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1

Introduction

Event shapes are a family of observables used to describe the flow of energy in collider

events [1]. Measurements of event shapes have been used to probe fundamental properties
of QCD [2-7, 7-26], to tune Monte Carlo (MC) models [27-29] and to search for physics
beyond the Standard Model (SM) [30-34]. A novel class of event shape observables was
recently proposed to quantify the isotropy of collider events [35]. These observables, broadly

called event isotropy, measure how ‘far’ a collider event is from a symmetric radiation

pattern in terms of a Wasserstein distance metric [36, 37]. Event isotropy observables

are complementary to canonical event shapes such as thrust [2, 38, 39], sphericity [40, 41]



and spherocity [42], which were designed to quantify how closely collider events resemble
‘pencil-like’ dijet events.

The Wasserstein distances used to define event isotropies are framed in terms of op-
timal transport problems, using the ‘Energy-Mover’s Distance’ (EMD) [43, 44]. This for-
mulation is infrared- and collinear-safe by construction, avoiding pathologies related to
low-energy particles or small-angled splittings that can affect other event shapes. Event
isotropies are more sensitive to isotropic radiation patterns than other event shapes, iso-
lating events with larger multiplicities of objects that are isotropically distributed. This
behaviour differs from that of the thrust and sphericity, which interpolate between back-
to-back dijet and well-balanced trijet events. Event isotropies also exhibit larger dynamic
ranges in the quasi-isotropic event-shape region than traditional event shapes [45]. This
distinct behaviour implies that event isotropy observables have the potential to be power-
ful references for Monte Carlo developers, complementary to existing measurements. They
also have the potential to increase the sensitivity of many measurements and searches
for rare processes within and beyond the Standard Model with isotropically distributed
signals and backgrounds, such as ttH [46, 47] or tttt [48, 49] production or searches for
QCD instantons [50, 51], strongly-coupled hidden sectors [52, 53], models with large extra
dimensions [54-58] or microscopic black holes [59-63].

ATLAS and CMS have performed differential measurements of many canonical event-
shape observables at the LHC in minimum-bias [64, 65], multijet [66—-68] and Z+jet [69, 70]
final states. Earlier hadron-collider event-shape measurements were also performed by the
CDF [71] and DO [72] collaborations. The large Run 2 dataset [73] and advances in
jet reconstruction performance [74] and MC modelling [75] allow the latest event-shape
measurements to be made with fine binning and differentially in inclusive bins of jet mul-
tiplicity, Njet, and the scalar sum of the leading and subleading jet transverse momenta,
Hro = pr1+pro2.

This paper presents normalised differential cross-section measurements of three event-
isotropy observables, introduced in detail in section 2. These measurements allow the
shape of the event isotropy observables to be studied in detail; particularly by making
comparisons with predictions from several cutting-edge Monte Carlo event generators. The
methodology closely follows that used in the most recent ATLAS measurement of canonical
event shapes [68], using anti-k; jets with radius parameter R = 0.4 as the input objects for
event shape calculations (section 4.1) [76].

The structure of this paper is as follows. After these introductory remarks, an overview
of the central phenomenological concepts used in this analysis is provided. Section 2
defines the three event-isotropy observables that are later measured, describing how they
are calculated and some of their general properties. A description of the ATLAS detector,
the Run 2 dataset and the simulated multijet events used in this analysis may be found
in section 3. In section 4, details of the physics object reconstruction, event selection
and unfolding procedure used in this analysis are given. A summary of the systematic
uncertainties considered in the measurement is provided in section 5. The main results of
the analysis are presented in section 6; afterwards, concluding remarks are made.



1.1 The energy-mover’s distance

In order to compute how ‘far’ one event is from another, a well-defined mathematical defini-
tion of distance must be introduced. Event isotropy is computed using the Energy-Mover’s
Distance (EMD) [43, 44] — an application of the well-known ‘Earth-Mover’s Distance’ from
computer vision [77-81] to particle physics, using the p-Wasserstein metric [36, 37]. The
EMD is defined as the minimum amount of ‘work’ necessary to transport one event € with
M particles into another £ of equal energy with M’ particles, by movements of energy fi;
from particle i < M in one event to particle j < M' in the other:'

M M
EMDg(€,&') = min ZZfU i (1.1)
{f”>0}z 1] 1
M M M M
> fij = Ej, Zfij = ki, o> fig= ZE Y Ej=FEiqm  (12)
i=1 =1 i=1j=1 ' =1

where 0;; is a pairwise distance between particles known as the ground measure, 8 > 0 is an
angular weighting exponent, and Fi.ta1 is the total energy in each event. The constraints
defined in eq. (1.2) ensure that the amount of energy moved from a particle is positive and
does not exceed its initial energy, and that the total energy moved is conserved before and
after the transport operation.

Equations (1.1) and (1.2) define an optimal transport problem between the energy flow
in events £ and &’, which may be solved using common scientific computing libraries. The
open-source packages EVENT__ISOTROPY [82] (which implements event isotropy calculations
using the PYTHON OPTIMAL TRANSPORT (POT) library [83]) and WASSERSTEIN [43, 44,
84] were both tested during this analysis, and were found to give compatible results.

In these measurements, the input objects to EMD calculations are anti-k; jets with
radius parameter R = 0.4 (reconstructed and calibrated as described in section 4.1) [76].
The use of jets rather than per-particle inputs results in efficient optimal transport calcu-
lations because of the lower resultant object multiplicity per-event, and reduces sensitivity
to non-perturbative QCD effects such as hadronisation. Experimentally, this choice pro-
vides a well-calibrated object with a precisely measured energy scale and energy resolution
(section 5.3) that has a clearly defined counterpart at particle level for use in the unfolding
procedure (section 4.4), and a measurement that is infrared- and collinear-safe.

1.2 Event shapes via optimal transport

References [35] and [44] interpret well-established event shapes such as the thrust and
spherocity in terms of the geometric approach made possible by establishing a distance
metric between different radiation configurations. This discussion is summarised in this
section, but interested readers are referred to the original publications for a more thorough
discussion.

Some canonical event-shape observables can be identified as the minimum EMD be-
tween a collider event and a manifold defined by a certain radiation pattern. For example,

'In this analysis, the energies of the events compared in each EMD calculation are always normalised to
each other, and so the EMD is presented here in a simplified form.



the simplest case considers the P3B manifold, defined by the set of all back-to-back two-
particle events with energy E]%B:

2
PEB = {ZEgBé(ﬁm) | Eip >0, Ay = @}.
=1

where 7 is along the direction of the thrust axis, and 7; = p;/Epp, and p; is the momentum
of particle i. The event thrust may be constructed in terms of an optimal transport problem
between the collider event & and PPB.2 A common definition of the thrust for an event
with M massless particles and total energy Fiotal is given by

M |- N
t(€) = QmmZ [pil(1 — s - 7))
A i=1 Etotal
M
= 2mﬁinz
i=1 total

%

min(l —n;-n, 1+n,;- TAL) (13)

From eq. (1.3), it is clear that thrust can be formulated as the transportation cost to move
particle i to either # or —7, with an angular measure of

07 = 2nl'nj, = 2(1 — |7i; - 7))

and a normalised energy weight

fii= )
Y Etotal

The minimisation over 7 is equivalent to finding the thrust axis of the event. This expression

is identified as the EMD between £ and the closest event £ € PEB:

t(€) = EMD(E, &),

with 5 = 2 in the notation of eq. (1.1). The transverse thrust is obtained by making a
transverse projection of the events and considering only the ring of back-to-back particle
geometries (or, ‘dipole-like geometries’) made by the subset of PYB which exists in the
transverse plane (illustrated in figure 1).

Similarly, choosing § = 1 instead yields the event spherocity, while considering the
larger manifold of all two-particle configurations Py yields the event broadening [85]. The
smallest distances between the sets of N-particle manifolds (which do not necessarily con-
serve momentum) and £ are equivalent to the event N-jettinesses [86].

Following the example of these event isotropy variables, other event shapes could be
constructed to probe different aspects of QCD radiation in collider events. The development
of other observables with potentially model- or search-specific applications, e.g. those with
non-jetty geometries [52, 88], may be a promising area for further study.

When computing the transverse thrust, the two energies do not have to be equal.
3 Analogously, performing such a calculation within a jet instead of an event results in the N-
subjettiness [87].
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Figure 1. A representation of the EMD as the minimum distance of an event £ to a manifold of
two-particle back-to-back events P£E. The angle 6 represents the degree of freedom corresponding
to the relative azimuthal orientation of the reference event from P22 and the collider event €. The
arrow indicates, schematically, the EMD describing the minimum cost to transport € to PPE.

2 Event isotropies

The ‘event isotropy’ Z [35] builds upon the set of event shapes defined as distances from
finite-particle configurations. This observable is defined as a Wasserstein distance between
a collider event £ and a (quasi-)uniform radiation pattern U, determined using the Energy-

Mover’s Distance (section 1.1):
Z(£)=EMD (&, U),

The total energy in each reference event U is defined to be the same as that for the collider
event & it is compared with, so that the EMD is computed with normalised energy transfer
(fij = fij/Etotal). This ensures that the event isotropy Z is bounded on Z € [0, 1] and
is dimensionless. The least isotropic events take values approaching Z = 1. By construc-
tion, perfectly (and only perfectly) isotropic events take a value of Z = 0, meaning there
is zero distance between radiation patterns. Event isotropies can therefore differentiate
between quasi-isotropic events better than the existing observables C-parameter and D-
parameter [89], which respectively take extreme values for events with symmetric radiation
along three perpendicular axes and events that are planar.

Event isotropy observables are defined on sets of massless input particles with no net
transverse momentum. In this study, the input particles are the event’s reconstructed anti-
k: jets at either detector level or particle level (section 4.1). While these objects are massive,
only their transverse momentum (pr) and angular kinematic information (rapidity, y, and
azimuthal angle, ¢) are used for the isotropy calculation. The recoil term is added to &
before computing the isotropy, following the description in ref. [35], to ensure the resulting



Geometry Ground Measure U

. 1 1
Cylinder ezcgy = ﬁgyzmx (yfg + ¢12j) UN (Y] < Ymax)

Ring Gz;ng = 5 (1 — cos ¢ij) Z/If\i,ng
Ring (Dipole) ;" = 1_1¢ (1 — cos ¢ij) Uy"®
3

Table 1. The different geometries used to define event isotropy, with their corresponding ground
measures, and default quasi-uniform configurations, adapted from ref. [35] (where the dipole geom-
etry was not considered explicitly). Details of the normalisation of these observables can be found
in ref. [35].

distribution of Z is bounded. This quantity is computed as the negative four-vector sum
of all jets inputted to the EMD calculation for a given event.

Different choices of the reference event U can be made, possessing alternative geomet-
rical symmetries. Observables with both one-dimensional ‘ring-like’ and two-dimensional
‘cylindrical’ symmetries are studied in this analysis. In practice, any reference geometry
must be constructed using a user-defined finite number of particles, IV, for the EMD to be
computed using numerical methods. This parameter should be chosen such that it is large
enough to maintain approximately continuous symmetries while balancing this against the
computational expense, since the complexity of optimal transport problems with n parti-
cles scales naively as O(n3log®n). The minimal choice of N that prevented discretisation
effects was used in this analysis to facilitate this analysis of the large Run 2 LHC dataset.

Three event-shape observables are considered in this analysis. Both a quasi-uniform
ring-like geometry with N = 128 points (Igggl%), and the special case of a ring-like geom-
etry with N = 2 (Iléyijgg) are studied. This N = 2 observable is similar to transverse thrust,
but with balanced energy as mentioned earlier. These two cases are studied to more di-
rectly compare the behaviours of the isotropy observables because they are defined on sets
with zero net transverse momentum, unlike thrust. A quasi-uniform cylindrical geometry
with N = 16 azimuthal segments is also considered (IéVyTw), resulting in a square reference
grid of 352 points in the event rapidity-azimuth plane of y € [—4.5,4.5] and ¢ € [0, 27]
(matching the acceptance region of R = 0.4 jets in ATLAS, described in section 4.1). All
EMDs are calculated with 5 = 2, so the case of Igif; is similar to the transverse thrust.
This choice of squared distances yields larger penalties for large displacements relative to
small ones. This is motivated by the study of jets rather than particles, to reduce dif-
ferences between these two pictures of the event. The squared distance measure is also
computed more efficiently. Every observable is separately normalised by the distance be-
tween the reference geometry (cylinder, ring, or dipole) and the maximally distant particle
configuration with zero net transverse momentum such that the observable is defined on a
range of [0, 1]. These observables are summarised in table 1, along with their corresponding
ground measures, following the implementations in ref. [35]. The quasi-uniform reference
geometries are illustrated in figure 2, and a schematic illustration of the three event-shape

observables studied in this analysis is provided in figure 3.
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Figure 2. Reference geometries with (a) cylindrical and ring-like symmetry with (b) 2 and (c) 128
reference points. The radius at which the points in the ring-like geometry are located is arbitrary.
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Figure 3. Schematic illustrating the three observables measured in this analysis in terms of the

Energy-Mover’s Distance from a collider event, &: Iléyijg, Igy?m, and 1 — I}J%/;gms.

Different ground measures ¢;; are chosen for the different reference geometries. For the
cylindrical case, the ground measure is taken to be the squared rapidity-azimuth distance
between particles, where y; and ¢; are the rapidity and azimuth of each input particle, y;;
and ¢;; are their differences between initial position ¢ and new position j, and ymax = 4.5 is
the maximum rapidity acceptance the cylinder. For the ring geometry (both the isotropic
and dipole configurations), the ground measure is taken to be the transversely projected
opening angle ¢ between particles ¢ and j. In all isotropy calculations, the reference
geometry is oriented with respect to each event such that the overall EMD is minimised.
For large N, this is easily accomplished by azimuthally rotating the reference geometry



such that a particle in the reference event is aligned with the leading jet in each event.
For the case of Iggg , this minimisation is particularly important and the solution is non-
trivial, akin to the computation of the thrust axis. The relative azimuthal angle between
Z/{;\i,ILgQ and collider events that minimises the EMD is therefore found numerically using a
function minimiser [90].

To display the results of this analysis most clearly, all presented observables follow the
historical convention that the least isotropic (‘dijet-like’) topology is near values of 0, and
the most isotropic topology is near values of 1. Therefore, the results of this measurement
are presented in terms of 1 —I{{Vggms, 1 —Igmi and Igggz. Figure 4 shows the distributions
of these observables at particle level and detector level for the PYTHIA sample of simulated
events described in section 3.3, in events with Nje > 2 and Hro = (pTJ +pT72) > 500 GeV
(section 4.2, for details about the binning see section 4.3). For the ring-like geometries
shown in figures 4a and 4b, it is clear that most multijet events passing this selection at
the LHC are dijet-like and well-balanced, but significant tails extend into the isotropic
regions. The behaviour of I&TIG, shown in figure 4c, is more complex and exhibits a ‘bulk’
area with tails toward both isotropic topologies (large jet multiplicities, events with both
central and forward jets) and non-isotropic topologies (jets only in one detector region,
particularly the forward region on only one side of the event).

To better understand the differences between the shapes of Iggg and 1 — gggl%
informative to consider these observables in exclusive bins of jet multiplicity, Njet. These

N=128
IRing

, it is

distributions are shown in figure 5, demonstrating the improved performance of 1 —

relative to other event-shape observables in terms of selecting isotropic multijet events. For

Iljpyijgz, each exclusive jet-multiplicity bin is distributed across the entire range of the event

shape. Three-jet events produce extremal values of Iﬁfiig
also be produced by events with other jet multiplicities. The 1 —

most often, but such values may
Iggglzg observable has
distinct endpoints for each exclusive jet-multiplicity bin, and the event shape distribution
is dominated by events with increasing jet multiplicities as its value increases. As jet
multiplicities are sequentially ordered in this case, the higher cross-section for lower jet
multiplicities results in a flatter distribution at lower values of 1 — Ifgyijgl% than for Iggg ,
where the cross-section falls more steeply for values near 0.

Even though there is a calculable EMD between the reference configurations them-
selves, the choice of ground measure used to define event isotropy observables results in
a non-trivial relationship between 1 — Iﬁlijgus and I{)Yij;. This choice is also the reason
that the two observables obtain their extreme values from different types of events. The
correlations between the studied event-isotropy observables are illustrated at particle level
in figure 6. This correspondence was discussed in ref. [35], and results from the choice of
ground measure and EMD angular exponent S = 2, which causes the triangle inequality

to be violated for these observables:
0 <EMD(E,E") £« EMD(E,E") + EMD(E',E").

In fact, EMDs with this ground measure belong to a generalised class of ground measures
known as p-Wasserstein metrics [36, 37] (here, with p = /3) that instead satisfy a generalised
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Figure 4. Isotropy observables at particle level (open circles) and detector level (crosses), for

events with Hra > 500 GeV and Nje; > 2. The event isotropy observables (a) Igif; ,(b) 1 —Igijg%

and (c) 1 — IévyTw are shown. The lower panel of each figure displays the ratios of detector-
level to particle-level distributions. The plots are produced using simulated events generated with
PyTHIA 8.230.

version of the triangle inequality:
EMD(E, £")!/% < EMD(€, €")"/? + EMD(£', €)'/,

where the parameter [ is the exponent related to angular weighting in Equation 1.1 (taken
here as f = 2). The non-trivial relationship between these observables motivates mea-
surements of multiple reference-particle configurations with the same dimensionality — i.e.

measuring both 1 — gggl% and Igii;.
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3 The ATLAS detector, data and simulation

3.1 The ATLAS detector

The ATLAS detector [91] at the LHC covers nearly the entire solid angle around the colli-
sion point.? It consists of an inner tracking detector surrounded by a thin superconducting
solenoid, electromagnetic and hadron calorimeters, and a muon spectrometer incorporating
three large superconducting air-core toroidal magnets.

The inner-detector system is immersed in a 27T axial magnetic field and provides
charged-particle tracking in the range |n| < 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 [92, 93]. 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 |n| = 2.0. The TRT also provides electron
identification information based on the fraction of hits (typically 30 in total) above a higher
energy-deposit threshold corresponding to transition radiation.

The calorimeter system covers the pseudorapidity range |n| < 4.9. Within the region
In| < 3.2, electromagnetic calorimetry is provided by barrel and endcap high-granularity
lead/liquid-argon (LAr) calorimeters, with an additional thin LAr presampler covering
In| < 1.8 to correct for energy loss in material upstream of the calorimeters. Hadron
calorimetry is provided by the steel/scintillator-tile calorimeter, segmented into three bar-
rel structures within || < 1.7, and two copper/LAr hadron endcap calorimeters. The
solid angle coverage is completed with forward copper/LAr and tungsten/LAr calorimeter
modules optimised for electromagnetic and hadronic energy measurements respectively.

The muon spectrometer comprises separate trigger and high-precision tracking cham-
bers measuring the deflection of muons in a magnetic field generated by the superconducting
air-core toroidal magnets. The field integral of the toroids ranges between 2.0 and 6.0 T m
across most of the detector. Three layers of precision chambers, each consisting of layers of
monitored drift tubes, cover the region |n| < 2.7, complemented by cathode-strip chambers
in the forward region, where the background is highest. The muon trigger system covers
the range |n| < 2.4 with resistive-plate chambers in the barrel, and thin-gap chambers in
the endcap 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 [94]. The first-level trigger accepts events from the 40 MHz bunch crossings at
a rate below 100 kHz, which the high-level trigger further reduces to record events to disk
at about 1kHz.

4ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point (IP) in
the centre of the detector and the z-axis along the beam pipe. The z-axis points from the IP to the centre
of the LHC ring, and the y-axis points upwards. Cylindrical coordinates (r, ¢) are used in the transverse
plane, ¢ being the azimuthal angle around the z-axis. The pseudorapidity is defined in terms of the polar
angle 0 as 7 = —Intan(6/2). Angular distance is measured in units of AR = /(Ay)? + (A¢)2, where
y = (1/2)[(E + p-)/(E — p.)] is the object’s rapidity defined by its energy and longitudinal momentum.
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An extensive software suite [95] is used in data simulation, in the reconstruction and
analysis of real and simulated data, in detector operations, and in the trigger and data
acquisition systems of the experiment.

3.2 Data

This analysis is performed using data from LHC pp collisions with /s = 13 TeV, col-
lected during 2015-2018 with the ATLAS detector. The total integrated luminosity of this
dataset is 140 fb~!. The uncertainty in the combined 2015-2018 integrated luminosity is
0.83% [96], obtained using the LUCID-2 detector [97] for the primary luminosity measure-
ments, complemented by measurements using the inner detector and calorimeters. Due
to the high instantaneous luminosity and the large total inelastic proton-proton (pp) cross
section, there are, on average, 33.7 simultaneous (‘pileup’) collisions in each bunch crossing.
Data are required to satisfy certain quality requirements [73] to be included in the analysis.

3.3 Simulation

Samples of Monte Carlo (MC) simulated dijet and multijet events are used in this analysis.
Since the jet production cross-section is much larger than the cross-section for electroweak
processes, the dijet and multijet samples are sufficient to describe the data.

PyTHI1A 8.230 [98, 99] is used as the nominal MC generator for this analysis, and is also
referred to here as the ‘nominal’ simulation. Samples of 2 — 2 dijet events were simulated
using the A14 tune [28], the Lund string hadronisation model and the NNPDF2.3L0 [100]
leading-order (LO) parton distribution function (PDF) set. The PyTHIA parton shower
(PS) algorithm uses a dipole-style pp-ordered evolution, and its renormalisation and fac-
torisation scales were set to the geometric mean of the squared transverse masses of the
outgoing particles. EVTGEN [101] was used to model decays of heavy-flavour hadrons.

Two sets of SHERPA 2.2.5 [102] dijet events were used with the default AHADIC cluster
hadronisation model [103] or with the SHERPA interface to the Lund string hadronisation
model as implemented in PYTHIA 6.4, and its decay tables. These samples include LO
matrix element calculations for 2 — 2 processes, and use the SHERPA parton shower algo-
rithm based on Catani-Seymour dipole subtraction [104]. The CT14NNLO next-to-next-
to-leading-order (NNLO) PDF [105] set is used for matrix element calculations and CT10
is used for multi-parton interactions (MPI) [106].

Two sets of HERwWIG7.1.3 [107-109] multijet events were generated with the
MMHT2014NL0 PDF set [110], default cluster hadronisation model and either the de-
fault angle-ordered PS or alternative dipole PS [103]. These samples model 2 — 2 matrix
elements with NLO accuracy and 2 — 3 matrix elements with LO accuracy. Both par-
ton shower models were matched to the matrix element calculation using the MC@QNLO
matching scheme [111, 112]. The p of the leading jet is taken as the renormalisation scale.

Two additional samples of dijet events with NLO matrix element accuracy
were produced with POWHEGv2 [113-115] using the dijet process implemented in
PowHEG Box v2 [116], matched to either the PyYTHIA 8 or angle-ordered HERWIG 7 parton
showers configured as for the corresponding samples described above. The renormalisa-
tion and factorisation scales in these samples were set to the pp of the underlying Born-
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level configuration. For the PyTHIA PS, the default Lund string hadronisation model was
used with the NNPDF3.0NLO PDF set [117] and Al4 tune. For the HERWIG sample,
the NNPDF3.0NLO PDF set [117] was also used along with the default HERWIG cluster-
based hadronisation model. These samples are referred to as the ‘POWHEG+PYTHIA’ and
‘POWHEG+HERWIG’ samples.

All generated events were passed through a full detector simulation [118] based on
GEANT4 [119] and overlayed with simulated minimum-bias interactions generated using
PyTHIA 8 with the A3 tune [120] and NNPDF2.3L0 PDF set [100] 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. [75].

4 Methodology

4.1 Jets

All jets in this analysis are reconstructed using the anti-k; algorithm [76] as implemented
in FASTJET [121], using a jet radius parameter R = 0.4. The acceptance of jets at detector
level has been increased relative to other recent event-shape measurements by ATLAS [68].
In particular, jets with lower transverse momentum and jets in the forward detector region
have been included.

‘Particle-level’ jets are reconstructed in MC events without detector simulation. All
detector-stable particles with a lifetime 7 in the laboratory frame such that ¢r > 10 mm are
used, except those particles that are expected to leave no or negligible energy depositions
in the calorimeter, (i.e. neutrinos or muons). Particle-level jets are required to have a
pr > 60 GeV and a rapidity y satisfying |y| < 4.5 to enter this analysis.

Detector-level jets are reconstructed from particle-flow objects [122] that combine mea-
surements from the ATLAS inner detector and calorimeter systems to improve the jet en-
ergy resolution (JER) and improve the jet reconstruction efficiency, especially at low jet
pr. These jets are ‘cleaned’ to remove those originating from detector noise, cosmic rays
and beam-induced processes by following the methodology described in ref. [123], updated
for particle-flow jets but utilising the same observables. In particular, the leading jet in
each event is required to satisfy the ‘BadTight’ jet cleaning criteria if it is within the inner
detector acceptance (|y| < 2.4). Detector-level jets are required to have a pp > 60 GeV and
a rapidity y satisfying |y| < 4.5 to be retained for study.

The likelihood that a particle-flow jet originates from a pileup interaction following
these kinematic selections is sufficiently low that no additional pileup jet rejection is ap-
plied [124, 125].

4.2 Event selection

All detector-level events are required to have at least one vertex reconstructed from two or
more inner-detector tracks with pr > 500 MeV, and to pass the data quality requirements
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described in ref. [73]. Events are required to have at least two selected jets (Njet > 2) and
to satisfy Hpo > 400 GeV to be included in the analysis. Data were collected using a set
of single-jet triggers [126], whose thresholds varied depending on the data-taking period
during Run 2. The Hrs requirement is applied to ensure that the measurement is performed
in a fiducial region where the single-jet triggers are fully efficient for the analysis selection.

Since the acceptance of the standard jet triggers decreases with increasing jet rapidity,
they are combined with a dedicated set of forward-jet triggers. Specific combinations of
one central- and one forward-jet trigger are used to select events in ranges of Hpy where
the combination is efficient. Some triggers are prescaled during data-taking, so events in
data are reweighted by the appropriate prescale factor to recover a smoothly falling jet pr
spectrum. The prescale factors applied to central- and forward-jet triggers differ, so they
are logically combined using the ‘inclusion method’ of ref. [127].

4.3 Binning

N=16 +N=2 N=128
ICyl ’ IRing ZRing

measured in inclusive bins of Njet and Htp. The inclusive jet-multiplicity bins range
from Njt > 2 to Njet > 5, and the inclusive bins of Hpg are Hro > 500 GeV,
Hry > 1000 GeV and Hry > 1500 GeV. Events with Njet > 2 and Hro € [400,500] GeV
are included in the measurement only during the unfolding procedure (section 4.4), to mit-

In this analysis, the shape of the event isotropy observables and is

igate the impact of migrations into the lowest Hro bin of the measurement. The detector
resolution for events in the Hry € [400,500] GeV region was found to be worse than that
for events in higher Hpo bins, and so this bin was not included in measured region.

The final results (section 6) are normalised such that their integral is equal to unity
for each set of minimum Nje; and Hro requirements applied. Information about the rela-
tive normalisation of the various bins studied is thus lost, in exchange for a more precise
measurement of the distribution shapes.

4.4 Unfolding

All data presented in section 6 are unfolded using an Iterative Bayesian Unfolding (IBU)
procedure [128] to remove effects arising from the finite efficiency, acceptance and resolu-
tion of the ATLAS detector. This unfolding algorithm was implemented using the ROOUN-
FOLD [129] toolkit. Four iterations of the unfolding procedure are used for all observables
because this minimises the total uncertainty of the measurement. Unfolding for the multi-
differential measurements of event isotropy in inclusive bins of Nj¢; and Hrg is performed
simultaneously, to allow the unfolding procedure to account for migrations between all
analysis bins.

5 Systematic uncertainties

Many sources of systematic uncertainty are accounted for in this analysis; they are de-
scribed in the following sections 5.1-5.4. For each systematic uncertainty, a varied response
matrix is constructed and used in place of the nominal one during the unfolding procedure.
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5.1 Unfolding methodology: statistical uncertainties and non-closure

Statistical uncertainties arising from the finite Monte Carlo and data sample sizes used for
this measurement are estimated during the unfolding procedure with Poissonian pseudo-
experiments. For the Monte Carlo simulation, pseudo-experiments are used to vary the
response matrix used for the unfolding procedure. The input MC prior is then unfolded with
the varied response matrix; the efficiencies and acceptances are allowed to vary during this
process. For the data statistical uncertainty, pseudo-experiments are generated to vary the
input data spectrum for the unfolding procedure and are then unfolded using the nominal
PYTHIA response matrix. Five-hundred pseudo-experiments are generated in both cases;
using larger numbers of pseudo-experiments does not significantly alter the results. The
68% inter-quantile range of the output distributions generated as a result of these variations
is taken as the corresponding statistical uncertainty.

The non-closure uncertainty in the unfolding procedure is evaluated using a data-driven
reweighting procedure. 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 spectrum and the nominal PYTHIA particle-level spectrum
is taken as a systematic uncertainty.

5.2 Choice of nominal Monte Carlo generator

In order to unfold a distribution, one relies on some nominal Monte Carlo simulation to
construct the response matrix applied to data. No particular MC model matches the
data perfectly, so different results will be obtained if a different MC model is used in the
unfolding procedure. To account for the uncertainty related to the choice of nominal MC
model, the unfolding procedure is repeated with the nominal PYTHIA prior but using an
alternative MC simulation for the event sample. The alternative sample used to evaluate
this uncertainty is the HERWIG sample with an angle-ordered parton shower algorithm,
which varies many aspects of the simulation with respect to the nominal PYTHIA sample
(section 3.3). Despite the numerous differences between these two simulated samples, they
provide competitive descriptions of the measured data, and the HERWIG sample was also
considered as a plausible choice for the nominal Monte Carlo model.

The effects of changing the MC model on the analysis efficiencies, acceptance and
unfolding response matrix are considered individually. An envelope of the observed dif-
ferences between the final results following each of these three changes is constructed to
conservatively estimate the uncertainty due to the choice of nominal MC generator.

5.3 Jet energy scale and resolution

Systematic uncertainties in the R = 0.4 jet energy scale (JES) and resolution (JER) are
evaluated using a series of in situ measurements and simulation-based techniques, thor-
oughly documented in ref. [74]. The source of the largest single experimental uncertainty
throughout the analysis is related to the jet energy resolution measurement, made using
the pr balance of dijet events.

Other relevant uncertainties arise from differences in the gluon-initiated jet energy
response between PYTHIA and HERWIG (‘jet-flavour response’ in ref. [74]), and from the
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relative in situ JES calibration. For all JES/JER variations, the isotropy calculation is
repeated with the varied set of jets.

The JES/JER uncertainties can potentially result in asymmetric variations, so they
are left unsymmetrised in the presentation of the final results.

5.4 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 measurement bins.

An uncertainty in the absolute luminosity measurement is applied as a 0.83% variation
to the normalisation of the nominal PyTHIA MC simulation. Due to the normalisation
applied in this measurement, this systematic uncertainty cancels out by construction.

The uncertainty due to the mismodelling of pile-up events is negligible in all of the
final results.

During certain Run 2 data-taking periods, specific tile modules in the hadron calorime-
ter 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 distribu-
tions is evaluated by repeating the measurement while vetoing events with jets directed at
disabled modules in either data or the nominal PYTHIA sample. Differences between these
‘vetoed-event’ results and the nominal set are taken as a source of systematic uncertainty.

6 Results

A representative selection of the measured distributions are presented in this section. The
systematic uncertainties are shown in a summarised format for clarity. Uncertainties arising

from similar sources are grouped as follows:

e Stat.: statistical uncertainties related to both data and MC sample size in the un-
folding procedure (section 5.1).

o Unfolding: the data-driven non-closure uncertainty in the unfolding procedure (sec-
tion 5.1).

o MC model: uncertainty related to the choice of MC models (section 5.2), obtained
by using the HERWIG sample with angle-ordered parton showers rather than the
nominal PYTHIA MC sample when performing the unfolding procedure.

e JESHJER: all uncertainties originating from the jet energy scale and jet energy res-
olution (section 5.3) — the jet energy resolution uncertainty dominates this category

in nearly all cases.

o Exp. conditions: uncertainties related to the experimental conditions, such as those
originating from pileup reweighting and disabled tile modules (section 5.4).
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The unfolded data are compared with predictions from several state-of-the-art Monte
Carlo models (section 3.3). Good agreement is often observed between the leading-order
and next-to-leading-order Monte Carlo generators throughout the non-isotropic region of
a given distribution (i.e. for dijet-like events); poorer agreement is seen as particle config-
urations become more isotropic.

IN:2
Ring »
and Hpo > 500 GeV. Events with minimal values of this observable are balanced dijet

Figure 7 shows the most inclusive measurement of in events with Njo; > 2

events (e.g. figure 8a), while events with maximal values are symmetric trijet systems (e.g.

figure 8b). The NLO POWHEG+PYTHIA and POWHEG+HERWIG predictions overestimate

N=2
IRing )

low values. The NLO HERWIG predictions with angle-ordered parton showers are closest

the cross-section at intermediate values of and underestimate the cross-section at
to the data for small values; their agreement is slightly poorer for isotropic events. The
HERrRwIG sample with the dipole PS model appears to slightly overestimate the cross-section
of extremely well-balanced events, but agrees with the angle-ordered model throughout the
rest of the distribution. Overall, the data are best described in the isotropic region by the
MC predictions with NLO matrix element calculations. Leading-order PYTHIA and SHERPA
predictions describe the back-to-back and intermediate range of the distribution well, but
underestimate the cross-section for the most isotropic events (for values above ~ 0.6).
No significant differences are observed between the cluster and Lund string hadronisation
models for the SHERPA samples. The dominant systematic uncertainties of the measured
distribution are related either to the jet energy resolution or to the choice of MC model used
in the unfolding for isotropic events. The total uncertainty of the measured distribution is
below 5% except in the most isotropic bin, where the uncertainty due to the choice of MC
model becomes large.

The 1 — Iléyijgms distribution is shown in figure 9, also for events with Nj,; > 2 and
Hty > 500 GeV. Balanced dijet events (e.g. figure 8a) produce the smallest values of
this observable, while multijet events with isotropic energy arrangements (e.g. figure 8c)
produce the largest values. The increased dynamic range of this observable is evident, as
the measured cross-section spans approximately six orders of magnitude. The quality of
the modelling description for this observable differs from that of Iggg due to the different
isotropic patterns it selects. In particular, the POWHEG+PYTHIA and POWHEG+ HERWIG
predictions are found to strongly disagree with those of the other MC generators, over-
estimating the measured cross-section for isotropic events while all other predictions un-
derestimate it. Large differences are also found between the HERWIG angle-ordered and
dipole shower models: the dipole model predicts relatively more dijet-like events than the
angle-ordered model, and correspondingly fewer isotropic events. No notable differences
are seen between the SHERPA hadronisation models, which together are found to come the
closest to describing the measured data for larger values of 1 — ij\fijgl%. The JES/JER sys-
tematic uncertainties are the most relevant source of uncertainty for most of the unfolded
distribution, occasionally matched by the uncertainty related to the choice of nominal MC
model for the unfolding procedure. For the most isotropic events, statistical uncertainties
become non-negligible, and the systematic uncertainty related to the effect of the hadron
calorimeter’s disabled tile modules during Run 2 data-taking also becomes large. The total
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Figure 7. The shape-normalized Igijg? cross-section in data (closed circles), compared with
predictions from several Monte Carlo generators. Events with Hry > 500 GeV and Njex > 2 are
included. The middle panel displays the ratios of different event generator predictions to the
unfolded data. Event generator predictions are displayed as different marker styles. The grey band
in the upper and middle panels indicates the total uncertainty of the measurement. If the ratio of
a prediction to the unfolded data is outside the range of values displayed in the middle panel, an
arrow is drawn at the edge of the panel as an indicator. The lower panel summarises the various
sources of systematic uncertainty in the measurement. Systematic uncertainties are summarized
in groups, with different line styles. The total uncertainty is shown as a solid black line. Some
uncertainty bands take values outside the range displayed in the figure: the range is selected for
maximum clarity in the bulk of the distribution.

uncertainty of this distribution is under 5% until 1 — Zgijglw ~ 0.6, where it grows to be

larger than 10%-15% for the most isotropic events.

The most inclusive measurement of the two-dimensional isotropy observable 1 — éVmi,

for events with Njet > 2 and Hty > 500 GeV, is shown in figure 10. This distribution
exhibits different characteristics than the ring-like geometries. Events with dijet systems
in the forward region on one side of ATLAS (e.g. figure 11a) produce the smallest values
of this observable; the highest values are produced by multijet events that evenly cover
the rapidity-azimuth plane with activity in both the central and forward regions (e.g.
figure 11b). None of the MC predictions accurately describe this observable, although the

best descriptions occur near the peak of the distribution around 1 — IJCVyTIG ~ 0.8. The
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Figure 8. Displays of three events in the Run 2 dataset that are examples of extreme values of the
ring-like event-isotropy observables studied in this analysis. The event displays show an image of the
event in the transverse plane, with the beamline running perpendicularly into the images at their
centres. Anti-k; R = 0.4 particle-flow jets passing a pp requirement of 60 GeV are illustrated as cones
in these displays, with a length corresponding to their logarithmically rescaled pr. Charged-particle
tracks in the inner detector are also shown, as curved lines. The events are (a) event 1921189174
from run 349268, which has small values of both ZF=2 and 1 — ZX: =128 (b) event 1126942872 from

Ring Ring
IN:128

run 305811, which has a large value of Iﬁfifg and a moderate value of 1 — Zg; =%, and (c) event

2132056011 from run 349268, which has a large value of 1 — I{%’if&}% and a moderate value of Iﬁfifg.
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Figure 9. The shape-normalized Ilj;.yifgmg

predictions from several Monte Carlo generators. Events with Hpy > 500 GeV and Njee > 2
are included. The middle panel displays the ratios of different event generator predictions to the
unfolded data. Event generator predictions are displayed as different marker styles. The grey band
in the upper and middle panels indicates the total uncertainty of the measurement. If the ratio of
a prediction to the unfolded data is outside the range of values displayed in the middle panel, an
arrow is drawn at the edge of the panel as an indicator. The lower panel summarises the various

cross-section in data (closed circles), compared with

sources of systematic uncertainty in the measurement. Systematic uncertainties are summarized
in groups, with different line styles. The total uncertainty is shown as a solid black line. Some
uncertainty bands take values outside the range displayed in the figure: the range is selected for
maximum clarity in the bulk of the distribution.

HERWIG angle-ordered and dipole parton shower models predict distributions that have a
peak at respectively larger and smaller values than that observed in the measured data.
This results in large differences between their respective ratios to the unfolded data. As a
result, they surround the data points across the entire distribution except for the highest-
value bin. The predictions from the PyTHIA, POWHEG+PYTHIA and POWHEG+HERWIG
samples are consistent except at low values, where the PYTHIA sample overestimates the
observed cross-section. Once again, no sensitivity to the hadronisation models implemented
in SHERPA is observed. The precision of the measurement in this Nj and Hro bin is
everywhere better than 10%, and is dominated throughout by the jet energy resolution
component of the JES/JER error band.
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Figure 10. The shape-normalized Igyfw cross-section in data (closed circles), compared with
predictions from several Monte Carlo generators. Events with Hpy > 500 GeV and Njee > 2
are included. The middle panel displays the ratios of different event generator predictions to the
unfolded data. Event generator predictions are displayed as different marker styles. The grey band
in the upper and middle panels indicates the total uncertainty of the measurement. If the ratio of
a prediction to the unfolded data is outside the range of values displayed in the middle panel, an
arrow is drawn at the edge of the panel as an indicator. The lower panel summarises the various
sources of systematic uncertainty in the measurement. Systematic uncertainties are summarized in
groups, with different line styles. The total uncertainty is shown as a solid black line.

Figures 12-14 present measurements of event isotropy observables with Hrs > 500 GeV
and an increasing minimum Nje; requirement. Intuitively, the average value of each ob-
servable becomes larger as the minimum jet multiplicity is increased, indicating a more
isotropic topology. Binning in Nje; can elicit larger differences between the MC predic-
tions, particularly between the angle-ordered and dipole HERWIG parton shower models
and the PyTHIA, POWHEG+PYTHIA and POWHEG+HERWIG predictions for back-to-back
events. Even at larger minimum jet multiplicities, the NLO MC predictions are found
to maintain the quality of their description of the rate of balanced trijet events at large
values of Ilé\fijg?. The HERWIG sample with the dipole PS model is observed to increasingly
underestimate the cross-section of back-to-back events in the I{,Yijg
multiplicity increases, while the angle-ordered PS model instead overestimates this region.

The differences between these models for the 1 — éVyTIG distributions are also enhanced by

distribution as the jet

increasing the minimum jet multiplicity.
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Figure 11. Displays of two events in the Run 2 dataset that are examples of extreme values
of the cylindrical event-isotropy observables studied in this analysis. The event displays show an
image of the event from the side of the barrel, with the beamline running horizontally across the
middle of each image. Anti-k; R = 0.4 particle-flow jets passing a pr requirement of 60 GeV are
illustrated as cones in these displays, with a length corresponding to their logarithmically rescaled
pr. Charged-particle tracks in the inner detector are also shown, as curved lines. The events are (a)
event 1095666999 from run 307454, which has a small value of 1 fIéVyTw, and (b) event 2433141809
from run 340030, which has a large value of 1 — ZT1°.

The largest uncertainties in these measured distributions are again typically due to the
JES/JER systematic uncertainties, although changing the MC model used in the unfold-
ing procedure can result in larger uncertainties for larger jet-multiplicity values (and so,
for larger values of 1 — Zg;gm
and those related to disabled tile modules can become sizeable, but never dominant for

). In the tails of distributions, the statistical uncertainties

the Hps > 500 GeV bin. Overall, each observable is measured less precisely as the mini-

N=

mum Nje; requirement is increased. The Zy 2 distributions tend to be measured with a

ing
precision better than 10%, except in the lowest and highest bins. For 1 — Iﬁfifglzs

certainty for low values is less than 5% for Nje; > 2,3 but increases in this region for larger

, the un-

jet multiplicities. In the Nje, > 5 selection, the uncertainty in this region approaches 50%.

- 29 —



A A e B RN Raama T o
E ATLAS ® Data = Pythia E ATLAS ® Data = Pythia 3
102 =5 = 13 TeV, 140 i [ Powheg+Pythia <4 Powheg+Herwig — 102 =Vs = 13 TeV, 140 ! O Powheg+Pythia 4 Powheg+Herwig -
E N >2 Sherpa (AHADIC) V Sherpa (Lund) 3 N. >3 Sherpa (AHADIC)  V Sherpa (Lund) 3
C o Viets = . . = jets = . . -
10 § Hp,>500 GeV + Herwig (Ang. ord.) € Herwig (Dipole) 10 Hy, 2 500 GeV + Herwig (Ang. ord.) £ Herwig (Dipole)
L UE E -
> - m 3 > 3
Ol F L™ 4 BluE !!!l.' B
I Yeg - M . . -
—lo E L E o i E
101 ¥ § i - 107 " ¥ 2
F 3 ® 7
o 15i¢H}HH}HHMm}m;}HHM;H}HH}HH}M_ e 15 AR
o8 T E g B g E o8 E o @ 3
E=l - [ ——" = © O O IO - S - S - S S * S— —
55 eewsawi-@ Bofg e E 58 Gheaneed GB§F % L
05 W 05
> R > B
u)E 0.2 — Total Syst. --- Stat. Unfolding = m_g 0'2: — Total Syst. --- Stat. Unfolding |
©c E 0 T e 3 © | =
Eg 0.1 = = MC Model JES+JER -~ Conditions - E‘g 0.1 = = MC Model JES+JER - - Conditions
© N = © -
= © =i o @ =
@ S 0 T e 22 i 3:) B 0
-0.1 = -0.1F
-0.2 3 02
0 01 02 03 04 05 06 07 08 09 21 0 01 02 03 04 05 06 07 08 09 21
/Rir\g IH‘"Q
(a) ]Vjet 2 2. (b) ]Vjet 2 3.
BT T T T T e g
ATLAS ® Data B Pythia 3 E ATLAS ® Data ® Pythia E
102 =5 = 13 TeV, 140 ! O Powheg+Pythia <4 Powheg+Herwig ; 102 ;\E =13 TeV, 140 o O Powheg+Pythia 4 Powheg+Herwig ;
Ny 2 4 Sherpa (AHADIC)  V Sherpa (Lund) 3 EN 25 Sherpa (AHADIC)  V Sherpa (Lund) 3
10 HI::Z 500 GeV + Herwig (Ang. ord.) £2 Herwig (Dipole) 10 r Hfzsz 500 GeV + Herwig (Ang. ord.) £ Herwig (Dipole)
£ £ = -
G A L L R L L E
s oy BB " w
107 10 = . é
PN IETRTATIN AFRTETAS SRTATATE STATRTAT ST SR SRR AR A \H\\HHMH‘MH\M\H\HH\HH\HH\HHMHT
2 qpE o qgEH Y
o8 - ogs ] E
gg 1 ég*ﬁ'ﬂ N @ """ g gg 1%@§§§'§'ﬂ"'5 ————— g % ————— g ————— % ——————— 8-—
E ¥ 5
0 b O -
2 9o T T T T T T T 2 9o T T T T T T T
of VF —Total Syst.  --- Stat. Unfolding oE — Total Syst.  --- Stat Unfolding E
2t o41E - = MC Model JES+JER - - Conditions 2t o1k - = MC Model JES+JER -~ Conditions =
zg v g VT E
o 2 © 2 el ——— - .. 3
cs 0 TS C_‘:"j‘—._"_ﬂ g
\
-0.1 -0.1=
-0.2 020
0 0 01 02 03 04 05 06 07 08 09 21
Tring
(€) Nt > 4. (d) Njet > 5.

Figure 12. The shape-normalized Iggg cross-section in data (closed circles), compared with
predictions from several Monte Carlo generators. The distribution is presented for events with
Hry > 500 GeV, in several inclusive bins of Nje;. The middle panels display the ratios of different
event generator predictions to the unfolded data. Event generator predictions are displayed as
different marker styles. The grey band in the upper and middle panels indicates the total uncertainty
of the measurement. The lower panels summarise the various sources of systematic uncertainty in
the measurement. Systematic uncertainties are summarized in groups, with different line styles.

The total uncertainty is shown as a solid black line.
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Figure 13. The shape-normalized Igi:gus cross-section in data (closed circles), compared with
predictions from several Monte Carlo generators. The distribution is presented for events with
Hry > 500 GeV, in several inclusive bins of Nje;. The middle panels display the ratios of different
event generator predictions to the unfolded data. The grey band in the upper and middle panels
indicates the total uncertainty of the measurement. If the ratio of a prediction to the unfolded
data is outside the range of values displayed in the middle panels, an arrow is drawn at the edge
of the panel as an indicator. Event generator predictions are displayed as different marker styles.
The lower panels summarise the various sources of systematic uncertainty in the measurement.
Systematic uncertainties are summarized in groups, with different line styles. The total uncertainty
is shown as a solid black line. Some uncertainty bands take values outside the range displayed in
the figure: the range is selected for maximum clarity in the bulk of the distribution.
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Figure 14. The shape-normalized
predictions from several Monte Carlo generators. The distribution is presented for events with
Hto > 500 GeV, in several inclusive bins of Nje;. The middle panels display the ratios of different
event generator predictions to the unfolded data. Event generator predictions are displayed
as different marker styles. The grey band in the upper and middle panels indicates the total
uncertainty of the measurement. If the ratio of a prediction to the unfolded data is outside the
range of values displayed in the middle panels, an arrow is drawn at the edge of the panel as
an indicator. The lower panels summarise the various sources of systematic uncertainty in the
measurement. Systematic uncertainties are summarized in groups, with different line styles. The

total uncertainty is shown as a solid black line.
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Finally, cross-sections measured differentially with respect to the event isotropy ob-
servables are presented in inclusive bins of both Nje and Hry for the ring-like isotropies
in figure 15 and for the cylindrical isotropy in figure 16. In these figures, events with
Njet > 5 are shown in three inclusive Hro bins. The trends observed are also generally
observable for other jet multiplicities. There are no significant trends in MC modelling that
evolve as a function of Hre. Events are noted to very gradually become more collimated
and dijet-like as the energy scale of the events increases. The MC predictions’ description
of the measured data often improves as Hpy increases, but trends in modelling are similar
to those observed in the other measured distributions. For these triple-differential mea-
surements, the uncertainty that dominates depends on the bin. At low energy scales, it
is typically related to the choice of nominal MC model used in the unfolding procedure.
In the higher Hpo bins, the impact of the JES/JER uncertainty on the steeply falling
Hro spectrum compounds as the energy scale is increased beyond the region where the
measurement is normalized, resulting in degraded precision at high energies.
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Figure 15. The shape-normalized Ing and I Ring 128 cross-sections in data (closed circles), com-

pared with predictions from several Monte Carlo generators. Events with Nje; > 5 are presented
differentially in inclusive bins of Hry. The middle panels display the ratios of different event gener-
ator predictions to the unfolded data. Event generator predictions are displayed as different marker
styles. The grey band in the upper and middle panels indicates the total uncertainty of the mea-
surement. If the ratio of a prediction to the unfolded data is outside the range of values displayed
in the middle panels, an arrow is drawn at the edge of the panel as an indicator. The lower panels
summarise the various sources of systematic uncertainty in the measurement. Systematic uncer-
tainties are summarized in groups, with different line styles. The total uncertainty is shown as a
solid black line. Some uncertainty bands take values outside the range displayed in the figure: the
range is selected for maximum clarity in the bulk of the distribution.
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Figure 16. The shape-normalised Iévyflﬁ cross-section in data (closed circles), compared with

predictions from several Monte Carlo generators. Events with Nj. > 5 are presented differentially
in inclusive bins of Hpy. The middle panels display the ratios of different event generator predictions
to the unfolded data. Event generator predictions are displayed as different marker styles. The grey
band in the upper and middle panels indicates the total uncertainty of the measurement. If the
ratio of a prediction to the unfolded data is outside the range of values displayed in the middle
panels, an arrow is drawn at the edge of the panel as an indicator. The lower panels summarise
the various sources of systematic uncertainty in the measurement. Systematic uncertainties are
summarized in groups, with different line styles. The total uncertainty is shown as a solid black
line. Some uncertainty bands take values outside the range displayed in the figure: the range is
selected for maximum clarity in the bulk of the distribution.

7 Concluding remarks

A measurement of novel event-shape observables that describe collider events in terms
of their event isotropy has been performed in 139 fb~! of proton-proton collisions with
centre-of-mass energy /s = 13 TeV, recorded with the ATLAS detector at CERN’s Large
Hadron Collider. These event shapes are defined in terms of isotropic reference geometries
with cylindrical and circular symmetries, using the Energy-Mover’s Distance to quantify
Wasserstein distances between multijet events and the isotropic configurations in terms of
optimal transport problems. Event isotropies are shown to have increased sensitivity to
isotropic multijet events when compared with other event shapes such as the transverse
thrust. They are capable of exposing a remote piece of QCD phase space that is difficult
to model and relevant to many searches for physics beyond the Standard Model.

Cross-sections are measured differentially with respect to three event-isotropy observ-
ables in inclusive bins of jet multiplicity and Hrs. These measurements are corrected for
acceptance and detector resolution effects, and normalised relative to the number of events
passing the analysis selection in each such bin. This procedure allows the measurement to
directly probe the shape of the event isotropies.

The measured data are compared with the predictions of several state-of-the-art Monte
Carlo event generators. Agreement between the unfolded data and the simulated events
tends to be best in balanced, dijet-like arrangements and deteriorates in more isotropic
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Thing
anced dijet and trijet events similarly to the transverse thrust, the predictions of NLO MC
_IN_:128

Ring
which interpolates between balanced dijet events and isotropic multijet configurations in

configurations. For the measurement of an observable that interpolates between bal-

generators generally outperform those of LO simulation. In the measurement of 1

the transverse plane, no single event generator accurately describes the distribution. In par-
ticular, the descriptions from the NLO POWHEG+PYTHIA and HERWIG simulations differ
in the region sensitive to isotropic configurations. The two-dimensional isotropy 1 — Iévmi
interpolates between forward dijet events and multijet events with activity more evenly
covering the rapidity-azimuth plane. This observable is not well-predicted by any MC gen-
erator, and elicits large differences between the parton shower models available in HERWIG.

A Rivet routine is available for this measurement [130], and the measured data points
have been made publicly available along with other auxiliary information [131] for use in

future Monte Carlo tuning campaigns and other studies of QCD.
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