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Measurements of jet cross-section ratios between inclusive bins of jet multiplicity are performed in
140 fb−1 of proton-proton collisions with

ffiffiffi
s

p ¼ 13 TeV center-of-mass energy, recorded with the ATLAS
detector at CERN’s Large Hadron Collider. These ratios are constructed from double-differential cross-
section measurements that are made in bins of jet multiplicity and other observables that are sensitive the
energy scale and angular distribution of radiation due to the strong interaction in the final state.
Additionally, the scalar sum of the two leading jets’ transverse momenta is measured triple differentially, in
bins of the third jet’s transverse momentum and of jet multiplicity. These measurements are unfolded to
account for acceptance and detector-related effects. The measured distributions are used to construct ratios
of the inclusive jet-multiplicity bins, which have been shown to be sensitive to the strong coupling αS while
being less sensitive than other observables to systematic uncertainties and parton distribution functions.
The measured distributions are compared with state-of-the-art QCD calculations, including next-to-next-to-
leading-order predictions for two- and three-jet events. These predictions are generally found to model the
data well and perform best in bins with a modest requirement on the third jet’s transverse momentum.
Significant differences between data and Monte Carlo predictions are observed in events with large rapidity
gaps and invariant masses of the leading jet pair. Studies leading to reduced jet energy scale uncertainties
significantly improve the precision of this work and are documented herein.

DOI: 10.1103/PhysRevD.110.072019

I. INTRODUCTION

Quantum chromodynamics (QCD) is the theory of the
strong interaction, which describes the interactions of quarks
and gluons. It is therefore fundamental to understanding both
initial-state and final-state physics at hadron colliders such as
CERN’s Large Hadron Collider (LHC). Recent theoretical
advances have led to fixed-order predictions of three-jet cross
sections in proton-proton (pp) collisions at next-to-next-to-
leading order (NNLO) [1]. Comparisons between experi-
mental results and these state-of-the-art predictions provide
powerful tests of perturbative QCD. Discrepant models of
QCD processes impact the accuracy of physics simulations
andMonte Carlo event generators, which in turn often limits
experimental precision. Better understanding of the model-
ing of QCD processes is therefore needed to achieve the
highest possible levels of precision in physics analysis, both
at the LHC and at future experimental facilities [2,3].

In this analysis, multiple facets of QCD are studied by
measuring differential cross sections of multijet events, and
their ratios, in

ffiffiffi
s

p ¼ 13 TeV pp collisions at the LHC. One
set of measured observables is sensitive to the energy scale
of the hard-scattering process in the event and can be used
to test the accuracy of fixed-order matrix-element predic-
tions. A complementary set of observables is sensitive to
the angular distributions of hadronic energy flow in the
final state and hence can probe other aspects of QCD
modeling. The differential cross sections for each observ-
able are used to construct cross-section ratios between
different inclusive jet-multiplicity bins, reducing the sensi-
tivity of the measurements to systematic uncertainties and
parton distribution functions.
This procedure was used previously by the ATLAS [4]

and CMS [5,6] Collaborations at the LHC to measure the
three-jet to two-jet cross-section ratio, R32, in pp collisions
at

ffiffiffi
s

p ¼ 7 TeV. Prior to those results, this quantity was
measured at other hadron colliders by the UA1 [7],
UA2 [8], CDF [9], and D0 [10,11] Collaborations. Here,
R32 is presented for the first time in

ffiffiffi
s

p ¼ 13 TeV pp
collisions and is compared with fixed-order QCD predic-
tions at NNLO accuracy. Although such high-precision
predictions do not yet exist for events with larger jet
multiplicities, the higher multiplicity ratios R43, R42, and
R54 are experimentally accessible with the complete run 2
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dataset. These ratios were also measured in this analysis, to
serve as a reference for future theoretical developments.
The structure of this paper is as follows. A description of

the ATLAS detector, the run 2 dataset, and the multijet
simulations used in this analysis are given in Sec. II. In
Sec. III, an overview of the event selection and observables
used in this analysis is provided, along with a description of
the unfolding procedure used to correct the measured
distributions for effects related to detector resolution.
The estimated systematic uncertainties from various
sources are described in Sec. IV, and modeling improve-
ments leading to smaller jet energy scale uncertainties are
highlighted. Fixed-order QCD calculations that are com-
pared with the measured data are then described in Sec. V.
The main results of the analysis are presented in Sec. VI
and compared with fixed-order QCD predictions and
Monte Carlo simulated event samples. Concluding remarks
follow, in Sec. VII.

II. THE ATLAS DETECTOR, RUN 2 DATASET,
AND SIMULATION

A. The ATLAS detector

The ATLAS detector [12] at the LHC covers nearly the
entire solid angle around the collision point.1 It consists of
an inner tracking detector surrounded by a thin super-
conducting solenoid, electromagnetic and hadron calorim-
eters, and a muon spectrometer incorporating three large
superconducting air-core toroidal magnets.
The inner-detector system is immersed in a 2 T axial

magnetic field and provides charged-particle tracking in the
range jηj < 2.5. The high-granularity silicon pixel detector
covers the vertex region and typically provides four
measurements per track, the first hit normally being in
the insertable B-layer installed before run 2 [13,14]. It is
followed by the silicon microstrip tracker, which usually
provides eight measurements per track. These silicon
detectors are complemented by the transition radiation
tracker (TRT), which enables radially extended track
reconstruction up to jηj ¼ 2.0. The TRT also provides
electron identification information based on the fraction of
hits (out of a typical total of 30) above a higher energy-
deposit threshold corresponding to transition radiation.
The calorimeter system covers the pseudorapidity range

jηj < 4.9. Within the region jηj < 3.2, electromagnetic

calorimetry is provided by barrel and end cap high-
granularity lead/liquid-argon (LAr) calorimeters, with an
additional thin LAr presampler covering jηj < 1.8 to
correct for energy loss in material upstream of the calo-
rimeters. Hadron calorimetry is provided by a steel/
scintillator-tile calorimeter (“tile calorimeter”), segmented
into three barrel structures within jηj < 1.7 and two copper/
LAr hadron end cap calorimeters. The solid angle coverage
is extended by forward copper/LAr and tungsten/LAr
calorimeter modules optimized for electromagnetic and
hadronic energy measurements, respectively.
The muon spectrometer comprises separate trigger and

high-precision tracking chambers measuring the deflection
of muons in a magnetic field generated by the super-
conducting air-core toroidal magnets. The field integral of
the toroids ranges between 2.0 and 6.0 Tm across most of
the detector. Three layers of precision chambers, each
consisting of layers of monitored drift tubes, cover the
region jηj < 2.7, complemented by cathode-strip chambers
in the forward region, where the background is highest. The
muon trigger system covers the range jηj < 2.4 with
resistive-plate chambers in the barrel and thin-gap cham-
bers in the end cap regions.
Interesting events are selected by the first-level trigger

system implemented in custom hardware, followed by
selections made by algorithms implemented in software
in the high-level trigger [15]. The first-level trigger accepts
events from the 40 MHz bunch crossings at a rate below
100 kHz, which the high-level trigger reduces in order to
record events to disk at about 1 kHz.
An extensive software suite [16] is used in data simu-

lation, in the reconstruction and analysis of real and
simulated data, in detector operations, and in the trigger
and data acquisition systems of the experiment.

B. Data

This analysis is performed using data from LHC pp
collisions with a center-of-mass energy of

ffiffiffi
s

p ¼ 13 TeV,
collected during 2015–2018 with the ATLAS detector. The
total integrated luminosity of this dataset is 140 fb−1. The
uncertainty in the combined 2015–2018 integrated lumi-
nosity is 0.83% [17], obtained using the LUCID-2
detector [18] for the primary luminosity measurements,
complemented by measurements using the inner detector
and calorimeters. Due to the high instantaneous luminosity
and the large total inelastic pp cross section, there are, on
average, 33.7 simultaneous (“pileup”) collisions in each
bunch crossing. Data events must satisfy quality require-
ments to be included in the analysis [19].

C. Simulation

Samples of Monte Carlo (MC) simulated multijet events
are used in this analysis for comparison with the data, to
unfold the detector-level measurement to particle-level and

1ATLASuses a right-handed coordinate systemwith its origin at
the nominal interaction point (IP) in the center of the detector and
the z-axis along the beam pipe. The x-axis points from the IP to the
center of the LHC ring, and the y-axis points upward. Cylindrical
coordinates ðr;ϕÞ are used in the transverse plane, ϕ being the
azimuthal angle around the z-axis. The pseudorapidity is defined in
terms of the polar angle θ as η ¼ − ln tanðθ=2Þ. Angular distance
is measured in units of ΔR≡ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðΔyÞ2 þ ðΔϕÞ2
p

, where y ¼
ð1=2Þ ln½ðEþ pzÞ=ðE − pzÞ� is the object’s rapidity defined by
its energy and longitudinal momentum.
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to achieve the reductions in jet energy scale uncertainties
described in Sec. IV. Since the jet production cross section
is much larger than the cross sections for other processes,
these multijet samples are sufficient to describe data in the
fiducial region of the measurement.

PYTHIA8.230 [20] is used as the nominal MC generator in
this analysis and is also referred to here as the “nominal”
simulation. Samples of 2 → 2 dijet events were generated
using the A14 set of tuned parameters (“tune”) [21], the
Lund string hadronization model [22], and the NNPDF2.3LO

leading-order (LO) parton distribution function (PDF)
set [23]. The PYTHIA parton shower (PS) algorithm uses
a transverse-momentum-ordered evolution [24], and its
renormalization and factorization scales were set to the
geometric mean of the squared transverse masses of the
outgoing particles. EVTGEN [25] was used to model decays
of heavy-flavor hadrons.
Three sets of SHERPA2.2.5 [26] multijet events were used

with the default AHADIC cluster hadronization model [27]
or with the SHERPA interface to the Lund string hadroniza-
tion model as implemented in PYTHIA6.4, and its decay
tables. These samples include LO matrix-element calcu-
lations for 2 → 2 processes and use the SHERPA parton
shower algorithm based on Catani-Seymour dipole
subtraction [28]. The CT14NNLO NNLO PDF set [29]
was used for matrix-element calculations and the CT10
PDF set [30] was used for multiparton interactions (MPIs).
One additional SHERPA sample was generated with
SHERPA2.2.11, using the same settings as the sample with
cluster-based hadronization described above, except that
the parameters of the hadronization model were retuned to
achieve better agreement with large electron positron (LEP)
data [31]. This retuning changes the description of the
baryon production rate inside jets and was found to make
the description of the ATLAS detector’s jet energy response
more consistent between SHERPA and PYTHIA jets. Further
details can be found in Ref. [32].
Another set of multijet events was generated using

HERWIG7.1.6 [33–35] with the default cluster hadronization
model and either the default angle-ordered PS or the
alternative dipole PS [27]. In these samples the 2 → 2
matrix elements are modeled with LO accuracy and
interfaced with the NNPDF2.3LO PDF set. The angle-ordered
sample is compared with measurements from this analysis,
and both samples are used in the studies of jet energy scale
systematic uncertainties presented in Sec. IV.
Two additional samples of multijet events with next-to-

leading-order (NLO) matrix-element accuracy were pro-
duced with POWHEGv2 [36–38] using the multijet process
implemented in POWHEG BOXv2 [39], matched to either the
PYTHIA8 or angle-ordered HERWIG7 parton shower config-
ured as for the corresponding samples described above.
The renormalization and factorization scales in these
samples were set to the transverse momentum (pT) of
the underlying Born-level configuration. For the PYTHIA

PS, the default Lund string hadronization model was
used with the NNPDF3.0NLO PDF set [40] and A14 tune.
The NNPDF3.0NLO PDF set was also used for the HERWIG

sample, but with the default HERWIG cluster-based hadro-
nization model. These samples are referred to as the
“POWHEG+PYTHIA” and “POWHEG+HERWIG” samples.
All generated events were passed through a full detector

simulation [41] based on GEANT4 [42] and overlaid with
simulated minimum-bias interactions generated using
PYTHIA8 with the A3 tune [43] and NNPDF2.3LO PDF
set to represent pileup interactions. The distribution of the
average number of pileup interactions in simulation is
reweighted during data analysis to match that observed in
run 2 data.
Additional details of the MC samples used in this

measurement may be found in Ref. [44].

III. METHODOLOGY

A. Object and event selection

All jets in this analysis are reconstructed using the anti-kt
algorithm [45] as implemented in FASTJET [46], with a jet
radius parameter R ¼ 0.4.
“Particle-level” jets are reconstructed in simulated

events without detector simulation. All detector-stable
particles, with a lifetime τ in the laboratory frame such
that cτ > 10 mm, are used, except those that are expected
to deposit little or no energy in the calorimeters (i.e., muons
and neutrinos). Particle-level jets are required to have
pT > 60 GeV and absolute rapidity jyj < 4.5 to enter this
analysis.
Detector-level jets are reconstructed from particle flow

(PFlow) objects [47], which combine measurements from
the ATLAS inner detector and calorimeters [48] to improve
the jet energy resolution and increase the jet reconstruction
efficiency, especially at low jet pT. Jets are calibrated such
that the average detector-level jet energy scale (JES)
matches that of the corresponding particle-level jets,
using a combination of simulation-based and in situ
techniques [49]. Signals originating from detector noise,
cosmic rays, and beam-induced backgrounds can be
reconstructed as spurious jets, but these are efficiently
rejected by following the methodology described in
Ref. [50], updated for particle flow jets but utilizing the
same observables. For this study, detector-level jets are
required to have pT > 60 GeV and absolute rapidity
jyj < 4.5. After applying these kinematic selections, the
likelihood that a particle flow jet originates from a pileup
interaction is sufficiently low that no additional pileup-jet
rejection is applied [51,52].
To be included in the analysis, both the particle- and

detector-level events are required to have at least two
selected jets (Njets ≥ 2), and the scalar pT sum of the
leading jet pair (ordered in pT), HT2 ¼ pT;1 þ pT;2, must
satisfy HT2 ≥ 250 GeV.
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All detector-level events are required to have at least one
vertex reconstructed from two or more inner-detector tracks
with pT > 500 MeV and to pass the data quality require-
ments described in Ref. [19]. The data were collected using
a set of single-jet triggers [53], whose thresholds depended
on the data-taking year during run 2. By design, the
minimum HT2 requirement ensures that the measurement
is performed in a region where the single-jet triggers are
fully efficient for the analysis selection. It also ensures that
the measurement’s fiducial region does not include phase-
space regions that are divergent at fixed order [54,55].
Combinations of central and forward single-jet triggers are

used to select events in ranges ofHT2 where the combination
is fully efficient. For triggers that were prescaled during data
taking, events in data are reweighted by the appropriate
prescale factor to recover a smoothly falling jet pT spectrum.
The prescale factors applied to central- and forward-jet
triggers differ, so they are logically combined using the
“inclusion method” described in Ref. [56].

B. Measured observables

The two observables chosen for their sensitivity to fixed-
order effects areHT2 and pNincl

T . As introduced in Sec. III A,
HT2 is the scalar sum of the transverse momenta of the
leading two jets in the event: HT2 ¼ pT;1 þ pT;2. It is a
proxy for the energy scale of the hard-scattering interaction.
For events with more than two jets, the pT of the third
leading jet, pT;3, determines the sensitivity to resummation
effects, and varying the pT;3 threshold leads to better
understanding of these effects. The cross section is mea-
sured triple differentially, as a function of HT2 and in bins
of jet multiplicity Njets and bins of pT;3.
The pNincl

T distribution is the inclusive jet pT spectrum,
measured in bins of inclusive jet multiplicity. For example,
the p2incl

T distribution is the pT spectrum of the two leading
jets in any selected event, and p3incl

T would include the
leading and subleading jet contributions in addition to the
third jet, if one passes the selection.
Configurations with large logarithmic corrections can be

preferentially selected by measuring jet cross-section ratios
as a function of either the absolute value of the leading jet
pair’s rapidity difference, or the absolute value of the
maximum rapidity difference between selected jets in the
event (Δyjj and Δyjj;max, respectively). Similarly, the invari-
ant mass of the two leading jets and the maximum dijet
invariant mass found among all selected jets in the event
(forming themjj andmjj;max distributions, respectively) also
contain a region at large invariant mass where the cross
section receives large logarithmic contributions. These four
observables are measured to probe the resummation in
different ways: for example, logarithmic corrections will
be larger for mjj;max than for mjj. Large invariant masses for
mjj tend to be dominated by the contributions from large pT,
which are well described by fixed-order predictions.

Conversely, mjj;max includes greater contributions from
the large angular separations that directly probe these
effects. This set of measurements provides a novel way to
indirectly test analytic descriptions of vector-boson scatter-
ing/fusion (VBS/VBF) interactions and MC calculations.
Observables such as mjj and Δyjj are also sensitive to PDFs
and were used in prior PDF fitting studies by the CMS
Collaboration [57]. The analysis selection imposes a single-
jet pT requirement on all jets, which allows the logarithmic
structure of VBS/VBF events to be probed without intro-
ducing additional complications from hierarchies in the jet
selection.

C. Unfolding

All data presented in Sec. VI are unfolded using an
iterative D’Agostini unfolding procedure [58] to account
for effects arising from the limited efficiency, acceptance, and
resolution of the ATLAS detector. For each observable, the
binning used in this measurement is varied in accord with the
detector’s resolution. The unfolding algorithm was imple-
mented using the ROOUNFOLD toolkit [59]. Four iterations of
the unfolding procedure are used, because this ensures the
unfolding converges well and either minimizes or minimally
affects the total uncertainty from all sources for all observ-
ables. For most observables the unfolding is performed
double differentially, in bins of the observable and in
exclusive bins of jet multiplicityNjets, to allow the unfolding
procedure to account for migrations between relevant bins.
TheHT2 measurement is unfolded triple differentially in bins
of HT2, Njets, and pT;3. For the double-differential measure-
ments and triple-differential measurement, the purity of the
response matrices (i.e., the size of the diagonal elements) is
typically above 50% or 30%, respectively.
These exclusive bins of Njets are used to construct

inclusive bins of Njets. The unfolded absolute differential
cross sections are presented in Sec. VI A. These unfolded
cross sections are used to construct the cross-section ratios
R32, R42, R43, and R54, which are presented in Sec. VI B.

IV. SYSTEMATIC UNCERTAINTIES

A. Jet energy scale

Systematic uncertainties in the R ¼ 0.4 JES and jet
energy resolution (JER) are evaluated using a series of
simulation-based techniques and in situ measurements,
documented in Ref. [49]. These uncertainties are propa-
gated by building a response matrix from each variation
representing a systematic uncertainty component, then
unfolding the nominal prior distribution using the varied
response matrix. The difference between the unfolded
nominal and systematically varied cross sections is taken
as the systematic uncertainty. They are the dominant
sources of experimental uncertainty in the analysis.
The impact of certain components of the JES uncertainty

has been reduced by updating the prescriptions given in
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Ref. [49]. Uncertainties can also arise because the relative
jet energy response for simulated quark- and gluon-initiated
jets varies between different MC generators; they are
called “jet flavor response/composition” uncertainties in
Ref. [49]. These uncertainties were significantly reduced
relative to their prior treatment, and the improvements are
explained below in Sec. IVA 1. Following this updated
treatment, the component of the JES uncertainty due to the
jet flavor is reduced from a leading source of uncertainty in
the measurement to a completely subdominant effect.
Improvements were also made to the component of the

jet energy scale uncertainty related to the extrapolation of
single-hadron response measurements [60–62] to jets,
discussed below in Sec. IVA 2. This component of the
JES uncertainty is reduced by roughly a factor of 3
compared to that reported in Ref. [49].
The JES/JER uncertainties can result in asymmetric

variations, and they are left unsymmetrized in the presen-
tation of the measured cross sections and their ratios.

1. Updated jet flavor response uncertainty

The internal dynamics of a jet are determined in part by
the flavor of the parton that initiated it.2 The response of the
ATLAS detector to jets depends on the underlying particle

spectra, which can vary significantly between different MC
generator setups. An uncertainty related to our limited
knowledge of the actual spectra in data and its relationship
with the JES is therefore necessary: this component of the
ATLAS JES uncertainties is referred to as the “flavor
response uncertainty.” Historically, it has been defined by
the difference between the responses to gluon-initiated jets
from different MC generator setups multiplied by the
fraction of gluon-initiated jets in the measured phase space
(e.g., in Ref. [49], as the difference between PYTHIA8 and
HERWIG++).
The jet energy response is defined as the ratio of the jet

transverse momentum at detector-level (preco
T ) to that at

particle-level (ptrue
T ). The ratio of the average jet response,

μðpreco
T =ptrue

T Þ, between several MC generator setups and
the nominal PYTHIA sample is shown in Figs. 1(a) and 1(b)
for R ¼ 0.4 particle flow jets that are initiated by either
gluons or quarks and antiquarks, respectively. For gluon-
initiated jets, differences between PYTHIA and alternative
models are as large as 2.5% at pT ¼ 60 GeV. For quark-
initiated jets, the differences are smaller, with a spread
below ∼1% above pT ¼ 60 GeV.
Several fragmentation- and hadronization-related effects

can change the jet response. The calorimeter energy
response to hadrons rises with energy [61,62], so the
momentum spectrum of the particles associated with the
jet is expected to play an important role in jet response
modeling. The particle composition also plays a role
because the calorimeter response to neutral pions, which
decay via π0 → γγ, is significantly higher than for hadronic
showers, and for charged hadrons the particle flow algo-
rithm is able to use track measurements. Additionally, the
ATLAS detector’s response to hadrons has also been found
to vary slightly depending on the species of particle [61],
which is consistent with analysis of test-beam data for
pions, protons, and charged kaons [68,69]. While the

(a) (b)

FIG. 1. The ratio of the average jet energy response for (a) gluon-initiated and (b) quark-initiated jets in various MC simulation
samples to the jet energy response of the nominal PYTHIA sample, as a function of the true jet pT for jets within the pseudorapidity
range jηj < 0.7.

2The notion of a “quark-initiated” or “gluon-initiated” jet is not
well defined beyond leading order in QCD [63,64]: quark-initiated
jets are narrower and have fewer constituents and a harder particle
spectrum, on average, than gluon-initiated jets with the same pT.
For simplicity, these studies use labels based on the identity of the
highest-energy ghost-associated [65] parton that the MC gener-
ator’s “truth” record matches to the reconstructed jet. While this
definition can be MC-generator-dependent, this label nevertheless
reflects the expected differences between quark- and gluon-
initiated jet fragmentation in experimental settings [66,67] and
is therefore well suited to characterize differences in how these jets
interact with the detector material.
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particle composition is partly determined by isospin sym-
metries, the production of baryons and kaons occurs via
different mechanisms in hadronization models that are
parameterized and tuned to experimental data [70–72].
Since both the particle spectra from jet fragmentation and

the particle content of a jet can affect the detector response,
their modelingmust be tuned to experimental measurements.
Manymeasurements of jet fragmentation functions and other
pertinent substructure observables have been performed at
the SPS [73–75], LEP [76–87], the LHC [67,88–95], and
other colliders [96–110], typically without explicit particle
identification. However, the ALICE experiment has per-
formed some measurements [111–113] that do probe the
particle content.
Figure 2 shows the mean baryon energy fractions for

central (jηj < 0.7), particle-level, gluon-initiated jets in MC
samples generated by PYTHIA and either HERWIG7.1.6 with the
angle-ordered or dipole PS algorithms [Fig. 2(a)] or
SHERPA2.2.5 with cluster- or string-based hadronization mod-
els and SHERPA2.2.11 with a cluster hadronization model that
was retuned to LEP data [31] [Fig. 2(b)]. The mean baryon
energy fraction for quark-initiated jets in the PYTHIA MC
sample is also shown, to indicate the size of possible
differences arising due to the jet flavor. Significant differences
between the differentMC generator setups are observed. The
mean baryon energy fraction varies between 12% and 20%
for the different generators and slowly decreases as the jet pT
increases. Variation of the PSmodel in HERWIG samples does
not change the distribution much. In both HERWIG samples
and the SHERPA2.2.5 sample with cluster-based hadronization
the fraction of energy carried by baryons is lower than for the
nominal PYTHIA sample, while for the SHERPA2.2.5 sample

with string-based hadronization it is higher. The SHERPA2.2.11

sample with the retuned cluster-based hadronization is in
better agreement with the PYTHIA sample.
To further investigate the dependence of the jet response

on the particle content of the jet, Fig. 3 shows the PFlow jet
response of gluon- and quark-initiated jets as a function of
the fraction of the true jet energy carried by baryons. It is
seen that larger baryon fractions lead to lower jet energy
responses for both gluon- and quark-initiated jets. This is
expected, as the majority of these baryons will be protons
or neutrons, or their antiparticles. The average response of
these particles is typically lower than that of a mixture of
charged and neutral pions, as neutral pions decay mainly
into two photons and the calorimeter is calibrated for
electromagnetic showers. Additionally, while protons, anti-
protons, and charged pions will have reconstructed tracks
during particle flow reconstruction, neutrons and antineu-
trons will rely solely on calorimeter measurements and thus
have a lower response (due to signal leakage, dead material,
etc.). Together, these lead to the observed trend that, when a
larger fraction of the jet’s energy is carried by baryons, the
jet energy response is lower.
A similar, but smaller, dependence of the jet response on

the kaon energy fraction is also observed and can be
explained similarly.
Based on these observations, the treatment of the ATLAS

JES flavor response uncertainty was revisited in order to
consider differences between the underlying simulated
particle spectra more carefully and to use updated MC
generator setups. Instead of the previous two-point com-
parison of the gluon-initiated jet response between PYTHIA8

and HERWIG++, three separate uncertainty components are

(a) (b)

FIG. 2. The average fraction of the gluon-initiated jet’s energy carried by baryons as a function of the jet pT for jets within jηj < 0.7.
The nominal PYTHIA sample is compared with (a) several HERWIG samples with different parton shower models, and (b) several SHERPA
samples with different hadronization models and sets of tuned parameters. The dashed line provides a comparison with quark-initiated
jets in the nominal PYTHIA sample.
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defined by directly comparing MC generator setups that
factorize different physical effects:
(1) Flavor generator/shower: PYTHIA8 vs SHERPA2.2.5

with Lund string hadronization. This comparison
varies the UE/MPI model and aspects of the PS
model (pT ordered vs dipole).

(2) Flavor hadronization: SHERPA2.2.11 with AHADIC
cluster-based hadronization vs SHERPA2.2.5 with Lund
string hadronization. This comparison varies the
nonperturbative hadronization model, between the
updated SHERPA AHADIC cluster-based model and
the Lund string model as implemented in PYTHIA6.

(3) Flavor shower: HERWIG7.1 with angle-ordered PS vs
HERWIG7.1 with dipole PS. This comparison be-
tween the angle-ordered and dipole PS models
implemented in HERWIG ensures that all three major
PS schemes used in ATLAS MC generators are
considered.

These comparisons ensure that three plausible PS models
(pT ordered, angle ordered and dipole) are compared and
that the comparison of nonperturbative models of hadro-
nization physics (AHADIC cluster-based hadronization
and Lund string hadronization) does not include model
parameterizations that are disfavored by data. Different
PDF sets and color reconnection models are also used for
various setups: for complete details of the MC setups used,
see Sec. II C or Ref. [44].
These uncertainties are derived separately for five differ-

ent jet flavors (u or d, and s, c, b, and g) and applied
according to a per-jet label in simulated event samples. This
per-jet treatment eliminates the need for the earlier “jet
flavor composition” uncertainty based on the aggregate
flavor composition of an analysis’ selection relative to the
compositions used for in situ JES calibrations.
Since the Z þ jet topology is used directly for the in situ

JES calibration, the flavor response uncertainty should not

vary the response in such events. In order to maintain a
fixed energy scale in the Z þ jet topology while providing
an uncertainty for extrapolation to other flavor composi-
tions, the flavor response uncertainty scales the JES
of gluon-initiated jets as þfqΔðq − gÞ and that of quark-
initiated jets as −ð1 − fqÞΔðq − gÞ, where fq is the
pT-dependent fraction of quark-initiated jets in the
Z þ jet sample, and Δðq − gÞ is the difference in the jet
response between generators,

Δðq − gÞ ¼ ðRMC1
q − RMC1

g Þ − ðRMC2
q − RMC2

g Þ
¼ ðRMC1

q − RMC2
q Þ − ðRMC1

g − RMC2
g Þ:

This procedure is applied to each of the three MC sample
comparisons listed above, resulting in three independent
uncertainty components for the JES. These three compo-
nents have no effect on samples with the same flavor
composition as the Z þ jet events used in the in situ
calibration. The uncertainties in the fractions of quark-
and gluon-initiated jets in the simulated samples are
evaluated by unfolding data with different MC models
as described in Sec. IV B.

2. Updated single-particle deconvolution uncertainty

At high jet pT, the component of the jet energy scale
uncertainty determined by the extrapolation of single-particle
response measurements to jets via the “deconvolution”
procedure, described in Refs. [61,114], has been reduced
by updating several inputs. In particular, the response to
electromagnetic showers has been updated [115], and the
response to high-pT pions has been measured in situ up to
pT ¼ 250 GeV usingW → τð→πνÞν events [62], replacing
previous test-beammeasurements. The extrapolation of these
measurements toother types of hadrons andhigher energies is
assessed by using updated alternative GEANT4 physics

(a) (b)

FIG. 3. The jet energy response for (a) gluon- and (b) quark-initiated jets as a function of the baryon energy fraction, for various true jet
pT bins in the nominal PYTHIA sample.
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lists [42] and variations of the detector geometry. Together,
these changes result in a reduction of this uncertainty by
roughly a factor of 3 compared to the uncertainty reported
in Ref. [49].

3. Summary of run 2 jet energy scale uncertainty

The final run 2 JES uncertainty as a function of the jet pT
for central jets is shown separately for gluon- and quark-
initiated jets in Figs. 4(a) and 4(b). The components due to
the flavor generator/shower, shower and hadronization
uncertainties are shown, and the overall size of the
uncertainty is compared between this updated flavor

prescription and the previous one. Anticorrelations between
these uncertainties for gluon- and quark-initiated jets can
reduce the aggregate uncertainty for topologies with mixed
flavor compositions, such as the dijet flavor composition
shown in Fig. 4(c). For both gluon- and quark-initiated jets,
the flavor hadronization component is largest for low-pT
jets, up to ∼0.8% below pT ¼ 100 GeV. The flavor shower
component increases for high-pT jets, up to ∼0.5% for jets
above pT ¼ 400 GeV. The flavor shower/generator com-
ponent is small (below 0.5%) everywhere, but largest for
low-pT jets (below pT ∼ 100 GeV). The updated flavor
uncertainty reduces the overall size of the JES uncertainty
by up to a factor of 2 around pT ∼ 100 GeV and renders the

(a) (b)

(c)

FIG. 4. The jet energy scale uncertainty for (a) gluon- and (b) quark-initiated jets produced at central pseudorapidities (jηj ¼ 0). In (c),
the overall uncertainty for a dijet flavor composition is shown. The difference between the total uncertainty obtained from the previous
prescriptions documented in Ref. [49] and that obtained from the updated uncertainties is indicated by a filled green region, while the
new total uncertainty is indicated by the filled blue region. Subcomponents of the uncertainty originating from the flavor generator/
shower, shower and hadronization comparisons are indicated by different lines.
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component of the JES uncertainty that was previously
dominant for pT ¼ 30–400 GeV subdominant everywhere.
The updated single-particle deconvolution uncertainty
results in a reduction of this component of the JES at high
pT by roughly a factor of 3 compared to the uncertainty
reported in Ref. [49].

B. Choice of MC models

When unfolding a measurement using iterative Bayesian
unfolding, one must select a nominal MC simulation to
construct the response matrix that is applied to data.
Different results can be obtained if a different MC model
is used to define the unfolding procedure, as the alternative
underlying particle spectrum can change the prior, response
matrix, and fake and efficiency factors. To account for the
uncertainty related to the choice of nominal MC model, the
unfolding procedure is repeated with the nominal PYTHIA
prior but a response matrix, fake factors, and efficiency
factors constructed using an alternative MC simulation.

The alternative sample used to define this uncertainty is
the SHERPA2.2.5 sample with cluster-based hadronization,
which varies many aspects of the simulation with respect to
the nominal PYTHIA sample (Sec. II C), including the PS
algorithm and PDF set. Despite the differences between
these setups, both provide good descriptions of the mea-
sured data. In order to factorize modeling effects due to
the JES and reduce double counting, the average JES of
the alternative SHERPA samples was recalibrated to
match that of the PYTHIA sample when evaluating this
uncertainty. This MC-to-MC correction procedure signifi-
cantly reduces the size of the MC modeling systematic
uncertainty, from a few percent to less than 1% for most of
the measurement.
When changing the MC model, the effects on the

analysis efficiencies, acceptance, and unfolding response
matrix are considered individually. The three components
of this uncertainty are summed in quadrature to obtain the
total modeling uncertainty.

(a) (b)

(c) (d)

FIG. 5. The breakdown of the experimental uncertainties for the (a),(b) inclusive two-jet cross-section measurement and (c),(d) R32

measurement, differential in (a),(c) HT2 with pT;3 > 60 GeV and (b),(d) Δyjj;max.
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(a) (b)

(c) (d)

(e) (f)

FIG. 6. (a),(c),(e) The differential cross section as a function of HT2, in inclusive bins of Njets, and (b),(d),(f) the ratios of MC
predictions to the measured data distribution vs (a),(b) pT;3 > 60 GeV, (c),(d) pT;3 > 0.10 ×HT2, and (e),(f) pT;3 > 0.30 ×HT2. The
data error bands show the statistical and systematic components summed in quadrature. Arrows are used to indicated cases where the
ratio falls outside of the plotted ratio range.
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C. Unfolding methodology: Statistical uncertainties
and nonclosure

Statistical uncertainties arise from the finite MC and data
sample sizes in the measurement and are estimated during
the unfolding procedure with Poissonian pseudoexperi-
ments, as described in Ref. [116]. For the MC simulation,
pseudoexperiments are used to vary the response matrix
used for the unfolding procedure. The input MC prior is
unfolded with each varied response matrix. The efficiencies
and acceptances are allowed to vary during this process. For
the data statistical uncertainty, pseudoexperiments are
generated to vary the input data spectrum (“prior”) for
the unfolding procedure and are then unfolded using the
nominal PYTHIA response matrix. In both cases, 100 pseu-
doexperiments are generated; using larger numbers of
pseudoexperiments did not alter the results significantly.
The 68% interquantile range of the output distributions
generated as a result of these variations is taken as the
corresponding statistical uncertainty.
The nonclosure uncertainty in the unfolding procedure is

evaluated using a data-driven reweighting procedure [117].
The detector-level PYTHIA spectrum is reweighted to match
the observed data spectrum and then unfolded with the
nominal PYTHIA response matrix. The difference between
this unfolded result and the nominal PYTHIA particle-level
spectrum is taken as a systematic uncertainty.

D. Other experimental uncertainties

Other uncertainties related to experimental effects are
accounted for in this analysis. They are typically small,

but can occasionally be significant in certain measure-
ment bins.
The uncertainty in the absolute luminosity measurement

is applied as a 0.83% variation of the normalization of the
data [17]. This uncertainty is negligible for the measure-
ment of cross-section ratios.
Uncertainties due to the mismodeling of pileup events

are included by reweighting the distribution of the average
number of pileup interactions and are found to be negligible
throughout the measurement.
During certain run 2 data-taking periods, specific mod-

ules of the tile calorimeter were disabled due to technical
problems. Some of these modules are also disabled in the
simulated events corresponding to a given data-taking
period, while other modules that were temporarily disabled
during data taking were not disabled in the simulation. No
additional correction is applied to the pT of jets which may
have deposited energy in disabled tile modules. The impact
of the disabled tile modules on the unfolded distributions is
evaluated by repeating the measurement and vetoing events
with jets directed at disabled modules in either data or the
nominal PYTHIA sample. Differences between these results
with vetoed events and the nominal set are taken as a source
of systematic uncertainty.

E. Summary of experimental uncertainties

A breakdown of the experimental uncertainties for
two representative distributions, HT2 with pT;3>60GeV
and Δyjj;max, for the cross sections and their ratios is shown
in Fig. 5. For HT2, the JES uncertainties dominate

(a) (b)

FIG. 7. (a) The differential cross section is shown as a function of pNincl
T , in inclusive bins of Njets, and (b) the ratios of MC predictions

to the measured data distribution. The data error bands show the statistical and systematic components summed in quadrature. Arrows
are used to indicated cases where the ratio falls outside of the plotted ratio range.

MEASUREMENTS OF JET CROSS-SECTION RATIOS IN … PHYS. REV. D 110, 072019 (2024)

072019-11



everywhere, highlighting the importance of the JES uncer-
tainty reductions. The MC-to-MC correction improves the
consistency of the jet pT modeling between MC generators,
rendering this a subleading source of uncertainty for HT2.
For Δyjj;max, the JES uncertainties dominate everywhere
except the smallest rapidity differences, where the model-
ing uncertainty dominates.

V. FIXED-ORDER QCD PREDICTIONS

A. NLO prediction

The theoretical predictions for three- and two-jet cross
sections are calculated at NLO in perturbative QCD using
the NLOJET++ program [118,119]. The partonic cross
section is convolved with NNLO PDFs obtained from

(a) (b)

(c) (d)

FIG. 8. The differential cross section as a function of (a) Δyjj and (c) mjj, in inclusive bins of Njets, and the ratios of MC predictions to
the measured data distribution in bins ofNjets vs (b)Δyjj and (d)mjj. The data error bands show the statistical and systematic components
summed in quadrature. Arrows are used to indicated cases where the ratio falls outside of the plotted ratio range.
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the LHAPDF interfaces [120] to CT18 [121], NNPDF4.0
[122], MSHT20 [123], and ATLASpdf21 [124]. The PDFs
are based on the NF ¼ 5 scheme, where NF is the number
of parton flavors. The value of αSðmZÞ is set consistently
between the partonic matrix-element calculation and the
PDF; the central value is taken to be αSðmZÞ ¼ 0.118. The
partonic events are clustered with the anti-kt algorithm
(R ¼ 0.4) before the phase-space requirements of this
measurement are applied. The renormalization and factori-
zation scales (μr and μf , respectively) are set to the scalar

sum of the pT of all partons in the final state, as
recommended in Ref. [125],

μr ¼ μf ¼ ĤT ¼
X

i

pT;i; ð1Þ

where i is the parton index.
The uncertainty of the CT18 PDF set is smaller than 2%

throughout the fiducial volume of the measurement. It
covers the differences between the studied PDF sets, with

(a) (b)

(c) (d)

FIG. 9. The differential cross section as a function of (a) Δyjj;max and (c) mjj;max, in inclusive bins of Njets, and the ratios of MC
predictions to the measured data distribution in bins of Njets vs (b) Δyjj;max and (d) mjj;max. The data error bands show the statistical and
systematic components summed in quadrature. Arrows are used to indicated cases where the ratio falls outside of the plotted ratio range.
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the exception of NNPDF4.0, which differs by around 2σ
(1σ) at low (high) HT2.
Renormalization and factorization scale uncertainties are

estimated by varying μr and μf up and down by a factor of
2, avoiding configurations in which the scales are varied in
different directions. The envelope of results from this

seven-point scale variation is taken as the uncertainty,
which tends to be 5% or smaller throughout the measure-
ment. For comparisons with ratios of jet cross-section
measurements, the NLO prediction is defined as the ratio
of the NLO prediction for three-jet production to the NLO
prediction for two-jet production.

(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

(j) (k) (l)

FIG. 10. (a)–(c) R32 vsHT2, (d)–(f) R42 vsHT2, (g)–(i) R43 vsHT2, and (j)–(l) R54 vsHT2, with (a), (d), (g), (j) pT;3 > 60 GeV, (b), (e),
(h), (k) pT;3 > 0.10 ×HT2, and (c), (f), (i), (l) pT;3 > 0.3 ×HT2. The data error bands show the statistical and systematic components
summed in quadrature. The lower parts of each panel provide ratios of the MC predictions to the unfolded data. Arrows are used to
indicated cases where the ratio falls outside of the plotted ratio range.
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B. NNLO prediction

Fixed-order predictions for the (differential) R32 ratios
are obtained at NNLO in perturbative QCD using the
computational framework in Refs. [1,126–128]. The evalu-
ation of scattering amplitudes makes use of AVHLIB [129],
OPENLOOPS2 [130], FIVEPOINTAMPLITUDES [131], and
PENTAGONFUNCTIONS++ [132]. The partonic cross sections
are convolved with PDFs provided by the LHAPDF package,
using the NNLOMSHT20 PDF set as the nominal one. The
perturbative QCD calculations are performed with NF ¼ 5
massless quark flavors, i.e., without top-quark contributions
to scattering amplitudes. The contribution from top-quark
pair production is estimated to be below 0.3% in the relevant
phase space. The value of αSðmZÞ used in the partonic
matrix-element calculation and PDFs is chosen to be 0.118.
The partonic events are clustered with the anti-kt algorithm
(R ¼ 0.4) before the phase-space requirements of this
measurement are applied. The renormalization and the
factorization scale for each event are chosen to be the scalar
sum of the pT of all partons in the final state [Eq. (1)] and
varied with the same seven-point scheme used for the NLO
prediction. For comparisons with ratios of jet cross-section

measurements, theNNLOprediction is defined as the ratio of
the NNLO prediction for three-jet production to the NNLO
prediction for two-jet production.

C. Nonperturbative corrections
for fixed-order predictions

In order to compare the theoretical predictions with the
measured data (Sec. VI), nonperturbative QCD effects from
hadronization and the underlying event (UE) must be
included. To determine the size of these corrections, MC
predictions are obtained at hadron-level including the UE,
and compared with parton-level distributions where the UE
contribution is disabled in the MC generator. The ratio of
these two predictions is applied as a bin-by-bin correction
to the theoretical prediction. The nonperturbative correc-
tions are typically found to deviate from unity by about 2%
for the two- and three-jet selections separately and gen-
erally by about 0.5% for the R32 ratio itself.
The uncertainty in this correction is estimated by changing

the set of tuned parameters used for the PYTHIA MC
generator. While the nominal correction makes use of the
A14-NNPDF3.1NLO ATLAS tune [21], an alternative

(a) (b)

(c)

FIG. 11. (a) R32 vs pNincl
T , (b) R42 vs pNincl

T , and (c) R43 vs pNincl
T . The data error bands show the statistical and systematic components

summed in quadrature. The lower parts of each panel provide ratios of the MC predictions to the unfolded data. Arrows are used to
indicated cases where the ratio falls outside of the plotted ratio range.
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correction factor is calculated using the MONASH tune [133],
which uses a larger value of αS for final-state radiation
(0.1365 vs 0.1270). The difference between the two correc-
tion factors defines the systematic uncertainty of the non-
perturbative corrections and is generally smaller than 0.5%.

D. High-energy jet prediction

The high-energy jet (HEJ) framework [134–136] calcu-
lates the tower of leading logarithmic QCD corrections in
ŝ=p2

T (where ŝ is the parton center-of-mass energy) to all
orders in the strong coupling αS for all relevant Standard
Model processes. These corrections are relevant in regions
of phase space where jets span a large range of rapidity or
where pairs of jets have a large invariant mass. The
predictions from HEJ contain both the resummation of
logarithmic corrections and the matching of these to fixed-
order accuracy. This includes matching of all processes of
pp → 2j, 3j, 4j, 5j, and 6j to tree-level accuracy point-by-
point in phase space. All the predictions are obtained using
a renormalization and factorization scale of ĤT=2, with an

independent seven-point variation of the scales by factors
of 2. The PDF set is NNPDF3.1NLO (αS ¼ 0.118), and
R ¼ 0.4 and pT;min ¼ 60 GeV are used throughout the anti-
kt algorithm.

VI. RESULTS

A. Measured cross sections

The unfolded cross-section measurements for the differ-
ent observables studied in this analysis are shown in
Figs. 6–9.
The differential cross section as a function of HT2 is

compared to several MC generator predictions in Fig. 6, for
various requirements on the inclusive jet multiplicity and
the transverse momentum of the third jet (pT;3). No single
MC prediction is able to describe the data across all HT2
and multiplicity bins. The PYTHIA prediction has an
approximately constant offset relative to the data, with
the offset decreasing at larger values of pT;3. The two
SHERPA models have nearly identical behavior, since the

(a) (b)

(c) (d)

FIG. 12. (a) R32, (b) R42, (c) R43, and (d) R54 vs Δyjj with pT;3 > 60 GeV. The data error bands show the statistical and systematic
components summed in quadrature. The lower parts of each panel provide ratios of the MC predictions to the unfolded data. Arrows are
used to indicated cases where the ratio falls outside of the plotted ratio range.
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HT2 cross section is not significantly impacted by the
hadronization model. The HERWIG model underestimates
the two-jet cross section, but provides a good description of
higher multiplicities, except for the highest pT;3 bin, where
no models provide a good description.
The differential cross section as a function of pNincl

T is
shown in Fig. 7, differentially in bins of the inclusive
number of jets. Because of the event selection requirement
that HT2 > 250 GeV combined with the minimum pT cut
of 60 GeV, each event has at least two jets with pT around
125 GeV, resulting in a sharp downturn in pNincl

T around
half of the value of the HT2 cut. The MC predictions have
an offset in the cross section, which is generally constant as
a function of pT, except for pT < 100 GeV where there is
also a shape difference in the predictions. The exception to
this is the SHERPA predictions, which do not show this
shape difference at low pT.
The differential cross section as a function ofΔyjj andmjj

is presented in Fig. 8, in bins of inclusive jet multiplicity.
For both observables, SHERPA provides the best description

of the data. HERWIG models the data well for small rapidity
differences and small dijet masses, but its performance
quickly deteriorates at larger rapidity differences and
masses. PYTHIA and POWHEG+PYTHIA overestimate the data
everywhere, while POWHEG+HERWIG provides a reasonable
description of the data for low jet multiplicities and small
values of Δyjj and mjj, with a poor description of the data
elsewhere.
Finally, the differential cross section as a function of

Δyjj;max and mjj;max is presented in Fig. 9, in bins of
inclusive jet multiplicity. Overall, SHERPA provides the
best description of the data, but it underestimates the cross
section at low Δyjj;max and mjj;max. POWHEG+HERWIG

describes the data well at low multiplicities, but signifi-
cantly overestimates the cross section at high multiplicities,
particularly for large Δyjj;max and mjj;max. For mjj;max,
PYTHIA and POWHEG+PYTHIA overestimate the cross section
everywhere, with agreement worsening at high mjj;max.
Similar behavior is observed for Δyjj;max, except in the low
Δyjj;max region, where there is fair agreement. The HERWIG

(a) (b)

(c) (d)

FIG. 13. (a) R32, (b) R42, (c) R43, and (d) R54 vs mjj with pT;3 > 60 GeV. The data error bands show the statistical and systematic
components summed in quadrature. The lower parts of each panel provide ratios of the MC predictions to the unfolded data. Arrows are
used to indicated cases where the ratio falls outside of the plotted ratio range.
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prediction differs from the data in overall shape for both
observables and does not provide a good description of the
data for any multiplicity.

B. Cross-section ratios

Ratios of the measured observables between different
bins of inclusive jet multiplicity are presented in this
section. When compared with the cross-section measure-
ments, the uncertainties are generally reduced because
correlated systematic variations in the numerator and
denominator partially cancel out.
The ratios of the measured HT2 distributions are shown

in Fig. 10. The shape of the R32 distribution changes as the
pT;3 threshold is varied, because the pT;3 requirement
depends on the event’s HT2 value. When the pT;3 cut does
not depend on HT2 [Fig. 10(a)], the R32 ratio increases
smoothly until dropping slightly at the highest HT2 values,
as the probability to emit a third hard parton increases with
the energy scale of the event. At the highest values of HT2,
events with a soft third jet are often in a back-to-back

configuration: the third jet can be merged with one of the
leading two, causing the ratio to decrease slightly [137,138].
When the pT;3 cut is made to depend on HT2, a feature
related to this dependence appears at a value of HT2
corresponding to the ratio of the third jet’s pT threshold
(60 GeV in this case) to the fraction of HT2 that pT;3 must
satisfy in that bin: for example, in Fig. 10(b) where
pT;3=HT2 > 0.10, the distribution turns over at a value
of 60 GeV=0.10 ¼ 600 GeV. This turnover point shifts to
lower values as the fractional HT2 requirement is increased
in higher pT;3 bins. The R32 value decreases after this point
because of the steeply falling pT spectrum of the third jet.
In general, agreement between the data and predictions

worsens as the third jet’s pT cut is increased, and the R43

and R54 ratios tend to be better modeled than the R32 and
R42 ratios. PYTHIA tends to predict slightly higher values of
R32 and R42 than seen in data, with better agreement at
larger pT;3, and agrees fairly well with the data for R43 and
R54. POWHEG+PYTHIA overestimates the value of all four
ratios, particularly at low HT2. Both SHERPA predictions

(a) (b)

(c) (d)

FIG. 14. (a) R32, (b) R42, (c) R43, and (d) R54 vs Δyjj;max with pT;3 > 60 GeV. The data error bands show the statistical and systematic
components summed in quadrature. The lower parts of each panel provide ratios of the MC predictions to the unfolded data. Arrows are
used to indicated cases where the ratio falls outside of the plotted ratio range.
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describe the data well for small values of pT;3, but tend to
underestimate the values of R32 and R42 for large values of
pT;3, particularly at high HT2. For R32 and R42, HERWIG

predicts significantly fewer two-jet events than are seen in
data, particularly for large values of pT;3, while POWHEG+

HERWIG gives a better description of the data, particularly
for large values ofHT2. Both HERWIG and POWHEG+HERWIG

provide poorer descriptions of the data than PYTHIA and
SHERPA for R32 and R42. For R43 and R54, HERWIG provides
a relatively good description of the data, while POWHEG+

HERWIG tends to overestimate both of these ratios.
The ratios of the measured pNincl

T distributions are shown
in Fig. 11. The ratios tend toward 1 at high pT, since very
few events have more than two jets with pT above a few
hundred GeV. While the uncertainties cancel out signifi-
cantly for the entire pT distribution, the differences between
data and the MC predictions are generally covered by the
uncertainties.
The ratios of the measured Δyjj and mjj distributions

are shown in Figs. 12 and 13, respectively. For both

observables, the HERWIG, POWHEG+HERWIG, and POWHEG+

PYTHIA predictions significantly overestimate all four ratios
for all rapidity differences. The PYTHIA and SHERPA

predictions provide a good description of the data for all
four ratios for rapidity differences Δyjj < 6 and dijet
masses above 2 TeV, while at larger rapidity differences
and larger dijet masses, they underestimate the ratios, with
the exception of R54, which is modeled well across all bins.
The ratios of the measured Δyjj;max and mjj;max distribu-

tions are shown in Figs. 14 and 15, respectively. For the
Δyjj;max ratios, the PYTHIA and SHERPA predictions model
the data well, except in the low and high rapidity-difference
regions. Similar features are seen for mjj;max, although the
mismodeling at low dijet masses is only seen in the lowest
mjj;max bin. POWHEG+HERWIG and POWHEG+PYTHIA do not
model any of the ratios well, with the smallest disagreement
seen for R32. HERWIG does not describe R32 or R42 well for
either observable, but provides a reasonable description for
R43 and R54, except for the low rapidity-difference region,
where it underestimates the ratio.

(a) (b)

(c) (d)

FIG. 15. (a) R32, (b) R42, (c) R43, and (d) R54 vs mjj;max with pT;3 > 60 GeV. The data error bands show the statistical and systematic
components summed in quadrature. The lower parts of each panel provide ratios of the MC predictions to the unfolded data. Arrows are
used to indicated cases where the ratio falls outside of the plotted ratio range.
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C. Comparisons with fixed-order and resummed
calculations

The ratios R32 of the measured HT2 distributions are
shown in Fig. 16, compared with the NLO and NNLO
predictions. The NNLO prediction provides an accurate
description of the value and shape of R32 for all the different
pT;3 bins of the measurement, while the NLO prediction
tends to overestimate R32. This highlights the importance of
the higher-order predictions in describing multijet produc-
tion. For low cuts on pT;3 and at larger values of HT2, the
NNLO prediction slightly overestimates the data. This is
the region where effects from resummation play a more
important role, and higher cuts on pT;3 reduce these
differences. Some statistical fluctuations in the NNLO
prediction are observed, due to the significant computa-
tional requirements of these predictions. The statistical

error of the theory predictions is treated independently
between bins.
For each pT;3 cut, the value of χ2 per degree of freedom

(d.o.f.) is shown in Table I. The individual experimental
and theoretical uncertainties are considered to be uncorre-
lated with each other and fully correlated across the HT2
bins. For all pT;3 cuts, the highestHT2 bin is excluded from
the χ2 calculation, due to the large statistical fluctuation in
the NNLO prediction in this bin: this results in 19 degrees
of freedom (bins). The χ2=d:o:f: values for the NLO and
NNLO predictions agree well with the data in all bins
except the highest pT;3 bin, which has poor agreement due
to a fluctuation in the second-highest HT2 bin. The
χ2=d:o:f: values are often less than 1 for the smallest
pT;3 cuts (the two lowest cuts for the NLO comparison, the
four lowest for the NNLO comparison). For the NLO

(a) (b)

(c)

FIG. 16. R32 vs HT2 with (a) pT;3 > 60 GeV, (b) pT;3 > 0.10 ×HT2, and (c) pT;3 > 0.30 ×HT2. The data error bands show the
statistical and systematic components summed in quadrature. The theory error bands include contributions from the statistical, PDF, and
scale variations, where the scale variations are determined from a seven-point variation of the renormalization and factorization scales
used in the prediction. The statistical uncertainty on the theory predictions is illustrated with a vertical line. The lower parts of each panel
provide ratios of the predictions to the unfolded data. Arrows are used to indicated cases where the ratio falls outside of the plotted
ratio range.
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prediction, this is primarily due to the large theory scale
uncertainties. Despite their smaller uncertainty due to scale
variations, the NNLO predictions have smaller χ2=d:o:f:
values than the NLO predictions and are more often less

than 1: this is partially due to both an overall improved
description of the shape of the measured data and the
presence of a non-negligible statistical uncertainty on the
prediction.
The ratios of three- to two-jet cross sections measured as

a function of Δyjj, Δyjj;max, mjj, and mjj;max are compared
with HEJ predictions in Fig. 17. The HEJ predictions
underestimate the multiplicity at low values of Δyjj for R32,
while providing a better prediction of the region with large
rapidity differences. For Δyjj;max, the HEJ predictions
significantly overestimate the multiplicity distribution for
intermediate rapidity differences while providing a good
description of the largest-rapidity-difference region. The
HEJ predictions provide good modeling of the R32 dis-
tribution formjj andmjj;max, where the results agree with the
data within uncertainties.

TABLE I. Summary of the χ2=d:o:f: values from the compari-
son of the measurement of R32 and the NLO and NNLO
predictions.

χ2=d:o:f:

NLO NNLO

pT;3 > 60 GeV 0.48 0.36
pT;3 > 0.05 ×HT2 0.55 0.32
pT;3 > 0.10 ×HT2 1.05 0.24
pT;3 > 0.20 ×HT2 1.11 0.30
pT;3 > 0.30 ×HT2 9.24 5.49

(a) (b)

(c) (d)

FIG. 17. R32 vs (a) Δyjj, (b) Δyjj;max, (c) mjj, and (d) mjj;max with pT;3 > 60 GeV. The data error bands show the statistical and
systematic components summed in quadrature. The theory error bands are determined from a seven-point variation of the
renormalization and factorization scales used in the prediction. The statistical uncertainty on the theory predictions is illustrated
with a vertical line. The lower parts of each panel provide ratios of the predictions to the unfolded data. Arrows are used to indicated
cases where the ratio falls outside of the plotted ratio range.
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VII. CONCLUDING REMARKS

This paper reports a measurement of jet cross-section
ratios between inclusive bins of jet multiplicity, performed
in 140 fb^-1 of proton-proton collisions with

ffiffiffi
s

p ¼ 13 TeV
center-of-mass energy that were recorded with the ATLAS
detector at CERN’s Large Hadron Collider. Observables
that are sensitive to either the energy scale (HT2, pNincl

T ) or
angular distribution (mjj, mjj;max, Δyjj, Δyjj;max) of hadronic
energy flow in the final state are measured double differ-
entially, in bins of inclusive jet multiplicity, and the scalar
sum of the two leading jets’ transverse momenta is
measured triple differentially, in bins of the third jet’s
transverse momentum as well as bins of jet multiplicity.
Several improvements to the modeling of jet energy scale
uncertainties are described, and these result in a significant
reduction of the overall ATLAS jet energy scale uncer-
tainty. In particular, improvements in the Monte Carlo
models used to define the jet flavor response uncertainty
have reduced that source of uncertainty by up to a factor of
2 for jets with pT ¼ 100 GeV. An updated procedure for
the jet energy scale uncertainties derived from a single-
particle deconvolution method at high jet pT has reduced
that source of uncertainty by roughly a factor of 3 for jets
with pT ¼ 2 TeV, leading to increased precision of the
differential cross sections reported in this work.
The measured distributions are used to construct ratios of

the inclusive three- to two-jet, four- to three-jet, four- to
two-jet, and five- to four-jet multiplicity bins, reducing
sensitivity to systematic uncertainties and parton distribu-
tion functions. Because uncertainties partially cancel out in
the ratios, good precision is achieved for all observables,
with the remaining uncertainties typically being less than a
few percent for the measurements of the ratios ofHT2 cross
sections and less than 10% for the dijet mass and Δy
observables. The HT2 distribution is compared with NNLO
fixed-order QCD predictions, which are found to model the
behavior well across most pT;3 bins. For the dijet mass and
Δy observables, significant differences between data and
Monte Carlo predictions are observed at large values. A
prediction with additional resummation for logarithmic
contributions that arise in topologies characteristic of
VBS/VBF events, where high-energy jets are present in
the forward region, provides a good description of the
measured ratios in regions where the logarithmic terms
make significant contributions.
A RIVET routine is available for this measurement [139],

and the measured data points have been made
publicly available [140] for use in future Monte Carlo
tuning campaigns and other studies of QCD at the
electroweak scale.
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