
Measurement of in-medium jet modification using direct photon+jet and π0+jet
correlations in p+ p and central Au + Au collisions at

√
sNN = 200 GeV

The STAR Collaboration

The STAR Collaboration presents measurements of the semi-inclusive distribution of charged-
particle jets recoiling from energetic direct-photon (γdir) and neutral-pion (π0) triggers in p+ p and
central Au + Au collisions at

√
sNN = 200 GeV over a broad kinematic range, for jet resolution

parameters R = 0.2 and 0.5. Medium-induced jet yield suppression is observed to be larger for
R = 0.2 than for 0.5, reflecting the angular range of jet energy redistribution due to quenching.
The magnitude of suppression is similar for γdir- and π0-triggered data, which constrains the color-
charge and path-length dependence of jet quenching. Theoretical model calculations incorporating
jet quenching do not fully describe the measurements.

Introduction - Strongly-interacting matter at high en-
ergy density and temperature is a state of deconfined
quarks and gluons called the Quark-Gluon Plasma [1, 2].
The QGP filled the early universe a few microseconds
after the Big Bang, and is recreated today using ener-
getic collisions of heavy atomic nuclei at the Relativistic
Heavy Ion Collider (RHIC) and the Large Hadron Col-
lider (LHC) [3, 4].

Jets are correlated sprays of hadrons arising from
the fragmentation of energetic quarks and gluons gener-
ated in hard partonic interactions (momentum transfer
Q2 ≳ 1 − 2 GeV2). Calculations based on perturbative
quantum chromodynamics (pQCD) agree well with jet
measurements in p+ p collisions over a wide kinematic
range [5–9]. Jet production is a high-Q2 process, oc-
curing at times ∆τ ∼ 1/Q ≪ 1 fm/c, which is prior
to the formation of the QGP in a heavy-ion collision.
Jets propagate in the QGP and interact with it (“jet
quenching”) [10–13]. These interactions generate several
observable effects: suppression in jet yield due to energy
loss, modification of internal jet structure, and broad-
ening of angular distributions in coincidence observables
due to scattering off QGP constituents. Comparison of
measurements and calculations of jet modifications probe
the structure and dynamics of the QGP [14, 15].

Reconstructed jet measurements in heavy-ion collisions
are challenging, due to the large background from un-
correlated processes [15]. The initial observation of jet
quenching was therefore based on inclusive production
and correlations of high transverse momentum (high-pT)
hadrons [16–28]. These measurements have been used to
constrain the QGP transport parameter q̂, which charac-
terizes the momentum transfer between an energetic jet
and the QGP [29–31].

High-pT hadron measurements are sensitive primar-
ily to medium-induced energy loss, however, and recon-
structed jet measurements are required for more detailed
exploration of the mechanisms underlying jet quench-
ing [32–47]. Of special interest is the correlation be-
tween a direct photon and a recoil jet (γdir+jet); pho-
tons are colorless and do not interact significantly with
the QGP [48, 49], and therefore provide an unmodified

reference for measuring jet quenching via correlated re-
coil jets [50]. At leading perturbative order, the dominant
channel for γdir+jet production at RHIC energies is QCD
Compton scattering, qg → γq, in which the direct photon
and the quark jet are balanced in pT. While higher-order
effects modify this simple picture [51], the γdir+jet coin-
cidence channel remains a promising approach for high-
precision measurements and calculations of jet quench-
ing.

Measurements of γdir+jet coincidence observables have
been carried out for p+ p and Pb + Pb collisions at the
LHC [40, 52–54]. In-medium modification of recoil jets
is observed in Pb + Pb collisions, though with medium-
induced energy loss that is smaller in magnitude than
the in-vacuum momentum imbalance observed in p+ p
collisions. Z-boson+hadron and γdir+hadron measure-
ments have also been reported [55–58]. To date, no γdir-
triggered correlation measurements with reconstructed
jets have been reported at RHIC.

Measurements of high-pT hadron+jet coincidences
are likewise of interest, particularly with high-statistics
charged hadrons or π0 triggers that can be measured pre-
cisely in the complex environment of a heavy-ion colli-
sion [37, 46, 56]. High-pT hadrons are fragments of jets,
and are therefore generated by a different mixture of par-
tonic processes than direct photons. The simultaneous
measurement of γdir and hadron-triggered correlations,
using the same analysis approach, enables the compari-
son of jet quenching effects in jet populations with differ-
ent production spectra, different relative quark and gluon
contributions, and different in-medium path-length dis-
tributions [59].

In this Letter and companion article [59], the STAR
Collaboration presents the first measurement of jet
quenching using γdir+jet and π0+jet correlations in p+ p
collisions and central (0–15%) Au + Au collisions at√
sNN = 200 GeV. The analysis utilizes previous devel-

opments for γdir/π
0 discrimination [55, 56] and for cor-

rection of the complex jet background in central Au+Au
collisions using mixed events (ME) [46]. Jets are recon-
structed using the anti−kT algorithm [60] with resolu-
tion parameters (jet “radius”) R = 0.2 and 0.5. Semi-
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inclusive distributions of charged-particle jets recoiling
from γdir (transverse energy 11 < Etrig

T < 20 GeV) and

π0 triggers (11 < ptrigT < 15 GeV/c) are reported (see [59]
for the analysis of other trigger kinematics). These mea-
surements are sensitive to energy loss and intra-jet broad-
ening due to jet quenching. This Letter compares the re-
sults to theoretical models incorporating jet quenching,
and discusses constraints from such comparisons on the
physical mechanisms underlying jet quenching.

Dataset and analysis - The STAR detector is described
in [61]. The p+ p and Au + Au datasets were recorded
during the 2009 and 2014 RHIC runs, respectively. On-
line event selection utilized a trigger based in the STAR
Barrel Electromagnetic Calorimeter (BEMC) [62], which
required 1) transverse energy (ET) in one calorimeter
tower of at least 4.2 GeV in p+ p and 5.9 GeV in Au+Au
collisions; and 2) total ET deposited in one or two ad-
jacent towers to be greater than 7.44 GeV in both p+ p
and Au + Au collisions. Event-selection cuts are applied
to suppress pileup and to remove bad runs. After all
event selection cuts, the integrated luminosity accepted
for the analysis is 3.9 nb−1 for Au + Au collisions and
23 pb−1 for p+ p collisions. Offline analysis follows the
procedures described in [46, 56].

Centrality in Au + Au collisions is determined using
the uncorrected charged-particle multiplicity measured in
pseudo-rapidity |η| < 0.5. Central Au + Au collisions in
this analysis correspond to the 15% highest-multiplicity
events in the Minimum Bias (MB) population.

High-ET direct-photon and π0 triggers are measured
in the BEMC. Observed high-ET photons arise from
several sources: direct production from partonic qg →
γq and qq̄ → γg processes; fragmentation from quark
bremsstrahlung in jet showers [63]; and hadronic decays,
primarily of π0 and η mesons. In Au+Au collisions, high-
ET photons may also be generated by jet interactions in
the QGP [64]. Among these processes, direct-photon pro-
duction is of special interest for the study of jet quench-
ing because it best constrains the scattering kinematics.
The contributions of decay and fragmentation photons
are therefore largely subtracted in the analysis.

Discrimination of high-pT single-photon BEMC show-
ers from those due to π0 decay is based on the transverse-
shower profile (TSP) measured by the Barrel Shower Max
Detector (BSMD) [56]. The purity of the π0 TSP cut is
greater than 95%. However, the shower population sat-
isfying the single-photon TSP cut contains an admixture
of direct, fragmentation, and decay photons; this popu-
lation is labeled “gamma-rich” (γrich). The γdir fraction
of the γrich population is determined from the correlated
rate of charged hadrons with pT > 1.2 GeV/c that are ad-
jacent in azimuthal angle φ (“near-side”), assuming that
direct-photon triggers have zero correlated rate [56]. For
central Au +Au collisions the γdir purity varies between
67± 3% and 84± 4% over the range Etrig

T = 9− 20 GeV,
while for p+ p collisions it varies between 43 ± 5% and

53 ± 7%. The γdir purity is higher in Au + Au than
p+ p collisions because of π0 yield suppression due to
jet quenching [65]. To obtain the recoil-jet spectrum for
γdir triggers, the recoil-jet distribution due to background
in the γrich population (dominated by decay photons) is
subtracted assuming its recoil-jet distribution is the same
as that of identified π0 triggers.

BEMC showers are then assigned to bins with 11 <
Etrig

T < 15 and 15 < Etrig
T < 20 GeV for γrich and π0-

identified triggers. The number of triggers in each bin is
tabulated in Ref. [59].

Charged-particle tracks are reconstructed offline using
hits in the STAR Time Projection Chamber (TPC) [66].
Jet reconstruction utilizes primary tracks, which include
the event vertex in the momentum fit. The acceptance
for primary tracks is |η| < 1.0 and 0.2 < pT,track < 30
GeV/c, over the full azimuth. The tracking efficiency for
primary tracks with pT,track > 2 GeV/c is 72% in central
Au+Au collisions and 82% in p+ p collisions. Primary-
track momentum resolution is approximately σpT

/pT =
0.01 · pT/(GeV/c) in both systems.

Charged-particle jets are reconstructed from primary
tracks using the kT [67] and anti−kT [60] algorithms
for jet-resolution parameters R = 0.2 and 0.5, with E-
scheme recombination and active ghost area 0.01 [67].
Event-wise estimation of the median energy density ρ [68]
utilizes kT jets, with the two hardest jet candidates ex-
cluded for Au + Au collisions and the single hardest jet
candidate excluded for p+ p collisions. The physics anal-
ysis is based on anti−kT jets. Jet candidates are ac-
cepted if their centroid lies within |η| < 1.0−R and their
area satisfies Ajet > 0.05 for R = 0.2 and Ajet > 0.65
for R = 0.5 [46]. The raw pT (prawT,jet) of accepted jet
candidates is adjusted by the event-wise estimated back-
ground, preco,iT,jet = praw,i

T,jet − ρAi
jet, where i labels a jet can-

didate and Ai
jet is its area (see Ref. [46] for notation and

definitions). The Jet Energy Resolution and the Jet En-
ergy Scale are similar to those in Ref. [46].

Events with a γrich or π0 trigger in the defined Etrig
T

bins are selected for the correlation analysis. The recoil-
jet azimuthal acceptance is 3π

4 < ∆φ < 5π
4 , where ∆φ is

the azimuthal separation between the trigger and jet cen-
troid. All jet candidates satisfying this cut are accepted,
with no jet-wise discrimination of correlated and uncor-
related yield with respect to the trigger. The trigger-
normalized semi-inclusive recoil-jet distribution is then
tabulated for all events in each trigger class and collision
system. Because event selection is based solely on the
presence of a trigger which is distributed like the inclusive
production cross section, in the absence of background
the trigger-normalized distribution is equivalent to the
ratio of perturbatively calculable cross sections [37, 46],
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Ntrig
· dNjet

dpchT,jet

∣∣∣∣∣
ptrig
T

=

(
1

σA+A→trig
· dσ

A+A→trig+jet

dpchT,jet

)∣∣∣∣∣
ptrig
T

,

(1)

where Ntrig is the number of triggers,
dNjet

dpch
T,jet

is the

pT-differential recoil-jet distribution, σA+A→trig is the
inclusive production cross section for the trigger, and
σA+A→trig+jet is the production cross section for trigger
and recoil jets in the acceptance.

The reconstructed jet population in central Au + Au
collisions includes a large uncorrelated jet yield, which
is corrected at the level of the ensemble-averaged distri-
bution by the ME procedure [46]. After subtraction of
the uncorrelated jet yield distribution, correction for pT-
smearing due to instrumental effects and residual back-
ground fluctuations is carried out using unfolding [69, 70].
The corrected distribution for γdir triggers is determined
from the linear combination of γrich and π0-triggered dis-
tributions, accounting for the γdir purity [56, 59].
The largest systematic uncertainties in central Au+Au

collisions arise from the uncorrelated background yield
correction; choice of unfolding algorithm, regularization,
and prior; response matrix; tracking efficiency; and the
γdir purity. In p+ p collisions, the largest systematic
uncertainties are due to the tracking efficiency, unfolding,
and the γdir purity. The cumulative uncertainty is the
quadrature sum of all uncertainty components, and is
shown in all figures as a continuous band to indicate large
off-diagonal covariance [46, 47].

The distribution of Etrig
T is not corrected for the fi-

nite energy resolution of the BEMC. The estimated effect
of this resolution on the recoil-jet spectrum is approxi-
mately 20-40% at high pchT,jet, depending upon Etrig

T [59].
Accurate comparison of the measured recoil-jet distribu-
tions to theoretical models therefore requires the calcu-
lated distributions to be smeared by the resolution func-
tion, which is specified in Ref. [59]. However, since the
trigger-spectrum shapes in Au + Au and p+ p collisions
are similar and the BEMC resolution affects the trigger
distributions in Au + Au and p+ p similarly, its effect
on recoil-jet distributions largely cancels in their ratio.
We therefore do not apply this smearing for the model
comparisons below.

The measurements are compared to the following the-
oretical calculations incorporating jet quenching, which
are described briefly in Ref. [59]: Jet-fluid model [71];
Linear Boltzmann Transport (LBT) model [72]; Coupled
linear Boltzmann transport and hydro model (CoLBT-
hydro) [73, 74]; Soft Collinear Effective Theory (SCET)
model [75]; and Hybrid model [76]. A significant dif-
ference between the models is their treatment of “back-
reaction,” which refers to excitation of the QGP medium
due to absorption of energy from the jet-medium in-
teraction. Back-reaction may generate a jet-associated

wake, which in practice is included in the correlated en-
ergy of the jet measurement, modifying observed jet pT
and shape distributions. The jet-fluid and SCET mod-
els do not incorporate back-reaction, whereas the LBT,
CoLBT, and Hybrid models have different back-reaction
implementations (see Ref. [59]). The Hybrid model is
optionally run without back-reaction.
Results - Corrected recoil-jet distributions are reported

for pchT,jet > 3 GeV/c, which is lower than is commonly
used in jet measurements. We do not assert that such low
values of pT,jet are interpretable perturbatively. Rather,
our usage of the term “jet” in this context is purely op-
erational, i.e. application of the anti−kT clustering al-
gorithm to measure trigger-correlated recoil-energy flow
within an aperture of radius ∼ R. The phenomenology of
these distributions, together with comparison to theoreti-
cal calculations, may then elucidate the underlying phys-
ical processes, both perturbative and non-perturbative.
Figure 1 shows corrected trigger-normalized semi-

inclusive recoil-jet distributions for selected Etrig
T bins

measured in central Au + Au and p+ p collisions, for
γdir and π0 triggers, and for recoil jets with R = 0.2 and
0.5. Significant yield suppression is observed in central
Au+Au relative to p+ p collisions with both triggers for
R = 0.2, while less suppression is observed for R = 0.5.
Figure 2 shows IAA, the ratio of the semi-inclusive

recoil-jet yields measured in central Au + Au and p+ p
collisions for the same trigger and R. For 11 < Etrig

T < 15
GeV, IAA is consistent within uncertainties for γdir and
π0 triggers. Yield suppression (IAA < 1) arises from
the combined effects of population-averaged energy loss
and spectrum shape. Since the recoil-jet spectrum for
p+ p collisions is steeper for γdir than for π0 triggers
in 11 < Etrig

T < 15 GeV [59], Fig. 2 may indicate
larger average energy loss for the π0-triggered popula-
tion. Also shown are the corresponding Hybrid Model
calculations, which are likewise consistent for the two
triggers. Such comparisons can elucidate the roles of
relative quark/gluon content, path-length distribution,
and energy-loss fluctuations [77] in generating medium-
induced energy loss.
Marked recoil-yield suppression is observed in central

Au+Au collisions for R = 0.2, with reduced suppression
for R = 0.5, for both triggers in 11 < Etrig

T < 15 GeV

and for γdir triggers in 15 < Etrig
T < 20 GeV. Taking into

account the spectrum shapes in Fig. 1, larger suppression
for R = 0.2 than for 0.5 corresponds to smaller energy
loss for R = 0.5; qualitatively, a larger fraction of the
initial jet energy is captured in a cone of opening 0.5
than 0.2 radians. This provides a new measurement of
the angular scale over which jet energy is redistributed
by quenching.

For recoil jets with R = 0.2, the model calculations
are similar for π0 and γdir triggers in 11 < Etrig

T < 15
GeV and agree with the data within uncertainties, while
for γdir triggers in 15 < Etrig

T < 20 GeV, less suppression
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FIG. 1. (Color online) Corrected semi-inclusive distributions of charged-particle jets recoiling from γdir (upper) and π0 (lower)
triggers measured in central Au + Au and p+ p collisions at

√
sNN = 200 GeV, for R = 0.2 (left) and 0.5 (right). Dark bands

show statistical error; light bands (Au + Au) or hashed bands (p+ p) show systematic uncertainty.

FIG. 2. (Color online) Ratio of recoil-jet yields in central Au + Au and p+ p collisions (IAA [59]) at
√
sNN = 200 GeV shown

in Fig. 1. Uncertainty bands account for correlated uncertainties in numerator and denominator. Theoretical calculations are
described in text.

is predicted than observed in data. For R = 0.5, some
of the models reproduce qualitatively the reduced sup-
pression observed for both triggers, but none agrees well

with the data within uncertainties. The Hybrid model
calculations with and without wake are similar for this
observable. Overall, the agreement of models and data



5

]c [GeV/ch

T,jet
p

1−10

1

0.
2/

0.
5

ℜ

STAR

+jet, Au+Au0πHybrid w/o wake, +jet, Au+AuγHybrid w/o wake,
+jet, Au+Au0πHybrid w/ wake, +jet, Au+AuγHybrid w/ wake, 

Hybrid, p+p +jet, Au+Au,γCoLBT, 
+jet, p+pγCoLBT PYTHIA-6 STAR tune

Au+Au (0-15%)
p+p

 < 15 GeV
trig

T
+jet, 11 < E0π 

5 10 15 20 25
]c [GeV/ch

T,jet
p

1−10

1

0.
2/

0.
5

ℜ

Au+Au (0-15%) < 20 GeV
trig

T
+jet, 15 < Eγ 

FIG. 3. (Color online) Ratio of recoil-jet yields with R = 0.2

and 0.5, R0.2/0.5 [59] in central Au+Au and p+ p collisions for

π0 triggers with 11 < Etrig
T < 15 GeV (upper) and γdir trig-

gers with 15 < Etrig
T < 20 GeV (lower). Uncertainty bands

account for correlated uncertainties in numerator and denom-
inator. Theoretical calculations are described in text.

in Fig. 2 is limited, with no clear discrimination of the
models.

Figure 3 shows R0.2/0.5, the ratio of recoil-jet yields for
R = 0.2 and 0.5 separately in p+ p and Au + Au colli-
sions, which probes intra-jet broadening [59]. The p+ p
collision distributions are well-described by PYTHIA-6
STAR tune [78, 79]. Similar measurements by the AL-
ICE Collaboration at the LHC are likewise well-described
by PYTHIA [37] (see Ref. [59] for further discussion).

Significant suppression of R0.2/0.5 is observed for cen-
tral Au+Au compared to p+ p collisions, in contrast to
the ALICE measurement [37]. For example, for π0 trig-

gers with 11 < Etrig
T < 15 GeV the value of R0.2/0.5 in

the range 10 < pchT,jet < 15 GeV/c is 0.26± 0.09 (sys) for
Au+Au and 0.50±0.06 (sys) for p+ p collisions, with the
statistical error smaller than the systematic uncertainty.
This is clear evidence of intra-jet broadening due to jet
quenching. Intra-jet broadening has also been studied
using other observables (e.g. Ref. [80, 81]).

Back-reaction generates a jet-associated wake, which
broadens the jet transverse energy profile. The models
considered here have different implementations of back-
reaction, or do not include back-reaction. However, all
models predict a similar value of R0.2/0.5 in Au + Au
and p+ p collisions, in contrast to the observed larger
suppression in Au+Au collisions. None of the models re-
produces the magnitude of intra-jet broadening observed
in data.

Summary- This paper presents the first measurement
at RHIC of jet quenching utilizing the coincidence of γdir
and π0 triggers with reconstructed jets in central Au+Au
and in p+ p collisions. Comparison of recoil-jet yields
in Au + Au and p+ p collisions (IAA) shows significant
medium-induced yield suppression, with greater suppres-
sion observed for R = 0.2 than for 0.5. The yield ratio
for R = 0.2 and 0.5, R0.2/0.5, likewise exhibits greater
suppression for Au + Au than p+ p collisions.

These observations are evidence of significant medium-
induced intra-jet broadening at angular scales less than
0.5 radians. The comparison of γdir and π0-triggered
distributions probes the relative contributions to jet
quenching of quark/gluon fraction, path length, and den-
sity fluctuations. Theoretical calculations incorporating
jet quenching do not describe the full set of reported
data within uncertainties, in particular exhibiting weaker
intra-jet broadening than observed.
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