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This note presents a measurement of isolated photon plus multi-jet correlations in 1.72 nb−1

of Pb+Pb data and 260 pb−1 of pp data, both at 5.02 TeV, with the ATLAS detector. Events
containing a photon with transverse momentum (𝑝T) in the range 90–180 GeV and at least two
𝑅 = 0.2 jets with 𝑝T > 30 GeV are selected for study. The medium-induced modification of the
multi-jet system is explored with three new observables describing the kinematic relationship
between a photon and a jet pair in the opposite azimuthal direction. The distributions are
reported in pp collisions and in Pb+Pb collisions with different centrality intervals, along with
their ratios between Pb+Pb and 𝑝𝑝 collisions. The results are compared to the predictions
from a theoretical model of jet quenching.
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1 Introduction

Collisions of ultra-relativistic heavy ions at the Large Hadron Collider (LHC) and the Relativistic Heavy
Ion Collider (RHIC) produce a state of matter called the quark–gluon plasma (QGP) where quarks
and gluons exist outside of the colorless configurations that define typical cold matter. Studies of this
hot-and-dense state of deconfined partons have revealed a number of interesting characteristics: collective
motion well described by relativistic hydrodynamic flow, sequential suppression of bound quarkonia
states, and the suppression of observed final state products such as jets from hard-scattered partons [1].
This last phenomenon was first observed at RHIC with the study of large transverse momentum (𝑝T)1

hadrons [2] and subsequently at the LHC with fully reconstructed jets [3]. It is interpreted as the result of
the color-opaque medium interacting with and attenuating the energy of these energetic quarks and gluons
produced in the initial collision prior to the formation of the medium. For a recent full review of jet studies
in the QGP at both colliders, see Ref. [4].

Measurements of jet quenching are a key part of understanding the structure and nature of the QGP. By
comparing the kinematics of jets produced in Pb+Pb collisions to the well-measured characteristics of jets
produced in pp collisions, the induced modifications from the QGP interacting with the developing parton
shower can be studied. While many studies of modified jet production have been performed [5–10], there
are unresolved questions on the exact nature of parton-medium interactions. These include questions on
how much energy is lost to interactions with medium partons on a per color-charge basis, how the energy
loss depends on parton flavor, and whether there is a minimum distance between color charges before the
medium can resolve them as separate and independent [11, 12].

The measurements presented in this note address these questions by studying events containing an isolated
photon with its transverse momentum balanced by at least two distinct jets, 𝛾 + 2 jets + 𝑋 . As the photon
has no color charge, it sets the scale of the initial hard scattering that produced it and the balancing multĳet
system, without any biases on this selection from the quenching of the photon kinematics. Such studies in
Pb+Pb have been performed previously by ATLAS [13] and CMS [14] for photon-tagged inclusive jets,
i.e. 𝛾 + 1 jet + 𝑋 , where the production is dominated by a mixture of the leading order photon+jet matrix
elements (direct) and from fragmentation photons. In these previous measurements, all jets are included
in the yield, and thus the modification of per-photon-normalized distributions cannot be interpreted on
a per-jet basis. However, in combination with an explicit study of the whole multĳet configuration, this
data should guide theoretical extraction of the per-color-charge energy loss induced by the medium. In
addition, the multĳet system typically produces one quark and one gluon jet opposite the photon, such
that measurements of the jet–jet energy asymmetry could probe the parton color-charge dependence to
medium interactions. Finally, studies as a function of the angle between the jet pair can be used to probe
the existence of the color coherence regime.

This measurement considers three new observables defined by the photon and all jet pairs opposite the
photon in azimuth. Within a given photon+jet pair, "1" or "leading" denotes the jet of higher 𝑝T, and "2" or
"subleading" denotes the jet of lower 𝑝T. The photon is denoted by 𝛾 and its transverse momentum by 𝑝T,𝛾 .
The new observables are the ratio of the magnitude of the two-jet vector 𝑝T to that of the photon (𝑥JJ𝛾), the

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

√︁
(Δ𝜂)2 + (Δ𝜙)2.
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difference between the two jet 𝑝T values divided by that of the photon (𝐴JJ𝛾), and the angle between the jet
pair (Δ𝑅JJ), in events containing a photon and at least two jets. More explicitly, these are defined as:

𝑥JJ𝛾 = ( ®𝑝1 + ®𝑝2)T/𝑝T,𝛾 , (1)

𝐴JJ𝛾 = (𝑝T,1 − 𝑝T,2)/𝑝T,𝛾 , (2)

Δ𝑅JJ =
√︃
Δ𝜙2

1,2 + Δ𝜂2
1,2. (3)

In events containing more than two candidate jets, the photon is considered with each possible jet pair
separately, and thus a given jet can take on the leading or subleading role in the different 𝛾 + 2 jets +𝑋
combinations. The distributions are normalized to the number of photons.

The measurements presented in this note are performed using pp reference data taken in 2017 corresponding
to an integrated luminosity of 260 pb−1, and Pb+Pb data taken in 2018 corresponding to an integrated
luminosity of 1.72 nb−1, both at 5.02 TeV. Events that contain an isolated photon with transverse
momentum (𝑝T,𝛾) in the range 90 < 𝑝T,𝛾 < 180 GeV and at least two 𝑅 = 0.2 jets in the azimuthally
opposite hemisphere (Δ𝜙jet,𝛾 > 𝜋/2) with 𝑝T > 30 GeV are studied. In addition to jets specifically
associated with the initial hard process that produced the photon, the Pb+Pb events contain “combinatoric
background” jets arising from uncorrelated hard-scatterings or UE fluctuations. A novel multĳet mixed-
event procedure, developed specifically for this analysis, is employed to correct for these contributions
in the data. The results are reported as per-photon yields, differential in the three observables 𝑥JJ𝛾 , 𝐴JJ𝛾 ,
and Δ𝑅JJ, in pp and Pb+Pb collisions. The ratios of the Pb+Pb distributions to those in pp are used to
characterize parton energy loss in the QGP and are compared to theoretical models.

2 ATLAS detector

The ATLAS experiment [15] at the LHC 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 thin superconducting solenoid providing a 2 T axial magnetic field, electromagnetic
and hadron calorimeters, and a muon spectrometer. The inner tracking detector covers the pseudorapidity
range |𝜂 | < 2.5. It consists of silicon pixel, silicon microstrip, and transition radiation tracking detectors.
Lead/liquid-argon (LAr) sampling calorimeters provide electromagnetic (EM) energy measurements
with high granularity. A steel/scintillator-tile hadron calorimeter covers the central pseudorapidity range
(|𝜂 | < 1.7). The endcap and forward regions are instrumented with LAr calorimeters for both the EM and
hadronic energy measurements up to |𝜂 | = 4.9. The muon spectrometer surrounds the calorimeters and is
based on three large superconducting air-core toroidal magnets with eight coils each. The field integral of
the toroids ranges between 2.0 and 6.0 T m across most of the detector. The muon spectrometer includes a
system of precision tracking chambers and fast detectors for triggering. A zero-degree calorimeter (ZDC)
was situated at |𝜂 | > 8.3 during Pb+Pb data-taking and is mostly sensitive to spectator neutrons from the
fragmenting nuclei in Pb+Pb collisions.

A two-level trigger system is used to select events. The first-level trigger is implemented in hardware
and uses a subset of the detector information to accept events at a rate below 100 kHz. This is followed
by a software-based trigger that reduces the accepted event rate to 1 kHz on average depending on the
data-taking conditions. An extensive software suite [16] 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.
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3 Data selection, reconstruction, and simulation

The datasets, physics object reconstruction, and simulation samples used in this measurement are identical
to those used in a previous measurement of photon-tagged jet production [17], and are briefly summarized
here.

Events in data are selected for analysis using triggers requiring a reconstructed photon with 𝑝T above 35
GeV (20 GeV) in 𝑝𝑝 (Pb+Pb) collisions [18, 19]. These triggers sample the full luminosity delivered
in both 2017 𝑝𝑝 and 2018 Pb+Pb collisions, and are fully efficient for the photon selection used in this
analysis. Photons are reconstructed following the method used previously in Pb+Pb collisions [13, 20],
which applies the procedure used in 𝑝𝑝 collisions [21] after an event-by-event estimation and subtraction
of the underlying event (UE) contribution to the energy deposited in each calorimeter cell [22]. Photon
candidates must pass shower shape requirements [23] designed to reject those arising from neutral meson
decays and the start of hadronic showers in the electromagnetic calorimeter, and to be isolated by requiring
an upper limit of 3 GeV on the sum of the transverse energy (after UE subtraction) in calorimeter cells
within Δ𝑅 < 0.3.

Jets are reconstructed following the procedure previously used in Pb+Pb collisions [5, 22]. The anti-𝑘𝑡
algorithm [24, 25] with distance parameter 𝑅 = 0.2 is applied to cells in all calorimeter layers combined
into Δ𝜂 × Δ𝜙 = 0.1 × 𝜋/32 logical towers. The contribution to the energy deposited in towers by the UE is
estimated on an event-by-event basis, and the tower kinematics are iteratively updated to subtract the UE
contribution, which is then re-estimated. The resulting jets are corrected using simulation to account for
the response of the calorimeter to jets [26], and then using in situ studies of jets recoiling against photons,
𝑍 bosons, and jets in other regions of the calorimeter in 𝑝𝑝 collisions [13] for the absolute response in
data.

The Pb+Pb event centrality is defined by the total sum of the transverse energy in the forward calorimeters,
Σ𝐸FCal

T . Events in different ranges of Σ𝐸FCal
T are associated with an underlying geometric configuration

according to a Monte Carlo (MC) Glauber simulation [27] using the same event selection criteria as in
previous ATLAS analysis [28]. This analysis uses three centrality intervals corresponding to the following
fractions of the Σ𝐸FCal

T distribution in minimum-bias events: 0–10% (“central” events, with a large nuclear
overlap), 10–30%, and 30–80% (“peripheral” events).

MC simulations of photon+jet events are used to evaluate the performance of the photon and jet
reconstruction and to correct the measured distributions for detector effects. For 𝑝𝑝 data, the main MC
sample consists of Pythia8.2 [29] events. These include contributions from both direct and fragmentation
photons and are produced with the A14 tune [30] and the NNPDF 2.3 LO parton distribution function
(PDF) set [30]. These events are simulated [16] within ATLAS using GEANT4 [31] and are digitized and
reconstructed in a manner identical to that in data. To simulate photon+jet events in Pb+Pb data, the above
events are overlaid at the detector-hit level with a sample of Pb+Pb data events recorded with minimum-bias
and high-activity triggers, and the combination is reconstructed as a single event. These “Pb+Pb data
overlay” events are reweighted to match the observed Σ𝐸FCal

T distribution for photon+jet events in Pb+Pb
data.

The JEWEL (Jet Evolution With Energy Loss) 2.2.0 [32] MC generator, which models the jet quenching
process in the QGP, is used to produce predictions to compare with the data. JEWEL is based on
Pythia6 [33], but modifies the parton shower evolution via interactions with a dynamic QGP medium.
Notably, when run in “vacuum mode”, JEWEL reproduces the results of the Pythia6 generator for
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pp collisions. JEWEL was run using the photon+jet hard scattering process [34], which includes only
direct (leading order) photon production.

4 Analysis

The signal definition for the measurement presented here includes events with an isolated photon in
the range 90 < 𝑝T,𝛾 < 180 GeV and |𝜂𝛾 | < 2.37 (excluding the barrel-to-endcap transition region of
1.37 < |𝜂𝛾 | < 1.52), and at least two 𝑅 = 0.2 jets with 30 < 𝑝T < 501 GeV and |𝜂jet | < 2.8 that are in
the azimuthal hemisphere opposite to the photon, Δ𝜙jet,𝛾 =

��𝜙jet − 𝜙𝛾
�� > 𝜋/2. For each event passing this

initial selection, the photon plus every possible combination of two jets is considered as a set. For each set
of a candidate photon plus two jets, two further criteria are required: (1) the two jet axes must be separated
by Δ𝑅JJ > 0.4, and (2) the four-vector sum of the two jets must have an azimuthal separation Δ𝜙JJ𝛾 > 7𝜋/8
from the photon. Since at tree level a direct photon plus two partons are expected to have approximately
balancing momenta in the transverse plane, this last requirement reduces the rate of the combinatoric
contributions while minimally impacting signal. After all such selections, initial distributions are formed
for the three multĳet observables 𝑥JJ𝛾 , 𝐴JJ𝛾 , and Δ𝑅JJ as defined in Eqs. 1-3.

In the candidate Pb+Pb events, a certain subset of the selected jets do not arise from the same hard
scattering as the photon, but rather from an unrelated nucleon–nucleon scattering, or from jets which are
reconstructed from localized fluctuations of the UE. These background jets are produced predominantly at
low 𝑝T and isotropically with respect to the photon. Such background jets can influence the observables
by forming a jet plus background-jet pair, or even background-jet plus background-jet pair, and are
included in the raw distributions. The influence of these jets on the observables is removed statistically
using a mixed-event subtraction procedure. However, unlike the simpler procedures used for photon plus
inclusive jet analyses [13, 17], a new technique is developed to account for the multi-jet observables in this
measurement. This method is described below.

For each signal event (consisting of a photon plus at least two jets), two minimum-bias (“mixed”) Pb+Pb
data events are chosen which have similar centrality and the elliptic flow angle as the signal event, and thus
have on average the same distribution of background jets. The distributions above are then constructed
using three different combinations of the photon and jets in the signal event and the jets in the mixed event,
as follows:

1. In the first step, the photon is considered together with all the jets in the first mixed event. This
contribution fully accounts for the background-jet plus background-jet pairs which occur in data.

2. In the second step, for each signal jet, the photon plus that one signal jet and all the jets in the
first mixed event are analyzed. This contribution accounts for the jet plus background-jet yield in
data. However, since the jet from the signal event may itself be a background jet, this estimated
background will generally include background-jet (from the signal event) plus background-jet (from
the first mixed event) pairs. Since these background–background pairs are from different events, this
contribution is not present in data. Therefore, an additional third step is needed to correct for the
over-estimate of the background in this step.

3. In the third step, for each jet in the first mixed event, the photon plus that one mixed-event jet,
and plus all the jets in the second mixed event, are considered. This contribution accounts for the
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background-jet plus background-jet pairs from different events which is introduced by the second
step.

For each observable, the per-photon yields from steps one and two are subtracted from the initial yields, and
the yields from step three are added (to correct the background over-subtraction in step two), to produce
a set of combinatoric-background-subtracted distributions. This procedure is first developed and tested
using a toy MC approach in which the photons, signal jets, and background jets were represented by simple
vectors. In this case, the background subtraction procedure results in a recovery of the true jet–jet yield
within statistical uncertainties. The procedure is then tested using the Pythia plus Pb+Pb data overlay
events (described in Sec. 3), where reconstructed jets matched to a Pythia generator-level jet are taken
to be the signal jets, and the other jets in the event, i.e., those in the original Pb+Pb data event, were
the background jets. In this case, complications such as the potential merging of jets at reconstruction
level results in some residual non-closure of the background procedure, which is taken as a systematic
uncertainty in the measurement (discussed in Sec. 5). The observed background correction in Pb+Pb data
is of comparable magnitude to the signal in 0-10% events, and is greatest at large 𝐴JJ𝛾 , large Δ𝑅JJ, and the
tails of the 𝑥JJ𝛾 distribution. In these regions, the non-closure and corresponding systematic can be as large
as 20%.

An additional background arises from photons from neutral meson and other decays. The purity of
the selected photons is estimated following the data-driven, double-sideband method widely used in
ATLAS photon measurements [35–38], and is 80–95% depending on the collision system and 𝑝T,𝛾 . The
contribution to the jet–jet yields from this background is estimated in data and statistically subtracted using
the same method as in previous measurements [13, 17, 20] and briefly summarized here. An inverted set
of photon selection requirements designed to enhance the contribution from background is used to select
events and the analysis is repeated, including the combinatoric background subtraction. The resulting jet–jet
yields in these background events are scaled according to the estimated photon purity, and statistically
subtracted from the yields made with the nominal photon selection.

Finally, an unfolding procedure is applied to data to correct for the kinematic bin migration introduced
by detector resolution effects and for the finite reconstruction and selection efficiency. This correction
is performed using the iterative Bayesian method [39] in the RooUnfold [40] software package. The
simulation samples described in Sec. 3 are used to produce response matrices in pp and Pb+Pb collisions.
Simulation is also used to test the unfolding procedure by using half of the simulation to construct response
matrices while treating the other half as data to be unfolded and compared to truth kinematics. For each of
the three observables, the unfolding is performed in three dimensions: the given observable (for example,
𝑥JJ𝛾), 𝑝T,𝛾 , and 𝑝T,2. The latter two variables are included since the response along the observable axis is
found to be particularly dependent on their values. The kinematic distributions are constructed in a wider
range than the region in which the final results are reported, to allow for the unfolding to properly account
for the migration into and out of the measurement region. Before the unfolding procedure is applied,
the events in simulation are first reweighted to better describe the distributions as observed in data. The
number of iterations is typically two or three depending on the observable and event class, and is chosen by
minimizing the quadrature sum of the statistical uncertainties with the change in the distributions from the
previous iteration.
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5 Systematic Uncertainty

The sources of systematic uncertainty in this measurement are those associated with the photon, jet,
background subtraction, and unfolding components. The uncertainties are typically evaluated by repeating
the full analysis chain with a given systematic variation, which may result in, e.g., a different response
matrix for the unfolding or a different reconstructed-level distribution.

The photon- and jet-related sources of uncertainties are the same as those used in a previous measurement
of photon-tagged jet production in Pb+Pb and pp collisions [17], and are only summarized here. The
photon-related uncertainties include those on the photon energy scale and resolution [41], their identification
and isolation [23], and purity [13]. The jet-related uncertainties include the baseline uncertainties on the
energy scale and resolution for 𝑅 = 0.4 jets used for measurements in 13 TeV pp collisions [42–45], with
additional sources [6, 46] accounting for the modified jet reconstruction procedure used in a heavy-ion
environment, the smaller jet parameter 𝑅 = 0.2, the data-taking conditions in 5.02 TeV running, the
quark/gluon composition of photon+jet events at this collision energy, and the potential impact of jet
quenching on the calorimeter response to jets.

The uncertainty associated with the mixed-event background subtraction procedure, present only for
Pb+Pb collisions, is evaluated using input from the closure test of the procedure in the Pb+Pb data
overlay simulation described in Sec. 4. For each of the three observables, the differences between the
background-subtracted distribution and the reconstructed-level signal distribution in simulation are applied
to the data bin-by-bin. The unfolding is then performed on these modified input distributions.

The uncertainty associated with the unfolding procedure has three components. The first is the sensitivity
to the initial distributions used in the iterative unfolding, which is evaluated by using the simulation samples
without reweighting to the data. Second, the reconstructed jet 𝑝T threshold is raised from 30 GeV to
35 GeV, but still unfolded to the original kinematic range. Such a variation was used in Ref. [6] as a check
against residual background jet contamination at low jet 𝑝T. Finally, the impact of finite statistics in the
simulation sample is evaluated with a toy re-sampling technique implemented in the RooUnfold package.
This last component is much smaller than the statistical uncertainties in the data.

For the measurements in Pb+Pb data, the total uncertainties are similar for each observable and are
typically 20–40%, but reaching as high as 100% in the low-yield tails. The photon isolation and purity,
the combinatoric background subtraction, and the unfolding uncertainties have similar values and are
co-dominant. For the pp measurement, the total uncertainties are typically 5–10%, with the jet energy scale
and the unfolding uncertainties (which include an observed unfolding non-closure from simulation study)
being dominant. Variations for sources common to the Pb+Pb and pp data are considered together when
evaluating the ratio of distributions in these systems. This results in a modest reduction of the uncertainties
in the Pb+Pb/pp ratio compared to the relative uncertainties just in the Pb+Pb per-photon yields.

Figure 1 shows the contributions of various sources to the systematic uncertainty on the ratio of Pb+Pb
0-10%/𝑝𝑝 in each of the three observables. In general, the dominant uncertainties come from mixing
non-closure, photon isolation and purity, and unfolding, with additional contributions coming from jet and
photon energy scale/resolution. In the tails of the distributions the total relative systematic uncertainty can
reach 100%.
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Figure 1: Relative systematic uncertainties on the ratio of the 𝑥JJ𝛾 (left), 𝐴JJ𝛾 (center), and Δ𝑅JJ (right) distribution
between 0–10% Pb+Pb and pp events. Correlations in systematics betweeen the Pb+Pb and pp are accounted for in
evaluating the ratio.

6 Results

Figure 2 shows the normalized yields as functions of the three observables (𝑥JJ𝛾 , 𝐴JJ𝛾 , and Δ𝑅JJ) in
pp collisions. The 𝑥JJ𝛾 distribution is observed to be strongly peaked near unity, representing the
approximate vector momentum balance between the photon and the two jets. In previous measurements of
photon plus inclusive jet production by ATLAS [13] and CMS [14], the distributions of 𝑥J𝛾=𝑝T,jet/𝑝T,𝛾
had a significant per-photon yield at low values of 𝑥J𝛾 (𝑥J𝛾 < 0.5), corresponding to topologies where the
photon was not well-balanced by only a single jet. This feature also complicated the interpretation of the
analogous distribution in Pb+Pb data. By considering the vector sum of the two jets, the 𝑥JJ𝛾 observable
presented here results in a distribution which is falling on both sides of the peak.

The prediction of the JEWEL MC model and Pythia8 are compared to the pp data distributions in Figure 2.
The JEWEL model is effectively the same as Pythia6 when run in vacuum mode but includes only
direct photons whereas Pythia8 includes direct and fragmentation photons, as mentioned earlier. Both
JEWEL and Pythia8 are scaled by a factor of 1.2 to better match the per-photon overall yield between
data and MC. In measurements of photon plus multi-jet production in pp collisions at 13 TeV [47], this
factor was needed to bring the simulation into better agreement with the data, and is adopted for this
measurement and comparison. Both the JEWEL and Pythia8 predictions qualitatively describe the shapes
of the distributions, but with different levels of agreement depending on the generator, observable, and
measured region. Since the Pythia generator is frequently used as the baseline for describing pp collisions
in contemporary jet quenching calculations, these deviations from the measured pp data should be taken
into account before interpreting the predicted modification of the distributions in Pb+Pb collisions due to
jet quenching.

Figure 3 shows the measured 𝑥JJ𝛾 distribution in Pb+Pb collisions for different centrality intervals, with
yields from pp collisions for comparison and Pb+Pb/pp ratio in the bottom panel. For the peripheral
30–80% Pb+Pb events, where QGP effects are expected to be the smallest, the 𝑥JJ𝛾 distribution is similar
to that in pp events, albeit with a slightly reduced magnitude and the peak position shifted to lower 𝑥JJ𝛾
values. Going from the peripheral to the more central 10–30% and 0–10% events, the total integral of the
distribution continues to decrease and the position of the peak continues to shift leftward, though notably
the latter observation is weaker given the large systematic uncertainties in central Pb+Pb. In all centrality
selections, the Pb+Pb per-photon yield compared to that in pp collisions is consistent with an increasing
suppression at increasingly larger values of 𝑥JJ𝛾 . In the most central Pb+Pb events, the rate of events in
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Figure 2: Measured distributions of 𝑥JJ𝛾 (left), 𝐴JJ𝛾 (center), and Δ𝑅JJ (right) in photon plus multi-jet events in
pp collisions at 5.02 TeV (markers). Statistical and systematic uncertainties are plotted as vertical lines and shaded
boxes around each point, respectively. The data are compared to the distributions in the JEWEL (blue dashed lines)
and Pythia8 (red solid lines) generators, which are scaled by the factor shown in the legend. The ratios of the
generator distributions to those in data are shown in the bottom panels.

Figure 3: Measured distributions of 𝑥JJ𝛾 in photon plus multi-jet events in Pb+Pb events at 5.02 TeV. The different
panels show different Pb+Pb centrality selections (open squares), with the distribution in pp collisions (solid circles,
same every panel). Statistical and systematic uncertainties are plotted as vertical lines and shaded boxes around each
point, respectively. Also shown are the predictions of the JEWEL model for pp events (blue line) and Pb+Pb events
(red line), which have been scaled by a factor of 1.2. The ratios of the Pb+Pb to pp distributions are shown in the
bottom panels.

which the two jets have a total momentum comparable to or larger than that of the photon, i.e., the region
𝑥JJ𝛾 > 0.75, is suppressed by more than a factor of two compared to that in pp collisions.

The smaller per-photon yield in Pb+Pb collisions may be understood as a manifestation of jet quenching
through two mechanisms. First, both jets may generally lose energy, thus decreasing the resulting 𝑥JJ𝛾
value compared to what it would have been in a pp collision with the same hard-scattering kinematics.
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Figure 4: Measured distributions of 𝐴JJ𝛾 in photon plus multi-jet events in Pb+Pb events at 5.02 TeV. The different
panels show different Pb+Pb centrality selections (open squares), with the distribution in pp collisions (solid circles,
same every panel). Statistical and systematic uncertainties are plotted as vertical lines and shaded boxes around each
point, respectively. Also shown are the predictions of the JEWEL model for pp events (blue line) and Pb+Pb events
(red line), which have been scaled by a factor of 1.2. The ratios of the Pb+Pb to pp distributions are shown in the
bottom panels.

Figure 5: Measured distributions of Δ𝑅JJ in photon plus multi-jet events in Pb+Pb events at 5.02 TeV. The different
panels show different Pb+Pb centrality selections (open squares), with the distribution in pp collisions (solid circles,
same every panel). Statistical and systematic uncertainties are plotted as vertical lines and shaded boxes around each
point, respectively. Also shown are the predictions of the JEWEL model for pp events (blue line) and Pb+Pb events
(red line), which have been scaled by a factor of 1.2. The ratios of the Pb+Pb to pp distributions are shown in the
bottom panels.

Additionally, if at least one jet loses enough energy that it falls below the 30 GeV kinematic selection, the
Pb+Pb event is not selected for analysis and thus does not contribute to the distribution.

Figures 4 and 5 show the measured 𝐴JJ𝛾 and Δ𝑅JJ distributions, respectively, for the Pb+Pb and pp data,
with the ratio between Pb+Pb and pp shown in the bottom panels. For both observables, the Pb+Pb
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Figure 6: Measured ratio of the 𝑥JJ𝛾 (left), 𝐴JJ𝛾 (center), and Δ𝑅JJ (right) distribution between 0–10% Pb+Pb and
pp events, compared to the predictions of JEWEL 2.2.0 (dashed line). Statistical and systematic uncertainties on the
data are plotted as vertical lines and shaded boxes around each point, respectively. The data and and predictions
shown here are identical to those in the bottom-right panels of Figs. 3–5.

distributions are suppressed with respect to those in pp collisions to a degree that increases with centrality.
In the most central 0–10% events, the suppression relative to pp collisions is consistent with becoming
stronger at larger values of 𝐴JJ𝛾 or Δ𝑅JJ, corresponding to cases where the two jets have very different 𝑝T
values or have a large angular separation, respectively. The suppression of asymmetric configurations in
Pb+Pb compared to 𝑝𝑝 is related to the observed leftward shift of the peak 𝑥JJ𝛾 value in 0-10% Pb+Pb. An
𝑥JJ𝛾 value of 0.5 for the given 𝑝T,𝛾 selection means the composite jet pair most likely has 45 GeV, leaving
very little room for asymmetry before falling below jet 𝑝T cut thresholds. This illustrates the complex
interdependence of the three observables.

The predictions of JEWEL are compared to the measured distributions for the three observables in pp and
Pb+Pb data in Figures 3–5. They are scaled by a factor of 1.2 to better match the pp data, but this scaling
cancels in the Pb+Pb/pp ratios. Figure 6 shows the comparison of the measured ratios for 0–10% Pb+Pb and
pp collisions with the predictions of JEWEL as functions of the three observables. The JEWEL predictions
provide a qualitatively good description of the Pb+Pb/pp ratios for the 𝑥JJ𝛾 and 𝐴JJ𝛾 distributions, but
underestimate the overall magnitude of the suppression for these two observables. However, JEWEL has
the opposite trend as a function of Δ𝑅JJ, where instead configurations with jet pairs separated by a smaller
angle are more suppressed than those with a larger one. This last comparison illustrates how these new
observables may be used to provide novel tests of jet quenching models.

7 Conclusion

This note presents a measurement of photon plus multi-jet correlations in pp and Pb+Pb data at 5.02
TeV, collected in 2017 and 2018, respectively, with the ATLAS detector at the LHC. Three observables
describing the kinematic relationship between the photon and a pair of jets are defined, with the motivation
to test different aspects of the parton-medium interactions in the quark–gluon plasma. Distributions as
functions of these observables are reported in pp events and in Pb+Pb events in different centrality intervals.
In Pb+Pb events, the per-photon multi-jet yield is strongly suppressed compared to that in pp events in a
way that depends on the centrality interval and observable. The predictions of the JEWEL jet quenching
model are compared to the measurements; the predictions show a qualitatively good description of the data,

11



but underestimate the overall magnitude of the suppression and fail to describe its dependence on the angle
between the two jets. Together with further theoretical comparisons, measurements as functions of these
novel observables may shed new light on the microscopic process of energy loss in the QGP.
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