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This note presents a measurement of photon-tagged jet energy loss in the quark-gluon plasma,
using 1.7 nb−1 of Pb+Pb data and 260 pb−1 of 𝑝𝑝 data, both at 5.02 TeV, with the ATLAS
detector. The process 𝑝𝑝 → 𝛾+jet+𝑋 and its analogue in Pb+Pb events is measured in events
with a 𝑝

𝛾

T > 50 GeV isolated photon and reported as a function of jet transverse momentum
(𝑝T). This selection results in a sample of jets with a steeply falling 𝑝T distribution, similar
to that for inclusive jets but with a different fraction of quark and gluon-initiated jets. The
nuclear modification factor, 𝑅AA, for photon-tagged jet production in Pb+Pb compared to 𝑝𝑝

is reported as a function of jet 𝑝T and Pb+Pb event centrality, and compared to theoretical
predictions. The 𝑅AA for photon-tagged jets is measured to be significantly higher than that
previously measured for inclusive jets, demonstrating that energy loss in the QGP is sensitive
to the color-charge of the initiating parton.
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1 Introduction

Ultra-relativistic collisions of heavy nuclei at the Large Hadron Collider (LHC) produce a hot, deconfined
nuclear medium known as the quark-gluon plasma (QGP). The QGP exhibits surprising phenomena, such
as a collective evolution that suggests it is a strongly-coupled fluid well-described by hydrodynamics [1].
The dense field of deconfined color charges which makes up the QGP is opaque to quarks and gluons
attempting to pass through it. This results in hard-scattered partons suffering energy loss and a modification
of their showering process as they traverse the QGP. This phenomenon is known as jet quenching, and
results in a wide variety of experimental signatures [2].

A straightforward and broadly used signature of jet quenching is the suppression of jet production at fixed
transverse momentum1 (𝑝T) in Pb+Pb collisions compared to 𝑝𝑝 collisions. This is quantified by the
nuclear modification factor, 𝑅AA, which is defined as the ratio of the observed yield in Pb+Pb collisions
to the expectation from an equivalent number of 𝑝𝑝 collisions, i.e. without jet quenching effects from
the formation of a QGP. This expectation is calculated as the cross-section in 𝑝𝑝 collisions, scaled by the
mean value of the nuclear thickness function in the corresponding Pb+Pb collisions, ⟨𝑇AA⟩ [3]. The 𝑅AA is
thus defined as

𝑅AA =
1

𝑁evt

𝑑𝑁PbPb

𝑑𝑝
jet
T

/
⟨𝑇AA⟩

𝑑𝜎𝑝𝑝

𝑑𝑝
jet
T

, (1)

where ⟨𝑇AA⟩ can be considered to have the meaning of a per-Pb+Pb-event luminosity.

In central Pb+Pb collisions, the nuclei collide head on and create a large and long-lived volume of QGP. The
developing showers of high-𝑝T partons interact strongly with the QGP, such that part of their momentum is
transported to large angles with respect to the initial parton direction [4]. Thus, the total momentum in a
fixed-size jet cone is decreased compared to the process with analogous initial kinematics occurring in 𝑝𝑝

collisions, and the jets can be thought of as migrating to lower 𝑝T values in Pb+Pb events. Since the jet
spectrum is steeply falling with 𝑝T, this results in an 𝑅AA below unity with a magnitude that depends on the
local shape of the spectrum. In central Pb+Pb events at the LHC, the 𝑅AA for inclusive jets is suppressed
by approximately a factor of two at 𝑝T ≈ 100 GeV [5–7].

A key aspect in the theoretical description of jet quenching is its sensitivity to the color charge of the
initiating parton, i.e. whether that parton is a quark or gluon [8–18]. In pictures which describe the
jet-medium interaction as proceeding dominantly by radiative emission (medium-induced gluon radiation
by strong color charges), quarks and gluons are generally expected to lose energy in proportion to their color
factors. Thus, gluon-initiated jets are expected to lose significantly more energy than quark-initiated ones.
At LHC energies, inclusive jet production is dominated by gluon-initiated jets. On the other hand, jets
produced in association with an isolated photon or electroweak (EW) boson, for example through Compton
scattering (𝑔𝑞 → 𝑞𝛾), are significantly more likely to be initiated by a quark compared to inclusive jets
at the same 𝑝T. Importantly, the kinematics of the colorless photon or EW boson are not significantly
modified by the QGP [19]. Thus ATLAS has used an isolated photon or 𝑍 boson as a tag on the initial

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
upward. 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).
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parton kinematics before jet quenching to study how the resulting jet [20] or hadron [21, 22] distributions
are modified in particular selections of boson 𝑝T.

This note presents a measurement of the process 𝑝𝑝(or 𝑁𝑁) → 𝛾+jet+𝑋 , as a function of jet 𝑝T.
Events are required to have an isolated photon with 𝑝

𝛾

T > 50 GeV and |𝜂 | < 2.37 (excluding the region
1.37 < |𝜂 | < 1.52). All jets with |𝜂 | < 2.8 and 𝑝

jet
T > 50 GeV in the azimuthal hemisphere opposite the

photon (Δ𝜙 > 𝜋/2) are included in the measurement. The measurement is performed using 260 pb−1 and
1.7 nb−1 of 𝑝𝑝 and Pb+Pb collisions at 5.02 TeV, respectively, recorded with the ATLAS detector at the
LHC. This requirement selects a set of jets with a steeply falling 𝑝T distribution similar to that for inclusive
jets, but with a significantly larger quark-initiated fraction. Thus, comparing the 𝑅AA for photon-tagged
jets reported in this note to that for inclusive jets measured in Ref. [5] allows for a controlled examination
of the impact of the initiating parton’s color-charge on jet energy loss.

2 ATLAS detector

The ATLAS experiment [23] at the LHC is a multipurpose particle detector with a forward–backward
symmetric cylindrical geometry and a near 4𝜋 coverage in solid angle. Its inner tracking detector is
surrounded by a thin superconducting solenoid providing a 2 T axial magnetic field, and electromagnetic
and hadron calorimeters. 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. A zero-degree calorimeter (ZDC) is situated at |𝜂 | > 8.3. It is composed of alternating
layers of quartz rods and tungsten plates and is mostly sensitive to spectator neutrons from fragmenting
nuclei in Pb+Pb collisions.

A two-level trigger system is used to select events [24]. 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 [25] is used in the reconstruction and analysis of
real and simulated data, in detector operations, and in the trigger and data acquisition systems of the
experiment.

3 Event and data selection

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 [24, 26]. The trigger sampled the full luminosity which
corresponds to 260 pb−1 of 𝑝𝑝 data in 2017 and 1.7 nb−1 of Pb+Pb data in 2018, and is fully efficient for
the photon selection used in the analysis below. Events are required to have a reconstructed vertex and to
pass detector and data-quality requirements.

The Pb+Pb event centrality is characterized by the 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 [3, 27]. This analysis uses three centrality intervals
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Figure 1: Fraction of photon-tagged jets (filled markers) and inclusive jets (open markers) initiated by a quark, as a
function of 𝑝jet

T , in the Pythia (red), Herwig (black), and Sherpa (blue) event generators.

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).

This analysis uses samples of MC-simulated events to evaluate the performance of the photon and jet
reconstruction and to correct the measured distributions for detector effects. The main MC sample
corresponding to the 𝑝𝑝 data consists of Pythia8 [28] events, produced with the A14 [29] tune and
NNPDF 2.3 LO [30] parton distribution function (PDF) set. As alternatives, photon+jet events are also
produced using two additional generators. The Sherpa 2.2.4 [31, 32] generator was run at next-to-leading
order with the NNPDF 3.0 NNLO [33] PDF set to produce a photon plus up to three other partons. The
Herwig 7.2 [34] generator was run at leading order with the MMHT2014lo [35] PDF set, and separate
samples for direct and fragmentation photons. The three sets of events are simulated [25] within ATLAS
using GEANT4 [36] and are digitized and reconstructed in a manner identical to that in data.

The fraction of quark-initiated jets in the photon-tagged jet sample in simulation is shown in Figure 1. This
fraction is 0.7–0.8 over the measured 𝑝

jet
T range, which is significantly higher than the quark-initiated jet

fraction of 0.3–0.5 for inclusive jets in the same kinematic range.

To simulate photon+jet events in Pb+Pb data, the above events are overlaid at the hit level with a sample
of Pb+Pb data events recorded with minimum-bias and central-event triggers, and the combination was
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. In this way, the features of the Pb+Pb underlying
event (UE) in the simulated samples are identical to those in real Pb+Pb data.
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4 Analysis

Photons are reconstructed following the method used previously in Pb+Pb collisions [20, 22], which
applies the procedure used in 𝑝𝑝 collisions [37] after an event-by-event estimation and subtraction of the
UE contribution to the energy deposited in each calorimeter cell [38]. Photon candidates are required to
pass “tight” shower shape cuts designed to reject those arising from neutral meson decays and the start of
hadronic showers in the electromagnetic calorimeter [39]. In 𝑝𝑝 collisions, photons are further required
to be isolated by requiring that the sum of the transverse energy in calorimeter cells within Δ𝑅 < 0.3
(not including the contribution from the photon itself) is less than 3 GeV. In Pb+Pb collisions, the UE
fluctuations within the isolation cone result in a substantial broadening of the isolation 𝐸T distribution.
Thus, in Pb+Pb collisions, the isolation energy requirement is centrality-dependent and is chosen so that its
efficiency for prompt photons is 90%, as determined in simulation. This upper limit is 10 GeV in 0–10%
Pb+Pb events, but quickly decreases and converges to the 𝑝𝑝 value in peripheral events.

Jets are reconstructed following the procedure used in Pb+Pb collisions [5, 38], which is summarized here.
The anti-𝑘𝑡 algorithm [40, 41] with cone parameter 𝑅 = 0.4 is applied to cells in all calorimeter layers,
evaluated at the electromagnetic energy scale, and regrouped into Δ𝜂 × Δ𝜙 = 0.1 × 𝜋/32 logical towers.
After the initial jet-finding, the contribution to the energy deposited in towers by the UE is estimated on an
event-by-event basis, allowing for the variation of the UE as a function of 𝜂 and 𝜙 (the latter arising from
the global collective flow in Pb+Pb collisions). Information from towers within Δ𝑅 < 0.4 of jet candidates
is excluded to avoid biasing the UE estimate. The tower kinematics are updated to subtract the estimated
UE contribution, and the UE procedure is iterated using a better-defined set of jets to define the exclusion
regions. The resulting set of jet kinematics is corrected using 𝑝T- and 𝜂-dependent factors, determined in
simulation, to account for the response of the calorimeter to jets [42]. An additional correction for the
absolute response in data is based on in situ studies of jets recoiling against photons, 𝑍 bosons, and jets in
other regions of the calorimeter in 𝑝𝑝 collisions [20]. This calibration is followed by a “cross-calibration”
which relates the jet energy scale (JES) of jets reconstructed by the procedure outlined above to that in
13 TeV 𝑝𝑝 collisions [43].

The signal definition for this measurement is the 𝑝
jet
T distribution of 𝑅 = 0.4 jets with 𝑝

jet
T > 50 GeV which

are Δ𝜙 > 𝜋/2 from a 𝑝
𝛾

T > 50 GeV isolated photon, with all candidate jets in a given event included in the
measurement. In the analysis, the two-dimensional yield (𝑝𝛾T, 𝑝

jet
T ) is constructed for photons and their

associated jets, but using thresholds of 40 GeV on the photon and jet 𝑝T, to allow for the correction of bin
migration effects (discussed below).

The initial (𝑝𝛾T, 𝑝
jet
T ) yield in Pb+Pb collisions contains jets which 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 the localized fluctuations of the UE. This combinatoric contribution is estimated through a “mixing”
technique in which the high-𝑝T photons in data are correlated with jets in minimum-bias Pb+Pb events that
match the overall properties of the original, photon-containing event. These matched properties include the
Σ𝐸FCal

T , event plane angle, and 𝑧 vertex position. The resulting combinatoric jet contribution is observed
to be flat in Δ𝜙, as expected for unrelated pairs. For the lowest 𝑝jet

T values in the most central events, the
background contribution is approximately half of the total yield, but this fraction falls very quickly with
increasing 𝑝

jet
T or in less central events. The contribution is statistically subtracted from the initial yields.

Even after the photon identification and isolation conditions above are applied to data, the pre-selected
photons still include a considerable contribution of backgrounds, dominantly from neutral hadron decays
(e.g. 𝜋0, 𝜂 → 𝛾𝛾). These decay photons may be reconstructed as a single cluster which passes the “tight”
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identification and the isolation conditions. Thus, the photon-associated jet yields contain a contribution
from, e.g. 𝜋0-associated jet yields. To correct for this, the purity of prompt, isolated photons in the
selected data sample is determined using a data-driven, double-sideband method widely used in ATLAS
photon measurements [44–47], separately for each selection in event centrality and 𝑝

𝛾

T. The purity has
a minimum of ≈ 75% in central Pb+Pb events at the lowest 𝑝𝛾T values, but then increases quickly with
𝑝
𝛾

T and in more peripheral Pb+Pb or 𝑝𝑝 events to a plateau of ≈ 95%. The shape of the 𝑝
jet
T contribution

from this background is determined by performing the same analysis but using an inverted signal selection
on the photon. This selection requires the photon to fail several shower shape requirements in a way that
is designed to greatly enhance the neutral hadron background. Finally, the background level is scaled
according to the purity in each 𝑝

𝛾

T and centrality selection, and statistically subtracted.

To correct for the bin-to-bin migration in 𝑝
𝛾

T and 𝑝
jet
T arising from the finite detector resolution, a two-

dimensional unfolding procedure on the background-subtracted (𝑝𝛾T, 𝑝
jet
T ) yields is used. The Pythia8

simulation samples are used to generate independent response matrices for 𝑝𝑝 events and for each centrality
range in Pb+Pb events, after reweighting the 𝑝

jet
T distributions in simulation to match those measured in

data. The iterative Bayesian method [48] is used with the RooUnfold software package [49]. The number
of iterations used in the unfolding is determined by minimizing the quadrature sum of the total statistical
uncertainty and the differences in the unfolded distribution between consecutive iterations. The unfolding
procedure also accounts for the finite reconstruction efficiency of photons, which is ≈ 70% at low-𝑝𝛾T in
central Pb+Pb events, but rises quickly with 𝑝

𝛾

T and in more peripheral events to a plateau of ≈ 85%. When
tested in simulation, this unfolding procedure leads to an excellent recovery of the original truth-level
distribution.

5 Systematic Uncertainty

The main sources of systematic uncertainty in this measurement are those associated with the photon,
jet, and unfolding components. For each source described below, the entire analysis is repeated with a
given variation, and the change in the results is taken as the corresponding uncertainty. These individual
uncertainties are treated as independent and added in quadrature to determine the full uncertainties.

The photon measurement includes several uncertainty components. First, the reconstructed energy of
photons in simulation is varied according to the uncertainties for photon energy scale and resolution [50].
Second, the reconstructed shower shape variables used to identify photons are varied in simulation [39].
Third, the isolation and identification sideband boundaries used in purity determination are varied in a
manner similar to that in Refs. [20, 22]. Fourth, the difference between using the nominal purity values and
the results of a smooth fit to those values is considered.

For the jet-related uncertainties, the reconstructed jet energy in simulation is varied according to the
uncertainties on the jet energy scale (JES) and resolution (JER). As in other Run-2 heavy-ion jet
measurements [4, 5, 20, 22, 51, 52], the JES uncertainties have four main components: 1) a centrality-
independent baseline component determined from in situ studies of the calorimeter response for jets
reconstructed following the procedure used in 13 TeV 𝑝𝑝 collisions [53, 54]; 2) a centrality-independent
component accounting for the relative energy scale difference between the heavy-ion jet reconstruction in
this analysis and that used for 13 TeV 𝑝𝑝 collisions [43]; 3) a component which accounts for potential
inaccuracies in the relative abundances of jets initiated by quarks and gluons, and of their different
calorimetric response, in simulation. This uncertainty was evaluated by using the Herwig instead of
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Pythia8 simulation samples; 4) a centrality-dependent component accounting for a different structure and
possibly a different detector response of jets in Pb+Pb collisions that is not modeled in simulation. This
uncertainty is determined by the method used for 2015 and 2011 data [43] that compares the calorimeter
𝑝T with the 𝑝T sum of the charged particles within the jet between data and simulation. For the JER
uncertainty, the reconstructed 𝑝

jet
T in simulation is smeared by a factor evaluated using an in situ technique

in 13 TeV 𝑝𝑝 data [55, 56], and by an additional contribution to account for the differences between the
heavy-ion jet reconstruction and that in the 13 TeV 𝑝𝑝 data.

Two uncertainties associated with the unfolding procedure were evaluated. First, the impact of a different
prior in the response matrices was determined by not applying the reweighting factors to account for
the difference in the distributions between data and simulation. Second, a resampling study was used to
determine the impact on the results from the limited size of the simulated samples, which were added to
the statistical uncertainties.

Finally, there are uncertainties in the overall normalization of the measurements. For the 𝑝𝑝 cross-section,
these arise from the luminosity of the 𝑝𝑝 data and are estimated to be 1.6% using the beam separation
scan analysis methods similar to that in Ref. [57]. For the 1/⟨𝑇AA⟩-scaled yields in Pb+Pb collisions, the
uncertainties are determined by adjusting the parameters in the Glauber analysis [3, 27], and vary from
0.5% to 2.8% in central to peripheral collisions, respectively.

Uncertainty sources which are correlated between Pb+Pb and 𝑝𝑝 collisions, which include most of the jet-
and photon-related uncertainties, typically cancel to a large degree in the 𝑅AA ratio. The most significant
uncorrelated uncertainties are the centrality-dependent JES and unfolding ones. For the cross-section
measurements, the jet energy scale uncertainties are dominant in almost the entire phase space. For the
𝑅AA measurements, the jet energy scale (photon purity) uncertainties are dominant at 𝑝jet

T > 80 GeV for
0–10% and 10–30% centrality bins (30–80% centrality bin). At 𝑝jet

T < 80 GeV, the unfolding uncertainties
are dominant for the 𝑅AA measurements in all centrality bins. In comparisons of the 𝑅AA reported in this
note to that measured for inclusive jets [5], the uncertainties are treated as uncorrelated.

6 Results

This section presents the measurement of the cross-section 𝑝𝑝 → 𝛾 + jet + 𝑋 and its equivalent in Pb+Pb
collisions, as a function of 𝑝jet

T for jets, with the full kinematic selection given in Section 1. Figure 2 shows
the measured cross-section for photon-tagged jet production in pp collisions, compared with the same
quantity in three event generators. The truth-level photons in the generators are required to be isolated by
requiring that the sum of all the final state particles, excluding the photon itself, within Δ𝑅 < 0.3 is less than
5 GeV. All three generators are compatible with the data within uncertainties in the low 𝑝

jet
T region (𝑝jet

T <
100 GeV) but have a higher cross-section than the data at higher 𝑝jet

T . In a similar measurement at 7 TeV,
these event generators were also found to have difficulty to describe the relative shape at high-𝑝jet

T [58].

Figure 3 presents the cross-section in 𝑝𝑝 collisions and the per-event yields in Pb+Pb collisions with
three different centrality selections, each scaled by 1/⟨𝑇AA⟩ for the given selection. The photon-tagged jet
cross-section in 𝑝𝑝 collisions is compared to the cross-section for inclusive jets from Ref. [5]. The bottom
panel shows the ratio of cross-sections between the photon-tagged and inclusive jets in 𝑝𝑝 collisions. The
ratio rises by a factor of four over the 𝑝

jet
T range, indicating that while the 𝑝

jet
T spectrum for photon-tagged

jets is steeply falling, it is somewhat harder than that for inclusive jets.
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Figure 2: Top: Cross-section of photon-tagged jets as a function of 𝑝
jet
T in pp data (red) is compared to Pythia

(purple), Sherpa (green), and Herwig (blue) generators. The statistical uncertainties are smaller than the marker
size, and the total systematic uncertainties for data are shown as boxes. For the generators only the central values are
shown without systematic uncertainties. Bottom: The ratio of the cross-section between the generators and the data.

Figure 4 presents the nuclear modification factor, 𝑅AA, for photon-tagged jets in the three Pb+Pb centrality
selections. The 𝑅AA is significantly below unity, with the 𝑅AA in more central events systematically lower
than in peripheral events. In the region 𝑝

jet
T > 80 GeV the 𝑅AA in all centralities slowly rises with 𝑝

jet
T .

This behavior is similar to that observed for the 𝑅AA of inclusive jets [5], and may indicate that the typical
fraction of energy lost decreases with increasing jet 𝑝T. In the region 𝑝

jet
T < 80 GeV the 𝑅AA rises as 𝑝

jet
T

decreases, an effect that may arise from the changing shape of the photon-tagged 𝑝
jet
T distribution as it

approaches the photon 𝑝
𝛾

T threshold of 50 GeV.

In 0–10% Pb+Pb events, the 𝑅AA for photon-tagged jets is approximately 0.6 at 𝑝jet
T = 100 GeV, which

is significantly larger than the 𝑅AA of approximately 0.45 for inclusive jets at the same 𝑝
jet
T and Pb+Pb

centrality. As motivated above, one important difference between the two samples of jets (photon-tagged
and inclusive) is the different quark/gluon fraction, as shown in Figure 1. However, a difference in the
𝑅AA for these processes could potentially arise for two additional reasons unrelated to the color charge
dependence of energy loss. First, as discussed above, the photon-tagged 𝑝

jet
T distribution is somewhat
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Pb+Pb events, scaled by 1/⟨𝑇AA⟩, and the cross-section in pp events (red). The spectra are vertically displaced by
multiplicative factors shown in the legend for clarity. The cross-section for inclusive jets in pp collisions [5] is shown
in yellow markers. The statistical uncertainties are smaller than the marker size, and the total systematic uncertainties
are shown as boxes. The dashed red line is the cross section for photon-tagged jets in pp collisions, rebinned to match
the binning for inclusive jets. Bottom: The ratio of cross sections between photon-tagged jets and inclusive jets in
𝑝𝑝 collisions.

harder than that for inclusive jets. For a fixed amount of energy loss, a harder spectrum results in a higher
𝑅AA. Within a simple model of fractional energy loss, the difference in the spectral shapes could cause the
photon-tagged jet 𝑅AA to be larger by 10% even if energy loss were independent of color charge. Second,
the production rate of photon+jet processes is known to be modestly suppressed in Pb+Pb collisions
compared to 𝑝𝑝 collisions, due to the modification of parton densities in nuclei. For the case of photon+jet
production, this mostly arises from the decreased number of valence up quarks, which have a higher absolute
electric charge, compared to down quarks [59] in nuclei compared to protons. Such “isospin”-dependent
suppression has been directly observed by ATLAS for photons in 𝑝+Pb collisions [60] and 𝑊± bosons in
Pb+Pb collisions [61], and may suppress the photon-tagged jet 𝑅AA by 5–10%, depending on the exact
kinematics and photon origin (for a discussion, see Ref. [10]). Thus, these two effects are expected to have
opposite sign and similar magnitude. Therefore, while the significant difference in the photon-tagged and
inclusive jet 𝑅AA arises dominantly from the color charge dependence of energy loss, it is necessary to
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compare them to theoretical calculations which include the two effects described above to quantitatively
constrain the magnitude of this physics effect.

The data were compared to the following five state-of-the-art theoretical calculations. The calculation
by Takacs et al. [9, 10] includes resummation of energy loss effects from hard, vacuum-like emissions
occurring in the medium and modeling of soft energy flow and recovery at the jet cone. The calculations
in Ref. [11–13] are based on a Linearized Boltzmann Equation with diffusion model (LIDO), with the
width of the band in the Figures corresponding to the range of jet-medium coupling cutoff parameter
𝜇 = (1.55 ± 0.25)𝜋𝑇 . A perturbative calculation is performed within the framework of soft-collinear
effective field theory with Glauber gluons (SCETG) in the soft-gluon-emission (energy-loss) limit [14–16],
with the width of the band in the Figures corresponding to the range of jet-medium coupling 𝑔 = 2.0 ± 0.2.
The CoLBT predictions [17] are a Linear Boltzmann Transport (LBT) model, which includes elastic
and inelastic processes based on perturbative quantum chromodynamics (QCD) for both jet shower and
recoil medium partons as they propagate through a QGP. Finally, JEWEL is an MC event generator which
simulates QCD jet evolution in heavy-ion collisions, including radiative and elastic energy loss processes,
and configured to include medium recoils [62].

The left panel of Figure 5 compares the photon-tagged jet 𝑅AA in 0–10% Pb+Pb events with these
predictions. The data are generally higher than the predictions, but are compatible with the SCETG
calculation using a lower value of 𝑔. The middle panel compares the inclusive jet 𝑅AA in 0–10% Pb+Pb
events from Ref. [5] with the predictions. All calculations describe the inclusive jet data very well, which
may arise from tuning free parameters to this previously available dataset. The right panel compares the
ratio of the 𝑅AA between photon-tagged jets and inclusive jets, 𝑅𝛾−jet

AA /𝑅inclusive jet
AA . All theory calculations

predict a 𝑅
𝛾−jet
AA /𝑅inclusive jet

AA value above unity, which evolves with 𝑝
jet
T . The data points are above most

of the calculations but are compatible with the SCETG calculation within uncertainties. In general, the
agreement of the predictions with the inclusive jet measurement, but the different predictions for the
photon-tagged jet case highlights the ability of this data to provide new constraints on the color charge
dependence of energy loss in models.

7 Conclusion

This note presents a measurement of photon-tagged jet production in Pb+Pb and 𝑝𝑝 collisions at 5.02 TeV
with the ATLAS detector. The cross-section of jets produced opposite in azimuth to a 𝑝

𝛾

T > 50 GeV isolated
photon is reported as a function of 𝑝jet

T . This selection results in a sample of jets with a steeply falling
𝑝T distribution, similar to that for inclusive jets, but with a significantly higher fraction of quark-initiated
jets. The nuclear modification factor, 𝑅AA, for photon-tagged jets is found to be suppressed below unity in
a way that varies with centrality but only weakly in the reported 𝑝

jet
T range. The photon-tagged jet 𝑅AA

is significantly higher than that for inclusive jets at the same 𝑝
jet
T and centrality, indicating that parton

energy loss is sensitive to the color charge of the initiating parton. The results are compared to a variety of
theoretical calculations, which tend to overpredict the amount of energy loss for this quark-dominated jet
sample.
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