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Abstract

The response of the ATLAS calorimeter to jets is studied using data-driven techniques for
proton-proton collisions at

√
s = 8 TeV recorded by ATLAS in 2012. The jet response is

studied as a function of jet transverse momentum and pseudorapidity relative to a central
reference region by evaluating the transverse momentum balance in dijet events. A new
calibration is derived to correct the jet energy scale in data for residual effects not captured
by the initial calibration based on simulation. The calibration factors are found to range
from 0.96 to 1.02 depending on the pseudorapidity of the jet. The uncertainties on these
calibration factors have been significantly reduced compared to previous results; they are
typically below 1 % for central jets rising to 3.5 % for low transverse momentum jets at high
absolute pseudorapidity. The jet energy scale calibration for central jets with high transverse
momentum is then determined using events in which an isolated high transverse momentum
jet recoils against a system of low transverse momentum jets. The data and simulation are
found to agree to better than 1 % for jets with transverse momentum up to 1.7 TeV, with an
associated uncertainty of less than 1 %. Finally, the jet energy resolution is determined using
dijet events as a function of jet transverse momentum and pseudorapidity. In general, it is
found that the jet energy resolution in data is well reproduced in the simulation.
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1. Introduction

The response of the ATLAS calorimeters to a jet depends on the jet energy and direction. The initial jet
energy scale calibration is achieved using Monte Carlo (MC) simulations [1]. Additional corrections are
then derived using data-driven techniques that exploit the transverse momentum balance in Z/γ-jet, dijet
and multijet events. The Z/γ-jet events are used to derive corrections and associated uncertainties in the
central detector region. The dijet events are used to derive calibrations for forward jets relative to the
central jets. Finally, multijet events are used after applying all other calibrations to extend the calibration
to the highest possible transverse momentum.

In this note, the results of the jet energy scale calibrations using dijet and multijet events are presented
for proton–proton collisions at a centre-of-mass energy

√
s = 8 TeV recorded by the ATLAS detector in

2012. First, the relative calorimeter jet response is measured as a function of detector pseudorapidity1,
ηdet, by balancing the transverse momentum, pT, of the two leading jets in dijet topologies. A new
pseudorapidity-dependent calibration factor is subsequently derived, along with an associated systematic
uncertainty. Following this, the response of the central calorimeter to high transverse momentum jets is
measured by balancing the transverse momentum of a high pT jet recoiling against several low pT jets. A
new high-pT jet calibration and its associated uncertainty is derived. Finally, the jet energy resolution is
studied using the transverse momentum balance of jets in dijet events.

2. The ATLAS detector

The ATLAS detector consists of an inner tracking detector, sampling electromagnetic and hadronic calor-
imeters and muon chambers in a toroidal magnetic field. A detailed description of the ATLAS experiment
can be found elsewhere [2].

The inner detector (ID) has complete azimuthal coverage and spans the region |ηdet | < 2.5. It consists
of layers of high-granularity silicon pixel detectors, silicon microstrip detectors and transition radiation
tracking detectors. These tracking detectors are located inside a solenoid magnet that provides a uniform
magnetic field of 2 T. The ID is used to reconstruct tracks from charged particles and determine their
transverse momenta from the curvature of the tracks.

Jets are reconstructed from energy deposited in the calorimeter system. Electromagnetic calorimetry is
provided by high granularity liquid argon (LAr) sampling calorimeters, using lead as an absorber, which
are split into barrel (|ηdet | < 1.475) and end-cap (1.375 ≤ |ηdet | < 3.2) regions. The hadronic calorimeter
is divided into the barrel (|ηdet | < 0.8), extended barrel (0.8 ≤ |ηdet | < 1.7), and end-cap (1.5 ≤ |ηdet | <

3.2) regions. The barrel and extended barrel are instrumented with with tile scintillator/steel calorimeters,
whereas the hadronic end-cap uses LAr/copper calorimeter modules. A forward calorimeter instrumented
with LAr/copper and LAr/tungsten modules provides electromagnetic and hadronic calorimetry in the
region 3.1 ≤ |ηdet | < 4.9.

Dijet and multijet events are retained for analysis using the ATLAS trigger system, which consists of a
hardware-based ‘level 1 trigger’ (L1) followed by a software-based ‘high-level trigger’ (HLT) [3]. Jets

1 The ATLAS coordinate system is right-handed, with the x-axis pointing to the centre of the LHC ring, the z-axis following
the beam direction and the y-axis pointing upwards. The azimuthal angle φ = 0 corresponds to the positive x-axis and φ

increases clockwise looking into the positive z direction. The detector pseudorapidity, ηdet, is related to the polar angle with
respect to the beam, θ, by ηdet = − ln tan θ

2 .
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are identified at L1 using a sliding window algorithm with coarse granularity calorimeter towers as input.
In the HLT, jets are reconstructed from calorimeter cells using the same algorithms as used in the final
analysis. For events with leading jet transverse momentum greater than 65 GeV, the events are selected
using the L1 and HLT jet algorithms. For events with leading jet transverse momentum less than 65 GeV,
events are selected at L1 using a random trigger.

3. Dataset

The dataset consists of proton-proton (pp) collisions at a centre-of-mass energy of
√

s = 8 TeV, recorded
from April to December 2012. All ATLAS subdetectors were required to be operational and events were
rejected if any data quality issues were present. The total integrated luminosity is approximately 20 fb−1.
The LHC beams were operated with proton bunches organised in ‘bunch trains’, with bunch crossing
intervals (or bunch spacing) of 50 ns. The average number of interactions per bunch crossing (〈µ〉) was
typically 10 ≤ 〈µ〉 ≤ 30 for the 2012 data taking.

4. Monte Carlo simulation

Inclusive dijet production is simulated using the Powheg Box [4, 5, 6], Sherpa 1.4.5 [7], Pythia 8.160 [8]
and Herwig++ 2.5.2 [9, 10] event generators.

The Powheg Box event generator produces inclusive dijet events at next-to-leading-order (NLO) accuracy
in perturbative QCD [11], using the CT10 parton distribution functions (PDFs) [12]. The fully hadronic
final state is produced by interfacing the Powheg Box to Pythia 8.175, which provides parton showering,
hadronisation and multiple parton interactions (MPI). These predictions are produced using the AU2
tune [13] for underlying event activity and are referred to as PowhegPythia8 in the remainder of this
paper. An additional sample of POWHEG events is generated using Herwig 6.520.2 for parton showering
and hadronisation, and Jimmy for MPI modelling (tune AUET2 [14]). These predictions are referred to as
Powheg-Herwig in the remainder of this paper.

Sherpa is a matrix-element plus parton-shower generator that is used to produce n-jet predictions (n =

2,3,4...) at leading-order (LO) accuracy in perturbative QCD. The CKKW method [15] is used to combine
these various final-state topologies to produce an inclusive dijet sample. Parton-shower, hadronisation
and MPI algorithms create the fully hadronic final state. The Sherpa predictions are produced using the
CT10 PDFs and the authors’ default generator tune for underlying event activity.

Two samples of dijet events are produced using standalone Pythia8 and Herwig++. These use leading
order 2→2 matrix elements to simulate the hard scatter and then use parton showering, hadronisation and
MPI algorithms to provide the fully hadronic final state. The Pythia8 sample is produced using the AU2
tune for underlying event activity [16], whereas the Herwig++ sample is produced using the LHC-UE-
EE-3 tune [17]. These samples are not as formally accurate as the Sherpa or PowhegPythia8 samples for
distributions sensitive to hard quark and gluon radiation, as the additional jets are produced purely by the
parton shower.

The particle-level events produced by the event generators are propagated through a Geant4 [18] simula-
tion of the ATLAS detector [19], which models the interactions of the particles with the detector material.
Hadronic showers are simulated with the QGSP BERT physics list [20, 21]. The detector signals from the

3



dijet events are overlaid with simulated detector signals from pile-up events (additional inelastic proton-
proton interactions produced in LHC beam crossings) to reflect the experimental conditions of the 2012
data taking period. The pile-up events are simulated using Pythia8 using the A2 tune [22] and the MSTW
2008 LO PDF set [23]. The effects of both in-time pileup (pp interactions occurring in the same bunch
crossing as the dijet event), and out-of-time pileup (pp interactions occurring in neighbouring bunch
crossings) are included in the simulation. The number of pileup events in each bunch crossing is ran-
domly sampled from a Poisson distribution with mean given by 〈µ〉, which is directly proportional to the
instantaneous luminosity. The 〈µ〉 profile in the simulation matches that observed in the data.

Electroweak corrections are not accounted for in the analyses presented in this note; these corrections
will be studied in future measurements, though the impact is expected to be small.

5. Jet reconstruction and calibration

Jets are reconstructed using the anti-kt algorithm [24] with radius parameters R = 0.4 or R = 0.6. The
FastJet implementation [25, 26] of the anti-kt algorithm is used.

Particle-level jets are defined for simulated events using particles in the event generator record that have
a lifetime τ defined by cτ > 10 mm, excluding muons and neutrinos. The exclusion of muons and
neutrinos ensures that the particle-level jets are built from particles that leave significant energy deposits
in the calorimeters.

Calorimeter jets are reconstructed using three-dimensional clusters of adjacent calorimeter cells that con-
tain a significant energy signal above noise (referred to as topo-clusters) [1, 27, 28]. The basic topo-cluster
definition provides a signal reconstructed on the electromagnetic scale (EM-scale) [29, 30, 31, 32]. In ad-
dition, topo-clusters can be calibrated using the local cell signal weighting (LCW) method [33] such that
the calibrated response of hadrons is, on average, unity. The LCW method is designed to reduce fluc-
tuations in energy due to the non-compensating nature of the ATLAS calorimeter, improving the energy
resolution of the reconstructed jets in comparison to jets reconstructed using EM scale clusters [1].

The jets reconstructed from the EM-scale or LCW-scale topo-clusters are calibrated using the four-step
procedure outlined below. First, energy deposits originating from pile-up interactions are subtracted from
the jet using the procedure outlined in Ref. [34]. Second, the direction of the jet is adjusted such that it
points back to the primary interaction vertex instead of the detector center [1]. The primary interaction
vertex is defined as the one with the highest

∑
(ptrack

T )2, where the scalar sum is taken over all tracks asso-
ciated to the vertex. Third, energy- and pseudorapidity-dependent calibration factors are applied to correct
the jet energy to the particle level [1]; these calibration factors are determined using simulated events by
matching calorimeter jets to particle-level jets and taking the ratio of the calorimeter and particle-level jet
energies. Finally, a Global Sequential energy scale calibration (GSC) is applied, which is parameterized
in terms of pT, ηdet, and global jet observables such as the longitudinal structure of the energy depositions
within the calorimeter, tracking information associated to the jet, and information related to the activity
in the muon chamber behind a jet [35]. After the full calibration, the scale of the calorimeter jets built
from EM- or LCW-scale topo-clusters are referred to as EM+JES or LCW+JES, respectively.

The jet calibration procedure outlined above is dependent on the MC simulation to correct the response
of the calorimeters. Additional data-driven calibration factors are used to ensure that the impact of mis-
modelling in the simulation is minimised. The following sections present the results of two of those
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methods for anti-kt R=0.4 jets calibrated using the EM+JES scheme. Results for anti-kt R=0.4 jets
calibrated using the LCW+JES scheme are presented in Appendix A.

6. Review of methods to determine relative jet energy scale and jet energy
resolution

6.1. Dijet balance

The jet energy resolution and the relative response of the calorimeter as a function of pseudorapidity can
be studied using dijet topologies. At leading-order in QCD, the two jets are expected to have equal trans-
verse momentum, and any imbalance in the transverse momentum would therefore arise from different
responses to jets in different calorimeter regions. The transverse momentum balance is quantified by the
asymmetry

A =
pprobe

T − pref
T

pavg
T

, (1)

where pref
T is the transverse momentum of a jet in a well-calibrated reference region, pprobe

T is the transverse
momentum of the jet in the calorimeter region under investigation, and pavg

T = (pprobe
T + pref

T )/2.

The calorimeter response relative to the reference region, 1/c, is then defined as

1
c

=
pprobe

T

pref
T

=
2 + 〈A〉

2 − 〈A〉
, (2)

where c is the correction factor and 〈A〉 is the mean of the asymmetry distribution in a given bin of pavg
T

and ηdet. Two versions of the analysis are performed. In the central reference method, a single reference
region (|ηdet | < 0.8) is chosen and the calorimeter response is measured as a function of pavg

T and ηdet
relative to this region. In the matrix method, multiple reference regions are chosen and the calorimeter
response of a given region is measured relative to all the reference regions. The calorimeter response
relative to the central region as a function of pavg

T and ηdet is then obtained by solving a set of linear
equations. The advantage of the matrix method is that the full dataset is used, thus reducing the statistical
uncertainty on the final result. Statistical uncertainties on the matrix method result are estimated using
pseudoexperiments. In this note, the main results are obtained using the matrix method and the central
reference method is only used for validation.

The asymmetry distribution can be used to also probe the jet energy resolution. The width of the asym-
metry distribution, σ(A), is given by

σ(A) =

√
σ(pref

T )2 + σ(pprobe
T )2

pavg
T

, (3)

where σ(pref
T ) and σ(pprobe

T ) are the jet energy resolutions associated with the reference and probe jets,
respectively. The width of the asymmetry distribution is obtained from a Gaussian fit to the core of
the distribution. The jet energy resolution defines the same reference region as for the central reference
method, and is measured as a function of pavg

T and |ηdet|. The jet energy resolution in the reference region
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is calculated directly from the fitted asymmetry distribution, using events with the probe and reference
jets both located in the reference region. The jet energy resolution in other regions can subsequently
be calculated. When calculating the asymmetry, the jets are fully calibrated including all data-driven
correction factors (including the calibration factors obtained from analysis of Z/γ-jet events [36]).

The transverse momentum balance strictly holds only for 2→ 2 partonic events. In reality, the transverse
momentum balance between two jets is affected on an event-by-event basis by additional quark/gluon
radiation outside of the jets, as well as hadronisation and MPI effects that cause particle losses and addi-
tions to the jets, respectively. A particle-level asymmetry is obtained for each of the event generators using
particle-level jets, and the width of the measured asymmetry is corrected by subtracting, in quadrature,
the weighted average of the widths of the particle-level quantities.

6.2. Dijet bisector method

The bisector method attempts to separate out the part of the transverse momentum imbalance that is due
to physics effects (mainly from soft quark and gluon radiation). The transverse momentum (imbalance)
vector of the dijet system, ~pT, is defined as the vector sum of the two leading jets in the event, ~pT =

~pT,jet1 + ~pT,jet2. This vector is projected onto an orthogonal coordinate system in the transverse plane,
(η,Ψ), where η is chosen in the direction that bisects ∆φ1,2 = φ1 - φ2, the angle formed by ~pT,jet1 and
~pT,jet2, as illustrated in Figure 1. Detector and physics effects on the transverse momentum balance are
present in the Ψ component, whereas only physics effects should be present in the η component. As a
result, a jet energy resolution can be estimated by

σ(pT)
pT

=

√
σ(Ψ)2 − σ(η)2

√
2PT

√
〈|cos∆φ12 |〉

, (4)

where ∆φ12 is the azimuthal angle between the two jets. The width of the η and Ψ distributions are
obtained using Gaussian fits.

Although the impact of soft quark or gluon emission is minimised in the bisector method, the approach
relies on the assumption that the effects are the same in the Ψ and η components. A correction to the
measured JER is made by subtracting the particle-level quantity in quadrature from the measured quant-
ity.

6.3. Multijet balance

The multi-jet balance (MJB) technique exploits the transverse momentum balance for events in which the
highest-pT jet (leading jet) is produced back-to-back with a recoil system composed of multiple lower-pT
jets. The multi-jet balance of leading jet and recoil system, RMJB is defined as:

RMJB =
pleading

T

precoil
T

, (5)

where pleading
T is the transverse momentum of the leading jet and precoil

T is the vectorial sum of the trans-
verse momentum of all sub-leading jets. The mean value of the RMJB is measured in both data and MC
in bins of precoil

T . The MJB is not an unbiased estimator of the leading jet response, having a value below
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Figure 1: Definition of variables in the bisector technique. The η-axis corresponds to the azimuthal angular bisector
of the dijet system, with the Ψ-axis orthogonal to η, in the plane transverse to the beam.

unity even on particle-level due to the effects of soft quark/gluon emission outside of the jets. The largest
deviation is at low transverse momentum, with data and MC exhibiting similar dependence. The double
ratio Rdata

MJB/RMC
MJB is used to reduce this underlying bias and allow the estimation of the response of high-pT

jets. Mis-modelling in the simulation is evaluated as a systematic uncertainty on the double ratio.

The jets used in the construction of precoil
T are fully calibrated, including all in situ calibrations. However,

the in situ corrections from the Z/γ-jet analyses are only available for pT < 800 GeV [36]. An iterative
procedure is used to calibrate all jets that are used in the calculation of precoil

T . For the first calculation of
the MJB, an upper limit is imposed on the transverse momentum of the recoil jets such that the second
highest-pT jet in the event has a pT < 800 GeV. This initial selection allows MJB corrections to be derived,
but limits the overall statistical accuracy of the measurements. To improve the statistical accuracy, the
MJB is recalculated after removing the upper limit on the transverse momentum of the recoil jets, but
using the correction factors from the first iteration to calibrate the recoil jets with pT > 800 GeV.

7. Event selection

Events are required to have at least one reconstructed interaction vertex with at least two associated
tracks. Reconstructed jets are required to pass data quality criteria that remove fake jets originating from
noise bursts in the calorimeters, from non-collision background, and from cosmic rays [37]. Jets are
required to originate from the primary interaction vertex using the jet vertex fraction (JVF) [34]. Tracks
are first associated to jets using ‘ghost-association’ [38]. The JVF variable is then defined as the summed
transverse momentum of associated tracks that originate from the primary vertex, divided by the summed
transverse momentum of associated tracks from all vertices. Any jet with |ηdet | < 2.4 and pT < 50 GeV
is required to have JVF > 0.25 in accordance with the recommendations provided in [34].

Dijet events were retained using a combination of central (|ηdet | < 3.1) and forward (|ηdet | > 2.8) jet
triggers. The event selection is designed such that the trigger efficiency, for a specific region of pavg

T , is
greater than 99 % and approximately flat as a function of the pseudorapidity of the probe jet. Due to
the different prescales for the central and forward jet triggers, the data collected by the different triggers
correspond to different integrated luminosities. The data are assigned luminosity- and prescale-dependent
weights according to the ‘exclusion’ method described in [39]. Events are selected in which there are at
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Figure 2: Relative response measured using the matrix and the central reference methods for anti-kt jets with
R = 0.4 calibrated with the EM+JES scheme as a function of the probe jet pseudorapidity. Results are presented
for 65 GeV ≤ pavg

T < 85 GeV and 270 GeV ≤ pavg
T < 330 GeV. The green and red dashed lines indicate 1 ± 2 %

and 1 ± 5 % respectively.

least two jets with pT > 25 GeV and |ηdet | < 4.5. To select events with an exclusive dijet topology, the
azimuthal angle between the two leading jets is required to be ∆φ(j1, j2) > 2.5 and events are rejected if
they contain a third jet with pjet3

T > 0.4pavg
T .

Multijet events were retained using single jet triggers that are fully efficient for a given bin of precoil
T . The

triggers used for 300 GeV < precoil
T < 600 GeV were prescaled, whereas an unprescaled jet trigger was

used for precoil
T > 600 GeV. Events are required to contain at least 3 jets with pT > 25 GeV. The leading

jet is required to have |ηdet | < 1.2, and the subleading jets that constitute the recoil system are required to
have |ηdet | < 2.8. To select non-dijet events, the leading jet in the recoil system (pjet2

T ) is allowed to have
no more than 80 % of the total transverse momentum of the recoil system (pasymm

T = pjet2
T /precoil

T < 0.8).
Furthermore, the angle in the azimuthal plane between the leading jet and the vector defining the recoil
system, α, is required to satisfy |α − π | < 0.3, and the angle in the azimuthal plane between the leading
jet and the nearest jet from the recoil system, β, is required to be greater than 1 radian.

8. Relative jet energy scale calibration using dijet events

8.1. Comparison of matrix and central reference methods

Figure 2 compares the relative jet response calculated using the matrix method to that obtained with the
central reference methods for 65 GeV ≤ pavg

T < 85 GeV and 270 GeV ≤ pavg
T < 330 GeV. There is a slight

shift in the relative response obtained from the matrix method compared to the central reference method,
most notably in the forward regions. However, the same shift appears in both data and MC simulation,
resulting in consistent data-to-MC ratios. For 25 GeV ≤ pavg

T < 40 GeV the statistical precision of the
matrix method generally exhibits a 40 % improvement compared to the precision of the central reference
method. The level of improvement decreases with increasing pavg

T and is typically less than 10 % for
pavg

T > 400 GeV. Hereafter all results correspond to the matrix method.
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Figure 3: Relative jet response, 1/c, as a function of the jet pseudorapidity for anti-kt jets with R = 0.4 calibrated
with the EM+JES scheme, separately for 25 GeV < pavg

T < 40 GeV, 85 GeV < pavg
T < 115 GeV, 220 GeV < pavg

T <

270 GeV and 760 GeV < pavg
T < 1200 GeV. The lower parts of the figures show the ratios between the data and MC

relative response. These measurements are performed using the matrix method. The green and red dashed lines
indicate 1 ± 2 % and 1 ± 5 % respectively.

8.2. Comparison of data with simulation

Figure 3 shows the relative response as a function of the jet pseudorapidity for data and the MC sim-
ulations for four different pavg

T regions: 25 GeV ≤ pavg
T < 40 GeV, 85 GeV ≤ pavg

T < 115 GeV,
220 GeV ≤ pavg

T < 270 GeV and 760 GeV ≤ pavg
T < 1200 GeV. Figure 4 shows the relative response as

a function of pavg
T for two representative ηdet-bins, namely −1.5 ≤ ηdet < −1.2 and 2.1 ≤ ηdet < 2.4.

The general features of the response in data are reproduced reasonably well by the Sherpa and Powheg-
Pythia8 predictions. Furthermore, the theoretical predictions are in good agreement with each other, with
a much smaller spread than that observed in the previous studies using Pythia8 and Herwig++ [40]. This
is because the new theoretical predictions are accurate to leading order in perturbative QCD for variables
sensitive to the third jet activity, such as the dijet balance, whereas the Pythia8 and Herwig++ predictions
rely on the leading logarithmic accuracy of the parton shower algorithms.
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Figure 4: Relative jet response, 1/c, as a function of the jet pT for anti-kt jets with R = 0.4 calibrated with the
EM+JES scheme, separately for −1.5 ≤ ηdet < −1.2 and 2.1 ≤ ηdet < 2.4. The lower parts of the figures show
the ratios between the data and MC relative response. The green and red dashed lines indicate 1 ± 2 % and 1 ± 5 %
respectively.

8.3. Derivation of residual jet energy scale correction

The residual calibration factor is derived from the ratio of data and Sherpa η-intercalibration factors, i.e.
Ci = cdata

i /cSherpa
i . The calibration factors from many bins of pavg

T and ηdet are combined into a smooth
function using a two dimensional Gaussian kernel.2 The kernel-width parameters are found to capture
the shape of the data-MC ratio across pT and ηdet, and at the same time provide stability against statistical
fluctuations. Measurements in the region |ηdet | > 2.7 are excluded from the derivation of the correction
function, and the residual correction for forward jets is fixed to the value obtained at |ηdet | = 2.7. All jets
with a given pT and |ηdet | ≥ 2.7 therefore receive the same residual correction factor.

The resulting residual correction is shown as a black line in the lower panels of Figures 3 and 4. The line
is solid over the range where the measurements are used to constrain the calibration, and dashed in the
range where extrapolation is performed.

8.4. Systematic uncertainties

The observed difference in the relative response between data and simulation could be due to mis-
modelling of physics or detector effects used in the simulation. All systematic uncertainties are derived
as a function of pT and |ηdet |, with no uncertainty assigned in the reference region (|ηdet | < 0.8). No
statistically significant difference is observed for positive and negative ηdet for any of the uncertainties.

2 Frel(pT, ηdet) =

∑Nbins
i=1 Ciwi∑Nbins
i=1 wi

, wi = 1
∆C2

i

× Gaus
(

log pT−log
〈
p

probe
T

〉
i

σpT
⊕
ηdet−〈ηdet〉i

ση

)
,

where i denotes the index of a (pavg
T , ηdet)-bin, ∆Ci is the statistical uncertainty of Ci ,

〈
pprobe

T

〉
i

and 〈ηdet〉i are the average pT

and ηdet of the probe jets in the bin, Gaus(x) is the amplitude of a Gaussian function with µ = 0 and σ = 1, σpT and ση are
width-parameters of the Gaussian kernel and ⊕ denotes addition in quadrature.The kernel width parameters varied with pT,
with stronger smoothing applied in low pT ranges to reduce effects from statistical fluctuations: σpT = 0.55 and ση = 0.16
for pT = 25 GeV transitioning smoothly to σpT = 0.28 and ση = 0.12 for pT = 50 GeV and beyond.

10



The Sherpa and PowhegPythia8 are used to assess the physics modelling uncertainty. Both of these
generators are accurate to leading-order in QCD for variables sensitive to the third jet modelling (such as
the dijet balance). Since there is no a priori reason to trust one generator over the other, the difference
between the two predictions is used to assess the modelling uncertainty. For 0.8 ≤ |ηdet | < 2.7, where
data are corrected to the Sherpa predictions, the full difference between PowhegPythia8 and Sherpa is
taken as the uncertainty. For |ηdet | ≥ 2.7, where the calibration is frozen, the uncertainty is taken as
the maximum difference between the calibration and either PowhegPythia8 or Sherpa MCs. The use
of these event generators results in a substantial improvement in the agreement between the theoretical
predictions, thus reducing the modelling-based uncertainty by a factor of approximately two with respect
to the previous result [40]. Despite this improvement, this modelling uncertainty remains the largest
systematic uncertainty in the measurement.

The physics modelling uncertainty on the relative response can also be cross-checked at particle-level by
varying the PowhegPythia8 predictions. First, the renormalisation and factorisation scales in the Powheg
Box are each varied by a factor of 0.5 and 2.0. The change in the relative response is observed to be much
smaller than the difference between the PowhegPythia8 and Sherpa relative responses. Secondly, the
change in the particle-level relative response of the Powheg-Herwig sample with respect to the Powheg-
Pythia8 sample is found to be similar to the difference in the particle-level relative response between the
PowhegPythia8 and Sherpa samples. It is concluded that the difference between Sherpa and PowhegPy-
thia8 is a good reflection of the underlying physics modelling uncertainty.

The event topology selection requires that the two leading jets have a ∆φ separation greater than 2.5 ra-
dians. In order to assess the influence of this selection on the transverse momentum balance, the residual
calibration is rederived after shifting the cut up and down by ±0.3 radian. The maximum difference
between the shifted and nominal calibrations is taken as the uncertainty.

To assess the impact of pile-up on the calibration the difference between low and high pile-up subsets is
investigated. The data is divided into high and low µ subsets (µ < 14 and µ ≥ 17), and high and low NPV
subsets (NPV < 9 and NPV ≥ 11), where NPV is the number of reconstructed primary vertices in the inner
detector. The calibration is re-evaluated for each subset and the uncertainty due to pile-up effects is taken
to be the maximum fractional difference between the varied and nominal calibrations.

To assess the uncertainty on the calibration due to the JVF requirement on jets, the JVF cut is shifted up
and down following the recommendations for the chosen operating point [34]. The up/down variations
account for the extent to which JVF is mis-modelled for jets originating from the primary interaction ver-
tex. The calibration is re-evaluated for both the JVF-up and JVF-down cases and the uncertainty is taken
as the maximum fractional difference between the JVF-varied calibration and the nominal calibration.

The jet energy resolution (JER) [41] in the simulation is comparable to the resolution observed in data.
To assess the impact of the JER on the transverse momentum balance, the jet energies in simulated events
are smeared using a Gaussian function with width set to the JER uncertainty in the data. The difference
between the calibrations obtained with nominal and smeared simulation is taken as the uncertainty due to
JER effects.

The total systematic uncertainty is obtained as the quadratic sum of the various components mentioned.
Figure 5 presents a summary of the uncertainties as a function of ηdet for two representative values of
jet transverse momentum, namely pT = 35 GeV and pT = 300 GeV. The uncertainties have a strong
pseudorapidity dependance, increasing with ηdet, and have a weaker pT-dependance, decreasing with
increasing jet transverse momentum.
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Figure 5: Summary of uncertainties on the intercalibration as a function of the jet ηdet for anti-kt jets with R = 0.4
calibrated with the EM+JES scheme, separately for pT = 35 GeV (a) and pT = 300 GeV (b). The individual
components are added in quadrature to obtain the total uncertainty. The modelling uncertainty is the dominant
component.

9. Jet energy scale calibration for high-pT jets using multijet events

9.1. Results

Figure 6(a) shows the MJB for data and MC simulation using the EM+JES calibration scheme. The data
and MC simulation agree to within 1 % across the transverse momentum range probed, a feature that is
reproduced by the Z/γ-jet analyses [36]. Only statistical uncertainties are shown, which are below 1 %
up to 1.7 TeV.

9.2. Systematic Uncertainties

As the jets entering the MJB have been calibrated using the other in situ approaches, the uncertainty in
the energy scale of the jets in the recoil system is defined by the systematic and statistical uncertainties
on each in situ procedure. To propagate the uncertainty to the MJB, all input components are individually
varied by ±1σ and the full iterative analysis procedure repeated. Deviations in the MJB due to the
statistical uncertainties of the γ+jet and Z+jet calibrations are typically much less than 1 %.

Secondly, the event selection criteria and the modelling in the event generators directly affect the pT bal-
ance used to obtain the MJB results. The impact of the event selection criteria is investigated by shifting
each cut up and down by a specified amount and observing the change in the MJB. The transverse mo-
mentum threshold for jets is shifted by ±5 GeV, the pasymm

T = pjet2
T /precoil

T is shifted by ±0.1, the angle
α is shifted by ±0.1 and the angle β is shifted by ±0.5. The uncertainty due to MC modelling of mul-
tijet events is estimated from the symmetrised envelope of MJB corrections obtained by comparing the
nominal results obtained with Sherpa to those obtained with PowhegPythia8, Pythia8 and Herwig++.

The unknown parton flavour of each jet is also a cause of systematic uncertainty. The uncertainty on
the MJB observable due to the jet flavour response is evaluated using a correlated propagation of the
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Figure 6: (a) Multijet balance in data and MC simulation for anti-kt 0.4 jets calibrated with the EM+JES scheme.
The magenta solid line compares the results to the γ/Z+jet results. (b) The impact of in situ, event selection
(topology), physics modelling and jet flavour systematic uncertainties on the MJB.

jet flavour response uncertainties, i.e. all jets are shifted simultaneously. The jet flavour composition
uncertainty is propagated to the MJB observable for the first, second and third recoil jets independently,
with the final composition uncertainty obtained from the quadrature sum of the three variations. The total
uncertainty due to the unknown parton flavour is taken as the sum in quadrature of the flavour response
and composition uncertainties.

Examples of the impact of systematic uncertainties are shown in Figure 6(b), for anti-kt 0.4 jets using
the EM+JES calibration scheme. The uncertainties are grouped together into in-situ, event topology,
physics modelling and jet flavour categories. Uncertainties for anti-kt 0.6 jets or the LCW+JES scheme
are comparable.

10. Jet energy resolution determination using dijet events

Figure 7 shows the measured jet energy resolution at a function of pavg
T for EM+JES jets, for jets that fall

into different regions of the calorimeter. The results are presented for both the dijet balance and bisector
methods and good agreement is seen between the methods for all values of pavg

T and |ηdet |. The jet energy
resolution in simulated events is also shown as a dotted line and is in agreement with the measured JER
in data. The JER in simulation is determined by geometrical matching of particle-level jets to calorimeter
jets and is defined, for a given value of particle-jet transverse momentum, by the width of the response
distribution (preco

T − ppart
T )/preco

T .

10.1. Systematic Uncertainties

The JER is determined in data by subtracting a particle-level asymmetry from the measured asym-
metry as discussed in Section 6. The particle-level asymmetry is defined as the weighted average of
the particle-level asymmetries obtained for each of the Sherpa, PowhegPythia8, Pythia8 and Herwig++
event samples. The uncertainty on this weighted average is taken to be the RMS of the particle-level
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Figure 7: Jet energy resolution obtained for EM+JES calibrated jets as a function of the jet transverse momentum
in four regions of detector pseudorapidity: (a) |ηdet | < 0.8 (b) 0.8 ≤ |ηdet | < 1.2, (c) 1.2 ≤ |ηdet | < 2.1 and (d)
2.1 ≤ |ηdet | < 2.8. The green and red dashed lines indicate 1 ± 20 % and 1 ± 40 % respectively.

asymmetries obtained from the four event generators. This source of uncertainty is typically 2 % at low-
pavg

T for both methods, falling to less than 1 % at the highest-pavg
T .

The non-closure of the particle-level subtraction is investigated using simulation and treated as a sys-
tematic uncertainty in the method. The weighted average of the particle level asymmetries predicted by
Sherpa, PowhegPythia8, Pythia and Herwig++ is subtracted in quadrature from the weighted average of
the associated calorimeter asymmetries. The non-closure is typically about (10 − 15) % for the bisector
method, but it is larger for the dijet balance method, reaching 25 % in some regions.

Finally, there are a number of systematic uncertainties that arise from experimental sources. The un-
certainty in the JES calibration is investigated by shifting the energy of the jets by the ±1σ uncertainty,
with a typical effect between 5 % and 10 % at low-pavg

T . The uncertainty due to the choice of JVF cut is
observed to have a less than 2 % effect for both methods. The uncertainty due to the cut on the azimuthal
angle between the jets is investigated by changing the cut values by ±0.3, with a negligible effect at high-
pavg

T for both methods, a small (< 4 %) effect on the dijet balance results at low-pavg
T and a larger effect

(5 − 15) % on the bisector results at low-pavg
T . The impact of the veto on the third jet is investigated by

changing the cut value by ±4 GeV, and is found to have a (10−15) % effect at low-pavg
T for both methods,
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falling to a few percent at the higher pavg
T values.

The total systematic uncertainty is taken to be the sum in quadrature of all other sources of uncertainty.

11. Summary and conclusions

The response of the ATLAS calorimeter to jets has been studied using proton-proton collisions at
√

s =

8 TeV recorded by the ATLAS experiment in 2012. Jet energy scale calibrations and uncertainties have
been derived as a function of transverse momentum and pseudorapidity. The jet energy resolution has
also been measured as a function of jet transverse momentum and pseudorapidity.

The pseudorapidity dependence of the jet response is studied relative to a central reference region by
evaluating the transverse momentum balance in dijet events. A residual transverse momentum and
pseudorapidity-dependent jet calibration is derived for jets in data, in order to correct for effects not cap-
tured by the default calibration derived using MC simulation. These calibration factors range from 0.96
to 1.02 depending on the pseudorapidity of the jet. The uncertainties on these calibration factors have
been significantly reduced compared to previous results using event generators with improved modelling
of multijet production; they are typically below 1 % for central jets rising to 3.5 % for low transverse
momentum jets at high absolute pseudorapidity.

The jet energy scale calibration for central jets with high transverse momentum has been determined
using events in which an isolated high transverse momentum jet recoils against a system of low transverse
momentum jets. The data and simulation are found to agree to better than 1 % for jets with transverse
momentum up to 1.7 TeV, with an associated uncertainty of less than 1 %.

The jet energy resolution has been measured as a function of jet transverse momentum and pseudorapidity
using the transverse momentum balance of jets in dijet events. Two methods are used with differing
sensitivity to underlying physics effects. In general, it is found that the jet energy resolution in data is
well reproduced in the simulation.

All results presented in the previous sections correspond to anti-kt R=0.4 jets calibrated with the EM+JES
scheme. Results for anti-kt R=0.4 jets calibrated using the LCW+JES scheme are available in Ap-
pendix A.

A. Appendix: Results for anti-kt R = 0.4 jets calibrated with the
LCW+JES scheme

A.1. Relative jet energy scale calibration using dijet events

A.1.1. Comparison of matrix and central reference methods

Figure 8 compares the relative jet response calculated using the matrix method to that obtained with the
central reference methods for anti-kt jets with R = 0.4 calibrated with the LCW+JES scheme.
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Figure 8: Relative response measured using the matrix and the central reference methods for anti-kt jets with
R = 0.4 calibrated with the LCW+JES scheme as a function of the probe jet pseudorapidity. Results are presented
for 65 GeV ≤ pavg

T < 85 GeV and 270 GeV ≤ pavg
T < 330 GeV. The green and red dashed lines indicate 1 ± 2 %

and 1 ± 5 % respectively.

A.1.2. Comparison of data with simulation

Figure 9 shows the relative response as a function of the jet pseudorapidity for anti-kt jets with R = 0.4
calibrated with the LCW+JES scheme. Data and the MC simulations are presented for four different
pavg

T regions: 25 GeV ≤ pavg
T < 40 GeV, 85 GeV ≤ pavg

T < 115 GeV, 220 GeV ≤ pavg
T < 270 GeV and

760 GeV ≤ pavg
T < 1200 GeV. Figure 10 shows the relative response as a function of pavg

T for anti-kt jets
with R = 0.4 calibrated with the LCW+JES scheme. Results presented for two representative ηdet-bins,
namely −1.5 ≤ ηdet < −1.2 and 2.1 ≤ ηdet < 2.4.

Small differences are observed in the response at low pavg
T when comparing the LCW+JES and EM+JES

calibrations between Figure 9 and Figure 3. Intrinsic differences between the LCW+JES and EM+JES
calibration schemes can lead to different low pavg

T behaviour. However, this difference is well modelled in
the simulation, which is important because it is the relative difference between data and MC that is used
for deriving the calibration.

A.1.3. Systematic uncertainties

Figure 11 presents a summary of the uncertainties as a function of ηdet for anti-kt jets with R = 0.4
calibrated with the LCW+JES scheme. Results presented for two representative values of jet transverse
momentum, namely pT = 35 GeV and pT = 300 GeV.

Comparing Figures 5(b) and 11(b), it is apparent that the uncertainty on the calibration due to the JER
uncertainty is not the same for the two calibration schemes. The different behaviour is found to be due to
the procedure for deriving and applying the resolution smearing factors, whereby jets calibrated with the
EM+JES or LCW+JES schemes receive quite different smearing factors depending on the jet pT and ηdet.
Excluding the JER uncertainty, all components are generally consistent in shape and similar in magnitude
across pavg

T and ηdet, with LCW+JES uncertainties being slightly larger at low pavg
T .
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Figure 9: Relative jet response, 1/c, as a function of the jet pseudorapidity for anti-kt jets with R = 0.4 calibrated
with the LCW+JES scheme, separately for 25 GeV < pavg

T < 40 GeV, 85 GeV < pavg
T < 115 GeV, 220 GeV <

pavg
T < 270 GeV and 760 GeV < pavg

T < 1200 GeV. The lower parts of the figures show the ratios between the data
and MC relative response. These measurements are performed using the matrix method. The green and red dashed
lines indicate 1 ± 2 % and 1 ± 5 % respectively.
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Figure 10: Relative jet response, 1/c, as a function of the jet pT for anti-kt jets with R = 0.4 calibrated with the
LCW+JES scheme, separately for −1.5 ≤ ηdet < −1.2 and 2.1 ≤ ηdet < 2.4. The lower parts of the figures show
the ratios between the data and MC relative response. The green and red dashed lines indicate 1 ± 2 % and 1 ± 5 %
respectively.
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Figure 11: Summary of uncertainties on the intercalibration as a function of the jet ηdet for anti-kt jets with R = 0.4
calibrated with the LCW+JES scheme, separately for pT = 35 GeV (a) and pT = 300 GeV (b). The individual
components are added in quadrature to obtain the total uncertainty. The modelling uncertainty is the dominant
component.
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Figure 12: (a) Multijet balance in data and MC simulation for anti-kt 0.4 jets calibrated with the LCW+JES scheme.
The magenta solid line compares the results to the γ/Z+jet results. (b) The impact of in situ, event selection
(topology), physics modelling and jet flavour systematic uncertainties on the MJB.

A.2. Jet energy scale calibration for high-pT jets using multijet events

Figure 12(a) shows the MJB for data and MC simulation using anti-kt R = 0.4 jets using the LCW+JES
calibration scheme. The data and MC simulation agree to within 1 % across the transverse momentum
range probed, a feature that is reproduced by the Z/γ-jet analyses. Only statistical uncertainties are
shown, which are below 1 % up to 1.7 TeV. Systematic uncertainties are shown in Figure 12(b). The
increase in the topology uncertainty at high precoil

T is the result of a statistical fluctuation due to low
statistics in that region after the tightest values of the α and β cuts.

A.3. Jet energy resolution determination using dijet events

Figure 13 shows the measured jet energy resolution at a function of pavg
T for LCW+JES jets, for jets

that fall into different regions of the calorimeter. The results are presented for both the dijet balance and
bisector methods and good agreement is seen between the methods for all values of pavg

T and |ηdet |.
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