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Abstract Jets with different radius parameters R are an
important tool for probing quantum chromodynamics pro-
cesses at different angular scales. Jets with small R = (.2 are
instrumental in measurements of the substructure of large-
R jets resulting from collimated hadronic decays of ener-
getic W, Z, and Higgs bosons, top quarks, and of potential
new resonances. This paper presents measurements of the
energy scale, resolution, and associated uncertainties of jets
with radius parameters R = 0.2 and 0.6, obtained using the
ATLAS detector. The results are based on 37 fb~! of proton—
proton collision data from the Large Hadron Collider at a
centre-of-mass energy of /s = 13 TeV. A new in situ method
for measuring jet energy scale differences between data and
Monte Carlo simulations is presented. The systematic uncer-
tainties in the jet energy scale for central jets (|n| < 1.2)
typically vary from 1% to about 5% as a function of || at
very low transverse momentum, pr, of around 20 GeV for
both R = 0.2 and 0.6 jets. The relative energy resolution
ranges from (35 4+ 6)% at pt = 20 GeV to (6 £ 0.5)% at
pt = 300 GeV for central R = 0.2 jets, and is found to be
slightly worse for R = 0.6 jets. Finally, the effect of close-by
hadronic activity on the jet energy scale is investigated and
is found to be well modelled by the ATLAS Monte Carlo
simulations.
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1 Introduction

High energy proton—proton (pp) collisions at the Large
Hadron Collider (LHC) [1] predominantly produce final
states with collimated showers of hadrons known as jets.
These final states with jets are used in many precision mea-
surements and searches for new phenomena at the LHC. Jets
reconstructed using the anti-k;algorithm [2,3] with different
radius parameters R are an important experimental tool for
probing quantum chromodynamics (QCD) processes at dif-
ferent angular scales. Moreover, jets with small R = 0.2
are instrumental in reconstructing and measuring the sub-
structure within large- R jets resulting from highly collimated
hadronic decays of energetic W, Z, H bosons, top quarks, as
well as potential new resonances.

This paper describes the methods used to calibrate the
energy scale and energy resolution of jets reconstructed with
the anti-k;algorithm with radius parameters R =0.2 and 0.6.
The determination of the jet energy scale (JES) involves an
in situ technique, referred to as the “direct matching method”
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in the following, to correct for the observed jet response dif-
ference between data and Monte Carlo (MC) simulations.
The direct matching method relates the energies of R =0.2
and 0.6 jets to fully calibrated R =0.4 jets reconstructed with
the anti-k;algorithm. The advantage of this new technique is
the use of well-calibrated R =0.4 jets as reference objects in
only two topologies, Z+jet and dijet, without requiring the
full complexity of the standard in situ calibration procedure
using Z+jet, y+jet, dijet, and multijet events described in
Ref. [4], for each R parameter. This is the first application of
this technique to jets in pp collisions at the LHC. A similar
method was used to calibrate jets built using algorithms ded-
icated to heavy ion collisions [5]. The jet energy resolution
(JER) is calibrated using the same methods as described in
Ref. [4] since there are no obvious gains in changing that
straightforward methodology.

Energy calibration and resolution measurements of jets
with R = 0.2 and 0.6 are presented using 37 fb~! of pp
collision data collected in 2015 and 2016 at /s = 13 TeV [6,
7]. To study the sensitivity to additional pp interactions in the
event (pile-up), some of the systematic uncertainties related
to the JES were also studied using 44 fb~! of data taken in
2017 under higher pile-up conditions. No significant pile-up
dependence was identified. These results are applicable for
the entire Run 2 of the LHC between 2015 and 2018. The JES
and JER results presented here are used in published [8,9]
ATLAS results.

A correct modelling in MC simulations of the detector
response in dense environments with overlapping energy sig-
natures from independent particles is crucial for analyses
relying on collimated decays of energetic massive particles
into hadrons. This is tested by studying the effect on the JES
for close-by jets whose central axes are separated by an angu-
lar distance! A R thatis small relative to their size parameters,
in data and in MC simulations.

The ATLAS Collaboration has published JES and JER
calibration results for R =0.4 jets previously, with data taken
in2010[10-12],2011 [13],2012 [14], and 2015 [15], 2015—
2017 [4], and 2015-2018 [16,17]. Papers using Run 1 data
recorded in 2010-2012 include dedicated calibrations of jets
reconstructed with the anti-k;algorithm with R = 0.6 and
R =1.0. A dedicated in situ calibration of jets with R=1.0
is carried out using Run 2 data taken in 2015 and 2016 [18].
The effect of close-by jets was previously studied using early

I ATLAS uses a right-handed coordinate system with its origin at the
nominal interaction point (IP) in the centre of the detector and the z-
axis along the beam pipe. The x-axis points to the centre of the LHC
ring, and the y-axis points upward. Cylindrical coordinates (r, ¢) are
used in the transverse plane, ¢ being the azimuthal angle around the
z-axis. The pseudorapidity is defined in terms of the polar angle 6 as
n = —Intan(6/2). The distance between two objects in n—¢ space is
AR =
psinf.

(An)? + (A¢)?2. Transverse momentum is defined by pr =
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Run 2 data recorded in 2016 [19]. A calibration of jets in
2015-2018 data was derived from single particle responses
and found to be consistent with standard methods [17].

This publication presents the first jet energy calibration
and resolution measurements of anti-k; R =0.2 jets, and the
first measurements of anti-k;0.6 jets for /s > 7 TeV. The
established calibrations of anti-k; jets with the standard radius
parameter of R = 0.4, derived using Run 2 data at \/s =
13 TeV, are used as a reference. In the following, anti-k; R =
0.2 and 0.6 jets are collectively referred to as “alternative
radius” (AR) jets.

This paper is organised as follows. After a description of
the ATLAS detector in Sect. 2, the data and the MC simula-
tions used are described in Sect. 3 and the jet reconstruction
algorithms in Sect. 4. Section 5 details the calibration of the
jetenergy scale, including the description of the direct match-
ing technique. Section 6 describes the calibration of the jet
energy resolution and the associated uncertainties. The effect
of close-by jets on the JES is investigated in Sect. 7. Finally,
the conclusions are given in Sect. 8.

2 The ATLAS detector

The ATLAS detector consists of an inner detector track-
ing system spanning the pseudorapidity range || < 2.5,
sampling electromagnetic and hadronic calorimeters cover-
ing the range |n| < 4.9, and a muon spectrometer spanning
In| < 2.7. A detailed description of the ATLAS detector can
be found in Ref. [20].

Charged-particle tracks are reconstructed in the inner
detector (ID), which consists of three subdetectors: a sili-
con pixel tracker closest to the beamline, a microstrip silicon
tracker, and a straw-tube transition radiation tracker farthest
from the beamline. The ID is surrounded by a thin solenoid
providing an axial magnetic field of 2T, allowing the mea-
surement of charged-particle momenta. Since Run 2, a new
innermost layer of the silicon pixel tracker, the insertable B-
layer (IBL) [21], was added at a radial distance of 3.3cm
from the beamline to enhance track reconstruction, pile-up
mitigation, and the identification of jets initiated by b-quarks.

The ATLAS calorimeter system consists of inner electro-
magnetic calorimeters surrounded by hadronic calorimeters.
The calorimeters are segmented in 1 and ¢, and each region
of the detector has at least three calorimeter readout layers
for measuring longitudinal shower profiles. Within |n| < 3.2,
electromagnetic calorimetry is provided by high-granularity
lead/liquid-argon (LAr) calorimeters. Energy loss of par-
ticles traversing inactive detector material before reaching
the calorimeters is corrected for using an additional thin
LAr presampler within || < 1.8. Hadronic calorimetry
is provided by the steel/scintillator-tile calorimeter, seg-
mented into three barrel structures within || < 1.7, and
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Fig. 1 A schematic diagram of the calorimeter system of the ATLAS
detector adapted from Ref. [4], including the inner tracking and the
solenoid magnet. Integer values of pseudorapidity 1 ranging from zero

two copper/LAr hadronic endcap calorimeters cover the
range 1.5 < |n| < 3.2. The solid angle coverage between
3.2 < In] < 4.9 is completed with forward copper/LAr
and tungsten/LAr calorimeter modules optimised for elec-
tromagnetic and hadronic measurements respectively. Gaps
at the interfaces between each of these components, in partic-
ular between the barrel and endcap regions, allow the routing
of various services and infrastructure, such as electrical and
fiber-optic cabling, cooling, and support structures. However,
these interfaces also create discontinuities in the response of
the calorimeter to both charged and neutral particles due to
energy absorption in the inactive materials and changes in
the geometry of the active materials of the calorimeters. The
calibrated response and resolution of the calorimeter must
therefore either correct for these features, or account for them
when establishing systematic uncertainties. The components
of the calorimeter system [20,22,23] with reference pseudo-
rapidities and various relevant transition regions also marked,
are shown in Fig. 1.

A muon spectrometer with an air-core toroid magnet
system surrounds the calorimeters. Three layers of high-
precision tracking chambers provide coverage in the |n| <
2.7 range, while dedicated fast chambers allow triggering in
the |n| < 2.4 region. The ATLAS trigger system consists of a
hardware-based level-1 trigger followed by a software-based
high-level trigger [24].

to five are indicated by solid lines. Relevant detector regions are high-
lighted and their pseudorapidity is shown as dashed lines

3 Data and Monte Carlo simulation

The pp collision data used for the calibrations presented here
were recorded by the ATLAS experiment at the LHC during
the 2015 and 2016 data-taking periods of Run 2 at a centre-
of-mass energy of 4/s = 13 TeV and with bunch crossing
intervals of 25 ns. After requirements on data quality [25] and
on the operational status of all relevant detector sub-systems,
this data sample corresponds to an integrated luminosity of
37 fb~! . Predictions from several MC generators are used to
simulate the physics processes relevant for the different jet
calibrations as outlined in the following.

The PYTHIAS8.186 [26] generator together with the
NNPDF 2.3 LO [27] parton distribution function (PDF)
set is used to simulate multijet events in pp collisions at
A/s = 13 TeV. It uses leading-order QCD matrix elements
for2 — 2processes, along with a leading-logarithmic parton
shower (PS), underlying event (UE) simulation with multi-
ple parton interactions, and the Lund string model [28] for
hadronisation. The UE, PS and hadronisation parameters are
those from the A14 [29] set of tuned parameters (tune). The
EvtGen 1.2.0 programme [30] is used to model bottom and
charm hadron decays.

Events containing jets and a Z boson decaying into two
muons are generated at next-to-leading-order (NLO) accu-
racy in pQCD using the POWHEG BOX 2.0 programme [31]

@ Springer
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with the CT10 [32] PDF set. The PS, UE and hadronisation
are modelled with PYTHIAS.186 using the CTEQ6L1 [33]
PDF set and the AZPHINLO [34] set of tuned parameters.

To estimate systematic uncertainties, the
SHERPA2.1.1 [35] generator is used to simulate QCD multi-
jetand Z(— pp)+jets production. SHERPA uses multi-leg
2 — N matrix elements that are matched to parton showers
following the CKKW [36] prescription. The CT10 PDF set
and default SHERPA set of tuned parameters are used. For
the studies of the close-by hadronic activity in QCD mul-
tijet events, the HERWIG 7.0.4 [37] LO generator with the
NNPDF 3.0 NLO [38] parton distribution functions and the
H7UE tune [37] was used.

For all the MC simulation samples, multiple pp inter-
actions from the same (in-time pile-up) and neighbouring
(out-of-time pile-up) bunch crossings are incorporated by
overlaying inelastic minimum-bias events, which are gener-
ated with PYTHIAS.210 [39] using the A3 tune [40] and the
NNPDF2.3 LO PDF set. The average number of inelastic pp
collisions in the same bunch crossing is 13.7, 24.9, and 37.8
in the 2015, 2016, and 2017 datasets, respectively [6].

The particles in the final state produced by all event
generators are passed through the full ATLAS detector
simulation [41] based on the GEANT4 software tool kit [42].
Tracks, vertices, jets and muons are reconstructed in simu-
lated samples using the same version of the ATLAS software
as used to process the data [43]. Finally, the generated events
are weighted to reproduce the observed distribution of the
average number of collisions per bunch crossing in data.

4 Jet reconstruction

The AR jets are reconstructed with the anti-k,algorithm and
radius parameters R = (.2 and 0.6 using the FASTIJET 2.4.3
software package [3]. The inputs to the jet algorithm are
massless four-momenta associated with three-dimensional
topological clusters known as “topoclusters” [44]. Topoclus-
ters are built from neighbouring calorimeter cells containing
a significant energy above a noise threshold that is estimated
from measurements of calorimeter electronic noise and sim-
ulated pile-up noise. The calorimeter cell energies are ini-
tially measured at the EM scale, corresponding to the energy
deposited by electromagnetically interacting particles. All
ATLAS calorimeters are non-compensating, meaning their
response to hadrons is smaller than for electrons or photons
with the same energy. The (17, ¢) coordinates of topoclusters
are corrected to point to the hard-scatter primary vertex [45]
rather than the centre of the detector, while keeping their
energy constant. In addition, corrections for dead material,
out-of-cluster losses for pions and calorimeter response for
hadronic clusters (identified using their topology and energy

@ Springer

density) are implemented with a local cell weighting (LCW)
method [44].

Jets are reconstructed from LCW clusters and are required
to satisfy a minimum prt threshold of 7 GeV and to be within
In] < 3. Higher pr thresholds that are used for specific
aspects of the analyses are explicitly mentioned in the respec-
tive sections. Well-calibrated reference jets used in the in situ
direct matching method of Sect. 5.2 are reconstructed from
topoclusters at the EM scale [4] using the anti-k;algorithm
with radius R = 0.4. While this approach creates a depen-
dency of the AR jets reconstructed from topoclusters at the
LCW scale on R =0.4 jets reconstructed from topoclusters
at the EM scale, their energy scale difference is mitigated
by doing the comparisons after simulation-based AR jet cal-
ibrations and all R =0.4 jet calibrations are applied.

Tracks from charged particles are used in the jet cali-
brations and are reconstructed within the full acceptance of
the ID (|n] < 2.5). The track reconstruction uses a neural
network clustering algorithm [46]. Reconstructed tracks are
required to have pt > 500 MeV and to be associated with
the hard-scatter vertex, defined as the primary vertex with at
least two associated tracks and the largest 3 pr? of associ-
ated tracks. Tracks must satisfy quality criteria based on the
number of hits in the ID subdetectors and are assigned to jets
using a ghost association method [47], which ensures that
each track is uniquely assigned to a jet.

Muon track segments are used in jet calibration to correct
for the uncaptured jet energy from energetic hadrons pass-
ing through the calorimeters without being fully absorbed.
The segments are partial tracks constructed from hits in the
muon spectrometer [48], which serve as inputs to fully recon-
structed tracks. Segments are also assigned to jets using the
ghost association method.

To determine the energy scale and resolution of jets recon-
structed with the ATLAS detector, they are compared with
particle-level truth jets. Truth jets are reconstructed with the
same algorithm (anti-k;with R = 0.2 and 0.6) using sta-
ble, final-state particles from MC generators as input. Can-
didate particles are required to have a proper life time of
ct > 10 mm, and exclude muons, neutrinos, and particles
from pile-up. Truth jets are required to satisfy the same pr
threshold of 7 GeV as reconstructed jets, and fall within
[n] < 4.5.

5 Jet energy scale calibrations

The goal of the JES calibration is to match the average JES
to that of truth jets. Each calibration step corrects the full
four-momentum unless otherwise stated, scaling the jet pr,
energy, and mass. The JES calibration consists of two stages:
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Fig. 2 An overview of the AR reconstruction and calibration scheme.
Differences relative to the standard calibration scheme [15] for R=0.4
jets reconstructed from EM-scale topoclusters are highlighted in bold
font. The global sequential calibration does not take into account

1. In the first stage, MC-based corrections adjust the recon-
structed jet four-momentum to match truth jets. These cal-
ibrations apply the same “standard” procedure for R =0.4
jets detailed in Ref. [15] to AR jets, with modifications
discussed in detail in Sect. 5.1.

2. Inthe second stage, the direct matching method is used to
correct jet response differences between data and MC sim-
ulation. In this approach, AR jets are compared with fully
calibrated anti-k;, R = 0.4 [15] jets reconstructed from
topoclusters at the EM scale. This stage is discussed in
Sect. 5.2.

The individual steps of the calibration procedure (depicted
in Fig. 2) are briefly discussed in the following.

5.1 Calibrations based on Monte Carlo simulations

The calibrations based on MC simulations comprise four
steps: the jet area-based pile-up correction, the residual pile-
up correction, the absolute JES and 5 calibration, and finally
the global sequential calibration.

5.1.1 Jet area-based pile-up correction

Similar to R = 0.4 jets, the first calibration step aims to
remove the per-event pile-up contribution from the AR jet
with a jet area-based correction [15]. In this correction, the
catchment area of a jet is defined using the ghost associa-
tion method and is correlated with its susceptibility to pile-
up. The per-unit-area pile-up contribution in y—¢ space is
estimated from p, the median pr density of R =0.4 jets built
with the k;algorithm [49]. Only the central, lower-occupancy
regions of the calorimeter (|n| < 2.0) are used to calculate
p, as p — 0 for |n| > 2 due to interplay in occupancy and

and energy leakage effects
using track and muon-
segment variables.

measured in data using
R=0.4 jets as reference.

Applied only to data.

calorimeter-based observables as they are already considered in the
LCW corrections. The in situ correction is derived using R = 0.4 jets
reconstructed from EM-scale topoclusters as a reference

segmentation [4]. The jet four-momentum is corrected by a
scale factor given by the ratio of the pile-up-subtracted jet
pr to the uncorrected jet pr, leaving the direction of the jet
invariant.

5.1.2 Residual pile-up correction

The jet pr still shows come dependence on the pile-up activ-
ity after the jet area-based correction; so a residual pile-up
correction is applied. The residual pt dependence on the pile-
up is measured as the difference between the reconstructed
jet pr before any pile-up correction (p7°°) and the pr of a

matched truth jet following
—pXxA—ax(Npy—1)—Bxpu, (H

where AR jets are considered matched to a truth jet if
AR < 0.3. The pile-up dependence in Eq. (1) is investigated
as a function of the number of reconstructed primary ver-
tices Npy (sensitive to in-time pile-up and parameterised by
«) and the average number of interactions per bunch cross-
ing w (sensitive to the in-time and out-of-time pile-up and
parameterised by g) following the procedure from Ref. [4].
The residual pt dependence on Npy and w is analysed in
bins of |nget|, and is found to be fairly linear and indepen-
dent of one another. The jet n pointing from the geometric
centre of the detector (174e¢) is used to remove any ambiguity
about which region of the detector the jet is reconstructed.
The correction is derived for 20 < pf"® < 30 GeV because
the importance of the pile-up contamination is greatest in the
low-energy region, and the values of the « and 8 coefficients
is taken at pf"®=25GeV. To reduce the effects of statistical
fluctuations, linear fits are performed to the coefficients in
bins of |ndet|-

The pt dependence on Npy and p as a function of |7qe|
before any pile-up correction, and after the area-based and

corr reco

pPr =Pt
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residual corrections for R=0.2 and R =0.6 jets is shown in
Figs. 3 and 4. The area-based correction as a function of u
is seen to slightly overcorrect for R =0.2 jets. This is due to
their smaller catchment area compared to R = 0.4 jets that
affects the sensitivity to pile-up energy, which is corrected by
the residual correction. Generally, a stronger residual pile-up
dependence is found for |nget] > 2 due to different detec-
tor geometries and because the jet area-based correction is
derived for |nget| < 2, as described in Sect. 5.1.1.

5.1.3 Absolute jet energy scale and 1 calibration

After the pile-up corrections, an absolute jet energy scale and
n calibration corrects the reconstructed jet four-momentum
to the truth energy scale. This calibration accounts for non-
compensating calorimeter response, energy losses in dead
material, and biases in the jet n reconstruction. Such 7 biases
are primarily caused by the transition between different
calorimeter technologies and sudden changes in calorime-
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= 25 GeV before any pile-up correction (circles), after the area-based correction (squares), and after the residual corrections

ter granularity. The technique used to derive the calibration
is the same as the one used for R = 0.4 jets, detailed in
Ref. [15].

To derive the absolute jet energy scale and 5 calibration,
the AR jets are geometrically matched to truth jets within
AR = 0.3. In addition, AR (truth) R =0.2 jets are required
to have no other AR (truth) R=0.2 jetof pt > 7 GeV within
AR = 0.6 (AR = 1.0). These selection requirements are
tightened to AR = 0.9 (AR = 1.5) for AR (truth) R=0.6
jets. The average response, defined as the mean of a Gaus-
sian function fit to the core of the E™°/E™® distribution, is
measured in narrow bins of E™¢ and 5ge using a PYTHIAS
MC simulation sample. The response is then parameterised
as a function of E™° using a numerical inversion proce-
dure and the jet calibration factor is taken as the inverse of
the average energy response, as described in Section 8.3 of
Ref. [10]. The average response for AR jets as a function of
reconstructed jet pt for representative |nget| bins is shown
in Fig. 5. The observed region with lower energy response
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Fig. 6 The signed difference in 7 between the reconstructed jet (nR) and truth jet (™€) for AR jets with pre® > 20GeV anda R=0.2 and

b R=0.6. This is applied as a correction to the reconstructed jet

at |nget| ~ 1.4 corresponds to the barrel-endcap transition
region due to absorbed or undetected particles. The average
responses tend to be somewhat closer to unity for R =0.2 jets
compared with R = 0.6 jets, which is attributed to a better
calorimeter response in the energetic core of the jet. Good
closure is observed across the entire 14e range, except at low
E'"™¢ where a small non-closure of the order of a few per-
cent is seen due to a slightly non-Gaussian energy response
caused by jet reconstruction threshold effects.

After the application of the absolute jet energy scale cali-
bration, a difference between the 1 coordinates of the recon-
structed AR jet 7R and that of the matched truth jet ™®
is observed, as shown in Fig. 6 for pff® > 20 GeV as
a function of |nge¢|. This is driven by the variations in the
energy response of the calorimeters as a function of |7qet|
that stems from changes in detector technology and geome-
try [4]. The effect is largest for jets reconstructed in a region
spanning calorimeters of different geometry or technology,
like in the barrel-endcap (|nget| ~ 1.4) and endcap-forward
(Indet) ~ 3.1) transition regions. This difference, parame-

terised as a function of E™ and 1ge, is therefore used to
apply an additional correction to the n”*R coordinate. Again,
anumerical inversion procedure is used to derive corrections
in E°° bins instead of £'™"® bins. This calibration only alters
the jet pr and n, leaving ¢, E and invariant. AR jets cali-
brated with the full jet energy scale and »n corrections are
considered to be at the LCW+JES scale.

5.1.4 Global sequential calibration

The detector response to a hadronic jet is sensitive to its
composition of various particle types and their momentum
fractions, driven by the stochastic nature of parton showering
and hadronization. It is also sensitive to stochastic fluctua-
tions in the material interactions producing electromagnetic
and hadronic showers in the detector. The former effect is also
affected by the jet production mechanism: a quark-initiated
jet tends to produce fewer hadrons that hence carry a larger
average fraction of the jet pt compared with a gluon initiated
jet. Therefore, quark-initiated jets tend to penetrate further
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into the calorimeter, while gluon-initiated jets will typically
have a lower calorimeter response and a wider transverse
profile.

A series of multiplicative corrections, known as the global
sequential calibration (GSC) [15], is used to reduce fluctu-
ations in energy and the dependence on the flavour of the
parton that initiated the jet, hence advancing the precision of
the JES and improving the JER. By construction, the GSC
does not change the average jet energy response set by the
preceding calibration stage. The jet resolution o is defined
as the standard deviation of a Gaussian functional fit to the
core of the jet response distribution. The GSC is based on
global jet observables using tracking information associated
with the jet and information related to the activity in the muon
chambers behind the jet. As in the previous MC-based cali-
brations, the AR jets used to derive the GSC are required to be
isolated from other jets and to be matched to an isolated truth
jet. The GSC procedure is a set of independent and sequential
jet four-momentum corrections derived as functions of pfr“‘e,
|ndet| and a jet observable that is described further down. The
GSCis obtained by inverting the reconstructed jet response in
simulated events generated with PYTHIAS. In a second step,
a numerical inversion is used to obtain calibration factors as
a function of p?R instead of pf"°. Three jet observables are
found to improve the jet energy resolution:

® Nyack, the number of tracks with pr > 1 GeV ghost-
associated with the jet (|nget| < 2.5);

o W'k the average pr-weighted transverse distance in
the n—¢ plane between the jet axis and all tracks of pt >
1 GeV ghost-associated with the jet (|nget] < 2.5);

® 7y, the number of muon track segments ghost-associated
with the jet (|nget] < 2.7).

Another consideration for choosing these GSC observables
is that their effects on the jet response have been found to be
minimally correlated with one another, reducing the interfer-
ence between individual GSC corrections. Finally, observ-
ables that are typically used for the GSC of jets reconstructed
from clusters calibrated at the EM scale, like fractions of the
jet pt measured in specific regions of the calorimeter [4], are
not used, as they were found to give negligible improvement
for jets reconstructed from LCW clusters.

The corrections as a function of ngacx and w'K are
derived in fine bins of Ap“R = 0.1 to account for vari-
ations as a function of nR. The correction based on TNseg
reduces the tails of the response distribution caused by high-
pr jets that are not fully contained in the calorimeters. This
correction is derived as a function of jet energy instead of
jet pr since it is more correlated with the energy escaping
the calorimeters. In this derivation only two n*R regions are
used, 0 < [7”R| < 1.3 and 1.3 < |#*R| < 2.7, as the muon
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spectrometer extends to |n| < 2.7 and two regions are found
to be enough to adequately capture the behaviour.

Figure 7 shows the average jet pt response as a function
of each of the observables for R = 0.2 jets for representa-
tive pf"® ranges and in the most central n™R region. Fig-
ure 8 shows the equivalent distributions for R =0.6 jets. The
dependence of the jet response on each observable is reduced
to less than 2% after the GSC for both R=0.2 and R =0.6
jets.

After the GSC corrections, the fractional jet resolution,
defined as or /R, where R is the average jet response, is
found to be similar to that reported for R = 0.4 jets recon-
structed from topoclusters at the electromagnetic scale [15].
The bulk of the improvements are driven by the ny,ck cor-
rection, which is applied first and captures the difference
of the calorimeter response to jets originating from quarks
and gluons. Additional small improvements in the fractional
jet resolution are obtained from the w'™* and Nseg COITEC-
tions. The improvements in the fractional resolution of AR
jets due to the combined GSC correction reach up to 10% at
pt = 20 GeV and 5% at pr = 100 GeV for both R =0.2
and R=0.6 AR jets. The level of improvement is similar to
R = 0.4 jets reconstructed from topoclusters at the electro-
magnetic scale.

5.2 In situ calibrations and their combination

The final stage of the jet energy scale calibration corrects for
jet response differences between data and MC simulation.
Such differences are expected primarily due to an imper-
fect simulation of the detector (both its energy response and
its geometry), but also due to the modelling of the physics
processes. Biases in the energy scale due to these effects
are corrected for using the direct matching method. Refer-
ence jets are reconstructed with the anti-k;algorithm with
radius parameter R = 0.4 from topoclusters at the electro-
magnetic scale. The reference jets are calibrated with the
full jet energy scale discussed in detail in Ref. [4], which
consists of dedicated MC-based calibrations using the same
procedure presented in Sect. 5.1, with two extra GSC stages
based on the longitudinal structure of the energy depositions
within the calorimeters, and followed by in situ calibrations
using y+jet, Z+jet, multijet pt balance techniques, consid-
ering data collected in 2015 and 2016 for consistency.

In the direct matching method, AR jets are geometrically
matched to a reference jet. Hence, the AR jet and the ref-
erence jet are reconstructed using different reconstruction
algorithms from similar sets of topoclusters. To cover a wide
jet pt range, two topologies are used to derive in situ calibra-
tions: multijet and Z(— u*u™)+jets. The multijet sample is
relevant at high pr as its statistical power at pt < 100 GeV is
reduced due to the use of prescaled jet triggers. The Z+jets
sample is relevant at low prt due to the clean signature of
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Fig. 7 Average jet pt response as a function of a n,ck, b wirack
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, and ¢ ngeg for AR jets with R =0.2 calibrated up to the absolute jet energy and

n calibration. The effect as a function of ny,ckx and w is shown in the 0.0 < |nAR\ < 0.1 region, while for nge, the range 0.0 < |17AR| < 1.3is

used

the muon triggers; however, it is statistically limited for
pr 2 200GeV due to its steeply falling pr spectrum in
combination with lower production cross-section compared
with multijet processes.

Events used in the in situ calibrations are required to sat-
isfy quality criteria designed to reject events with jets from
beam-induced background due to proton losses upstream of
the interaction point, cosmic-ray air showers overlapping
with collision events and calorimeter noise from large-scale
coherent noise or isolated pathological cells, while keep-
ing a high efficiency to select events produced in pp col-
lisions [25]. In addition, events must have at least one recon-
structed primary vertex with at least two associated tracks of
pt > 500MeV. Furthermore, spurious reference jets from
pile-up with pt < 60 GeV and |nget| < 2.4 are rejected
through the jet vertex tagger (JVT) [50], accepting 92% of
the hard-scatter jets and rejecting 98% of the pile-up jets.
Pile-up reference jets are only used to ensure that reference
jets are isolated from other hadronic activity but otherwise
are not considered in the derivation of the in situ calibrations.

All isolated jets with ptr > 20GeV and |n| < 3.0 in the
event are selected for the in situ direct matching calibration
procedure. A jetis considered isolated if the A R to the nearest
jet reconstructed with the same algorithm and with pt >
7 GeV and |n| < 3.0 is at least twice the jet radius, i.e.,
AR > 0.4 for R=0.2 jets, AR > 0.8 for R =0.4 jets, and
AR > 1.2 for R=0.6 jets.

The multijet sample is recorded using a suite of single-
jet triggers that require an anti-k;jet with R = 0.4 recon-
structed from topoclusters at the EM scale in the pseudora-
pidity region |n| < 3.2. The jet triggers have varying pt
thresholds between 15 and 400 GeV. For a given leading jet
pt range considered in the in sifu analysis, the trigger with
the highest threshold that is at least 99% efficient is required
to have fired.

The Z+jets sample is recorded by the logical OR of
two single-lepton triggers: one requiring an isolated muon
with pt > 20 (26) GeV for 2015 (2016) data, and another
one requiring a muon with pt > 50 GeV without iso-
lation selections. Events with exactly two opposite-charge
muons satisfying |n| < 2.4 and pt > 25GeV are selected

@ Springer



791 Page 10 of 46 Eur. Phys. J. C (2025) 85:791
@ 14— g 1.4 e e
2 r ATLAS Simulation —¥— 1000 < p™t" < 1200 GeV ] 2 r ATLAS Simulation —¥— 1000 < p™t" < 1200 GeV ]
S Fiee o T 1 S . o T ]
213 —_/\-I\Erni—llsRT:\é‘.GP()f_g\jl\?jlleeSt) —e— 350<p["<400Gev - 1.3 —_A\Eti-llsRTj\é‘.GP()?_g\?\?ﬂIlEeSt) —®— 350 <py"" <400 GeV
o 50.0<I[n”‘l<0.1 —a— g0<p™<100Gev @ Eo_o<quR|<o_1 —&— 80<p™"<100GeV
gl2r —=— 30<pttcsoGev o l-2[ —8—30<p™"<40GeV
© i @ ¢t ]
Rl 4 71 -

L =, E E_._-.-._._ E
I A - E S 0
C l. A ] C J——— ]
09F . 3 0.9F 3
0.8:||w||||||I||||I|||w|||||I||: 0.8:|||\|||\|||||||||||||\||‘|:
0 10 20 30 40 50 0 0.1 0.2 0.3 0.4 0.5
n“aCk erack
(a) (b)

o 1407 ; : —— -

e ;‘AFTLAS Simulation —¥— 1000 < E™t < 1200 GeV ]

O 1.3Vs =13 TeV, Pythia8 dijet » 3

" F Anti-k, R=06 (LCW+JES) —® 380<E""<400Gev 5

Q 1 oF00<™<1.3 —a— 80<E™™"<100GeV ]

a = —8— 30<E™"<40GeV ]

© 1.1 —

2 r ]

FT=—s E

= . o~——7— .

E — —— 4

0.9: .

C —— —— T 7

0.8 3

0_7:| L L ! L L PR | 3

10 20 30 40 50 60 102

Fig. 8 Average jet pt response as a function of a n,ck, b wirack

track ;

seg.

, and ¢ ngeg for AR jets with R =0.6 calibrated up to the absolute jet energy and

n calibration. The effect as a function of ny,ckx and w is shown in the 0.0 < |nAR\ < 0.1 region, while for nge, the range 0.0 < |17AR| < 1.3is

used

after full reconstruction. Both muons must satisfy medium
(loose) identification (isolation) requirements [48]. Events
with a Z boson candidate are identified by requiring 80 <
my,/GeV < 116, where m,,, is the invariant mass of the
two muons. Furthermore, both the reference jet and the AR jet
with R =0.2 are required to satisfy A R(jet, muons) > 0.35.
This requirement is increased to 0.6 for R = 0.6 jets to
account for the larger radius parameter.

The in situ calibration is derived for AR jets matched to a
reference hard-scatter jet, where a pair of jets is considered
matched if AR(AR, reference) < 0.2, which is reasonable
given the isolation requirements above. The derivation of the
in situ calibration factor starts from the in situ p ratio for
matched AR-reference jet pairs:

AR
Pr_
ref ’

T

7zin situ =

where p/T*R is the transverse momentum of an AR jet, and
pﬂf’f is the pr of the matched reference jet. The calibration is
derived only from matched AR-reference jet pairs; in partic-

ular in the Z+jet topology the Z — uu decay serves only for

@ Springer

triggering and topology selection. The average ratio (Rinsitu)
is extracted by fitting the pr ratio distributions to a Gaussian
function in regions of 7R and pfref, for n*R bins of size 0.1
and varying bin size for prTef due to its steeply falling produc-
tion cross-section distribution. The direct matching in situ

correction factor C is then defined by:

C(p_rlgf nAR) — <Rinsitu>MC

@

(Rin situ ) Data .

To derive the in situ correction factorsas a function of p‘T*R s
a translation is applied using the correction factors in Eq. (2).
This procedure involves obtaining (pfR) for each (pif, nR)

bin, and providing the correction factors C at (p®) instead
ref

of p&.

FiTgure 9 shows the average pr ratio (Rinsiw) in data and
MC simulations obtained with PYTHIAS and SHERPA as
a function of prTef for representative n”*R bins for AR jets
with R=0.2 and R = 0.6 jets in the multijet topology. The
observed (Rinsitu) tend to be below unity for R = 0.2 and
above unity for R = 0.6 jets due to the difference of the

catchment area relative to reference R = 0.4 jets. At high
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Fig. 9 Average pr ratio (Rinsiw) as a function of p'Tef in multijet events

from data (squares), PYTHIAS (circles) and SHERPA (triangles) for
R=0.2jetsinthea |[n*R| < 0.1 andb 2.4 < |n*R| < 2.5 regions. The

pr 2 0.5 TeV where jets are highly collimated, (Rinsitu)
is a couple of percent below unity for R = 0.6 jets. This
is likely due to small biases from the isolation requirement
for R =0.4 jets and from a small non-closure of MC based
calibrations because of the merging of electromagnetic and
hadronic components. For R = 0.2 jets, (Rinsitu) reaches
down to 0.85 at prTef = 50 GeV and increases towards unity
with greater prTef due to the increasing collimation. The oppo-
site effect is found for R =0.6 jets, where (Rinsiw) reaches
up to 1.05 at pfl?f = 50 GeV and decreases towards unity

with greater prTef. Similar trends are found across the studied

7R range. Overall, reasonable agreement between data and

simulations is found, and the correction factor C( prTef, nAR)
ranges within [0.95, 1.05] and tends to fall within a couple
of per cent of unity for R < 0.7.

The average pr ratio (Rinsiw) in data is also studied in the

Z+jets topology, which allows probing low momenta down
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corresponding distributions for R =0.6 jets are shown in panels ¢ and

d. The in situ correction factors C( pﬁ?f, n™R) are shown in the bottom

panels

to pﬁ?f = 20 GeV. The results found in data and MC simu-
lations with POWHEG +PYTHIAS and SHERPA are shown
in Fig. 10. Similar trends as in the multijet topology are
observed. At prTef = 20 GeV, (Rinsitu) reaches down to 0.70
for R=0.2 jets, and up to 1.20 for R =0.6 jets.

As can be appreciated by comparing Figs. 9 and 10, a
similar level of agreement between data and MC simulations
and hence similar C( p%ef, nAR) values are observed for both
multijet and Z+jets topologies across the relevant kinematic
range. The good agreement is further quantified in Sect. 5.2.1
in Fig. 11. This consistent level of agreement is attributed to
the cluster-level LCW correction that captures some of the
flavour dependence.

In a closure test after applying the in sifu calibrations,
data and MC simulations are found to typically agree within
0.5%, and the disagreement is never larger than 1%, except
for pr < 20 GeV for R =0.2 jets in the Z+jets topology,
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Fig. 10 Average pr ratio (Rinsitu) as a function of prTef in Z+jets
events from data (squares), POWHEG +PYTHIAS (circles) and SHERPA
(triangles) for R=0.2jetsinthea |[7*R| < 0.1andb2.4 < [n*R| < 2.5

where it reaches a couple of percent. This behaviour at low
pr isdriven by acceptance effects and potential contributions
from pile-up events.

5.2.1 Statistical combination of in situ calibrations

Given the consistency of the in sifu calibrations in the multijet
and Z+jets topologies, the results are statistically combined
to assure adequate coverage of the entire pr spectrum and
to reduce the overall uncertainty. The statistical combination
of calibration results is based on the JES in situ combination
method described in Ref. [10]. This method combines an
arbitrary number of pr-dependent calibrations by assigning
a pr-dependent weight to each of them, correctly propagat-
ing all the uncertainties and correlations, while minimising
the bias from statistical fluctuations and the overall variance
caused by systematic uncertainties, which are discussed in
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regions. The corresponding distributions for R = 0.6 jets are shown in

panels a and b. The in situ correction factors C( prTef, 7™R) are shown in

the bottom panels

the next section. The distribution of the relative weights of the
multijet and Z+jets calibrations in representative 1 bins are
shownin Fig. 11afor R=0.2 and Fig. 11b for R=0.6jets. As
expected, the relative contribution from the Z+jet topology
dominates at low p, while for pt = 100 GeV the multijet
topology takes over. Statistical uncertainties both in the cen-
tral values and in the systematic variations are assessed using
the bootstrap method [51]. The consistency of the two input
calibrations is quantified using the v/ x2/nq.o.f. metric, which
is evaluated as a function of pt and considers the number
of degrees of freedom nq,t . In few regions of phase space
with v/ x2/nd0f > 1 the uncertainties in the input calibra-
tions are conservatively rescaled such that / x2/nqof. = 1is
obtained by construction. Example v/ x2/nd.o.. distributions
in a representative n bin before applying the rescaling pro-
cedure are shown in Fig. 11c and d for R=0.2 and R=0.6
jets, respectively.
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Fig. 11 Relative contributions to the combined in situ calibration from
the multijet and Z+jet topologies in the 0.2 < n < 0.3 range, for
a R=0.2 and b R=0.6 jets. Consistency between the in situ combina-

The JES in situ combination method from Ref. [10]
described above considers only pr-dependent calibrations.
To account for the nge¢ dependence of the calibration factors,
the combined calibrations per nge; bin are first concatenated
into a single (pr, 1) dependent distribution, which is shown
in Fig. 12a for R=0.2 and Fig. 12c for R =0.6 jets. The con-
catenated (pr, ndet) dependent distribution is then smoothed
with a two-dimensional Gaussian kernel. The kernel param-
eters are optimised to reduce statistical fluctuations while
preserving genuine features of the distribution. The effect
of the smoothing is small and examples demonstrating this
effect are shown in Fig. 12b and d illustrating the difference
between the smoothed distribution and the unsmoothed one.
The smoothed in situ calibration results are then extended
to the uncovered kinematic nget, prspace through a constant
extrapolation of the closest neighbouring statistically signif-
icant bin across pr, in a given nge; range.

The combination procedure considers systematic uncer-
tainties related to the in sifu direct matching technique. They
are captured in the uncertainty category “absolute AR in situ
JES” that is discussed in Sect. 5.3. Some of these systematic
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tion inputs from multijet and Z+jet topologies within their respective

uncertainties is quantified through the v/ x2/nq.0.r. metric, for ¢ R=0.2
and d R=0.6 jets

uncertainties are derived with a coarser granularity in n than
the calibrations. Hence, the coarse variable-sized binning of
the systematic uncertainties in 1 is mapped onto the regu-
larly spaced 60 5 bins of the calibrations. In this procedure,
the boundaries of the coarse bins always coincide with those
of some of the 60 1, bins of the calibrations. The systematic
uncertainties are then extended to the uncovered kinematic
n, prspace using the same procedure as in the calibrations.
This statistical combination is then performed separately
for each of the 60 nge bins in the inputs. The combined
C(pt, nR) (from Eq. (2)) results are found to be consis-
tent with each individual Z+jet and multijet calibration. This
is demonstrated for representative nge; bins in Fig. 13 for
R = 0.2 and R = 0.6 jets, where the input calibrations
are compared with their combined result and its uncertainty
band representing the statistical and systematic uncertain-
ties discussed in Sect. 5.3. The central values of the com-
bined calibration factors remain within a few percent of unity.
In the well-instrumented central region with || < 1 the
C( pﬁ?f, n™R) factor is approximately constant as a function of
prabove 50 GeV, and drops slightly below that, which is due
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Fig. 12 The effect of the smoothing procedure for the combined cali-
bration. The combined calibration before smoothing (raw) is shown for
a R=0.2 and ¢ R=0.6 jets. The residual of the smoothing procedure

to single-hadron calorimeter response differences between
data and MC simulations [17]. The resulting uncertainties
in the combined result, as propagated from the inputs, are
typically within a fraction of a percent in the bulk of the dis-
tribution, increasing to a couple of percent towards low and
high pr.

5.3 Systematic uncertainties

The total uncertainty in the JES consists of 69 individual com-
ponents. Of those, 18 terms account for uncertainties specific
to AR jets derived from the in situ measurements, pile-up
effects, flavour dependence and MC modelling effects. The
other 51 terms correspond to the propagation of uncertain-
ties from the R =0.4 reference jets. An additional uncertainty
term accounting for the non-closure of the in sifu measure-
ments for R =0.2 jets in the challenging kinematic regime of
pt < 20GeV is provided. These include the absolute and rel-
ative in situ, punch-through and single-particle response sys-
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obtained by subtracting the combined calibration parameters after the
smoothing from those before the smoothing is shown forb R =0.2 and
d R=0.6 jets

tematic uncertainties. All systematic uncertainties are treated
as fully correlated across prand 7, and independent of each
other. The sole exception is the case of the JVT-related uncer-
tainty in the absolute in sifu JES for reference jets and AR
jets that are both derived in the Z+jets topology and hence
treated as fully correlated.

The uncertainties apply to the entire calibrated phase space
defined by |n| < 3 and pt > 20 GeV or pt > 25 GeV for
R=0.2 and R=0.6 jets, respectively. The calibration phase
space can be extended to pt > 15 GeV for R =0.2 jets, in
which case an additional uncertainty term that accounts for
the small non-closure in the 15 < pr < 20 GeV range is
added. The n boundary was chosen to be slightly larger than
the coverage of the tracker of || < 2.5.

The uncertainties related to the in situ direct match-
ing technique are captured in the category “absolute AR
in situ JES”. They include systematic uncertainties due to
the choices of topological selections in the direct match-
ing procedure. The value of the angular matching parameter
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Fig. 13 Combined in situ calibration factor together with the individ-
ual calibration inputs from multijet and Z+jets events. The ranges of
a0.2 < nget <03 and b 2.2 < nger < 2.3 are shown for R =0.2 jets.
The same ranges of ¢ 0.2 < nger < 0.3 and d 2.2 < nger < 2.3 are

AR(AR, ref) is varied from its nominal value of 0.2 to val-
ues of 0.1 and 0.3. The parameter f for isolation to nearby
jets AR(AR, nearby jet) > f x R is varied from its nominal
value of 2.0 to values of 1.5 and 2.5. The JVT working point
[25] is varied from its nominal value of ‘medium’ to ‘loose’
and ‘tight’. Furthermore, the in situ JES calibration using
the direct matching method may be sensitive to generator-
specific choices and tunings of the parton shower, hadroni-
sation, and matching scale. Therefore a MC modelling uncer-
tainty, estimated by comparing the nominal calibration to the
one evaluated using a MC sample generated with SHERPA,
is considered.

Since in the in situ direct matching technique AR jets are
calibrated against R = 0.4 anti-k,reference jets at the EM
scale, the uncertainties that apply to those reference jets [4]
with a few exceptions discussed in the following are propa-
gated to AR jets. For this propagation, the uncertainties that
were originally derived for reference jets are evaluated after
scaling them by the ratio of the energy scales of AR jets
and reference jets after all calibrations. For consistency, the

shown for R =0.6 jets. Uncertainty bands on the full combination result
reflect uncertainties from the AR direct matching technique, and do not
include propagated in situ uncertainties from the reference R =0.4 jets

in situ uncertainties documented in Ref. [4] only considering
data collected in 2015 and 2016 are used. The propagated
uncertainties from R = 0.4 anti-k,;reference jets are from
the “absolute in situ JES” category, which accounts for the
in situ calibration uncertainties for reference R =0.4 jets in
Z+jet and y + jet, and the “relative in situ JES” category,
which considers in situ calibration uncertainties for reference
R=0.4 jets in QCD multijet events.

Several of the systematic uncertainties that were origi-
nally evaluated for reference jets are expected to explicitly
depend on the jet radius parameter. They are evaluated for
AR jets directly instead of propagating the corresponding
uncertainties in reference jets. These are the pile-up-related
uncertainties, jet flavour related uncertainties, and out-of-
cone corrections, which follow the procedures outlined in
Refs. [13,14,14,52], respectively.

Finally, two additional sources of uncertainty related to
the punch-through correction and to the calorimeter response
to highly energetic single particles determined through test-
beam measurements and simulations are considered.
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Table 1 Summary of the

. Name
sources of systematic

Description

uncertainties in the JES for AR
jets, including those propagated
from reference jets.
Uncertainties marked with an
asterisk are derived using
reference jets, i.e.,

anti-k; R =0.4 jets at the EM
scale Z+jets (absolute AR in situ JES)

AR matching
Isolation
JVT for reference jets

Statistical

AR matching
Isolation

JVT for reference jets
Statistical

Non-closure

Pile-up
wu offset
Npy offset

p topology

prdependence

Jet flavour

Flavour composition
Flavour response
b-jet

Out-of-cone
Absolute in situ JES*

Relative in situ JES*

Punch-through*

Single-particle response*

Multijet (absolute AR in situ JES)

Variation of the matching criteria
Variation of the isolation requirement
Jet vertex tagger uncertainty

Statistical uncertainty over all regions of jet prand n

Variation of the matching criteria

Variation of the isolation requirement

Jet vertex tagger uncertainty

Statistical uncertainty over all regions of jet prand n

Only R=0.2 jets, accounts for non-closure in Z+jet analysis
for the first pbin.

Uncertainty in the © modelling in MC simulation
Uncertainty in the Npy modelling in MC simulation

Uncertainty in the per-event prdensity modelling in MC
simulation

Uncertainty in the residual prdependence

Uncertainty in the jet composition between quarks and gluons
Uncertainty in the jet response of gluon-initiated jets
Uncertainty in the jet response of b-quark-initiated jet
Contribution of particles outside the jet cone

in situ calibration uncertainties for reference R =0.4 jets in
Z+jetand y + jet

in situ calibration uncertainties for reference R =0.4 jets in
QCD multijet events

Uncertainty in punch-through GSC

High- ptjet uncertainty from single-particle and test-beam
measurements

The full list of systematic uncertainties considered for AR
jets is summarised in Table 1. Figure 14 shows a breakdown
of the JES uncertainty into the individual sources for AR jets
as a function of prfor n = 0 and Fig. 15 shows the break-
down as a function of n for ptr = 60 GeV. All uncertainties
related to the absolute in sifu calibration of reference jets
using Z+jet, y + jet, and multijet topologies are added in
quadrature and shown as “Absolute in situ JES (R =0.4)”.
These uncertainties are dominant for R =0.2 jets, and tend
to be dominant at high pr 2 100 GeV for R =0.6 jets. The
uncertainties associated with the relative JES calibration of
reference jets between the forward (0.8 < |nget| < 4.5)
and central (|nget] < 0.8) regions using QCD multijet pro-
duction, i.e., the n intercalibration analysis, are also quadrati-
cally combined and labelled “Relative in situ JES (R =0.4)".
These uncertainties apply only to the region || > 0.8 and
tend to increase with |7|, typically not exceeding 1%.

The uncertainties from the absolute in sifu calibration of
AR jets using the direct matching procedure are very small,

@ Springer

typically below 0.5% and tend to increase with |n|. A sam-
ple composition of 50% quark jets and 50% gluon jets is
assumed, with 100% uncertainties. The uncertainties due to
the unknown flavour composition of the jet sample contribute
up to a few percent at low pt < 100 GeV, followed by the
uncertainties in the calorimeter response to jets initiated by
gluons vs. quarks. For R = 0.6 jets, the uncertainty due to
pile-up is dominant below pt < 100 GeV and contributes
up to 7%. For R =0.2 jets, this uncertainty is small, at about
0.5%, and the dominant uncertainties are the absolute in situ
JES of reference jets, closely followed by the uncertainty due
to the unknown flavour composition.

The total uncertainty, calculated as the sum in quadrature
of all components, is shown in Figs. 14 and 15 as a filled
region topped by a solid line. Overall, the total uncertainty
for AR jets is of similar magnitude to that of reference jets.
This demonstrates the power of the direct matching in situ
procedure that can be used to calibrate jets with alternative
radius parameters.
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Fig. 15 Fractional jet energy scale uncertainty components as a func-
tion of jet n at pt = 60 GeV fora R=0.2 and b R=0.6 jets. The total
uncertainty, calculated as the sum in quadrature of all components, is

5.3.1 Uncertainty correlations and reductions

The 69 individual uncertainty components preserve correla-
tions between the JES calibrations of individual jets. These
correlations are shown as a function of pt in Fig. 16a and b
for R=0.2 and R =0.6 jets, respectively, where both jets fall
into the central n bin. As expected, the correlations are typ-
ically maximal for jets with similar pt, and minimal where
the they are very different.

While 69 uncertainty components represent the best esti-
mate of the correlations between JES calibrations, consid-
ering all components may be unpractical for data analyses
that display a small sensitivity to those correlations. Hence,
two simplified uncertainty schemes are provided for these
analyses. In both of these schemes, the number of uncer-
tainties is reduced by combining the 44 terms arising from
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shown as a filled region topped by a solid line. An unknown composi-
tion of the sample is assumed in the determination of the flavour terms.
The definitions of the uncertainty components are given in Table 1
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shown as a filled region topped by a solid line. An unknown composi-
tion of the sample is assumed in the determination of the flavour terms.
The definitions of the uncertainty components are given in Table 1

the absolute in situ components inherited from the refer-
ence jets and the out-of-cone term into a smaller number
of uncertainties. This is easily possible since all of those
uncertainties are functions of prt only. The standard pro-
cedure from Section 5.3.1 of Ref. [4] for the reduction of
the number of uncertainties is followed. First, the covari-
ance matrix is built out of the reducible, i.e., pr-dependent
terms, as shown in Fig. 16a and b for R =0.2 and R =0.6
jets, respectively. This correlation matrix is then diagonal-
ized and the eigenvectors corresponding to the largest eigen-
values are kept and treated as new independent effective
uncertainty components. The remaining eigenvector compo-
nents are then quadratically combined into a single residual
uncertainty term. The number of effective uncertainty com-
ponents retained is determined by the uncovered correlation
loss, which is measured by the maximum absolute difference
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Fig. 16 Correlations of the JES calibration between pairs of a R=0.2
and b R = 0.6 jets at n = 0 using the full reducible set of 45
pr-dependent in situ uncertainty components. Difference between the
pair-wise JES correlations for the full reducible set of uncertainty com-

observed between the correlations for the full and reduced set
of uncertainties.

In the first reduction scheme, all the reducible uncertainty
components are considered in the reduction procedure, inde-
pendent of their origin. This results in 7 (8) effective nuisance
parameters for the R=0.2 (R =0.6) jets, adding up to a total
count of 30 (31) nuisance parameters, keeping the uncovered
correlation loss around 0.02 (0.01). In the second reduction
scheme the uncertainties are grouped into categories with the
same origin (detector, statistical, modelling or mixed) and a
reduction procedure is performed separately for each of these
categories. This results in 17 effective terms, for a total count
of 40 nuisance parameters for AR jets. The uncovered cor-
relation loss is close to 0.01 for both jet radii, as shown in
Fig. 16c for R=0.2 and Fig. 16d for R=0.6 jets.
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ponents and the reduced per category set forc R=0.2andd R=0.6
jets, yielding a maximum correlation difference close to 0.01 for both
jet radii

6 Jet energy resolution

Similar to the JES, a precise knowledge of JER is important
for all measurements involving jets, ranging from precision
measurements of jet production rates or of the top quark mass,
to searches for physics beyond the Standard Model.

The dependence of the relative JER o (pT)/pT on the
transverse momentum of the jet may be parameterised using
a functional form expected for calorimeter-based resolutions,
with three independent contributions:

o N o S ae 3)

PT P J/PT
The noise term N is due to the contributions from pile-up
in the detector and due to the effect of electronic noise on
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the measured detector signal. Since both contribute directly
to the energy measured in the calorimeter but are approxi-
mately independent of the energy deposited from the hard
momentum transfer interaction, the relative noise term con-
tribution to the JER scales as pp ! The noise term is expected
to be significant in the low- p region, below ~ 30 GeV. Sta-
tistical fluctuations in the amount of energy registered by
the ATLAS calorimeter, especially considering its sampling
concept, are captured by the stochastic term S. This term
represents the limiting term in the resolution up to several
hundred GeV. The relative contribution of the S term to the
JER scales as pp '2 The constant term C corresponds to
effects that are a constant fraction of the jet pr, such as the
starting point of the hadron showers and non-uniformities of
response across the calorimeter. The C term is expected to
dominate the high- pt region, above approximately 0.5 TeV.

The contribution from the N term that dominates the JER
at low jet momenta is determined using dedicated meth-
ods that are sensitive to both pile-up and electronics noise.
This measurement and the associated systematic uncertain-
ties are discussed in Sect. 6.1. The noise term is then used
as an external constraint when measuring the JER in the
pt > 50 GeV regime with the direct balance method, which
uses the requirement that the two leading jets, reconstructed
with the same algorithm and the same calibrations, be bal-
anced against one another in a well-defined dijet system. This
method, together with the final JER results, is presented in
Sect. 6.2. Finally, the systematic uncertainties in the JER
measurement from the direct balance method are estimated
in Sect. 6.3.

6.1 Noise measurement with the random cones method

The noise term N in Eq. (3) captures the contributions from
both pile-up noise Npy and noise from other factors N, —g.
The two contributions are measured independently and N
is taken to be the quadrature sum of Npy and N,—o. To
determine the Npy contribution, the random cones method
is applied to 2.4 pb~! of randomly triggered, i.e., “zero-
bias,” data to measure the energy deposits within R = 0.2
and R = 0.6 cones. A dedicated dijet MC simulation sam-
ple with ¢ = 0 is analysed to determine N,—o originating
from factors other than pile-up such as electronics noise. This
sample was generated as described in Sect. 3 but without any
pile-up overlay. This methodology is detailed in Refs. [4,14]
for R=0.4 jets. Therefore, the following discussion focuses
on quantitative results when applying this procedure to AR
jets.

In the random cones method, the fluctuations in energy
deposits due to pile-up are estimated by taking the difference
between two randomly distributed cones analogous to the
jet area for AR jets, since the pile-up energy deposits are
randomly distributed in ¢. The energy deposits inside a cone

are summed at the energy scale of the jet constituents, i.e.,
LCW scale topo-clusters. The cone radius is taken to be the
same as the radius parameter of AR jets, i.e., R = 0.2 and
R =0.6. For each event, multiple non-overlapping cone pairs
on opposite sides of the detector in n and within a restricted
|n| range are selected to account for the different detector
technologies across |n|. The random cone pt balance of a
cone pair C; and C; is given by

C C
Apr© = pr' = pr @)

An example Ap%c distribution for R = 0.6 cones within
[n| < 0.7 is shown Fig. 17a. The pile-up noise at constituent
scale NoPstituent js hence estimated as one-half of the cen-
tral 68% confidence interval orc of the Ap?c distribution
divided by +/2. The resulting measurements of NSPnsttent are
given in Fig. 17b as a function of . As expected, Ngonstituent
increases with growing R parameter values. To estimate the
JER contribution from pile-up noise Npy for a fully cali-
brated jet, the nominal JES calibration factors are applied to
Nconstituent.
PU

The noise N, —¢ originating from factors other than pile-
up such as electronics noise, is extracted from MC events that
are simulated without any pile-up overlay. This is done by
extracting the JER from those pile-up-free MC simulations
using truth jet information and fitting the results with the
standard JER parameterisation in Eq. (3) to extract the N
term.

The total noise terms along with their systematic uncer-
tainties are shown in Fig. 18 for AR jets with pt = 30 GeV.
Generally, the N term is larger for R =0.6 than for R=0.2
jets, as expected from the radius parameters. For both R =0.2
and R =0.6 jets, the magnitude of the N term is influenced
by the detector layout and is largest in the inter-cryostat
region around || & 1.5. This dependence on |5| is more
pronounced for R =0.2 jets because of their smaller catch-
ment area, which reduces averaging effects across detector
regions that are prominent for R = 0.6 jets. A comparison
with Ref. [4] shows that the N term is larger for AR jets
reconstructed from topoclusters calibrated at the LCW scale
compared with particle-flow jets. This is because LCW clus-
ters do not benefit from the matching to low-pr tracks.

The systematic uncertainties affecting the Npy measure-
ment using the random cone measurement are dominated by
the non-closure of the method. It is estimated by compar-
ing the Npy derived in zero-bias MC events to an alterna-
tive derivation that takes the quadratic difference of the JER
determined in MC events with and without pile-up. Other,
typically small, systematic uncertainties are related to the
conversion from ng%“mt“em to Npy, variations in the orc
definition, and the parameterisation of the fit function used
to extract Npy that includes an additional term proportional

to p7 1.
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Fig. 17 a The difference of energy deposits Ap-IFC within two ran-
domly chosen cones with R = 0.6, measured in the central detector
region (|n| < 0.7) in randomly triggered data using topoclusters cal-
ibrated at the LCW scale. The vertical dotted lines indicate the 68%
confidence interval. b The pile-up noise Npy at the energy scale of
topoclusters calibrated at the LCW scale, estimated with the random
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cones method in the central detector region (|| < 0.7), as a func-
tion of the number of hard pile-up interactions p is compared between
data (filled markers) and MC (open markers). Only statistical uncer-
tainties are considered, but are hidden by the markers. The ratio of MC
simulation to data is shown in the bottom panel
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The systematic uncertainties related to the N,—( extrac-
tion tend to be dominated by the JER difference between
MC simulations without pile-up and low-u data taken in
2010 [12]. Other systematic uncertainties account for the
non-closure of the method, which is estimated by simulating
MC events at different p values and extrapolating to © = 0,
and the impact of the fit range when extracting N,—¢ in the
fit with the standard JER parameterisation from Eq. (3).

@ Springer

6.2 Resolution measurement with the direct balance
method

Dijet events have two jets that are well-balanced in the trans-
verse direction. Hence, the dijet topology is used to measure
the JER using the dijet balance method that relies on the
approximate scalar balance between the transverse momenta
of the two leading jets. The direct balance method is detailed
in Ref. [4] and will only be summarised briefly here.
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The goal of the direct balance method is to probe devia-
tions in the balance between two jets via the asymmetry

probe ref
p 4
A= TTngv 5)
Pt
where prTef is the pt of a reference jet that must fall in the

central calorimeter region 0.2 < |nget] < 0.7, and p%mbe is
the pt of aprobe jet within |nget| < 3. Both probe and central
jet are defined consistently using the same R parameter, i.e.,
either both R=0.2 or both R=0.6.

The standard deviation of the asymmetry in Eq. (5) o4
may be generally expressed as

probe ref robe ref
probe Opr ® Opr Ipr P Opr
o A = — avg, =\— D@ {— )
(pr°) PT PT

probe

ref
where 0, and o

ref . probe
are the resolutions of pr " and py

pr

and p%vg is the mean p%vg =( pl{-mbe + prTef)/ 2. The relation-
ship above allows to extract the resolution of the probe jet
from the mfeasured A distribution by quadratically subtract-
. o Ie

ing <%>

The measured .4 distribution is affected on an event-by-
event basis by effects such as the underlying event, addi-
tional radiation, non-perturbative processes such as hadroni-
sation, and others that may lead to particle losses and addi-
tions in the measured jets. Consequently, the measured dijet
balance asymmetry distribution represents a convolution of
those effects with the intrinsic detector resolution. The intrin-
sic detector resolution is extracted by determining the width
parameter of a Gaussian kernel convolution of the A distribu-
tion obtained using truth jets, where the kernel mean captures
the residual non-closure of the calibration. The truth level A
is determined using PYTHIAS8 MC simulation following the
same event-level selection criteria that are used for the mea-
surement at detector level, which are then fitted with an ad
hoc function based on exponential functions [14].

The direct balance measurement uses collision data
recorded by the same suite of jet triggers as in the in situ
JES measurement, where the triggers are selected to be at
least 99% efficient in a given range of p%vg. The p%vg range
for a given trigger pt threshold tends to be lower for R=0.2
jets due to their smaller catchment area than for R = 0.6
jets. To minimise any effects from pile-up, the AR jets must
satisfy the same JVT selection requirements as in the in sifu
JES measurement.

Topological selection criteria are applied to obtain a sam-
ple enriched in dijet production processes with minimal
contributions from additional radiation or higher-order pro-
cesses. The azimuthal angle A¢ between the two leading
jets in the event must fulfil A¢ > 2.7. Events with an ener-
getic third jet p{® with p#® > max(25 GeV, 0.25 - p1'®) are
vetoed.

Example A distributions are compared between truth jets
in MC simulations and reconstructed jets in data for R=0.2
and R =0.6 jets in two representative bins of p%vg and nge in
Fig. 19. As expected, the JER is generally better for R=0.6
jets than for R = 0.2 jets since the larger jet cone allows to
better capture the energy of the particle shower at the origin of
the jet before any interaction with the detector. As an overall
trend, the JER improves with increasing p%vg and is generally
superior in better instrumented central detector regions.

Figure 20 shows the individual measurements of the JER
in a representative range of 0.2 < || < 0.7 for R = 0.2
and R =0.6 jets. These JER measurements obtained with the
direct balance method presented above are combined using
a chi-squared minimisation of the function in Eq. (3). In this
fit, the N term is a constant set to the central value found in
Sect. 6.1 for a given 1 bin, while the S and C terms are free
parameters to be determined. The S and C terms tend to be
strongly anti-correlated. Generally, the data are reasonably
well described by the parameterisation of the detector reso-
lution according to Eq. (3), which is indicated by an approx-
imately flat x? probability distribution ranging between 0.0
and 1.0 for all kinematic regions studied.

6.3 Systematic uncertainties

The uncertainties in the S and C terms are estimated by re-
evaluating the JER measurement after a 1o shift of each of
the individual uncertainty sources. These encompass uncer-
tainties in the direct balance method itself, the JES calibration
of AR jets and hence the JES calibration of R =0.4 jets.

For the uncertainties in the direct balance method itself,
the established procedure from Ref. [4] is followed. These
uncertainties tend to be dominated by the uncertainty due to
the ad hoc selections defining the dijet topology such as the
A¢ requirement and the extra jet veto. These uncertainties
are evaluated by independently varying the selection values
up (A¢ > 2.9 and pi’ < max(20 GeV, 0.20 - p7'¥)) and
down (A¢ > 2.5 and pr'3 < max(30 GeV, 0.30 - p1®)).
Another important uncertainty is the method closure. This
uncertainty is obtained by comparing the JER measured in
MC with the direct balance method with the JER obtained by
comparing the transverse momenta of reconstructed jets and
the truth jet to which they are matched. Sub-dominant uncer-
tainty contributions come from modelling of dijet events in
MC simulations, the JVT requirement, and the finite number
of events in the dijet sample used in direct balance measure-
ments. The uncertainties in the JES calibration of AR jets
as per Sect. 5.3 are considered and propagated through the
S, C fit. Typically, all the uncertainties in the direct balance
method display a very weak dependence on jet pr, and tend
to grow with increasing |n|.
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Fig. 19 Reconstructed (solid markers) asymmetry of the jet system in
data in the range of 80 GeV < pi'® < 110GeV and 0.2 < [P%| <
0.7 fora R=0.2and b R =0.6 jets, shown together with the correspond-
ing fit (solid line). The corresponding particle level (open markers) truth
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Fig. 20 Relative jet energy resolution as a function of jet pr in the
0.2 < |n| < 0.7 range fora R = 0.2 and b R = 0.6 jets, evaluated
using the direct balance method. The final fit using the function in Eq. 3
is included along with its associated statistical and total uncertainties.
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asymmetry and fits (dashed line) are overlaid. The same distributions
are shown for 300 GeV < pr'® < 400GeV and 1.3 < [P™%| < 1.8
fore R=0.2and d R=0.6 jets

o 06— -
~ [ ATLAS ]
:_'— 05 Vs =13 TeV, 37 fb"! ;
5 °F Anti-k,R=0.6 (LOW+JES) B
r 02<Inl<0.7 ]
0.4 —
E 2 dijet 1
0.3 — Total uncertainty -
C [l Statistical uncertainty ]
02F =
0.1 —
E L L | L L | L 3
20 30 102 2x10? 10° -?"103
je
pr' [GeV]
(b)

In this fit, the region below jet pt < 60 GeV is constrained by fixing
the noise term to the value obtained with the random cones method as
described in Sect. 6.1
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Fig. 21 Relative uncertainty in the jet energy resolution as a function
of jet pr at n = 0.3 values fora R = 0.2 and b R = 0.6 jets. The
contributions from the uncertainty sources are shown individually. The
total uncertainty, determined as the quadrature sum of all components,

The uncertainties in the noise term estimated in Sect. 6.1
are propagated to the final JER results by fixing N to the
maximum and minimum values corresponding to the bound-
aries of the 68 % confidence interval, and re-evaluating the fit
to the S and C terms. The relative uncertainties in N grow
with 1/ pt as expected given the functional parameterisation
of JER with Eq. (3), and tend to dominate the JER measure-
ment at low jet transverse momenta pt < 50 GeV.

The accuracy of the random cone and direct balance meth-
ods is limited by the agreement between data and MC simula-
tions. This is checked by comparing the nominal JER results
in data to those obtained in MC simulations. Typically, MC
simulations result in a smaller resolution, and can be brought
into agreement with data by smearing jet momenta. In this
case, no systematic uncertainty is assigned. In regions of
phase space where MC simulations result in a larger resolu-
tion than data, the net difference between nominal data and
MC is assigned as a systematic uncertainty, in analogy to
Ref. [4].

After the propagation of the individual systematic effects
through the S, C fit as described above, a smooth pr depen-
dence is observed for the absolute uncertainties ino (pt)/ pr,
as demonstrated in Fig. 21. The uncertainties are of sim-
ilar magnitude for R = 0.2 and R = 0.6 jets. The noise
term uncertainty dominates for R = 0.2 jets, which can be
understood considering their smaller catchment area com-
pared with R = 0.6 jets, resulting in larger fluctuations in
o(pr)/pt for pr < 50 GeV due to noise. This effect is
more pronounced in the transition region between the bar-
rel and forward calorimeters, and at || 2 2. The nominal
data vs MC difference is the dominant systematic uncertainty
below pt < 100 GeV for R = 0.6 jets, and is significantly
larger than for R = 0.2 jets. This is attributed to challenges
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is shown as a filled region topped by a solid line. Flavour-dependent
components of the JES uncertainties assume a dijet flavour composi-
tion

in modelling low-energetic contributions like pile-up for jets
with a large catchment area, where they can account for a
sizeable fraction of the total jet energy at pr < 100 GeV.

The absolute uncertainties in o (pt)/pr as a function of
n are shown in Fig. 22. Upward and downward shifts of
systematic uncertainties are found to induce variations of
very similar amplitude in the relative JER fit. Generally, the
uncertainties tend to grow with ||, in particular the dominant
uncertainties in the noise term and in the nominal data vs MC
difference discussed above. Another uncertainty that can be
sizeable at || 2 2 is from the choice of the MC generator.
The uncertainty is highest in 2.5 < |n| < 3 for R = 0.2
jets due to the noise term, and can be as large as 5%. This
effect is significantly less pronounced for R =0.6 jets due to
averaging over their larger catchment area.

6.3.1 Uncertainty correlations and reductions

Two JER uncertainties are treated as correlated with the cor-
responding JES uncertainties: the dijet modelling uncertainty
in MC simulation is derived from the comparison of the nom-
inal MC generator PYTHIAS with the alternative generator
SHERPA; and the JVT uncertainty that is estimated by using
the same procedure for JER and JES. All other sources of
uncertainty are treated as uncorrelated.

The systematic uncertainties in the JER amount to a total
of 101 (102) components for R = 0.2 (R = 0.6) jets,
where each source of uncertainty is represented by a nui-
sance parameter. The correlations between JERs for pair-
wise combination of jets in the central range of || < 0.2
are shown as a function of pt in Fig. 23a and b for R=0.2
and R =0.6 jets, respectively. The correlations are maximal
for jets with similar pr, as expected. Similarly to the JES, a
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Fig. 22 Relative uncertainty in the jet energy resolution as a function
of jet n at pt = 60 GeV fora R=0.2 and b R =0.6 jets. The contri-
butions from the uncertainty sources are shown individually. The total
uncertainty, determined as the quadrature sum of all components, is

reduction in the number of JER components is performed to
make the data analysis tractable. This is done following the
same procedure of an eigenvector decomposition of the total
covariance matrix, accounting for dependencies on both pr
and |n|. Technically, this is done using 200 logarithmic pr
bins for each of the seven || ranges considered. The uncer-
tainty accounting for the disagreement between MC and data
is not considered in the reduction of the number of uncertainty
terms.

The first reduction scheme targets a maximum correlation
loss of 5%. By retaining 16 uncertainty terms plus the rest
term, a maximum correlation loss of < 0.01% was achieved,
as shown in Fig. 23c for R = 0.2 and Fig. 23d for R =0.6
jets. Retaining one uncertainty term fewer would result in
a maximum correlation loss of up to 13%. In the second
reduction scheme a maximum correlation loss of 30% is tar-
geted, which is achieved by retaining 10 uncertainty terms
plus the rest term. Considering the term accounting for the
disagreement between MC and data, this results in 18 and 12
uncertainty terms in the first and second reduction scenarios,
respectively.

7 Jet energy scale biases due to close-by hadronic
activity

One of the main applications for R = 0.2 jets is to reclus-
ter them into a large-R jet to reconstruct boosted massive
objects decaying hadronically into several particles. A promi-
nent example for this is the track assisted reclustering (TAR)
algorithm [8,53,54], which uses fully calibrated anti-k; jets
with R =0.2 as inputs. This algorithm reclusters R =0.2 into
larger jets with R = 1.0 using trimming parameters optimised
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shown as a filled region topped by a solid line. Flavour-dependent com-
ponents of the JES uncertainties assume a dijet flavour composition

for ATLAS [18] and associates ID tracks to the R =0.2 sub-
jets of the reclustered jet. The transverse momenta of matched
tracks are then rescaled such that the R =0.2 jet pr matches
the sum of the pr of the associated tracks. Hence, the TAR
algorithm allows the resolution of the substructure within
the jet using track information, while preserving the correct
energy scale by using R=0.2 jets.

In the dense environment of a hadronically decaying
boosted massive particle, individual R = 0.2 jets are likely
to have one or several other R =0.2 jets close-by, i.e., within
AR < 0.4. The presence of close-by hadronic activity con-
stitutes a different topology from the one used to calibrate the
energy scale and derive uncertainties for AR jets described
earlier. In the following, the impact of close-by hadronic
activity on the jet energy scale is studied. In addition, the
modelling of these effects in the Monte Carlo simulations is
investigated.

The study of close-by effects considers multijet final
states, which allows to minimise statistical uncertainties
inherent to in situ calibration methods in sparsely populated
kinematic regions. Potential biases to the JES are evaluated
using the momenta of tracks associated with the R =0.2 jets,
since these track momenta are independent of the JES cal-
ibration and its associated uncertainties. This analysis uses
80.4 fb~! of pp collision data at /s = 13 TeV recorded in
2015-2017 using a suite of single jet triggers with pr thresh-
olds ranging from 60 to 420 GeV. At least two R =0.4 jets
with pt > 100 GeV are required in the event to ensure that
the 60 GeV trigger is fully efficient. At least two R =0.2 jets
with the same pr threshold falling into the full acceptance
of the inner tracker of || < 2.1 and matched to the R=0.4
jets within AR < (.2 are required.
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Fig. 23 Correlations of the JER calibration between pairs of a R=0.2
and b R = 0.6 jets at n = 0 using the full reducible set of 45
pr-dependent in situ uncertainty components. Difference between the
pair-wise JES correlations (correlation loss) for the full reducible set of

Table 2 Ranges of pt of R = 0.2 jets used in the study of close-by
hadronic activity

100GeV < pr <250GeV
250GeV < pt < 600 GeV
600GeV < pr < 1200GeV
1200GeV < pr < 2400 GeV

Track-jets are clustered from inner detector tracks associ-
ated with the primary vertex using the anti-k;algorithm with
R = 0.2 and are required to have ptr > 15GeV. The two
leading R = 0.2 jets are selected as “probe R = 0.2 jets”.
Each probe R =0.2 jet is required to be matched to a track
jetwithin AR < 0.2. In addition to probe R =0.2 jets, “other
R =0.2 jets” are selected if they exceed pt > 20 GeV. All
systematic uncertainties in the JES, as discussed in Sect. 5.3,
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uncertainty components and the reduced per category set for ¢ R =0.2
and d R=0.6 jets, yielding a maximum correlation difference close to
0.01 for both jet radii

are considered. The studies are carried out in four bins of
R = 0.2 jet pr as shown in Table 2 with boundaries opti-
mised to capture the physics effects as a function of jet pr
while providing a sufficiently small statistical uncertainty.

The main observable of the close-by activity analysis is
the inverse charged fraction

probe

ok = — (6)

T

where the numerator is the p of a calibrated probe R=0.2
jet, and the denominator the pt of a matched track R =0.2
jet. The distribution of ryx is shown in Fig. 24 for two rep-
resentative pt ranges. The distribution peaks around a value
of 1.5, with a pronounced tail to higher ry values. This
observation can be understood considering that only elec-
trically charged particles are registered by tracking detectors
and contribute to p%k, while both charged and neutral parti-
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Fig. 24 Distribution of the inverse charged fraction ryi for

a 100GeV < pP™ < 250GeV and b 600GeV < pPo*
1200 GeV. The filled band around the PYTHIAS curve represents the

cles will contribute to p!;mbe. Generally, the ryk distribution
is described well by the three MC simulations (PYTHIAS,
HERWIG , and SHERPA) within uncertainties, except for
the sparsely populated region at ryx < 1 where some dis-
agreement is observed. This region corresponds to jets where
charged particles carry almost all of the jet energy, which are
challenging to model in MC simulations especially consid-
ering that MC simulations have a smaller JER than data. All
MC simulations tend to predict a slightly narrower ryy dis-
tribution with a slightly higher mean than the one found in
data. An alternative definition of ryx using ghost-associated
tracks was tested and found to yield consistent results.

The proximity of hadronic activity is measured using two
further observables. One of them is the angular distance of
a given probe R = 0.2 jet to the closest other R = 0.2 jet
(ARmin). The ARpp distribution is shown in Fig. 25 for
two representative pt ranges. The distribution shows a dis-
tinct peak around A Rjyip ~ 0.25 and exponentially decreases
as a function of ARy, as expected from gluon radiation
and gluon splitting QCD processes. From the maximum at
A Rpin ~ 0.25, the distribution rapidly drops with decreas-
ing ARy values due to the merging of close-by hadronic
activity into a single R = 0.2 jet. The A Rpi, distribution
is well modelled in MC simulations, except for HERWIG ,
which, with the settings described in Sect. 3, has a wider
distribution than the data, especially at high pr.

The other observable sensitive to the close-by hadronic
activity for a given probe R =0.2 jet is the projected momen-
tum fraction felose-by Of all other R =0.2 jets that are close-by,
normalised by its momentum squared. This is given as:

(P - Pi)
fclose—by = Z —l1

P2 @

i
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where the index i runs over all other R =0.2 jets within AR =
0.6. The distribution of fcjose-by is shown in Fig. 26 for the
same two representative pr ranges. The distribution dis-
plays an exponential decrease as a function of fcjose-by for
JSclose-by < 1, which again can be understood considering
the ¢ — gg and other QCD splitting functions. The rate of
the drop increases dramatically for feiose-by = 1 due to kine-
matic phase space constraints. Also this distribution is well
modelled in MC simulations, except for the HERWIG set-up,
which generally predicts smaller values of fcose-by than are
observed.

In the following, the inverse charged fraction ryy is studied
as a function of the A Rpjn and fcjose-by Observables sensitive
to the proximity of hadronic activity. For this, rq is indepen-
dently averaged in bins of A Rin and fclose-by, respectively.
The averages are constructed per given pt range as defined
in Table 2.

The average inverse charged fraction (ry) as a function of
A Rmin 1s shown for two representative pr ranges in Fig. 27.
The distribution of (ry) is generally fairly constant, and dis-
plays a slight decrease towards smaller ARy, < 0.5 for
probe R = 0.2 jets with pt > 250 GeV. This decrease is
more pronounced for probe R = 0.2 jets with greater pr,
as it becomes more likely for a probe R =0.2 jet to radiate
off an energetic parton that would fulfil the selection crite-
ria for other R = 0.2 jets. This confirms the presence of an
effect on the JES from close-by hadronic activity. The sim-
ulations display a constant offset relative to the data. This
offset increases with pr from being consistent with unity
for 100GeV < pgrObe < 250 GeV to values as low as 0.9

for 1200 GeV < pP™®° < 2400 GeV. This offset is due to
the mismodelling of the width of the ryk peak, which shifts
(rux) due to the asymmetry of the ry distribution around the
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Fig. 26 Distribution of fuoseby for a 100GeV < pP™* < 250 GeV
and b 600GeV < pP™®° < 1200GeV. The filled band around the

mode. As a consequence, PYTHIA8 and HERWIG predict
too low an (ryk) because they predict a peak that is too nar-
row for the ryy distribution compared with data. Conversely,
SHERPA predicts a wider ryx spread than observed in data,
and an (ryx ) higher than in data. However, it is worth pointing
out that, despite their overall offset, all studied MC genera-
tors describe the decrease in (ry) with decreasing A Ry in
data well.

The behaviour of the (ryk) is also studied as a function
of felose-by, as shown in Fig. 28 for two representative pr
bins. The observed trends are similar to the ones reported
above as a function of ARpin: (ryk) decreases as a function
of felose-by» 1-€., with close-by hadronic activity. The MC
generators display again an overall offset, but describe the
general trends in (ryk) as a function of fciose-by Well. Overall,
it is more difficult to draw solid conclusions from fciose-by

(b

PYTHIAS curve represents the systematic uncertainty due to the JES
and the finite number of MC events. The ratio of MC simulation to data
for all generators is shown in the bottom panel

due to the larger statistical uncertainties in sparsely populated
regions of feloseby S 0.1 and fejose-by 2 1, which are driven
by the variations in the f¢jose-by distributions over eight orders
of magnitude.

It can be concluded that the observations in data confirm
an effect due to close-by hadronic activity, and that this effect
is well modelled in the MC simulations considered. To study
the effect further, it is desirable to look beyond (ryk) val-
ues determined over the entire sample. This is addressed by
carrying out the studies below where (ryx) is determined for
parts of the sample that correspond to densely or sparsely
populated kinematic regions and varying relative contribu-
tions from close-by effects. To this end, the triple ratio is

@ Springer
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where {ruk dhigh is determined in the quantile of data above a
given threshold in A Ryyjp OF fclose-by» and conversely (ruk ) ow
in the quantile below. To probe for any potential deviations,
the quantiles are defined as the lower quartile, the median,
and the upper quartile of the distribution of the cut variable in
the given bin of probe jet p, as shown in Figs. 25 and 26 for
A Rmin and felose-by» respectively. Furthermore, the quantiles
corresponding to A Rpin = 0.3, 0.4, and 0.6 that correspond
to 1.5, two, and three jet radii are considered.

The triple ratio 7ag,;, for A Rp;, is shown in Fig. 29 for
two representative pt bins. Overall, the Tag,,, values are

®)
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found to be consistent with unity within uncertainties, for
all quantiles considered. The best description of data is pro-
vided by PYTHIAS. The values of 7ag,,, for HERWIG and
SHERPA have an overall offset that is approximately constant
across the quantiles. This offset is consistent with the obser-
vations above. The triple ratio chlose_by for felose-by is shownin
Fig. 30 for two representative pt bins. Also here the simula-
tions are found to agree with data within uncertainties for all
quantiles that were studied. This confirms the absence of any
mismodelling of the effect of close-by hadronic radiation on
the transverse momentum of calibrated R = 0.2 anti-k;jets.
Hence, no additional corrections or calibrations to account
for such close-by effects are necessary when reclustering
small-R jets into large-R jets. The large kinematic reach
of the analysis from 100 GeV up to 2.4 TeV in pr allows
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to extend this statement to moderately and highly boosted
topologies.

The statistical uncertainty in the HERWIG and SHERPA
ratios is shown but is too small to be visible.

8 Conclusions

In conclusion, this document presents the measurement of the
jet energy scale for jets reconstructed from energy deposits
forming topologically connected, locally weighted, clusters

PYTHIAS points. The error bars in the lowest pt bin are asymmetric
due to acceptance effects from the requirement of a lower pr threshold.
The statistical uncertainty in the HERWIG and SHERPA ratios is shown
but is too small to be visible
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PYTHIAS points. The error bars in the lowest pt bin are asymmetric
due to acceptance effects from the requirement of a lower pr threshold.
The statistical uncertainty in the HERWIG and SHERPA ratios is shown
but is too small to be visible

of calorimeter cells using the anti-k;algorithm with R =0.2
and 0.6, referred to as AR jets.

The jet energy scale of AR jets is measured with the
ATLAS detector in pp collisions at /s = 13 TeV, corre-
sponding to an integrated luminosity of 37 fb~! collected
during 2015 and 2016 at the LHC. These results can be used
for calibrating pp collision data recorded in the entire Run 2
of the LHC between 2015 and 2018. AR jets are calibrated
with a series of Monte Carlo simulation-based corrections
similar to those employed to standard R =0.4 jets, and in situ
techniques in data. A new in situ method to measure differ-
ences between data and Monte Carlo simulation is presented.
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This direct matching method, compares the pt of AR jets
against fully calibrated R = 0.4 jets, as a function of 1 and
pt. Consequently, the current method of statistically com-
bining calibration results in multijet and Z+jets topologies
as a function of pr is extended to consider the dependence
on 1 for the first time. These techniques were found to be
robust and can therefore be used for deriving similar calibra-
tions in the future, or for validating alternative methods like
calibrations using single particle responses. The systematic
uncertainties associated with the jet energy scale calibration
of AR jets are reported. These comprise the uncertainties
from the R =0.4 jets used as a reference, uncertainties from
the direct matching in situ method, and additional uncertainty
sources specifically pertaining to R=0.2 and 0.6 AR jets. A
fractional uncertainty of around 1% on the JES is achieved
in the kinematic range of 100 < pt < 800 GeV for both
R = 0.2 and 0.6 jets. Below this pt range, the uncertain-
ties are dominated by the absolute in sifu JES uncertainty for
reference R =0.4 jets and the unknown flavour composition
that can respectively reach 4% and 3% around pt =~ 20 GeV.
In addition, the pile-up uncertainty contributes up to 7% for
R =0.6 jets. The total uncertainty for AR jets is of similar
magnitude to that of reference jets, which demonstrates the
power of the direct matching method.

The jet energy resolution for R = 0.2 and 0.6 AR jets
calibrated following the procedure of this document is then
determined. First, the noise term that drives the jet energy
resolution at low pt < 50 GeV is determined using the ran-
dom cones method. The uncertainty in this term is dominant
in the low pr range for R =0.2 jets and contributes an abso-
lute uncertainty in o (pt)/pt of up to 4% for pt >~ 20 GeV.
For R = 0.6 jets, this uncertainty reaches up to 2%. The
full JER is then determined using the direct balance method,
where the resolutions are extracted by comparing asymme-
tries in energies of AR jets measured in data to those found in
truth jet simulations, in the Z+jets and dijet topologies. The
uncertainty from the JES calibration of reference R = 0.4
jets contributes about 0.5% to the absolute uncertainty in
o (pr)/pr and is approximately constant in pt and 7. At
low pr < 70 GeV, the uncertainty in the nominal data vs
MC difference that is driven by the modelling of pile-up is
dominant for R = 0.6 AR jets and contributes an absolute
uncertainty in o (pt)/ pt of up to 4% for pr >~ 20 GeV. The
energy resolution ranges from (35 +6)% at pt = 20 GeV to
(4 £0.5)% at pt = 300 GeV for central R=0.2 jets, and is
found to be slightly higher at pr < 50 GeV for R =0.6 jets.
Overall, the JER for AR jets is comparable to that of R=0.4
reference jets.

Finally, the effect of close-by hadronic activity on the
jet energy scale is investigated. This effect is quantified by
inspecting the inverse charged fraction of R =0.2 jets as a
function of variables sensitive to close-by hadronic activity,
and is found to be well modelled in Monte Carlo simula-

@ Springer

tions. These findings confirm that the JES uncertainties pre-
sented here adequately account for close-by effects even in
experimentally challenging boosted topologies from decays
of energetic W, Z, and Higgs bosons and top quarks, studied
through reclustering small- R jets into large-R jets.
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