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The prevalence of hadronic jets at the LHC requires that a deep understanding of jet formation and
structure is achieved in order to reach the highest levels of experimental and theoretical precision. There
have been many measurements of jet substructure at the LHC and previous colliders, but the targeted
observables mix physical effects from various origins. Based on a recent proposal to factorize physical
effects, this Letter presents a double-differential cross-section measurement of the Lund jet plane using
139 fb−1 of

ffiffiffi

s
p ¼ 13 TeV proton-proton collision data collected with the ATLAS detector using jets

with transverse momentum above 675 GeV. The measurement uses charged particles to achieve a fine
angular resolution and is corrected for acceptance and detector effects. Several parton shower Monte Carlo
models are compared with the data. No single model is found to be in agreement with the measured data
across the entire plane.

DOI: 10.1103/PhysRevLett.124.222002

Jets are collimated sprays of particles resulting from
high-energy quark and gluon production. The details of the
process that underlies the fragmentation of quarks and
gluons with quantum chromodynamic (QCD) charge into
neutral hadrons is not fully understood. In the soft gluon
(“eikonal”) picture of jet formation, a quark or gluon
radiates a haze of relatively low energy and statistically
independent gluons [1,2]. As QCD is nearly scale invariant,
this emission pattern is approximately uniform in the two-
dimensional space spanned by lnð1=zÞ and lnð1=θÞ, where
z is the momentum fraction of the emitted gluon relative to
the primary quark or gluon core and θ is the emission
opening angle. This space is called the Lund plane [3]. The
Lund plane probability density can be extended to higher
orders in QCD and is the basis for many calculations of jet
substructure observables [4–7].
The Lund plane is a powerful representation for provid-

ing insight into jet substructure; however, the plane is not
observable because it is built from quarks and gluons.
A recent proposal [8] describes a method to construct an
observable analog of the Lund plane using jets, which
captures the salient features of this representation. Jets are
formed using clustering algorithms that sequentially com-
bine pairs of protojets starting from the initial set of
constituents [9]. Following the proposal, a jet’s constituents

are reclustered using the Cambridge/Aachen (C/A) algo-
rithm [10,11], which imposes an angle-ordered hierarchy
on the clustering history. Then, the C/A history is followed
in reverse (“declustered”), starting from the hardest proto-
jet. The Lund plane can be approximated by using the
softer (harder) protojet to represent the emission (core) in
the original theoretical depiction. For each proto-jet pair, at
each step in the C/A declustering sequence, an entry is
made in the approximate Lund plane (henceforth, the
“primary Lund jet plane” or LJP) using the observables
ln ð1=zÞ and ln ðR=ΔRÞ, with

z ¼ pemission
T

pemission
T þ pcore

T
and

ΔR2 ¼ ðyemission − ycoreÞ2 þ ðϕemission − ϕcoreÞ2;

where pT is transverse momentum [12], y is rapidity,
R is the jet radius parameter, and ΔR measures the angular
separation. Using this approach, individual jets are repre-
sented as a set of points within the LJP. Ensembles of jets
may be studied by measuring the double-differential cross
section in this space. The substructure of emissions, which
may themselves be composite objects, is not considered in
this analysis. To leading-logarithm (LL) accuracy, the
average density of emissions within the LJP is uniform [8]:

1

Njets

d2Nemissions

d lnð1=zÞd lnðR=ΔRÞ ∝ constant; ð1Þ

where Njets is the number of jets. This construction of
the plane is selected to separate momentum and angular
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measurements, although other choices such as ½lnðR=ΔRÞ;
kt ¼ zΔR� are valid.
The Lund plane has played a central role in state-of-

the-art QCD calculations of jet substructure [13–18]
which have so far only been studied with the jet mass
mjet [19,20] (which is itself a diagonal line in the LJP:
ln 1=z ∼ lnm2

jet=p
2
T − 2 lnR=ΔR) and groomed jet radius

[21,22]. The number of emissions within regions of the LJP
is also calculable and provides optimal discrimination
between quark and gluon jets [5].

This Letter presents a double-differential cross-
section measurement of the LJP, corrected for detector
effects, using an integrated luminosity of 139 fb−1 of

ffiffiffi

s
p ¼

13 TeV proton-proton (pp) collision data collected by the
ATLAS detector. A unique feature of this measurement
is that contributions from various QCD effects such as
initial-state radiation, the underlying event and multiparton
interactions, hadronization, and perturbative emissions
are well localized in the LJP. This factorization is shown
in Fig. 1(a), which qualitatively indicates the regions

(a) Schematic representation of the LJP.
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(b) Ratio of varied parton shower algorithms.
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(c) Ratio of varied hadronization models.
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(d) Ratio of varied matrix elements.

FIG. 1. (a) Schematic representation of the LJP. The line zθ ≲ ΛQCD roughly indicates the transition between regions where either
perturbative (zθ > ΛQCD) or nonperturbative (zθ < ΛQCD) effects are expected to dominate. “UE/MPI” denotes the region where
sources of nearly uniform radiation are relevant. (b) The ratio of the Lund jet plane as simulated by the HERWIG7.1.3 MC generator with
either an angle-ordered parton shower or a dipole parton shower. (c) The ratio of the Lund jet plane as simulated by the SHERPA2.2.5 MC
generator with either the AHADIC cluster-based or Lund string-based hadronization algorithm. (d) The ratio of the LJP as simulated by
either the POWHEG+PYTHIA8.230 or PYTHIA8.230 MC generators. The inner set of axes indicate the coordinates of the LJP itself, while
the outer set indicate corresponding values of z and ΔR.
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populated by soft vs hard, wide-angle vs collinear,
and perturbative vs nonperturbative radiation. Since
different regions are dominated by factorized processes,
the LJP measurement can be useful for tuning non-
perturbative models and for constraining the model param-
eters of advanced parton shower (PS) Monte Carlo (MC)
programs [23–26].
The ATLAS detector [27–29] is a general-purpose

particle detector which provides nearly 4π coverage in
solid angle. The inner tracking detector (ID) is inside a 2 T
magnetic field and measures charged-particle trajectories
up to jηj ¼ 2.5. The innermost component of the ID is a
pixelated silicon detector with fine granularity that is able
to resolve ambiguities inside the dense hit environment of
jet cores [30], surrounded by silicon strip and transition
radiation detectors. Beyond the ID are electromagnetic and
hadronic calorimeters, from which topologically connected
clusters of cells [31] are formed into jets using the anti-kt
algorithm with radius parameter R ¼ 0.4 [32,33]. The jet
energy scale is calibrated so that, on average, the detector-
level jet energy is the same as that of the corresponding
particle-level jets [34].
Events are selected using single-jet triggers [35,36].

The leading and subleading jets are used for the measure-
ment and are required to satisfy pleading

T > 675 GeV and
pleading
T < 1.5 × psubleading

T . This jet-pT balance simplifies
the interpretation of the final state in terms of a 2 → 2
scattering process. Both jets must be within the ID
acceptance (jηj < 2.1). About 29.5 million jets satisfy these
selection criteria.
Particle-level charged hadrons and their reconstructed

tracks are used for this measurement because individual
particle trajectories can be precisely identified with the
ID. As the LJP observables are dimensionless and isospin
is an approximate symmetry of the strong force, the
difference between the LJP observables constructed using
all interacting particles and charged particles is small
[21]. Tracks are required to have pT > 500 MeV and be
associated with the primary vertex with the largest sum of
track p2

T in the event [37]. Tracks within ΔR ¼ 0.4 of the
cores of selected jets are used to construct the LJP
observables by clustering them using the C/A algorithm
and populating the plane by iterative declustering.
The fiducial region of the measurement spans 19 bins
in lnð1=zÞ between lnð1=0.5Þ and 8.4 × lnð1=0.5Þ, and 13
bins in lnðR=ΔRÞ between 0.0 and 4.33. The maximum
ΔR is the jet radius and the minimum ΔR is comparable
to the pixel pitch. The maximum z is 0.5 and the
minimum is 500 MeV=pjet

T .
Samples of dijet events were simulated in order to

perform the unfolding and compare with the corrected
data. The nominal sample was simulated using PYTHIA8.186

[38,39] with the NNPDF2.3 LO [40] set of parton dis-
tribution functions (PDF), a pT-ordered PS, Lund string
hadronization [41,42], and the A14 set of tuned parameters

(tune) [43]. Additional samples were simulated by
PYTHIA8.230 [44] with the NNPDF2.3 LO PDF set and
the A14 tune, using either the PYTHIA LO matrix elements
(MEs) or NLO MEs from POWHEG [45–48]; SHERPA2.1.1

[49] with the CT10LO PDF set, a pT-ordered PS [50], an
ME with up to three partons (merged with the CKKW
prescription [51]) and the AHADIC (A HADronization
model In Cþþ) cluster-based hadronization model
[52,53]; SHERPA2.2.5 with the CT14NNLO PDF set [54]
including 2 → 2 MEs and either the AHADIC hadronization
model or the Lund string model; and HERWIG7.1.3

[26,55,56] with the MMHT2014NLO PDF set [57] and
either the default angle-ordered (Ang. ord.) PS or a dipole
PS and cluster hadronization [52]. Further details of these
samples may be found in Ref. [58]. The PYTHIA8.186 and
SHERPA2.1.1 events were passed through the ATLAS detec-
tor simulation [59] based on GEANT4 [60]. The effect of
multiple pp interactions in the same and neighboring
bunch crossings (pileup) was modeled by overlaying
the hard-scatter event with minimum-bias pp collisions
generated by PYTHIA8 with the A3 tune [61] and the
NNPDF2.3 LO PDF set. The distribution of pileup vertices
was reweighted to match data, which have an average of
33.7 simultaneous interactions per bunch crossing.
Figures 1(b)–1(d) illustrate the kinematic domains of

various physical effects in the LJP using ratios at charged-
particle level between pairs of MC simulations where one
component of the simulation is varied. Varying the PS
model in HERWIG7.1.3 [Fig. 1(b)] results in differences of up
to 50% in the perturbative hard and wide-angle emissions
entering the lower-left region of the LJP. Changing the
hadronization model in SHERPA2.1.1 [Fig. 1(c)] causes
variations up to 50% in a different region of the plane,
populated by softer and more collinear emissions at the
boundary between perturbative and nonpertu rbative
regions. Varying the ME from LO (PYTHIA8.230) to NLO
(POWHEG+PYTHIA8.230) [Fig. 1(d)] causes small changes of
up to 10% in the region populated by the hardest and
widest-angle emissions.
Selected data are unfolded to correct for detector bias,

resolution, and acceptance effects by applying iterative
Bayesian unfolding [62] with four iterations implemented
in RooUnfold [63]. The MC generator used to unfold the
data is PYTHIA8.186. The number of iterations was chosen to
minimize the total uncertainty. The unfolding procedure
corrects the LJP constructed from detector-level objects to
charged-particle level, where jets and charged particles are
defined similarly to those at detector level: jets are
reconstructed using the same anti-kt algorithm with detec-
tor-level stable (cτ > 10 mm) nonpileup particles, exclud-
ing muons and neutrinos, as inputs. The same kinematic
requirements as for detector-level jets are imposed on these
jets; charged particles with pT > 500 MeV within ΔR ¼
0.4 of the cores of particle-level jets are used to populate the
charged-particle-level LJP.
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Emissions at detector level and charged-particle level are
uniquely matched in η-ϕ to construct the response matrix.
The matching procedure follows the order of the C/A
declustering, starting from the widest-angle detector-level
emission and iterating towards the jet core. The closest
charged-particle-level match with angular separation
ΔR < 0.1 takes precedence. Unmatched emissions from
tracks not due to a single charged particle (detector level)
and from nonreconstructed charged particles (charged-
particle level) are accounted for with purity and efficiency
corrections. Corrections are applied before (purity) and
after (efficiency) the regularized inversion of the response
matrix. Both the purity and efficiency corrections are about
20% for wide-angle, hard emissions (lower-left quadrant of
the LJP), increasing to 80% for the most collinear splittings
and 50% in the lowest-z bins. For matched emissions, the
lnð1=zÞ and lnðR=ΔRÞ bin migrations between particle and
detector levels are largely independent. Furthermore, since
the differential cross section varies slowly across the LJP,
the purities and efficiencies are approximately the same
across the entire LJP. The lnðR=ΔRÞ migrations in a given
lnð1=zÞ bin are less than 60% for the smallest opening
angles and decrease to less than 40% for the widest angles.
The lnð1=zÞ migrations decrease from about 50% for the
softest to about 20% for the hardest emissions, with some
degradation for the softest emissions at small opening
angles. Migrations for both observables are nearly sym-
metric except for lnðR=ΔRÞ > 3, where harder-to-resolve
small opening angles are measured with asymmetric
resolution. In less than 10% of these cases, particle-level
and detector-level emissions are mismatched and therefore
measured with the wrong lnð1=zÞ. While the lnðR=ΔRÞ
migrations are nearly the same when lnð1=zÞ migrates by
one bin, the lnð1=zÞ migrations increase by about 30%
when lnðR=ΔRÞ migrates by one bin.
The unfolded distribution is normalized to the number of

jets that pass the event selection, rendering the measure-
ment insensitive to the total jet cross section. After
normalization, the integral of the LJP is the average number
of emissions within the fiducial region.
Experimental systematic uncertainties are evaluated by

applying variations to each source, propagating them
through the unfolding procedure, and taking the difference
between the modified and nominal results. Theoretical
uncertainties arise from jet fragmentation modeling.
Different systematic uncertainties are treated as being
independent. The size of various sources of uncertainty
within selected regions of the LJP is displayed in Fig. 3.
Uncertainties in the jet energy are determined using a

mixture of simulation-based and in situ techniques [34].
These uncertainties cause the migration of jets into or out of
the fiducial acceptance, and are typically above 3% in total,
reaching at most 7%. Uncertainties related to the
reconstruction of isolated tracks and tracks within dense
environments are considered bymodifying themeasuredpT

of individual tracks or removing them completely [30,64].
These uncertainties are small, contributing less than 0.5%.
Other experimental uncertainties related to the modeling of
pileup and the stability of the measurement across data-
taking periods are less than 1% except for the most collinear
splittings, where they reach 5%. A data-driven nonclosure
uncertainty is determined by unfolding the detector-level
distribution following a reweighting based on a comparison
of the corresponding simulated detector-level distribution
with the data [65]. This uncertainty is less than 1%except for
the most collinear splittings, where it approaches 5%. An
uncertainty for the matching procedure between emissions
at detector and charged-particle levels is determined by
repeating the unfolding and iterating through the C/A
declustering sequence in reverse (from collinear to wide-
angle emissions), taking the change in the result as an
uncertainty. This uncertainty is less than 1% everywhere.
Theoretical uncertainties arise mainly from the accuracy

of jet fragmentation modeling. Variations in jet fragmenta-
tion can impact the result through a combination of sources:
efficiency or purity corrections, response matrix, and
unfolding prior. These contributions are estimated by
repeating the unfolding with SHERPA2.2.1. As the correlation
between the uncertainty sources is unknown, an envelope
of the 100% and 0% correlation hypotheses is taken as
the total modeling uncertainty. This uncertainty ranges
between 5% and 20% depending on the region (larger for
soft-collinear splittings) and is the largest single source of
uncertainty. Experimental uncertainties are found to be
comparable to those arising from modeling in some regions
of the LJP.
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The total systematic uncertainty varies across the LJP; an
uncertainty between 5% and 20% is achieved. The uncer-
tainty is found to increase as kt ¼ zΔR decreases: the bin
with the smallest kt is also measured least precisely, and has
a total uncertainty of about 20%.
The unfolded LJP is shown in Fig. 2. A triangular region

with kt ≳ ΛQCD is populated nearly uniformly by perturba-
tive emissions, agreeing with the LL expectation [Eq. (1)].

A large number of emissions are found at the transition to the
nonperturbative regime, as αs is enhanced for small values of
kt. Emissions beyond the transition fall within the non-
perturbative region of the LJP (kt ≲ ΛQCD), and are sup-
pressed. The average number of emissions in the fiducial
region is measured to be 7.34� 0.03ðsystÞ � 0.11ðstatÞ.
The uncertainty is estimated by propagating uncertainties
from the measurement in an uncorrelated and symmetrized
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manner. The corresponding average emissions for
PYTHIA8.230 is 7.64 and 7.67 for POWHEG+PYTHIA8.230.
The average value for SHERPA2.2.5 is 6.90 for AHADIC
hadronization and 7.30 for Lund string hadronization. The
average value for HERWIG7 is 7.41 for the dipole PS and 7.37
for the angle-ordered PS. While a similar bracketing of the
data by PYTHIA and SHERPAwith AHADIC hadronization was
noted in Ref. [66], the particle multiplicity inside jets has not
previously been decomposed into perturbative and non-
perturbative components.
Figure 3 shows data from four selected horizontal and

vertical slices through the LJP, along with a breakdown of
the systematic uncertainties [67]. The data are compared
with predictions from several MC generators. While no
prediction describes the data accurately in all regions, the
HERWIG7.1.3 angle-ordered prediction provides the best
description across most of the plane. The differences
between the PS algorithms implemented in HERWIG7.1.3

are notable at large values of kt ¼ zΔR, where the two
models disagree most significantly for hard emissions
reconstructed at the widest angles [Fig. 3(a) and 3(b)].
The POWHEG+PYTHIA and PYTHIA predictions only differ
significantly for hard and wide-angle perturbative emis-
sions, where ME corrections are relevant. The hadroniza-
tion algorithms implemented in SHERPA2.2.5 are most
different at small values of kt, particularly for soft-collinear
splittings at the transition between perturbative and non-
perturbative regions of the plane. The ability of the LJP to
isolate physical effects is highlighted in Fig. 3(b), where as
emissions change from wide angled to more collinear, the
distribution passes through a region sensitive to the choice
of PS model, and then enters a region which is instead
sensitive to the hadronization model. Figures 3(c) and 3(d)
show regions dominated by nonperturbative effects. The
PYTHIA samples describe the data in the collinear region of
the jet core well, but all simulations fail to describe the
softest, widest-angle emissions, which are characteristic of
contributions from the underlying event. The PYTHIA8.186

and SHERPA2.2.1 predictions are not shown, but are con-
sistent with the PYTHIA8.230 and SHERPA2.2.5 (Lund string
hadronization) predictions, respectively. These observa-
tions indicate that the LJP may provide useful input to
both perturbative and nonperturbative model development
and tuning.
In summary, a measurement of the jet substructure based

on the Lund jet plane is reported. The analysis dataset
corresponds to an integrated luminosity of 139 fb−1 of
13 TeV LHC proton-proton collisions recorded by the
ATLAS detector. The measurement is performed on an
inclusive selection of dijet events, with a leading jet
pT > 675 GeV. Selected jets are reconstructed from topo-
logical clusters using the anti-kt algorithm with R ¼ 0.4,
and their associated charged-particle tracks are used to
construct the observables of interest. The data are presented
as an unfolded double-differential cross section, and

compared with several Monte Carlo generators with vari-
ous degrees of modeling accuracy. This measurement
illustrates the ability of the Lund jet plane to isolate various
physical effects, and will provide useful input to both
perturbative and nonperturbative model development
and tuning.

We thank CERN for the very successful operation of the
LHC, as well as the support staff from our institutions
without whom ATLAS could not be operated efficiently.
We acknowledge the support of ANPCyT, Argentina;
YerPhI, Armenia; ARC, Australia; BMWFW and FWF,
Austria; ANAS, Azerbaijan; SSTC, Belarus; CNPq and
FAPESP, Brazil; NSERC, NRC and CFI, Canada; CERN;
CONICYT, Chile; CAS, MOST and NSFC, China;
COLCIENCIAS, Colombia; MSMT CR, MPO CR and
VSC CR, Czech Republic; DNRF and DNSRC, Denmark;
IN2P3-CNRS and CEA-DRF/IRFU, France; SRNSFG,
Georgia; BMBF, HGF and MPG, Germany; GSRT,
Greece; RGC and Hong Kong SAR, China; ISF and
Benoziyo Center, Israel; INFN, Italy; MEXT and JSPS,
Japan; CNRST, Morocco; NWO, Netherlands; RCN,
Norway; MNiSW and NCN, Poland; FCT, Portugal;
MNE/IFA, Romania; MES of Russia and NRC KI,
Russia Federation; JINR; MESTD, Serbia; MSSR,
Slovakia; ARRS and MIZŠ, Slovenia; DST/NRF, South
Africa; MINECO, Spain; SRC andWallenberg Foundation,
Sweden; SERI, SNSF and Cantons of Bern and Geneva,
Switzerland; MOST, Taiwan; TAEK, Turkey; STFC,
United Kingdom; DOE and NSF, USA. In addition, indi-
vidual groups and members have received support from
BCKDF, CANARIE, Compute Canada and CRC, Canada;
ERC, ERDF, Horizon 2020, Marie Skłodowska-Curie
Actions and COST, European Union; Investissements
d’Avenir Labex, Investissements d’Avenir Idex and ANR,
France; DFG and AvH Foundation, Germany; Herakleitos,
Thales and Aristeia programmes co-financed by EU-ESF
and the Greek NSRF, Greece; BSF-NSF and GIF, Israel;
CERCA Programme Generalitat de Catalunya and
PROMETEO Programme Generalitat Valenciana, Spain;
Göran Gustafssons Stiftelse, Sweden; The Royal Society
and Leverhulme Trust, United Kingdom. The crucial com-
puting support from all WLCG partners is acknowledged
gratefully, in particular from CERN, the ATLAS Tier-1
facilities at TRIUMF (Canada), NDGF (Denmark, Norway,
Sweden), CC-IN2P3 (France), KIT/GridKA (Germany),
INFN-CNAF (Italy), NL-T1 (Netherlands), PIC (Spain),
ASGC (Taiwan), RAL (UK) and BNL (USA), the Tier-2
facilities worldwide and large non-WLCG resource provid-
ers. Major contributors of computing resources are listed
in Ref. [68].

[1] J. Gatheral, Exponentiation of eikonal cross sections in
nonabelian gauge theories, Phys. Lett. 133B, 90 (1983).

PHYSICAL REVIEW LETTERS 124, 222002 (2020)

222002-6

https://doi.org/10.1016/0370-2693(83)90112-0


[2] J. Frenkel and J. C. Taylor, Non-Abelian eikonal exponen-
tiation, Nucl. Phys. B246, 231 (1984).

[3] B. Andersson, G. Gustafson, L. Lönnblad, and U.
Pettersson, Coherence effects in deep inelastic scattering,
Z. Phys. C 43, 625 (1989).

[4] M. Dasgupta, A. Fregoso, S. Marzani, and G. P. Salam,
Towards an understanding of jet substructure, J. High
Energy Phys. 09 (2013) 029.

[5] C. Frye, A. J. Larkoski, J. Thaler, and K. Zhou, Casimir
meets Poisson: Improved quark/gluon discrimination with
counting observables, J. High Energy Phys. 09 (2017) 083.

[6] M. Dasgupta, F. A. Dreyer, K. Hamilton, P. F. Monni, and
G. P. Salam, Logarithmic accuracy of parton showers: A
fixed-order study, J. High Energy Phys. 09 (2018) 033.

[7] G. P. Salam, L. Schunk, and G. Soyez, Dichroic subjettiness
ratios to distinguish colour flows in boosted boson tagging,
J. High Energy Phys. 03 (2017) 022.

[8] F. A. Dreyer, G. P. Salam, and G. Soyez, The Lund jet plane,
J. High Energy Phys. 12 (2018) 064.

[9] G. P. Salam, Towards jetography, Eur. Phys. J. C 67, 637
(2010).

[10] Y. L. Dokshitzer, G. D. Leder, S. Moretti, and B. R. Webber,
Better jet clustering algorithms, J. High Energy Phys. 08
(1997) 001.

[11] M. Wobisch and T. Wengler, Hadronization corrections to
Jet Cross-Sections in Deep-Inelastic scattering, in Monte
Carlo generators for HERA physics. Proceedings, Work-
shop, Hamburg, Germany, 1998 (DESY, Hamburg, 1998),
p. 270, https://www.desy.de/~heramc/proceedings/.

[12] ATLAS uses a right-handed coordinate system with 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 (r, ϕ) are used
in the transverse plane, ϕ being the azimuthal angle around
the beam pipe. The pseudorapidity is defined in terms of the
polar angle ϑ as η ¼ − ln tanðϑ=2Þ.

[13] C. Frye, A. J. Larkoski, M. D. Schwartz, and K. Yan,
Factorization for groomed jet substructure beyond the
next-to-leading logarithm, J. High Energy Phys. 07 (2016)
064.

[14] C. Frye, A. J. Larkoski, M. D. Schwartz, and K. Yan,
Precision physics with pile-up insensitive observables,
arXiv:1603.06375.

[15] S. Marzani, L. Schunk, and G. Soyez, A study of jet mass
distributions with grooming, J. High Energy Phys. 07
(2017) 132.

[16] S. Marzani, L. Schunk, and G. Soyez, The jet mass
distribution after Soft Drop, Eur. Phys. J. C 78, 96 (2018).

[17] Z.-B. Kang, K. Lee, X. Liu, and F. Ringer, Soft drop groomed
jet angularities at the LHC, Phys. Lett. B 793, 41 (2019).

[18] Z.-B. Kang, K. Lee, X. Liu, and F. Ringer, The groomed and
ungroomed jet mass distribution for inclusive jet production
at the LHC, J. High Energy Phys. 10 (2018) 137.

[19] ATLAS Collaboration, Measurement of the Soft-Drop Jet
Mass in pp Collisions at

ffiffiffi

s
p ¼ 13 TeV with the ATLAS

Detector, Phys. Rev. Lett. 121, 092001 (2018).
[20] CMS Collaboration, Measurements of the differential jet

cross section as a function of the jet mass in dijet events

from proton–proton collisions at
ffiffiffi

s
p ¼ 13 TeV, J. High

Energy Phys. 11 (2018) 113.
[21] ATLAS Collaboration, A measurement of soft-drop jet

observables in pp collisions with the ATLAS detector at
ffiffiffi

s
p ¼ 13 TeV, Phys. Rev. D 101, 052007 (2020).

[22] STAR Collaboration, Measurement of groomed jet sub-
structure observables in pp Collisions at

ffiffiffi

s
p ¼ 200 GeV

with STAR, arXiv:2003.02114.
[23] N. Fischer, S. Prestel, M. Ritzmann, and P. Skands, VINCIA

for hadron colliders, Eur. Phys. J. C 76, 589 (2016).
[24] S. Höche and S. Prestel, The midpoint between dipole and

parton showers, Eur. Phys. J. C 75, 461 (2015).
[25] Z. Nagy and D. E. Soper, Effects of subleading color in a

parton shower, J. High Energy Phys. 07 (2015) 119.
[26] J. Bellm et al., Herwig 7.0/Herwig++ 3.0 release note, Eur.

Phys. J. C 76, 196 (2016).
[27] ATLAS Collaboration, The ATLAS Experiment at the

CERN Large Hadron Collider, J. Instrum. 3, S08003 (2008).
[28] ATLAS Collaboration, ATLAS Insertable B-Layer Techni-

cal Design Report No. ATLAS-TDR-19, 2010, https://cds
.cern.ch/record/1291633; Addendum, CERN, Report
No. ATLAS-TDR-19-ADD-1, 2012.

[29] B. Abbott et al., Production and integration of the ATLAS
insertable B-layer, J. Instrum. 13, T05008 (2018).

[30] ATLAS Collaboration, Performance of the ATLAS track
reconstruction algorithms in dense environments in LHC
Run 2, Eur. Phys. J. C 77, 673 (2017).

[31] ATLAS Collaboration, Topological cell clustering in the
ATLAS calorimeters and its performance in LHC Run 1,
Eur. Phys. J. C 77, 490 (2017).

[32] M. Cacciari, G. P. Salam, and G. Soyez, The anti-kt jet
clustering algorithm, J. High Energy Phys. 04 (2008) 063.

[33] M. Cacciari, G. P. Salam, and G. Soyez, FastJet user manual,
Eur. Phys. J. C 72, 1896 (2012).

[34] ATLAS Collaboration, Jet energy scale measurements and
their systematic uncertainties in proton–proton collisions at
ffiffiffi

s
p ¼ 13 TeV with the ATLAS detector, Phys. Rev. D 96,
072002 (2017).

[35] ATLAS Collaboration, Performance of the ATLAS trigger
system in 2015, Eur. Phys. J. C 77, 317 (2017).

[36] ATLAS Collaboration, The performance of the jet trigger
for the ATLAS detector during 2011 data taking, Eur. Phys.
J. C 76, 526 (2016).

[37] ATLAS Collaboration, Early Inner Detector Tracking
Performance in the 2015 Data at

ffiffiffi

s
p ¼ 13 TeV, CERN,

Report No. ATL-PHYS-PUB-2015-051, 2015https://cds
.cern.ch/record/2110140.

[38] T. Sjöstrand, S. Mrenna, and P. Z. Skands, PYTHIA 6.4
physics and manual, J. High Energy Phys. 05 (2006) 026.

[39] T.Sjöstrand,S.Mrenna, andP. Z.Skands,Abrief introduction
to PYTHIA 8.1, Comput. Phys. Commun. 178, 852 (2008).

[40] R. D. Ball et al., Parton distributions with LHC data, Nucl.
Phys. B867, 244 (2013).

[41] B. Andersson, G. Gustafson, G. Ingelman, and T. Sjöstrand,
Parton fragmentation and string dynamics, Phys. Rep. 97,
31 (1983).

[42] T. Sjöstrand, Jet fragmentation of multiparton configu-
rations in a string framework, Nucl. Phys. B248, 469
(1984).

PHYSICAL REVIEW LETTERS 124, 222002 (2020)

222002-7

https://doi.org/10.1016/0550-3213(84)90294-3
https://doi.org/10.1007/BF01550942
https://doi.org/10.1007/JHEP09(2013)029
https://doi.org/10.1007/JHEP09(2013)029
https://doi.org/10.1007/JHEP09(2017)083
https://doi.org/10.1007/JHEP09(2018)033
https://doi.org/10.1007/JHEP03(2017)022
https://doi.org/10.1007/JHEP12(2018)064
https://doi.org/10.1140/epjc/s10052-010-1314-6
https://doi.org/10.1140/epjc/s10052-010-1314-6
https://doi.org/10.1088/1126-6708/1997/08/001
https://doi.org/10.1088/1126-6708/1997/08/001
https://www.desy.de/%7Eheramc/proceedings/
https://www.desy.de/%7Eheramc/proceedings/
https://www.desy.de/%7Eheramc/proceedings/
https://doi.org/10.1007/JHEP07(2016)064
https://doi.org/10.1007/JHEP07(2016)064
https://arXiv.org/abs/1603.06375
https://doi.org/10.1007/JHEP07(2017)132
https://doi.org/10.1007/JHEP07(2017)132
https://doi.org/10.1140/epjc/s10052-018-5579-5
https://doi.org/10.1016/j.physletb.2019.04.018
https://doi.org/10.1007/JHEP10(2018)137
https://doi.org/10.1103/PhysRevLett.121.092001
https://doi.org/10.1007/JHEP11(2018)113
https://doi.org/10.1007/JHEP11(2018)113
https://doi.org/10.1103/PhysRevD.101.052007
https://arXiv.org/abs/2003.02114
https://doi.org/10.1140/epjc/s10052-016-4429-6
https://doi.org/10.1140/epjc/s10052-015-3684-2
https://doi.org/10.1007/JHEP07(2015)119
https://doi.org/10.1140/epjc/s10052-016-4018-8
https://doi.org/10.1140/epjc/s10052-016-4018-8
https://cds.cern.ch/record/1291633
https://cds.cern.ch/record/1291633
https://cds.cern.ch/record/1291633
https://doi.org/10.1088/1748-0221/13/05/T05008
https://doi.org/10.1140/epjc/s10052-017-5225-7
https://doi.org/10.1140/epjc/s10052-017-5004-5
https://doi.org/10.1088/1126-6708/2008/04/063
https://doi.org/10.1140/epjc/s10052-012-1896-2
https://doi.org/10.1103/PhysRevD.96.072002
https://doi.org/10.1103/PhysRevD.96.072002
https://doi.org/10.1140/epjc/s10052-017-4852-3
https://doi.org/10.1140/epjc/s10052-016-4325-0
https://doi.org/10.1140/epjc/s10052-016-4325-0
https://cds.cern.ch/record/2110140
https://cds.cern.ch/record/2110140
https://cds.cern.ch/record/2110140
https://doi.org/10.1088/1126-6708/2006/05/026
https://doi.org/10.1016/j.cpc.2008.01.036
https://doi.org/10.1016/j.nuclphysb.2012.10.003
https://doi.org/10.1016/j.nuclphysb.2012.10.003
https://doi.org/10.1016/0370-1573(83)90080-7
https://doi.org/10.1016/0370-1573(83)90080-7
https://doi.org/10.1016/0550-3213(84)90607-2
https://doi.org/10.1016/0550-3213(84)90607-2


[43] ATLAS Collaboration, ATLAS Pythia 8 tunes to 7 TeV data,
CERN, Report No. ATL-PHYS-PUB-2014-021, 2014,
https://cds.cern.ch/record/1966419.

[44] T. Sjöstrand, S. Ask, J. R. Christiansen, R. Corke, N. Desai,
P. Ilten, S. Mrenna, S. Prestel, C. O. Rasmussen, and P. Z.
Skands, An introduction to PYTHIA 8.2, Comput. Phys.
Commun. 191, 159 (2015).

[45] P. Nason, A new method for combining NLO QCD with
shower Monte Carlo algorithms, J. High Energy Phys. 11
(2004) 040.

[46] S. Frixione, P. Nason, and C. Oleari, Matching NLO QCD
computations with parton shower simulations: The POW-
HEG method, J. High Energy Phys. 11 (2007) 070.

[47] S. Alioli, K. Hamilton, P. Nason, C. Oleari, and E. Re, Jet
pair production in POWHEG, J. High Energy Phys. 04
(2011) 081.

[48] S. Alioli, P. Nason, C. Oleari, and E. Re, A general
framework for implementing NLO calculations in shower
Monte Carlo programs: The POWHEG BOX, J. High
Energy Phys. 06 (2010) 043.

[49] T. Gleisberg et al., Event generation with SHERPA 1.1,
J. High Energy Phys. 02 (2009) 007.

[50] S. Schumann and F. Krauss, A parton shower algorithm
based on Catani-Seymour dipole factorisation, J. High
Energy Phys. 03 (2008) 038.

[51] S. Höche, F. Krauss, M. Schönherr, and F. Siegert, QCD
matrix elementsþ parton showers: The NLO case, J. High
Energy Phys. 04 (2013) 027.

[52] B. R. Webber, AQCD model for jet fragmentation including
soft gluon interference, Nucl. Phys. B238, 492 (1984).

[53] J.-C. Winter, F. Krauss, and G. Soff, A modified cluster
hadronization model, Eur. Phys. J. C 36, 381 (2004).

[54] S. Dulat et al., New parton distribution functions from a
global analysis of quantum chromodynamics, Phys. Rev. D
93, 033006 (2016).

[55] M. Bahr et al., Herwigþþ physics and manual, Eur. Phys.
J. C 58, 639 (2008).

[56] J. Bellm et al., Herwig 7.1 Release Note, arXiv:1705.06919.
[57] L. A. Harland-Lang, A. D. Martin, P. Motylinski, and R. S.

Thorne, Parton distributions in the LHC era: MMHT 2014
PDFs, Eur. Phys. J. C 75, 204 (2015).

[58] ATLAS Collaboration, Multijet simulation for 13 TeV
ATLAS analyses, Report No. ATL-PHYS-PUB-2019-017,
2019, https://cds.cern.ch/record/2672252.

[59] ATLAS Collaboration, The ATLAS simulation infrastruc-
ture, Eur. Phys. J. C 70, 823 (2010).

[60] S. Agostinelli et al., Geant4—A simulation toolkit,
Nucl. Instrum. Methods Phys. Res., Sect. A 506, 250
(2003).

[61] ATLAS Collaboration, The Pythia 8 A3 tune description of
ATLAS minimum bias and inelastic measurements incor-
porating the Donnachie–Landshoff diffractive model,
Report No. ATL-PHYS-PUB-2016-017, 2016, https://cds
.cern.ch/record/2206965.

[62] G. D’Agostini, A multidimensional unfolding method based
on Bayes’ theorem, Nucl. Instrum. Methods Phys. Res.,
Sect. A 362, 487 (1995).

[63] T. Adye, Unfolding algorithms and tests using RooUnfold,
arXiv:1105.1160.

[64] ATLAS Collaboration, Study of the material of the ATLAS
inner detector for Run 2 of the LHC, J. Instrum. 12, P12009
(2017).

[65] B. Malaescu, An iterative, dynamically stabilized method of
data unfolding, arXiv:0907.3791.

[66] ATLAS Collaboration, Measurement of the charged-particle
multiplicity inside jets from

ffiffiffi

s
p ¼ 8 TeV pp collisions with

the ATLAS detector, Eur. Phys. J. C 76, 322 (2016).
[67] See the Supplemental Material at http://link.aps.org/

supplemental/10.1103/PhysRevLett.124.222002 for the
complete set of comparisons between data and simulation
and other details.

[68] ATLAS Collaboration, ATLAS Computing Acknowledge-
ments, Report No. ATL-GEN-PUB-2016-002, https://cds
.cern.ch/record/2202407.

G. Aad,102 B. Abbott,129 D. C. Abbott,103 A. Abed Abud,71a,71b K. Abeling,53 D. K. Abhayasinghe,94 S. H. Abidi,167

O. S. AbouZeid,40 N. L. Abraham,156 H. Abramowicz,161 H. Abreu,160 Y. Abulaiti,6 B. S. Acharya,67a,67b,b B. Achkar,53

S. Adachi,163 L. Adam,100 C. Adam Bourdarios,5 L. Adamczyk,84a L. Adamek,167 J. Adelman,121 M. Adersberger,114

A. Adiguzel,12c S. Adorni,54 T. Adye,144 A. A. Affolder,146 Y. Afik,160 C. Agapopoulou,65 M. N. Agaras,38 A. Aggarwal,119

C. Agheorghiesei,27c J. A. Aguilar-Saavedra,140f,140a,c F. Ahmadov,80 W. S. Ahmed,104 X. Ai,18 G. Aielli,74a,74b S. Akatsuka,86

T. P. A. Åkesson,97 E. Akilli,54 A. V. Akimov,111 K. Al Khoury,65 G. L. Alberghi,23b,23a J. Albert,176

M. J. Alconada Verzini,161 S. Alderweireldt,36 M. Aleksa,36 I. N. Aleksandrov,80 C. Alexa,27b T. Alexopoulos,10

A. Alfonsi,120 F. Alfonsi,23b,23a M. Alhroob,129 B. Ali,142 M. Aliev,166 G. Alimonti,69a S. P. Alkire,148 C. Allaire,65

B. M.M. Allbrooke,156 B.W. Allen,132 P. P. Allport,21 A. Aloisio,70a,70b A. Alonso,40 F. Alonso,89 C. Alpigiani,148

A. A. Alshehri,57 M. Alvarez Estevez,99 D. Álvarez Piqueras,174 M. G. Alviggi,70a,70b Y. Amaral Coutinho,81b A. Ambler,104

L. Ambroz,135 C. Amelung,26 D. Amidei,106 S. P. Amor Dos Santos,140a S. Amoroso,46 C. S. Amrouche,54 F. An,79

C. Anastopoulos,149 N. Andari,145 T. Andeen,11 C. F. Anders,61b J. K. Anders,20 A. Andreazza,69a,69b V. Andrei,61a

C. R. Anelli,176 S. Angelidakis,38 A. Angerami,39 A. V. Anisenkov,122b,122a A. Annovi,72a C. Antel,54 M. T. Anthony,149

E. Antipov,130 M. Antonelli,51 D. J. A. Antrim,171 F. Anulli,73a M. Aoki,82 J. A. Aparisi Pozo,174 L. Aperio Bella,15a

J. P. Araque,140a V. Araujo Ferraz,81b R. Araujo Pereira,81b C. Arcangeletti,51 A. T. H. Arce,49 F. A. Arduh,89 J-F. Arguin,110

S. Argyropoulos,78 J.-H. Arling,46 A. J. Armbruster,36 A. Armstrong,171 O. Arnaez,167 H. Arnold,120

PHYSICAL REVIEW LETTERS 124, 222002 (2020)

222002-8

https://cds.cern.ch/record/1966419
https://cds.cern.ch/record/1966419
https://cds.cern.ch/record/1966419
https://doi.org/10.1016/j.cpc.2015.01.024
https://doi.org/10.1016/j.cpc.2015.01.024
https://doi.org/10.1088/1126-6708/2004/11/040
https://doi.org/10.1088/1126-6708/2004/11/040
https://doi.org/10.1088/1126-6708/2007/11/070
https://doi.org/10.1007/JHEP04(2011)081
https://doi.org/10.1007/JHEP04(2011)081
https://doi.org/10.1007/JHEP06(2010)043
https://doi.org/10.1007/JHEP06(2010)043
https://doi.org/10.1088/1126-6708/2009/02/007
https://doi.org/10.1088/1126-6708/2008/03/038
https://doi.org/10.1088/1126-6708/2008/03/038
https://doi.org/10.1007/JHEP04(2013)027
https://doi.org/10.1007/JHEP04(2013)027
https://doi.org/10.1016/0550-3213(84)90333-X
https://doi.org/10.1140/epjc/s2004-01960-8
https://doi.org/10.1103/PhysRevD.93.033006
https://doi.org/10.1103/PhysRevD.93.033006
https://doi.org/10.1140/epjc/s10052-008-0798-9
https://doi.org/10.1140/epjc/s10052-008-0798-9
https://arXiv.org/abs/1705.06919
https://doi.org/10.1140/epjc/s10052-015-3397-6
https://cds.cern.ch/record/2672252
https://cds.cern.ch/record/2672252
https://cds.cern.ch/record/2672252
https://doi.org/10.1140/epjc/s10052-010-1429-9
https://doi.org/10.1016/S0168-9002(03)01368-8
https://doi.org/10.1016/S0168-9002(03)01368-8
https://cds.cern.ch/record/2206965
https://cds.cern.ch/record/2206965
https://cds.cern.ch/record/2206965
https://doi.org/10.1016/0168-9002(95)00274-X
https://doi.org/10.1016/0168-9002(95)00274-X
https://arXiv.org/abs/1105.1160
https://doi.org/10.1088/1748-0221/12/12/P12009
https://doi.org/10.1088/1748-0221/12/12/P12009
https://arXiv.org/abs/0907.3791
https://doi.org/10.1140/epjc/s10052-016-4126-5
http://link.aps.org/supplemental/10.1103/PhysRevLett.124.222002
http://link.aps.org/supplemental/10.1103/PhysRevLett.124.222002
http://link.aps.org/supplemental/10.1103/PhysRevLett.124.222002
http://link.aps.org/supplemental/10.1103/PhysRevLett.124.222002
http://link.aps.org/supplemental/10.1103/PhysRevLett.124.222002
http://link.aps.org/supplemental/10.1103/PhysRevLett.124.222002
http://link.aps.org/supplemental/10.1103/PhysRevLett.124.222002
https://cds.cern.ch/record/2202407
https://cds.cern.ch/record/2202407
https://cds.cern.ch/record/2202407


Z. P. Arrubarrena Tame,114 G. Artoni,135 S. Artz,100 S. Asai,163 N. Asbah,59 E. M. Asimakopoulou,172 L. Asquith,156

J. Assahsah,35d K. Assamagan,29 R. Astalos,28a R. J. Atkin,33a M. Atkinson,173 N. B. Atlay,19 H. Atmani,65 K. Augsten,142

G. Avolio,36 R. Avramidou,60a M. K. Ayoub,15a A. M. Azoulay,168b G. Azuelos,110,d H. Bachacou,145 K. Bachas,68a,68b

M. Backes,135 F. Backman,45a,45b P. Bagnaia,73a,73b M. Bahmani,85 H. Bahrasemani,152 A. J. Bailey,174 V. R. Bailey,173

J. T. Baines,144 M. Bajic,40 C. Bakalis,10 O. K. Baker,183 P. J. Bakker,120 D. Bakshi Gupta,8 S. Balaji,157 E. M. Baldin,122b,122a

P. Balek,180 F. Balli,145 W. K. Balunas,135 J. Balz,100 E. Banas,85 A. Bandyopadhyay,24 Sw. Banerjee,181,e

A. A. E. Bannoura,182 L. Barak,161 W.M. Barbe,38 E. L. Barberio,105 D. Barberis,55b,55a M. Barbero,102 G. Barbour,95

T. Barillari,115 M-S. Barisits,36 J. Barkeloo,132 T. Barklow,153 R. Barnea,160 S. L. Barnes,60c B. M. Barnett,144

R. M. Barnett,18 Z. Barnovska-Blenessy,60a A. Baroncelli,60a G. Barone,29 A. J. Barr,135 L. Barranco Navarro,45a,45b

F. Barreiro,99 J. Barreiro Guimarães da Costa,15a S. Barsov,138 R. Bartoldus,153 G. Bartolini,102 A. E. Barton,90 P. Bartos,28a

A. Basalaev,46 A. Basan,100 A. Bassalat,65,f M. J. Basso,167 R. L. Bates,57 S. Batlamous,35e J. R. Batley,32 B. Batool,151

M. Battaglia,146 M. Bauce,73a,73b F. Bauer,145 K. T. Bauer,171 H. S. Bawa,31,g J. B. Beacham,49 T. Beau,136

P. H. Beauchemin,170 F. Becherer,52 P. Bechtle,24 H. C. Beck,53 H. P. Beck,20,h K. Becker,52 M. Becker,100 C. Becot,46

A. Beddall,12d A. J. Beddall,12a V. A. Bednyakov,80 M. Bedognetti,120 C. P. Bee,155 T. A. Beermann,182 M. Begalli,81b

M. Begel,29 A. Behera,155 J. K. Behr,46 F. Beisiegel,24 A. S. Bell,95 G. Bella,161 L. Bellagamba,23b A. Bellerive,34 P. Bellos,9

K. Beloborodov,122b,122a K. Belotskiy,112 N. L. Belyaev,112 D. Benchekroun,35a N. Benekos,10 Y. Benhammou,161

D. P. Benjamin,6 M. Benoit,54 J. R. Bensinger,26 S. Bentvelsen,120 L. Beresford,135 M. Beretta,51 D. Berge,46

E. Bergeaas Kuutmann,172 N. Berger,5 B. Bergmann,142 L. J. Bergsten,26 J. Beringer,18 S. Berlendis,7 G. Bernardi,136

C. Bernius,153 F. U. Bernlochner,24 T. Berry,94 P. Berta,100 C. Bertella,15a I. A. Bertram,90 O. Bessidskaia Bylund,182

N. Besson,145 A. Bethani,101 S. Bethke,115 A. Betti,42 A. J. Bevan,93 J. Beyer,115 D. S. Bhattacharya,177 P. Bhattarai,26

R. Bi,139 R. M. Bianchi,139 O. Biebel,114 D. Biedermann,19 R. Bielski,36 K. Bierwagen,100 N. V. Biesuz,72a,72b M. Biglietti,75a

T. R. V. Billoud,110 M. Bindi,53 A. Bingul,12d C. Bini,73a,73b S. Biondi,23b,23a M. Birman,180 T. Bisanz,53 J. P. Biswal,161

D. Biswas,181,e A. Bitadze,101 C. Bittrich,48 K. Bjørke,134 K. M. Black,25 T. Blazek,28a I. Bloch,46 C. Blocker,26 A. Blue,57

U. Blumenschein,93 G. J. Bobbink,120 V. S. Bobrovnikov,122b,122a S. S. Bocchetta,97 A. Bocci,49 D. Boerner,46 D. Bogavac,14

A. G. Bogdanchikov,122b,122a C. Bohm,45a V. Boisvert,94 P. Bokan,53,172 T. Bold,84a A. S. Boldyrev,113 A. E. Bolz,61b

M. Bomben,136 M. Bona,93 J. S. Bonilla,132 M. Boonekamp,145 C. D. Booth,94 H. M. Borecka-Bielska,91 A. Borisov,123

G. Borissov,90 J. Bortfeldt,36 D. Bortoletto,135 D. Boscherini,23b M. Bosman,14 J. D. Bossio Sola,104 K. Bouaouda,35a

J. Boudreau,139 E. V. Bouhova-Thacker,90 D. Boumediene,38 S. K. Boutle,57 A. Boveia,127 J. Boyd,36 D. Boye,33c,i

I. R. Boyko,80 A. J. Bozson,94 J. Bracinik,21 N. Brahimi,102 G. Brandt,182 O. Brandt,32 F. Braren,46 B. Brau,103 J. E. Brau,132

W. D. Breaden Madden,57 K. Brendlinger,46 L. Brenner,46 R. Brenner,172 S. Bressler,180 B. Brickwedde,100 D. L. Briglin,21

D. Britton,57 D. Britzger,115 I. Brock,24 R. Brock,107 G. Brooijmans,39 W. K. Brooks,147d E. Brost,121 J. H. Broughton,21

P. A. Bruckman de Renstrom,85 D. Bruncko,28b A. Bruni,23b G. Bruni,23b L. S. Bruni,120 S. Bruno,74a,74b M. Bruschi,23b

N. Bruscino,73a,73b P. Bryant,37 L. Bryngemark,97 T. Buanes,17 Q. Buat,36 P. Buchholz,151 A. G. Buckley,57 I. A. Budagov,80

M. K. Bugge,134 F. Bührer,52 O. Bulekov,112 T. J. Burch,121 S. Burdin,91 C. D. Burgard,120 A. M. Burger,130 B. Burghgrave,8

J. T. P. Burr,46 C. D. Burton,11 J. C. Burzynski,103 V. Büscher,100 E. Buschmann,53 P. J. Bussey,57 J. M. Butler,25

C. M. Buttar,57 J. M. Butterworth,95 P. Butti,36 W. Buttinger,36 C. J. Buxo Vazquez,107 A. Buzatu,158 A. R. Buzykaev,122b,122a

G. Cabras,23b,23a S. Cabrera Urbán,174 D. Caforio,56 H. Cai,173 V. M.M. Cairo,153 O. Cakir,4a N. Calace,36 P. Calafiura,18

A. Calandri,102 G. Calderini,136 P. Calfayan,66 G. Callea,57 L. P. Caloba,81b A. Caltabiano,74a,74b S. Calvente Lopez,99

D. Calvet,38 S. Calvet,38 T. P. Calvet,155 M. Calvetti,72a,72b R. Camacho Toro,136 S. Camarda,36 D. Camarero Munoz,99

P. Camarri,74a,74b D. Cameron,134 R. Caminal Armadans,103 C. Camincher,36 S. Campana,36 M. Campanelli,95

A. Camplani,40 A. Campoverde,151 V. Canale,70a,70b A. Canesse,104 M. Cano Bret,60c J. Cantero,130 T. Cao,161 Y. Cao,173

M. D. M. Capeans Garrido,36 M. Capua,41b,41a R. Cardarelli,74a F. Cardillo,149 G. Carducci,41b,41a I. Carli,143 T. Carli,36

G. Carlino,70a B. T. Carlson,139 L. Carminati,69a,69b R. M. D. Carney,45a,45b S. Caron,119 E. Carquin,147d S. Carrá,46

J. W. S. Carter,167 M. P. Casado,14,j A. F. Casha,167 D.W. Casper,171 R. Castelijn,120 F. L. Castillo,174 V. Castillo Gimenez,174

N. F. Castro,140a,140e A. Catinaccio,36 J. R. Catmore,134 A. Cattai,36 V. Cavaliere,29 E. Cavallaro,14 M. Cavalli-Sforza,14

V. Cavasinni,72a,72b E. Celebi,12b F. Ceradini,75a,75b L. Cerda Alberich,174 K. Cerny,131 A. S. Cerqueira,81a A. Cerri,156

L. Cerrito,74a,74b F. Cerutti,18 A. Cervelli,23b,23a S. A. Cetin,12b Z. Chadi,35a D. Chakraborty,121 W. S. Chan,120 W. Y. Chan,91

J. D. Chapman,32 B. Chargeishvili,159b D. G. Charlton,21 T. P. Charman,93 C. C. Chau,34 S. Che,127 S. Chekanov,6

S. V. Chekulaev,168a G. A. Chelkov,80 M. A. Chelstowska,36 B. Chen,79 C. Chen,60a C. H. Chen,79 H. Chen,29 J. Chen,60a

PHYSICAL REVIEW LETTERS 124, 222002 (2020)

222002-9



J. Chen,39 S. Chen,137 S. J. Chen,15c X. Chen,15b Y-H. Chen,46 H. C. Cheng,63a H. J. Cheng,15a A. Cheplakov,80

E. Cheremushkina,123 R. Cherkaoui El Moursli,35e E. Cheu,7 K. Cheung,64 T. J. A. Chevalérias,145 L. Chevalier,145

V. Chiarella,51 G. Chiarelli,72a G. Chiodini,68a A. S. Chisholm,21 A. Chitan,27b I. Chiu,163 Y. H. Chiu,176 M. V. Chizhov,80

K. Choi,66 A. R. Chomont,73a,73b S. Chouridou,162 Y. S. Chow,120 M. C. Chu,63a X. Chu,15a,15d J. Chudoba,141

A. J. Chuinard,104 J. J. Chwastowski,85 L. Chytka,131 D. Cieri,115 K. M. Ciesla,85 D. Cinca,47 V. Cindro,92 I. A. Cioară,27b

A. Ciocio,18 F. Cirotto,70a,70b Z. H. Citron,180,k M. Citterio,69a D. A. Ciubotaru,27b B. M. Ciungu,167 A. Clark,54

M. R. Clark,39 P. J. Clark,50 C. Clement,45a,45b Y. Coadou,102 M. Cobal,67a,67c A. Coccaro,55b J. Cochran,79 H. Cohen,161

A. E. C. Coimbra,36 L. Colasurdo,119 B. Cole,39 A. P. Colijn,120 J. Collot,58 P. Conde Muiño,140a,140h S. H. Connell,33c

I. A. Connelly,57 S. Constantinescu,27b F. Conventi,70a,l A. M. Cooper-Sarkar,135 F. Cormier,175 K. J. R. Cormier,167

L. D. Corpe,95 M. Corradi,73a,73b E. E. Corrigan,97 F. Corriveau,104,m A. Cortes-Gonzalez,36 M. J. Costa,174 F. Costanza,5

D. Costanzo,149 G. Cowan,94 J. W. Cowley,32 J. Crane,101 K. Cranmer,125 S. J. Crawley,57 R. A. Creager,137
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H. Herr,100 M. G. Herrmann,114 T. Herrmann,48 G. Herten,52 R. Hertenberger,114 L. Hervas,36 T. C. Herwig,137

G. G. Hesketh,95 N. P. Hessey,168a A. Higashida,163 S. Higashino,82 E. Higón-Rodriguez,174 K. Hildebrand,37 E. Hill,176

J. C. Hill,32 K. K. Hill,29 K. H. Hiller,46 S. J. Hillier,21 M. Hils,48 I. Hinchliffe,18 F. Hinterkeuser,24 M. Hirose,133 S. Hirose,52

D. Hirschbuehl,182 B. Hiti,92 O. Hladik,141 D. R. Hlaluku,33e X. Hoad,50 J. Hobbs,155 N. Hod,180 M. C. Hodgkinson,149

A. Hoecker,36 D. Hohn,52 D. Hohov,65 T. Holm,24 T. R. Holmes,37 M. Holzbock,114 L. B. A. H. Hommels,32 S. Honda,169

T. M. Hong,139 J. C. Honig,52 A. Hönle,115 B. H. Hooberman,173 W. H. Hopkins,6 Y. Horii,117 P. Horn,48 L. A. Horyn,37

S. Hou,158 A. Hoummada,35a J. Howarth,101 J. Hoya,89 M. Hrabovsky,131 J. Hrdinka,77 I. Hristova,19 J. Hrivnac,65

A. Hrynevich,109 T. Hryn’ova,5 P. J. Hsu,64 S.-C. Hsu,148 Q. Hu,29 S. Hu,60c Y. F. Hu,15a,15d D. P. Huang,95 Y. Huang,60a

Y. Huang,15a Z. Hubacek,142 F. Hubaut,102 M. Huebner,24 F. Huegging,24 T. B. Huffman,135 M. Huhtinen,36 R. F. H. Hunter,34

P. Huo,155 A. M. Hupe,34 N. Huseynov,80,y J. Huston,107 J. Huth,59 R. Hyneman,106 S. Hyrych,28a G. Iacobucci,54

G. Iakovidis,29 I. Ibragimov,151 L. Iconomidou-Fayard,65 Z. Idrissi,35e P. Iengo,36 R. Ignazzi,40 O. Igonkina,120,a,z

R. Iguchi,163 T. Iizawa,54 Y. Ikegami,82 M. Ikeno,82 D. Iliadis,162 N. Ilic,119,167,m F. Iltzsche,48 G. Introzzi,71a,71b M. Iodice,75a

K. Iordanidou,168a V. Ippolito,73a,73b M. F. Isacson,172 M. Ishino,163 W. Islam,130 C. Issever,19,46 S. Istin,160 F. Ito,169

J. M. Iturbe Ponce,63a R. Iuppa,76a,76b A. Ivina,180 H. Iwasaki,82 J. M. Izen,43 V. Izzo,70a P. Jacka,141 P. Jackson,1

PHYSICAL REVIEW LETTERS 124, 222002 (2020)

222002-11



R.M. Jacobs,24 B. P. Jaeger,152 V. Jain,2 G. Jäkel,182 K. B. Jakobi,100 K. Jakobs,52 T. Jakoubek,141 J. Jamieson,57

K.W. Janas,84a R. Jansky,54 J. Janssen,24 M. Janus,53 P. A. Janus,84a G. Jarlskog,97 N. Javadov,80,y T. Javůrek,36

M. Javurkova,103 F. Jeanneau,145 L. Jeanty,132 J. Jejelava,159a A. Jelinskas,178 P. Jenni,52,aa J. Jeong,46 N. Jeong,46
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55bINFN Sezione di Genova, Italy

56II. Physikalisches Institut, Justus-Liebig-Universität Giessen, Giessen, Germany
57SUPA - School of Physics and Astronomy, University of Glasgow, Glasgow, United Kingdom
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pAlso at Department of Physics, St. Petersburg State Polytechnical University, St. Petersburg, Russia
qAlso at Borough of Manhattan Community College, City University of New York, New York NY, United States of America
rAlso at Department of Financial and Management Engineering, University of the Aegean, Chios, Greece
sAlso at Department of Physics, California State University, East Bay, United States of America
tAlso at Institucio Catalana de Recerca i Estudis Avancats, ICREA, Barcelona, Spain
uAlso at Department of Physics, University of Michigan, Ann Arbor MI, United States of America
vAlso at IJCLab, Université Paris-Saclay, CNRS/IN2P3, 91405, Orsay, France
wAlso at Graduate School of Science, Osaka University, Osaka, Japan
xAlso at Physikalisches Institut, Albert-Ludwigs-Universität Freiburg, Freiburg, Germany
yAlso at Institute of Physics, Azerbaijan Academy of Sciences, Baku, Azerbaijan
zAlso at Institute for Mathematics, Astrophysics and Particle Physics, Radboud University Nijmegen/Nikhef, Nijmegen, Netherlands
aaAlso at CERN, Geneva, Switzerland
bbAlso at Department of Physics, Stanford University, Stanford CA, United States of America
ccAlso at Manhattan College, New York NY, United States of America
ddAlso at Joint Institute for Nuclear Research, Dubna, Russia
eeAlso at Hellenic Open University, Patras, Greece
ffAlso at The City College of New York, New York NY, United States of America
ggAlso at Department of Physics, California State University, Sacramento, United States of America
hhAlso at Moscow Institute of Physics and Technology State University, Dolgoprudny, Russia
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