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Angular distributions of charged particles relative to jet axes are studied in
√
sNN = 200 GeV

Au+Au collisions as a function of the jet orientation with respect to the event plane. This differential
study tests the expected path-length dependence of energy loss experienced by a hard-scattered
parton as it traverses the hot and dense medium formed in heavy-ion collisions. A second-order
event plane is used in the analysis as an experimental estimate of the reaction plane formed by the
collision impact parameter and the beam direction. Charged-particle jets with 15 < pT,jet < 20
and 20 < pT,jet < 40 GeV/c were reconstructed with the anti-kT algorithm with radius parameter
setting of R = 0.4 in the 20-50% centrality bin to maximize the initial-state eccentricity of the
interaction region. The reaction plane fit method is implemented to remove the flow-modulated
background with better precision than prior methods. Yields and widths of jet-associated charged-
hadron distributions are extracted in three angular bins between the jet axis and the event plane.
The event-plane (EP) dependence is further quantified by ratios of the associated yields in different
EP bins. No dependence on orientation of the jet axis with respect to the event plane is seen
within the uncertainties in the kinematic regime studied. This finding is consistent with a similar
experimental observation by ALICE in

√
sNN = 2.76 TeV Pb-Pb collision data.

PACS numbers: 25.75.-q, 25.75.Bh, 13.87.-a, 12.38.Mh, 21.65.Qr

I. INTRODUCTION

Relativistic heavy-ion collisions have been used for
more than three decades to map out the phase diagram of
quantum chromodynamics (QCD) matter. This has been
done through previous studies from energies around 5−20
GeV at the Alternating Gradient Synchrotron (AGS) in
Brookhaven National Laboratory (BNL) and the Super
Proton Synchrotron (SPS) at CERN, to 200 GeV at the
Relativistic Heavy Ion Collider (RHIC) in BNL and 7
TeV at the Large Hadron Collider (LHC) at CERN. A
new form of matter has been discovered in such collisions
at extreme temperature and density, the “Quark-Gluon
Plasma” (QGP), that exhibits almost perfect liquid dy-
namical behavior [1–10]. RHIC and the LHC continue to
explore new regions of the phase diagram and study the
properties of the QGP.

Observable remnants of partonic interactions at large
momentum transfers, called hard probes, travel through
the QGP medium and experience energy loss through
various QCD interactions with the medium. Hence, they
are commonly used to study the structure and dynam-
ics of the QGP [11–13]. These probes are considered to
be highly reliable, due to their expected yields being ac-
curately calculable using the perturbative QCD (pQCD)
theoretical framework. Additionally, their short produc-
tion time (τ ∼ 1/pT ≤ 0.1 fm/c) allows for the tracing of
medium properties right from the initial phases of the col-
lision. At RHIC, evidence of energy loss in the medium
(“jet quenching”) was first observed through properties
of leading fragments of jets and their correlations [14–16].

Since 2011, the observation of significant jet quenching
has also been confirmed through measurements of recon-
structed back-to-back, inclusive, and tagged jets at the
LHC energies [17–21]. The interactions of jets within the
hot QCD medium can also be measured experimentally

via, for example, the modification of the internal struc-
ture of jets, possibly due to medium-induced soft-gluon
radiation [22] and collisional processes[23]. The interpre-
tation behind these observations are further supported by
correlating jets with charged particles to extend measure-
ments of intrinsic jet properties to large relative angles in
∆η and ∆ϕ [24, 25]. More recently, measurements of jet
substructure, such as splitting functions that reflect the
splitting of a parton into two other partons, and the open-
ing angle of two prongs (where a prong is a jet-like object
within a jet), have been studied at LHC and RHIC ener-
gies [26, 27]. The measurements of splitting functions at
LHC, for jets with higher transverse momenta, indicate
a more unbalanced momentum ratio in central collisions
compared to peripheral and p + p collisions. However,
at RHIC, the opening angles and splittings of lower mo-
mentum jets are found to be vacuum-like, with no quan-
titative modification in Au+Au collisions compared to
reference p+ p collisions. The partonic interactions, and
therefore medium-induced modifications to a jet, are ex-
pected to depend on the path-length traversed by a hard-
scattered parton through the medium [28]. Leading par-
ticles of jets are indeed observed to follow such an expec-
tation, as measured through the azimuthal anisotropy
of high transverse momentum (pT) hadrons[29]. How-
ever, jet-particle correlations at different angles relative
to the event plane at LHC energies have shown no signif-
icant path-length dependence of the medium modifica-
tions [30]. A complimentary study in a lower kinematic
range for the jets, accessible at RHIC energies, could pro-
vide further constraints on the path-length dependence
of jet quenching.

Experimentally, jets are reconstructed by clustering
charged-particle tracks and calorimeter-energy deposi-
tions using the anti-kT algorithm[31]. In this analysis, we
measure angular correlations of charged-particle tracks

ar
X

iv
:2

30
7.

13
89

1v
1 

 [
nu

cl
-e

x]
  2

6 
Ju

l 2
02

3



2

with fully reconstructed jets differentially in jet-axis ori-
entation with respect to the reaction plane in

√
sNN =

200 GeV Au+Au collisions with the STAR experiment.
The reaction plane is defined as the plane formed by
the impact parameter and the beam direction. For non-
central collisions of incoming nuclei, the overlap region
is an oval ellipsoid, so particles emitted perpendicular to
the reaction plane (out-of-plane) have on average a longer
length traversed through the medium, than those travel-
ing along the direction of the reaction plane (in-plane).
Studying jets differentially in a relative orientation to the
reaction plane allows for a path-length dependent mea-
surement of potential medium modifications.

In this analysis, the coordinate system used to depict
the distribution of associated particles is defined relative
to a reconstructed jet, also called a trigger jet. The dis-
tribution is thus given by:

1

Ntrig

d2Nassoc,jet

d∆ϕ d∆η
, (1)

where Ntrig is the number of trigger jets, Nassoc,jet is the
number of associated particles, ∆ϕ (= |ϕjet − ϕassoc|) is
the azimuthal angle of those trigger particles relative to
the trigger jets, and ∆η (= |ηjet−ηassoc|) is the difference
in the pseudorapidities of the trigger jet and associated
particle.

The goal of this analysis is to study the conditional
yield of associated particles, the width of the near- and
away-side peaks (quantified using the gaussian width) as
a function of the angle between the jet axis and the event
plane. The yield is estimated by:

Yield =
1

Ntrig

∫ d

c

∫ b

a

d2Nassoc,jet

d∆ϕ d∆η
d∆ϕ d∆η . (2)

The choice of integration limits is somewhat arbitrary.
They are chosen based on practical considerations, in-
cluding the detector acceptance and binning of his-
tograms.

Selection criteria for events, tracks and towers, along
with discussions on track reconstruction efficiency can be
found in Sect. II. Measurement of event plane is discussed
in Sect. III A, followed by details of jet reconstruction
in Sect. III B. Further details on measuring the correla-
tions between trigger jet and associated hadrons (intro-
duced in Eq. 1) is given in Sect. III C. Background es-
timation and subtraction done using the Reaction Plane
Fit method [32] is discussed in Sect. IIID. The results are
presented in Sect. IV, followed by discussion of the con-
straints this measurement provides and how it compares
to JEWEL [33] calculations and similar measurements at
the LHC [30].

II. COLLECTION OF DATA

A detailed description of the STAR detector and its
subsystems can be found in [34]. The two sub-detectors
used for this analysis, the Time Projection Chamber
(TPC) [35] and the Barrel Electromagnetic Calorime-
ter (BEMC) [36], are briefly described in the following.
The TPC detector provides tracking of charged parti-

cles over the full azimuthal range with a pseudorapidity
coverage of |η| < 1.0. Track selection is optimized for
track quality and momentum resolution. Reconstructed
charged-particle tracks are required to have at least 15
“hit” points, and no less than 52% of the maximum hits
possible for a given track kinematics. Tracks are selected
as primary if their distance of closest approach (DCA)
to the primary vertex is less than 3 cm. Events contain-
ing tracks with pT > 30 GeV/c are rejected to avoid
contamination from cosmic rays and mis-reconstruction
from fake-tracks. Tracks with pT > 2.0 GeV/c are used
as constituents for jet reconstruction, while tracks with
pT > 1.0 GeV/c are used for measuring the correlation
functions. The tracking efficiency is determined from em-
bedding simulations of the detector response and ranges
from 75–90% in the momentum range used in this anal-
ysis. The uncertainty on the single-track reconstruction
efficiency is 5% and is correlated point-to-point where
it contributes to the scale uncertainty in the correlation
functions and yields.
The BEMC is used for the neutral-energy reconstruc-

tion and triggering. It is a lead-scintillator sampling
calorimeter with full 2π azimuthal coverage and a pseu-
dorapidity range of |η| < 1.0. The BEMC has 4800 tow-
ers with a transverse size of 0.05 × 0.05 in azimuth ϕ
and pseudorapidity η. This analysis uses events trig-
gered by a high-energy deposit in a BEMC tower, re-
ferred to as a ‘High Tower’ (HT). The raw trigger thresh-
old corresponds to approximately 5.4 GeV of transverse
energy (ET ). Only towers above ET > 2.0 GeV are
used in this analysis for jet reconstruction. This energy
threshold excludes minimally ionizing particles. Partially
formed hadronic showers may still pass this threshold
and deposit charged energy. Double counting of charged
hadrons is avoided by correcting the tower energies as
in Refs. [37, 38]. This is especially important during
the jet-finding procedure when neutral constituents are
included in jet reconstruction [39]. When a tower has
tracks matched to it, the tower energy is adjusted by:

∆Ecorr =


Etow for Etow < f ×

∑
matches

p

f ×
∑

matches

p for Etow > f ×
∑

matches

p.

(3)

where Etow is the tower energy and
∑

matches

p corre-

sponds to the total momentum magnitude summed over
all matching tracks. The fraction f is chosen to be 1
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in order to remove 100% of the deposited charged en-
ergy. The tower is corrected by assigning new energy
Enew = Etow −∆Ecorr to the tower. However, the tower
is discarded when the new energy is below the 2.0 GeV
threshold required for jet reconstruction.

III. ANALYSIS METHOD

This measurement utilizes data collected during the
2014 run from Au+Au collisions at nucleon-nucleon
center-of-mass energy of

√
sNN = 200 GeV by the STAR

experiment [34] at RHIC. Events referred to as sig-
nal (same) events are required to contain a HT trig-
ger in the BEMC [40]. Minimum-bias (MB) triggered
events based on coincidence of Zero Degree Calorime-
ters (ZDC coincidence), Vertex Position Detectors and
Beam-Beam Counters signals are used to estimate the
pair-acceptance effects via a mixed-event (ME) technique
[41]. For this analysis, 9.4M HT-triggered and 4.0M MB
collision events are used. Events are further categorized
by their centrality selection, defined in section IIIA. The
events are required to have a reconstructed primary ver-
tex |vz| < 24 cm and centrality of 20-50%.
The reaction plane is approximated by the second-

order event plane, which is the experimentally recon-
structed second-order symmetry plane, and will be re-
ferred to as the “event plane” (Ψ2,EP ) in this text, for
simplicity.

The distributions of these associated tracks relative to
the trigger jet are measured in three bins in the angle
between the trigger jet and the event plane, in-plane
(|Ψ2,EP−ϕjet| < π/6), mid-plane (π/6 < |Ψ2,EP−ϕjet| <
π/3), and out-of-plane (|Ψ2,EP − ϕjet| > π/3) bins. The
analysis is restricted to 20–50% central Au+Au collisions
to achieve the highest event-plane resolution and there-
fore the analysis will be most sensitive to any path-length
dependencies.

A. Centrality determination and event plane
reconstruction

Centrality is a measure of the transverse overlap be-
tween the colliding nuclei and is generally expressed as
a percentage of all collisions. For example, the 0-10%
most central events would refer to the 10% of events
with the most overlap and thus the 10% smallest im-
pact parameter. This analysis studied semi-peripheral
(20-50%) events to maximize the eccentricity of the in-
teraction region. Centrality is determined by fitting the
charged-particle multiplicity from the TPC within |η| <
0.5 that is corrected for dependence on the vz and the
beam luminosity.

Within the overlap region, symmetry planes are gener-
ated from initial asymmetries in the nucleon distributions
and can be quantified by a harmonic decomposition [42].
The reaction plane would correspond to the second-order

symmetry plane Ψ2,EP if nucleon distributions were in
their average positions and devoid of fluctuations of in-
teractions amongst nucleons [30]. We refer in this letter
to the event plane as being the experimentally recon-
structed second-order symmetry plane [42].
By measuring the charged particle azimuthal distribu-

tion, the n-th order event plane can be extracted by [42]:

Ψn,EP =
1

n
arctan

(
Qy,n

Qx,n

)
, (4)

Where, the weighted Q vectors are given by:

Qx,n =
∑
tracks

wtrack cos(nϕtrack)

Qy,n =
∑
tracks

wtrack sin(nϕtrack). (5)

where the sum is calculated for all reconstructed charged
particles (tracks) in the event, ϕtrack is the track’s az-
imuthal angle, and wtrack the weight associated with
the track. Weights, wtrack, are optimized to calculate
the event-plane vector to the best accuracy. This work
uses the common approach of scaling by the track’s
pT (wtrack = pT,track) [42]. The event plane is calcu-
lated event-by-event, following a procedure similar to
Ref. [43] using charged tracks with 0.2 < pT,track < 1.0
GeV/c measured within the TPC. The approach is called
the Modified Reaction Plane (MRP) method [44]. Addi-
tional details can be found in Refs. [43, 45].
The impact of highly energetic jets on the calculation

of the event-plane orientation is reduced by removing the
particles within the pseudorapidity strip (|∆η | < 0.4)
across ∆ϕ surrounding the leading jet. This procedure
also removes a significant portion of the away-side jet, lo-
cated opposite in azimuth. An upper limit of 1.0 GeV/c is
used in the calculation of the event plane to exclude the
momentum range of particles used in correlation func-
tions from the calculation of the event plane which is
used to characterize the near-side jets. Due to finite ac-
ceptance and multiplicities, the calculated event plane
has an underlying anisotropy that is corrected by apply-
ing two separate correction methods.
First, a calibration and recentering correction proce-

dures are applied to remove bias introduced by non-
uniform acceptance of the TPC tracking system and fur-
ther account for potential beam-condition effects[42, 46,
47]. This procedure involves recentering the weighted
Q-vectors such that, ⟨Qx,n⟩ = 0 = ⟨Qy,n⟩.
Recentering is done by calculating a modifiedQ-vector,

obtained by subtracting an event averaged Q-vector from
each event’s nominal Q-vector and done for 10% central-
ity intervals and 4 cm vz intervals. The recentering ap-
proach, which drastically improves the uniformity of the
event plane, is however, unable to remove the higher har-
monics of Ψn,EP [42]. To help remove higher harmonics
and make the event-plane angle isotropic in the lab frame
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[48], a second correction step, referred to as shifting, is
applied event-by-event. This method defines a new angle:

Ψ′
2,EP =Ψ2,EP +

∑
n

2

n
(−⟨sin(nΨ2,EP )⟩ cos(nΨ2,EP )

+ ⟨cos(nΨ2,EP ) sin(nΨ2,EP )⟩), (6)

where the brackets denote an average over events. We
require the vanishing of each n-th Fourier moment up to
20th order. Similarly to recentering, the shifting correc-
tion is done separately for 10% centrality intervals and
4-cm vz intervals. Additional details of the recentering
and shifting corrections can be found in Refs. [42, 46, 49]

The resulting azimuthal anistropy can be characterized
by the Fourier decomposition of the azimuthal particle
distribution with respect to the second-order event plane
[50, 51]:

dN

d(ϕ−ΨRP )
=

N0

2π

(
1 + 2

∞∑
n=1

vn cos[n(ϕ−ΨRP )]

)
,

(7)
where N0 is the number of particles, ϕ describes the
azimuthal angle of the particles, ΨRP describes the az-
imuthal angle of the true reaction plane determined by
the beam axis and the impact parameter and vn is the
n-th harmonic (flow) coefficient. ΨRP is not experimen-
tally known and is replaced by the reconstructed event-
plane angle. Due to finite event multiplicity, there will
be a difference between these two planes. It is quanti-
fied by event-plane resolution, Rn or Rn{Ψ2,EP } given
by Eqn. 8. The observed vn, v

obs
n is corrected for this

limited resolution by doing, vn = vobsn /Rn [42, 52].
Because an ideal event-plane resolution is equal to 1,
for non-ideal cases, the value of the coefficients will be
raised by applying the correction. Thus, Rn impacts the
flow-modulated background for these correlations, as de-
scribed in Sect. IIID,

Rn = Rn{Ψ2,EP } = ⟨cos(n[ΨRP −Ψ2,EP ])⟩ n is even
(8)

Furthermore, individual events are divided into two
random sub-events by assigning charged tracks to sub-
events, “a” and “b”. The sub-events are unique, with
approximately equal multiplicities. We can write the cor-
relation of two event planes by taking the product of two
sub-events [42, 53]:

⟨cos(n[Ψa
2,EP −Ψb

2,EP ])⟩ = ⟨cos(n[Ψa
2,EP −ΨRP ])⟩

⟨cos(n[Ψb
2,EP −ΨRP ])⟩, (9)

This allows calculation of the event-plane resolution di-
rectly from data. Since a and b have equal multiplicities,
the resolution of each sub-event can be calculated from
the correlation between the two sub-events as [42]:

⟨cos(n[Ψa
2,EP −ΨRP ])⟩ =

√
⟨cos(n[Ψa

2,EP −Ψb
2,EP ])⟩.

(10)
The event-plane resolution is multiplicity dependent

and calculated for separate ranges of collision central-
ity using the two sub-events method. Narrower bins are
calculated and then combined accordingly to match the
ranges used by this analysis, by averaging the results
from the narrow bins weighted by the multiplicity of each
bin [48].
The second- (fourth-) order event-plane resolutions rel-

ative to the second-order event plane (R2{Ψ2,EP } and
R4{Ψ2,EP } respectively) as a function of collision cen-
trality are shown in Fig. 1. The resolution is peaked
around the 20-30% and 30-40% centrality.
The event-plane resolutions for R2{Ψ2,EP } and

R4{Ψ2,EP } were 0.56 and 0.28, respectively. The errors
on the event-plane resolution calculation were less than
1%, leading to a negligible effect on the final ∆ϕ correla-
tions. Measured values for the event-plane resolution are
in good agreement with prior STAR studies [44]. These
resolutions are evaluated to correct the observed flow co-
efficients which arise in the fits of the combinatorial back-
ground discussed in Sect. IIID.

20 25 30 35 40 45 50
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FIG. 1. Event-plane resolution: Second-order (fourth-order)
harmonic relative to the event plane, R2(Ψ2) (R4(Ψ2)), re-
spectively. The approach follows the Modified Reaction Plane
(MRP) method [44] utilizing the charged tracks of the TPC
for event-plane reconstruction and resolution calculation for
tracks ranging from 0.2-1.0 GeV/c .

B. Jet reconstruction and selection

Full jets are reconstructed by measuring charged-
tracks in the TPC and collecting neutral-particle infor-
mation from the BEMC. The anti-kT algorithm [31] im-
plemented through the FastJet package [54] clusters these
particles into jets by reconstructing the jet momenta as
the quadratic sum of their constituent momenta using a
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boost-invariant p2
T recombination scheme. Tracks used

for reconstructing jets are assumed to be pions while
the towers to have arisen from massless particles. The
location of a jet, described by the ‘jet axis’, refers to
the azimuthal and pseudorapidity coordinates of the cen-
troid of the jet. Jets can further be described by a res-
olution parameter, r, which is an input into the anti-
kT algorithm. The r parameter determines the radial
extent of jet constituents about the jet axis given by

∆r = max(
√
∆ϕ 2 +∆η 2) where ∆ϕ (∆η ) is the az-

imuthal angle (pseudorapidity) of constituents relative
to the jet-axis. All jets measured in this work are clus-
tered with resolution parameter of r = 0.4. The area of
jets, Ajet, is found with FastJet using active ghost par-
ticles [55]. Partially reconstructed jets at the edge of
the acceptance are rejected by applying a fiducial cut,
|ηjet| < 1.0 − r, to assure all jets fall within the accep-
tance of the detectors.

Jets produced in heavy-ion collisions sit on top of a
large amount of underlying event. The jet signal can
be found beneath tens to hundreds of particles resulting
from various other processes. To reduce the influence of

these background particles, this analysis requires tracks
(towers) with pT (ET ) > 2.0 GeV/c for jet reconstruc-
tion. At RHIC energies this selection reduces the median
background energy density per unit Ajet, ⟨ρ⟩, down to
≈ 0.6 GeV. This high-constituent selection, referred to
as a “hard-core” jet selection reduces fluctuations, fake
jets, and background jet particles [38]. To further re-
duce contributions from the background and to match the
trigger condition, the jets are required to contain a con-
stituent tower that fired the HT trigger (ET,tower > 5.4
GeV/c ). The remaining jets are studied in classes of
jets with 15 < pT,jet < 20 GeV/c and 20 < pT,jet < 40
GeV/c .

C. Jet-hadron correlation

The measurement of the correlation function (distri-
bution of charged hadrons relative to reconstructed jets)
described in Eqn. 1 requires several corrections. The cor-
relation function is measured in pseudorapidity (∆η ) and
azimuth (∆ϕ ) as:

1

Ntrig

d2Nassoc,jet

d∆ϕ d∆η
=

1

Ntrig

1

ϵ(pT,assoc , ηassoc)

1

a(pT,assoc ,∆ϕ ,∆η )

(
d2Nmeas

assoc,jet

d∆ϕ d∆η
−

d2Nbkgd
assoc,jet

d∆ϕ d∆η

)
. (11)

Nassoc,jet gives the number of pairs of trigger jets

and the associated hadrons, Nmeas
assoc,jet and Nbkgd

assoc,jet are
the number of pairs measured and the pair character-
ized as background respectively. ϵ(pT,assoc , ηassoc) is the
single-track reconstruction efficiency1. The pair accep-
tance, a(pT,assoc ,∆ϕ ,∆η ), is calculated from the raw
pairs that we measure from a trigger jet associated with
charged hadrons from mixed events.

The correlations are determined in bins of centrality,
reconstructed trigger-jet transverse momentum (pT,jet ),
associated-hadron transverse momentum (pT,assoc ), and
bins of the trigger jet relative to the event plane (in, mid,
out, all combined angles) defined in Sect. III. The cor-
rected correlation functions contain a large combinatorial

background (Nbkgd
assoc,jet), which must be subtracted. This

subtraction procedure is described in Sect. IIID .
The pair-acceptance correction,

1/a(pT,assoc ,∆ϕ ,∆η ), accounts for the detector
and tracking inefficiencies, and is found by correlating
jets from HT-triggered events with associated hadrons
from MB events of the same event class. In addition
to providing the acceptance correction, the mixed-event
procedure will also help remove the trivial correlation

1 Acceptance effects such as gaps between sector boundaries are in-
cluded in this correction, however, we refer to ϵ(pT,assoc , ηassoc)
as an efficiency correction in order to distinguish it from
a(pT,assoc ,∆ϕ ,∆η ).

due to an η dependence in the single-particle track
distributions [30]. Taking the ratio of the single-event
pairs by the mixed-event pairs removes the detector
effects of acceptance and efficiency. The pair acceptance
will serve as the dominant effect, given that there is
little η dependence in both the tracks and jets across
the acceptance range of this analysis.

The event-mixing procedure used in this analysis is
well described in Ref. [41]. The mixed events used for cal-
culating a(pT,assoc ,∆ϕ ,∆η ) in this work are required
to be within the same 10% centrality class and to have
a vertex position within 4 cm along the direction of the
beam (z). They are constructed separately for 20-30%,
30-40%, and 40-50% centrality classes and combined ac-
cordingly. High-momentum tracks are nearly straight, so
the detector acceptance does not change significantly at
high-pT,assoc , and thus all associated momentum bins
greater than 2.0 GeV/c are combined to increase statis-
tics. There is no difference in efficiency and acceptance
within uncertainties for different orientations of the jet
relative to the event plane, and therefore the same correc-
tion a(pT,assoc ,∆ϕ ,∆η ) is applied for all angles relative
to the event plane. The acceptance a(pT,assoc ,∆ϕ ,∆η )
is normalized to 1 at its maximum, determined using the
region of approximately constant acceptance (|∆η | <
0.4). For each pT,assoc bin, the projection of the flat
plateau region (integrated over the region |∆η | < 0.4)
was fit with a constant over the whole ∆ϕ range. The
associated uncertainties of the fits were used for the sys-
tematic uncertainty on the mixed-event normalization,
which is added in quadrature and reported as the scale
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uncertainty. This systematic uncertainty is under 1%
(1.25%) in all pT,assoc bins used for the reported results
of jets with 15 < pT,jet < 20 GeV/c and 20 < pT,jet <
40 GeV/c .

A shape uncertainty in ∆ϕ due to the zvtx binning,
similar to that in ∆η , could lead to an additional shape
uncertainty in the correlation functions. To test for this,
the ratio of the 1D ∆ϕ projection with the nominal
zvtx binning and the binning described above was cal-
culated for each pT,jet , pT,assoc , and centrality bin. The
variations about 1.0 are smaller than the statistical er-
rors associated with the points. This uncertainty was
therefore considered negligible.

There is an additional shape uncertainty associated
with the application of the acceptance correction due to
slight changes in the correlation function at large ∆η in
the acceptance with vz position. The background level
is determined from the level of the correlation function
at large ∆η , leading to a scale uncertainty in the back-
ground subtraction dependent on pT,assoc . This uncer-
tainty is from the differences between the nominal (z-
integrated) and the z-vertex method (z-binned) for cor-
recting the mixed events on the level of the background in
the 0.6 < ∆η < 1.2 range, and signal plus background,
in the |∆η | < 0.6 range. The large ∆η region is used
to determine the background so any uncertainties in the
level of the correlation function in this region lead to an
uncertainty in the level of the background in the signal
region. This is expressed as an additional scale band on

the final results. This uncertainty is determined by vary-
ing the binning of the mixed events in vz and is correlated
for different angles relative to the event plane and for dif-
ferent bins in pT,assoc . Above pT,assoc > 3 GeV/c , this
uncertainty is negligible because the background is small.

D. Flow modulation of combinatorial background

The combinatorial background (Nbkgd
assoc,jet) from Eq. 11

can be parametrized for trigger jets restricted to the ori-
entation ℜ = in/mid/out-of-plane relative to the event
plane as [32, 50]:

(
1

π

dNbkgd
assoc,jet

d∆ϕ

)
ℜ

=

Bℜ

(
1 +

∞∑
n=2

2vn,assocv
ℜ
n,jet cos(n∆ϕ )

)
, (12)

where vn,assoc and vℜn,jet are the Fourier coefficients of the

azimuthal angle distribution (flow coefficients) of back-
ground associated particles and trigger jets restricted to
the orientation ℜ respectively. Bℜ gives the background
level amplitude for orientation ℜ. The trigger jets being
restricted to orientation ℜ modifies their nominal flow
coefficients vn,jet’s into the vℜn,jet from Eq. 12 which are

related to each other as [50]:

vℜn,jet =

{
1
βℜ

(
vn,jet + cos(nϕℜ

s )
sin(nc)

nc Rn +
∑

k=2,4,6,..(v(k+n),jet + v|k−n|,jet) cos(kϕ
ℜ
s )

sin(kc)
kc Rn

)
if n is even,

vn,jet if n is odd.
(13)

Where, βℜ is the ℜ dependence of Bℜ given by,

Bℜ ∝ βℜ = 1+
∑

k=2,4,6,..

2vk,jet cos(kϕ
ℜ
s )

sin(kc)

kc
Rn (14)

ϕℜ
S and c and are the center and width of the |Ψ2,EP −

ϕjet| range for jets restricted to orientation ℜ. Odd
vn,jet’s mainly arise from initial state fluctuations and
are therefore uncorrelated with the second-order event-
plane and remain constant when the trigger jet is moved
relative to the event plane, while even vn,jet’s will
change [32, 56]. The ℜ dependent background shape is
dependent upon the event-plane resolution (Rn), which
is fixed at the measured values. Extended details into
the derivations of relevant equations can be found in
Refs. [50, 57, 58].

Collective particle flow plays a major role in under-
standing the underlying-event background. This back-
ground consists of particles created from mechanisms un-
related to the hard process that led to a jet. Some of
the jet signal is correlated with our event plane due to
the path-length dependence of partonic energy loss, while
soft hadrons are predominantly correlated with the event

plane due to hydrodynamical flow that also contribute to
the bulk-particle production.

To remove the combinatorial background comprised
by contributions from the underlying event, the reaction
plane fit (RPF) developed in Ref. [32] is applied in this
work. The measured jet-hadron correlation signal is de-
composed into a near-side and an away-side , with the
former being narrow in ∆ϕ and ∆η and the latter narrow
in ∆ϕ , but broad in ∆η . The narrowness of the near-
side implies the signal is negligible at large ∆η , where
the background dominates. Applying RPF, we defined
our ‘signal + background’ region for |∆η | < 0.6 and fur-
ther 0.6 ≤ |∆η | < 1.2 as a background dominated region
where the signal was assumed to be negligible. The cor-
relation function is fit with the parametrization given in
Eq. 12, restricted to n = 4 for the background dominated
region at large ∆η and small ∆ϕ (|∆ϕ| < π/2) simultane-
ously for in-plane , mid-plane , and out-of-plane trigger
jets.

RPF improves upon prior background subtraction
techniques [30, 59] by avoiding problems due to contami-
nation from jets on both the near- and away-side by using
the near-side at large ∆η and also using the dependence
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of the flow-modulated background on the angle of the
trigger jet relative to the event plane to constrain the
background shape and level.

For pT,assoc >2 GeV/c , the combinatorial back-
ground is small, and few high momentum tracks are
found at large distances in pseudorapidity from the near-
side jet. So the model fit is restricted to n = 3 as
higher order terms are no longer contributing. This oc-

curs for pT,assoc > 4 GeV/c with 15 < pT,jet < 20
GeV/c jets and pT,assoc > 3 GeV/c with 20 < pT,jet <
40 GeV/c . Therefore, the RPF fits consist of six pa-
rameters (Bℜ, vℜ2,jet, v2,assoc, (v3,jet × v3,assoc), v

ℜ
4,jet, and

v4,assoc) for low pT,assoc , and four (Bℜ, vℜ2,jet, v2,assoc and

(v3,jet × v3,assoc)) for high pT,assoc .
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FIG. 2. (Top) Signal+background region, background-dominated region, and RPF fit to the background for the event-plane

dependent jet-hadron correlations of 15 < pjetT < 20 GeV/c jets correlated with 1.5 < pT,assoc < 2.0 GeV/c charged hadrons
from the 20-50% most central events. (Bottom) Quality of the RPF fit to the background-dominated region expressed as (data
- fit) / fit.
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FIG. 3. Example of a background subtracted correlation function for 15 < pT,jet < 20 GeV/c jets correlated with 1.5 <
pT,assoc < 2.0 GeV/c charged hadrons from the 20-50% most central collisions. Correlated scaled uncertainty from the
application of mixed events is displayed by the red band, while the uncertainty associated with the RPF background fit is
displayed as the gray band.

Comparison of in-, mid-, and out-of-plane jet-hadron
correlations is performed after background subtraction
to explore the effects related to event-plane orientation.
An example of event-plane dependent correlation func-
tion after the RPF background subtraction for jets with
15 < pT,jet < 20 GeV/c is shown in Fig. 3 for in-plane
(a), mid-plane (b), out-of-plane (c) and jets from all com-

bined angles (d) for associated particles with momenta
1.5 < pT,assoc < 2.0 GeV/c . The uncertainties from
the RPF background subtraction are propagated using
the covariance matrix from the fit and are non-trivially
correlated point-to-point and between different bins rel-
ative to the event plane. These are shown in gray. The
uncertainty from the acceptance correction, described in
Sect. III C is displayed by the red uncertainty band. The
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uncertainties on the event-plane resolution are negligible
relative to that of the background subtraction and statis-
tical uncertainties of the final results. Additional uncer-
tainties uncorrelated with each other, but correlated for
all points in ∆ϕ are given in Tab. I. They are combined
in quadrature and listed as the scale uncertainty on the
results.

E. Systematic Uncertainties

The PYTHIA6 Perugia 2012 tune is used to create
particle level dijet events embedded in MB Au+Au 200
GeV events at the detector level. This allows for further
comparisons between the jets from the input PYTHIA6
tracks (generator-level jets or GEN-jets) and the jets
from the embedded tracks reconstructed by GEANT (re-
constructed jets or RECO-jets). RECO level events are
analyzed with the same selections and parameters as used
by the data analysis. All particles of GEN-level events
are required to be in their final state (particles with no
further daughters). GEN-level jets have pGEN

T,jet > 10

GeV/c and the RECO-level jets have pRECO
T,jet > 5 GeV/c .

Further, we require only the RECO-level jets contain a
neutral component with ET ≥ 5.4 GeV to match the
trigger condition applied in data. Our goal is to study
the effects of the detector response on jet reconstruction
and our analysis. In order to compare the same jet pre-
and post-reconstruction, we apply a ‘nearness’ criteria
in the η − ϕ that matches a GEN-jet to one RECO-jet
satisfying:

(a) rGEN,RECO ≤ 0.4, rGEN,RECO being the separation
between the gen-jet and the reco-jet in η−ϕ space, (b) the
RECO-jet is the closest to the gen-jet among all reco-jets
(minimize rGEN,RECO).

We compare the resulting GEN- and RECO-level jet
spectra to calculate the momentum resolution which is
given by:

pT,jet resolution(%) =
pGEN
T,jet − pRECO

T,jet

pGEN
T,jet

× 100%. (15)

Fig. 4 shows the pT,jet resolution for 15 < pGEN
T,jet < 20

GeV/c (left) and 20 < pGEN
T,jet < 40 GeV/c (right) R = 0.4

full jets. The distributions have been normalized into
probability functions and are shown for the 20-50% most
central events for all angles of the jet relative to the event
plane. Fig. 4 further shows an average energy loss of
around 15% going from GEN to RECO. This net en-
ergy shift is thought to be due to counteracting effects
of the tracking inefficiency at the RECO level and there
being more tracks in the RECO level from the min-bias
pedestal. The pT,jet resolution for 15 < pRECO

T,jet < 40

GeV/c reco-jets is roughly 10-20%. The event-plane de-
pendence of the pT,jet resolution was also studied and
found to be within 1-2% of each other between differ-
ent orientations of jets w.r.t event plane. There can be
slight differences in the jets reconstructed at lower mo-
menta with 15 < pT,jet < 20 GeV/c for jets at different
angles relative to the event plane, due to a low momen-
tum embedded jet overlapping with another jet in the
Au+Au data and from statistical fluctuations. As there
are more jets from in-plane than out-of-plane orientations
in the data, this leads to an apparent difference in the
reconstructed jet spectra. Otherwise there are no signif-
icant differences between jets at different angles relative
to the event plane. A map between pGEN

T,jet and pRECO
T,jet ,

called the response matrix, is added to Fig. 4 as a smaller
inset on the top right.

We summarize the systematic uncertainties in Tabs. I,
II, and III. Table I lists the sources of systematic uncer-
tainties which are independent of the angle relative to
the event plane. These sources include the single-track
reconstruction efficiency (Sect. II), uncertainties in the
mixed events due to their normalization and shape in
∆ϕ (Sect. III C), and uncertainties in the event-plane
resolution (Sect. III A). The uncertainties are added in
quadrature and lead to a 6% uncertainty in the scale
of the correlation functions and yields with the single-
track reconstruction efficiency being the dominate source.
This uncertainty is uncorrelated for different associated-
particle momenta.

Additional uncertainties, highly dependent on the an-
gle of the jet relative to the event plane and the asso-
ciated particles’ momentum, are summarized in Tabs. II
and III. These include the impact of the scale uncertainty
from the mixed events (Sect. III C) and the RPF back-
ground fit (Sect. IIID) on the associated yield and jet-
peak width results. These uncertainties are compared
for two associated particle momentum bins (1.0-1.5 and
3.0-4.0 GeV/c ) to highlight how much of an impact the

TABLE I. Summary of systematic uncertainties which are in-
dependent of the angle relative to the event plane and the mo-
mentum for both 15 < pT,jet < 20 GeV/c and 20 < pT,jet <
40 GeV/c in 20-50% central Au+Au collisions.

Source Uncertainty %

Single particle reconstruction efficiency 5

Mixed event (shape ∆ϕ ) negligible

Mixed event normalization < 1.25

Event-plane resolution < 1

background has at low momenta. The uncertainty aris-
ing from the RPF background subtraction is non-trivially
correlated point-to-point in ∆ϕ and for different orienta-
tions of the jet relative to the event plane, but is uncor-
related between different pT,assoc bins. The acceptance-
correction uncertainty on the shape in ∆η is also corre-
lated for different orientations of the jet relative to the
event plane and uncorrelated across pT,assoc bins. The
acceptance-shape uncertainty is the dominant source at
low-momenta, while being more comparable to the back-



9

gen

T
p)/reco

T
p-gen

T
pJet (

1− 0.8− 0.6− 0.4− 0.2− 0 0.2 0.4 0.6 0.8

P
ro

ba
bi

lit
y 

D
en

si
ty

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

0.18

0.2

0.22
 = 200 GeV, 20-50%NNsAu-Au 

 [15, 20]∈ 
T, gen

jetp

 =   0.12µ
 =   0.18σ

gen

T
p)/reco

T
p-gen

T
pJet (

1− 0.8− 0.6− 0.4− 0.2− 0 0.2 0.4 0.6 0.8 1

P
ro

ba
bi

lit
y 

D
en

si
ty

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

0.18

0.2

0.22

 [20, 40]∈ 
T, gen

jetp

 =   0.15µ
 =   0.19σ 13−10

12−10

11−10

10−10

9−10

8−10

7−10

T
pGen-jet 

10 20 30 40 50 60

T
p

R
ec

o-
je

t 

10

20

30

40

50

60
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T,jet < 40 GeV/c (right) R = 0.4 full jets with the
corresponding response matrix as an inset on the top right. Jets are measured from all angles relative to the event plane in the
20-50% most central events. This comparison is for matched GEN-level to RECO-level jets.

ground uncertainty at larger momenta.
To account for jet-energy shift (JES) due to

underlying-event background contribution to the recon-
structed jet energy and to provide an adequate com-
parison for the jet samples from different orientations
relative to event plane, a random-cone study was per-
formed on the minimum bias data of matching central-

ity selection. The ⟨ρ⟩ is found to be 0.388 GeV/c (in-
plane), 0.344 GeV/c (mid-plane), and 0.308 GeV/c (out-
of-plane), with a corresponding RMS of 0.4 GeV/c .
Shifting the jet-momenta selection by the corresponding
thresholds was utilized in the correlation analysis to re-
move the shift-related differences between the jet collec-
tions.

IV. RESULTS

Charged particle yields associated with jets are found
by integrating the associated yield:

Yield =
1

Ntrig

∫ d

c

∫ b

a

d2Nassoc,jet

d∆ϕ d∆η
d∆ϕ d∆η . (16)

The integration limits in ∆ϕ for the near-side are a =
−π/3 and b = π/3, while for the away-side, we have
a = 2π/3 and b = 4π/3. The integration limits in ∆η are
the same for both the near-side and away-side, c = −0.6
and d = 0.6.

Shown in Fig. 5 is the near-side (left) and away-side
(right) associated yields vs pT,assoc for 15 < pT,jet < 20
GeV/c (top) and 20 < pT,jet < 40 GeV/c GeV/c (bot-
tom) full jets in 20-50% centrality collisions. The yields
are compared for each orientation of the trigger jet re-
constructed relative to the event plane (in/mid/out) for
pT,assoc ∈ [1.0, 1.5], [1.5, 2.0], [2.0, 3.0], [3.0, 4.0], [4.0,
6.0], [6.0, 10.0] GeV/c .

The main feature is the steeply falling associated yield
with increasing pT,assoc , which occurs on both the near-

and away-side. Note that associated yields for pT,assoc ≥
2.0 GeV/c include jet constituents, which leads to the
discontinuity at pT,assoc = 2 GeV/c . Additionally, the
use of jets with ‘hard-cores’ and containment of a tower
associated to the firing event trigger can lead to a sur-
face bias of the near-side jet. This, however, maximizes
the average path length the away-side recoil jets trav-
els, increasing the likelihood of an interaction with the
medium. We would expect an in-plane jet and an out-of-
plane jet with the same pT,jet to have different distribu-
tions of hard and soft constituents. An in-plane jet with
less path travelled in the medium on average would be ex-
pected to show higher yields of constituents with higher
pT,assoc than the more quenched out-of-plane jet, which
would be expected to show higher yields of constituents
with lower pT,assoc . While uncertainties are smaller for
jets with 15 < pT,jet < 20 GeV/c , both samples still lack
any clear dependence on the event-plane angle. This is an
indication that modifications dependent on the average
path length are smaller than the experimental uncertain-
ties. On the far right of the near- and away-side panels is
the inclusive pT,assoc bin with 1.0 < pT,assoc < 10 GeV/c .
The associated yields of each event-plane orientation in
the inclusive pT,assoc selection are consistent with each
other for the sample where 15 < pT,jet < 20 GeV/c .
However, in the jet sample with 20 < pT,jet < 40 GeV/c ,
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TABLE II. Summary of systematic uncertainties on the associated yields and widths calculated from the correlation functions
due to the shape uncertainty coming from the shape of the acceptance correction in ∆η , the correlated background-fit
uncertainty, and the uncertainty associated with the jet energy shift (JES) correction, each varying with event-plane orientation
bins. They are displayed for 15 < pT,jet < 20 GeV/c in 20-50% central Au+Au collisions for 1.0 < pT,assoc < 1.5 GeV/c and
3.0 < pT,assoc < 4.0 GeV/c bins. The values are expressed as a percent of the nominal value.

Source Result Orientation
Uncertainty %

Near-side: pT,assoc (GeV/c ) Away-side: pT,assoc (GeV/c )

1.0-1.5 3.0-4.0 1.0-1.5 3.0-4.0

Yield
in-plane 14 1.2 8.1 3.0

mid-plane 11 1.2 7.6 3.3

Acceptance out-of-plane 11 1.1 7.3 3.0

shape
Width

in-plane 5.2 0.6 4.3 2.4

mid-plane 5.4 0.5 3.9 2.2

out-of-plane 4.3 0.4 4.9 2.1

Yield
in-plane 11 0.8 6.1 2.1

mid-plane 7.7 0.9 5.2 2.5

Background out-of-plane 7.4 0.7 4.7 2.1

fit
Width

in-plane 10 0.1 8.2 0.4

mid-plane 10 0.1 7.5 0.4

out-of-plane 8.2 0.1 9.3 0.4

Yield
in-plane 1.8 3.7 4.9 4.0

mid-plane 2.8 2.5 1.4 4.2

JES out-of-plane 3.7 3.3 4.8 4.2

correction
Width

in-plane 0.6 0.4 4.0 < 0.1

mid-plane 0.2 < 0.1 7.9 1.5

out-of-plane 1.6 0.7 1.9 1.7

there are indications suggesting potential modifications.
This potential modification is apparent on both the near-

and away-side with the largest contributions coming from
the lowest pT,assoc bins.

The widths are calculated by fitting a Gaussian,

Ae(∆ϕ−∆ϕ0)
2/2σ2

, to the jet peak centered at ∆ϕ 0 = 0 for
the near-side and ∆ϕ 0 = π for the away-side. The gaus-
sians are fitted separately, with a range of |∆ϕ| < π/3 on
the near-side and |∆ϕ−π| < π/3 on the away-side . The
Gaussian fit is repeated with different values of the back-
ground parameters and the covariance matrix is used to
propagate the uncertainties. The scale uncertainties on
the widths are given by σsc

w = B
σB

×|α−1|, where α is the
pT -dependent scale factor associated with the acceptance
shape when propagating the background determined in
the 0.6 ≤ |∆η | < 1.2 to the region |∆η | < 0.6.

From Fig. 6, it is clear a broadening of the jet peaks is
occurring for decreasing pT,assoc . This is expected from
both collisional energy loss and gluon bremsstrahlung.

With out-of-plane jets expected to traverse a longer av-
erage path length than in-plane jets, this would lead to
additional interactions with the medium and more sub-
sequent re-scatterings resulting in a larger width for jets
out-of-plane relative to in-plane. Within the uncertain-
ties there is no clear ordering. This indicates the effect of
path-length dependent energy loss is not large enough to
be seen by the current precision of the data. On the far
right of the near- and away-side panels is the inclusive
pT,assoc bin with 1.0 < pT,assoc < 10 GeV/c . The widths
of each event-plane orientation in the inclusive selection
for the the sample with 15 < pT,jet < 20 GeV/c are con-
sistent. Conversely, the 15 < pT,jet < 20 GeV/c sam-
ple reveals indications of potential modifications. This
potential modification is apparent on both the near- and
away-side and primarily comes from the lowest transverse
momentum bins where sample size is the largest.

The measurements presented in Figs. 5 and 6 are com-
pared to calculations from “Jet Evolution With Energy
Loss” known as JEWEL [60], a jet energy loss model
based on radiative and collisional energy loss in connec-
tion with partons sampled from a longitudinally expand-
ing medium [33]. Model calculations are provided for two

regimes, for calculations that a) include recoiled partons,
and b) do not include recoiled partons. When no recoils
are kept, the lost jet momentum is removed from the en-
tire system. This is useful for modeling energy loss in
the hard part of the jet. When recoils are kept, the jets
momentum is fully conserved, but this adds both energy
and additional background particles to the di-jet. In an
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TABLE III. Summary of systematic uncertainties on the associated yields and widths calculated from the correlation functions
due to the shape uncertainty coming from the shape of the acceptance correction in ∆η , the correlated background-fit
uncertainty, and the uncertainty associated with the JES correction, each varying with event-plane orientation bins. They are
displayed for 20 < pT,jet < 40 GeV/c in 20-50% central Au+Au collisions for 1.0 < pT,assoc < 1.5 GeV/c and 3.0 < pT,assoc <
4.0 GeV/c bins. The values are expressed as a percent of the nominal value.

Source Result Orientation
Uncertainty %

Near-side: pT,assoc (GeV/c ) Away-side: pT,assoc (GeV/c )

1.0-1.5 3.0-4.0 1.0-1.5 3.0-4.0

Yield
in-plane 35 1.2 22 2.5

mid-plane 39 1.2 22 2.2

Acceptance out-of-plane 59 0.9 37 1.6

shape
Width

in-plane 30 0.7 8.4 1.9

mid-plane 22 0.5 15 1.7

out-of-plane 19 0.4 28 1.2

Yield
in-plane 13 1.0 8.2 2.1

mid-plane 14 0.7 8.0 1.2

Background out-of-plane 22 0.9 14 1.5

fit
Width

in-plane 13 0.1 3.7 0.2

mid-plane 10 0.1 6.8 0.2

out-of-plane 8.6 < 0.1 13 0.1

Yield
in-plane 0.2 0.4 < 0.1 2.6

mid-plane 1.1 0.3 2.1 2.9

JES out-of-plane 3.1 0.6 1.4 3.5

correction
Width

in-plane 1.2 0.5 3.3 0.3

mid-plane 1.2 0.7 1.3 1.5

out-of-plane 2.2 0.1 0.2 1.9

experimental analysis, we likely would measure some, but
not all of the recoil particles as they are often indistin-
guishable from background.

Due to the dominant impact of jet-by-jet fluctua-
tions on partonic energy loss over path-length depen-
dence [61, 62], JEWEL only predicts a very slight event-
plane dependence which is well below the systematic un-
certainty in the measurement. Variations among event-
plane orientations were not seen at the 10% level. This
is therefore consistent with path-length dependence hav-
ing an insignificant impact compared to jet-by-jet fluc-
tuations in energy loss. Fluctuations in the density of
the medium may also suppress observable path-length
dependence and are not included in the JEWEL model.
However, higher precision JEWEL calculations may be
needed to discern any potential event-plane dependent
effects. We thus show the JEWEL comparisons corre-
sponding to the sample integrated over all angles relative
to the event plane and compare to the results from data.
Comparisons show that the away-side is well described
in terms of both the associated yields and widths by in-
cluding recoils at low pT,assoc , while at high pT,assoc , the
yields are better described by not including recoils and
the widths have similar results to within uncertainties for
both cases. When looking at the near-side, the widths are
quite similar at high pT,assoc with slightly larger values
when including recoils at low pT,assoc . For the associated

yields at high pT,assoc , both JEWEL cases are similar to
each other, but underestimate the data and including re-
coils has larger yields that better match the data at low
pT,assoc .
To better quantify and examine the event-plane depen-

dence of the yields, ratios were taken of mid-plane yields
relative to in-plane yields and out-of-plane yields relative
to in-plane yields. The advantage of taking ratios is a
reduction in systematic uncertainties due to cancellation
of uncertainties from several sources. The propagation
of uncertainties was done similarly to that of Sect. IIID.
The yield ratio is expressed as:

r =
YA

YB
=

Y meas
A − Y bkgd

A

Y meas
B − Y bkgd

B

, (17)

where A and B denote different event-plane orientations
of the yield. The statistical errors, coming only from the
terms, Y meas

A and Y meas
B , which were completely uncor-

related were calculated as:

σstat
r =

∣∣∣∣1r
∣∣∣∣
√(

σA

YA

)2

+

(
σB

YB

)2

. (18)

The scale uncertainties, displayed as colored bands on
the yield and width plots, are correlated and completely
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FIG. 5. Near-side (left) and away-side (right) uncorrected (unc.) associated yield vs pT,assoc for 15-20 (top) and 20-40
GeV/c (bottom) full jets of 20-50% centrality in Au+Au collisions. The grey bands describe the systematic uncertainties of
the background fits and are non-trivially correlated point-to-point. The colored bands are scale uncertainties from the mixed
event acceptance shape and JES correction. There is an additional 6% global scale uncertainty. Included on the far right of the
near- and away-side panels is the inclusive transverse momentum bin from 1.0-10.0 GeV/c . Points are displaced for visibility.

cancel in the ratio. Uncertainties from the RPF back-
ground subtraction are propagated using the covariance
matrix from the background fit (σij), but now on Eq. 17,
which includes correlated background equations in the
numerator and denominator of the ratio. The correlated
background uncertainties are given by:

σbkgd
r =

√√√√ N∑
i=0

N∑
j=0

∂r

∂pi

∂r

∂pj
σij . (19)

Where, pi’s are the parameters of the RPF fits.
Fig. 7 shows the near-side (left) and away-side (right)

associated-yield ratios of out-of-plane/in-plane and mid-
plane/in-plane for 15-20 (top) and 20-40 GeV/c (bottom)
jets.

For 15 < pT,jet < 20 GeV/c , the out-of-plane to
in-plane associated-yield ratio shows slight enhancement
out-of-plane relative to in-plane at low-pT,assoc , although
the effect is small. This can potentially be due to ad-
ditional induced gluon radiation that out-of-plane and
mid-plane jets would experience relative to in-plane jets,
possibly from the longer path length traversed by jets
that are not in-plane. Deviations of the yield ratios from
1.0 are not statistically significant on the away-side, al-
though a small suppression is seen in-plane relative to
both mid-plane and out-of plane on both the near-side
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FIG. 6. Near-side (left) and away-side (right) jet width vs pT,assoc for 15-20 (top) and 20-40 GeV/c (bottom) full jets of 20-50%
centrality in Au+Au collisions. The widths are extracted from the gaussian fit to the jet peak. The grey bands describe the
systematic uncertainties of the background fits which are non-trivially correlated point-to-point. The colored bands are scale
uncertainties from the mixed-event acceptance shape and JES correction. There is an additional 6% global scale uncertainty.
Included on the far right of the near- and away-side panels is an inclusive transverse momentum bin from 1.0-10.0 GeV/c .
Points are displaced for visibility.

and the away-side for 2.0 < pT,assoc < 5.0 GeV/c for
out/in. The suppression is expected to occur at a higher
momentum fraction (z) of the jet. On the away-side,
the effects are favoring a redistribution of energy from
high-momentum constituents to lower momentum con-
stituents.

For 20 < pT,jet < 40 GeV/c the near-side ratios are
consistent with 1.0 with some movement at the two low-
est pT,assoc bins. On the away-side, mid/in is consis-

tent with 1.0 with a little enhancement and out/in has
an enhancement at high-pT,assoc and suppression at low-
pT,assoc . This observation contradicts the expectations.
If in-plane jets interact less, we expect ratios to be < 1.0
at high-pT,assoc and > 1.0 at low-pT,assoc . This is a
reminder of the competing effects in the analyzed mo-
mentum range, and it is an indication that the expected
path length effects due to jet energy loss are dominated
by the fluctuations in the medium.

Alternatively, the initial geometry within specific cen- trality bins may be fluctuating at a larger magnitude than
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FIG. 7. Near-side (left) and away-side (right) associated-yield ratios (of out-of-plane and mid-plane to in-plane) vs pT,assoc for
15-20 (top) and 20-40 (bottom) GeV/c full jets in 20-50% centrality collisions. The grey bands describe the systematic
uncertainties of the background fits which are non-trivially correlated point-to-point. The colored bands are scale uncertainties
from the JES correction. Points are displaced for visibility.

any possible event-plane dependence [63, 64]. The possi-
bility of this occurrence can be studied by looking at the
initial configuration and selecting low and high ellipticity
events by using the qn flow vector found within a selected
centrality range.

To study the impact of surface bias and event-plane
resolution, a check was performed to investigate the sys-
tematic change in the ratio of yields (out/in, mid/in)

with the angle of the event plane by fitting a constant to
Fig. 7 for jets with 15 < pT,jet < 20 GeV/c (top) and
20 < pT,jet < 40 GeV/c (bottom). The systematic un-
certainties are treated as uncorrelated point-to-point and
added to the statistical uncertainties in quadrature. The
results are shown in Tabs. IV and V and are consistent
with one. Care should be taken when interpreting the re-
sults, as various effects can be in play and medium mod-
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ifications could give way to a pT,assoc dependence. This
pT,assoc dependence can be seen as an enhancement of

associated yields for pT,assoc ≥ 2 GeV/c on the near-side
from the geometric kinematic biases due to the “hard-
core” requirement of jet reconstruction.

TABLE IV. Results of fits to Fig.7 (top panel: 15-20 GeV/c jets) to a constant c, the χ2 over the number of degrees of freedom
(NDF), the number of standard deviations σ of c from one, and the range of c within a 90% confidence limit (CL).

Near-side Away-side

parameter Yout/Yin Ymid/Yin Yout/Yin Ymid/Yin

c 0.93 ± 0.042 0.949 ± 0.038 0.89 ± 0.065 0.997 ± 0.066

χ2/NDF 0.68 0.67 0.71 0.18

σ -1.6 -1.3 -1.7 -0.1

90% CL 0.86 – 1.00 0.89 – 1.01 0.78 – 1.00 0.94 – 1.05

TABLE V. Results of fits to Fig.7 (bottom panel: 20-40 GeV/c jets) to a constant c, the χ2 over the number of degrees of
freedom (NDF), the number of standard deviations σ of c from one, and the range of c within a 90% confidence limit (CL).

Near-side Away-side

parameter Yout/Yin Ymid/Yin Yout/Yin Ymid/Yin

c 0.874 ± 0.043 0.937 ± 0.043 0.752 ± 0.064 1.02 ± 0.075

χ2/NDF 1.4 0.19 2.1 0.49

σ -2.9 -1.5 -3.9 0.2

90% CL 0.77 – 0.98 0.90 – 0.97 0.56 – 0.94 0.91 – 1.12

V. CONCLUSIONS

The measurement of jet-hadron correlations relative
to the event plane is reported for the 20-50% most cen-
tral events in Au+Au collisions at

√
sNN = 200 GeV in

STAR. Partonic interactions are directly related to the
distance traversed in the medium, so it is expected that
medium-induced jet modifications should depend on the
path length. The angle of the jet, measured with respect
to the event plane, is correlated on average with the jet’s
path length through the medium. In this analysis, the
average path length of away-side jets is potentially in-
creased due to the surface bias of the near-side trigger
jet. This work utilizes the RPF background-subtraction
method to remove the event-plane dependent background
while reducing uncertainties and assumptions associated
with previous background-subtraction techniques. Asso-
ciated yields, their ratios, and jet-peak widths are ex-
tracted for each event-plane orientation and compared
with different average path lengths and JEWEL model
calculations. JEWEL performs better in describing the
associated yields and widths at higher pT,assoc when re-
coil partons are not included. Conversely, including recoil
partons leads to JEWEL providing a better description
of the lower pT,assoc region. This study highlights the
importance of conducting further tuning of Monte Carlo
simulations to accurately describe the results in this anal-
ysis for jets that are biased towards hard-fragmented jets

due to the HT-trigger and hard-core constituent require-
ments.
Within the precision of the current measurement at√
sNN = 200 GeV, the associated yields and jet-peak

widths show no dependence on the event plane. The ra-
tios derived from the associated yields are used to quan-
tify the differences, but they do not deviate significantly
from 1.0. For the 20 < pT,jet < 40 GeV/c , there were
indications of potential modifications observed in the in-
clusive bin of 1.0 < pT,assoc < 10 GeV/c . The results
presented in this study align with the findings observed
in hadron-hadron and jet-hadron correlations reported in
Ref. [59] for RHIC and Ref. [30] for LHC energies. The
lack of clear event-plane dependence in our data indi-
cates that any dependence of these modifications on the
average path-length is less than our experimental uncer-
tainties.
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