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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
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This paper presents a measurement of jet-track correlations in photon-jet events, using 1.72 nb−1 of Pb+Pb
data at

√
sNN = 5.02 TeV recorded with the ATLAS detector at the LHC. Events with energetic photon-jet pairs

are selected, where the photon and jet are approximately back-to-back in azimuth. The angular correlation
between jets and charged-particle tracks with transverse momentum (pT) in the range 0.5–2.0 GeV in the
hemisphere opposite to the jet, |�φ(jet,track)| > π/2, is measured as a function of their relative pseudorapidity
difference, |�η(jet,track)|. In central Pb+Pb collisions, these correlations are predicted to be sensitive to the
diffusion wake in the quark-gluon plasma resulting from the lost energy of high-pT partons traversing the plasma,
with a characteristic modification as a function of |�η(jet,track)|. The correlations are examined with different
selections on the jet-to-photon pT ratio to select events with different degrees of energy loss. No diffusion wake
signal is observed within the current sensitivity and upper limits at 95% confidence level on the diffusion wake
amplitude are reported.
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I. INTRODUCTION

Collisions of high-energy nuclei at the Relativistic Heavy
Ion Collider (RHIC) and the Large Hadron Collider (LHC)
produce small droplets of quark-gluon plasma (QGP) [1].
These QGP droplets quickly expand and are well described
as a near-perfect (i.e., nearly inviscid) fluid [2]. One of the
primary signatures of QGP formation is the substantial energy
lost by large transverse momentum (pT) quarks and gluons
passing through the QGP. This energy loss, often termed “jet
quenching,” indicates the presence of a medium with large
color opacity [3,4]. Numerous measurements at the RHIC and
at the LHC, when combined with theoretical predictions, en-
able the extraction of the total amount of energy lost by these
partons while traversing the QGP. This has been most recently
achieved via the measurement of jet suppression in events
tagged by prompt isolated photons, i.e., γ -jet observables
[5].

When a high-pT parton loses energy, it is important to
understand how that energy is distributed in terms of radiated
gluons, i.e., what is the overall modification of the parton
shower. In addition, energy may also be transferred to the
QGP fluid, which is well described by hydrodynamic models
with very small dissipation. There are theoretical calculations
predicting a “medium response,” including a Mach cone, a
wake front (an enhanced amplitude of the medium in the
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direction of the parton), and an associated diffusion wake (a
depletion in the amplitude of the medium in the opposite di-
rection) [6–8]. Measurements of this medium response would
provide important constraints on the speed of sound and vis-
cosity of the QGP. Many papers have detailed calculations
of this medium response with different modeling of the lost
energy and the QGP fluid itself [9–15].

As detailed in Ref. [15], there are significant challenges
to experimentally confirm these different medium response
signatures. The medium response in the direction of the par-
ton competes with the modified parton shower and thus has
not resulted in an unambiguous signature. Observations of
enhanced low-pT particle production and particles at larger
angles relative to the jet have been reported [16–20]. However,
their definitive attribution remains ambiguous.

In di-jet events, the diffusion wake (depletion) induced
by one jet is contaminated from the wake (enhancement)
of the other jet in the opposite direction, which may lead
to a cancellation of observable effects. However, in Z/γ -jets
events, the diffusion wake can be measured cleanly as Z/γ
do not interact strongly in the plasma and thus produce no
medium response of their own. Initial experimental results
for Z-track correlations have been published [21,22], while
Ref. [15] specifically proposes to search for the jet-induced
diffusion wake in Z/γ -jets events. In this paper, the higher
statistics γ -jet channel is pursued.

In Ref. [23], a new observable is suggested to aid in the
separation of the medium response, in this case the diffusion
wake, from other correlated particle production referred to
as the multiparton interaction (MPI) contribution. Utilizing
the coupled linear Boltzmann transport and hydrodynam-
ics (CoLBT-hydro) framework [9], a fully three-dimensional
medium response can be mapped out. This framework models
γ -jet events and examines the correlation between the jet axis
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(ηjet, φjet)1 and low-pT charged hadrons (ηh, φh). The absolute
medium modification is then obtained by subtracting the cor-
relation from the same hydrodynamic event without the γ -jet.
The expected magnitude of the modification to the medium is
of order 0.2% [23].

The proposal in Ref. [23] for separating the impacts of the
diffusion wake and MPI is to examine this observable as a
function of xJγ = pjet

T /pγ

T. For events with lower xJγ , the quark
or gluon opposing the photon loses more energy on average in
the medium and hence the diffusion wake is larger. On the
other hand, the MPI effect, being an initial-state effect, has no
dependence on the energy loss effect, i.e., it is independent of
xJγ . Thus testing the MPI independence on xJγ using proton-
proton (pp) data is an important cross-check.

This paper presents jet-track angular correlations utilizing
γ -jet events in Pb+Pb collisions. The jet-track yield as a
function of |�η(jet,track)| is compared to the one in events
without the presence of a jet to extract the relative amount of
diffusion wake compared to the bulk medium. This enables a
direct test of these diffusion wake theory predictions.

II. ATLAS DETECTOR

The ATLAS detector [24] at the LHC [25] covers nearly the
entire solid angle around the collision point. It consists of an
inner tracking detector surrounded by a thin superconducting
solenoid, electromagnetic and hadronic calorimeters, and a
muon spectrometer incorporating three large superconducting
air-core toroidal magnets.

The inner-detector system (ID) is immersed in a 2 T ax-
ial magnetic field and provides charged-particle tracking in
the range |η| < 2.5. The high-granularity silicon pixel de-
tector covers the vertex region and typically provides four
measurements per track, the first hit generally being in the
insertable B-layer (IBL) installed before Run 2 [26,27]. It
is followed by the semiconductor tracker (SCT), which usu-
ally provides eight measurements per track. These silicon
detectors are complemented by the transition radiation tracker
(TRT), which enables radially extended track reconstruction
up to |η| = 2.0.

The calorimeter system covers the pseudorapidity range
|η| < 4.9. Within the region |η| < 3.2, electromagnetic
calorimetry is provided by barrel and endcap high-granularity
lead/liquid-argon (LAr) calorimeters, with an additional thin
LAr presampler covering |η| < 1.8 to correct for energy
loss in material upstream of the calorimeters. Hadronic
calorimetry is provided by the steel/scintillator-tile calorime-
ter, segmented into three barrel structures within |η| < 1.7,

1ATLAS uses a right-handed coordinate system with its origin at
the nominal interaction point (IP) in the center of the detector and
the z axis along the beam pipe. The x axis points from the IP to the
center of the LHC ring and the y axis points upwards. Polar coordi-
nates (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+pzc
E−pzc ) in the relativistic limit. Angular distance is measured

in units of �R ≡ √
(�y)2 + (�φ)2.

and two copper/LAr hadronic endcap calorimeters. The solid
angle coverage is completed with forward copper/LAr and
tungsten/LAr calorimeter modules optimized for electromag-
netic and hadronic energy measurements, respectively.

Events are selected by the first-level trigger system imple-
mented in custom hardware, followed by selections made by
algorithms implemented in software in the high-level trigger
[28]. The first-level trigger accepts events from the 40 MHz
bunch crossings at a rate below 100 kHz, which the high-level
trigger further reduces in order to record complete events to
disk at about 1 kHz.

A software suite [29] 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.

III. EVENT SELECTIONS AND SIMULATIONS

The data sets, photon and jet reconstruction, and simulation
samples used in this measurement are identical to those used
in a previous measurement of photon-tagged jet production
[5] and are briefly summarized here.

Events in data are selected for analysis using triggers re-
quiring a reconstructed photon with transverse energy, ET,
above 35 GeV (20 GeV) in pp (Pb+Pb) collisions [30]. These
triggers sample the full luminosity of 255 pb−1 for the 2017
pp data and of 1.72 nb−1 for the 2018 Pb+Pb data, and are
fully efficient for the photon selection used in this analysis. In
addition, minimum-bias (MB) triggered Pb+Pb events [31]
are utilized for event mixing as detailed below. Events are
required to satisfy detector and data-quality requirements [32]
and to have a reconstructed pp collision vertex from at least
two tracks with pT > 500 MeV [33]. The vertex whose as-
sociated tracks give the highest sum of squared transverse
momentum is designated the event primary vertex.

In Pb+Pb collisions, the forward calorimeters (FCal) cov-
ering 3.2 < |η| < 4.9 are used to estimate the event centrality
which is defined by the total transverse energy sum, �EFCal

T .
Events in different intervals of �EFCal

T are associated with
an underlying geometric configuration according to a Monte
Carlo (MC) Glauber simulation [34] using the same event
selection criteria as in previous ATLAS analyses [35]. This
analysis uses a centrality interval corresponding to the 0–10%
of the �EFCal

T distribution in MB events. This interval corre-
sponds on average to the Pb+Pb collisions with the largest
geometric overlap.

Simulated samples of γ -jet events, including direct and
fragmentation photon contributions, were generated at leading
order in QCD with PYTHIA8 [36] using the NNPDF2.3LO
[37] parton distribution function set and the A14 [38] set of
tuned parameters. To include the effects of the underlying
event (UE) in Pb+Pb collisions, the PYTHIA8 γ -jet events
are overlaid at the detector-hit level with Pb+Pb data recorded
with minimum-bias triggers. These samples were simulated
[39] using a GEANT4 [40] description of the ATLAS detector
and were digitized and reconstructed in a manner identical to
that of the data.

Photons are reconstructed following the method used
previously in Pb+Pb collisions [41,42], which applies the
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procedure used in pp collisions [43] after an event-by-event
estimation and subtraction of the UE contribution to the
energy deposited in each calorimeter cell [44]. Photon candi-
dates must pass shower shape requirements [45] designed to
reject those arising from neutral meson decays and hadronic
showers starting in the electromagnetic calorimeter. Further-
more, photons are required to be isolated by requiring the sum
of the transverse energy (after UE subtraction) in calorimeter
cells within a cone of size �R = 0.3 cone to be below opti-
mized thresholds, achieving a 90% efficiency for prompt pho-
tons in fine bins of centrality classes, as determined using the
simulations described above. The photon isolation efficiency
is evaluated with respect to generator-level final state photons
which are isolated by requiring that the sum of the transverse
energy of all the final-state particles, excluding the photon
itself, within a cone of size �R = 0.4 cone be less than 5 GeV.

Jets are reconstructed following the procedure previously
used in Pb+Pb collisions [44,46]. The anti-kt algorithm
[47,48] with distance parameter R = 0.4 is applied to logical
towers (�η × �φ = 0.1 × π/32), which are a combination
of cells in all calorimeter layers. The contribution to the
energy deposited in towers by the UE is estimated on an
event-by-event basis, and the tower energies are iteratively
updated to subtract the UE contribution, which is then
reestimated. The resulting jets are corrected using simulation
to account for the response of the calorimeter to jets [49], and
then using in situ studies of jets recoiling against photons,
Z bosons, and jets in other regions of the calorimeter in
pp collisions [41] for the absolute response in data. After
performing this initial calibration, a process known as
“cross-calibration” [50] is carried out. This step establishes
a connection between the jet energy scale observed in
high-luminosity pp collisions at

√
s = 13 TeV [50] and the

jets reconstructed using the different method described earlier
in the 5.02 TeV Pb+Pb data. The calibration described
above is based on inclusive jets and an additional calibration
correction is applied to account for the different flavor fraction
estimated in the MC simulation between inclusive jets and
jets produced in association with a photon.

Charged tracks are reconstructed following the procedure
previously used in Pb+Pb collisions [51,52]. A selection cri-
terion optimized for primary charged particles is used [53].
Primary charged particles are defined as charged particles with
a mean lifetime τ > 0.3 × 10−10 s, either directly produced
in the collision interactions or from subsequent decays of
particles with a shorter lifetime [54]. All reconstructed tracks
satisfying the selection criteria with 0.5 < pT < 2.0 GeV and
|η| < 2.5 are used in this analysis. This specific pT range is
selected because the medium response is expected to be most
significant at lower transverse momenta. The charged-particle
yield is corrected for reconstruction inefficiency, as well as
tracks which are not associated with primary particles, on a
per-track basis using simulation-derived correction factors.

IV. ANALYSIS

Events with photons passing the identification and iso-
lation requirements described previously and with 90 <

Eγ

T < 180 GeV and |ηγ | < 2.37 (excluding the region 1.37 <

|ηγ | < 1.52) are selected. Only the highest-ET (leading) pho-
ton among them is used in the measurement. The kinematic
selections of jets in this analysis are pjet

T > 40 GeV and
|ηjet| < 2.5. These photon Eγ

T and jet pjet
T ranges encompass

a broad range of xJγ , from 0.3 to 1.0. The results are reported
in three xJγ selections: 0.3 < xJγ < 0.6, 0.6 < xJγ < 0.8, and
0.8 < xJγ < 1.0. These xJγ ranges, by construction, impose
upper pjet

T limits corresponding to the photon Eγ

T , which is
restricted to below 180 GeV. The upper Eγ

T boundary of
180 GeV is imposed to facilitate comparison with the theo-
retical prediction.

The jet energy resolution (JER) and scale (JES) can lead to
migration between xJγ ranges. However, this effect is found to
be small and accounted for in the systematic uncertainty, so
no unfolding is performed. The azimuthal angle between the
leading photon and associated jet, �φ(γ ,jet), is required to
be greater than 3π/4. Only the leading jet in this �φ(γ ,jet)
window is taken for the measurement. These requirements
significantly reduce the rate of jets uncorrelated with the
photon-producing hard scattering process as well as the con-
tribution from multijet topologies.

For events with photon-jet pairs passing these selections,
the distribution of the absolute pseudorapidity difference be-
tween the jet and each track, |�η(jet,track)|, is constructed.
All jet-track pairs must be in opposite azimuthal hemispheres,
i.e., |�φ(jet,track)| > π/2. The |�η(jet,track)| distribution
normalized by the number of photon-jet pairs is defined as

Ycorr = 1

Nγ -jet

d2N jet-track

d�η d�φ
. (1)

In Pb+Pb collisions, to gauge the medium modification
of the QGP induced by the presence of jets, the tracks pro-
duced from the bulk medium constitute a background that is
estimated using an event mixing technique and are used as
a reference for the track-jet correlation in photon-jet events.
This “uncorrelated” track rate is estimated from the per-event
track rate in MB Pb+Pb data. A photon-jet pair in a given
event is matched with tracks in a different event, i.e., tracks
from MB events that should have no a priori relationship to a
given photon-jet pair are used. When mixing the two events,
an MB Pb+Pb event is chosen to have similar properties as
the signal event by matching �EFCal

T , the event plane angle
[55], and the z position of the primary vertex. In Pb+Pb
collisions, the value of �EFCal

T in events with the photon-jet
production (“signal” event) includes a contribution from the
photon-jet production and another one from the event without
this photon-jet production. The �EFCal

T contribution from the
photon-jet production is estimated in pp data and has a mean
value �EFCal,pp

T = 17 GeV. When mixing a signal event and
an MB event, the �EFCal

T required is thus 17 GeV smaller than
that of the signal event. Figure 1 shows the |�η(jet,track)|
distributions from signal events (Ycorr) and from mixed events
(labeled as Yuncorr) and the ratio corresponding to 0.3 < xJγ <

0.6. This ratio indicates the relative medium modification.
As a check, the raw |�η(jet,track)| distributions in pp

collisions at 5.02 TeV are studied with the identical photon,
jet, and track selections as in Pb+Pb collisions. In addition,
the number of vertices is required to be exactly one to reject
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FIG. 1. Top panel: the |�η(jet,track)| distributions for raw (Ycorr)
and mixed (Yuncorr) events for the Pb+Pb 0–10% centrality interval
for 0.3 < xJγ < 0.6. Bottom panel: the ratio Ycorr/Yuncorr as a function
of |�η(jet,track)|. The vertical bars associated with symbols indicate
the statistical uncertainties.

pileup events in pp collisions. Figure 2 shows the compar-
ison of the yield distributions of tracks per photon-jet pair
as a function of |�η(jet,track)| in three selections of xJγ .
According to the theory expectations detailed in Ref. [9], the
MPI should be independent of the specifics of the photon-jet
kinematics. The presented ratio of the yields in different xJγ

selections to the one obtained for 0.6 < xJγ < 0.8 is shown
to be consistent with unity within statistical uncertainties in
Fig. 2, i.e., in agreement with the theoretical expectations.

V. SYSTEMATIC UNCERTAINTIES

The systematic uncertainties are evaluated by repeating the
full analysis chain with a given systematic variation, which
may result in, e.g., a different reconstructed-level distribution.
To avoid double-counting the statistical uncertainties, a χ2

test is performed for each source of systematic uncertainty.
First, the signal samples are split into two halves for statis-
tically independent comparisons between nominal and varied
conditions: one half of the events for the nominal condition,
the other half for the variation. The χ2 of the difference
between the variation and the nominal is calculated. If the
χ2 value is smaller than a threshold (χ2

cut), the differences
are reasonably consistent within statistical fluctuations and
thus no systematic uncertainty is assigned for this variation.
The χ2

cut is set to correspond to the 68% probability level,
obtained by splitting the data sets 200 times under the same
nominal condition, which reflects purely statistical fluctua-
tions. Systematic sources which pass the χ2

cut are deemed
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FIG. 2. Top panel: the raw |�η(jet,track)| distributions for dif-
ferent xJγ selections in pp collisions at 5.02 TeV. Bottom panel:
ratio of yields in different xJγ selections to the one obtained for
0.6 < xJγ < 0.8. The vertical bars associated with each bin indicate
the statistical uncertainties.

systematically significant, whether due to a real systematic
difference or as the result of a residual statistical fluctuation.
In this χ2 procedure, a small but real systematic difference
may not be identified due to a statistical fluctuation in the
nominal-variation event splitting.

The sources of systematic uncertainty in this measurement
are those associated with the track, jet, photon, and event
mixing components. For track-related uncertainties, track se-
lection criteria are varied using the same procedure as in
Ref. [22]. Additionally, to account for the asymmetric detector
performance in the ID, the analysis is repeated for ηtrack < 0
and ηtrack > 0 separately. Similarly, the ηjet asymmetry is con-
sidered as another source of systematic uncertainty arising
from the imperfections in the calorimeter performance. In
addition, the JER can shift jets between different xJγ selec-
tions. Therefore, the reconstructed jet pjet

T is smeared using
the JER for the variation. The JES is also considered as a
systematic uncertainty, but its effects are negligible. Regard-
ing photon-related uncertainties, a tighter photon isolation
energy requirement is applied, setting the isolation threshold
to achieve an 80% isolation efficiency. For the nominal selec-
tion, the purity of isolated photons is high and there is thus no
explicit correction made for background photons. The tighter
isolation criterion is used to account for the impact of potential
remaining background photons. Also, to examine the impact
of the photon isolation energy cone size (�R = 0.3) on the
results, the analysis is repeated with �η(jet,γ ) > 0.5. This
variation thus excludes tracks that might directly influence the
isolation energy calculation. Finally, systematic uncertainties
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FIG. 3. Breakdown of the systematic uncertainties as a function of |�η(jet,track)| for the Pb+Pb 0–10% centrality interval. Different
panels represent different xJγ ranges (0.3 < xJγ < 0.6, 0.6 < xJγ < 0.8, and 0.8 < xJγ < 1.0).

related to the event-mixing procedure are considered. The
�EFCal,pp

T estimation (17 GeV) is varied up and down by a
conservative value of ±50%. For sources which have distinct
“up” and “down” variations, i.e., event mixing, uncertainties
are asymmetric. For sources which only have a one-sided
variation, uncertainties are symmetrized.

Figure 3 shows the breakdown of absolute systematic un-
certainties for Ycorr/Yuncorr. All uncertainties are (partially)
correlated between Ycorr and Yuncorr, leading to relatively small
systematic uncertainties in the ratio Ycorr/Yuncorr. Systematic
uncertainty sources which fail the χ2 test are not depicted in
the figure and are not included as a contribution to the total
uncertainty. As a result of the χ2 test procedure, different
uncertainty sources may be included in the total uncertainty
for the different xJγ ranges. For 0.3 < xJγ < 0.6, the dominant
systematic uncertainty is the event-mixing uncertainty and
the total uncertainty ranges from smaller than 0.5% at small
|�η(jet,track)| to approximately 1% at larger |�η(jet,track)|.
For 0.8 < xJγ < 1.0, the total uncertainty increases from ap-
proximately 1% at small |�η(jet,track)| (where the dominant
contribution is the event-mixing component) to 2.5% at large

|�η(jet,track)| (where the dominant contribution is the ηjet

asymmetry).
For the double ratio, (Ycorr/Yuncorr )xJγ =0.3−0.6/(Ycorr/

Yuncorr )xJγ =0.8−1.0, the different uncertainty contributions are
evaluated according to the χ2 test specifically for this quantity
by varying the numerator and denominator together. Many
uncertainty sources, such as track quality and jet energy
resolution, are expected to have a similar impact in the
different xJγ ranges and thus cancel in this double ratio. After
evaluating these contributions, the photon isolation is the
dominant remaining uncertainty in this measurement, with
an approximately |�η(jet,track)|-independent magnitude of
0.5%.

VI. RESULTS

Figure 4 shows the ratio Ycorr/Yuncorr in the Pb+Pb 0–10%
centrality interval as a function of |�η(jet,track)| for jets and
tracks in opposite azimuthal hemispheres (|�φ(jet,track)| >

π/2) and in three categories of xJγ (0.3 < xJγ < 0.6,
0.6 < xJγ < 0.8, and 0.8 < xJγ < 1.0). For all three xJγ selec-
tions, the results are consistent with unity within uncertainties.

FIG. 4. Ycorr/Yuncorr distributions are shown as a function of |�η(jet,track)| for the Pb+Pb 0–10% centrality interval. Different panels
represent different xJγ ranges (0.3 < xJγ < 0.6, 0.6 < xJγ < 0.8, and 0.8 < xJγ < 1.0). The vertical bars indicate the statistical uncertainties.
The total systematic uncertainties are shown as boxes in each |�η(jet,track)| bin.
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FIG. 5. Double ratio (Ycorr/Yuncorr )xJγ =0.3−0.6/(Ycorr/Yuncorr )xJγ =0.8−1.0

as a function of |�η(jet,track)| for the Pb+Pb 0–10% centrality
interval. The vertical bars indicate the statistical uncertainties. The
total systematic uncertainties are shown as boxes.

Figure 5 shows the double ratio, (Ycorr/

Yuncorr )xJγ =0.3−0.6/(Ycorr/Yuncorr )xJγ =0.8−1.0, which is par-
ticularly sensitive to whether a larger diffusion wake is
present when the parton loses more energy in the QGP.
In addition, uncertainty sources that are correlated between
(Ycorr/Yuncorr )xJγ =0.3−0.6 and (Ycorr/Yuncorr )xJγ =0.8−1.0, e.g., event
mixing uncertainties, partially cancel out in the ratio. Again,
the results are consistent with unity within uncertainties,
meaning that no significant xJγ dependence of the diffusion
wake is found.

To quantify these observations further, the Ycorr/Yuncorr dis-
tributions are fitted with a function comprising a constant and
a Gaussian term:

a0 + adwe−|�η(jet,track)|2/(2σ 2
dw ), (2)

where σdw and adw correspond to the |�η(jet,track)| width
and amplitude of the potential diffusion wake, respectively.

The Gaussian shape of the diffusion wake is theoretically
predicted. Such a diffusion wake would have a negative am-
plitude (adw < 0). For each value of σdw, the most probable
amplitude adw is calculated via a MC sampling method in-
cluding all statistical and systematic uncertainties and their
correlations. For input to theoretical models, it is convenient
to calculate the best-fit adw for different possible σdw values.
Thus the fit is repeated with the σdw parameter fixed, repre-
senting a different hypothesis each time, while adw and a0 are
treated as free parameters.

Figure 6 shows the most probable values as well as the ±1
and ±2 standard deviation limits for the three xJγ selections.
For all diffusion wake widths σdw and in all xJγ selections,
the best-fit amplitudes are negative; however, all results are
consistent with adw = 0 (no signal), within approximately one
(two) standard deviation for 0.6 < xJγ < 0.8 and 0.8 < xJγ <

1.0 (0.3 < xJγ < 0.6). The systematic uncertainties between
|�η(jet,track)| bins are highly correlated and the statistical
uncertainties dominate in the probability distributions of dif-
fusion wake amplitudes.

Similar to the Ycorr/Yuncorr fits, the (Ycorr/

Yuncorr )xJγ =0.3−0.6/(Ycorr/Yuncorr )xJγ =0.8−1.0 distribution is fitted
with the function defined as

b0 + bdwre
−|�η(jet,track)|2/(2σ 2

dwr ), (3)

where σdwr and bdwr correspond to the |�η(jet,track)| width
and amplitude of the double ratio, respectively. Figure 7 shows
the best-fit relative diffusion wake amplitude (bdwr) between
(Ycorr/Yuncorr )xJγ =0.3−0.6 and (Ycorr/Yuncorr )xJγ =0.8−1.0 as a func-
tion of σdwr (which is fixed in each fit). The most probable
amplitude bdwr is consistent with zero within one or two
standard deviations, indicating that the best-fit amplitude adw

in 0.8 < xJγ < 1.0 is very similar to that in 0.3 < xJγ < 0.6.
No significant diffusion wake signal that increases with larger
parton energy loss is observed.

The theoretical framework CoLBT-hydro predicts a diffu-
sion wake signal that increases for decreasing xJγ selections
[9]. CoLBT-hydro calculations have been carried out to
match the specific kinematic selections of this measure-
ment, including the photon, jet, and track criteria. The

FIG. 6. Diffusion wake amplitude adw as a function of diffusion wake width σdw from Gaussian fits for Ycorr/Yuncorr . Different panels
represent different xJγ ranges (0.3 < xJγ < 0.6, 0.6 < xJγ < 0.8, and 0.8 < xJγ < 1.0). The red solid line is the most probable amplitude. The
inner and outer shaded areas represent one (±1σ ) and two (±2σ ) standard deviation ranges, respectively.
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FIG. 7. Amplitude (bdwr) of a Gaussian fit for (Ycorr/

Yuncorr )xJγ =0.3−0.6/(Ycorr/Yuncorr )xJγ =0.8−1.0 as a function of a given
width σdwr. The red solid line is the most probable amplitude. The
inner and outer shaded areas represent one (±1σ ) and two (±2σ )
standard deviation ranges, respectively.

theory predicts diffusion wake parameters in the double ra-
tio (Ycorr/Yuncorr )xJγ =0.3−0.6/(Ycorr/Yuncorr )xJγ =0.8−1.0 of bdwr =
−0.00185 and σdwr = 1.033. Figure 8 shows the probability
distribution for the double ratio when fixing σdwr to 1.033.
The CoLBT-hydro theory expectation is overlaid. The small
predicted bdwr value is consistent with the experimental results
within uncertainty. A diffusion wake double amplitude bdwr

value smaller than −0.0058 can be ruled out at 95% confi-
dence level. The p value for bdwr being positive is 0.38. As
above, the constraining power of the measurement is limited
by the statistical, rather than the systematic, precision of the
data set.

FIG. 8. Probability distribution of the amplitude of the Gaussian
fit component bdwr for (Ycorr/Yuncorr )xJγ =0.3−0.6/(Ycorr/Yuncorr )xJγ =0.8−1.0

for σdwr = 1.033 (the value predicted by the CoLBT-hydro frame-
work). The yellow, green, and blue lines represent 68%, 90%, and
95% confidence levels, respectively. The red dashed line is the theory
expectation from the CoLBT-hydro framework.

VII. CONCLUSION

The bulk quark-gluon plasma medium produced in heavy-
ion collisions is expected to be modified by the energy lost
from traversing jets. The expected localized depletion of the
medium opposite to these jets is called the “diffusion wake.”
This paper presents measurements of angular correlations be-
tween jets and charged-particle tracks in photon-jet events,
using 1.72 nb−1 of Pb+Pb data at

√
sNN = 5.02 TeV recorded

with the ATLAS detector at the LHC. The measurement is
performed for high-pT photon-jet pairs, with three different
ranges of the jet-to-photon pT ratio, xJγ , intended to select
events with different amounts of parton energy loss. The yield
of charged-particle tracks in the opposite hemisphere to the
jet is measured as a function of the relative pseudorapidity
separation, |�η(jet,track)|, and is divided by the yield of com-
binatoric jet-track pairs estimated in minimum-bias Pb+Pb
events, to search for a localized depletion. The ratio of this
ratio between different low and high xJγ selections is also
studied and the probability of a diffusion signal with differ-
ent parameters is estimated. The data indicate no significant
diffusion wake within the present uncertainties, which are
dominated by the statistical uncertainties. The data are further
used to set upper limits on the magnitude of the diffusion wake
effect at different confidence levels. The CoLBT-hydro theory
prediction is consistent with the data within the 68% confi-
dence level upper limit. Assuming a double ratio width, σdwr,
given by the CoLBT-hydro model, values of the amplitude
bdwr smaller than −0.0058 are excluded at 95% confidence
level.
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