
PHYSICAL REVIEW C 109, 044909 (2024)

Jet-hadron correlations with respect to the event plane in
√

sNN = 200 GeV
Au + Au collisions in STAR

M. I. Abdulhamid,4 B. E. Aboona,56 J. Adam,15 L. Adamczyk,2 J. R. Adams,40 I. Aggarwal,42 M. M. Aggarwal,42

Z. Ahammed,63 E. C. Aschenauer,6 S. Aslam,27 J. Atchison,1 V. Bairathi,54 J. G. Ball Cap,23 K. Barish,11 R. Bellwied,23

P. Bhagat,30 A. Bhasin,30 S. Bhatta,53 S. R. Bhosale,18 J. Bielcik,15 J. Bielcikova,39 J. D. Brandenburg,40 X. Z. Cai,51

H. Caines,66 M. Calderón de la Barca Sánchez,9 D. Cebra,9 J. Ceska,15 I. Chakaberia,33 P. Chaloupka,15 B. K. Chan,10

Z. Chang,28 A. Chatterjee,17 D. Chen,11 J. Chen,50 J. H. Chen,20 Z. Chen,50 J. Cheng,58 Y. Cheng,10 S. Choudhury,20

W. Christie,6 X. Chu,6 H. J. Crawford,8 M. Csanád,18 G. Dale-Gau,13 A. Das,15 M. Daugherity,1 I. M. Deppner,22

A. Dhamija,42 P. Dixit,25 X. Dong,33 J. L. Drachenberg,1 E. Duckworth,31 J. C. Dunlop,6 J. Engelage,8 G. Eppley,44 S. Esumi,59

O. Evdokimov,13 O. Eyser,6 R. Fatemi,32 S. Fazio,7 C. J. Feng,38 Y. Feng,43 E. Finch,52 Y. Fisyak,6 F. A. Flor,66 C. Fu,29

C. A. Gagliardi,56 T. Galatyuk,16 T. Gao,50 F. Geurts,44 N. Ghimire,55 A. Gibson,62 K. Gopal,26 X. Gou,50 D. Grosnick,62

A. Gupta,30 W. Guryn,6 A. Hamed,4 Y. Han,44 S. Harabasz,16 M. D. Harasty,9 J. W. Harris,66 H. Harrison-Smith,32 W. He,20

X. H. He,29 Y. He,50 N. Herrmann,22 L. Holub,15 C. Hu,60 Q. Hu,29 Y. Hu,33 H. Huang,38 H. Z. Huang,10 S. L. Huang,53

T. Huang,13 X. Huang,58 Y. Huang,58 Y. Huang,12 T. J. Humanic,40 D. Isenhower,1 M. Isshiki,59 W. W. Jacobs,28 A. Jalotra,30

C. Jena,26 A. Jentsch,6 Y. Ji,33 J. Jia,6,53 C. Jin,44 X. Ju,47 E. G. Judd,8 S. Kabana,54 D. Kalinkin,32 K. Kang,58

D. Kapukchyan,11 K. Kauder,6 D. Keane,31 Y. V. Khyzhniak,40 D. P. Kikoła,64 D. Kincses,18 I. Kisel,19 A. Kiselev,6

A. G. Knospe,34 H. S. Ko,33 L. K. Kosarzewski,40 L. Kumar,42 M. C. Labonte,9 R. Lacey,53 J. M. Landgraf,6 J. Lauret,6

A. Lebedev,6 J. H. Lee,6 Y. H. Leung,22 N. Lewis,6 C. Li,50 H-S. Li,43 W. Li,44 X. Li,47 Y. Li,47 Y. Li,58 Z. Li,47 X. Liang,11

Y. Liang,31 R. Licenik,39,15 T. Lin,50 Y. Lin,21 M. A. Lisa,40 C. Liu,29 G. Liu,48 H. Liu,12 L. Liu,12 T. Liu,66 X. Liu,40 Y. Liu,56

Z. Liu,12 T. Ljubicic,44 O. Lomicky,15 R. S. Longacre,6 E. M. Loyd,11 T. Lu,29 N. S. Lukow,55 X. F. Luo,12 L. Ma,20 R. Ma,6

Y. G. Ma,20 N. Magdy,53 D. Mallick,64 S. Margetis,31 C. Markert,57 H. S. Matis,33 J. Mazer,45 G. McNamara,65 K. Mi,12

S. Mioduszewski,56 B. Mohanty,37 M. M. Mondal,37 I. Mooney,66 M. I. Nagy,18 A. S. Nain,42 J. D. Nam,55 M. Nasim,25

D. Neff,10 J. M. Nelson,8 D. B. Nemes,66 M. Nie,50 G. Nigmatkulov,13 T. Niida,59 T. Nonaka,59 G. Odyniec,33 A. Ogawa,6

S. Oh,49 K. Okubo,59 B. S. Page,6 R. Pak,6 A. Pandav,33 T. Pani,45 A. Paul,11 B. Pawlik,41 D. Pawlowska,64 C. Perkins,8

J. Pluta,64 B. R. Pokhrel,55 M. Posik,55 T. Protzman,34 V. Prozorova,15 N. K. Pruthi,42 M. Przybycien,2 J. Putschke,65 Z. Qin,58

H. Qiu,29 A. Quintero,55 C. Racz,11 S. K. Radhakrishnan,31 A. Rana,42 R. L. Ray,57 R. Reed,34 H. G. Ritter,33

C. W. Robertson,43 M. Robotkova,39,15 M. A. Rosales Aguilar,32 D. Roy,45 P. Roy Chowdhury,64 L. Ruan,6 A. K. Sahoo,25

N. R. Sahoo,26 H. Sako,59 S. Salur,45 S. Sato,59 B. C. Schaefer,34 W. B. Schmidke,6,* N. Schmitz,35 F-J. Seck,16 J. Seger,14

R. Seto,11 P. Seyboth,35 N. Shah,27 P. V. Shanmuganathan,6 T. Shao,20 M. Sharma,30 N. Sharma,25 R. Sharma,26

S. R. Sharma,26 A. I. Sheikh,31 D. Shen,50 D. Y. Shen,20 K. Shen,47 S. S. Shi,12 Y. Shi,50 Q. Y. Shou,20 F. Si,47 J. Singh,42

S. Singha,29 P. Sinha,26 M. J. Skoby,5,43 N. Smirnov,66 Y. Söhngen,22 Y. Song,66 B. Srivastava,43 T. D. S. Stanislaus,62

M. Stefaniak,40 D. J. Stewart,65 B. Stringfellow,43 Y. Su,47 A. A. P. Suaide,46 M. Sumbera,39 C. Sun,53 X. Sun,29 Y. Sun,47

Y. Sun,24 B. Surrow,55 Z. W. Sweger,9 A. C. Tamis,66 A. H. Tang,6 Z. Tang,47 T. Tarnowsky,36 J. H. Thomas,33

A. R. Timmins,23 D. Tlusty,14 T. Todoroki,59 S. Trentalange,10 P. Tribedy,6 S. K. Tripathy,64 T. Truhlar,15 B. A. Trzeciak,15

O. D. Tsai,10,6 C. Y. Tsang,31,6 Z. Tu,6 J. Tyler,56 T. Ullrich,6 D. G. Underwood,3,62 I. Upsal,47 G. Van Buren,6 J. Vanek,6

I. Vassiliev,19 V. Verkest,65 F. Videbæk,6 S. A. Voloshin,65 F. Wang,43 G. Wang,10 J. S. Wang,24 J. Wang,50 X. Wang,50

Y. Wang,47 Y. Wang,12 Y. Wang,58 Z. Wang,50 J. C. Webb,6 P. C. Weidenkaff,22 G. D. Westfall,36 D. Wielanek,64 H. Wieman,33

G. Wilks,13 S. W. Wissink,28 R. Witt,61 J. Wu,12 J. Wu,29 X. Wu,10 X. Wu,47 B. Xi,20 Z. G. Xiao,58 G. Xie,60 W. Xie,43 H. Xu,24

N. Xu,33 Q. H. Xu,50 Y. Xu,50 Y. Xu,12 Z. Xu,31 Z. Xu,10 G. Yan,50 Z. Yan,53 C. Yang,50 Q. Yang,50 S. Yang,48 Y. Yang,38

Z. Ye,44 Z. Ye,33 L. Yi,50 K. Yip,6 Y. Yu,50 H. Zbroszczyk,64 W. Zha,47 C. Zhang,53 D. Zhang,48 J. Zhang,50 S. Zhang,47

W. Zhang,48 X. Zhang,29 Y. Zhang,29 Y. Zhang,47 Y. Zhang,50 Y. Zhang,12 Z. J. Zhang,38 Z. Zhang,6 Z. Zhang,13 F. Zhao,29

J. Zhao,20 M. Zhao,6 C. Zhou,20 J. Zhou,47 S. Zhou,12 Y. Zhou,12 X. Zhu,58 M. Zurek,3,6 and M. Zyzak19

(STAR Collaboration)
1Abilene Christian University, Abilene, Texas 79699

2AGH University of Krakow, FPACS, Cracow 30-059, Poland
3Argonne National Laboratory, Argonne, Illinois 60439
4American University in Cairo, New Cairo 11835, Egypt

5Ball State University, Muncie, Indiana 47306
6Brookhaven National Laboratory, Upton, New York 11973

7University of Calabria & INFN-Cosenza, Rende 87036, Italy
8University of California, Berkeley, California 94720

9University of California, Davis, California 95616

*Deceased.

2469-9985/2024/109(4)/044909(18) 044909-1 ©2024 American Physical Society



M. I. ABDULHAMID et al. PHYSICAL REVIEW C 109, 044909 (2024)

10University of California, Los Angeles, California 90095
11University of California, Riverside, California 92521

12Central China Normal University, Wuhan, Hubei 430079
13University of Illinois at Chicago, Chicago, Illinois 60607

14Creighton University, Omaha, Nebraska 68178
15Czech Technical University in Prague, FNSPE, Prague 115 19, Czech Republic

16Technische Universität Darmstadt, Darmstadt 64289, Germany
17National Institute of Technology Durgapur, Durgapur 713209, India

18ELTE Eötvös Loránd University, Budapest H-1117, Hungary
19Frankfurt Institute for Advanced Studies FIAS, Frankfurt 60438, Germany

20Fudan University, Shanghai 200433
21Guangxi Normal University, Guilin, 541004

22University of Heidelberg, Heidelberg 69120, Germany
23University of Houston, Houston, Texas 77204
24Huzhou University, Huzhou, Zhejiang 313000

25Indian Institute of Science Education and Research (IISER), Berhampur 760010, India
26Indian Institute of Science Education and Research (IISER) Tirupati, Tirupati 517507, India

27Indian Institute Technology, Patna, Bihar 801106, India
28Indiana University, Bloomington, Indiana 47408

29Institute of Modern Physics, Chinese Academy of Sciences, Lanzhou, Gansu 730000
30University of Jammu, Jammu 180001, India

31Kent State University, Kent, Ohio 44242
32University of Kentucky, Lexington, Kentucky 40506-0055

33Lawrence Berkeley National Laboratory, Berkeley, California 94720
34Lehigh University, Bethlehem, Pennsylvania 18015

35Max-Planck-Institut für Physik, Munich 80805, Germany
36Michigan State University, East Lansing, Michigan 48824

37National Institute of Science Education and Research, HBNI, Jatni 752050, India
38National Cheng Kung University, Tainan 70101

39Nuclear Physics Institute of the CAS, Rez 250 68, Czech Republic
40The Ohio State University, Columbus, Ohio 43210

41Institute of Nuclear Physics PAN, Cracow 31-342, Poland
42Panjab University, Chandigarh 160014, India

43Purdue University, West Lafayette, Indiana 47907
44Rice University, Houston, Texas 77251

45Rutgers University, Piscataway, New Jersey 08854
46Universidade de São Paulo, São Paulo 05314-970, Brazil

47University of Science and Technology of China, Hefei, Anhui 230026
48South China Normal University, Guangzhou, Guangdong 510631

49Sejong University, Seoul 05006, South Korea
50Shandong University, Qingdao, Shandong 266237

51Shanghai Institute of Applied Physics, Chinese Academy of Sciences, Shanghai 201800
52Southern Connecticut State University, New Haven, Connecticut 06515

53State University of New York, Stony Brook, New York 11794
54Instituto de Alta Investigación, Universidad de Tarapacá, Arica 1000000, Chile

55Temple University, Philadelphia, Pennsylvania 19122
56Texas A&M University, College Station, Texas 77843

57University of Texas, Austin, Texas 78712
58Tsinghua University, Beijing 100084

59University of Tsukuba, Tsukuba, Ibaraki 305-8571, Japan
60University of Chinese Academy of Sciences, Beijing, 101408
61United States Naval Academy, Annapolis, Maryland 21402

62Valparaiso University, Valparaiso, Indiana 46383
63Variable Energy Cyclotron Centre, Kolkata 700064, India

64Warsaw University of Technology, Warsaw 00-661, Poland
65Wayne State University, Detroit, Michigan 48201
66Yale University, New Haven, Connecticut 06520

(Received 25 July 2023; revised 19 December 2023; accepted 2 February 2024; published 9 April 2024)

044909-2

https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevC.109.044909&domain=pdf&date_stamp=2024-04-09


JET-HADRON CORRELATIONS WITH RESPECT TO THE … PHYSICAL REVIEW C 109, 044909 (2024)

Angular distributions of charged particles relative to jet axes are studied in
√

sNN = 200 GeV Au+Au colli-
sions 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.

DOI: 10.1103/PhysRevC.109.044909

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 Alter-
nating 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 up to 5.44 TeV at the Large Hadron
Collider (LHC) at CERN. A new form of matter has been
discovered in such collisions at extreme temperature and den-
sity, the “quark-gluon plasma” (QGP), that exhibits almost
perfect liquid dynamical 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 mo-
mentum 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 dynamics of the QGP [11–13].
These probes are considered to be highly reliable, due to their
expected yields being accurately calculable using the per-
turbative QCD (pQCD) theoretical framework. Additionally,
their short production time (τ ∼ 1/pT � 0.1 fm/c) allows
for the tracing of medium properties right from the initial
phases of the collision. 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 reconstructed
back-to-back, inclusive, and tagged jets at the LHC energies
[17–23]. The interactions of jets within the hot QCD medium
can also be measured experimentally via, for example, the
modification of the internal structure of jets, possibly due
to medium-induced soft-gluon radiation [24] and collisional
processes [25]. The interpretations of these observations are
further supported by correlating jets with charged particles
to extend measurements of intrinsic jet properties to large
relative angles in �η and �φ [26,27]. More recently, mea-
surements of jet substructure, such as splitting functions that

reflect the splitting of a parton into two other partons, and
the opening angle of two prongs (where a prong is a jetlike
object within a jet), have been studied at LHC and RHIC
energies [28–31]. 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 open-
ing angles and splittings of lower momentum jets are found
to be vacuumlike, with no quantitative modification in Au +
Au collisions compared to reference p + p collisions. The
partonic interactions, and therefore medium-induced modifi-
cations to a jet, are expected to depend on the path-length
traversed by a hard-scattered parton through the medium [32].
Leading particles of jets are indeed observed to follow such
an expectation, as measured through the azimuthal anisotropy
of high transverse momentum (pT) hadrons [33]. However,
jet-particle correlations at different angles relative to the event
plane at LHC energies have shown no significant path-length
dependence of the medium modifications [34]. A complimen-
tary study in a lower kinematic range for the jets, accessible
at RHIC energies, could provide further constraints on the
path-length dependence of jet quenching.

Experimentally, jets are reconstructed by clustering
charged-particle tracks and calorimeter-energy depositions
using the anti-kT algorithm [35]. In this analysis, we mea-
sure angular correlations of charged-particle tracks with fully
reconstructed jets differentially in jet-axis orientation 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 noncentral 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 traveling 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 distribution is
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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 associated particles relative to the trigger jets,
and �η (=|ηjet − ηassoc|) is the difference in the pseudorapidi-
ties of the trigger jet and associated particle.

The goal of this analysis is to study the conditional yield
of associated particles, the widths 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, including
the detector acceptance and binning of histograms.

Selection criteria for events, tracks, and towers, along
with discussions on track reconstruction efficiency, can be
found in Sec. II. Measurement of the event plane is dis-
cussed in Sec. III A, followed by details of jet reconstruction
in Sec. III B. Further details on measuring the correlations
between trigger jet and associated hadrons [introduced in
Eq. (1)] are given in Sec. III C. Background estimation and
subtraction done using the reaction plane fit method [36] are
discussed in Sec. III D. The results are presented in Sec. IV,
followed by discussion of the constraints this measurement
provides and how it compares to JEWEL [37] calculations and
similar measurements at the LHC [34].

II. COLLECTION OF DATA

A detailed description of the STAR detector and its sub-
systems can be found in [38]. The two subdetectors used for
this analysis, the time projection chamber (TPC) [39] and the
barrel electromagnetic calorimeter (BEMC) [40], are briefly
described in the following.

The TPC detector provides tracking of charged particles
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 containing 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 embed-
ding simulations of the detector response and ranges from
75–90% in the momentum range used in this analysis. 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 reconstruction
and triggering. It is a lead-scintillator sampling calorimeter
with full 2π azimuthal coverage and a pseudorapidity range of
|η| < 1.0. The BEMC has 4800 towers with a transverse size
of 0.05 × 0.05 in azimuth φ and pseudorapidity η. This analy-
sis uses events triggered by a high-energy deposit in a BEMC
tower, referred to as a “high tower” (HT). The raw trigger
threshold 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 ex-
cludes 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. [41,42]. This is espe-
cially important during the jet-finding procedure when neutral
constituents are included in jet reconstruction [43]. 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 corresponds
to the total momentum magnitude summed over all matching
tracks. The fraction f is chosen to be 1 in order to remove
100% of the deposited charged energy. 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

[38] at RHIC. Events referred to as signal events are required
to contain a HT trigger in the BEMC [40]. Minimum-bias
(MB) triggered events based on coincidence of zero degree
calorimeters (ZDC coincidence), vertex position detectors,
and beam-beam counter signals are used to estimate the pair-
acceptance effects via a mixed-event (ME) technique [44].
For this analysis, 9.4 × 106 HT-triggered and 4.0 × 106 MB
collision events are used. Events are further categorized by
their centrality selection, defined in Sec. III A. The events are
required to have a reconstructed primary vertex |vz| < 24 cm
and centrality of 20–50%.

The reaction plane is approximated by the second-
order event plane, which is the experimentally reconstructed
second-order symmetry plane, and will be referred to as the
“event plane” (�2,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 (|�2,EP − φjet| <

π/6), mid-plane (π/6 < |�2,EP − φjet| < π/3), and out-of-
plane (|�2,EP − φjet| > π/3) bins. The analysis is restricted
to 20–50% central Au+Au collisions to achieve the highest
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event-plane resolution and therefore 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 between
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 impact parameter. This analysis studied
semiperipheral (20–50%) events to maximize the eccentricity
of the interaction 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 generated
from initial asymmetries in the nucleon distributions and can
be quantified by a harmonic decomposition [45]. The reac-
tion plane would correspond to the second-order symmetry
plane �2,EP if nucleon distributions were in their average
positions and devoid of fluctuations of interactions amongst
nucleons [34]. We refer in this paper to the event plane as be-
ing the experimentally reconstructed second-order symmetry
plane [45].

By measuring the charged particle azimuthal distribution,
the nth-order event plane can be extracted by [45]

�n,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 azimuthal
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 scal-
ing by the track’s pT (wtrack = pT,track) [45]. The event plane
is calculated event by event, following a procedure similar to
that in Ref. [46] 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 [47]. Additional
details can be found in Refs. [46,48].

The impact of highly energetic jets on the calculation of
the event-plane orientation is reduced by removing the parti-
cles 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, located opposite in az-
imuth. 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 functions from the calculation of the event
plane which is used to characterize the near-side jets. Due to
finite acceptance and multiplicities, the calculated event plane
has an underlying anisotropy that is corrected by applying two
separate correction methods.

First, calibration and recentering correction procedures are
applied to remove bias introduced by nonuniform acceptance
of the TPC tracking system and further account for potential
beam-condition effects [45,49,50]. This procedure involves
recentering the weighted Q-vectors such that, 〈Qx,n〉 =
0 = 〈Qy,n〉.

Recentering is done by calculating a modified Q-vector,
obtained by subtracting an event averaged Q-vector from each
event’s nominal Q-vector, and was done for 10% centrality
intervals and 4-cm vz intervals. The recentering approach,
which drastically improves the uniformity of the event plane,
is, however, unable to remove the higher harmonics of �n,EP

[45]. To help remove higher harmonics and make the event-
plane angle isotropic in the laboratory frame [51], a second
correction step, referred to as shifting, is applied event by
event. This method defines a new angle:

� ′
2,EP = �2,EP +

∑
n

2

n
(−〈sin(n�2,EP)〉 cos(n�2,EP)

+ 〈cos(n�2,EP)〉 sin(n�2,EP)), (6)

where the angle brackets denote an average over events. We
require the vanishing of each nth Fourier moment up to 20th
order. Similarly to recentering, the shifting correction 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. [45,49,52]

The resulting azimuthal anisotropy can be characterized by
the Fourier decomposition of the azimuthal particle distribu-
tion with respect to the second-order event plane [53,54]:

dN

d (φ − �RP)
= N0

2π

(
1 + 2

∞∑
n=1

vn cos[n(φ − �RP)]

)
, (7)

where N0 is the number of particles, φ describes the azimuthal
angle of the particles, �RP describes the azimuthal angle of
the true reaction plane determined by the beam axis and the
impact parameter, and vn is the nth harmonic (flow) coeffi-
cient. �RP is not experimentally known and is replaced by
the reconstructed event-plane angle. Due to finite event multi-
plicity, there will be a difference between these two planes.
It is quantified by event-plane resolution, Rn or Rn{�2,EP}
given by Eq. (8). The observed vn, vobs

n , is corrected for this
limited resolution using vn = vobs

n /Rn [45,55]. Because an
ideal event-plane resolution is equal to 1, for nonideal cases
the values of the coefficients will be raised by applying the
correction. Thus, Rn impacts the flow-modulated background
for these correlations, as described in Sect. III D,

Rn = Rn{�2,EP} = 〈cos(n[�RP − �2,EP])〉, n is even. (8)

Furthermore, individual events are divided into two ran-
dom subevents by assigning charged tracks to sub-events, “a”
and “b”. The subevents are unique, with approximately equal
multiplicities. We can write the correlation of two event planes
by taking the product of two subevents [45,50]:〈

cos
(
n
[
�a

2,EP − �b
2,EP

])〉 = 〈
cos

(
n
[
�a

2,EP − �RP
])〉

× 〈
cos

(
n
[
�b

2,EP − �RP
])〉

, (9)
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FIG. 1. Event-plane resolution: Second-order [fourth-order] har-
monic relative to the event plane, R2(�2) [R4(�2)], respectively. The
approach follows the modified reaction plane (MRP) method [47]
utilizing the charged tracks of the TPC for event-plane reconstruction
and resolution calculation for tracks ranging from 0.2 to 1.0 GeV/c.

This allows calculation of the event-plane resolution di-
rectly from data. Since a and b have equal multiplicities,
the total event-plane resolution can be calculated from the
correlation between the two subevents as [45]

Rn{�2,EP} =
√

2
〈
cos

(
n
[
�a

2,EP − �b
2,EP

])〉
. (10)

The event-plane resolution is multiplicity dependent and
calculated for separate ranges of collision centrality using the
two subevents method. Narrower bins are calculated and then
combined accordingly to match the ranges used by this anal-
ysis, by averaging the results from the narrow bins weighted
by the multiplicity of each bin [51].

The second- and fourth-order event-plane resolutions rela-
tive to the second-order event plane (R2{�2,EP} and R4{�2,EP}
respectively) as a function of collision centrality are shown
in Fig. 1. The resolutions are peaked around the 20–30% and
30–40% centralities.

The event-plane resolutions R2{�2,EP} and R4{�2,EP} were
0.56 and 0.28, respectively, for the 30–40% centrality events.
The errors on the event-plane resolution calculation were
less than 1%, leading to a negligible effect on the final �φ

correlations. Measured values for the event-plane resolution
are in good agreement with prior STAR studies [47]. These
resolutions are evaluated to correct the observed flow coeffi-
cients which arise in the fits of the combinatorial background
discussed in Sec. III D.

B. Jet reconstruction and selection

Full jets are reconstructed by measuring charged tracks
in the TPC and collecting neutral-particle information from
the BEMC. The anti-kT algorithm [35] implemented through
the FASTJET package [56] clusters these particles into jets by
reconstructing the jet momenta as the quadratic sum of their
constituent momenta using a boost-invariant p2

T recombina-
tion scheme. Tracks used for reconstructing jets are assumed
to be pions while the towers are assumed 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 centroid of the jet. Jets can further be
described by a resolution 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(

√
�φ2 + �η2) where �φ (�η) is the azimuthal angle

(pseudorapidity) of constituents relative to the jet axis. All jets
measured in this work are clustered with resolution parameter
of r = 0.4. The area of jets, Ajet , is found with FASTJET using
active ghost particles [57]. 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 acceptance of
the detectors.

Jets produced in heavy-ion collisions sit on top of a large
amount of underlying events. 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 reconstruction. At RHIC energies this selec-
tion 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 [42]. To further reduce
contributions from the background and to match the trigger
condition, the jets are required to contain a constituent tower
that fired the HT trigger (ET,tower > 5.4 GeV) and a track
with pT,track > 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 (distribution
of charged hadrons relative to reconstructed jets) described in
Eq. (1) requires several corrections. The correlation 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, and Nmeas

assoc,jet and Nbkgd
assoc,jet are the numbers

of pairs measured and the pairs characterized as background
respectively. ε(pT,assoc, ηassoc) is the single-track reconstruc-
tion efficiency . The pair acceptance, 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, recon-
structed trigger-jet transverse momentum (pT,jet), associated-
hadron transverse momentum (pT,assoc), and bins of the trigger
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jet relative to the event plane (in, mid, out, and all combined
angles) defined in Sec. III. The corrected correlation functions
contain a large combinatorial background (Nbkgd

assoc,jet), which
must be subtracted. This subtraction procedure is described
in Sec. III D.

The pair-acceptance correction, 1/a(pT,assoc,�φ,�η), ac-
counts for the finite acceptance of the TPC and kinematic
selections imposed on jets and tracks used in correlations,
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 triv-
ial correlation due to an η dependence in the single-particle
track distributions [34]. 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. [44]. The mixed events used for calcu-
lating a(pT,assoc,�φ,�η) in this work are required to be
within the same 10% centrality class and to have a ver-
tex position within 4 cm along the direction of the beam
(vz). They are constructed separately for 20–30%, 30–40%,
and 40–50% centrality classes and combined accordingly.
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 statistics. There is no difference
in efficiency and acceptance within uncertainties for differ-
ent orientations of the jet relative to the event plane, and
therefore the same correction 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, deter-
mined 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 systematic uncer-
tainty on the mixed-event normalization, which is added in
quadrature and reported as the scale uncertainty. This system-
atic 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.

D. Flow modulation of combinatorial background

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

are parametrized for trigger jets restricted to the orientation
	 = in/mid/out-of-plane relative to the event plane in Eq. (12)
[36,53], where vn,assoc and v	

n,jet are the Fourier coefficients of
the azimuthal angle distribution (flow coefficients) of back-
ground associated particles and trigger jets restricted to the
orientation 	 respectively. B	 gives the background level
amplitude for orientation 	. The restriction of the trigger
jets to orientation 	 modifies their nominal flow coefficients
vn,jet into v	

n,jet according to Eq. (13) [53]. Here, β	 is the 	
dependence of B	 given by Eq. 14, where φ	

S and c and are the
center and width of the |�2,EP − φjet| range for jets restricted
to orientation 	:(

1

π

dNbkgd
assoc,jet

d�φ

)
	

= B	
(

1 +
∞∑

n=2

2vn,assocv
	
n,jet cos(n�φ)

)
,

(12)

v	
n,jet =

{
1

β	
(
vn,jet + cos

(
nφ	

s

) sin(nc)
nc Rn + ∑

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

s

) sin(kc)
kc Rn

)
if n is even,

vn,jet if n is odd,
(13)

B	 ∝ β	 = 1 +
∑

k=2,4,6,..

2vk,jet cos
(
kφ	

s

) sin(kc)

kc
Rn. (14)

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 [36,58]. The
	 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. [53,59,60].

Collective particle flow plays a major role in understanding
the underlying-event background. This background consists
of particles created from mechanisms unrelated 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 comprising con-
tributions from the underlying event, the reaction plane fit
(RPF) developed in Ref. [36] is applied in this work. The
measured jet-hadron correlation signal is decomposed 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 further 0.6 � |�η| < 1.2 as a background dominated
region where the signal was assumed to be negligible. The
correlation 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
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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 < pjet

T < 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.

[34,61] by avoiding problems due to contamination from jets
on both the near- and away-side by using the near side at
large �η and also using the dependence 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 background 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 occurs 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 parameters [B	, v	

2,jet , v2,assoc, (v3,jet × v3,assoc), v	
4,jet ,

and v4,assoc] for low pT,assoc, and four [B	, v	
2,jet , v2,assoc and

(v3,jet × v3,assoc)] for high pT,assoc.
Comparison of in-, mid-, and out-of-plane jet-hadron cor-

relations is performed after background subtraction to explore
the effects related to event-plane orientation. An example
of event-plane dependent correlation function after the RPF
background subtraction for jets with 15 < pT,jet < 20 GeV/c
is shown in Figs. 2 and 3 for in-plane (a), mid-plane (b),
and out-of-plane (c) jets and jets from all combined angles
(d) for associated particles with momenta 1.5 < pT,assoc <

2.0 GeV/c. The uncertainties from the RPF background sub-
traction are propagated using the covariance matrix from the
fit and are nontrivially correlated point to point and between
different bins relative to the event plane. These are shown
in gray. The uncertainty from the acceptance correction, de-
scribed in Sec. III C is displayed by the red uncertainty band.
The uncertainties on the event-plane resolution are negligible
relative to that of the background subtraction and statistical
uncertainties of the final results. Additional uncertainties un-
correlated with each other, but correlated for all points in �φ

are given in Table 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 (reconstructed 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”

TABLE I. Summary of systematic uncertainties which are inde-
pendent of the angle relative to the event plane and the momentum
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
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criterion in the η-φ space 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 spec-
tra to calculate the momentum resolution, which is given by

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

T,jet

pGEN
T,jet

× 100%. (15)

Figure 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 proba-

bility functions and are shown for the 20–50% most central
events for all angles of the jet relative to the event plane.
Figure 4 further shows an average energy loss of around 15%
going from GEN to RECO. This net energy 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 minimum-bias pedestal. The pT,jet resolution
for 15 < pRECO

T,jet < 40 GeV/c RECO-jets is roughly 10–20%.
The event-plane dependence of the pT,jet resolution was also
studied and found to be within 1–2% of each other between
different orientations of jets with respect to the event plane.
There can be slight differences in the jets reconstructed at
lower momenta with 15 < pT,jet < 20 GeV/c for jets at differ-
ent angles relative to the event plane, due to a low momentum
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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.

Uncertainty (%)

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

Source Result Orientation 1.0–1.5 3.0–4.0 1.0–1.5 3.0–4.0

in-plane 14 1.2 8.1 3.0
Yield

mid-plane 11 1.2 7.6 3.3
Acceptance out-of-plane 11 1.1 7.3 3.0
shape in-plane 5.2 0.6 4.3 2.4

Width
mid-plane 5.4 0.5 3.9 2.2

out-of-plane 4.3 0.4 4.9 2.1
in-plane 11 0.8 6.1 2.1

Yield
mid-plane 7.7 0.9 5.2 2.5

Background out-of-plane 7.4 0.7 4.7 2.1
fit in-plane 10 0.1 8.2 0.4

Width
mid-plane 10 0.1 7.5 0.4

out-of-plane 8.2 0.1 9.3 0.4
in-plane 1.8 3.7 4.9 4.0

Yield
mid-plane 2.8 2.5 1.4 4.2

JES out-of-plane 3.7 3.3 4.8 4.2
correction in-plane 0.6 0.4 4.0 <0.1

Width
mid-plane 0.2 <0.1 7.9 1.5

out-of-plane 1.6 0.7 1.9 1.7

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 significant 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 sys-
tematic uncertainties in Tables I, II, and III. Table I lists the
sources of systematic uncertainties which are independent of
the angle relative to the event plane. These sources include the
single-track reconstruction efficiency (Sec. II) and uncertain-
ties in the event-plane resolution (Sec. III A).

There is a 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 un-
certainty in the background subtraction dependent on pT,assoc.
This uncertainty is from the differences between the nominal
(unbinned in vz or vz-integrated) and the vz-binned method for
correcting 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 corre-
lation 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 varying the binning of the mixed events in vz

and is correlated for different angles relative to the event plane
and for different bins in pT,assoc. Above pT,assoc > 3 GeV/c,
this uncertainty is negligible because the background is small.

A shape uncertainty in �φ due to the vz binning, similar
to that in �η, could lead to an additional uncertainty in the
correlation functions. To test for such uncertainty, the ratio
of the one-dimensional �φ projection calculated with the
nominal method and the vz binned method with 4-cm vz bins
was calculated for each pT,jet , pT,assoc, and centrality bin. The
variations are smaller than the statistical errors associated
with the points. This uncertainty was therefore considered
negligible.

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
dominant source. This uncertainty is uncorrelated for different
associated-particle momenta.

Additional uncertainties, highly dependent on the angle of
the jet relative to the event plane and the associated parti-
cles’ momentum, are summarized in Tables II and III. These
include the impact of the scale uncertainty from the mixed
events (Sec. III C) and the RPF background fit (Sec. III D) on
the associated yield and jet-peak width results. These uncer-
tainties 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 background has at low momenta. As indi-
cated in Table III, the uncertainties are considerably larger for
pT -associated tracks when pT < 2 GeV/c. This arises from
the reduced jet-associated track yields in the 1.5–2 GeV range
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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.

Uncertainty (%)

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

Source Result Orientation 1.0–1.5 3.0–4.0 1.0–1.5 3.0–4.0

in-plane 35 1.2 22 2.5
Yield

mid-plane 39 1.2 22 2.2
Acceptance out-of-plane 59 0.9 37 1.6
shape in-plane 30 0.7 8.4 1.9

Width
mid-plane 22 0.5 15 1.7

out-of-plane 19 0.4 28 1.2
in-plane 13 1.0 8.2 2.1

Yield
mid-plane 14 0.7 8.0 1.2

Background out-of-plane 22 0.9 14 1.5
fit in-plane 13 0.1 3.7 0.2

Width
mid-plane 10 0.1 6.8 0.2

out-of-plane 8.6 <0.1 13 0.1
in-plane 0.2 0.4 <0.1 2.6

Yield
mid-plane 1.1 0.3 2.1 2.9

JES out-of-plane 3.1 0.6 1.4 3.5
correction in-plane 1.2 0.5 3.3 0.3

Width
mid-plane 1.2 0.7 1.3 1.5

out-of-plane 2.2 0.1 0.2 1.9

and increased background levels, leading to a less accurate
fit. This interplay becomes more pronounced at higher jet pT ,
where the discrepancy between tracks <2 GeV and tracks
>2 GeV becomes more significant. The uncertainty arising
from the RPF background subtraction is nontrivially corre-
lated point to point in �φ and for different orientations of
the jet relative to the event plane, but is uncorrelated between
different pT,assoc bins. The acceptance-correction uncertainty
on the shape in �η is also correlated for different orientations
of the jet relative to the event plane and uncorrelated across
pT,assoc bins. The acceptance-shape uncertainty is the domi-
nant source at low momenta, while being more comparable to
the background uncertainty at larger momenta.

To calculate the jet-energy shift (JES) due to underlying-
event background contribution to the reconstructed jet energy,
background levels were calculated by summing over pT,track’s
in random cones of radius 0.4 in the η-φ plane, thrown
in minimum-bias events of matching centrality selection.
The mean background levels are 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 these mean background levels is
utilized to calculate the associated systematic uncertainties.

IV. RESULTS

Charged-particle yields associated with jets are found by
setting the �φ integration limits in the associated-yield for-
mula given in Eq. (2). For the near side the limits 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 are 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 (bottom) full jets
in 20–50% centrality collisions. The yields are compared for
each orientation of the trigger jet reconstructed 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
sides. 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 with the fir-
ing event trigger can lead to a surface bias of the near-side
jet. This, however, maximizes the average path length that
the away-side recoil jets travel, 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 distributions of hard and soft constituents. An in-
plane jet with less path traveled in the medium on average
would be expected 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
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FIG. 5. Near-side (left) and away-side (right) uncorrected 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 nontrivially
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 to 10.0 GeV/c. Points are displaced for visibility.

dependence on the event-plane angle. This is an indication
that modifications dependent on the average path length are
smaller than the experimental uncertainties. 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 se-
lection 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, there are indications suggesting po-
tential modifications. This potential modification is apparent
on both the near and away sides, with the largest contributions
coming from the lowest pT,assoc bins. The widths are calcu-
lated by fitting a Gaussian, Ae(�φ−�φ0 )2/2σ 2

, to the jet peak
centered at �φ0 = 0 for the near side and �φ0 = π for the

away side. The Gaussians 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 background parameters and the covariance matrix is used
to propagate the uncertainties. The scale uncertainties on the
widths are given by σ sc

w = B
σB

× |α − 1|, where α is the pT-
dependent scale factor associated with the acceptance shape
when propagating the uncertainty (σB) associated with the
background (B), determined in the range 0.6 � |�η| < 1.2,
to the region |�η| < 0.6.

From Fig. 6, it is clear that 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 average path
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FIG. 6. Near-side (left) and away-side (right) jet widths 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 nontrivially 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 to 10.0 GeV/c. Points are displaced for visibility.

length than in-plane jets, this would lead to additional inter-
actions with the medium and more subsequent rescatterings,
resulting in a larger width for jets out-of-plane relative to
in-plane. Within the uncertainties there is no clear ordering.
This indicates that 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 sample with 15 < pT,jet < 20 GeV/c are
consistent. Conversely, the 15 < pT,jet < 20 GeV/c sample
reveals indications of potential modifications. This potential
modification is apparent on both the near and away sides and
primarily comes from the lowest transverse momentum bins
where sample size is the largest.

The measurements presented in Figs. 5 and 6 are compared
to calculations from “Jet Evolution With Energy Loss” known
as JEWEL [62], a jet energy loss model based on radiative and
collisional energy loss in connection with partons sampled
from a longitudinally expanding medium [37]. To enhance the
accuracy of the data-to-model comparison, we incorporate a
smearing of pT,jet resolution, as shown in Fig. 4, into these
calculations. This inclusion accounts for the inherent uncer-
tainties associated with the measurement of particle energies
in the detector and accommodates effects of fluctuations in
heavy-ion events. Model calculations are provided for two
regimes: calculations that (a) include recoiled partons and (b)
do not include recoiled partons. When no recoil tracking is
included, the lost jet momentum is removed from the entire
system. This is useful for modeling energy loss in the hard
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part of the jet. When recoil tracking is included, the jets
momentum is fully conserved, but this adds both energy and
additional background particles to the dijet. In an experimen-
tal analysis, we likely would measure some but not all of
the recoil particles, as they are often indistinguishable from
background. Due to the dominant impact of jet-by-jet fluctu-
ations on partonic energy loss over path-length dependence
[63,64], JEWEL only predicts a very slight event-plane depen-
dence which is well below the systematic uncertainty in the
measurement. Variations among event-plane orientations were
not seen at the 10% level. This is therefore consistent with
path-length dependence having an insignificant impact com-
pared to jet-by-jet fluctuations 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 corresponding
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 including 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 recoils
has larger yields that better match the data at low pT,assoc.

To better quantify and examine the event-plane dependence
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 sys-
tematic uncertainties due to cancellation of uncertainties from
several sources. The propagation of uncertainties was done
similarly to that of Sec. III D. The yield ratio is expressed as

r = YA

YB
= Y meas

A − Y bkgd
A

Y meas
B − Y bkgd

B

, (16)

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 uncorrelated, were

calculated as

σ stat
r = |r|

√(
σA

YA

)2

+
(

σB

YB

)2

. (17)

The scale uncertainties, displayed as colored bands on the
yield and width plots, are correlated and completely cancel
in the ratio. Uncertainties from the RPF background sub-
traction are propagated using the covariance matrix from the
background fit (σi j), but now using Eq. (16), which includes
correlated background equations in the numerator and denom-
inator of the ratio. The correlated background uncertainties are

given by:

σ bkgd
r =

√√√√ N∑
i=0

N∑
j=0

∂r

∂ pi

∂r

∂ p j
σi j, (18)

where pi’s are the parameters of the RPF fits. Figure 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 additional induced gluon radi-
ation 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, although a small suppression is seen in both mid-plane
and out-of-plane relative to in-plane on both the near side
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 constituents.

For 20 < pT,jet < 40 GeV/c the near-side ratios are consis-
tent with 1.0 with some movement at the two lowest pT,assoc

bins. On the away side, mid/in is consistent 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 con-
tradicts 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 momentum range, and it is an indication that the ex-
pected path length effects due to jet energy loss are dominated
by the fluctuations in the medium.

Alternatively, the initial geometry within specific central-
ity bins may be fluctuating at a larger magnitude than any
possible event-plane dependence [65,66]. The possibility of
this occurrence can be studied by looking at the initial con-
figuration 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 res-
olution, a check was performed to investigate the systematic
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 (bot-
tom). The systematic uncertainties are treated as uncorrelated
point to point and are added to the statistical uncertainties in
quadrature. The results are shown in Tables IV and V and are
consistent with 1. Care should be taken when interpreting the
results, as various effects can be in play and medium modifi-
cations 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 ge-
ometric kinematic biases due to the “hard-core” requirement
of jet reconstruction.
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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 nontrivially correlated point-to-point. The colored bands are scale uncertainties from the JES correction. Points are displaced
for visibility.

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 1, and the range of c within a 90% confidence limit (CL).

Nea -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
χ 2/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
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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 1, 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
χ 2/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 central events
in Au+Au collisions at

√
sNN = 200 GeV in STAR. Par-

tonic 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 an-
gle 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 increased 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 as-
sumptions associated with previous background-subtraction
techniques. Associated yields, their ratios, and jet-peak widths
are extracted for each event-plane orientation and compared
with different average path lengths and JEWEL model calcu-
lations. JEWEL performs better in describing the associated
yields and widths at higher pT,assoc when recoil 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 analysis for jets that are biased towards
hard-fragmented jets due to the HT-trigger and hard-core con-
stituent requirements.

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 ratios derived
from the associated yields are used to quantify the differ-
ences, 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 inclusive 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 correla-
tions reported in Ref. [61] for RHIC and Ref. [34] for LHC
energies. The lack of clear event-plane dependence in our data
indicates that any dependence of these modifications on the
average path length is less than our experimental uncertain-
ties.
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