncer-

of the calibration top'Tead = 2.4 TeV. tainties. However, its full one-sided size is shown in Bigh
Events are selected for the MJB analysis using a variety dbr easier comparison with Fig.6a.

single-jet triggers with each corresponding to a unique range For EMtopo jets the intrinsic bias at lowr is slightly

of p'Tead. To suppress dijet topologies and ensure that onlgmaller and more closely tracked by simulation, leading

true multijet events are used, events must have at least threeturn to slightly reduced systematic uncertainties for jets

jets with pr > 25 GeV and| | < 2.8 and the subleading belowpr 700 GeV. Abovept > 1 TeV, in situ uncertain-

jet must not have a momentum abov.@@?ad. Jets are as ties propagated from lowepr jets have a greater impact, and

usual required to pass JVT selections, limiting the effects ofherefore the uncertainty is smaller for PFlow jets than for

pile-up. Isolation of the leading jet from contamination by EMtopo jets.

the recoil system is ensured by requiring that the azimuthal

angle between the leading jet and the direction of the

recoil system is at least 0.3 radians and that thebetween 5.2.4 Pile-up and the in situ analyses

the leading jet and any individual jet in the recoil system with

apr> 0.05p'Tead is at least 1.0 radians. One of the primary changes in LHC run conditions over the
The MJB response in data and in four MC samples withcourse of Run 2 was an increase in pile-up. The average

different generators is shown in Figj6a. In both data and number of interactions per crossing)(during 2015+2016

MC simulation, the response decreases at lopiedue to  data taking was 23.7, which increased to 37.8 in 2017. The

the intrinsic bias irRyyg from the combined effects of the data taken during 2018 and to which the calibrations in this

leading jet isolation angby asymmetry requirements. This paper are also applied has an average of 36.1 interactions per

bias is greater for lowept leading jets, but is well modelled crossing L6]. The consistency of the calibrations for events
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Fig. 16 aResponse for the leading PFlow jet in multijet events as adebned by the comparison wiliherpa,; its difference from th@ythia
function of p’Tef and b the systematic uncertainties on the responseresult debnes the OMC generatorQ uncertaibtyTinis uncertainty is
Subleading jets in the event are calibrated usingadhe+jet MPF cor-  dePned in a single-sided way by the measured response difference and
rections, while the leading jet is calibrated only up to thmtercali- therefore it is not symmetrised for displayhrbut instead its full one-
bration. The response is shown for data and for simulation using fousided value is shown. Other uncertainties come from the event selection
different MC generators, and the MC simulation-to-data response ratiosnd MC simulation/data statistics or are propagated fromZhget,

in the bottom panel correspond to the derived in situ calibration. The +jet, Ravour, pile-up, intercalibration, and punch-through studies
error bars show the statistical uncertainties. The nominal calibration is

with different pile-up conditions is therefore an important The quantity mag |) is then the largest value of across

feature of the methods. the various topology comparisons. The totdbpology sys-
Figure17 shows individual bins in the response ratios oftematic uncertainty is given by

the Z+jet and +jet analyses separated out as a function of

number of primary vertices in the event. ThAejet results are

shown for 25 Ge\¢< P’ < 30 GeV and the +jetresults  where C'ES s the size of the MCJES correction for a jet

for 45 GeV < pf' < 65 GeV, in the regions where each yjth the relevantpr. The second panels in Fig.8 show

has appropriate statistical signipcance. The multijet balance%)ﬂg 520171:0'- the comparisonsZ+ijet, dijet) and ( +jet,

analysis is not shown: due to the higtgerregime inwhichit  dijet) in both MC simulation and data. The lower panels show

operates itis more robust to pile-up effects. Alinear btto thene difference of these two quantities between data and MC

data/simulation ratio has a slope compatible with zero withirsimuylation, that is, Z+iet diiet and et dijet- The input to

the bt uncertainties in each plot, demonstrating the stabilityhe systematic uncertainty m@x |) is the most discrepant

of the in situ calibration as a function &py. This in turn  of the two lines in the lower panel evaluatedyat 37.8,

illustrates the efbcacy of the pile-up corrections described ifhe value in 2017 data. As Fig8illustrates, this uncertainty

Sect.5.1.1and shows that the inclusively derived calibrationg larger for PFlow jets than for EMtopo jets. This is under-

is applicable to events with a range of pile-up conditions. - stood to be due to a greater sensitivity to the underlying event
The in situ JES measurements can be used to calculajghen tracking information is included, which leads to greater

the dependence of the measured medigndensity on  differences among the simulated samples.
the event topology in simulation and data and to derive an

uncertainty, as mentioned in Seétl.1 The density is 52 5 |n situ combination

computed as a function pffor each of theZ +jet, +jet, and

dijet topologies as shown in the top panels of B§.Taking  The data/MC simulation response ratios,
2017 as the value of for the average pile-up conditions

during 2017 data taking and t1 and t2 as any two in situ pj-ft/ pref

measurement topologies out fjet, +jet, and dijet, then

the following metric of consistency can be debned:

pr = max| [)x C)ESx R?,

R

data MC

from the four different OabsoluteO in situ measurements of
Z( ee+jet, Z( uW) +jet, +jet, and the multijet bal-
ance must be combined to produce a single calibration cov-
ering the full range of jepr from 17 GeV to 24 TeV. The

t1 S t2 IS t1 IS t2
2017 2017 MC 2017 2017 data
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Fig. 17 Average PFlow MPF jet response as a functiomNef; for a are combined to reduce statistical Buctuations. The black points cor-
Z+jet events with referencer derived from the reconstructelboson  respond to 201592017 data while the pink and blue points correspond
inthe range 25 Ge prTef < 30GeVandfob +jeteventswithrefer- to Monte Carlo samples from two different generators. The error bars

encepr dePned from the photon in the range 45 Ge\pef < 65GeV.  refect the statistical uncertainties. The ratio of MC simulation to data

For theZ +jet analysis, results fromthé  eeandZ  pp channels  for both generators is shown in the bottom panel
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Fig. 18 Inputs to the topology uncertainty derived in th&+jet, the Z+jet and dijet and between therjet and dijet measurements. The
+jet, and dijet in situ analyses. The error bars show the statisticdbwermost panels show the difference between the data and MC simu-

uncertainties. The top panels relate fhedensity to the mean num- lation lines in the second panels: this debnes the size of the topology

ber of interactions per bunch crossingn data and MC simulation for  uncertainty. The two plots shoaEMtopo ando PFlow jets, illustrating

the three input analyses. The second panels show the difference betweghy this uncertainty is larger for PFlow jets than for EMtopo jets

four measurements overlap one another in varpusnges, The combination procedure is brieRy summarized here;
so this procedure must account for their relative statisticafor a detailed description see Re5].[Each of the absolute
power as well as the tension between different response ratin situ measurements is converted from a parameterisation in
measurements in the same range. TheZ(  eé+jetand terms of reference objegt into jet pr and divided into bner
Z(  upp) +jet channels, though compatible within uncer- bins of 1 GeV using second-order polynomial splines. A
tainties, are treated as separate measurements for the sakerdfiimization is performed in each bin, taking as inputs the
the combination since they are affected by different systemmeasurements available in that range and their uncertain-
atic uncertainties. ties. This minimisation functions as a weighted average, with
the weight given to each input measurement decreasing as
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Fig. 19 aThe weight assigned to different techniques in the combi-compatibility of the in situ measurements being combined, as a function
nation of in situ measurements of the relatpe response of anti of jet pr. In the low pt range, the combination is between three mea-
R = 0.4 particle-Bow jets in data and simulation, as a function of thesurements{( ee+jet,Z( pp) +jet,and +jet) of which the two

jet pr. For eachpr bin, the weights of theZ+jet, +jet, and multi-  Z+jet measurements have several correlated uncertainties, resulting in
jet balance methods are shovwinThe 2/ Ngof metric, illustrating the  increased tension compared to previous calibrations
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Fig. 20 aRatio of the PFlow+JES jet response in data to that in theties added in quadrature). The bnal correction and its statistical and total
nominal MC event generators as a function ofgetfor Z+jet, +jet, uncertainty bands are also shown, although the statistical uncertainty is
and multijet in situ calibrations. The inner horizontal ticks in the errortoo small to be visible in most regiortsA comparison of the combined
bars give the size of the statistical uncertainty while the outer horizontatorrection and its uncertainty for PFlow+JES and EM+JES jets

ticks indicate the total uncertainty (statistical and systematic uncertain-

its uncertainty grows. In this way, the measurement with theoint: when they are in agreement well within uncertain-
smallest statistical and systematic uncertainties dominateges the value will be below 1, while when they differ rela-
the estimate of the response ratio in that bin. tive to their uncertainties it will be above 1. Following PDG

The weights of each input measurement in this combinaguidelines, in bins where tension between the input mea-
tion are shown in Figl9a as a function of jept. The Z+jet  surements, quantibed by 2/ Ngof, is found to be greater
measurements dominate for jet below 500 GeV where than 1, the uncertainties in the measurements in that bin are
the statistical uncertainties on these measurements grow drscaled by the same tension factor to ensure that the over-
matically; thezZ(  pp) +jetis the more powerful of the two all level of agreement between methods is acceptable within
in the upper half of this range due to the size of the electromincertainties for alpt values p3]. However, since the ten-
scale and resolution uncertainties affectingflfe e€+jet  sions visible at lowpr are primarily between the twg+jet
channel. The combination is then dominated jet untii  measurements, and since the MC generator and showering
jet pt of above 1 TeV, where the lower statistics in this chan-and topology uncertainties are fully correlated between the
nel and the decreased Ravour uncertainties in the multijetvo channels and therefore cannot contribute to this tension,
balance analysis allow the latter to dominate. The Pnal cathese two components are excluded from the scaling proce-
ibration curve is determined by smoothing the outputs frondure. The components which are not scaled are the dominant
the minimization with a Gaussian kernel. uncertainties.

The 2/ Ngof across the measurements, before any scal- Figure20shows the bnal in situ combination as a function
ing is applied, is shown in Fidl9%. This metric shows the of jet pt. To complete the calibration, the inverse of the curve
degree of tension between the input measurements at eaRvc/ Ryatg) is taken as the scaling factor and applied to data.
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The combined measurement (solid line) for PFlow+JES jets The two Ravour dependence uncertainties are derived
is compared with each of the four absolute in situ analysefom simulation and account for relative Ravour fractions and
(empty shapes) in Fi@0a. The total size of the correction is differing responses to quark- and gluon-initiated j&.$].
approximately 3% at lowpt and decreases to around 2% for The RBavour composition uncertainty accounts for the differ-
jets above 200 GeV. A comparison between the results fang response of quark- and gluon-initiated jets in a sample
EM+JES and PFlow+JES jets is shown in R2§b, where  with some uncertainty on the fraction of gluon-initiated jets
the overall size of both the correction and its uncertainty isfg. WhereRy andRg are the responses measure@yithia
seen to be slightly larger for EM+JES jets. and 4 is the uncertainty orfg in the sample, the Ravour
Each uncertainty component from the in situ analysegomposition uncertainty is debned as:
is individually propagated through the combination proce- .
: . oo . IRq S Ryl
dure. First, the relevant measured response isvaried oy 1~ . = _ i
. S o position ng +(15f)R
the uncertainty component within its standard binning. The gg g/Rq

. . 2 . . . . . . )
Pner rebinning, < minimization, and combination proce- The Ravour response uncertainty accounts for the fact
dure is repeated, although using the weights as determingflat, unlike quark-initiated jet response, gluon-initiated jet

decreasing the contribution of the measurement. The diffefrhis uncertainty is debPned by comparison between the nom-

tematically shifted input and the nominal calibration curve

is taken as 1 in the varied uncertainty. Throughout this pro- esponse= fg REYM2 S RHeid

cess, each individual uncertainty source is treated as fully

correlated across and pr but entirely uncorrelated with all  Figure 21 shows the gluon-jet response and the difference
other uncertainty sources. After this step, the uncertaintieBetween quark-jetand gluon-jetresponses usingPytiia

from the Z+jet analyses are taken to be fully correlated withand Herwig for PFlow jets. The samples are the same as
the same uncertainties propagated through the multijet bathose used for the multijet balance analysi§ and are dominated
ance. Other assumptions of correlation between componen®y gluon jets at lowpr. For Herwig , Rq S Ry becomes

can similarly be made and altered after their propagationjegative in the 90D60@r region (which appears as a bump

allowing multiple different assumptions. inthe|Rq S Rg| curve).
An additional uncertainty applied only teinitiated jets
5.3 Systematic uncertainties covers the difference in response between jets from light-

versus heavy-Ravour quarks and replaces the RBavour compo-

The full uncertainty in the jet energy scale consists of 125sition and response uncertainties for these heavy-Ravour jets.
individual terms derived from the in situ measurements, pileThe punch-through uncertainty accounts for mis-modelling
up effects, Bavour dependence, and estimates of addition@f the GSC correction to jets which pass through the
effects as summarized in Tal®e The majority of the indi- ~ calorimeter and into the muon system, taking the difference
vidual terms stem from the in situ measurements and coveh jet response between data and MC simulation in bins of
the effects of analysis selection cuts, event topology deperituon detector activity as the systematic uncertainty. Both
dence, and MC mis-modelling and statistical limitations, agire discussed in more detail in Re].[Finally, the high-
well as the uncertainties associated with the calibration oPt Osingle particleO uncertainty is derived from studies of the
the electrons, muons, and photons. response to individual hadrons and is used to cover the region

The intercalibration analysis results in bve nuisancePeyond 2.4 TeV, where the MJB analysis no longer has sta-
parameters, with a sixth for 2018 data only, as discussed ffistical power P9). When calibrating MC samples simulated
Sect.5.2.1 one covers systematic effects, one covers statig4sing AFll, an additional non-closure uncertainty is applied
tical uncertainty, and three (four in 2018) are used to parami© account for the difference in jet response between these
eterize the non-closure. Pile-up effects are described by foamples and those which used full detector simulation.
nuisance parameters which account for offsetsgndiepen- The total jet energy scale uncertainty is shown in 2iza
denceinp andNpy as well as event topology dependenceas a function of jetpr for Pxed jer = 0 and in Fig.22b
of the density metric . The offset angot dependence terms as a function of jet for bxed pj-?t = 60 GeV. A dijet-like
are derived in data using a combinationbfjet measure- composition of the sample (that is, predominantly gluons) is
ments and measurements comparing reconstructed jets widlssumed in computing the 3avour uncertainties. The uncer-
track-jets. The topology term is the largest of the pile-up tainties in the intercalibration analysis are labelled Orela-
uncertainties and is determined by the maximum deviatiotive in situ JESO with the non-closure uncertainty creating
in measured density between different in situ measurementee asymmetric peaks around= + 2.5. Uncertainties in
under the same pile-up conditions. all other in situ measurements are combined into the Oabso-
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Table 2 Sources of uncertainty in the jet energy scale

Component

Description

intercalibration
Systematic mis-modelling
Statistical component
Non-closure
Non-closure, 2018 only
Z+ jet
Electron scale
Electron resolution
Muon scale
Muon resolution (ID)
Muon resolution (MS)
MC generator
JVT cut
cut
Subleading jet veto
Showering & topology
Statistical
+ jet
Photon scale
Photon resolution
MC generator
JVT cut
cut
Subleading jet veto
Showering & topology
Photon purity
Statistical
Multijet balance
(lead, recoil system)
(lead, any sublead)

MC generator
asym

Pr
Jetpr

Statistical

Pile-up
| offset
Npy offset

topology

pr dependence

Jet Ravour
Flavour composition
Flavour response
b-jets
Punch-through
Single-particle response
AFIl non-closure

selection

Envelope of the generator, pile-up, and event topology variations
Statistical uncertainty (single component)
Three components describing non-closure at high energy and aR.4
Single component describing non-closure at 1.5 due to Tile calibration

Uncertainty in the electron energy scale
Uncertainty in the electron energy resolution
Uncertainty in the muon momentum scale
Uncertainty in muon momentum resolution in the ID
Uncertainty in muon momentum resolution in the MS
Difference between MC event generators
Jet vertex tagger uncertainty
Variation of  between the jet and boson
Radiation suppression through second-jet veto
Modelling energy Row and distribution in and around a jet
Statistical uncertainty in 28 discregteterms

Uncertainty in the photon energy scale
Uncertainty in the photon energy resolution
Difference between MC event generators
Jet vertex tagger uncertainty
Variation of  between the jet and photon
Radiation suppression through second-jet veto
Modelling energy Row and distribution in and around a jet
Purity of sample used for+ jet balance
Statistical uncertainty in 16 discrgteterms

Angle between leading jet and recoil system
Angle between leading jet and closest subleading jet
Difference between MC event generators
Second jetPs contribution to the recoil system
Jetpr threshold
Statistical uncertainty in 28 discregtgterms

Uncertainty in thet modelling in MC simulation

Uncertainty in théNpy modelling in MC simulation

Uncertainty in the per-evepf density modelling in MC simulation
Uncertainty in the residpaldependence

Uncertainty in the proportional sample composition of quarks and gluons
Uncertainty in the response of gluon-initiated jets
Uncertainty in the responselwfuark-initiated jets
Uncertainty in GSC punch-through correction
Higbr jet uncertainty from single-particle and test-beam measurements
Difference in the absolute JES calibration for simulations in AF|

123



Eur. Phys. J. C (2021) 81:689 Page 25 of 49 689
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Fig. 22 Fractional jet energy scale systematic uncertainty componentstal uncertainty, determined as the quadrature sum of all components, is
forantik R= 0.4jetsaasafunctionofjeprat = Oandbasafunc- shown asa blled region topped by a solid black line. Flavour-dependent
tionof atpr = 60 GeV, reconstructed from particle-Row objects. The components shown here assume a dijet Ravour composition

lute in situ JESO term, which also includes the single-partickermed on a covariance matrix of these uncertainty compo-
uncertainty. nents and the largest of the resulting orthogonal terms are
kept separate as new effective nuisance parameiergie
remaining terms are combined into a single residual nuisance
5.3.1 Uncertainty correlations and reductions parameter. To determine how many components to keep inde-
pendently and how many to combine in the residual term, the
The detail contained in 125 independent nuisance parametetsvariance matrix for the reduced set is also computed and
is far more than is required by most analyses, so it is neceshe difference in correlation in each jeand pr between the
sary to reduce the uncertainty description to a smaller numbeeduced set and the full set is calculated. This difference is
of terms. One could imagine a single OJet energy scaleO naken as a measure of the information loss and the number of
sance parameter constructed by adding in quadrature all @bmbined terms is adjusted so that the difference is below
the independent components. However, a meaningful set @ih acceptable bound (usually 0.05). Two different reduc-
correlations exist between the jet energy scale uncertaintig®n schemes are produced: thiobal reductioncombines
for two jets at different and pr as a result of the struc- all pr-dependent in situ uncertainty components regardless
tures of the nuisance parameters. In the case of reduction td their sources and results in 8 reduced components for a
a single component, the entirety of this correlation informatotal of 23 once the two-dimensional terms (not arising from
tion would be lost and an unrealistic assumption B that athe in situ analyses and not reduced) are included.cEite
full correlation between the jet energy scale uncertainties foegory reductioncombines thepr-dependent in situ uncer-
any values of and pr B would be enforced. In practice, a tainty components in separate groups based on their origin
variety of reduced uncertainty schemes are provided to allodetector, statistical, modelling, or mixed) and results in 15
simplibed descriptions with a minimum loss of correlationreduced components for a total of 30. The JES correlation
information. matrix for the full set of nuisance parameters is shown in
The 98 uncertainty components stemming from the absdrig. 23a. The bin-by-bin correlation loss between the full set
lute in situ analyses are functions only pf and thus their  of nuisance parameters and the category reduction is shown
behaviour can be easily represented by a smaller numbért Fig. 23b and is below 0.05 everywhere as required.
of orthogonal terms. An eigenvector decomposition is per-
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Fig. 23 aThe jet energy scale correlation matrix for two PFlow+JES full description and the category reduction. The maximum loss of corre-

jets at = 0 using the full set of 9&r-dependent in situ nuisance |ation information is 0.02 and occurs atthelt, p/?) location specibed
parameters ank the difference in correlation information between the py the text at the bottom of the plot

While the same procedure could in principle be used focussion of the application of strongly reduced uncertainties
the components which depend on b@hand , the com-  within physics analyses can be found in Ré&j. [
plexity added by the second dimension means that nearly as
many eigenvectors would be needed to adequately descrilge3.2 Uncertainties for EMtopo and PFlow jets
the correlations as there were original terms and so the gain
would be minimal. However, many analyses still requireAlthough the scale of individual calibrations may vary
fewer than 25 nuisance parameters and are not affected Bgtween EMtopo and PFlow jets, the Pnal uncertainties are
loss of correlation information. To provide suitable uncer-similar in size. A slightly larger pile-up uncertainty contri-
tainties for these, atrong reduction procedure is used to pution in PFlow jets due to the impact of the underlying
group the globally reduced versions of the absolute in sitévent is offset by smaller in situ uncertainties, leading to a
uncertainties together with the two-dimensional uncertaincomparable total overall uncertainty. Figu2d shows the
ties into three effective nuisance parameters as detailed tatal uncertainty in EMtopo and PFlow jets for a rangepef
Ref [7]. The three terms of theintercalibration non-closure values at bxed = 0 and for a range of values at Pxed
uncertainty are kept separate because their two-dimensiong} = 60 GeV. The level of agreement is representative of
shapes are especially difpcult to reduce and would cause @therpr and ranges.
unacceptably large correlation loss.

Four different setsgcenario$ of the three effective nui-
sance parameters are created by varying the combinatios jet energy resolution
of terms they contain. The varied sets are chosen such that

the correlation loss in each is constrained to &pr range  precise knowledge of the jet energy resolution (JER) is
which is well described by a different set. The metric forimportant for detailed measurements of SM jet production,
assessing performance of the four scenarios istitevered  measurements and studies of the properties of the SM parti-
correlation loss debned as the maximum difference in cor-cjes that decay to jets (e i/ Z bosons, top quarks), as well
relation between any two reduced scenarios minus the mings searches for physics beyond the SM involving jets. The
mum difference in correlation between any reduced scenarigeR also affects the missing transverse momentum, which
and the full set of nuisance parameters. The uncovered COfiays an indispensable role in many searches for new physics
relation loss is calculated for a bne grid of points iand  and measurements involving particles that decay into neutri-
pr, ensuring no small-scale structures are missed. Contentg,s, and thus rely on well-reconstructed missing momentum.
of the effective nuisance parameters are varied, keeping sys- The dependence of the relative JER on the transverse
tematic uncertainties with similar behaviours mostly groupegyomentum of the jet may be parameterized using a functional
together, until a set of scenarios is found in which the maxiform expected for calorimeter-based resolutions, with three

mum uncovered correlation loss is kept below 0.25 and conpdependent contributions, namely the nois8,(stochastic
Pned to sufbciently small regions that the average correlathg) and constant@) terms p4):

loss in an Bpr plane does not exceed 0.02. A detailed dis- (or) N
Pr) _

ekl C. (4)

5o
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Fig. 24 Fractional jet energy
scale systematic uncertainty
summed across all components
for antik; R= 0.4 jetsaas a
function of jetpr at = O andb
as a function of at

pr = 60 GeV. The total
uncertainty is shown for both
EMtopo and PFlow jets.
Contributions from L ‘ ‘
topology-dependent gompop_ents 0 20 30 17 2P 10 20
are calculated assuming a dijet PP [GeV] n
f3avour composition (a) T (b)

EEEEnE e Rma e e R
- ATLAS Total uncertainty
[ Data 2015-2017, Vs = 13 TeV »** PFlow+JES
| Anti-k, R=0.4 = EM+JES
0'06_ pf‘ =60 GeV

I ATLAS Total uncertainty
| Data 2015-2017, {s = 13 TeV »»» PFlow+JES
| Anti-k, R=0.4 = EM+JES

[ m=0.0

Fractional JES uncertainty
o
o
; B

Fractional JES uncertainty

o

o

S
T

The noise N) term is due to the contribution of electronic are due to a combination of experimental resolution, the pres-
noise to the signal measured by the detector front-end eleence of additional radiation in the event, and biases due to
tronics, as well as that due to pile-up. Since both contribut¢he event selection used in the measurement. InEIi,{qp(-’af
directly to the energy measured in the calorimeter but arés the pt of a reference jet which is required to be located in
approximately independent of the energy deposited by tha well-calibrated region of the detecto@ft), taken here to
showing particles, the contribution to the JER scales likébe the central region of the calorimeteRO | g%ftl < 0.7,

1/ pr. The noise term is expected to be signibcant in the lowwhere the seam atget = 0 is excluded to ensure the ref-
pr region, below 30 GeV. Statistical RBuctuations in the erence jet energy is as cleanly measured as possible. The
amount of energy deposited are captured by the stochastigobe jet, with transverse momentLpﬁf{Obe, may be located

(S) term, which represents the limiting term in the resolutioneither within this central reference region or beyond it, with
up to several hundred GeV in jgt. The Sterm contribution | g;‘zb‘j < 4.5. The probe jet is the jet for which the reso-

to the JER scales like/1 pr. The constantQ) term corre-  |ytion is to be measured argf' is the mean of the probe
sponds to Buctuations that are aconstantfraction of thejet o4 reference jet momentp?vg — (pgrobe + pe)/2. The

such as energy depositions in passive material (e.g. cryostat o . .
>ray dep [ pas (e.g. cryostaty, 114 deviation ok for a particular(p2'9, 79 bin is
and solenoid cail), the starting point of the hadron showers .
. e . denoted by A , and in the case of a measurement of the probe
and non-uniformities of response across the calorimeter. The

constant term is expected to dominate the hgghregion, Jetasymmetry may be expressed as

above approximately 400 GeV. probe ref probe ref
. probe _  PT pr _ pr pr

In order to measure the JER, jet momentum mustbe mea, = ——avg— = —
sured precisely. This implies that the jets must either recoil Pr Pr Pr

againstareference object whose momentum can be measut;ﬁﬂere probe

_ \ _ b and e are the standard deviations p§*®
precisely, or be balanced against one anotherin awell-dePned

ref ;
dijet system 5,6]. Measurements using the latter approachaml pr . respectively, a.nd are used .to dengte trEEeJER for
relevant objects. For calibrated jetﬁ, =

are presented here, as well as a method for measuring tﬁé‘rih cif theavg _ : _
contributions to the resolution from the noise tet)due Pt = Pr in the reference region. The reference jet

to both pile-up and electronics. The 2017 data, correspon&-elat've resolution, pr/ pr ', mu_st t.h er_efor_e be subtracted
ing to an integrated luminosity of 44 $6 is used for these from the measured asymmetry distribution in order to extract
measurements the resolution of the probe jet as

probe ref
— Krobe _pr . (6)
pT

i ] _ Equation 6) is valid in the probe region as well, up to a cor-
Dijetevents are both plentifuland producedviaasetof2  rection factor that accounts for the potential overall imbal-
processes that are theoretically well-understood. JER megnce hetween the reference jetand the probe jetin that region.
surements using these events for tiet balancemethod s correction factor is found to be negligibte (L%) for the
rely on the approximate scalar balance between the trangsieasurements performed here. However,ghdalance of
verse momenta of the two leading jets. Deviations from exaghe measured jets, and thus the measured asymmetry distri-

6.1 Resolution measurement using dijet events pr

balance, measured via the asymmetry, given by bution, is measurably affected on an event-by-event basis by

be < physics effects such as additional radiation, non-perturbative

A Rrobeg p%ef (5) processes including hadronization and multi-parton interac-
T awg

tions, and others that may lead to particle losses and addi-
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tions in the measured jets. Consequently, the measured dijelosure of the dijet balance method itself is largely dominant

balance asymmetry distribution represents a convolution ddit higherpr. The non-closure uncertainty is evaluated as the

the intrinsic detector resolution and the particle-level balanceifference between the resolution measured using the in situ

affected by the aforementioned effects. The determination gfrocedure applied to MC simulation and the particle-level
Probe must therefore account for such effects, for examplgesolution, ( R)/ R, whereR = piecY pii®. Good agree-

by subtracting the particle-level quantity from the measurednent is found, resulting in an uncertainty in the relative res-

guantity in quadrature: olution that is approximately 0.4% and generally increases

with pt due to the non-Gaussian jet response. At loper

the uncertainties propagated from the JES dominate. The

increase in JES uncertainty around 800 GeV is a result of

The results presented here use aniterative btting procedu[rﬁe single-particle uncertainty (see S&c8): the jet energy

to extract the impact of tggﬁg effects and to isolate the intring 5|6 cajibration used for the dijet energy resolution mea-

sic detector resolution, o¢ Py assuming a Gaussian surement is necessarily based on a smaller dataset than the
convolution of detector effects with the particle-level bal-one presented in this paper, allowing the two measurements
ance. First, the asymmetry distribution measured at particleo converge simultaneously, and as a result the statistics were
levelin MC simulation is btted with aad hocfunctionA ™™ Jower and the single-particle uncertainty became dominant
based on exponential curves and found to describe it welkt a |o\,\/erp!rEt value than in Fig22a. Additional system-
Second, the measured asymmetry distributhR25 is bt-  atic uncertainties are estimated by varying the analysis cuts
ted by the function and the JVT selection and by comparing the result with one
Ameas— ptuth Ry ,‘_’\et, 2&)7 obtained from an alternative MC generat8hérpa 2.1.1).

probe - probe truth
A det A meas

taking A "™ from the particle-level bt and wheR(u 3¢ 6.2 Noise measurement using random cones

is a Gaussian distribution with Width}\jet representing the

detector resolution for the probe jetand oﬁs%?taccounting Direct estimates of the noise term of E4) &re obtained by

for any residual non-closure in the JES calibration. measuring the Buctuations in the energy deposits due to pile-
Collision data used for the dijet balance measurement argp using data samples that are collected by random unbiased

collected using specibc combinations of central and forwartriggers. These measurements are performed usingthe

jet triggers for each of the 1ﬂ)$vg ranges used in the mea- dom conesnethod in which energy deposits in the calorime-

surement. Trigger selections are required to be at least 99%r are summed at the energy scale of the constituents in

efbcient in the range qﬁ?"g in which a particular combina- circular areas analogous to the jet area for &ntR = 0.4

tion is used. Jets must also pass JVT selection requiremerjgss. This approach is adopted due to its ability to account for

as described in Sed.2.2 any non-Gaussian behaviour of the noise contributions to the
Topology criteria are applied to select well-debned dijet)ER. Two such random cone surp§! and p¢?, are obtained

production processes with minimal contributions due to addiat random values and within opposite regions and

tional radiation or higher-order processes. The azimuthahe difference between them,p-Fr‘C, provides a measure of

angle, , between the two leading jets in the event andthe random Ructuations of deposited energy. Multiple non-
the maximumpr of a potential third jetpT‘3, are constrained overlapping cones are selected within each eventto maximize
by the following two criteria: statistical power; this is demonstrated to cause no bias in the

o 27 rad overall result. This random cone balance is given by
, .7 rad,,
( 12 RC. elg e

p < max 25 GeV,0.25- p29 . Pr—=Pr > P

Example asymmetry distributions are shown in F2§ and the estimated pile-up noise is determined by the central
probe , -* 68% conbdence interval of the distribution 0pF®, g,

. . . avg .

in two representative bins gf; ~ and probe jet ! . ;

. 0 Tep . P 1€ der - AN sampled over many events as a function of botind pile-
iterative Gaussian btto the core of the asymmetry distribution . ) .

. up levels, as indexed byy. Specibcally, the noise term due
is used to extract the JER. The result of the measurement of" . PU - .

. . . N .10 pile-up,N"~, is determined as

the relative JER and its systematic uncertainty is shown in

Fig. 26 for a single narrow range ofi%®and as a function \PU= _RC , @)
of piﬁt. The JER is observed to be slightly underestimated by 2 2
MC simulation in this central region of the detector. where the width of the distribution is divided by 2 to obtain

Systematic uncertainties are dominated by impreciséhe half-width of the distribution, and by 2 to obtain the
knowledge of the scale of the jets at Igw, which resultsin  Buctuations corresponding to just a single random cone. The

an approximate 1.5% uncertainty at40 GeV, whereas the nowtistribution of p-Fr*C is shown in Fig.27a. Updates to the
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Fig. 25 Asymmetry distribution measured in data and particle-level300 GeV < p2'9 < 400 GeV in the range 2 < | he™ < 1.8.

Pythia 8 for PFlow jets in two example@r and - ranges. Error bars | this 5" range the distributions can be asymmetric. Two bts are

represent the statistical uncertamw.g\r/]ge measured asymmetry is performed iteratively: the particle-level asymmetry is modelled with

shown for probe jets with 80 Ge¥ p;~ < 110 GeV in the range  anad hocfunction which is subsequently convolved with a Gaussian
b‘i < 0.7, where the distributions are symmetric by con- function in order to describe the reconstructed asymmetry. The detector

02 < | ot
struction.b The measured asymmetry is shown for probe jets withresolution is then extracted from the Gaussian bt parameter
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Fig. 26 aRelative jet energy resolution atdabsolute uncertainty in  the blue band. The systematic uncertainty is dominated by terms prop-
the relative resolution as a function pf for PFlow jets in the central agated from the JES uncertainty, while additional terms arise from the
region of the detector, measured using the dijet balance method. Tranalysis selection, pile-up rejection (JVT), physics modelling (compar-

resolution in data is shown in black points with error bars indicating staison with alternative generator), and non-closure effects. The bump in
tistical uncertainties; the resolution in detector-level simulated eventsincertainty around 800 GeV comes from the single-particle uncertainty
is shown by the blue curve with total systematic uncertainty given by

random cone method since its initial description in R6J. [ a conversion factor is required. The nominal JES calibration

include removing a restriction to only a pair of back-to-backfactor is used to perform this conversion to the appropriate

cones since this was found to have no effect on the resuéinergy scale. The result is an estimate of the noise due to
and taking multiple non-overlapping random cone pairs pepile-up that may be directly compared with the measured

event to maximise statistics. JER.

The energy scale of the noise estimated\5Y in Eq. (7) A closure test of the random cone measurements is per-
is the constituent energy scale and not that of the jets medermed by comparing the in situ measurement of the cal-
sured in Sect6.1 In order to compare the measurement ofibrated NPY with the expectation from MC simulation.
the noise termNPY using the random cone method with the Results are reported here for PFlow jets. To isolate the contri-
JER measured at the fully calibrated scale (e.g. PFlow+JE®utionto the JER from pile-up noise in the MC simulation, the
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Fig. 27 aThe difference inthe random cone sumsgfr‘c, measuredin  from MC simulation (orange squares) as extracted from the difference in
the central region (ged < 0.7) inrandomly triggered data using PFlow quadrature of MC simulation with (red downward triangles) and without
objectsbh Comparison between the pile-up noise tédf’ determined  (blue upward triangles) pile-up. Results are shown at the PFlow+JES
using the random cone method (black solid circles) and the expectaticenergy scale for jets in the central region of the detedt@e{ < 0.7)

JER is determined in simulated events both with and without =’ 12_A.‘”_A‘S e _‘,_Fl‘éj$no,s‘e om ]
pile-up and a subtract!on in quadrature is performgd b_etwet_an S T o3 TeV, 24 pb" ... 3\’ES gggf'?:;ﬁ ]
the extracted resolutions. The two JER determinations in € 10 Anti-k, R = 0.4 g definion ]
MC simulation events with and without pile-up are shownin & "I PFlow+JES . ,‘j:S mlcn;fat‘)’lﬁt‘ya ]
Fig.27b and their quadratic difference is compared directlyto & sl Total uncertainty
the in situ measurement from the random cones method. Each 2 r 1
is btted, as shown by the dotted lines in Egh: the random % 6l || N
cone measurement is btted wittf pt while the quadratic - r Lo i
difference is btted wittN/ pt S pr to account for non- -
negligible stochastic contributions. The non-closure of the [

method is largely due to the differences in topo-cluster for- 2 ]
mation sensitivity to pile-up and electronic noise in the pres- [ ]
ence versus absence of hard-scatter particles, and istakenas a P B U B e S SR B
systematic uncertainty in the result. This non-closure uncer- 0 05 115 2 25 3 35 4 45
tainty is the dominant uncertainty in the JER noise term, |

ranging from approximately 17% in the most central region_ _ _ _ _
to 75% in the endcap transition regiong | | < 3.2) Fig. 28 Noise term due to pile-up estimated using the random cone
) P o 9 ! =/ methodandits uncertainties as a function.dfhe dominant uncertainty
The total noise contribution to the JER includes not justs due to non-closure in the method. Additional uncertainties address
pile-up but also electronic noise, to which the random coneshe rc debnition, the JER conversion factor, the differences in JER
are not sensitive due to the topo-clustering process. To esﬁgtween.data and MC S|mula§|9n, and the.bt stability in extracting the
mate this electronic contribution, a btis performed to the JEI{: Onoiseterm. Thegc dePnition uncertainty and = 0MC vs data
) ’ ? ; p ) terms are asymmetric in their upwards and downwards components,
measured in a dedicated MC simulation sample with O while all other uncertainties are symmetrized
and the electronic noise term is extracted\&S ©. The total
noise term used in the JER combination is therefore taken
to beN = NPY  NH=0 and is shown as a function of
in Fig. 28 along with its systematic uncertainties. The domi- . . . N .
X R relative uncertainty conservatively estimating the differences
nant systematic uncertainty in the random cone measurement . . )
PU . . .. 1IN JER between data and MC simulation and an uncertainty
of N™" is the previously discussed non-closure uncertainty. N " .
o . . . Hue to the bt parameterization and stability. The systematic
but additional terms arise from varying the quantile of the . . . .
uncertainties enter the combined JER bt unsymmetrized in

conbdence interval used to extrag and from using a dif- . . L L
. . : gut are symmetrized during the statistical combination, and
ferent estimate of the conversion factor to the calibrated JE . . .
So the one-sided components are symmetrized inZd¢o

scale. Two systematic uncertainties applyN~": a 20% illustrate their Pnal contribution to the total uncertainty.
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Fig. 29 aTherelative jet energy resolution as a functiompgffor fully lution as evaluated in data through the combination of the dijet balance

calibrated PFlow+JES jets. The error bars on points indicate the totalnd random cone techniquésAbsolute uncertainty on the relative jet
uncertainties on the derivation of the relative resolution in dijet eventsenergy resolution as a function of jef. Uncertainties from the two
adding in quadrature statistical and systematic components. The expdo-situ measurements and from the data/MC simulation difference are
tation from Monte Carlo simulation is compared with the relative reso-shown separately

6.3 Combination of in situ jet energy resolution vided in Fig.30. The bt to the resolution as a function f

for the PFlow+JES jets shows an improvement in resolution
A combined measurement of the JER is obtained by pemver EM+JES jets at lovpr.
forming a bt to the dijet balance measurements (Sed}. Figure31shows the total JER uncertainty in EMtopo and
using a constraint on the noise teri)(derived from the PFlow jets for a range opr values at bxed = 0.2 and
random cones measurement and 0 simulation sample for a range of values at bxegt = 30 GeV. The level of
(Sect.6.2). The implementation of this statistical combina- agreement is representative of otlpgrand ranges.
tion is performed in a manner nearly identical to that for the

JES (Sect5.2.5, propagating uncertainties from the dijet g 4 aApplication of JER and its systematic uncertainties
measurement in the same way and using a similar eigen-

value decomposition to reduce the Pnal number of nuisanqg order to ensure that the resolution of the jet energy scale in
parameters. _ _ _ simulation matches that in data wherever possible, a smear-
. Itnstead of using polynomial splines to interpolate acroSng procedure is recommended. For regions opjein which

el . . .
pr, the JER combination uses the functional form fromthe resolution in data is larger than in MC simulation, the sim-
Eq. @). A btto the dijet measurement data is performed, Pxylation sample should be smeared until its average resolution
ing the noise term to the value measured by the random coniatches that of data. In regions of jt where resolution is
analysis. Dijet measurement uncertainties are taken to bgnaller in data than in MC simulation, no smearing is per-
fully correlated between bins. Uncertainties due to the ran- formed, since the data should remain unaltered.

dom cones measurements are determined by propagating theJER  systematic uncertainties are propagated through
noise term uncertainties and repeatlng the bt with dlﬁere%hysics ana|yses by Smearing jets according to a Gaussian
values ofN. These uncertainties are taken to be decorrelateflinction with width smear If nom is the nominal JER of
between central (| < 2.5) and forwardf | > 2.5) regions.  the sample, after MC simulation smearing if necessary, and

The resulting combined measurement of the JER for s the one-standard-deviation variation in the uncertainty
PFlow+JES jets is shown in Fig9a. The dijet measurement component to be evaluated, then:

data points are shown along with the total in situ combination,

while the constraint on the noise term derived from random 2.¢2= ( nom+| ne)2S 2.

cones and included in that combination is demonstrated by o . o

plotting N/ pr and its uncertainties as a separate curve for Application of JER systematic uncertainties must account

illustrative purposes. Figur29% shows the absolute uncer- for two factors: brst, anti-correlations across a single uncer-

tainties on the combined JER measurement. For each value 8Nty component, and second, differences in resolution

pf'and geratoy jet is created and the size of each JER nuiPetween data and MC simulation. _

sance parameter corresponding to it is retrieved and plotted. Anti-correlation becomes anissue whenasingle JER com-
Comparisons of the JER measurements for PFlow+JEBONENt is positive in some regions of phase space and nega-

and EM+JES jets, as a function of bqhﬁ?t and , are pro- tive in others. To propagate such systematic gncertqinties to
analyses, smearing should be applied to the simulation when
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Fig. 30 The relative jet energy resolution for fully calibrated PFlow+JES jets (blue curve) and EM+JES jets (greemasragunction ofpjT'at
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Fig. 31 Fractional jet energy resolution systematic uncertainty summed across all componentskpRantid.4 jetsa as a function of jepr at
= 0.2 andb as a function of at pr = 30 GeV. The total JER uncertainty is shown for both EM+JES and PFlow+JES jets

np > 0 and applied to the data wheRp < 0. It should 7 Conclusions

be noted that the nominal data remains unchanged as this

applies only to the application of systematic uncertaintiesThe calibration of the jet energy scale and resolution for jets

In the case that data statistics are too low to safely smeareconstructed with the anki-algorithm with radius parame-

pseudo-data may be smeared instead. terR = 0.4 is presented. Jets are built from either the energy
Differences in resolution between data and MC simulatiordeposits that form topological clusters of calorimeter cells

are already accounted for by the application of additionabr a combination of charged-particle tracks and topological

smearing to the simulation when the resolution in simulatiorclusters. The measurements discussed here use 368981 fb

is better than in data. When the JER is smaller in data, thisf data recorded with the ATLAS detector during 201592017

difference is accounted for by applying its full value as anin pp collisions at a centre-of-mass energy of 13TeV at

additional systematic uncertainty: the Large Hadron Collider. It is the Prst full calibration of
PFlow jets performed by the ATLAS collaboration, the brst
— datag MC jet energy scale measurement in the high pile-up conditions
NP nom nom-

of late Run 2 data-taking, and the brst jet energy resolution
hi is d d by the dii measurement in 13 TeV data.
This term is debned by the dijet asymmetry measure- A sequence of simulation-based corrections removes the

!’“er_“s OngECti'land Is zero for t_he cent:cal S“CZ Zhown contribution to the jet energy from additional protonbproton
In Fig. 23, but for somepr ranges in more forward detector jqactions in the same or nearby bunch crossings, cor-

regions it can be signibcant. A large value of this uncertaint¥ects the jet so that it agrees in energy and direction with
for PFlow jets at 3.2 is the source of the peaks visible

e particle-level jets and, improves the jet energy resolution.
in Fig. 31b.
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Any remaining difference between simulation and data isre also made available: tables and data from plots (e.g. cross section
removed with in situ techniques using well-measured refervalues, likelihood probles, selection efbciencies, cross section limits,

. - . . ...) are stored in appropriate repositories such as HEPDAT:(/
ence ObJeCts’ mCIUdmg photonZ, bosons, and other Jets, hepdata.cedar.ac.ykATLAS also strives to make additional material

such that the energy scale of fully calibrated jets is unityejated to the paper available that allows a reinterpretation of the data
within uncertainties. The jet energy resolution is measureth the context of new theoretical models. For example, an extended

in a dijet balance system, and the contribution to the resggncapsulation of the analysis is often provided for measurements in the

. . Sl ... framework of RIVET ttp:/rivet.hepforge.org/ This information is
lution from the noise term due to pile-up and electronics I%aken from the ATLAS Data Access Policy, which is a public docu-

also measured. The relative jet energy resolution ranges frofent that can be downloaded frduttp://opendata.cern.ch/record/413
0.25 (0.35) to 0.04 for PFlow (EMtopo) jets as a function of[opendata.cern.ch].]

jet pr.
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