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Abstract

Energetic quarks and gluons traversing a hot and dense quark-gluon plasma deposit
energy and momentum into the medium before hadronizing to collimated sprays of
particles, known as jets. This energy-momentum deposition is expected to produce
medium responses, collectively known as jet wakes, with “diffusion wake” denot-
ing a depletion of particles in the direction opposite to the propagating jet. These
phenomena are studied by comparing dijet-hadron correlations measured in lead-
lead (PbPb) and proton-proton (pp) collisions to assess jet-induced modifications of
bulk particle production. The analysis uses PbPb and pp data recorded at a nucleon-
nucleon center-of-mass energy

√
s

NN
= 5.02 TeV with the CMS detector at the CERN

LHC. By exploring how the dijet-hadron correlation distributions differ for various
pseudorapidity separations of the two jets in the dijet, the presence of a jet diffusion
wake is firmly established. The wake has a significance greater than 5 standard de-
viations for charged particles in the transverse momentum range 1 < pT < 2 GeV.
The measurements are compared with various model predictions with and without
jet wake effects, providing new insights into quark-gluon plasma properties and the
formation of jet-induced wakes.
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Jets are collimated streams of particles resulting from hard-scattered quarks and gluons, col-
lectively known as partons, and are effective probes of the quark-gluon plasma (QGP) [1]. The
QGP, a hot and dense form of matter consisting of deconfined quarks and gluons, is created
in ultrarelativistic heavy ion collisions, and its study enables experimental tests of quantum
chromodynamics. The opacity of the QGP to the propagation of partonic probes causes sub-
stantial energy loss for the partons that traverse the hot medium. This energy loss manifests
itself in various experimental observables, such as suppression of high transverse momentum
(pT) hadrons and jets, as well as modifications in the features of parton showers. Collectively
referred to as jet quenching, these phenomena were first observed at the BNL RHIC [2, 3] and
later at the CERN LHC [4–6].

Jet quenching processes and their impact on jet substructure observables have been studied
extensively [7–9]. However, separating the modifications of jets from jet-induced changes in
the medium is often nontrivial. It is theoretically clear that both types of modification coexist
in the presence of a QGP medium. Disentangling them will help improve the precision of QGP
transport coefficients and enhance our understanding of medium evolution and dynamics.

Jet-medium interactions have long been predicted to create a Mach cone like effect in the
QGP [10–20]. Until recently, experimental attempts to observe this effect remained inconclu-
sive, in large part because both the Mach cone and medium-induced modifications to the jet
shower appear in the direction of jet propagation and mix, masking the signal. However, a
related effect producing a depletion of particles in the opposite direction of the propagating jet,
known as a “diffusion” wake, is also expected [21–26]. The first evidence of a diffusion wake
using Z-boson-hadron correlations was reported by the CMS experiment [26]. The use of the
colorless boson, which does not interact with the QGP, allowed isolation of the diffusion wake
from other medium effects. Similarly, the ATLAS experiment searched for the diffusion wake
effect in photon-jet events but found no significant evidence within current uncertainties [25].

Recent theoretical developments [27, 28] have proposed the use of dijet events, where the two
jets are back-to-back in azimuthal angle (ϕ), but chosen to be separated in pseudorapidity (η),
to resolve the ambiguity by spatially separating the jet modification and diffusion wake. Specif-
ically, the rapidity asymmetry of dijet-hadron correlations for a selection of dijets having a size-
able η separation relative to dijets without any separation is predicted to give a robust signal
of the diffusion wake.

This Letter presents the first measurement of the QGP diffusion wake using dijet events. A
sample of lead-lead (PbPb) collisions at a center-of-mass energy per nucleon pair of

√
s

NN
=

5.02 TeV is used for signal extraction. A reference measurement is derived from proton-proton
(pp) collisions at the same energy. Data samples, corresponding to integrated luminosities of

0.66 nb−1 for PbPb collisions and 299 pb−1 for pp collisions [29, 30], were collected with the
CMS detector at the LHC during 2018 and 2017, respectively. Dijets are defined as the two
highest pT back-to-back jets, labeled “jet1” (leading) and “jet2” (subleading). The back-to-back
requirement is that the azimuthal angle separation of the two jets satisfies ∆ϕjet1,jet2 > 5π/6.
For samples requiring different η separations between the two jets in the dijet, the distributions
of charged particles relative to the leading jet axis direction are studied as functions of ∆ηch, jet1

and ∆ϕch, jet1 , where the “ch” superscript denotes charged particles. To isolate the diffusion
wake effect, the correlation distributions obtained for dijets with a small η gap are subtracted
from those with large gaps. The resulting distributions from PbPb events are compared to
those measured using pp collisions. The results are presented differentially in charged-particle
pch

T and PbPb collision centrality, defined as the percentile of the total inelastic hadronic cross
section (with 0% corresponding to the most central collisions). The diffusion wake signal, seen
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as a depletion of the particle yield in the underlying-event (UE) distribution, is extracted and
compared to theoretical models with and without medium effects. The tabulated results are
provided in the HEPData record for this analysis [31].

The CMS apparatus [32, 33] is a multipurpose, nearly hermetic detector designed to trigger
on [34–36] and identify electrons, muons, photons, and (charged and neutral) hadrons [37–
39]. A global “particle-flow” algorithm [40] aims to reconstruct all individual particles in an
event, combining information provided by the all-silicon inner tracker and by the crystal elec-
tromagnetic, and a brass and scintillator calorimeters, operating inside a 3.8 T superconducting
solenoid, with data from the gas-ionization muon detectors embedded in the flux-return yoke
outside the solenoid. Reconstructed particles are used to build τ leptons, jets, and missing
pT [41–43]. The silicon tracker measures charged particles within the η range |η| < 3.0. For the
data samples in this study, the silicon tracker consisted of 1856 silicon pixels and 15,148 silicon
strip detector modules. Details on the pixel detector can be found in Ref. [44]. For nonisolated
particles of 1 < pT < 10 GeV and |η| < 3.0, the track resolutions are typically 1.5% in pT and
20–75 µm in the transverse impact parameter [45]. The forward hadron (HF) calorimeter uses
steel as an absorber and quartz fibers as the sensitive material. The two halves of the HF are lo-
cated 11.2 m from the interaction region, one on each end, and together they provide coverage
in the range 3.0 < |η| < 5.2.

The pp and PbPb samples were selected with a calorimeter-based trigger that uses the anti-kT

jet clustering algorithm with a distance parameter of R = 0.4 [46]. This trigger selected events
containing at least one jet with pT > 80 GeV and is fully efficient for events with reconstructed
jets of pT > 130 GeV. The same data samples are used to correct for the limited jet and track
acceptance via the mixed-event technique [47–52].

The PbPb and pp events selected for further analysis must have at least one primary interaction
vertex containing at least two tracks [39] located within 15 cm of the nominal interaction point
along the beam axis. Each PbPb event must have at least two detector elements (towers) in each
HF detector that contain energy deposits exceeding 4 GeV per tower to remove contamination
from ultraperipheral collisions [53]. The shapes of the clusters in the pixel detector are required
to be compatible with those expected in PbPb collisions [54]. Background events from beam-gas
interactions and other nonhadronic collisions are removed offline using the criteria described
in Ref. [55] for both PbPb and pp collisions. Collision centrality is determined based on the total
sum of transverse energy (defined as ET = E/ cosh η, where E is the measured energy) detected
in the HF region covering 2.9 < |η| < 5.2. Reference [4] provides a detailed description of the
centrality determination. Events in PbPb collisions are divided into three centrality intervals:
0–30% (most central), 30–50%, and 50–80% (most peripheral).

Simulated Monte Carlo (MC) events are used to correct for reconstruction and detector resolution-
related effects. The PYTHIA 8.226 [56] event generator, configured with the CP5 tune [57] and
NNPDF3.1 parton distribution functions at next-to-next-to-leading order [58], models the hard
scattering processes, parton showering, and hadronization that produce jets of interest. These
events are also embedded into simulated minimum bias PbPb collisions, generated using HYD-
JET 1.9 [59] to represent the soft underlying activity in PbPb collisions. The HYDJET generator is
fine-tuned to reproduce key characteristics of PbPb events: namely the hadron pT distribution
and particle multiplicity. The data set combining PYTHIA hard interactions and HYDJET under-
lying events, is referred to as PYTHIA+HYDJET. The CMS detector response is simulated using
the GEANT4 [60] toolkit.

In PbPb collisions, dijets are produced more frequently in central events than in noncentral ones
due to the larger number of binary nucleon-nucleon collisions per nuclear interaction. Since
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the HYDJET event generator simulates only minimum bias PbPb collisions, a centrality-based
reweighting is applied to the PYTHIA+HYDJET sample to match the centrality distribution of the
jet-triggered PbPb data. Additionally, a reweighting procedure is performed to match the dis-
tribution of the primary vertex position along the beam direction between the MC simulations
and the data.

Jet reconstruction is performed by the anti-kT jet algorithm with a distance parameter of R =
0.4, as implemented in the FASTJET framework [61], using particles reconstructed by the particle-
flow algorithm. The constituent subtraction method [62] is used to remove UE contributions.
The jet axis direction in η–ϕ is determined for each jet by the vector sum of the four-momenta
of its constituent particles.

Jet energy corrections are derived from MC to make the average reconstructed jet energy iden-
tical to that of particle-level jets. In situ measurements of the dijet momentum balance from
pp collisions are used for evaluating and correcting any residual differences between the jet
energy scale (JES) in data and MC simulation [42]. Additional selection criteria are applied to
remove jets potentially dominated by instrumental effects or reconstruction failures [63].

After jet reconstruction and energy corrections, leading jets are required to satisfy p
jet1
T >

130 GeV and |ηjet1 | < 1.0. Subleading jets must fulfill p
jet2
T > 50 GeV and |ηjet2 | < 2.0, in ad-

dition to the back-to-back requirement ∆ϕjet1,jet2 > 5π/6. This kinematic selection ensures full
trigger efficiency and optimal jet energy resolution (JER). The dijet sample is divided based on
the η separation of leading and subleading jets, with |∆ηjet1,jet2 | < 0.5 representing small gaps
and |∆ηjet1,jet2 | ∈ (0.5, 1.0), |∆ηjet1,jet2 | ∈ (1.0, 1.5), and |∆ηjet1,jet2 | ∈ (1.5, 2.0) representing large
gaps.

The reconstruction of charged-particle tracks is described in Ref. [39]. Tracks with 1 < pch
T < 2

and 2 < pch
T < 4 GeV within |ηch| < 2.4 are used, and only high-purity tracks [39] with relative

pch
T uncertainty below 10% are considered. In PbPb collisions, tracks must have at least 11 hits

in the tracker layers and a χ2 per degree of freedom per silicon-detector layer below 0.18. The
distance of closest approach to the primary vertex in both the x–y plane and the z direction must
have a significance below three standard deviations to reduce secondary-track contributions.

Correlations between the charged-particle tracks and the leading jet direction are constructed
following Refs. [48–52]. Distributions are formed in the (∆ηch, jet1 , ∆ϕch, jet1) space for each of
the two pch

T bins. Following Ref. [28], an η ordering of ηjet1 > ηjet2 is enforced; a reflection of the
correlation distribution is made via the reversal of the sign of ∆ηch, jet1 when this condition is
not satisfied. The correlated yields are normalized by the number of dijet pairs and corrected
for tracking efficiency and misreconstruction on a per-track basis, following the procedure out-
lined in Ref. [55]. This results in a per-jet averaged correlation distribution as a function of
∆ηch, jet1 and ∆ϕch, jet1 . Pair-acceptance effects due to limited detector acceptance are corrected
using a mixed-event method, in which the leading jet from one event is paired with charged
particles from 30 other dijet events selected randomly. This number of random samples ensures
that all kinematic bins are adequately populated. To ensure proper acceptance matching, mix-
ing is performed only between events with similar primary vertex positions along the beam
axis (within 0.5 cm) and collision centrality (within 0.5%).

Additional corrections typically applied to account for jet position resolution and selection bi-
ases (favoring jets with harder constituents or those affected by upward pT fluctuations) are
omitted, as they cancel when subtracting correlation distributions with large and small η gaps
and do not affect the charged-particle densities in the UE, which is the focus of this study. The
jet selections are made without corrections for detector resolution, as the observable is found



4

to be insensitive to jet energy resolution effects. Examples of the final correlation distributions
for pp and 0–30% PbPb collisions are shown in Appendix A.

Two peaks are observed in the resulting correlations, as shown in Fig. A.1. The near-side
(∆ϕch, jet1 ≈ 0) peak is associated with leading-jet particles, while the away-side (∆ϕch, jet1 ≈ π)
peak corresponds to the subleading jet. Because ηjet1 > ηjet2 , the away-side jet peak and the
associated diffusion wake would always appear in the negative ∆ηch, jet1 region. For small dijet
η gaps, the correlation distribution (denoted as Rsym) is roughly symmetric in ∆ηch, jet1 , with
both peaks located around ∆ηch, jet1 ≈ 0. Consequently, the diffusion wakes are hidden by the
jet peaks, and no wake signal is visible. In contrast, for large η gaps, the away-side peak and its
diffusion wake are displaced toward a larger negative ∆ηch, jet1 . The subleading-jet wake then
manifests as a dip in the near-side correlation, while the leading-jet wake appears as a dip on
the away side in the asymmetric distribution, Rasym.

Near-side (|∆ϕch, jet1 | < π/2) projections of the two-dimensional correlations onto ∆ηch, jet1 are
used to isolate the wake signal. The long-range uncorrelated background is estimated from
the positive ∆ηch, jet1 region (1.5 < ∆ηch, jet1 < 2.5) similar to previous jet–track correlation
studies [48–52] and subtracted separately for Rsym and Rasym. In this region, no wake signal is
expected due to the η ordering requirement ηjet1 > ηjet2 . The resulting Rsym distribution is then
subtracted from Rasym, isolating the diffusion wake signal [28]. The away-side correlation for
the case of asymmetric dijets also shows wake-like yield depletion, but the different position
of the away-side jet peak in large and small η gap samples prevents signal extraction in a data-
driven manner.

Various sources of systematic uncertainties are considered. The signal is largely insensitive
to jet reconstruction systematic uncertainties, namely, the JES and JER. In the data, variations
of the JES within its uncertainty and smearing of the jet momentum according to the JER un-
certainty produce results consistent with the nominal values, indicating that these effects are
negligible. In MC simulations without medium effects, the UE shows no variation with re-
spect to the subleading jet location, as expected, and closure tests (ratios of reconstructed to
particle-level signals) are consistent with unity.

Systematic uncertainties arise from the tracking efficiency determination, pair acceptance cor-
rections, and residual UE mismatches between small- and large-gap dijet selections. The track-
ing efficiency uncertainty is estimated by comparing response to variations in track selections
between data and MC simulation [55], resulting in uncertainties of 5% (2.5%) for PbPb (pp)
events [26]. The largest observed per-∆ηch, jet1 difference is conservatively applied to all ∆ηch, jet1

bins, corresponding to an absolute uncertainty ranging from 0 to 0.025 across different pch
T ,

centrality, and dijet η gap intervals. Pair-acceptance uncertainties are quantified by examin-
ing long-range ∆ηch, jet1-dependent asymmetries in the mixed-event-corrected Rsym distribu-
tion, using differences between the negative and positive sidebands (−2.5 < ∆ηch, jet1 < −1.5
and 1.5 < ∆ηch, jet1 < 2.5), with an absolute uncertainty ranging from 0 to 0.01. Residual UE
levels are estimated by comparing the subtracted distributions in the positive ∆ηch, jet1 region
using different ∆ϕch, jet1 ranges to perform the projection from the two-dimensional to one-
dimensional correlations. The varied ranges (0 < ∆ϕch, jet1 < π and 13π/20 < ∆ϕch, jet1 <

3π/2) were chosen for their sensitivity to long-range correlations. The resulting absolute un-
certainty ranges from 0.01 to 0.04. The subtracted UE level addresses uncorrelated background
contributions and therefore is flat; the assigned uncertainty reflects the degree to which it can
be constrained by the data. The effects of the centrality calibration, evaluated by varying the
minimum bias event selection efficiency of the HF calorimeters [7], are negligible. The residual
UE level mismatch provides the dominant contribution to the systematic uncertainty, followed
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Correlations are measured for dijets with different pseudorapidity separations, and the differ-
ence between correlations from large and small separation samples is used for the jet diffusion
wake extraction. When isolating medium modifications by examining the difference between
PbPb and pp collisions, a pronounced depletion of charged-particle yields is observed in the
region where a wake signal is expected. The integrated signal for low-pT charged particles
(1 < pch

T < 2 GeV) in central collisions deviates from zero with a significance exceeding 5
standard deviations. The depletion is less pronounced in more peripheral collisions and when
examining a higher pch

T selection. Theoretical models incorporating jet energy loss and medium
response show qualitatively similar trends with magnitudes that are larger than what is seen
in the data, whereas models without jet-medium interactions do not show any depletion. This
observation of the diffusion wake offers new insights into quark-gluon plasma properties and
jet-induced medium response.

Acknowledgments

We congratulate our colleagues in the CERN accelerator departments for the excellent perfor-
mance of the LHC and thank the technical and administrative staffs at CERN and at other CMS
institutes for their contributions to the success of the CMS effort. In addition, we gratefully
acknowledge the computing centers and personnel of the Worldwide LHC Computing Grid
and other centers for delivering so effectively the computing infrastructure essential to our
analyses. Finally, we acknowledge the enduring support for the construction and operation
of the LHC, the CMS detector, and the supporting computing infrastructure provided by the
following funding agencies: SC (Armenia), BMBWF and FWF (Austria); FNRS and FWO (Bel-
gium); CNPq, CAPES, FAPERJ, FAPERGS, and FAPESP (Brazil); MES and BNSF (Bulgaria);
CERN; CAS, MoST, and NSFC (China); MINCIENCIAS (Colombia); MSES and CSF (Croatia);
RIF (Cyprus); SENESCYT (Ecuador); ERC PRG and PSG, TARISTU24-TK10 and MoER TK202
(Estonia); Academy of Finland, MEC, and HIP (Finland); CEA and CNRS/IN2P3 (France);
SRNSF (Georgia); BMFTR, DFG, and HGF (Germany); GSRI (Greece); NKFIH (Hungary); DAE
and DST (India); IPM (Iran); SFI (Ireland); INFN (Italy); MSIT and NRF (Republic of Korea);
MES (Latvia); LMTLT (Lithuania); MOE and UM (Malaysia); BUAP, CINVESTAV, CONACYT,
LNS, SEP, and UASLP-FAI (Mexico); MOS (Montenegro); MBIE (New Zealand); PAEC (Pak-
istan); MES, NSC, and NAWA (Poland); FCT (Portugal); MESTD (Serbia); MICIU/AEI and
PCTI (Spain); MOSTR (Sri Lanka); Swiss Funding Agencies (Switzerland); MST (Taipei); MH-
ESI (Thailand); TUBITAK and TENMAK (Türkiye); NASU (Ukraine); STFC (United Kingdom);
DOE and NSF (USA).

Data availability

Release and preservation of data used by the CMS Collaboration as the basis for publications
is guided by the CMS data preservation, re-use and open access policy.

References

[1] W. Busza, K. Rajagopal, and W. van der Schee, “Heavy ion collisions: The big picture,
and the big questions”, Ann. Rev. Nucl. Part. Sci. 68 (2018) 339,
doi:10.1146/annurev-nucl-101917-020852, arXiv:1802.04801.



References 9

[2] PHENIX Collaboration, “Suppression of hadrons with large transverse momentum in
central Au+Au collisions at

√
s

NN
= 130 GeV”, Phys. Rev. Lett. 88 (2002) 022301,

doi:10.1103/PhysRevLett.88.022301, arXiv:nucl-ex/0109003.

[3] STAR Collaboration, “Centrality dependence of high pT hadron suppression in Au+Au
collisions at

√
s

NN
= 130 GeV”, Phys. Rev. Lett. 89 (2002) 202301,

doi:10.1103/PhysRevLett.89.202301, arXiv:nucl-ex/0206011.

[4] CMS Collaboration, “Observation and studies of jet quenching in PbPb collisions at√
s

NN
= 2.76 TeV”, Phys. Rev. C 84 (2011) 024906,

doi:10.1103/PhysRevC.84.024906, arXiv:1102.1957.

[5] ATLAS Collaboration, “Observation of a centrality-dependent dijet asymmetry in
lead-lead collisions at

√
s

NN
= 2.76 TeV with the ATLAS detector at the LHC”, Phys. Rev.

Lett. 105 (2010) 252303, doi:10.1103/PhysRevLett.105.252303,
arXiv:1011.6182.

[6] ALICE Collaboration, “Measurement of jet quenching with semi-inclusive hadron-jet
distributions in central Pb-Pb collisions at

√
s

NN
= 2.76 TeV”, JHEP 09 (2015) 170,

doi:10.1007/JHEP09(2015)170, arXiv:1506.03984.

[7] CMS Collaboration, “Overview of high-density QCD studies with the CMS experiment
at the LHC”, Phys. Rept. 1115 (2025) 219, doi:10.1016/j.physrep.2024.11.007,
arXiv:2405.10785.

[8] L. Cunqueiro and A. M. Sickles, “Studying the QGP with jets at the LHC and RHIC”,
Prog. Part. Nucl. Phys. 124 (2022) 103940, doi:10.1016/j.ppnp.2022.103940,
arXiv:2110.14490.

[9] L. Apolinário, Y.-J. Lee, and M. Winn, “Heavy quarks and jets as probes of the QGP”,
Prog. Part. Nucl. Phys. 127 (2022) 103990, doi:10.1016/j.ppnp.2022.103990,
arXiv:2203.16352.

[10] J. Casalderrey-Solana, E. V. Shuryak, and D. Teaney, “Conical flow induced by quenched
QCD jets”, J. Phys. Conf. Ser. 27 (2005) 22, doi:10.1088/1742-6596/27/1/003,
arXiv:hep-ph/0411315.

[11] H. Stoecker, “Collective flow signals the quark gluon plasma”, Nucl. Phys. A 750 (2005)
121, doi:10.1016/j.nuclphysa.2004.12.074, arXiv:nucl-th/0406018.

[12] J. Ruppert and B. Muller, “Waking the colored plasma”, Phys. Lett. B 618 (2005) 123,
doi:10.1016/j.physletb.2005.04.075, arXiv:hep-ph/0503158.

[13] S. S. Gubser, S. S. Pufu, and A. Yarom, “Sonic booms and diffusion wakes generated by a
heavy quark in thermal AdS/CFT”, Phys. Rev. Lett. 100 (2008) 012301,
doi:10.1103/PhysRevLett.100.012301, arXiv:0706.4307.

[14] R. B. Neufeld, B. Muller, and J. Ruppert, “Sonic mach cones induced by fast partons in a
perturbative quark-gluon plasma”, Phys. Rev. C 78 (2008) 041901,
doi:10.1103/PhysRevC.78.041901, arXiv:0802.2254.

[15] G. Y. Qin, A. Majumder, H. Song, and U. Heinz, “Energy and momentum deposited into
a QCD medium by a jet shower”, Phys. Rev. Lett. 103 (2009) 152303,
doi:10.1103/PhysRevLett.103.152303, arXiv:0903.2255.



10

[16] H. Li et al., “Mach cone induced by γ-triggered jets in high-energy heavy-ion collisions”,
Phys. Rev. Lett. 106 (2011) 012301, doi:10.1103/PhysRevLett.106.012301,
arXiv:1006.2893.

[17] I. Bouras et al., “Transition from ideal to viscous Mach cones in a kinetic transport
approach”, Phys. Lett. B 710 (2012) 641, doi:10.1016/j.physletb.2012.03.040,
arXiv:1201.5005. [Erratum: Phys. Lett. B 728 (2014) 156,
doi:/10.1016/j.physletb.2013.11.059].

[18] A. Ayala, I. Dominguez, J. Jalilian-Marian, and M. E. Tejeda-Yeomans, “Relating q̂, η/s
and ∆E in an expanding quark-gluon plasma”, Phys. Rev. C 94 (2016) 024913,
doi:10.1103/PhysRevC.94.024913, arXiv:1603.09296.

[19] L. Yan, S. Jeon, and C. Gale, “Jet-medium interaction and conformal relativistic fluid
dynamics”, Phys. Rev. C 97 (2018) 034914, doi:10.1103/PhysRevC.97.034914,
arXiv:1707.09519.

[20] J. Casalderrey-Solana et al., “Jet wake from linearized hydrodynamics”, JHEP 05 (2021)
230, doi:10.1007/JHEP05(2021)230, arXiv:2010.01140.

[21] S. S. Gubser and A. Yarom, “Universality of the diffusion wake in the gauge-string
duality”, Phys. Rev. D 77 (2008) 066007, doi:10.1103/PhysRevD.77.066007,
arXiv:0709.1089.

[22] B. Betz et al., “Universality of the diffusion wake from stopped and punch-through jets
in heavy-ion collisions”, Phys. Rev. C 79 (2009) 034902,
doi:10.1103/PhysRevC.79.034902, arXiv:0812.4401.

[23] Z. Yang et al., “Search for the elusive jet-induced diffusion wake in Z/γ-jets with 2D jet
tomography in high-energy heavy-ion collisions”, Phys. Rev. Lett. 127 (2021) 082301,
doi:10.1103/PhysRevLett.127.082301, arXiv:2101.05422.

[24] Z. Yang et al., “3D structure of jet-induced diffusion wake in an expanding quark-gluon
plasma”, Phys. Rev. Lett. 130 (2023) 052301,
doi:10.1103/PhysRevLett.130.052301, arXiv:2203.03683.

[25] ATLAS Collaboration, “Search for the jet-induced diffusion wake in the quark-gluon
plasma via measurements of jet-track correlations in photon-jet events in Pb+Pb
collisions at

√
s

NN
= 5.02 TeV with the ATLAS detector”, Phys. Rev. C 111 (2025) 044909,

doi:10.1103/PhysRevC.111.044909, arXiv:2408.08599.

[26] CMS Collaboration, “Evidence of medium response to hard probes using correlations of
Z bosons with hadrons in heavy ion collisions”, 2025. arXiv:2507.09307. Submitted
to Phys. Lett. B.

[27] D. Pablos, “Jet suppression from a small to intermediate to large radius”, Phys. Rev. Lett.
124 (2020) 052301, doi:10.1103/PhysRevLett.124.052301, arXiv:1907.12301.

[28] Z. Yang and X.-N. Wang, “Rapidity asymmetry of jet-hadron correlation as a robust
signal of diffusion wake induced by dijets in high-energy heavy-ion collisions”, Phys.
Rev. Lett. 135 (2025) 072302, doi:10.1103/vv7y-xbrc, arXiv:2501.03419.

[29] CMS Collaboration, “Luminosity measurement in proton-proton collisions at 5.02 TeV in
2017 at CMS”, CMS Physics Analysis Summary CMS-PAS-LUM-19-001, CERN, Geneva,
2021.



References 11

[30] CMS Collaboration, “CMS luminosity measurement for nucleus-nucleus collisions at 5.02
TeV in Run 2”, CMS Physics Analysis Summary CMS-PAS-LUM-20-002, CERN, Geneva,
2024.

[31] HEPData record for this analysis, 2026. doi:10.17182/hepdata.168219.

[32] CMS Collaboration, “The CMS experiment at the CERN LHC”, JINST 3 (2008) S08004,
doi:10.1088/1748-0221/3/08/S08004.

[33] CMS Collaboration, “Development of the CMS detector for the CERN LHC Run 3”,
JINST 19 (2024) P05064, doi:10.1088/1748-0221/19/05/P05064,
arXiv:2309.05466.

[34] CMS Collaboration, “Performance of the CMS level-1 trigger in proton-proton collisions
at

√
s = 13 TeV”, JINST 15 (2020) P10017, doi:10.1088/1748-0221/15/10/P10017,

arXiv:2006.10165.

[35] CMS Collaboration, “The CMS trigger system”, JINST 12 (2017) P01020,
doi:10.1088/1748-0221/12/01/P01020, arXiv:1609.02366.

[36] CMS Collaboration, “Performance of the CMS high-level trigger during LHC Run 2”,
JINST 19 (2024) P11021, doi:10.1088/1748-0221/19/11/P11021,
arXiv:2410.17038.

[37] CMS Collaboration, “Electron and photon reconstruction and identification with the
CMS experiment at the CERN LHC”, JINST 16 (2021) P05014,
doi:10.1088/1748-0221/16/05/P05014, arXiv:2012.06888.

[38] CMS Collaboration, “Performance of the CMS muon detector and muon reconstruction
with proton-proton collisions at

√
s = 13 TeV”, JINST 13 (2018) P06015,

doi:10.1088/1748-0221/13/06/P06015, arXiv:1804.04528.

[39] CMS Collaboration, “Description and performance of track and primary-vertex
reconstruction with the CMS tracker”, JINST 9 (2014) P10009,
doi:10.1088/1748-0221/9/10/P10009, arXiv:1405.6569.

[40] CMS Collaboration, “Particle-flow reconstruction and global event description with the
CMS detector”, JINST 12 (2017) P10003, doi:10.1088/1748-0221/12/10/P10003,
arXiv:1706.04965.

[41] CMS Collaboration, “Performance of reconstruction and identification of τ leptons
decaying to hadrons and ντ in pp collisions at

√
s = 13 TeV”, JINST 13 (2018) P10005,

doi:10.1088/1748-0221/13/10/P10005, arXiv:1809.02816.

[42] CMS Collaboration, “Jet energy scale and resolution in the CMS experiment in pp
collisions at 8 TeV”, JINST 12 (2017) P02014,
doi:10.1088/1748-0221/12/02/P02014, arXiv:1607.03663.

[43] CMS Collaboration, “Performance of missing transverse momentum reconstruction in
proton-proton collisions at

√
s = 13 TeV using the CMS detector”, JINST 14 (2019)

P07004, doi:10.1088/1748-0221/14/07/P07004, arXiv:1903.06078.

[44] CMS Tracker Group Collaboration, “The CMS phase-1 pixel detector upgrade”, JINST
16 (2021) P02027, doi:10.1088/1748-0221/16/02/P02027, arXiv:2012.14304.



12

[45] CMS Collaboration, “Track impact parameter resolution for the full pseudo rapidity
coverage in the 2017 dataset with the CMS phase-1 pixel detector”, CMS Detector
Performance Summary CMS-DP-2020-049, 2020.

[46] M. Cacciari, G. P. Salam, and G. Soyez, “The anti-kT jet clustering algorithm”, JHEP 04
(2008) 063, doi:10.1088/1126-6708/2008/04/063, arXiv:0802.1189.

[47] CMS Collaboration, “Multiplicity and transverse momentum dependence of two- and
four-particle correlations in pPb and PbPb collisions”, Phys. Lett. B 724 (2013) 213,
doi:10.1016/j.physletb.2013.06.028, arXiv:1305.0609.

[48] CMS Collaboration, “Correlations between jets and charged particles in PbPb and pp
collisions at

√
s

NN
= 2.76 TeV”, JHEP 02 (2016) 156, doi:10.1007/JHEP02(2016)156,

arXiv:1601.00079.

[49] CMS Collaboration, “Decomposing transverse momentum balance contributions for
quenched jets in PbPb collisions at

√
s

NN
= 2.76 TeV”, JHEP 11 (2016) 055,

doi:10.1007/JHEP11(2016)055, arXiv:1609.02466.

[50] CMS Collaboration, “Jet properties in PbPb and pp collisions at
√

s
NN

= 5.02 TeV”, JHEP
05 (2018) 006, doi:10.1007/JHEP05(2018)006, arXiv:1803.00042.

[51] CMS Collaboration, “Measurement of b jet shapes in proton-proton collisions at
√

s =
5.02 TeV”, JHEP 05 (2021) 054, doi:10.1007/JHEP05(2021)054,
arXiv:2005.14219.

[52] CMS Collaboration, “In-medium modification of dijets in PbPb collisions at√
s

NN
= 5.02 TeV”, JHEP 05 (2021) 116, doi:10.1007/JHEP05(2021)116,

arXiv:2101.04720.

[53] A. J. Baltz et al., “The physics of ultraperipheral collisions at the LHC”, Phys. Rept. 458
(2008) 1, doi:10.1016/j.physrep.2007.12.001, arXiv:0706.3356.

[54] CMS Collaboration, “Transverse-momentum and pseudorapidity distributions of
charged hadrons in pp collisions at

√
s = 0.9 and 2.36 TeV”, JHEP 02 (2010) 041,

doi:10.1007/JHEP02(2010)041, arXiv:1002.0621.

[55] CMS Collaboration, “Charged-particle nuclear modification factors in PbPb and pPb
collisions at

√
s

NN
= 5.02 TeV”, JHEP 04 (2017) 039, doi:10.1007/JHEP04(2017)039,

arXiv:1611.01664.
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A Two-dimensional angular correlations

Figure A.1 shows the two-dimensional distributions of charged-particle yields in pp and 0–30%
PbPb collisions for 1 < pch

T < 2 GeV, as functions of ∆ηch, jet1 and ∆ϕch, jet1 relative to the leading
jet. Distributions for small (Rsym |∆ηjet1,jet2 | < 0.5) and large (Rasym |∆ηjet1,jet2 | ∈ (1.0, 1.5)) dijet
η gaps are shown. Charged-particle tracks associated with the fragmentation of the leading jet
produce a peak near (∆ηch, jet1 , ∆ϕch, jet1) ≈ (0, 0), while those from the subleading jet cluster
around (∆ηch, jet1 , ∆ϕch, jet1) ≈ (0, π) or (−1, π) for small and large η gaps, respectively. These
distributions are then projected onto ∆ηch, jet1 to isolate the wake signal.
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Figure A.1: Distributions of charged-particle yields with 1 < pch
T < 2 GeV as functions of

∆ηch, jet1 and ∆ϕch, jet1 , measured relative to the leading jet direction in pp (upper panels) and
0–30% PbPb (lower panels) collisions. The left (right) column shows the results for small
(Rsym |∆ηjet1,jet2 | < 0.5) and large (Rasym |∆ηjet1,jet2 | ∈ (1.0, 1.5)) dijet configurations.
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M. Schröder , J. Schwandt , M. Sommerhalder , H. Stadie , G. Steinbrück , R. Ward ,



19

B. Wiederspan, M. Wolf , C. Yede

Karlsruher Institut fuer Technologie, Karlsruhe, Germany
A. Brusamolino , E. Butz , Y.M. Chen , T. Chwalek , A. Dierlamm , G.G. Din-
cer , D. Druzhkin , U. Elicabuk, N. Faltermann , M. Giffels , A. Gottmann ,
F. Hartmann27 , F. Hummer , U. Husemann , J. Kieseler , M. Klute , J. Knolle ,
R. Kunnilan Muhammed Rafeek, O. Lavoryk , J.M. Lawhorn , S. Maier , T. Mehner ,
M. Molch, A.A. Monsch , M. Mormile , Th. Müller , E. Pfeffer , M. Presilla ,
G. Quast , K. Rabbertz , B. Regnery , R. Schmieder, T. Selezneva, N. Shadskiy ,
I. Shvetsov , H.J. Simonis , L. Sowa , L. Stockmeier, K. Tauqeer, M. Toms , B. Topko ,
N. Trevisani , C. Verstege , T. Voigtländer , R.F. Von Cube , J. Von Den Driesch,
C. Winter, R. Wolf , W.D. Zeuner , X. Zuo

Institute of Nuclear and Particle Physics (INPP), NCSR Demokritos, Aghia Paraskevi,
Greece
G. Anagnostou , G. Daskalakis , A. Kyriakis

National and Kapodistrian University of Athens, Athens, Greece
G. Melachroinos, Z. Painesis , I. Paraskevas , N. Plastiras , N. Saoulidou , K. Theofi-
latos , E. Tziaferi , E. Tzovara , K. Vellidis , I. Zisopoulos

National Technical University of Athens, Athens, Greece
T. Chatzistavrou , G. Karapostoli , K. Kousouris , E. Siamarkou, G. Tsipolitis

University of Ioánnina, Ioánnina, Greece
I. Evangelou , C. Foudas, P. Katsoulis, P. Kokkas , P.G. Kosmoglou Kioseoglou ,
N. Manthos , I. Papadopoulos , J. Strologas

HUN-REN Wigner Research Centre for Physics, Budapest, Hungary
C. Hajdu , D. Horvath28,29 , Á. Kadlecsik , C. Lee , K. Márton, A.J. Rádl30 , F. Sikler ,
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Basilicatac, Potenza, Italy; Scuola Superiore Meridionale (SSM)d, Napoli, Italy
S. Buontempoa , F. Confortinia ,b , C. Di Fraiaa ,b , F. Fabozzia ,c , L. Favillaa ,d ,
A.O.M. Iorioa ,b , L. Listaa ,b ,48 , P. Paoluccia ,27 , B. Rossia
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H.A. Encinas Acosta, L.G. Gallegos Marı́ñez, J.A. Murillo Quijada , L. Valencia Palomo

Centro de Investigacion y de Estudios Avanzados del IPN, Mexico City, Mexico
G. Ayala , H. Castilla-Valdez , H. Crotte Ledesma , R. Lopez-Fernandez ,
J. Mejia Guisao , R. Reyes-Almanza , A. Sánchez Hernández

Universidad Iberoamericana, Mexico City, Mexico
C. Oropeza Barrera , D.L. Ramirez Guadarrama, M. Ramı́rez Garcı́a

Benemerita Universidad Autonoma de Puebla, Puebla, Mexico
I. Bautista , F.E. Neri Huerta , I. Pedraza , H.A. Salazar Ibarguen , C. Uribe Estrada

University of Montenegro, Podgorica, Montenegro
I. Bubanja , J. Mijuskovic , N. Raicevic

University of Canterbury, Christchurch, New Zealand



24

P.H. Butler

National Centre for Physics, Quaid-I-Azam University, Islamabad, Pakistan
A. Ahmad , M.I. Asghar , A. Awais , M.I.M. Awan, W.A. Khan

AGH University of Krakow, Krakow, Poland
V. Avati, L. Forthomme , L. Grzanka , M. Malawski , K. Piotrzkowski

National Centre for Nuclear Research, Swierk, Poland
H. Awedikian , M. Bluj , M. Ghimiray, M. Górski , M. Kazana , M. Szleper ,
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M.Köppel , W. Lustermann , M. Malucchi , R.A. Manzoni , L. Marchese ,
A. Mascellani58 , F. Nessi-Tedaldi , F. Pauss , A.A. Petre, J. Prendi , B. Ristic ,
S. Rohletter, P.M. Sander, R. Seidita , J. Steggemann58 , A. Tarabini , C.Z. Tee,
D. Valsecchi , P.H. Wagner, R. Wallny
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