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The yield of charged particles opposite to a Z boson with large transverse momentum (pT) is measured
in 260 pb−1 of pp and 1.7 nb−1 of Pbþ Pb collision data at 5.02 TeV per nucleon pair recorded with the
ATLAS detector at the Large Hadron Collider. The Z boson tag is used to select hard-scattered partons with
specific kinematics, and to observe how their showers are modified as they propagate through the quark-
gluon plasma created in Pbþ Pb collisions. Compared with pp collisions, charged-particle yields in
Pbþ Pb collisions show significant modifications as a function of charged-particle pT in a way that
depends on event centrality and Z boson pT . The data are compared with a variety of theoretical
calculations and provide new information about the medium-induced energy loss of partons in a pT regime
difficult to measure through other channels.
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Collisions of heavy nuclei at ultrarelativistic energies at
the Large Hadron Collider (LHC) and the Relativistic
Heavy Ion Collider (RHIC) are understood to produce
an extended region of hot and dense matter where partons
exist in a deconfined state known as the quark-gluon
plasma (QGP). The high density of unscreened color
charges in the QGP causes the showers of hard-scattered
partons with large transverse momentum (pT) to be
modified as they traverse the medium [1]. These modifi-
cations are observed in measurements of dijet and photon-
jet momentum imbalance [2–5], and in jet fragmentation
functions [6,7].
The large integrated luminosity of Pbþ Pb collisions

delivered during LHC Run 2 has enabled measurements of
jets produced in association with a high-pT Z boson. At
leading order, the Z boson and the jet are produced back to
back in the azimuthal plane, with equal pT . Since Z bosons
and their decay leptons, or similarly, photons, do not
participate in the strong interaction and are not modified
by the QGP [8,9], they provide an estimate of the pT and
azimuthal direction of the partner hard-scattered parton
before the developing shower is modified through
interactions with the QGP [10,11]. Measurements of
photon-tagged fragmentation functions at the LHC
[12,13] and photon-hadron correlations at RHIC [14,15]
used this feature to perform detailed studies of jet

quenching. At fixed pT , jets balancing Z bosons and
photons arise from processes with different Q2, and can
test the sensitivity of the energy loss process to parton
virtuality. Additionally, the use of isolated photons at low
photon pT (≲60 GeV) is difficult due to the large hadron-
decay background, motivating the use of Z bosons. A
measurement of Z þ jet production with pZ

T > 60 GeV by
CMS demonstrates that the total pT carried inside the jet
cone is decreased in Pbþ Pb events compared with that in
pp events [16]. However, the modification of the jet’s
constituent particle pT distributions, or any lower pZ

T
selections, have not yet been studied.
This Letter presents a measurement of the yield of

charged particles produced opposite in azimuth to a Z
boson with pZ

T > 15 GeV in Pbþ Pb and pp collisions at a
nucleon-nucleon center-of-mass energy

ffiffiffiffiffiffiffiffi

sNN
p ¼ 5.02 TeV

with the ATLAS detector at the LHC. The Pbþ Pb and pp
data were recorded in 2018 and 2017, respectively, and
correspond to integrated luminosities of up to 1.7 nb−1

and 260 pb−1. The charged particles are required to have
pch
T > 1 GeV and be approximately back to back with the Z

boson in the transverse plane, with azimuthal separation
Δϕ larger than 3π=4 [17]. In simulations of pp collisions,
particles meeting these criteria reside primarily in the
leading jet azimuthally opposite to the Z boson. The
per-Z yields of charged particles, Nch, are reported as a
function of pch

T , ð1=NZÞðd2Nch=dpch
T dΔϕÞ, in pp and Pbþ

Pb collisions. To quantify the modification resulting from
the partons’ propagation through the QGP, the ratio of
particle yields between Pbþ Pb and pp collisions, IAA, is
reported and compared with the expectations from theo-
retical calculations. This measurement explores phenomena
similar to those in measurements of the photon-tagged
jet fragmentation function [12]. However, requiring a
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reconstructed jet may result in a bias towards events with
less energy loss than average [18–20]. Since there is no
such requirement in this measurement, it provides addi-
tional insight into energy loss in an unbiased way, at low
pZ=γ
T values which have not yet been measured at the LHC

and where theoretical models have not been tested.
The ATLAS experiment [21] is a multipurpose particle

detector with a forward-backward symmetric cylindrical
geometry and a near 4π coverage in solid angle. It consists
of an inner tracking detector surrounded by a super-
conducting solenoid providing a 2 T axial magnetic field,
electromagnetic and hadron calorimeters, and a muon
spectrometer. The inner tracking detector covers the
pseudorapidity range jηj < 2.5. It consists of silicon
pixel, silicon microstrip, and transition radiation tracking
detectors [22,23]. Lead/liquid-argon (LAr) sampling
calorimeters provide electromagnetic (EM) energy mea-
surements with high granularity. A steel/scintillator-tile
hadron calorimeter covers the central pseudorapidity range
(jηj < 1.7). Liquid-argon calorimeters with separate EM
and hadronic compartments instrument the end cap (up to
jηj ¼ 3.2) and forward (FCal, up to jηj ¼ 4.9) regions. The
muon spectrometer surrounds the calorimeters and includes
three air-core toroidal superconducting magnets with field
integrals ranging between 2.0 and 6.0 T m, a system of
precision tracking chambers, and fast detectors for
triggering. During Pbþ Pb data taking, the muon system
was operational for only 1.4 nb−1 of the total integrated
luminosity. Thus the dimuon channel is analyzed only in
this subset of data.
Events with a high-pT electron or muon are initially

selected for analysis by the single-lepton triggers described
in Refs. [24,25]. The centrality of Pbþ Pb events is defined
using the total transverse energy measured in the FCal
[4,26], ΣEPb

T . Pbþ Pb events are divided into three
categories which correspond to the 0%–10%, 10%–30%,
and 30%–80% centrality intervals in minimum-bias (MB)
events, the smaller values indicating larger nuclear overlap
regions and thus larger, hotter QGP regions. The orientation
of the underlying event (UE) elliptic flow is determined
from the azimuthal distribution of the FCal energy [27,28].
In pp events, the average number of interactions per
bunch crossing ranged from 2 to 4, and thus all charged-
particle tracks are required to originate from the primary
reconstructed vertex [29].
Monte Carlo simulations of

ffiffiffi

s
p ¼ 5.02 TeV pp colli-

sions with Z bosons decaying in the dielectron and dimuon
channels, as well as data-driven studies, are used to correct
the data for bin migration and reconstruction inefficiencies.
Generated events were passed through a GEANT4 simulation
[30,31] of the ATLAS detector under the same conditions
present during data taking and were digitized and
reconstructed in the same way as the data. The Z boson
events were generated at next-to-leading order (NLO) with
the POWHEG-BOX v2 program [32–35] interfaced to the

PYTHIA 8.186 parton shower model [36]. The NLO CT10
parton distribution function (PDF) set [37] was used in the
matrix element, while the CTEQ6L1 PDF set [38] and the
AZNLO tuned set of parameters [39] were used to model
the parton shower.
Four million events were generated to serve as the

simulation sample for pp collisions. To model Pbþ Pb
events, fifteen million simulated pp events were overlaid at
the detector-hit level with MB Pbþ Pb events in data. This
data-overlay sample was reweighted on an event-by-event
basis to match the ΣEPb

T distribution for Pbþ Pb events
containing Z bosons.
The Z bosons in pp and Pbþ Pb events are recon-

structed in opposite-sign dielectron and dimuon decay
channels using procedures similar to those described in
Refs. [9,40]. Reconstructed electrons are required to have a
transverse momentum pe

T > 20 GeV, to lie within the
fiducial acceptance of the EM barrel (jηej < 1.37) or end
cap (1.52 < jηej < 2.47) detectors, and to satisfy “loose”
likelihood-based identification criteria, which have been
optimized separately for pp and Pbþ Pb events [41].
Reconstructed muons are required to have a transverse
momentum pμ

T > 20 GeV, to lie within the fiducial accep-
tance of the muon spectrometer (jημj < 2.5), and to pass the
“medium” selection requirements described in Ref. [42].
The Z → ll candidates are required to be within the mass
range 76 < mll < 106 GeV and have pZ

T > 15 GeV. This
selection ensures that the contribution from multijet and
other backgrounds is smaller than 1.5% (0.1%) for the
dielectron (dimuon) channel, and is considered negligible.
In total, these criteria select approximately 21 000 (28 000)
Z → ee (Z → μμ) events in pp data, and 3400 (4100)
events in Pbþ Pb data.
Each Z data event is assigned a series of weights, derived

from simulation and data, to account for the trigger,
reconstruction and selection efficiencies of its decay
leptons. Individual lepton trigger efficiencies are deter-
mined directly in pp and Pbþ Pb data using tag-and-probe
techniques [24,25], and are 0.70–0.80 for each muon and
0.75–0.95 for each electron. Reconstruction and selection
efficiencies are determined using simulation and are
0.65–0.80 for muons and 0.65–0.95 for electrons.
Although the efficiencies may vary substantially with the
individual lepton pT , η, and ϕ, the resulting dependence on
pZ
T is weak due to the large Z mass and weak correlation

between bosons and their decay leptons.
Charged-particle tracks are reconstructed from hits in the

inner detector using an algorithm [43] which, in Pbþ Pb
collisions, is optimized for the high-occupancy conditions
[44]. They are required to meet several criteria intended to
select primary charged particles [6]. All reconstructed
tracks with pT > 1 GeV, jηj < 2.5 and Δϕ > 3π=4 are
considered. The charged-particle yield is corrected for
reconstruction and selection inefficiency on a per-track
basis using a simulation-derived efficiency which varies
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from 0.6 to 0.8 depending on both detector occupancy and
track kinematics. A small correction, typically 1%–2%,
accounts for the contribution of reconstructed tracks not
associated with primary particles. The pch

T resolution is
found to have a negligible effect (≲0.3%) on the results and
is not corrected for.
The contribution to the yield from UE particles in

Pbþ Pb collisions is estimated using MB events and is
statistically subtracted from the measured yields. For each
Z event in data, 40–160 unique MB events are used for this
estimation. These MB events are centrality matched to
within 1% in peripheral events, decreasing to within 0.1%
in central events. Furthermore, to match the azimuthal
modulation of the UE, the elliptic flow angles [28] in the Z
data event and in the matching MB event must match
within π=16. The signal-to-background ratio varies
strongly with pch

T , pZ
T , and Pbþ Pb centrality, with a

minimum of 5 × 10−3 at the lowest pch
T and pZ

T values in
the most central events. In pp events, the UE is known to
have larger activity in a Z event than in an ordinary MB pp
collision [45,46], necessitating a different procedure. Here,
the UE is determined in events with 1 < pZ

T < 12 GeV in
the azimuthal region perpendicular to the Z boson to avoid
the contribution from jet particles.
The data are further corrected for bin migration resulting

from the finite resolution in the pZ
T measurement. This is

evaluated by comparing the per-Z charged-particle yields,
where the Z selection is made at the generator level, with
those after reconstruction, and is typically a 2%–3%
correction.
The primary sources of systematic uncertainty in the

yield measurement are those affecting the Z boson
reconstruction, those affecting the charged-particle selec-
tion, and those affecting the UE background estimation and
subtraction. The uncertainties associated with the electron
and muon energy scales are evaluated using a common set
of uncertainties [42,47], and are typically negligible (≲1%)
except at high pch

T . Those associated with lepton trigger and
selection efficiency determination are smaller than the ones
related to the energy scale. Several sources of tracking-
related uncertainty are considered, which are described in
previous measurements of charged-particle fragmentation
functions, and of which the largest is the sensitivity to the
track selection criteria, which is 2%–3% [6,48].
The uncertainty in the determination of the UE back-

ground yield is evaluated by propagating the statistical
uncertainty of the UE estimation in MB events. The
sensitivity of the UE estimation to the matching criteria
for the elliptic flow [27] angles between signal and MB
events, or the additional requirement to match the triangular
flow angles, are investigated. However, since these varia-
tions give statistically compatible results, they are not
included. As a check of the background subtraction
procedure, the full analysis is performed on simulated Z
events overlaid with HIJING [49] Pbþ Pb background, and

compared with the generator-level distributions. An abso-
lute uncertainty in the background estimation of 0.3% is
derived using this study.
Finally, an internal consistency check is performed by

comparing the per-Z yields between the electron and muon
decay channels. A difference was observed in the 15 <
pZ
T < 30 GeV selections and was included as an uncer-

tainty of at most 4% in pp and 14% in central Pbþ Pb
events.
For the yields at low pch

T and in central events, the
uncertainty from the UE determination is dominant and can
be as large as 30%. For yields at high pch

T and in lower-
multiplicity events, the uncertainties associated with the
track selection and the lepton energy scale are typically
dominant, and as large as 5%. Uncertainty sources common
to Pbþ Pb and pp are canceled in the IAA ratio when
possible, such that the resulting measurement is dominated
by uncertainties specific to Pbþ Pb events. In all cases, the
statistical uncertainty in the IAA is larger than the total
systematic uncertainty.
Figure 1 presents the charged-particle yield per Z boson,

in Pbþ Pb and pp events, as a function of pch
T , for the

selection Δϕ > 3π=4. The yields in Pbþ Pb collisions are
observed to be modified relative to those in pp collisions.
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FIG. 1. Charged-particle yield per Z boson as a function of pch
T ,

for the selection Δϕ > 3π=4, reported for 15 < pZ
T < 30 GeV,

30 < pZ
T < 60 GeV, and pZ

T > 60 GeV. Results are shown for
pp events and the three centralities of Pbþ Pb events. These are
offset horizontally around the bin centers, which are located
between the 0%–10% and 10%–30% points, for visibility. The
vertical bars and boxes correspond to the statistical and system-
atic uncertainties of the data.
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To better reveal the modification, Fig. 2 presents
IAA values, the ratios of yields in Pbþ Pb events to those
in pp events. The IAA values are suppressed below unity at
large pch

T , with a systematically larger suppression in
more central events and for lower pZ

T selections.
For pZ

T > 60 GeV, the IAA values at low pch
T , less than

2–3 GeV, are significantly different than those at high pch
T ,

and typically greater than unity. Lower pZ
T selections are

compatible with a similar increase at low pch
T , although the

uncertainties limit the significance of this enhancement.
The suppression over a wide range of pch

T values, and
the general enhancement of the IAA above unity at lower
pch
T , are qualitatively similar to those observed in the

ratios of jet fragmentation functions in photon-tagged
events [12].
Figure 3 compares the IAA in 0%–10% Pbþ Pb events

with the following theoretical calculations, where available,
which use the same kinematic selections as the data: (1) a
perturbative calculation within the framework of soft-
collinear effective field theory with Glauber gluons
(SCETG) in the soft-gluon-emission (energy-loss) limit,
with jet-medium coupling g ¼ 2.0� 0.2 [50,51]; (2) the
Hybrid Strong/Weak Coupling model [52], which com-
bines initial production using PYTHIA 8 with a parameter-
ization of energy loss derived from holographic methods,
including backreaction effects; (3) JEWEL, an MC event
generator which simulates QCD jet evolution in heavy-ion
collisions, including radiative and elastic energy loss
processes, and configured to include medium recoils
[53]; and (4) a coupled linearized Boltzmann transport
(COLBT) and hydrodynamics model [54,55], which
includes jet-induced medium excitations. All models quali-
tatively reproduce the degree of suppression at large pch

T ,
greater than 10 GeV. The Hybrid model, JEWEL and
COLBT qualitatively capture the increase at low pch

T . For
these three models, removing the backreaction, medium
recoils, and jet-induced medium excitations, respectively,
results in a significant underprediction of the data in this
region. Several of these models also capture the relative
difference in the IAA between the three pZ

T selections. A full
evaluation of theoretical uncertainties is needed to further
discriminate between the mechanisms of energy loss and
medium response in the data.
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data. The 0%–10% and 30%–80% data are offset horizontally for
visibility.
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In conclusion, this Letter presents a measurement of
charged-particle yields produced in the azimuthal direction
opposite to a Z boson with pT > 15 GeV. The measure-
ment is performed using 260 pb−1 of pp and up to 1.7 nb−1

of Pbþ Pb collision data at 5.02 TeV with the ATLAS
detector at the Large Hadron Collider. The per-Z yields are
systematically modified in Pbþ Pb collisions compared
with pp collisions due to the interactions between the
parton shower and the hot and dense QGP medium. The
charged-particle pT distribution in Pbþ Pb collisions is
softer than that in pp collisions, with a suppression at high
pch
T and an enhancement at low pch

T . The degree of
modification varies with Pbþ Pb event centrality, consis-
tent with a larger and hotter QGP being created in more
central events. At high pZ

T , the modification pattern is
qualitatively similar to that observed in measurements of
photon-tagged jet fragmentation functions. In addition to
the particular theoretical comparisons presented here, the
data will allow systematic tests of models across centrality
and pZ

T selections. The data can also test energy loss models
for low-pT partons that are otherwise difficult to access
experimentally at the LHC, but which are valuable for
direct comparison to future measurements at RHIC.

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; MICINN, Spain; SRC and Wallenberg Foundation,
Sweden; SERI, SNSF and Cantons of Bern and Geneva,
Switzerland; MOST, Taiwan; TAEK, Turkey; STFC,
United Kingdom; DOE and NSF, United States of
America. In addition, individual 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; La Caixa Banking

Foundation, CERCA Programme Generalitat de
Catalunya and PROMETEO and GenT Programmes
Generalitat Valenciana, Spain; Göran Gustafssons
Stiftelse, Sweden; The Royal Society and Leverhulme
Trust, United Kingdom. The crucial computing 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
providers. Major contributors of computing resources are
listed in Ref. [56].

[1] W. Busza, K. Rajagopal, and W. van der Schee, Heavy ion
collisions: The big picture and the big questions, Annu. Rev.
Nucl. Part. Sci. 68, 339 (2018).

[2] ATLAS Collaboration, Measurement of jet pT correlations
in Pbþ Pb and pp collisions at

ffiffiffiffiffiffiffiffi

sNN
p ¼ 2.76 TeV with the

ATLAS detector, Phys. Lett. B 774, 379 (2017).
[3] CMS Collaboration, Jet momentum dependence of jet

quenching in PbPb collisions at
ffiffiffiffiffiffiffiffi

sNN
p ¼ 2.76 TeV,

Phys. Lett. B 712, 176 (2012).
[4] ATLAS Collaboration, Measurement of photon-jet trans-

verse momentum correlations in 5.02 TeV Pbþ Pb and pp
collisions with ATLAS, Phys. Lett. B 789, 167 (2019).

[5] CMS Collaboration, Study of jet quenching with isolated-
photon+jet correlations in PbPb and pp collisions at
ffiffiffiffiffiffiffiffi

sNN
p ¼ 5.02 TeV, Phys. Lett. B 785, 14 (2018).

[6] ATLAS Collaboration, Measurement of jet fragmentation in
Pbþ Pb and pp collisions at

ffiffiffiffiffiffiffiffi

sNN
p ¼ 5.02 TeV with the

ATLAS detector, Phys. Rev. C 98, 024908 (2018).
[7] CMS Collaboration, Measurement of jet fragmentation in

PbPb and pp collisions at
ffiffiffiffiffiffiffiffi

sNN
p ¼ 2.76 TeV, Phys. Rev. C

90, 024908 (2014).
[8] ATLAS Collaboration, Measurement of Z Boson Produc-

tion in Pb-Pb Collisions at
ffiffiffiffiffiffiffiffi

sNN
p ¼ 2.76 TeV with the

ATLAS Detector, Phys. Rev. Lett. 110, 022301 (2013).
[9] ATLAS Collaboration, Z boson production in Pbþ Pb

collisions at
ffiffiffiffiffiffiffiffi

sNN
p ¼ 5.02 TeV measured by the ATLAS

experiment, Phys. Lett. B 802, 135262 (2020).
[10] V. Kartvelishvili, R. Kvatadze, and R. Shanidze, On Z and

Zþ jet production in heavy ion collisions, Phys. Lett. B
356, 589 (1995).

[11] R. B. Neufeld and I. Vitev, Z0-Tagged Jet Event Asymmetry
in Heavy-Ion Collisions at the CERN Large Hadron
Collider, Phys. Rev. Lett. 108, 242001 (2012).

[12] ATLAS Collaboration, Comparison of Fragmentation Func-
tions for Jets Dominated by Light Quarks and Gluons from
pp and Pbþ Pb Collisions in ATLAS, Phys. Rev. Lett. 123,
042001 (2019).

[13] CMS Collaboration, Observation of Medium-Induced
Modifications of Jet Fragmentation in Pb-Pb Collisions at
ffiffiffiffiffiffiffiffi

sNN
p ¼ 5.02 TeV Using Isolated Photon-Tagged Jets,
Phys. Rev. Lett. 121, 242301 (2018).

PHYSICAL REVIEW LETTERS 126, 072301 (2021)

072301-5

https://doi.org/10.1146/annurev-nucl-101917-020852
https://doi.org/10.1146/annurev-nucl-101917-020852
https://doi.org/10.1016/j.physletb.2017.09.078
https://doi.org/10.1016/j.physletb.2012.04.058
https://doi.org/10.1016/j.physletb.2018.12.023
https://doi.org/10.1016/j.physletb.2018.07.061
https://doi.org/10.1103/PhysRevC.98.024908
https://doi.org/10.1103/PhysRevC.90.024908
https://doi.org/10.1103/PhysRevC.90.024908
https://doi.org/10.1103/PhysRevLett.110.022301
https://doi.org/10.1016/j.physletb.2020.135262
https://doi.org/10.1016/0370-2693(95)00865-I
https://doi.org/10.1016/0370-2693(95)00865-I
https://doi.org/10.1103/PhysRevLett.108.242001
https://doi.org/10.1103/PhysRevLett.123.042001
https://doi.org/10.1103/PhysRevLett.123.042001
https://doi.org/10.1103/PhysRevLett.121.242301


[14] PHENIX Collaboration, Medium Modification of Jet Frag-
mentation in Auþ Au Collisions at

ffiffiffiffiffiffiffiffi

sNN
p ¼ 200 GeV

Measured in Direct Photon-Hadron Correlations, Phys.
Rev. Lett. 111, 032301 (2013).

[15] STAR Collaboration, Jet-like correlations with direct-
photon and neutral-pion triggers at

ffiffiffiffiffiffiffiffi

sNN
p ¼ 200 GeV,

Phys. Lett. B 760, 689 (2016).
[16] CMS Collaboration, Study of Jet Quenching with

Z þ jet Correlations in Pb-Pb and pp Collisions at
ffiffiffiffiffiffiffiffi

sNN
p ¼ 5.02 TeV, Phys. Rev. Lett. 119, 082301 (2017).

[17] 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. Cylindrical
coordinates ðr;ϕÞ are used in the transverse plane, ϕ
being the azimuthal angle around the z axis. The pseudo-
rapidity is defined in terms of the polar angle θ as
η ¼ − ln tanðθ=2Þ.

[18] STAR Collaboration, Experimental studies of di-jet survival
and surface emission bias in Auþ Au collisions via angular
correlations with respect to back-to-back leading hadrons,
Phys. Rev. C 83 (2011) 061901.

[19] T. Renk, Biased showers: A common conceptual framework
for the interpretation of high-PT observables in heavy-ion
collisions, Phys. Rev. C 88, 054902 (2013).

[20] J. G. Milhano and K. C. Zapp, Origins of the di-jet
asymmetry in heavy-ion collisions, Eur. Phys. J. C 76,
288 (2016).

[21] ATLAS Collaboration, The ATLAS experiment at the
CERN large hadron collider, J. Instrum. 3, S08003
(2008).

[22] ATLAS Collaboration, ATLAS insertable B-layer technical
design report, CERN Report No. ATLAS-TDR-19, 2010,
https://cds.cern.ch/record/1291633.

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

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

[25] ATLAS Collaboration, Performance of electron and photon
triggers in ATLAS during LHC Run 2, Eur. Phys. J. C 80, 47
(2020).

[26] ATLAS Collaboration, Prompt and non-prompt J=ψ and
ψð2SÞ suppression at high transverse momentum in
5.02 TeV Pbþ Pb collisions with the ATLAS experiment,
Eur. Phys. J. C 78, 762 (2018).

[27] ATLAS Collaboration, Measurement of the azimuthal
anisotropy of charged particles produced in

ffiffiffiffiffiffiffiffi

sNN
p ¼

5.02 TeV Pbþ Pb collisions with the ATLAS detector,
Eur. Phys. J. C 78, 997 (2018).

[28] ATLAS Collaboration, Measurement of azimuthal
anisotropy of muons from charm and bottom hadrons in
Pbþ Pb collisions at

ffiffiffiffiffiffiffiffi

sNN
p ¼ 5.02 TeV with the ATLAS

detector, Phys. Lett. B 807 (2020) 135595.
[29] ATLAS Collaboration, Track reconstruction performance of

the ATLAS inner detector at
ffiffiffi

s
p ¼ 13 TeV, CERN Report

No. ATL-PHYS-PUB-2015-018, 2015, https://cds.cern.ch/
record/2037683.

[30] S. Agostinelli et al., GEANT4—A simulation toolkit, Nucl.
Instrum. Methods Phys. Res., Sect. A 506, 250 (2003).

[31] ATLAS Collaboration, The ATLAS simulation infra-
structure, Eur. Phys. J. C 70, 823 (2010).

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

[33] S. Frixione, P. Nason, and C. Oleari, Matching NLO QCD
computations with parton shower simulations: The POWHEG

method, J. High Energy Phys. 11 (2007) 070.
[34] S. Alioli, P. Nason, C. Oleari, and E. Re, NLO vector-boson

production matched with shower in POWHEG, J. High
Energy Phys. 07 (2008) 060.

[35] 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.

[36] T. Sjöstrand, S. Mrenna, and P. Z. Skands, A brief intro-
duction to PYTHIA 8.1, Comput. Phys. Commun. 178, 852
(2008).

[37] H.-L. Lai, M. Guzzi, J. Huston, Z. Li, P. M. Nadolsky, J.
Pumplin, and C. P. Yuan, New parton distributions for
collider physics, Phys. Rev. D 82, 074024 (2010).

[38] J. Pumplin, D. R. Stump, J. Huston, H.-L. Lai, P. Nadolsky,
and W.-K. Tung, New generation of parton distributions
with uncertainties from global QCD analysis, J. High
Energy Phys. 07 (2002) 012.

[39] ATLAS Collaboration, Measurement of the Z=γ� boson
transverse momentum distribution in pp collisions at
ffiffiffi

s
p ¼ 7 TeV with the ATLAS detector, J. High Energy
Phys. 09 (2014) 145.

[40] ATLAS Collaboration, Measurements of W and Z boson
production in pp collisions at

ffiffiffi

s
p ¼ 5.02 TeV with the

ATLAS detector, Eur. Phys. J. C 79, 128 (2019); , Erratum,
Eur. Phys. J. C 79, 374 (2019).

[41] ATLAS Collaboration, Electron reconstruction and
identification in the ATLAS experiment using the 2015
and 2016 LHC proton-proton collision data at
ffiffiffi

s
p ¼ 13 TeV, Eur. Phys. J. C 79, 639 (2019).

[42] ATLAS Collaboration, Muon reconstruction performance of
the ATLAS detector in proton-proton collision data at
ffiffiffi

s
p ¼ 13 TeV, Eur. Phys. J. C 76, 292 (2016).

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

[44] ATLAS Collaboration, Measurement of charged-particle
spectra in Pbþ Pb collisions at

ffiffiffiffiffiffiffiffi

sNN
p ¼ 2.76 TeV with

the ATLAS detector at the LHC, J. High Energy Phys. 09
(2015) 050.

[45] CMS Collaboration, Measurement of the underlying event
activity in inclusive Z boson production in proton-proton
collisions at

ffiffiffi

s
p ¼ 13 TeV, J. High Energy Phys. 07 (2018)

032.
[46] ATLAS Collaboration, Measurement of distributions sensi-

tive to the underlying event in inclusive Z boson production
in pp collisions at

ffiffiffi

s
p ¼ 13 TeV with the ATLAS detector,

Eur. Phys. J. C 79, 666 (2019).
[47] ATLAS Collaboration, Electron and photon performance

measurements with the ATLAS detector using the 2015–
2017 LHC proton-proton collision data, J. Instrum. 14,
P12006 (2019).

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

PHYSICAL REVIEW LETTERS 126, 072301 (2021)

072301-6

https://doi.org/10.1103/PhysRevLett.111.032301
https://doi.org/10.1103/PhysRevLett.111.032301
https://doi.org/10.1016/j.physletb.2016.07.046
https://doi.org/10.1103/PhysRevLett.119.082301
https://doi.org/10.1103/PhysRevC.83.061901
https://doi.org/10.1103/PhysRevC.88.054902
https://doi.org/10.1140/epjc/s10052-016-4130-9
https://doi.org/10.1140/epjc/s10052-016-4130-9
https://doi.org/10.1088/1748-0221/3/08/S08003
https://doi.org/10.1088/1748-0221/3/08/S08003
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/s10052-017-4852-3
https://doi.org/10.1140/epjc/s10052-019-7500-2
https://doi.org/10.1140/epjc/s10052-019-7500-2
https://doi.org/10.1140/epjc/s10052-018-6219-9
https://doi.org/10.1140/epjc/s10052-018-6468-7
https://doi.org/10.1016/j.physletb.2020.135595
https://cds.cern.ch/record/2037683
https://cds.cern.ch/record/2037683
https://cds.cern.ch/record/2037683
https://cds.cern.ch/record/2037683
https://doi.org/10.1016/S0168-9002(03)01368-8
https://doi.org/10.1016/S0168-9002(03)01368-8
https://doi.org/10.1140/epjc/s10052-010-1429-9
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/10.1088/1126-6708/2008/07/060
https://doi.org/10.1088/1126-6708/2008/07/060
https://doi.org/10.1007/JHEP06(2010)043
https://doi.org/10.1007/JHEP06(2010)043
https://doi.org/10.1016/j.cpc.2008.01.036
https://doi.org/10.1016/j.cpc.2008.01.036
https://doi.org/10.1103/PhysRevD.82.074024
https://doi.org/10.1088/1126-6708/2002/07/012
https://doi.org/10.1088/1126-6708/2002/07/012
https://doi.org/10.1007/JHEP09(2014)145
https://doi.org/10.1007/JHEP09(2014)145
https://doi.org/10.1140/epjc/s10052-019-6622-x
https://doi.org/10.1140/epjc/s10052-019-6870-9
https://doi.org/10.1140/epjc/s10052-019-7140-6
https://doi.org/10.1140/epjc/s10052-016-4120-y
https://doi.org/10.1140/epjc/s10052-017-5225-7
https://doi.org/10.1007/JHEP09(2015)050
https://doi.org/10.1007/JHEP09(2015)050
https://doi.org/10.1007/JHEP07(2018)032
https://doi.org/10.1007/JHEP07(2018)032
https://doi.org/10.1140/epjc/s10052-019-7162-0
https://doi.org/10.1088/1748-0221/14/12/P12006
https://doi.org/10.1088/1748-0221/14/12/P12006
https://doi.org/10.1088/1748-0221/12/12/P12009
https://doi.org/10.1088/1748-0221/12/12/P12009


[49] M. Gyulassy and X.-N. Wang, HIJING 1.0: A Monte Carlo
program for parton and particle production in high-energy
hadronic and nuclear collisions, Comput. Phys. Commun.
83, 307 (1994).

[50] Y.-T. Chien, A. Emerman, Z.-B. Kang, G. Ovanesyan, and I.
Vitev, Jet quenching from QCD evolution, Phys. Rev. D 93,
074030 (2016).

[51] H. T. Li and I. Vitev, Jet charge modification in finite QCD
matter, Phys. Rev. D 101, 076020 (2020).

[52] J. Casalderrey-Solana, D. C. Gulhan, J. G. Milhano, D.
Pablos, and K. Rajagopal, Predictions for boson-jet observ-
ables and fragmentation function ratios from a hybrid
strong/weak coupling model for jet quenching, J. High
Energy Phys. 03 (2016) 053.

[53] R. Kunnawalkam Elayavalli and K. C. Zapp, Simulating
Vþ jet processes in heavy ion collisions with JEWEL, Eur.
Phys. J. C 76, 695 (2016).

[54] W. Chen, S. Cao, T. Luo, L.-G. Pang, and X.-N. Wang,
Effects of jet-induced medium excitation in γ-hadron
correlation in Aþ A collisions, Phys. Lett. B 777, 86
(2018).

[55] W. Chen, S. Cao, T. Luo, L.-G. Pang, and X.-N. Wang,
Medium modification of γ-jet fragmentation functions in
Pbþ Pb collisions at LHC, Phys. Lett. B 810, 135783
(2020).

[56] ATLAS Collaboration, ATLAS computing acknowledge-
ments, CERN Report No. ATL-SOFT-PUB-2020-001,
2020, https://cds.cern.ch/record/2717821.

G. Aad,102 B. Abbott,128 D. C. Abbott,103 A. Abed Abud,36 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

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,143 A. A. Affolder,145 Y. Afik,160 C. Agapopoulou,65 M. N. Agaras,38 A. Aggarwal,119

C. Agheorghiesei,28c J. A. Aguilar-Saavedra,139f,139a,c A. Ahmad,36 F. Ahmadov,80 W. S. Ahmed,104 X. Ai,18 G. Aielli,74a,74b

S. Akatsuka,86 M. Akbiyik,100 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,28b T. Alexopoulos,10

A. Alfonsi,120 F. Alfonsi,23b,23a M. Alhroob,128 B. Ali,141 S. Ali,158 M. Aliev,166 G. Alimonti,69a C. Allaire,36

B. M.M. Allbrooke,156 B.W. Allen,131 P. P. Allport,21 A. Aloisio,70a,70b F. Alonso,89 C. Alpigiani,148

E. Alunno Camelia,74a,74b M. Alvarez Estevez,99 M. G. Alviggi,70a,70b Y. Amaral Coutinho,81b A. Ambler,104 L. Ambroz,134

C. Amelung,36 D. Amidei,106 S. P. Amor Dos Santos,139a S. Amoroso,46 C. S. Amrouche,54 F. An,79 C. Anastopoulos,149

N. Andari,144 T. Andeen,11 J. K. Anders,20 S. Y. Andrean,45a,45b A. Andreazza,69a,69b V. Andrei,61a C. R. Anelli,176

S. Angelidakis,9 A. Angerami,39 A. V. Anisenkov,122b,122a A. Annovi,72a C. Antel,54 M. T. Anthony,149 E. Antipov,129

M. Antonelli,51 D. J. A. Antrim,18 F. Anulli,73a M. Aoki,82 J. A. Aparisi Pozo,174 M. A. Aparo,156 L. Aperio Bella,46

N. Aranzabal,36 V. Araujo Ferraz,81a R. Araujo Pereira,81b C. Arcangeletti,51 A. T. H. Arce,49 F. A. Arduh,89 J-F. Arguin,110

S. Argyropoulos,52 J.-H. Arling,46 A. J. Armbruster,36 A. Armstrong,171 O. Arnaez,167 H. Arnold,120

Z. P. Arrubarrena Tame,114 G. Artoni,134 H. Asada,117 K. Asai,126 S. Asai,163 T. Asawatavonvanich,165 N. Asbah,59

E. M. Asimakopoulou,172 L. Asquith,156 J. Assahsah,35d K. Assamagan,26b R. Astalos,29a R. J. Atkin,33a M. Atkinson,173

N. B. Atlay,19 H. Atmani,65 P. A. Atmasiddha,106 K. Augsten,141 V. A. Austrup,182 G. Avolio,36 M. K. Ayoub,15a

G. Azuelos,110,d D. Babal,29a H. Bachacou,144 K. Bachas,162 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,143 C. Bakalis,10 O. K. Baker,183 P. J. Bakker,120 E. Bakos,16

D. Bakshi Gupta,8 S. Balaji,157 R. Balasubramanian,120 E. M. Baldin,122b,122a P. Balek,180 F. Balli,144 W. K. Balunas,134

J. Balz,100 E. Banas,85 M. Bandieramonte,138 A. Bandyopadhyay,24 Sw. Banerjee,181,e 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,131

T. Barklow,153 R. Barnea,160 B. M. Barnett,143 R. M. Barnett,18 Z. Barnovska-Blenessy,60a A. Baroncelli,60a G. Barone,26b

A. J. Barr,134 L. Barranco Navarro,45a,45b F. Barreiro,99 J. Barreiro Guimarães da Costa,15a U. Barron,161 S. Barsov,137

F. Bartels,61a R. Bartoldus,153 G. Bartolini,102 A. E. Barton,90 P. Bartos,29a 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,145 M. Bauce,73a,73b F. Bauer,144

P. Bauer,24 H. S. Bawa,31 A. Bayirli,12c J. B. Beacham,49 T. Beau,135 P. H. Beauchemin,170 F. Becherer,52 P. Bechtle,24

H. C. Beck,53 H. P. Beck,20,g K. Becker,178 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,26b A. Behera,155 J. K. Behr,46 F. Beisiegel,24 M. Belfkir,5

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,26b J. R. Bensinger,27

S. Bentvelsen,120 L. Beresford,134 M. Beretta,51 D. Berge,19 E. Bergeaas Kuutmann,172 N. Berger,5 B. Bergmann,141

PHYSICAL REVIEW LETTERS 126, 072301 (2021)

072301-7

https://doi.org/10.1016/0010-4655(94)90057-4
https://doi.org/10.1016/0010-4655(94)90057-4
https://doi.org/10.1103/PhysRevD.93.074030
https://doi.org/10.1103/PhysRevD.93.074030
https://doi.org/10.1103/PhysRevD.101.076020
https://doi.org/10.1007/JHEP03(2016)053
https://doi.org/10.1007/JHEP03(2016)053
https://doi.org/10.1140/epjc/s10052-016-4534-6
https://doi.org/10.1140/epjc/s10052-016-4534-6
https://doi.org/10.1016/j.physletb.2017.12.015
https://doi.org/10.1016/j.physletb.2017.12.015
https://doi.org/10.1016/j.physletb.2020.135783
https://doi.org/10.1016/j.physletb.2020.135783
https://cds.cern.ch/record/2717821
https://cds.cern.ch/record/2717821
https://cds.cern.ch/record/2717821


L. J. Bergsten,27 J. Beringer,18 S. Berlendis,7 G. Bernardi,135 C. Bernius,153 F. U. Bernlochner,24 T. Berry,94 P. Berta,100

A. Berthold,48 I. A. Bertram,90 O. Bessidskaia Bylund,182 N. Besson,144 A. Bethani,101 S. Bethke,115 A. Betti,42

A. J. Bevan,93 J. Beyer,115 S. Bhatta,155 D. S. Bhattacharya,177 P. Bhattarai,27 V. S. Bhopatkar,6 R. Bi,138 R. M. Bianchi,138

O. Biebel,114 D. Biedermann,19 R. Bielski,36 K. Bierwagen,100 N. V. Biesuz,72a,72b M. Biglietti,75a T. R. V. Billoud,141

M. Bindi,53 A. Bingul,12d C. Bini,73a,73b S. Biondi,23b,23a C. J. Birch-sykes,101 M. Birman,180 T. Bisanz,36 J. P. Biswal,3

D. Biswas,181,e A. Bitadze,101 C. Bittrich,48 K. Bjørke,133 T. Blazek,29a I. Bloch,46 C. Blocker,27 A. Blue,57

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

A. G. Bogdanchikov,122b,122a C. Bohm,45a V. Boisvert,94 P. Bokan,172,53 T. Bold,84a A. E. Bolz,61b M. Bomben,135 M. Bona,93

J. S. Bonilla,131 M. Boonekamp,144 C. D. Booth,94 A. G. Borbély,57 H. M. Borecka-Bielska,91 L. S. Borgna,95 A. Borisov,123
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74aINFN Sezione di Roma Tor Vergata, Italy

74bDipartimento di Fisica, Università di Roma Tor Vergata, Roma, Italy
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76aINFN-TIFPA, Italy
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