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 a b s t r a c t

Measurements of jet substructure in Pb+Pb collisions provide key insights into the mechanism of jet quenching 
in the hot and dense QCD medium created in these collisions.This Letter presents a measurement of the sup-
pression of large-radius jets with a radius parameter of 𝑅 = 1.0 and its dependence on the jet substructure. The 
measurement uses 1.72 nb−1 of Pb+Pb data and 255 pb−1 of 𝑝𝑝 data, both at √𝑠

NN
= 5.02 TeV, recorded with 

the ATLAS detector at the Large Hadron Collider. Large-radius jets are reconstructed by reclustering 𝑅 = 0.2
calorimetric jets and are measured for transverse momentum above 200 GeV. Jet substructure is evaluated using 
charged-particle tracks, and the overall level of jet suppression is quantified using the jet nuclear modification 
factor (𝑅AA). The jet 𝑅AA is measured as a function of jet 𝑝T, the charged 𝑘𝑡 splitting scale (

√

𝑑12), and the angular 
separation (Δ𝑅12) of two leading sub-jets. The jet 𝑅AA gradually decreases with increasing 

√

𝑑12, implying signif-
icantly stronger suppression of large-radius jets with larger 𝑘𝑡 splitting scale. The jet 𝑅AA gradually decreases for 
Δ𝑅12 in the range 0.01−0.2 and then remains consistent with a constant for Δ𝑅12 ≳ 0.2. The observed significant 
dependence of jet suppression on the jet substructure will provide new insights into its role in the quenching 
process.

1.  Introduction

Collisions of heavy ions at the Relativistic Heavy Ion Collider (RHIC) 
and the Large Hadron Collider (LHC) [1] allow one to study the in-
teraction between showers of high transverse momentum (𝑝T) par-
tons produced in hard-scattering processes and quark–gluon plasma 
(QGP) formed as a result of copious liberation of colour charges dur-
ing the nuclear collisions [2,3]. The parton showers, which can be de-
scribed within perturbative quantum chromodynamics, give rise to jets 
of hadrons that can be measured in a detector. The interactions between 
the parton shower and the QGP can reduce the energies of jets and mod-
ify their substructure [4–9]. These jet modifications are referred to as 
jet quenching and are measured with a variety of observables at RHIC 
and the LHC [10–12]. Developing a quantitative theoretical description 
of jet quenching is an open problem that requires detailed experimental 
input.

One of the important mechanisms contributing to the modification 
of jet substructure is coherent radiation. When the parton shower prop-
agates through the QGP medium, colour coherence makes the medium-
induced gluon radiation unable to resolve small-angle splittings of the 
parton shower. This implies that a part of the parton shower con-
taining small-angle splittings radiates coherently as a single colour 
charge [13–15]. Consequently, the colour coherence leads to an over-
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all smaller energy loss for smaller-angle splittings than for the case of 
larger-angle splittings that interact incoherently with the QGP [16]. To 
describe this phenomenon, a parameter quantifying what part of the 
collimated shower is resolved needs to be introduced. Typically, this 
parameter is the resolution length 𝐿res [17] or, in an approximation 
of multiple soft scatterings in QGP, the (de)coherence angle 𝜃c [13,18]. 
Two partons in the shower separated by a distance or angle smaller than 
𝐿res or 𝜃c are not resolved by the medium.

Several recent measurements using various jet substructure observ-
ables [12,18] have provided experimental input that may help to quan-
tify the resolution parameter. In particular, these include measurements 
of splitting functions, groomed jet radius, and jet girth [19–24]; mea-
surements of the number of splittings and the 𝑁-subjettiness [23,25]; 
and double-differential measurements of jet fragmentation [26]. To iso-
late sub-jets entering the calculation of substructure observables, two 
strategies are used in these measurements. The first strategy relies on 
reclustering the constituents of jets [27] and employing a grooming 
method, such as Soft Drop [28,29]. The second strategy relies on clus-
tering jets with small radii (𝑅 = 0.2) that satisfy a minimum-𝑝T require-
ment into a jet with large radius (𝑅 = 1.0). The latter strategy was 
used in Ref. [24], where a significantly weaker suppression of reclus-
tered 𝑅 = 1.0 jets composed of single sub-jets was seen in comparison 
with reclustered 𝑅 = 1.0 jets composed of multiple sub-jets. Reclustered 
𝑅 = 1.0 jets are used also in the study presented here and they are called 
large-𝑅 jets in the subsequent text.

A recent theoretical study [30], which analysed the response of 
the QGP to the passing jet within the Hybrid strong/weak coupling 
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model [31], demonstrated that large-𝑅 -jet substructure measurements 
may be used to directly constrain 𝐿res. However, that study also shows 
that the coarse binning of substructure observables used in Ref. [24], 
due to the use of calorimetric objects only, does not allow precise
quantification of 𝐿res. This limitation is a consequence of the fact that 
two 𝑅 = 0.2 jets are separated by a minimum angular distance of ap-
proximately 0.2. To overcome this limitation, objects possessing better 
angular resolution, namely charged-particle tracks, may be used to study 
jet substructure. The approach with charged-particle tracks matched 
to calorimeter energy clusters was previously used in the substructure 
study in Ref. [22], where grooming was applied to jets with the tradi-
tional radius of 𝑅 = 0.4. The measurement presented here uses large-𝑅
jets together with charged-particle tracks to study jet substructure over 
the broad range of angular separation between sub-jets. The new mea-
surement thus connects the high angular resolution of charged-particle 
tracks with the large phase-space coverage and precision of large-𝑅
calorimetric jets. This approach should, therefore, help to quantify the 
impact of colour coherence on the jet energy loss.

The measurement presented in this Letter uses data collected by the 
ATLAS experiment in Pb+Pb and 𝑝𝑝 collisions at a centre-of-mass en-
ergy of 5.02 TeV per colliding nucleon pair. The Pb+Pb and 𝑝𝑝 data 
samples contain 1.72 nb−1 and 255 pb−1 of collision data, respectively.

2.  Experimental set-up

The ATLAS experiment [32] at the LHC is a multipurpose particle 
detector with a forward–backward symmetric cylindrical geometry and 
nearly 4𝜋 coverage in solid angle.2 It consists of an inner tracking de-
tector surrounded by a thin superconducting solenoid providing a 2 T 
axial magnetic field, electromagnetic and hadronic calorimeters, and a 
muon spectrometer.

The inner tracking detector covers the pseudorapidity range |𝜂| <
2.5. It consists of silicon pixel, silicon microstrip, and transition radia-
tion tracking detectors. The calorimeter system consists of a sampling 
liquid-argon (LAr) electromagnetic (EM) calorimeter covering |𝜂| < 3.2, 
a steel–scintillator sampling hadronic calorimeter covering |𝜂| < 1.7, 
LAr hadronic calorimeters covering 1.5 < |𝜂| < 3.2, and two LAr forward 
calorimeters (FCal) covering 3.1 < |𝜂| < 4.9. The endcap and forward re-
gions are thus instrumented with LAr calorimeters for EM and hadronic 
energy measurements up to |𝜂| = 4.9. A zero-degree calorimeter (ZDC) 
was situated at |𝜂| > 8.3 during Pb+Pb data-taking. It is composed of al-
ternating layers of quartz rods and tungsten plates, and is mostly sensi-
tive to spectator neutrons from fragmenting nuclei in Pb+Pb collisions.

A two-level trigger system is used to select events [33]. The first-level 
trigger is implemented in hardware and uses a subset of the detector 
information to accept events at a rate close to 100 kHz. This is followed 
by a software-based trigger that reduces the accepted rate of complete 
events to 1.25 kHz on average depending on the data-taking conditions. 
A software suite [34] 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.  Data and Monte Carlo selection

The Pb+Pb and 𝑝𝑝 data used in these measurements were collected 
in 2018 and 2017 [35], respectively. Events were selected using a 
combination of calorimeter-based jet triggers [33,36]. Both the 𝑝𝑝 and 

2 ATLAS uses a right-handed coordinate system with its origin at the nominal 
interaction point (IP) in the centre of the detector and the 𝑧-axis along the beam 
pipe. The 𝑥-axis points from the IP to the centre of the LHC ring, and the 𝑦-
axis points upwards. Polar coordinates (𝑟, 𝜙) are used in the transverse plane, 𝜙
being the azimuthal angle around the 𝑧-axis. The pseudorapidity is defined in 
terms of the polar angle 𝜃 as 𝜂 = − ln tan(𝜃∕2) and is equal to the rapidity 𝑦 =
(1∕2) ln[(𝐸 + 𝑝𝑧)∕(𝐸 − 𝑝𝑧)] in the relativistic limit. Angular distance is measured 
in units of Δ𝑅 ≡

√

(Δ𝑦)2 + (Δ𝜙)2.

Pb+Pb events are required to contain at least one primary vertex re-
constructed within 150 mm of the nominal interaction point along the 
beam axis [37]. Only events taken during stable beam conditions and 
satisfying detector and data-quality requirements, which include normal 
operation of the calorimeters and inner tracking detectors, are consid-
ered. All jets in the analysis are in a kinematic range where the jet trigger 
is fully efficient. The Pb+Pb data contain only a small fraction of events 
(< 0.5%) with multiple collisions per bunch crossing, and these are sup-
pressed using the anti-correlation of signals from the ZDC and FCal. The 
𝑝𝑝 data were collected with typically 1.4−4.4 inelastic interactions per 
bunch crossing. No Pile-uprejection is applied in the analysis of 𝑝𝑝 data.

The level of overall event activity, or centrality, in Pb+Pb collisions is 
characterized using the total transverse energy in the forward calorime-
ter, Σ𝐸FCal

T . The Σ𝐸FCal
T  distribution is divided into percentiles of the total 

inelastic cross-section for Pb+Pb collisions. Events in different ranges 
of Σ𝐸FCal

T  are associated with an underlying Pb+Pb collision geometry 
according to a Monte Carlo (MC) Glauber simulation which also allows 
us to define the nuclear thickness function, ⟨𝑇AA⟩ [38,39]. This measure-
ment uses five centrality intervals corresponding to the following Σ𝐸FCal

T
percentiles, ordered from the most central to the most peripheral colli-
sions (highest to lowest Σ𝐸FCal

T ): 0−10%, 10−20%, 20−40%, 40−60%, 
and 60−80%.

The performance of the detector and of the analysis procedure for 𝑝𝑝
collisions is evaluated using 3.2 × 107 MC events. This simulation sample 
comprises Pythia 8.2 [40] dijet events generated at a centre-of-mass 
energy of √𝑠 = 5.02 TeV with the A14 set of tuned parameters [41] 
and the NNPDF2.3lo parton distribution functions (PDFs) [42]. Pileup 
from additional 𝑝𝑝 collisions was generated by Pythia 8.1 [43], with 
the same PDFs and the parameter values set to the A3 tune [44], and 
the distribution of the number of extra collisions was matched to that 
of data. A separate sample of 3.2 × 107 simulated events was produced 
to evaluate the performance of the detector and analysis procedure for 
Pb+Pb collisions. This simulation sample was produced from minimum-
bias Pb+Pb data events overlaid with hard-scattering Pythia 8 dijet 
𝑝𝑝 events generated at a centre-of-mass energy of √𝑠 = 5.02 TeV with 
the same tune and PDFs as used in generating the 𝑝𝑝 MC sample for 
𝑝𝑝 collisions. This procedure accurately reproduces the impact of the 
underlying event on track reconstruction and the detector’s response to 
jets. This sample is reweighted on an event-by-event basis to ensure that 
the Σ𝐸FCal

T  distribution is the same as is measured in the data sample. 
The detector’s response in both samples was simulated utilizing Geant4
[45,46].

4.  Jet and track reconstruction

Two types of objects from the event reconstruction enter the anal-
ysis: calorimetric jets and charged-particle tracks from the inner detec-
tor. Jets are reconstructed using the anti-𝑘𝑡 algorithm [47,48] with a 
radius parameter of 𝑅 = 0.2. The jet reconstruction procedure follows 
that used previously in Pb+Pb collisions [49,50], and is summarized 
here. Calorimeter cells in all calorimeter layers, with their energy at 
the electromagnetic scale, are grouped into Δ𝜂 × Δ𝜙 = 0.1 × 𝜋∕32 logi-
cal towers. The towers are used as the input to the initial jet-finding per-
formed using the 𝑅 = 0.2 anti-𝑘𝑡 algorithm. After the initial jet-finding, 
the contribution from the underlying event (UE) to the energy deposited 
in the towers is estimated on an event-by-event basis. This is done by 
averaging over energies deposited in towers at a given 𝜂 position. Dur-
ing the averaging and subsequent subtraction, the 𝜙 dependence arising 
from the global collective flow in Pb+Pb collisions is also taken into 
account. Information from towers within Δ𝑅 = 0.4 of jet candidates is 
excluded from the estimate of UE energy. The energies in towers in-
side jets are updated to subtract the estimated UE contribution, and the 
UE procedure is iterated using a better-defined set of jets to define the 
exclusion regions. The resulting jet kinematics are corrected using 𝑝T- 
and 𝜂-dependent factors, determined from simulation, to account for 
the response of the calorimeter to jets [51]. An additional correction for 
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the absolute response in data is based on in situ studies of 𝑝𝑝 collisions 
where jets recoil against photons, 𝑍 bosons, or jets in other regions of 
the calorimeter [51]. This calibration is followed by a cross-calibration 
that relates the jet energy scale (JES) in high-luminosity 13 TeV 𝑝𝑝
collisions [52], used for in situ studies, to that of jets reconstructed in 
the 5.02 TeV data using the procedure outlined above. The same jet re-
construction procedure, without the azimuthal modulation of the UE, is 
also applied to 𝑝𝑝 collisions. The UE subtraction in 𝑝𝑝 collisions removes 
the Pile-upcontribution to the jet.

Charged-particle tracks are reconstructed from hits in the inner de-
tector using the standard ATLAS track reconstruction algorithm with 
settings optimized for the high hit density in heavy-ion collisions [53]. 
Only tracks with 𝑝T greater than 4 GeV are used in this analysis. A re-
quirement on the minimum number of hits and maximum number of 
holes, where a hole is defined as the absence of a hit expected to be 
on the track trajectory, ensures the high quality of reconstructed tracks. 
In order to suppress the contribution from secondary particles, require-
ments are imposed on the distance of closest approach of the track to 
the primary vertex in the transverse (𝑑0) and longitudinal (𝑧0 sin(𝜃)) di-
rections. These requirements vary with 𝑝T and 𝜂, but they do not exceed 
0.3mm for 𝑑0 and 0.5mm for 𝑧0 sin(𝜃) at 𝑝T = 4 GeV. The track recon-
struction efficiency is approximately 80% and 85% in Pb+Pb and 𝑝𝑝
collisions, respectively. The multiplicity of charged-particle tracks with 
𝑝T > 4 GeV in large-𝑅 jets with 200 < 𝑝T < 251 GeV reaches a value of 
approximately 7 in 𝑝𝑝 collisions.

5.  Analysis procedure

The reconstruction of large-𝑅 jets follows the procedure introduced 
in Ref. [24]. First, 𝑅 = 0.2 anti-𝑘𝑡 jets are reconstructed in the calorime-
ter using the method described in Section 4. The 𝑅 = 0.2 jets with 
𝑝T > 35 GeV and |𝜂| < 3.0 are then reclustered using the anti-𝑘𝑡 algo-
rithm with radius parameter 𝑅 = 1.0 to form so-called large-𝑅 jets. This 
approach enables measurements over a broad kinematic range, miti-
gates the impact of the UE, prevents possible biases from the recovery 
of quenched-jet energy that is transferred outside the 𝑅 = 0.2 sub-jets, 
and reduces systematic uncertainties [24]. This approach also allows to 
define sub-jets using the information from the reclustering of 𝑅 = 0.2 jets 
and to calculate substructure observables of interest. The use of 𝑅 = 0.2
sub-jets, however, suffers from the limitation on the minimum angular 
separation between the sub-jets, which is close to 0.2. To overcome this 
limitation, charged particles reconstructed as tracks in the inner detector 
are used in this measurement to define sub-jets of large-𝑅 jets, without 
changing the kinematics of large-𝑅 jets. Details of the sub-jet definition 
are given in the next paragraph.

First, charged-particle tracks with 𝑝T > 4 GeV that satisfy the require-
ments specified in Section 4 are matched to 𝑅 = 1.0 jets. The track-to-jet 
matching is done by ghost-association [54,55], where tracks are treated 
as being infinitesimally soft, with 𝑝T = 1 eV. The tracks with this re-
placed 𝑝T are added to the list of inputs together with the 𝑅 = 0.2 jets to 
be clustered into 𝑅 = 1.0 jets with the anti-𝑘𝑡 algorithm. This allows the 
matching to proceed, while the infinitesimally low 𝑝T of tracks implies 
that they do not affect the reconstruction of large-𝑅 jets. Tracks with 
their original kinematics associated with a 𝑅 = 1.0 jet are then reclus-
tered using the 𝑘𝑡 clustering algorithm [56] with 𝑅 = 2.5. While the ma-
jority of tracks would be clustered with a radius parameter 𝑅 = 1.0, the 
larger radius parameter is used in the 𝑘𝑡 algorithm to cover edge ef-
fects and ensure that all associated tracks are clustered into one jet. The 
reclustering is performed with the Soft Drop grooming condition applied 
with parameters 𝑧cut = 0.15, which optimizes the suppression of the UE 
contribution, and 𝛽 = 0, which guarantees that the grooming has no im-
pact on the angular structure of the jet; applying Soft Drop condition 
does not invoke a separate running of Cambridge/Aachen algorithm. 
Approximately 5% of the jets fail to satisfy the Soft Drop condition and 
are not considered in the analysis. Furthermore, the ratio of the Σ𝑝T of 
tracks associated with a jet to the reconstructed 𝑝T of the calorimetric jet 

is required to be greater than 0.2 because the absence of charged parti-
cles would undermine meaningful substructure evaluation. This require-
ment also enhances the robustness of the unfolding procedure which is 
defined later. The same requirement is applied to particle-level jets. The 
coverage of the inner tracking detector, along with the choice of radius 
parameter 𝑅 for track reclustering, limits the pseudorapidity selection 
requirement for large-𝑅 jets to |𝜂| < 1.3.

The reclustering gives access to the two leading track-based sub-jets 
of each large-𝑅 jet and defines their angular separation, Δ𝑅12, and 𝑘𝑡
splitting scale, √𝑑12, as

Δ𝑅12 =
√

(Δ𝑦12)2 + (Δ𝜙12)2,
√

𝑑12 = min(𝑝T1, 𝑝T2) × Δ𝑅12.

The Δ𝑅12 and 
√

𝑑12 were used in the previous study [24] and are di-
rectly sensitive to the medium resolution and hardness or virtuality of 
the splitting. Due to the Soft Drop condition with 𝑧cut , the phase space 
of Δ𝑅12 and 

√

𝑑12is correlated, as very soft splittings at large angular 
separation are removed by grooming.

The 𝑅 = 0.2 jets are defined at the particle level in the MC sample be-
fore detector simulation by applying the anti-𝑘𝑡 algorithm with 𝑅 = 0.2
to stable particles with a proper lifetime greater than 30 ps but exclud-
ing muons and neutrinos, which do not leave significant energy deposits 
in the calorimeter. The same kinematic requirements, the same reclus-
tering procedure, and the same ghost-association procedure to match 
particles to jets that are applied to detector-level jets are also applied at 
the particle level to obtain particle-level jets in simulation.

To quantify the magnitude of quenching effects, the jet nuclear modi-
fication factor 𝑅AA of large-𝑅 jets is evaluated. It is defined as the ratio of 
per-event jet yields measured in Pb+Pb collisions normalized by ⟨𝑇AA⟩
to the jet cross-section measured in 𝑝𝑝 collisions [57]. The large-𝑅-jet 
yields in Pb+Pb collisions, cross-sections in 𝑝𝑝 collisions, and jet 𝑅AA are 
measured differentially in jet 𝑝T, and Δ𝑅12 or 

√

𝑑12. The measurement 
is performed for jets with transverse momentum greater than 200 GeV. 
This ensures that UE fluctuations do not affect the sub-jet reconstruc-
tion and kinematics The binning chosen for the measured distributions 
provides an optimal balance between statistical precision and resolution 
effects, and also follows that used in an earlier measurement of large-𝑅
jets [24] to allow a direct comparison.

The jet reconstruction performance for large-𝑅 jets is evaluated us-
ing MC simulations. The average ratio of the reconstructed jet 𝑝T to the 
corresponding particle-level jet 𝑝T is found to be unity within 3%. The 
inclusive and differential distributions are corrected for detector effects 
using the iterative Bayesian unfolding method [58,59] in one and two 
dimensions, respectively, to reproduce the particle-level distributions. 
This correction accounts for bin migrations due to the jet energy res-
olution (JER) and JES, as well as combinatorial sub-jet contributions 
arising from UE fluctuations and additional hard partonic interactions 
in Pb+Pb collisions. To better model the data, simulated distributions 
are reweighted as a function of the reconstruction-level jet 𝑝T, 

√

𝑑12, 
and Δ𝑅12 using the reconstruction-level data-to-simulation ratio prior 
to unfolding. The number of unfolding iterations is chosen to ensure 
stability of the results while minimizing statistical uncertainty ampli-
fication. Four iterations are used for inclusive 𝑅 = 0.2 and 𝑅 = 1.0 jet 
yields and cross-sections, while six and eight iterations are applied to 
√

𝑑12 and Δ𝑅12 distributions in the two-dimensional unfolding, respec-
tively. Particle-level jets that do not match a reconstructed jet satisfying 
the selection criteria are incorporated as an inefficiency correction af-
ter unfolding. A correction is also applied to account for the migration 
in rapidity, i.e. for the presence of jets reconstructed within a selected 
rapidity region that have associated particle-level jets with rapidity out-
side of that region, and vice versa.

6.  Systematic uncertainties

The following sources of systematic uncertainty are considered: JES, 
JER, the sensitivity of the unfolding to the prior, and tracking-related 
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Fig. 1. Measured cross-sections in 𝑝𝑝 collisions and ⟨𝑇AA⟩-normalized per-event yields in Pb+Pbcollisions, evaluated as a function of (a) 
√

𝑑12 and (b) Δ𝑅12, for 
reclustered 𝑅 = 1.0 jets in the 𝑝T interval 200−251 GeV. Normalized yields are shown for five centrality bins of Pb+Pbcollisions. The vertical bars on the data points 
indicate statistical uncertainties, while the shaded boxes indicate systematic uncertainties. The shown systematic uncertainties do not include the uncertainties in 
the luminosity and ⟨𝑇AA⟩ determinations, which are correlated for all the data points and are listed in Section 6.

and overall normalization uncertainties. For each variation accounting 
for a source of systematic uncertainty, all unfolded distributions, along 
with their 𝑅AA ratios, are re-evaluated. The difference between the var-
ied and nominal distributions is used as an estimate of the uncertainty.

The systematic uncertainties from the JES and JER are evaluated 
by varying the reconstructed jet energy in simulation. The JES uncer-
tainty is split into three parts: 1) a centrality-independent baseline de-
termined from calorimetric studies [51] plus relative energy-scale dif-
ferences between heavy-ion and 13 TeV 𝑝𝑝 jet reconstruction [52]; 2) 
additional components accounting for the quark/gluon composition of 
parton showers [49]; and 3) a centrality-dependent component account-
ing for a different calorimetric response to jets with a modified parton 
shower due to quenching in Pb+Pb collisions [49,52]. The last compo-
nent is evaluated by comparing the calorimetric 𝑝T with the summed 
𝑝T of charged particles within the jet, and reaches about 1% in cen-
tral events. The JER uncertainty is assessed by repeating the unfolding 
with additional Gaussian smearing of the particle-level jet 𝑝T, where the 
smearing factor is derived from dijet energy-balance studies in 13 TeV 
𝑝𝑝 data [51] and includes additional contributions to account for the 
different heavy-ion jet reconstruction procedure.

Uncertainties related to track reconstruction and selection arise from 
several sources. First, the uncertainty due to the detector material de-
scription is evaluated by varying the material model in simulation; 
this can affect the track reconstruction efficiency by approximately 
0.5–1.8% in the 𝑝T range used in this analysis [60]. Second, the uncer-
tainty associated with track selection is determined by comparing the 
results of using the default criteria with those of using different track-
quality selections. This leads to variations in the fractions of primary, 
fake, and secondary tracks and to different tracking efficiencies. Third, 
the uncertainty due to fake and secondary tracks is estimated as 100% of 
their contribution determined in MC simulation. Finally, an additional 
0.4% uncertainty is assigned to account for the reduced tracking effi-
ciency in regions of high local track density within jet cores [61].

The systematic uncertainty in the unfolding procedure is assessed by 
constructing response matrices without applying the reweighting used 
to match the shapes of the charged-particle and jet distributions ob-
served in the data.

Finally, there are uncertainties in the overall normalization of the 
measured distributions. This includes the uncertainty of 1.0% in the 
determination of the 𝑝𝑝 luminosity [62,63] and uncertainties of 0.5%, 
0.9%, 1.8%, 3.9%, and 7.1% in the determination of ⟨𝑇AA⟩ values [49] 
for successive centrality intervals from the most central to the most pe-
ripheral. The leading systematic uncertainties affecting the yields arise 
from the JES, at approximately 10%, followed by an approximately 5% 

contribution from JER uncertainties. Uncertainties from track recon-
struction and unfolding are smaller, typically below 2% or 3%, respec-
tively. The magnitude of these uncertainties shows a mild dependence 
on both √𝑑12 and Δ𝑅12, typically increasing slightly as these variables 
approach either their highest or lowest values. When evaluating the un-
certainty in 𝑅AA, the uncertainties common to both 𝑝𝑝and Pb+Pbcolli-
sions, namely the centrality-independent JES, JER, and tracking uncer-
tainties, are treated as being correlated. Thus, the uncertainty in 𝑅AA is 
typically almost halved relative to uncertainties in the yields.

7.  Results

The distributions of √𝑑12 for large-𝑅 jets in the 𝑝T interval 
200−251 GeV measured in 𝑝𝑝 collisions and five centrality bins of Pb+Pb 
collisions are shown in Fig. 1(a). All √𝑑12 distributions have similar 
shape, rising at low √𝑑12 values, reaching a maximum at √𝑑12 ≈ 1 GeV, 
and then decreasing. This shape was seen in the previous measurement 
with large-𝑅 jets [24], albeit with the maximum shifted towards larger 
√

𝑑12 values as a consequence of using 𝑅 = 0.2 jets above a higher 𝑝T
threshold as the input to the reclustering. The distributions of Δ𝑅12 for 
the same kinematic range and event selections as used for the √𝑑12
distributions are shown in Fig. 1(b). All the Δ𝑅12 distributions feature 
the same trend: rising, reaching a maximum, and then decreasing with 
increasing Δ𝑅12. The maximum is reached at Δ𝑅12 ≈ 0.02, which is con-
sistent with the value measured for the angular separation of the two 
leading sub-jets, 𝑟g, in groomed 𝑅 = 0.4 jets in the previous measure-
ment [22] which used charged-particle tracks matched to calorimeter 
energy clusters to investigate the jet substructure.

To quantitatively assess the differences in the suppression of jets 
characterized by different values of substructure observables, the 𝑅AA
of large-𝑅 jets is evaluated as a function of √𝑑12 and Δ𝑅12 in bins of the 
jet 𝑝T and in five centrality intervals. The 𝑅AA evaluated as a function 
of √𝑑12 in the jet 𝑝T interval 200−251 GeV is shown in Fig. 2(a). For val-
ues of √𝑑12 ≳ 0.7 GeV, one can clearly see that the suppression increases 
from peripheral to central collisions. The 𝑅AA gradually decreases with 
increasing √𝑑12 in the range 0.7 ≲

√

𝑑12 ≲ 20 GeV in all centrality bins 
except the one for 60−80% peripheral collisions. In the 0−10% central 
collisions, the 𝑅AA value decreases from approximately 0.8 to 0.2, im-
plying significantly stronger suppression of large-𝑅 jets with a larger 
𝑘𝑡 splitting scale. In the 60−80% peripheral collisions, the distribution’s 
downward trend with increasing √𝑑12 is not pronounced, and the 𝑅AA
fluctuates around a value of approximately 0.8. For √𝑑12 ≲ 0.7 GeV, 
the 𝑅AA is greater than 0.8 and it is not possible to discern a significant 
difference in 𝑅AA value between different centrality bins.
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Fig. 2. The 𝑅AA of 𝑅 = 1.0 jets evaluated as a function of (a) √𝑑12 and (b) Δ𝑅12 in five centrality bins and the 𝑝T interval 200−251 GeV. The vertical bars on the data 
points indicate statistical uncertainties, while the shaded boxes indicate systematic uncertainties. The coloured boxes at 𝑅AA = 1 represent the fractional per-centrality 
uncertainty in ⟨𝑇AA⟩ and 𝑝𝑝 luminosity (magenta), which both affect the overall normalization.

Fig. 3. The 𝑅AA of 𝑅 = 1.0 jets in the most central 0–10% collisions evaluated as a function of jet 𝑝T in six intervals of (a) 
√

𝑑12 and (b) Δ𝑅12. The vertical bars on 
the data points indicate statistical uncertainties, while the shaded boxes indicate systematic uncertainties. The coloured boxes at 𝑅AA = 1 represent the fractional 
per-centrality uncertainty in ⟨𝑇AA⟩ and 𝑝𝑝 luminosity (magenta), which both affect the overall normalization.

The 𝑅AA evaluated as a function of Δ𝑅12 for the same kinematic 
range and centrality bins as in the case of √𝑑12 is shown in Fig. 2(b). 
In the range 0.01 ≲ Δ𝑅12 ≲ 0.2, the 𝑅AA decreases in all centrality bins 
except for 60−80%. For Δ𝑅12 ≲ 0.01, it is not possible to discern a
significant difference among centralities because of large uncertainties. 
For Δ𝑅12 ≳ 0.3, the 𝑅AA values are consistent with being constant within 
the systematic uncertainties, implying no dependence of the jet sup-
pression on the angular separation of the two sub-jets. This flattening is 
seen in all centrality selections except for the most peripheral collisions, 
where the overall jet suppression is small and 𝑅AA is more susceptible 
to statistical fluctuations. The onset of increasing 𝑅AA with decreasing 
values of Δ𝑅12 may be partially connected with the suppression differ-
ence between narrow and wide jets, but should also be connected with 
the onset of coherent radiation and should therefore allow one to di-
rectly constrain the values of 𝐿res and 𝜃c as discussed, e.g., in Ref. [30]. 
Similar trends in 𝑅AA as a function of 

√

𝑑12 and Δ𝑅12 are also observed 
for higher-𝑝T large-𝑅  jets, although with larger statistical uncertainties.

To quantify the jet 𝑝T dependence, the 𝑅AA is evaluated in 0−10%
central collisions as a function of jet 𝑝T for several 

√

𝑑12 and Δ𝑅12
bins as shown in Fig. 3(a) and (b), respectively. The substructure-
observable bins are selected to quantify the 𝑅AA in three distinct re-
gions: the region with low √𝑑12 and Δ𝑅12 values (

√

𝑑12 ≲ 0.5 GeV, 
Δ𝑅12 ≲ 0.01); the region with intermediate √𝑑12 and Δ𝑅12 values (0.5 ≲
√

𝑑12 ≲ 20 GeV, 0.01 ≲ Δ𝑅12 ≲ 0.3) where 𝑅AA decreases with increas-
ing √𝑑12 and Δ𝑅12; and the region with high 

√

𝑑12 and Δ𝑅12 val-
ues (√𝑑12 ≳ 20 GeV, Δ𝑅12 ≳ 0.3) where 𝑅AA reaches a constant value. 

Fig. 3(a) and (b) show that the 𝑅AA is independent of jet 𝑝T in the re-
gion with low values of the substructure observables. The 𝑅AA is also 
independent of jet 𝑝T in the region with high values of the substructure 
observables. In the region with intermediate values of the substructure 
observables, the 𝑅AA tends to increase with increasing jet 𝑝T when eval-
uated in bins of √𝑑12. This tendency was confirmed quantitatively by 
fitting the distribution with a linear function. When evaluated in bins 
of Δ𝑅12, any such increase is very mild or absent. This quantification of 
the jet 𝑝T dependence of 𝑅AA may further help to constrain the mecha-
nisms responsible for the significant dependence of jet suppression on jet
substructure.

The results presented in this Letter are also compared with results 
from previous studies published in Refs. [22,24]. This comparison is 
shown in Fig. 4. The 𝑅AA evaluated as a function of Δ𝑅12 is compared 
with the 𝑅AA of reclustered 𝑅 = 1.0 jets where the 𝑅 = 0.2 sub-jets recon-
structed in the calorimeter are used to study the jet substructure [24], 
and with the 𝑅AA of 𝑅 = 0.4 jets where the substructure is quantified 
using tracks matched to calorimeter energy clusters [22]. The latter 
measurement evaluated a quantity called 𝑟g, which equates with Δ𝑅12. 
While the jet definitions and kinematic requirements differ between the 
measurements, it is still possible to directly compare the reported trends. 
The values of 𝑅AA measured in the flattening region in this Letter are 
consistent with those reported in Ref. [24]. The new measurement is 
also consistent with Ref. [22] in the region where 𝑅AA decreases with 
increasing Δ𝑅12 (𝑟g).
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Fig. 4. The 𝑅AA of 𝑅 = 1.0 jets evaluated as a function of Δ𝑅12 compared with 
measurements from Ref. [24] (𝑅 = 1.0 jets with 𝑅 = 0.2 constituents used to de-
fine sub-jets) and Ref. [22] (𝑅 = 0.4 jets with charged-particle tracks matched 
to calorimeter energy clusters used to define sub-jets). Results are shown in 
the 𝑝T interval 200−251 GeV for this measurement and the measurement in 
Ref. [24], and 200−315 GeV for the measurement in Ref. [22]. The inset dis-
plays the same distributions using a logarithmic scale, highlighting features at 
lower Δ𝑅12 values. The vertical bars on the data points indicate statistical uncer-
tainties, while the shaded boxes indicate systematic uncertainties. The coloured 
boxes at 𝑅AA = 1 represent the fractional uncertainty in ⟨𝑇AA⟩ in 0–10% Pb+Pb 
collisions (green) and 𝑝𝑝 luminosity (magenta), which both affect the overall 
normalization. (For interpretation of the references to colour in this figure leg-
end, the reader is referred to the web version of this article.)

Fig. 5. The 𝑅AA of 𝑅 = 1.0 jets as a function of Δ𝑅12 is compared to theo-
retical calculations from the Hybrid model [17,30,31]. Results are shown for 
200−251 GeV jets with |𝜂| < 1.3 in 0–10% Pb+Pb collisions. The theory is dis-
played as coloured bands corresponding to resolution lengths, 𝐿res = 0, 1∕(𝜋𝑇 ), 
2∕(𝜋𝑇 ), and 𝐿res→∞. The vertical bars on the data points indicate statistical 
uncertainties, while the shaded boxes indicate systematic uncertainties. The 
coloured boxes at 𝑅AA = 1 represent the fractional uncertainties in ⟨𝑇AA⟩ (green) 
and the 𝑝𝑝 luminosity (magenta), which affect the overall normalisation. (For 
interpretation of the references to colour in this figure legend, the reader is re-
ferred to the web version of this article.)

In the region where 𝑅AA decreases, both this measurement and the 
measurement in Ref. [22] show the possible presence of an inflection 
point near Δ𝑅12 ≈ 0.1. Such an inflection point might be connected 
with the presence of competing mechanisms responsible for the change 
in 𝑅AA. The significance of the presence of an inflection point was
determined by fitting a third-order polynomial, and it was found to be 
2.8 and 3.6 standard deviations for this measurement and the measure-
ment in Ref. [22], respectively. Evidence for the presence of this inflec-
tion point may bring important information for modelling substructure-
dependent jet suppression. As a whole, the comparisons presented in 

Fig. 4 show that the new measurement allows one to fully quantify the 
onset of the increase in 𝑅AA with decreasing angular separation of the 
two sub-jets.

A comparison of the data to theoretical calculations from the Hybrid 
model  [17,30,31] is presented in Fig. 5. In the Hybrid model framework, 
𝐿res represents the earlier discussed resolution length and parametrizes 
the ability of the medium to resolve the substructure of the jet. The 
measurement disfavors extreme resolution lengths, namely 𝐿res = 0 and 
𝐿res → ∞, where the exclusion of the latter case was already discussed 
in  [30]. The data exhibit a mild preference for 𝐿res = 1∕(𝜋𝑇 ) over 𝐿res =
2∕(𝜋𝑇 ). This comparison demonstrates that the presented measurement 
has a substantial constraining power on the medium resolution scale and 
thus should help to quantify the impact of color coherence on measured 
jet suppression.

8.  Conclusion

This Letter presents a measurement of the jet substructure-dependent 
suppression of large-𝑅 jets performed with the ATLAS detector at 
the LHC using 1.72 nb−1 and 255 pb−1 samples of Pb+Pb and 𝑝𝑝
collision data, respectively, collected at a centre-of-mass energy of 
5.02 TeV per colliding nucleon pair. The jets were reconstructed us-
ing the anti-𝑘𝑡algorithm with 𝑅 = 1.0 by reclustering 𝑅 = 0.2 jets with 
𝑝T > 35 GeV following the strategy used in a recently published AT-
LAS analysis. To study the substructure of large-𝑅 jets, charged-particle 
tracks were used, allowing a definition of the two leading sub-jets, their 
angular separation (Δ𝑅12), and 𝑘𝑡 splitting scale (

√

𝑑12). The measure-
ment is corrected to the particle level and presented in bins of jet 𝑝T and 
collision centrality for jets with |𝜂| < 1.3 and 𝑝T above 200 GeV.

The jet 𝑅AA in the 0–10 % central collisions evaluated as a function 
of √𝑑12 gradually decreases with increasing 

√

𝑑12, from a value of ap-
proximately 0.8 at √𝑑12 ≈ 0.7 GeV to 0.2 at √𝑑12 ≈ 20 GeV, implying 
significantly stronger suppression of large-𝑅 jets with larger 𝑘𝑡 splitting 
scale. The jet 𝑅AA evaluated as a function of Δ𝑅12 gradually decreases 
for Δ𝑅12 in the range 0.01−0.2 and then remains consistent with a con-
stant value for Δ𝑅12 ≳ 0.2. A precise evaluation of the onset of Δ𝑅12- 
and √𝑑12-dependent jet suppression will bring new insights into the 
role of jet substructure in jet quenching and, in particular, will help to 
quantitatively constrain the impact of colour coherence on measured jet 
suppression.
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