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We present measurements of azimuthal correlations of charged hadron pairs in s
NN

= 200 GeV

Au+Au collisions for the trigger and associated particle transverse-momentum ranges of 1 < ptT <
10 GeV/c and 0 5 < paT < 10 GeV/c. After subtraction of an underlying event using a model
that includes higher-order azimuthal anisotropy v2, v3, and v4, the away-side yield of the highest
trigger-pT (ptT > 4 GeV/c) correlations is suppressed compared to that of correlations measured in
p+p collisions. At the lowest associated particle pT (0 5 < paT < 1 GeV/c), the away-side shape
and yield are modi ed relative to those in p+p collisions. These observations are consistent with
the scenario of radiative-jet energy loss. For the low-pT trigger correlations (2 < ptT < 4 GeV/c),
a nite away-side yield exists and we explore the dependence of the shape of the away-side within
the context of an underlying-event model. Correlations are also studied di erentially versus event-
plane angle 2 and 3. The angular correlations show an asymmetry when selecting the sign of the
di erence between the trigger-particle azimuthal angle and the 2 event plane. This asymmetry and
the measured suppression of the pair yield out of plane is consistent with a path-length-dependent
energy loss. No 3 dependence can be resolved within experimental uncertainties.

I. INTRODUCTION

Energy loss of hard-scattered partons (jet quenching
[1]) resulting from the interaction of a colored parton
in the quark gluon plasma (QGP) formed in relativistic
heavy ion collisions at the Relativistic Heavy Ion Col-
lider (RHIC) [2 5] has been observed in several di er-
ent ways. Suppression of single-particle and single-jet

∗ Deceased
† PHENIX Spokesperson: akiba@rcf.rhic.bnl.gov

invariant yields in central A+A collisions [6 12] pro-
vide a baseline measurement of jet quenching. Mea-
surements of correlations between two particles and/or
jets give more detailed information of the jet quench-
ing process inside the medium [13, 14]. The rst jet
suppression e ect observed in azimuthal correlations was
an attenuation of the away-side yields in high-transverse
momenta (pT ) correlations in the most central Au+Au
collisions at s

NN
= 200 GeV [15]. The centrality de-

pendence of high-pT
0-hadron correlations [16] shows

a monotonic attenuation of the away-side yields with
increasing propagation length of partons through the
medium. In addition to away-side yield suppression,
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direct photon-hadron correlations [17 19], two-particle
correlations [20 22], and jet-hadron correlations [23 26]
show that low-momentum particles correlated with high-
pT jets are enhanced in yield, especially at large angles
with respect to the jet axis. This may be attributable to
the radiation from the parent parton or other lost energy
absorbed by the surrounding medium. Thus, two-particle
angular correlations have provided much of the experi-
mental information we have about jet energy loss [16, 27
31].

It is important to understand the interactions of par-
tons with the QGP at all scales from the hard-scattering
scale to the thermal scale. Below Ejet 10 GeV, full jet
reconstruction is much more di cult due the underlying
event subtraction. Two-particle correlations are impor-
tant because they can probe lower jet (or parton) ener-
gies. However, observations of energy loss e ects men-
tioned above, especially for lower jet and particle mo-
menta in two-particle correlations, have been obscured
due to the much larger contribution from the underlying
event at these momenta.

The underlying event modulations are attributed to
hydrodynamic collective ow patterns where the impor-
tance of higher-order ow harmonics was established
more recently [32 37]. These patterns are thought to
result from the hydrodynamic response of the QGP to
uctuating initial geometrical shapes of the overlap re-

gion of the colliding nuclei. Many hydrodynamic models
have been developed which capture these e ects [38, 39],
but to date, important details of these models are still un-
der development, and their full implementation requires
involved calculations. This motivates the use of a simpler
data-driven model, which will be explored in this work.

The shape of the collective ow in the transverse plane
is parameterized [40 42] by a Fourier expansion with

vn m = cosn( m) (1)

where vn is the nth-order anisotropic ow coe cient,
is the azimuthal angle of emitted particles, and m is
the event plane angle de ned by the mth-harmonic num-
ber. For the rst decade of RHIC operations, only the
even harmonics and frequently only the n = 2 term, were
considered. The shapes of two-particle correlations after
subtraction of the n = 2-only background motivated the
introduction of the other harmonics, most importantly
n = 3 [32, 34 36, 43]. Under the two-source ( ow +
jet) model assumption [44], this underlying event is di-
rectly subtracted to obtain the jet contributions. In our
previous measurements and most RHIC A+A results, the
subtracted ow modulations of the underlying event were
limited to contributions of v2 and the fourth-order har-
monic component with respect to the second-order event
plane v4 2 [15, 16, 20, 23, 28, 44 48]. Only the recent
STAR measurement [49] took into account contributions
from v3 and the fourth-order harmonic component un-
correlated to the second-order event-plane in addition to
v4 2 .
At low to intermediate pT in two-particle correla-

tions, intricate features appear such as the near-side long-
range rapidity correlations called the ridge [45, 50] and
the away-side double-humped structures [28, 44, 46
49, 51, 52]. Across the large rapidity ranges available
at the Large Hadron Collider, the rapidity-independence
and hence the likely geometrical origin of most of these
structures have been established. Experiments have
shown that the ridge and the double-hump structures
in the two-particle azimuthal correlations for > 1
for ALICE and > 2 for ATLAS and CMS measured
in p+p, p+Pb, and Pb+Pb collisions at s

NN
= 2 76

and 5 TeV [34, 36, 53] are the same in shape and size
at much larger rapidity di erences. Both the ridge and
double-hump are successfully explained by the higher-
order harmonics. However the mechanism for how the
jet correlations combine with the ow correlations, espe-
cially at small , to yield the total two-particle correla-
tion has not been clari ed. In particular, the correlations
left after subtracting a ow-based model at small have
not been analyzed in detail.

In this work, we assume a two-source model where
the total pair yield is a sum of a jet-like component
and an underlying-event component. The underlying-
event components is modeled using the ow harmonics
vn(n = 2 3 4), event plane resolutions, and the most
important event plane correlations between 2 and 4.
We assume that the vn measured through the event plane
method are the the same as those in the correlation func-
tions. Event-by-event vn uctuations [54], vn vm cor-
relations between di erent orders [55], normalized sym-
metric cumulants (v2n v2m correlations) [56], and rapid-
ity dependent event plane decorrelations [57] are not in-
cluded in this background model. To take into account
the vn vm and v2n v2m correlations in this background
model, measurements of their original two-dimensional
probability distributions are necessitated for ne pT se-
lections. To evaluate a possible e ect from the vn vm
and v2n v2m correlations, we performed a toy Monte Carlo
simulation with the same framework reported in this ar-
ticle, assuming a two-dimensional Gaussian with a cor-
relation term between vn vm. The changes expected
are less than the systematic uncertainty for vn. Mea-
surements of the rapidity-odd component of the directed
ow vodd1 using the event plane method [58 61] generally

yield vodd1 0 at = 0 integrated over all pT . Finite
values of pT di erential measurements of vodd1 (pT ) [60]
include momentum conservation and jet (mini-jet) ef-
fects which are considered signal in this two-particle cor-
relation analysis. The rapidity-even component of the
directed ow veven1 is considered to result from collec-
tive expansion of the medium. Measurements of veven1

with respect to the spectator event plane with the scalar
product method [62] show its magnitude about 40 times
smaller than that with respect to the participant event
plane obtained with the Fourier ts to the two-particle
correlations [34, 53]. These observations indicate that
veven1 has di erent sensitivity to the spectator and partic-
ipant event planes and warrant further validation of the
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momentum conservation model in the Fourier ts to the
two-particle correlations. There is currently no concrete
veven1 to subtract as background. With this reason we do
not include contributions from v1 1 and event plane
correlations involving 1 in the background model. For
the inclusive trigger correlations, we estimated a poten-
tial impact of v5 modulation using an empirical relation
v5 0 5 v4 found in ATLAS vn measurements [34].
After subtracting the underlying event with the model,

we study the structures observed at high pT where the
ow backgrounds are negligible. Because the jet signal-

to- ow background is signi cantly reduced in the low to
intermediate pT region, studying the correlations there
provides a more stringent test of such a background
model. Any features left in the residuals can be used
to reveal jet energy-loss e ects at low and intermediate
pT . However, because of our simple model, only substan-
tially signi cant correlations can be attributable to the
medium e ect on jets (i.e. broadening or suppression) or
the medium response (i.e. yields at large angles from the
jet).

FIG. 1. Two possible gluons (Gluon 1 and Gluon 2) radi-
ated opposite to particles detected from Jet A with di erent
medium path lengths. The di erence in energy loss could lead
to asymmetric correlated particle yields in the hemisphere to
the left of Jet A compared to the right of Jet A.

FIG. 2. Schematic picture of a trigger particle selection with
respect to event-planes and pairing a trigger particle with an
associate particle.

An important goal of jet quenching studies has been
to determine the density and path-length dependence
of energy loss [16]. Perturbative models of radiative
jet quenching and strongly coupled jet quenching mod-
els predict a di erent path-length dependence for the
quenching [63]. Varying the path length by selecting az-
imuthal orientations relative to the second-order event
plane has been explored for single-particle or single-jet

observables at high-pT [11, 64]. Potentially more dif-
ferential information can be obtained from two-particle
observables coupled with the event-plane. Figure 1 il-
lustrates the trigger (Jet A) being emitted to one side
of the in-plane direction and the away-side jet (Parton
B) radiating two gluons (Gluon 1) and (Gluon 2). We,
therefore, also study two-particle correlations measured
di erentially with respect to 2 and 3 event planes as
depicted in Fig. 2. Such di erential correlations probe
the path-length and geometrical dependence of energy
loss with more event-by-event sensitivity and also extend
similar studies of high-pT correlations [16] down to lower-
pT . We use a new method of distinguishing left/right
asymmetry in the n correlations, which provides more
information on the background dominated low and in-
termediate pT regions by probing possible asymmetric
parton energy loss because of medium geometry.

In this article: Section II describes the detector set-
up of the PHENIX Experiment. Sections IIIA, III B,
and III C describe the analysis methodology of particle
selections, higher-order ow harmonics, and two-particle
correlations, respectively. Section IV presents analysis
results and discusses their interpretations. This section
rst starts with the highest pT trigger selections, pT >

4 GeV/c, and makes connections to known energy-loss
e ects. Next, lower trigger correlations down to 1 GeV/c
are presented. Finally the event-plane dependence of the
intermediate pT selections are investigated. Section V
summarizes this article.

II. PHENIX DETECTOR

The PHENIX detector [65] was designed to measure
charged hadrons, leptons, and photons to study the na-
ture of the QGP formed in ultra-relativistic heavy ion
collisions. Figure 3 shows the beam view and side view
of the PHENIX detector including all subsystems for this
data taking period.

The global detectors, which include the beam-beam
counters (BBC), the zero-degree calorimeters (ZDC), and
the reaction-plane detector (RXN), were used to deter-
mine event characterizing parameters such as the colli-
sion vertex, collision centrality, and event-plane orien-
tation. They are located on both the south and north
side of the PHENIX detectors. The BBC is located at
144 cm (3 < < 3 9) from the beam interaction

point and surrounds the beam pipe with full = 2
azimuthal acceptance. Each BBC module comprises 64
quartz Cerenkov radiators equipped with a photomulti-
plier tube (PMT) and measures the total charge (which
is proportional to the number of particles) deposited in
its acceptance. The BBC determines the beam collision
time, beam collision position along the beam axis direc-
tion, and collision centrality. The ZDCs [66], located at
18 m away from the nominal interaction point, detect
the energy deposited by spectator neutrons of the two
colliding nuclei. The PHENIX minimum-bias trigger is
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FIG. 3. The PHENIX detector con guration in the 2007 ex-
perimental run period. The top panel shows the central arm
detectors viewed from the beam direction. The bottom panel
shows the global detectors and muon arm viewed from the
side perpendicular to the beam direction.

provided by the combination of hit information in the
ZDC and BBC, which requires at least one hit in both
the ZDC modules and two hits in the BBC modules.

The orientation of higher-order event planes is deter-
mined by the BBC and the RXN [67], which have dif-
ferent acceptance. The RXNs are located at 38 cm
from the beam interaction point and have two rings in
each module; RXN-inner and RXN-outer are installed to
cover 1 5 < < 2 8 and 1 < < 1 5, respectively.
Each ring has 12 scintillators in its azimuthal angle ac-
ceptance = 2 .

Charged hadron tracks are reconstructed in the
PHENIX central arm spectrometer (CNT), which is com-
prised of two separate arms, east and west. Each arm
covers < 0 35 and = 2.
The PHENIX tracking system is composed of the drift

chamber (DC) in addition to two layers of pad chambers
(PC1 and PC3) in the east arm and three layers of pad
chambers (PC1, PC2, and PC3) in the west arm. Mo-
mentum is determined by measuring the track curvature
through the magnetic eld by means of a Hough trans-
form with hit information from the DC and PC1 with
a momentum resolution of p p = 1 3% 1 2%p [68].
Additional track position information is provided by the

outer layers of the pad chambers and the electromagnetic
calorimeter (EMCal), which are Lead Glass (PbGl) and
Lead Scintillator (PbSc).

The ring imaging Cerenkov counter (RICH) and the
EMCal identify and exclude electron tracks from the
analysis. The RICH produces a light yield for electrons
with pT >30 MeV and for pions with pT >5 GeV, mean-
ing that a signal in the RICH can be used to separate
electrons and pions below 5 GeV. Above 5 GeV where
this is no longer possible, the energy deposited in the
EMCal can be used for this separation. Electrons will
deposit much more of their total energy than pions will,
so that the ratio of deposited energy to track momentum
is signi cantly higher for electrons than for pions.

III. ANALYSIS METHODOLOGY

The results presented are based on an analysis of
4.38 billion minimum-bias events for Au+Au collisions
at s

NN
= 200 GeV recorded by the PHENIX detector

at RHIC in 2007.

A. Particle Selection

Charged hadrons are selected from candidate tracks
using cuts similar to previous correlation analyses [20].
One important cut to reject fake tracks, especially de-
cays in the central magnetic eld before the drift cham-
ber, is an association cut to outer CNT detectors. The
track trajectories are projected onto outer CNT detec-
tors. The nearest hits in the PC3 and the EMCal from
the projections are identi ed as hits for the track. The
distributions of the distance in the azimuthal ( ) and
beam (zbeam) directions between the hits in the PC3 and
the EMCal and the extrapolated line are tted with a
double-Gaussian. One Gaussian arises from background
and the other from the signal. Hadron tracks are re-
quired to be within 2 of the signal Gaussian mean in
both the and zbeam directions in both the PC3 and
the EMCal. To veto conversion electrons, tracks with pT
<5 GeV/c having one or more Cerenkov photons in the
RICH are excluded from this analysis. For pT >5 GeV/c,
we require EEMCal > 0 3 + 0 2c pT GeV [47, 69], where
EEMCal is the cluster energy associated with the track.

B. Higher-Order Flow Harmonics vn

1. Event-plane and Resolution

Each event plane n is determined event-by-event for
di erent harmonic numbers n using the RXN and BBC
detectors. The RXN detectors are used to measure the
nominal values of vn while the BBC detectors provide
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s y st e m ati c c h e c k s t o t h e e xtr a ct e d v n v al u e s . T h e o b-
s er v e d e v e nt- pl a n e Ψ o b s

n i s r e c o n str u ct e d a s

Ψ o b s
n =

1

n
t a n − 1 Q n, y

Q n, x
. ( 2)

H e r e Q n, x a n d Q n, y a r e t h e fl o w v e ct o r c o m p o n e nt s

Q n, x =
i

w i c o s( n φ i )/
i

w i ( 3)

Q n, y =
i

w i si n (n φ i )/
i

w i ( 4)

w h er e φ i i s t h e a zi m ut h al a n gl e of t h e i-t h s e g m e nt i n
t h e e v e nt- pl a n e d et e ct o r a n d w i i s t h e w ei g ht p r o p o r-
ti o n al t o m ulti pli cit y i n t h e i-t h s e g m e nt. We a p pl y t h e
r e- c e nt e ri n g a n d t h e fl att e ni n g c o r r e cti o n s [ 4 2, 7 0] s e p a-
r at el y f or e a c h s u b- e v e nt e v e nt- pl a n e.

T h e k × n t h- o r d e r r e s ol uti o n of n t h- o r d e r e v e nt pl a n e
i s d e fi n e d a s R e s{ k n, Ψ n } = c o s k n ( Ψ o b s

n − Ψ n ) a n d
c a n b e e x p r e s s e d a s [ 4 2]

R e s { k n, Ψ n } =

√
π

2
√

2
χ n e −

χ 2
n
4

× I k − 1
2

χ 2
n

4
+ I k + 1

2

χ 2
n

4
( 5)

w h e r e χ n = v n

√
2 M , M i s t h e m ulti pli cit y u s e d t o d et er-

mi n e t h e e v e nt- pl a n e Ψ n , a n d I k i s t h e m o di fi e d B e s s el
f u n cti o n of t h e fi r st ki n d.

B e c a u s e t h e n o rt h ( N) a n d s o ut h ( S) m o d ul e s of a
gi v e n e v e nt- pl a n e d et e ct o r h a v e t h e s a m e p s e u d o r a pi d-
it y c o v e r a g e a n d s e e t h e s a m e m ulti pli cit y a n d e n e r g y
f o r s y m m et ri c n u cl e u s- n u cl e u s c olli si o n s, t h e n o rt h a n d
s o ut h m o d ul e s s h o ul d h a v e i d e nti c al r e s ol uti o n i n c a s e
of n o d et e ct or bi a s e s. We o bt ai n t h e e v e nt- pl a n e r e s ol u-
ti o n of a n e v e nt- pl a n e d et e ct or u si n g t h e t w o s u b e v e nt
m et h o d [ 4 2].

R e s { k n, Ψ n } = c o s k n ( Ψ o b s
n − Ψ n )

= c o s k n ( Ψ N, o b s
n − Ψ S, o b s

n ) . ( 6)

T h e n ort h + s o ut h c o m bi n e d e v e nt- pl a n e r e s ol uti o n i s d e-
t e r mi n e d f r o m E q. ( 5) wit h χ n =

√
2 χ N, S

n . T h e f a ct o r

of
√

2 a c c o u nt s f or t wi c e t h e m ulti pli cit y i n n o rt h + s o ut h
c o m p ar e d t o n o rt h o r s o ut h. Fi g u r e 4 s h o w s t h e t h e
n o rt h + s o ut h c o m bi n e d e v e nt- pl a n e r e s ol uti o n f o r b ot h
R X N a n d B B C.

2. v n m e a s u r e m e nt s

Hi g h er- or d er fl o w h a r m o ni c s v n [ 3 2, 4 0, 4 2] a r e m e a-
s u r e d b y t h e e v e nt- pl a n e m et h o d [ 4 2]. C h ar g e d h a d r o n
t r a c k s wit h a zi m ut h al a n gl e φ a r e m e a s u r e d wit h r e s p e ct
t o t h e e v e nt pl a n e a n gl e Ψ o b s

n . T h e fl o w c o e ffi ci e nt s v k n

a r e m e a s u r e d a s a n e v e nt- a v e r a g e a n d t r a c k- a v er a g e a n d
c o r r e cti n g b y t h e e v e nt pl a n e r e s ol uti o n.

v k n { Ψ n } = c o s k n (φ − Ψ o b s
n ) / R e s { k n, Ψ n } . ( 7)
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P H E NI X

A u + A u 2 0 0 G e V

FI G. 4.  E v e nt- pl a n e r e s ol u ti o n s R e s { 2 , Ψ 2 } , R e s{ 3 , Ψ 3 } ,
R e s { 4 , Ψ 4 } , a n d R e s{ 4 , Ψ 2 } o b t ai n e d b y t h e c o m bi n a ti o n of
t h e n o r t h a n d s o u t h m o d ul e s of R X N a n d B B C.

F o u r di ff er e nt o b s e r v a bl e s a r e st u di e d: v 2 { Ψ 2 } ,
v 3 { Ψ 3 } , v 4 { Ψ 4 } , a n d v 4 { Ψ 2 } .  T h e fl o w h ar m o n-
i c s a r e m e a s u r e d b y t h e ni n e p o s si bl e c o m bi n a-
ti o n s of R X N m o d ul e s: s o ut h-i n n er, s o ut h- o ut er,
s o ut h-i n n e r + o ut e r, n o rt h-i n n e r, n o rt h- o ut e r, n ort h-
i n n e r + o ut e r, s o ut h + n o rt h-i n n e r, s o ut h + n ort h- o ut e r,
a n d s o ut h + n o rt h-i n n er + o ut e r. T h e v n r e p o rt e d i s a n
a v e r a g e o v er t h e ni n e di ff er e nt p o s si bl e R X N c o m bi n a-

ti o n s, v n =
9
i v

( i )
n / 9, w h er e v

( i )
n i s t h e fl o w h a r m o ni c i n

o n e of t h e ni n e R X N m o d ul e c o m bi n ati o n s.

3. S y st e m ati c u n c e rt ai nti e s a n d v n r e s ult s

T h e s y st e m ati c u n c ert ai nti e s i n v n m e a s u r e m e nt s ar e
f r o m t h e f oll o wi n g s o u r c e s:

• di ff e r e n c e s a m o n g R X N m o d ul e s,

• m at c hi n g c ut wi dt h f o r C N T h a d r o n tr a c k s,

• r a pi dit y- s e p a r ati o n d e p e n d e n c e b et w e e n e v e nt-
pl a n e s a n d C N T tr a c k s.

T h e s y st e m ati c u n c e rt ai nti e s i n t h e R X N d et e ct o r
σ R X N a r e d e fi n e d b y t h e st a n d a r d d e vi ati o n of v n

σ R X N =
9

i

(v
( i )
n − v n ) 2 / 9 . ( 8)

A s a n e x a m pl e, v n i n 2 0 % – 3 0 % c e ntr al c olli si o n s m e a-
s u r e d b y di ff e r e nt R X N e v e nt- pl a n e s a r e s h o w n i n Fi g. 5
( a, d, g, j). T h e ( bl u e) b a n d i n di c at e s σ R X N .
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To evaluate the systematic uncertainty due to track
matching, the matching cut was varied by 0 5 from
the nominal 2 window. We calculated the uncertainty

mat as the average deviation between the vn with the
nominal cut and the varied cut

mat = ( v2 5
n v2n + v1 5

n v2n ) 2 (9)

The variation due to the track matching cut is illustrated
in Fig. 5 (b, e, h, k) by showing the vn in 20% 30% central
collisions measured with tracks having a matching cut of
1.5 , 2 and 2.5 . The di erences between the nominal
2 and both 1 5 and 2 5 are also shown and scatter
around zero indicating the size of mat.

The systematic uncertainties associated with the ra-
pidity gap between particles and the event-plane rap are
de ned by the absolute di erence between vn determined
by the RXN average and vn determined by the BBC.

rap = vBBC
n vRXN

n (10)

The vn measured with the RXN, the BBC, and their dif-
ference are shown in Fig. 5 (c, f, i, l). Except in the case
of v4, this systematic uncertainty is much less than the
uncertainty due to the RXN module variation. The small
variation in the rapidity gap indicates that the contami-
nation from non ow correlations does not dominate the
uncertainty on the extraction of vn.

The total systematic uncertainties vn
are the quadra-

ture sum of these individual systematic uncertainties

vn
= 2

RXN + 2
mat +

2
rap (11)

These total systematic uncertainties are conservatively
assigned symmetrically. In nearly all pT and centrality
classes, the RXN systematic uncertainty dominates the
total uncertainty.

The vn results are shown in Fig. 6 and compared with
previous PHENIX vn measurements Ref. [35]. They are
consistent within uncertainties where they overlap. For
the two-particle correlations, we calculate vn in four large
pT bins as indicated in Table I.

C. Two-Particle Correlations

1. Pair Selections

Selected tracks are paired for correlations. Two tracks
cannot be reconstructed arbitrarily close together. The
tracking algorithm would split or merge the tracks.
Therefore, there is an acceptance di erence for pairs
in real and mixed events. These e ects are estimated
from the distributions of the distances (rad) and
zbeam(cm) between hits in the PC1 and the PC3, where
(rad) is the relative azimuthal angle and zbeam(cm)

is the relative length between two track hits in both real
and mixed events. The ratios of the real-to-mixed event
distributions are shown in Fig. 7. The ratio is normalized
to arbitrary units. The dip and spike structures starting

from = zbeam = 0 indicate ine cient and over-
e cient regions, respectively. The dashed lines indicate
the cuts used to remove these ine cient and over-e cient
regions:

( PC1 0 04)
2
+ ( zbeam PC1 90)

2
< 1

( PC1 0 08)
2
+ ( zbeam PC1 8 0)

2
< 1 (12)

( PC3 0 07)
2
+ ( zbeam PC3 25)

2
< 1

2. Inclusive Trigger Correlations

Two-particle correlations are calculated as

C( ) =
N real( )

Nmixed( )

d Nmixed( )

d N real( )
(13)

where = a t is the relative azimuthal angle be-
tween trigger and associated hadrons and N real( ) and
Nmixed( ) are pair distributions in the real and mixed
events, respectively. N real( ) re ects the physical cor-
relation among trigger and associated hadrons from jets
and from the underlying event as well as the dihadron
detector acceptance e ects. Nmix( ) is obtained by
pairing trigger and associated hadrons from randomly se-
lected pairs of events that have similar collision vertices
and centralities so that it re ects only the dihadron ac-
ceptance e ects. The collision centrality is divided into
10% steps and the collision vertex in the range of 30 cm
is divided into 10 bins for this event-mixing. Taking the
ratio between the real and mixed distributions corrects
for the nonuniform azimuthal acceptance for dihadrons
so that C( ) contains only physical e ects.
Within the two-source model [44], the correlation func-

tion C( ) is composed of a jet-like term J( ) and
an underlying-event term that includes modulations from
ow F ( ). We use the following model for the under-

lying event [42]

F ( ) = 1 +

4

n=2

2vtnv
a
n cosn (14)

The jet-like correlation is then obtained by subtracting
F ( ) from C( ) as

J( ) = C( ) bzyamF ( ) (15)

The scaling factor bzyam is determined with the zero yield
at minimum (ZYAM) method [44, 71, 72]. In the ZYAM
assumption, F ( ) is scaled such that J( ) has a min-
imum of exactly zero. This therefore gives the lower
boundary of possible jet-like correlations. The ZYAM
scaling factor bzyam is determined by tting the correla-
tion function C( ) with Fourier series for 2 < <
3
2 and identifying the single point where this t and
F ( ) have the contact point and J( ) is zero. The
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FI G. 5. Hi g h e r- o r d e r fl o w h a r m o ni c s f o r c h a r g e d h a d r o n s a t mi d r a p i di t y i n A u + A u c olli si o n s a t
√

s N N = 2 0 0 G e V a n d t h ei r
s y s t e m a ti c s: v 2 ( a- c ), v 3 ( d-f ), v 4 ( g-i ), a n d v 4 { Ψ 2 } (j-l ). T h e s o u r c e of s y s t e m a ti c u n c e r t ai nti e s a r e di ff e r e n c e a m o n g R X N
e v e nt- pl a n e s ( a, d, g, j ), m a t c hi n g c u t wi d t h f o r C N T h a d r o n t r a c k s ( b, e, h, k ), a n d di ff e r e n c e b e t w e e n v n m e a s u r e d wi t h R X N
a n d B B C e v e nt pl a n e s ( c, f, i, l ). S y s t e m a ti c u n c e r t ai nti e s a r e s h o w n a s a s h a d e d b a n d i n ( a, d, g, j ) a n d a s a n o p e n m a r k e r i n
( b, e, h, k ) a n d ( c, f, i, l ).

st ati sti c al u n c ert ai nt y e z y a m of t h e ∆ φ bi n c o nt ai ni n g
t h e Z Y A M p oi nt i s u s e d t o s c al e F ( ∆φ ) t o e sti m at e t h e
s y st e m ati c u n c e rt ai nt y d u e t o Z Y A M

σ z y a m ( ∆φ ) = e z y a m F ( ∆φ ). ( 1 6)

A n e x a m pl e of t h e Z Y A M d et e r mi n ati o n i s s h o w n i n
Fi g. 8.

T h e j et-li k e c o r r el ati o n s J ( ∆φ ) ar e s c al e d t o t h e p e r-
t ri g g er yi el d Y ( ∆φ )

Y ( ∆φ ) =
1

N t

d N t a

d ∆ φ
=

d ∆ φ N r e al ( ∆φ )

2 π ǫ a N t
J ( ∆φ ), ( 1 7)

w h er e N t i s t h e n u m b e r of t ri g g er h a d r o n s, N t a i s t he
n u m b er of p ai r s, a n d ǫ a i s t h e si n gl e- h a d r o n t r a c ki n g e ffi-
ci e n c y i n t h e a s s o ci at e d h a d r o n p T r a n g e. T h e e ffi ci e n c y

i s e sti m at e d vi a d et e ct o r si m ul ati o n s f o r a c c e pt a n c e a n d
o c c u p a n c y e ff e ct s a s di s c u s s e d i n R ef. [ 7, 1 6, 2 8, 4 7]. T h e
t r a c ki n g e ffi ci e n c y of a t ri g g e r p a rti cl e i s c a n c el e d b y t h e
r ati o of d ∆ φ N r e al / N t .

3.  E v e nt Pl a n e- D e p e n d e nt C o r r el ati o n s

E v e nt pl a n e- d e p e n d e nt t w o- p a rti cl e c o r r el ati o n s
C ( ∆φ, φ s ) a r e d e fi n e d a s

C ( ∆φ, φ s ) =
N r e al ( ∆φ, φ s )

N mi x e d ( ∆φ, φ s )

×
d ∆ φ ′d φ ′

s N
mi x e d ( ∆φ ′, φ′s )

d ∆ φ ′d φ ′
s N

r e al ( ∆φ ′, φ′s )
, ( 1 8)
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TABLE I. Data table for v2, v3, v4 and v4 2 (%) in Au+Au collisions at s
NN

= 200 GeV. The rst uncertainties are
statistical while the second uncertainties are total systematic. In all instances the statistical error is not identically zero but it
is much smaller than the systematic uncertainty.

Centrality pT GeV/c v2(%) v3(%) v4(%) v4 2 (%)

0% 10% 0.5 1.0 2 67 0 00 0 14 1 45 0 00 0 09 0 64 0 01 0 16 0 109 0 004 0 052

1.0 2.0 4 92 0 00 0 21 3 67 0 00 0 18 2 19 0 01 022 0 396 0 005 0 058

2.0 4.0 7 39 0 00 0 34 6 96 0 01 0 29 5 12 0 01 0 23 0 90 0 01 0 10

4.0 10 6 46 0 00 0 67 6 61 0 01 0 41 5 0 0 0 1 1 0 7 0 0 1 4

10% 20% 0.5 1.0 5 09 0 00 0 19 1 94 0 00 0 16 1 04 0 01 0 30 0 270 0 003 0 033

1.0 2.0 9 03 0 00 0 26 4 59 0 00 0 30 2 95 0 01 0 60 0 82 0 00 0 10

2.0 4.0 13 4 0 0 0 04 8 28 0 01 0 51 6 2 0 0 1 7 1 74 0 00 0 24

4.0 10 12 2 0 0 0 04 7 5 0 0 1 0 6 7 0 0 1 3 1 54 0 01 0 50

20% 30% 0.5 1.0 7 26 0 00 0 20 2 29 0 00 0 22 1 44 0 01 0 51 0 481 0 003 0 046

1.0 2.0 12 5 0 0 0 3 5 17 0 01 0 40 3 6 0 0 1 0 1 33 0 00 0 11

2.0 4.0 17 9 0 0 0 4 8 93 0 01 0 61 7 2 0 0 2 0 2 69 0 00 0 18

4.0 10 16 1 0 0 0 5 7 98 0 01 0 76 7 3 0 0 2 4 2 34 0 01 0 28

30% 40% 0.5 1.0 8 83 0 00 0 22 2 49 0 01 0 31 1 79 0 02 0 64 0 682 0 004 0 050

1.0 2.0 14 9 0 0 0 4 5 52 0 01 0 53 4 3 0 0 1 3 1 84 0 00 0 12

2.0 4.0 20 7 0 0 0 5 9 13 0 01 0 88 8 1 0 0 3 0 3 49 0 01 0 21

4.0 10 18 4 0 0 0 5 7 4 0 0 1 1 7 7 0 0 3 4 3 01 0 01 0 96

40% 50% 0.5 1.0 9 76 0 00 0 25 2 56 0 01 0 35 2 11 0 04 0 70 0 823 0 006 0 052

1.0 2.0 16 3 0 0 0 4 5 62 0 01 0 68 5 2 0 0 1 8 2 19 0 01 0 14

2.0 4.0 21 9 0 0 0 7 8 8 0 0 1 0 9 3 0 1 4 2 3 99 0 01 0 43

4.0 10 19 8 0 0 1 6 5 6 0 0 1 9 10 4 0 1 8 0 4 1 0 0 1 2

where s =
t

n and N real( s) and
Nmix( s) are the event plane-dependent pair

distributions in real and mixed events, respectively.
We use the event-plane determined by the entire RXN
acceptance providing the best event-plane resolution
among PHENIX subsystems i.e. the best sensitivity
for this event-plane dependence study. Other event
planes were not used because those planes have worse
resolution.

Similar to inclusive correlations, event plane-
dependent jet-like correlations J( s) are obtained by
subtracting the event plane-dependent ow background
term F ( s) from C( s) with a ZYAM scale
factor as

J( s) = C( s) bzyamF ( s) (19)

We use the same bzyam as determined from the inclu-
sive correlations from the same trigger, associated and
centrality selection. An analytical formula for F ( s)
including the n = 2 event plane dependence exists [73],
however, it is not easily applied with nite correlations
between the n = 2 and n = 4 event planes. For this rea-
son, a Monte Carlo simulation is employed to estimate
F ( s). This is described in Sec. III C 4 below.

The event plane-dependent jet-like correlations are
converted into event plane-dependent per-trigger yield as

Y ( s) =
1

N t
s

dN ta
s

d

=
d N real( s)

2 aN t
s

J( s) (20)

where N t
s
is the number of trigger hadrons and N ta

s
is

the number of pairs in the trigger event-plane bin.

4. Flow Background Model Including Event Plane
Dependence

With the assumption that the measured vn from the
event plane method are purely from collective dynam-
ics of the medium, ow-like azimuthal distributions of
single hadrons can be generated by performing a Monte
Carlo simulation inputting the experimentally measured
vn, the resolution of the event planes, and the strength
of correlation among di erent order event planes. The
single-hadron azimuthal distributions due to collective
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FI G. 6. Hi g h e r- o r d e r fl o w h a r m o ni c s f o r c h a r g e d h a d r o n s a t mi d r a p i di t y i n A u + A u c olli si o n s a t
√

s N N = 2 0 0 G e V. C o e ffi ci e nt s
a r e d e t e r mi n e d u si n g t h e e v e nt- pl a n e m e t h o d f o r v 2 ( ( a )- ( e ) ), v 3 ( (f )- (j ) ), v 4 ( ( k )- ( o ) ), a n d v 4 { Ψ 2 } ( ( p )- ( t ) ). T h e c ol u m n s
r e p r e s e nt c e nt r ali t y bi n s 0 % – 1 0 % ( a,f, k, p ), 1 0 % – 2 0 % ( b, g,l, q ), 2 0 % – 3 0 % ( c, h, m, r ), 3 0 % – 4 0 % ( d,i, n, s ), a n d 4 0 % – 5 0 % ( e,j, o, t ).
C o e ffi ci e nt s o b t ai n e d i n t hi s a n al y si s a r e s h o w n b y bl u e p oi nt s a n d t h o s e m e a s u r e d i n R ef. [ 3 5] a r e s h o w n b y m a g e nt a p oi nt s.
S h a d e d b a n d s a n d m a g e nt a li n e s i n di c a t e s y s t e m a ti c u n c e r t ai nti e s of t h o s e m e a s u r e m e nt s.

fl o w c a n b e d e s c ri b e d b y a s u p er p o siti o n of v n a s

d N

d φ
= 1 +

4

n = 2

2 v n c o s n (φ − Ψ t r u e
n ), ( 2 1)

w h er e φ i s t h e a zi m ut h al a n gl e of t h e e mitt e d h a d r o n s
a n d Ψ t r u e

n i s a t r u e n t h- o r d e r e v e nt pl a n e d e fi n e d o v e r
[− π / n, π / n ]. S e p ar at e di st ri b uti o n s u si n g v n f o r e a c h p T

r a n g e s of t ri g g er a n d a s s o ci at e d p arti cl e s a r e u s e d i n t h e
si m ul ati o n. T h e t ri g g e r a n d a s s o ci at e d di st ri b uti o n s i n
r e al e v e nt s s h a r e a c o m m o n Ψ n , w hil e t h o s e i n mi x e d
e v e nt s d o n ot.

T h e e x p e ri m e nt al e v e nt pl a n e r e s ol uti o n i s i n-
t r o d u c e d t h r o u g h a di s p er si o n t er m ∆ Ψ n w h er e
Ψ o b s

n = Ψ t r u e
n + ∆ Ψ n . We c al c ul at e ∆ Ψn a s

∆ Ψ n =
e −

χ 2
n
2

π
1 + z n

√
π [ 1 + e rf (z n )]e z 2

n ( 2 2)

w h e r e z n = χ n /
√

2 c o s( n ∆ Ψ n ) a n d erf ( z n ) i s t h e er r or
f u n cti o n [ 4 2, 7 4]. T hi s e q u ati o n c a n b e s ol v e d f o r ∆ Ψn b y
u si n g t h e e x p eri m e nt all y- d et e r mi n e d χ n f r o m t h e m e a-
s u r e d e v e nt pl a n e r e s ol uti o n s u si n g E q. ( 5).

B e c a u s e a w e a k c o r r el ati o n b et w e e n Ψ t r u e
2 a n d Ψ t r u e

3

e xi st s [ 3 5], t h e di r e cti o n s of Ψ t r u e
2 a n d Ψ t r u e

3 a r e g e n e r-

at e d i n d e p e n d e ntl y. T h e di r e cti o n of Ψ t r u e
4 i s g e n e r at e d

a s s u mi n g a c o r r el ati o n wit h Ψ t r u e
2 , Ψt r u e

4 = Ψ t r u e
2 + ∆ Ψ 4 2 .

We e sti m at e ∆ Ψ 4 2 a s s u mi n g t h e c or r el ati o n b et w e e n t h e
t w o e v e nt pl a n e s f oll o w si mil a r f u n cti o n al f o r m s a s t h e
di s p er si o n of e v e nt pl a n e s d u e t o t h e r e s ol uti o n. T h at i s,
w e a s s u m e,

∆ Ψ 4 2 =
e −

χ 2
4 2
2

π
1 + z 4 2

√
π [ 1 + e rf (z 4 2 )]e z 2

4 2 ( 2 3)

w h er e z 4 2 = χ 4 2 /
√

2 c o s 4 ∆ Ψ 4 2 . T he p a r a m et e r χ 4 2 i s
a s s u m e d t o b e si mil a r t o E q. ( 5)

c o s( 4 ∆ Ψ 4 2 ) =

√
π

2
√

2
χ 4 2 e − χ 2

4 2 / 4

× I 0
χ 2

4 2

4
+ I 1

χ 2
4 2

4
( 2 4)

w h e r e c o s( 4 ∆ Ψ 4 2 ) = v 4 { Ψ 2 } / v 4 [ 7 5]. T h e f u n cti o n al
s h a p e of E q. ( 2 3) i s v e ri fi e d b y e v e nt pl a n e c or r el ati o n
st u di e s u si n g t h e B B C s a n d t h e R X N s f oll o wi n g t h e
m et h o d d e s c ri b e d i n R ef. [ 7 6]. T h e c or r el ati o n st r e n gt h
b et w e e n Ψ t r u e

2 a n d Ψ t r u e
3 , c o s 6( Ψ 2 − Ψ 3 ) , i s m e a s u r e d

t o b e c o n si st e nt wit h z er o wit hi n l a r g e st ati sti c al u n c e r-
t ai nti e s. P ot e nti al i m p a ct s of c o s 6( Ψ 2 − Ψ 3 ) t o t h e
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FI G. 7. T h e r a ti o of t h e r e al- e v e nt t o mi x e d- e v e nt di s t ri b u-
ti o n s of di s t a n c e s ∆ z b e a m - ∆φ b e t w e e n hi t s i n a p ai r of t r a c k s
i n ( a ) P C 1 a n d ( b ) P C 3 af t e r t h e P C 1 c u t. T h e r e gi o n e n-
ci r cl e d b y d a s h e d ( m a g e nt a ) c u r v e s a r e e x cl u d e d f r o m t hi s
a n al y si s.

e v e nt pl a n e d e p e n d e nt c or r el ati o n s ar e e sti m at e d u si n g
t h e v al u e of c o s 6( Ψ 2 − Ψ 3 ) r e p o rt e d i n R ef. [ 7 6] b y t h e
A T L A S E x p e ri m e nt. T h e i m p a ct of c o s 6( Ψ 2 − Ψ 3 ) i s
wit hi n t h e s y st e m ati c u n c ert ai nti e s d e s c ri b e d l at e r.

We u s e t h e a v er a g e d χ 4 2 v al u e b et w e e n
2 < p T < 4 G e V / c a n d 1 < p T < 2 G e V / c f o r
e v e nt pl a n e- d e p e n d e nt c o r r el ati o n s of ( 2 < p t

T <
4) ⊗ ( 1 < p a

T < 2), ( 2 < p t
T < 4) ⊗ ( 2 < p a

T < 4),
a n d ( 4 < p t

T < 1 0) ⊗ ( 2 < p a
T < 4) G e V / c b e c a u s e

c o s( 4 ∆ Ψ 4 2 ) w o ul d c o nt ai n a ut o- c o r r el ati o n s fr o m j et s
at hi g h p T .

T h e e v e nt pl a n e- d e p e n d e nt b a c k g r o u n d s h a p e s a r e d e-
t e r mi n e d b y g e n e r at e d p a rti cl e s i n t hi s si m ul ati o n u si n g
E q. ( 1 8). Fi g u r e 9 s h o w s e v e nt pl a n e- d e p e n d e nt c o r r e-
l ati o n s a n d b a c k gr o u n d s wit h a s el e cti o n of t h e a b s o-
l ut e t ri g g er a zi m ut h al a n gl e r el ati v e t o t h e e v e nt- pl a n e s
|φ t − Ψ n |. T h e b a c k gr o u n d s a gr e e wit h t h e e x p eri m e n-
t al c o r r el ati o n s e x c e pt at ∆ φ = 0 , π w h e r e c o nt ri b uti o n s
f r o m j et s a r e e x p e ct e d. Fi g u r e 1 0 s h o w s e v e nt pl a n e-
d e p e n d e nt c o r r el ati o n s a n d b a c k g r o u n d s wit h a s el e c-
ti o n of t ri g g er a zi m ut h al a n gl e r el ati v e t o e v e nt pl a n e s
φ t − Ψ n < 0. A g r e e m e nt b et w e e n t h e e x p eri m e nt al c o r-
r el ati o n s a n d t h e b a c k g r o u n d e x c e pt at ∆ φ = 0 , π i s al s o
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FI G. 8. E x a m pl e of Z Y A M e x t r a c ti o n w h e r e t h e c o r r el a ti o n
f u nc ti o n C ( ∆ φ ) ( o p e n ci r cl e ) i s fi t t e d ( d a s h e d li n e ). T h e n o r-
m ali z a ti o n of t h e u n d e rl yi n g e v e nt m o d el ( r e d s oli d li n e ) i s
a dj u s t e d t o m a t c h t h e mi ni m u m v al u e of t h e fi t. T h e ( bl u e )
b a n d i n di c a t e s t h e u n c e r t ai nt y o n t h e Z Y A M e x t r a c ti o n d e-
t e r mi n e d b y t h e s t a ti s ti c al u n c e r t ai nt y of C ( ∆ φ ) n e a r t h e
mi ni m u m.

o b s e r v e d h e r e. Ot h er e v e nt- pl a n e d e p e n d e nt c o r r el ati o n s
a n d b a c k gr o u n d s wit h a s el e cti o n of t ri g g e r a zi m ut h al
a n gl e r el ati v e t o e v e nt- pl a n e s φ t − Ψ n < 0 f o r di ff e r e nt
c olli si o n c e ntr aliti e s a n d p t, a

T s el e cti o n s ar e s h o w n i n t h e
A p p e n di x.

D.  U nf ol di n g of E v e n t Pl a n e - D e p e n d e n t
C o r r el a ti o n s

I n t hi s a n al y si s, φ s i s di vi d e d i nt o 8 bi n s. T h e wi dt h of
t h e φ s bi n s i s π / 8 a n d π / 1 2 w h e n c o r r el ati n g wit h Ψ 2 a n d
Ψ 3 , r e s p e cti v el y. T h e e v e nt pl a n e- d e p e n d e nt p e r-tri g g e r
yi el d s Y ( ∆φ, φ s ) a r e s m e ar e d a cr o s s n ei g h b o ri n g e v e nt
pl a n e bi n s d u e t o li mit e d e x p eri m e nt al r e s ol uti o n of t h e
e v e nt pl a n e s. We u nf ol d t h e s m e a ri n g t o o bt ai n t h e t r u e
e v e nt- pl a n e d e p e n d e n c e of t h e c o r r el ati o n s. T w o di ff e r e nt
m et h o d s ar e u s e d t o c h e c k t h e u nf ol di n g p r o c e d u r e: (I)
it e r ati v e B a y e si a n u nf ol di n g, Y i t r

u nf , a n d (II) c o r r e cti n g t h e
e v e nt pl a n e- d e p e n d e n c e of t h e p e r-t ri g g e r yi el d b a s e d o n
a F o u ri e r a n al y si s, Y fi t

u nf .

1. It e r ati v e B a y e si a n U nf ol di n g

T h e It e r ati v e B a y e si a n U nf ol di n g M et h o d p r e s e nt e d i n
R ef. [ 7 7, 7 8] i s a p pli e d t o t hi s a n al y si s wit h t h e f oll o wi n g
f o r m ul ati o n

n̂ ( φ s, i , ∆ φ ) =
j

M i j n
o b s (φ s, j , ∆ φ ) ( 2 5)

M i j =
P (φ s, j |φ s, i )n (φ s, i , ∆ φ )

ε i l P (φ s, j |φ s,l )n (φ s,l , ∆ φ )
, ( 2 6)
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FI G. 9.  E v e nt pl a n e- d e p e n d e nt
C ( ∆ φ ) ( bl a c k ci r cl e s ) a n d e v e nt pl a n e-
d e p e n d e nt m o d el fl o w b a c k g r o u n d
( bl u e li n e s ) of ( 2 < p t

T < 4 ) ⊗ ( 1 <
p a

T < 2 ) G e V / c . Tri g g e r p a r ti cl e s a r e
s el e c t e d i n ( a ) o u t- of- pl a n e 3 π / 8 <
|φ t − Ψ 2 | < 4 π / 8 of Ψ 2 , ( b ) i n- pl a n e
0 < |φ t − Ψ 2 | < π / 8 of Ψ 2 , ( c ) o u t- of-
pl a n e 3 π / 1 2 < |φ t − Ψ 3 | < 4 π / 1 2 of
Ψ 3 , ( d ) i n- pl a n e 0 < |φ t − Ψ 3 | < π / 1 2
of Ψ 3 . S c h e m a ti c pi c t u r e s i n e a c h
p a n el al s o d e pi c t t h e s e r a n g e s of t h e
t ri g g e r p a r ti cl e s el e c ti o n s wi t h r e s p e c t
t o e v e nt pl a n e Ψ n .
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FI G. 1 0.  E v e nt pl a n e- d e p e n d e nt
C ( ∆ φ ) ( bl a c k ci r cl e s ) a n d e v e nt pl a n e-
d e p e n d e nt m o d el fl o w b a c k g r o u n d
( bl u e li n e s ) of ( 2 < p T < 4 ) ⊗ ( 1 <
p a

T < 2 ) G e V / c . Tri g g e r p a r ti cl e s a r e
s el e c t e d i n ( a ) o u t- of- pl a n e − 4 π / 8 <
φ t − Ψ 2 < − 3 π / 8 of Ψ 2 , ( b ) i n- pl a n e
− π / 8 < φ t − Ψ 2 < 0 of Ψ 2 , ( c ) o u t- of-
pl a n e − 4 π / 1 2 < φ t − Ψ 3 < − 3 π / 1 2 of
Ψ 3 , ( d ) i n- pl a n e − π / 1 2 < φ t − Ψ 3 < 0
of Ψ 3 . S c h e m a ti c pi c t u r e s i n e a c h
p a n el al s o d e pi c t t h e s e r a n g e s of t h e
t ri g g e r p a r ti cl e s el e c ti o n s wi t h r e s p e c t
t o e v e nt- pl a n e Ψ n .

w h er e n̂ ( φ s , ∆ φ ) i s t h e u nf ol d e d di stri b uti o n,
n o b s (φ s , ∆ φ ) i s t h e e x p e ri m e nt all y o b s e r v e d di stri-
b uti o n, n (φ s , ∆ φ ) i s t h e p ri or di st ri b uti o n, P (φ s, j |φ s, i )
i s t h e c o n diti o n al p r o b a bilit y m at ri x w h e r e φ s, i i s
m e a s u r e d t o b e φ s, j , a n d ε i = j P (φ s, j |φ s, i ) i s t h e

e ffi ci e n c y. I n t h e it er ati v e c al c ul ati o n, n̂ ( φ s , ∆ φ ) al s o
s er v e s a s t h e p ri o r di st ri b uti o n of t h e n e xt l o o p. We
p e rf or m t hi s u nf ol di n g s e p ar at el y f o r e v er y ∆ φ bi n.

We d e fi n e t h e e x p e ri m e nt all y o b s e r v e d di st ri b uti o n a s

n o b s (φ s , ∆ φ ) = 1 + Y (φ s , ∆ φ ) u si n g t h e m e a s u r e d e v e nt
pl a n e- d e p e n d e nt p e r-t ri g g e r yi el d. T h e o ff s et i s t o p r e-
v e nt a di v er g e n c e i n t h e it e r ati o n d u e t o s m all yi el d s n e a r
t h e Z Y A M p oi nt. I n t h e i niti al l o o p of t h e it er ati o n, w e
d e fi n e t h e p ri o r di st ri b uti o n a s n (φ s , ∆ φ ) = n o b s (φ s , ∆ φ ).

T h e p r o b a bilit y di st ri b uti o n of t h e r el ati v e a zi m ut h al
a n gl e b et w e e n t h e t r u e e v e nt pl a n e Ψ n a n d t h e m e a s u r e d
e v e nt pl a n e Ψ o b s

n c a n b e t r a n sl at e d i nt o t h e di ff e r e n c e
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b et w e e n r e al a n d o b s e r v e d φ s a s

Ψ n − Ψ o b s
n = (φ t − Ψ o b s

n ) − (φ t − Ψ n ) = φ o b s
s − φ s .( 2 7)

Wit h t hi s p r o b a bilit y di st ri b uti o n of φ o b s
s − φ s , t h e p r o b-

a bilit y m atri x P (φ s, j |φ s, i ) i s d et e r mi n e d b y t h e d e gr e e of
t h e c o nt a mi n ati o n b y n ei g h b ori n g φ s bi n a s

P (φ s, j |φ s, i ) =

















s 0 s 1 s 2 s 3 s 4 s 5 s 6 s 7

s 7 s 0 s 1 s 2 s 3 s 4 s 5 s 6

s 6 s 7 s 0 s 1 s 2 s 3 s 4 s 5

s 5 s 6 s 7 s 0 s 1 s 2 s 3 s 4

s 4 s 5 s 6 s 7 s 0 s 1 s 2 s 3

s 3 s 4 s 5 s 6 s 7 s 0 s 1 s 2

s 2 s 3 s 4 s 5 s 6 s 7 s 0 s 1

s 1 s 2 s 3 s 4 s 5 s 6 s 7 s 0

















( 2 8)

w h er e s n (n = 0) i s t h e c o nt a mi n ati o n f r a cti o n fr o m t h e
n -t h φ s bi n a w a y f r o m a s el e ct e d φ s bi n, a n d s 0 i s t h e
f r a cti o n of t h e t r u e si g n al i n t h e s el e ct e d φ s bi n.  A
st u d y i n p r e vi o u s i d e nti fi e d p a rti cl e v 2 m e a s u r e m e nt s of
t h e P H E NI X e x p e ri m e nt [ 6 8] u si n g t h e s a m e d at a s a m-
pl e a s t hi s a n al y si s s h o w e d t h at t h e tr a c ki n g e ffi ci e n c y i s
i n d e p e n d e nt of φ s . T h u s, w e n o r m ali z e t h e p r o b a bilit y
a s s n = 1, i. e. ε = 1. D u e t o t h e c y cli c b o u n d a r y
c o n diti o n i n t h e a zi m ut h al a n gl e di r e cti o n, s y m m etri c el-
e m e nt s of P (φ s, j |φ s, i ) ar e i d e nti c al i. e. s 5 = s 3 , s 6 = s 2 ,
a n d s 7 = s 1 . T h e m at ri x P (φ s, j |φ s, i ) d e p e n d s o nl y o n t h e
o r d e r of e v e nt- pl a n e s a n d c e nt r alit y. A n e x a m pl e of c o r-
r e cti o n s b a s e d o n t hi s it e r ati v e m et h o d at − π

2 4 < ∆ φ < 0
f o r ( 2 < p t

T < 4) ⊗ ( 1 < p a
T < 2) G e V / c i n 2 0 % – 3 0 % c e n-

t r al c olli si o n s i s s h o w n i n Fi g. 1 1 t o g et h e r wit h a n e x-
a m pl e of t h e F o u ri e r a n al y si s m et h o d i nt r o d u c e d i n S e c-
ti o n III D 2.

2.  F o u ri e r O s cill ati o n C o r r e cti o n of t h e E v e nt
Pl a n e- D e p e n d e n c e of C o r r el ati o n s

T h e s e c o n d m et h o d t o c o r r e ct t h e e v e nt pl a n e-
d e p e n d e n c e of t h e p e r-tri g g e r yi el d i s a F o u ri e r a n al y si s.
Y ( ∆φ, φ s ) i s o ff s et b y 1 t o p r e v e nt di v e r g e n c e s i n t h e c o r-
r e cti o n d u e t o s m all v al u e s d u e t o t h e Z Y A M s u bt r a cti o n
of t h e b a c k gr o u n d. A F o u ri e r s eri e s s h o ul d b e a bl e t o fit
t h e e v e nt pl a n e- d e p e n d e n c e of 1 + Y ( ∆φ, φ s ), a n d t h e fit
f u n cti o n t o t h e Ψ2 - d e p e n d e nt c a s e at a gi v e n ∆φ c a n b e
w ritt e n a s

F Y ( ∆φ, φ s ) = a 0 1 +
n = 2 ,4

2 a n c o s n (φ s + ∆ φ ) ( 2 9)

a n d si mil a rl y t h e Ψ 3 -d e p e n d e nt c a s e c a n b e writt e n a s

F Y ( ∆φ, φ s ) = a 0 [ 1 + 2a 3 c o s 3( φ s + ∆ φ )] ( 3 0)

w h er e a 0 i s a n or m ali z ati o n a n d a 2 , a 3 , a nd a 4 a r e t h e
a zi m ut h al a ni s ot r o pi e s of 1 + Y (φ s , ∆ φ ). I n t h e fitti n g
f u n cti o n s F Y ( ∆φ, φ s ), t h e p h a s e s hift ∆ φ i s n e c e s s ar y

i n 1 + Y (φ s , ∆ φ ) b e c a u s e t h e a s s o ci at e d yi el d s a r e at
φ a − Ψ n = φ s + ∆ φ ( s e e Fi g u r e 2).

Wit h t h e a s s u m pti o n t h at t h e c o e ffi ci e nt s d et er mi n e d
f r o m t h e fit s ar e dil ut e d b y t h e e v e nt pl a n e r e s ol uti o n s,
t h e e ff e ct s c a n b e c o r r e ct e d i n a m a n n e r a n al o g o u s t o t h e
si n gl e- p a rti cl e a zi m ut h al a ni s ot r o p y v n a s p e rf o r m e d i n
R ef. [ 1 6]. F o r t h e Ψ 2 - d e p e n d e nt c a s e, t h e c or r e cti o n i s
gi v e n a s

F Y , c o r ( ∆φ, φ s ) = a 0 1 +
n = 2 ,4

2 a n c o s n (φ s + ∆ φ )

R e s { n, Ψ 2 }

( 3 1)

a n d f o r t h e Ψ3 - d e pe n d e nt c a s e it i s gi v e n a s

F Y , c o r ( ∆φ, φ s ) = a 0 1 +
2 a 3 c o s 3( φ s + ∆ φ )

R e s { 3 , Ψ 3 }
. ( 3 2)

T h e c or r e cti o n c o e ffi ci e nt t o 1 + Y c o r i s t he n gi v e n b y t h e
r ati o F Y , c o r (φ s )/ F Y (φ s ), w hi c h t h e n fi x e s t h e c o r r e ct e d
p e r-tri g g e r yi el d a s

1 + Y c o r (φ s , ∆ φ ) =
F Y , c o r (φ s , ∆ φ )

F Y (φ s , ∆ φ )
× ( 1 + Y (φ s , ∆ φ )).

( 3 3)

1. 5− 1− 0. 5− 0 0. 5 1 1. 5
 [r a d]2Ψ-tφ=

s
φ

1

1. 0 5

1. 1

1. 1 5

1. 2

) sφ,
φ

∆
1
+

Y(

R a w

Fitti n g

B a y e si a n

/ 2 4π=-φ∆A u + A u 2 0- 3 0 %, 

1- 2 G e V/ c⊗: 2- 4t, a

T
p

P H E NI X

FI G. 1 1. T h e r a w e v e nt pl a n e- d e p e n d e nt p e r- t ri g g e r yi el d s
o ff s e t b y 1, 1 + Y ( φ s , ∆ φ = − π / 2 4 ) ( bl a c k ci r cl e s ). T h e r e-
s ul ti n g c o r r e c t e d p e r- t ri g g e r yi el d s u si n g i t e r a ti v e B a y e si a n
u nf ol di n g ( bl u e fill e d s q u a r e s ) a n d f r o m F o u ri e r fi t ti n g ( r e d
o p e n s q u a r e s ).

E.  S y s t e m a ti c U n c e r t ai n ti e s f o r P e r - Tri g g e r Yi el d s

1.  E ffi ci e n c y

S y st e m ati c u n c ert ai nti e s i n t r a c ki n g e ffi ci e n c y a r e e s-
ti m at e d t o b e a p p r o xi m at el y 1 0 % f o r p T < 4 G e V / c
a n d 1 3 % f or p T > 4 G e V / c i n d e p e n d e nt of c e nt r al-
it y [ 7, 1 6, 2 8, 4 7].
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2. Inclusive Per-Trigger Yields

Systematic uncertainties on the yields from the match-
ing cut and from the vn measurements are determined by
the variations on the parameters discussed below. The
systematic uncertainty from the matching cut mat af-
ter ow subtraction is derived in similar manner as in
previous publications [47] as

mat = Y mat=2 5 ( ) Y mat=1 5 ( ) 2 (34)

The systematic uncertainties from vn are evaluated by
taking the quadrature sum of residuals from the 1- un-
certainties on the vn for all orders of n used in the sub-
traction. Formally the calculation is given by

v =
k=2 3 4 l= 1

Y vl
k ( ) Y vk( ) 2

2
(35)

where the second Y ( ) refers to the yields resulting
from the default set of measured vn values. The total
systematic uncertainties in in the inclusive trigger yields
are given by

in = 2
v +

2
mat (36)

We studied the inclusion of a v5 term assuming v5 =
0 5 v4 consistent with the ATLAS measurements [34].
The results were completely consistent with the quoted
uncertainties. Uncertainties due to ZYAM will be dis-
cussed later.

3. Event Plane-Dependent Per-Trigger Yields

In addition to systematic uncertainties considered in
the inclusive per-trigger yields, systematic uncertainties
due to the cos 4( 4 2) correlation strength are also
taken into account before the unfolding of event plane
resolution e ects. The value of 42 is determined with
v4 4 and v4 2 , and the systematic uncertainties of

42 are propagated from those of v4 2 . Systematic
uncertainties on the yield due to 42 are given by

42
=

l= 1

Y
l
42( s) Y 42( s) 2

2
(37)

The systematic uncertainties before unfolding are

bef = 2
v +

2
mat +

2
42

(38)

For the event plane-dependent per-trigger yields, the
systematic uncertainty due to the impact of the nite
event plane resolution on the correlations has contribu-
tions from the method and the number of iterations in the

Bayesian method. The uncertainty due to the method is
given by

Met = Y t
unf Y itr

unf (39)

where Y itr
unf is the result using the iterative Baysean

method and Y t
unf is the result using the Fourier tting

method. The uncertainty due to the number of inter-
actions using for unfolding is given by the di erence be-
tween the number of iterations (Nit) for n = 5 and n = 10

Nit = Y n=5
unf Y n=10

unf (40)

These unfolding uncertainties are added in quadrature to
the uncertainties before unfolding

tot = bef
2 + Met

2 + Nit
2 (41)

In event plane-dependent per-trigger yields, we also un-
folded the upper and lower boundaries of ZYAM uncer-
tainties propagated from statistical uncertainties from
the data. The systematic uncertainties associated with
ZYAM are not included into the total systematic uncer-
tainties tot. These variations are discussed below.

IV. RESULTS AND DISCUSSION

A. Inclusive Per-Trigger Yields I: High-pT Trigger

Particles

We rst present the highest trigger pT correlations.
The jet-like correlations should be dominated by 2 2
scattering. Pairs of particles with = 0, the near side,
are from both particles fragmenting from a single jet.
Pairs of hadrons around = , the away side, occur
when each particle fragments from back-to-back jets. In
high-pT correlations the jet momentum fraction for the
associated particle is approximated by

zT = paT ptT (42)

Per-trigger yields with trigger particles from 4 < ptT <
10 GeV/c paired with associated particles from 0 5 <
paT < 10 GeV/c are shown in Fig. 12. The band around
zero indicates the systematic uncertainty due the ZYAM
assumption. The band around the data points is the sys-
tematic uncertainty from all other sources. Systematic
uncertainties from the associated tracking e ciency and
matching and the ZYAM normalization are fully corre-
lated point-to-point. The underlying event subtraction
is correlated point-to-point and can a ect the shape. For
the highest trigger pT correlations, the dominant system-
atic is not the underlying event subtraction.

The near-side yield is centrality independent (Fig. 12).
This is consistent with measurements of the two-particle
correlation that indicated the near-side yields are not
modi ed [21, 27, 30, 45]. The lack of centrality depen-
dence is also consistent with the picture that trigger-
ing on high-pT particles biases the origin of the hard-
scattering toward the surface of the QGP such that the
leading parton loses little to no energy.
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FI G. 1 2. P e r- t ri g g e r yi el d s Y ( ∆ φ ) of di h a d r o n s p ai r s m e a s u r e d i n A u + A u c olli si o n s a t
√

s N N = 2 0 0 G e V af t e r s u b t r a c ti n g

t h e u n d e rl yi n g e v e nt m o d el wi t h s e v e r al p T s el e c ti o n s: ( a ) – ( e ) ( 4 < p t
T < 1 0 ) ⊗ ( 4 < p a

T < 1 0 ) G e V / c , (f ) – (j ) ( 4 < p t
T <

1 0 ) ⊗ ( 2 < p a
T < 4 ) G e V / c , ( k ) – ( o ) ( 4 < p t

T < 1 0 ) ⊗ ( 1 < p a
T < 2 ) G e V / c , a n d ( p ) – ( t ) ( 4 < p t

T < 1 0 ) ⊗ ( 0 .5 < p a
T < 1 ) G e V / c .

T h e c ol u m n s r e p r e s e nt c e nt r ali t y bi n s 0 % – 1 0 % ( a,f, k, p ), 1 0 % – 2 0 % ( b, g,l, q ), 2 0 % – 3 0 % ( c, h, m, r ), 3 0 % – 4 0 % ( d,i, n, s ), 4 0 % – 5 0 %
( e,j, o, t ). S y s t e m a ti c u n c e r t ai nti e s d u e t o t r a c k m a t c hi n g a n d t h e v n a r e s h o w n b y bl u e b a n d s a r o u n d t h e p oi nt s. U n c e r t ai nti e s
f r o m Z Y A M a r e s h o w n b y t h e p u r pl e b a n d s a r o u n d z e r o yi el d.

T h e a w a y- si d e p e a k i s e vi d e nt i n s e v e r al p a
T a n d c e n-

t r alit y s el e cti o n s. T h e e v ol uti o n of t h e a w a y s h a p e a n d
yi el d wit h c e nt r alit y a n d p a

T i s si mil a r t o p r e vi o u s m e a-
s u r e m e nt s w h er e o nl y v 2 i s a s s u m e d t o c o ntri b ut e t o t h e
u n d e rl yi n g e v e nt [ 2 9, 4 6, 4 7]. T h e a w a y- si d e p e a k b e-
c o m e s s h ar p e r a n d m o r e p r o n o u n c e d a s p a

T i n cr e a s e s or
t h e c e nt r alit y s el e cti o n b e c o m e s m o r e p e ri p h e r al. I n m o r e
c e nt r al c olli si o n s a n d l o w e r p a

T w h e n t h e a w a y- si d e st r u c-
t u r e i s p r e s e nt, it i s b r o a d e r t h a n i n t h e hi g h e st p a

T a n d
p e ri p h er al c e nt r alit y s el e cti o n. T h e t r e n d s a r e c o n si st e nt
wit h a pi ct u r e w h er e t h e a s s o ci at e d p a rt o n o p p o sit e t h e
t ri g g er l o s e s e n e r g y a n d s c att e r s i n t h e m e di u m. At t h e
l o w e st p a

T a v e r y wi d e pl at e a u-li k e a w a y- si d e str u ct u r e i s
o b s e r v e d wit h si mil a r s h a p e a n d m a g nit u d e i n all c e n-
t r aliti e s. Si mil a r l o w- m o m e nt u m a n d l a r g e- a n gl e yi el d s
h a v e b e e n o b s e r v e d i n p ri o r m e a s u r e m e nt s [ 2 0, 2 3 – 2 5].

Fi g u r e 1 3 s h o w s t h e c o m p a ri s o n b et w e e n t h e hi g h e st
p t

T c o r r el ati o n s f or e a c h c e nt r alit y wit h t h e s a m e di s-
t ri b uti o n s m e a s u r e d i n p + p c olli si o n s f r o m a p r e vi o u s
a n al y si s [ 4 7]. I n t h at p a p er t h e l o w e st p a

T bi n w a s 0. 4-
1. 0 G e V / c c o m p ar e d t o 0. 5 – 1. 0 G e V / c i n t hi s a n al y si s.
T h er ef o r e, t h e l o w e st p a

T bi n f r o m p + p w a s m o di fi e d b y
a ∆ φ - d e p e n d e nt c o r r e cti o n d et e r mi n e d f r o m p y t hi a 6
[ 7 9]. T h e c or r e cti o n, w hi c h h a s n e gli gi bl e u n c ert ai nti e s
c o m p ar e d t o t h o s e f r o m ot h e r s o u r c e s, w a s d et er mi n e d

f r o m t h e r ati o of fit s t o t h e p y t hi a di h a d r o n ∆ φ p e r-
t ri g g er yi el d di st ri b uti o n s wit h 0 .5 < p a

T < 1 .0 G e V / c
a n d 0 .4 < p a

T < 1 .0 G e V / c .
P r e vi o u s c o r r el ati o n a n al y s e s t h at r eli e d o n v 2 - o nl y

s u btr a cti o n i n di c at e d t h e n e a r- si d e yi el d w a s e n h a n c e d i n
A u + A u c o m p ar e d t o p + p , t h e s o- c all e d “ ri d g e ” [ 4 5, 4 7].
O u r u p d at e d u n d e rl yi n g e v e nt m o d el h a s r e d u c e d t h e
n e a r- si d e yi el d a s e x p e ct e d [ 3 2]. I n f a ct, t h e yi el d s
a r e sli g htl y s u p p r e s s e d r el ati v e t o p + p . T h e i nt e gr at e d
a w a y- si d e yi el d s s h o w m o di fi c ati o n r el ati v e t o p + p . Fi g-
u r e s 1 3( b) a n d ( d) s h o w t h e c o m p a ri s o n s of t h e p e r-
t ri g g er yi el d s f o r t h e l o w e st p a

T . T h e a w a y- si d e s h a p e s
of t h e A u + A u di stri b uti o n s a r e di ff e r e nt t h a n p + p . T h e
l a r g e- a n gl e e n h a n c e m e nt of t h e p e r-tri g g e r yi el d at l o w
a s s o ci at e d p a rti cl e m o m e nt u m i s q u alit ati v el y c o n si s-
t e nt wit h m e a s u r e m e nt s of di r e ct p h ot o n- h a d r o n a n d j et-
h a d r o n c o r r el ati o n s wit h f ull y r e c o n str u ct e d j et s[ 2 0, 2 3 –
2 5].

T o e x pl or e t h e s e f e at u r e s q u a ntit ati v el y, w e c al c ul at e
t h e r ati o ( I A A ) of t h e a w a y- si d e yi el d s i n A u + A u t o t h o s e
i n p + p

I A A =
Y A u + A u ( ∆φ )

Y p + p ( ∆φ )
. ( 4 3)

Fi g u r e 1 4( b) s h o w s I A A v s. c e nt r alit y w h e n i nt e gr ati n g
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∆
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)φ
∆
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0
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0. 2 ( d)
4 0- 5 0 %

0. 5- 1 G e V/ c⊗4- 1 0

FI G. 1 3. C o m p a ri s o n p e r- t ri g g e r yi el d s b e t w e e n A u + A u a n d
p + p c olli s i o n s a t

√
s N N = 2 0 0 G e V f r o m 4 – 1 0 G e V / c t r i g g e r s

c o r r el a t e d wi t h a s s o ci a t e d p a r ti cl e s 4 – 1 0 G e V / c ( a, c ) a n d 0. 5 –
1 G e V / c ( b, d ) i n 1 0 % – 2 0 % ( a, b ) a n d 4 0 % – 5 0 % ( c, d ) c olli si o n s
af t e r s u b t r a c ti o n of t h e u n d e rl yi n g- e v e nt m o d el. I n t h e hi g h-
e s t a s s o ci a t e d p T c o r r el a ti o n s a n a w a y- si d e s u p p r e s si o n i s o b-
s e r v e d. I n t h e l o w e s t a s s o ci a t e d p T c o r r el a ti o n s a n e n h a n c e d
yi el d a t a n gl e s f a r f r o m ∆ φ = π i s o b s e r v e d. T h e b a c k g r o u n d
n o r m ali z a ti o n ( Z Y A M ) u n c e r t ai nt y s h o w n i n t h e p u r pl e b a n d
a r o u n d z e r o o n Fi g u r e 1 2 i s i n cl u d e d i n t h e bl u e b a n d a r o u n d
t h e p oi nt s i n t hi s fi g u r e.

t h e a w a y si d e 0 < |∆ φ − π | < π / 2 f o r 4 – 1 0 G e V / c
h a d r o n s p air e d wit h 0. 5 – 1. 0 G e V / c h a d r o n s. I A A i s
u nit y wit hi n u n c e rt ai nti e s i n di c ati n g t h at yi el d s u p p r e s-
si o n i s di sf a v o r e d. Fi g u r e 1 4( a) s h o w s I A A f o r t w o dif-
f e r e nt a n g ul ar r e gi o n s of i nt e gr ati o n a n d p a

T s el e cti o n s.
Fi r st, f or p a

T f r o m 4 – 1 0 G e V /c ( hi g h z T ) a n d i nt e g r ati n g
0 < |∆ φ − π | < π / 4, t h e j et p e a k r e gi o n, I A A i s l e s s t h a n
u nit y i n di c ati n g t h e p air yi el d s a r e s u p p r e s s e d r el ati v e t o
t h o s e i n p + p . T hi s i s c o n si st e nt wit h p r e vi o u s m e a s u r e-
m e nt s of st r o n g s u p p r e s si o n of hi g h p a

T [ 2 0, 2 8]. W h e n
i nt e g r ati n g π / 4 < |∆ φ − π | < π / 2 f or p a

T f r o m 0. 5 – 1. 0
G e V / c (l o w z T ), I A A ∼ 1 wit hi n s y st e m ati c u n c e rt ai n-
ti e s. T hi s w o ul d i n di c at e t h at t h e yi el d i n A u + A u i s si m-
il a r t o p + p . H o w e v er, it i s m o r e i n st r u cti v e t o c o m p ar e
t h e I A A f o r a fi x e d p t

T , w hi c h a p p r o xi m at el y fi x e s t h e j et
e n er g y. Fi g u r e 1 4( a) s h o w s t h at t h e l o w- z T f r a g m e nt s at
l a r g e a n gl e s f r o m ∆φ = π a r e si g ni fi c a ntl y e n h a n c e d c o m-
p a r e d t o t h e s u p p r e s s e d l e v el of hi g h- z T f r a g m e nt s wit hi n
t h e j et r e gi o n. B ot h t h e hi g h- z T s u p p r e s si o n r el ati v e t o
p + p a n d t h e e n h a n c e d l e v el of l o w- z T f r a g m e nt s at l a r g e
a n gl e s a r e c o n si st e nt wit h a r a di ati v e e n e r g y l o s s m o d el
w h er e t h e a w a y- si d e j et t r a v e r s e s t h e m e di u m, l o s e s e n-
e r g y, a n d t h e e n er g y g et s r e di stri b ut e d t o l a r g e r a n gl e s.

C e ntr alit y ( %)

A
A

I

1−1 0

1

1 0- 2 0 1 0- 2 02 0- 3 0 2 0- 3 03 0- 4 0 3 0- 4 04 0- 5 0 4 0- 5 0

T
L o w z
L ar g e A n gl e

( J et P e a k Ar e a)
T

Hi g h z

T
L o w z

F ull A w a y si d e

P H E NI X( a) ( b)

]π,
2
π| = [φ∆ = [ 0. 0 5- 0. 2 5] |Tz

]
4
π, 3

2
π| = [φ∆ = [ 0. 0 5- 0. 2 5] |Tz

]π,
4
π| = [φ∆ = [  > 0. 4  ]   |Tz

FI G. 1 4. I A A : Ra ti o of a w a y- si d e yi el d s i n A u + A u t o p + p
f r o m Fi g. 1 3 i n v a ri o u s ∆φ i nt e g r a ti o n r e gi o n s f o r t h e hi g h
a n d l o w z T = p a

T / p t
T . A w a y- si d e yi el d s s h o w t h e w ell- k n o w n

s u p p r e s si o n a t hi g h z T , m o s t p r o n o u n c e d f o r t h e s m all a n gl e
r e gi o n a r o u n d t h e u s u al a w a y- si d e p e a k c e nt e r |∆ φ − π | < π / 4.
At l o w z T , t h e l a r g e a n gl e i nt e g r a ti o n r e gi o n, |∆ φ − π | > π / 4,
s h o w a n e n h a n c e m e nt i n I A A w hi c h i s si g ni fi c a ntl y hi g h e r t h a n
t h e hi g h z T s u p p r e s s e d v al u e s, a n d g e n e r all y e n h a n c e d a b o v e
u ni t y T h e f ull a w a y- si d e i nt e g r a ti o n r e gi o n a t l o w z T i s al s o
hi g h e r t h a n t h e s u p p r e s s e d l e v el wi t h a t l e a s t 1 σ si g ni fi c a n c e
f o r m o s t c e nt r ali t y bi n s.

B. I n cl u si v e P e r - Tri g g e r Yi el d s I I: I n t e r m e di a t e - p T

Tri g g e r P a r ti cl e s

Gi v e n t h e s u c c e s s of r e p r o d u ci n g p ri o r c or r el ati o n r e-
s ult s at hi g h p t

T , w e st u d y l o w e r p t
T c o r r el ati o n s t o at-

t e m pt t o m e a s u r e j et-li k e c o r r el ati o n s at l o w e r m o m e n-
t u m t r a n sf e r Q 2 . P er-t ri g g er yi el d s wit h tri g g e r p arti cl e s
of 1 < p t

T < 2 a n d 2 < p t
T < 4 G e V / c p ai r e d wit h a s-

s o ci at e d p a rti cl e s of 0 .5 G e V / c < p a
T < p t

T i n s e v e r al
c e nt r alit y s el e cti o n s ar e s h o w n i n Fi g. 1 5. A s i n Fi g. 1 2,
t h e Z Y A M u n c ert ai nti e s a r e s h o w n a s a b a n d a r o u n d
z e r o w hil e v n u n c e rt ai nti e s a r e c o m bi n e d a s t h e b a n d
a r o u n d t h e d at a p oi nt s. At t h e s e p t

T t h e j et-li k e si g n al-
t o- u n d erl yi n g- e v e nt b a c k g r o u n d i s r e d u c e d m a ki n g t h e
c o nt ri b uti o n of t h e v n u n c e rt ai nti e s d o mi n a nt. B e c a u s e
t h e v n u n c e rt ai nti e s a r e p oi nt-t o- p oi nt c o r r el at e d, it i s
i m p o rt a nt t o r e c o g ni z e t h at t h e yi el d s a n d s h a p e c h a n g e
d u e t o t h at c o r r el ati o n. F o r e x a m pl e, if t h e v 2 s u btr a ct e d
i s t o o l a r g e, t h e e ff e ct o n t h e a w a y si d e i s a r e d u c e d p e a k
a n d a n e n h a n c e d l ar g e- a n gl e yi el d. If t h e v 2 s u btr a ct e d
i s t o o s m all, t h e a w a y- si d e b e c o m e s m o r e p e a k e d. I n
t h e di s c u s si o n t h at f oll o w s w e o nl y m a k e st at e m e nt s t h at
h a v e a si g ni fi c a nt v a ri ati o n o v e r t h e s y st e m ati c u n c e r-
t ai nti e s.

T h e a w a y- si d e yi el d a n d s h a p e v a ri e s wit h b ot h p a
T a n d

c e nt r alit y. I n t h e s e p T s el e cti o n s a n d i n t h e m o st c e nt r al
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FI G. 1 5. P e r- t ri g g e r yi el d s Y ( ∆ φ ) of di h a d r o n p ai r s m e a s u r e d i n A u + A u c olli si o n s af t e r s u b t r a c ti n g t h e u n d e rl yi n g e v e nt- m o d el
wi t h s e v e r al p T s el e c ti o n s of t h e t ri g g e r a n d a s s o ci a t e d p a r ti cl e s ( p t, a

T ): ( ( a )- ( e ) ) ( 2 < p t
T < 4 ) ⊗ ( 2 < p a

T < 4 ) G e V / c , ( (f )- (j ) )
( 2 < p t

T < 4 ) ⊗ ( 1 < p a
T < 2 ) G e V / c , ( ( k )- ( o ) ) ( 2 < p t

T < 4 ) ⊗ ( 0 .5 < p a
T < 1 ) G e V / c , ( ( p )- ( t ) ) ( 1 < p t

T < 2 ) ⊗ ( 1 < p a
T <

2 ) G e V / c , a n d ( ( u )- ( y ) ) ( 1 < p t
T < 2 ) ⊗ ( 0 .5 < p a

T < 1 ) G e V / c . T h e c ol u m n s r e p r e s e nt c e nt r ali t y bi n s 0 % – 1 0 % ( a,f, k, p, u ),
1 0 % – 2 0 % ( b, g,l, q, v ), 2 0 % – 3 0 % ( c, h, m, r, w ), 3 0 % – 4 0 % ( d,i, n, s, x ), 4 0 % – 5 0 % ( e,j, o, t, y ). S y s t e m a ti c u n c e r t ai nti e s a r e s h o w n b y
( bl u e ) b a n d s a r o u n d t h e p oi nt s. U n c e r t ai nti e s f r o m Z Y A M a r e s h o w n b y ( p u r pl e ) b a n d s a r o u n d z e r o yi el d.

c olli si o n s, t h e a w a y- si d e s e e m s t o c o m pl et el y di s a p p e a r.
If o ur b a c k g r o u n d m o d el r e p r e s e nt s all n o nj et c o r r el a-
ti o n s, t h e di s a p p e a r a n c e i s p r e s u m a bl y d u e t o j et q u e n c h-
i n g. C o m p a r e d t o v 2 - o nl y s u bt r a cti o n [ 4 7], t h e v e r y l ar g e
di s pl a c e d a w a y- si d e p e a k s a r e r e d u c e d p ri m aril y d u e t o
t h e s u bt r a cti o n of v 3 i n t h e u n d erl yi n g e v e nt [ 3 2]. B ot h
t h e fl at a w a y- si d e a n d t h e n e a r- si d e p e a k s h a p e, s e e m s
r el ati v el y c e ntr alit y i n d e p e n d e nt.

T o b ett e r a s s e s s t h e s y st e m ati c si g ni fi c a n c e of t h e c o r-
r el ati o n f e at u r e s at t h e l o w e r p a

T s el e cti o n s, Fi g u r e 1 6
s h o w s a f u rt h er b r e a k d o w n of t h e u n c e rt ai nt y c o nt ri b u-
ti o n s f r o m di ff e r e nt or d er s of t h e v n s u btr a cti o n. T h e
li n e s a n d b a n d s s h o w t h e 1σ a n d 2 σ v a ri ati o n of e a c h of
t h e v n c o m p o n e nt s i n d e p e n d e ntl y. H e r e t h e Z Y A M l e v el
i s r e c al c ul at e d f or e v e r y v n v ari ati o n. T h e s e u n c e rt ai n-
ti e s ar e p oi nt-t o- p oi nt c o r r el at e d w h e r e a r e d u cti o n at
∆ φ = π l e a d s t o a n i n c r e a s e at a n gl e s a w a y f r o m π . T h e
v 4 d o mi n at e s t h e u n c ert ai nt y i n t h e a w a y- si d e s h a p e. T h e
l o c ati o n of a n y d o u bl e- p e a k str u ct u r e i n t h e a w a y- si d e i s
al s o str o n gl y d e p e n d e nt o n t h e u n d e rl yi n g e v e nt b a c k-
g r o u n d s u bt r a cti o n. T h e p e a k i n t h e u n c ert ai nti e s f r o m
v 2 , v 3 a n d v 4 a r e all at sli g htl y di ff e r e nt pl a c e s. T h e r e-
f o r e, a r o b u st a n d w ell- m oti v at e d b a c k g r o u n d m o d el i s
n e c e s s ar y t o e xt r a ct d et ail e d s h a p e i nf o r m ati o n at t h e s e
p a

T . Wit h o u r q u ot e d s y st e m ati c u n c e rt ai nti e s, w e c a n-

n ot di sti n g ui s h b et w e e n a si n gl e b r o a d a w a y- si d e p e a k
st r u ct u r e or a d o u bl e- h u m p st r u ct u r e.

C.  E v e n t Pl a n e - D e p e n d e n t C o r r el a ti o n s

Fi g u r e 1 7 s h o w s Ψ 2 - d e p e n d e nt p e r-t ri g g e r yi el d s of
t ri g g er p arti cl e s fr o m 2 < p t

T < 4 G e V / c wit h a s s o ci-
at e d p arti cl e s f r o m 1 < p a

T < 2 G e V / c i n 1 0 % – 2 0 % a n d
3 0 % – 4 0 % c e ntr al c olli si o n s. I n Fi g s. 1 7 ( b) a n d ( d), t h e
t ri g g er i s s el e ct e d t o b e eit h er i n- pl a n e 0 < |φ s | < π / 8 o r
o ut- of- pl a n e 3 π / 8 < |φ s | < π / 2, r e s p e cti v el y. Si mil a r t o
t h e i n cl u si v e p e r-tri g g e r yi el d s, w e o b s e r v e a b r o a d a w a y-
si d e st r u ct u r e i n b ot h c a s e s. T h e u s e of a c o m m o n Z Y A M
p oi nt r e s ult s i n a sli g ht o v e r- s u bt r a cti o n i n t h e o ut- of-
pl a n e bi n s. T h e o v e r s u bt r a cti o n c a n b e c or r e ct e d b y
d et er mi ni n g a Z Y A M p oi nt f o r e a c h φ s s el e cti o n, w hi c h
h o w e v e r m a k e s e v e nt- pl a n e d e p e n d e nt c o r r el ati o n s i nt e-
g r at e d o v e r t h e φ s bi n s di ff er e nt f r o m i n cl u si v e c o r r el a-
ti o n s. T hi s w o ul d r e s ult i n m o vi n g all yi el d p oi nt s u p a n d
d o e s n ot a ff e ct t h e di s c u s si o n of t h e s h a p e t h at f oll o w s.

I n Fi g s. 1 7 ( a) a n d ( c), w e c h o s e t h e tri g g e r t o h a v e a
p a rti c ul a r si g n of φ s . T h at i s, w e c h o o s e − π / 8 < φ s < 0
a n d − π / 2 < φ s < − 3 π / 8 f o r t h e i n- pl a n e a n d o ut- of-
pl a n e, r e s p e cti v el y. C h o o si n g t h e si g n of φ s t o b e n e g-



1 9

[r a d]tφ-aφ = φ∆

)
φ

∆
Y(

0

0. 0 5

0. 1

0. 1 5

1− 0 1 2 3 4

( b)  A u + A u 2 0 0 G e V

4 0- 5 0 %

0

0. 0 1

0. 0 2

1− 0 1 2 3 4

( d) σ 1. 0 2 v
σ 2. 0 2 v
σ 1. 0 3 v
σ 2. 0 3 v

0

0. 0 5

0. 1

1− 0 1 2 3 4

(f) σ 1. 0 4 v
σ 2. 0 4 v

0

0. 0 5

0. 1

0. 1 5

1− 0 1 2 3 4

( a) 1- 2 G e V/ c×4- 1 0

3 0- 4 0 %

0

0. 0 1

0. 0 2

1− 0 1 2 3 4

( c)

P H E NI X

2- 4 G e V/ c×2- 4

0

0. 0 5

0. 1

1− 0 1 2 3 4

( e) 1- 2 G e V/ c×2- 4

FI G. 1 6. P e r- t ri g g e r yi el d s Y ( ∆ φ ) of di h a d r o n p ai r s m e a-
s u r e d i n A u + A u c olli si o n s af t e r s u b t r a c ti n g t h e u n d e rl yi n g
e v e nt- m o d el wi t h s e v e r al p T s el e c ti o n s: ( ( a )- ( b ) ) ( 4 < p t

T <
1 0 ) ⊗ ( 1 < p a

T < 2 ) G e V / c , ( ( c )- ( d ) ) ( 2 < p t
T < 4 ) ⊗ ( 2 <

p a
T < 4 ) G e V / c , a n d ( ( e )- (f ) ) ( 2 < p t

T < 4 ) ⊗ ( 1 < p a
T <

2 ) G e V / c . T h e c ol u m n s r e p r e s e nt c e nt r ali t y bi n s 3 0 % – 4 0 %
( a, c, e ) a n d 4 0 % – 5 0 % ( b, d,f ). T h e li n e s a n d b a n d s f u r t h e r
b r e a k d o w n of t h e u n c e r t ai nt y c o nt ri b u ti o n s f r o m e a c h di ff e r-
e nt o r d e r of t h e v n s u b t r a c ti o n. T h e s y s t e m a ti c u n c e r t ai n-
ti e s a r e p oi nt- t o- p oi nt c o r r el a t e d. If t h e yi el d a t ∆ φ = π i s
r e d u c e d, t h e a w a y- si d e yi el d o u t si d e t h e r e gi o n ∆ φ = π i s
i n c r e a s e d.

ati v e r e s ult s i n al w a y s c h o o si n g t h e t ri g g er t o b e “ b e-
lo w ” t h e e v e nt pl a n e, if t h e e v e nt pl a n e i s t h e h o ri z o nt al.
W h e n si g n- s el e cti n g φ s , a n a s y m m et r y ar o u n d ∆φ ∼ 0
a n d ∆ φ ∼ π i s o b s e r v e d. S u c h a n a s y m m et r y d o e s n ot
e xi st w h e n c h o o si n g b ot h si g n s of φ s . I n t h e i n- pl a n e t ri g-
g e r c a s e, t h er e i s a p r ef e r e n c e f o r t h e a s s o ci at e d p a rti cl e
t o b e e mitt e d t o w a r d t h e i n- pl a n e di r e cti o n i. e. t h e t hi n-
n er si d e of t h e o v e rl a p r e gi o n. R ef e r ri n g b a c k t o Fi g. 1,
o u r d at a s u g g e st s t h at Gl u o n 1 i s m o r e li k el y t o b e m e a-
s u r e d t h a n Gl u o n 2. Ot h e r Ψ 2 d e p e n d e nt p e r-tri g g e r
yi el d s wit h a s el e cti o n of t ri g g er a zi m ut h al a n gl e r el ati v e
t o e v e nt- pl a n e s φ t − Ψ n < 0 f o r di ff e r e nt c olli si o n c e n-
t r aliti e s a n d p t, a

T s el e cti o n s ar e s h o w n i n t h e A p p e n di x.

T h e i nt e g r at e d p e r-tri g g e r yi el d s ar e s h o w n i n Fi g. 1 8
a s a f u n cti o n of a s s o ci at e d p arti cl e a n gl e wit h r e s p e ct t o
Ψ 2 . Fi g u r e 1 8 s h o w s d at a f o r all c e ntr aliti e s a n d all f o u r
o ri e nt ati o n s wit h r e s p e ct t o t h e e v e nt pl a n e. We n ot e
t h at t h e u s e of a si n gl e Z Y A M l e v el f o r all e v e nt pl a n e
bi n s c a n r e s ult i n n e g ati v e yi el d s f o r c e rt ai n ∆ φ .

I n Fi g s. 1 8 ( a)-( e), t h e yi el d s h a v e b e e n i nt e g r at e d f or
t h e n e ar si d e |∆ φ | = < π / 4. F o r all t ri g g e r / a s s o ci at e d

c o m bi n ati o n s t h e r e i s w e a k t o n o d e p e n d e n c e of t h e yi el d
o n e v e nt pl a n e ori e nt ati o n. T hi s t r e n d p e r si st s f o r all
c e nt r alit y s el e cti o n s.

I n Fi g s. 1 8 (f )-(j), t h e yi el d s h a v e b e e n i nt e g r at e d f or
t h e a w a y si d e |∆ φ − π | < π / 4. F or t h e e v e nt pl a n e s e-
l e cti o n s i n t h e r a n g e − 1 .2 < φ a − Ψ 2 < − 0 .5, n o si g nif-
i c a nt yi el d s ar e g e n er all y o b s e r v e d f o r b ot h t h e hi g h e st
a n d l o w e st t ri g g e r p T . I n t h e m o st c e nt r al c olli si o n s,
f o r ( 2 < p t

T < 4) ⊗ ( 1 < p a
T < 2) G e V / c , t h e l a r g e st

yi el d i s o ut of pl a n e. T h e di ff e r e n c e b et w e e n t h e i n- pl a n e
a n d o ut- of- pl a n e yi el d s i s a p p r o xi m at el y 1 si g m a. T hi s
t r e n d i s o p p o sit e i n t h e m o st p eri p h e r al c olli si o n s el e cti o n
w h er e t h e l a r g e st yi el d i s i n pl a n e. I n 1 0 % – 4 0 % c e nt r al
c olli si o n s si mil a r yi el d s ar e o b s e r v e d i n- pl a n e v e r s u s o ut
of pl a n e. F o r ( 2 < p t

T < 4) ⊗ ( 1 < p a
T < 2) G e V / c , t h e r e

i s a p o s si bl e t r e n d wit h c e ntr alit y t h at o ut- of- pl a n e yi el d
i s r e d u c e d fr o m c e ntr al t o p eri p h e r al c olli si o n s w h e r e a s
i n- pl a n e yi el d i n c r e a s e s fr o m c e ntr al t o p e ri p h e r al c olli-
si o n s. T h e si g ni fi c a n c e of t hi s p o s si bl e t r e n d i s a p p r o xi-
m at el y 1 si g m a.

C o r r el ati o n s s el e cti n g t h e tri g g e r wit hi n a c e rt ai n a z-
i m ut h al a n gl e s f r o m t h e Ψ3 pl a n e a r e s h o w n i n Fi g u r e 1 9.
T h e t ri a n g ul a r s h a p e of t h e t hir d F o u ri e r c o m p o n e nt r e-
st ri ct s t h e r a n g e: − π / 3 < Ψ 3 ≤ π / 3. T h e o ut- of- pl a n e
di r e cti o n i s at ± π / 3 r a di a n s r el ati v e t o Ψ 3 . I n Fi g s. 1 9
( b) a n d ( d), w e d o n ot s el e ct t h e si g n f o r φ s . Si mil a r
t o t h e i n cl u si v e di st ri b uti o n s, t h e r e i s a b r o a d a w a y- si d e
st r u ct u r e t h at h a s a s m all yi el d. I n Fi g s. 1 9 ( a) a n d ( c),
w e s el e ct f o r φ s < 0. N o di s c e r ni bl e a s y m m et r y i s o b-
s er v e d. It i s p o s si bl e t h at u nf ol di n g wit h t h e s m all e r Ψ 3

e v e nt pl a n e r e s ol uti o n c o ul d o b s c u r e a n y e ff e ct. Ot h er
Ψ 3 d e p e n d e nt p e r-tri g g e r yi el d s wit h a s el e cti o n of t ri g-
g e r a zi m ut h al a n gl e r el ati v e t o e v e nt- pl a n e s φ t − Ψ n < 0
f o r di ff er e nt c olli si o n c e nt r aliti e s a n d p t, a

T s el e cti o n s a r e
s h o w n i n t h e A p p e n di x.

Si mil ar t o t h e Ψ 2 - d e p e n d e nt c o r r el ati o n s, w e al s o i n-
t e gr at e t h e p e r-tri g g e r yi el d s. T hi s i s s h o w n i n Fi g. 2 0
f o r e a c h c e nt r alit y a n d a s s o ci at e d p a rti cl e a zi m ut h al a n-
gl e wit h r e s p e ct t o Ψ 3 . Fi g u r e s 2 0 ( a)-( e) s h o w t h e n e a r
si d e i nt e gr al. Fi g u r e s 2 0 (f )-(j) s h o w t h e a w a y si d e i nt e-
g r al. I n all c a s e s, n o e v e nt pl a n e- d e p e n d e nt o r c e nt r alit y
d e p e n d e nt tr e n d s ar e o b s er v e d wit hi n u n c e rt ai nti e s.
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FI G. 1 7. Ψ 2 e v e n t pl a n e- d e p e n d e nt
p e r- t ri g g e r yi el d s Y ( ∆ φ ) of di-
h a d r o n p ai r s m e a s u r e d i n A u + A u
c olli si o n s af t e r s u b t r a c ti n g t h e u n-
d e rl yi n g e v e nt- m o d el f o r ( 2 < p t

T <
4 ) ⊗ ( 1 < p a

T < 2 ) G e V / c a n d
1 0 % – 2 0 % ( a, b ) a n d 3 0 % – 4 0 % ( c, d ).
I n- pl a n e 0 < |φ t − Ψ 2 | < π / 8
a r e ( bl a c k ) ci r cl e s a n d O u t- of- pl a n e
3 π / 8 < |φ t − Ψ 2 | < 4 π / 8 a r e ( r e d )
c r o s s e s. T h e si g n of φ t − Ψ 2 i s n e g-
a ti v e i n t h e p a n el s ( a, c ) a n d b o t h
p o si ti v e a n d n e g a ti v e i n t h e p a n el s
( b, d ). T h e Z Y A M s y s t e m a ti c u n-
c e r t ai nti e s a r e s h o w n i n t h e b a n d
a r o u n d z e r o yi el d. T h e o t h e r s y s-
t e m a ti c u n c e r t ai nti e s a r e s h o w n i n
t h e b o x e s a r o u n d t h e p oi nt s.
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FI G. 1 8. I nt e g r a t e d p e r- t ri g g e r yi el d s
a s a f u n c ti o n of a s s o ci a t e d p a r ti-
cl e a n gl e r el a ti v e t o Ψ 2 e v e nt pl a n e
φ a − Ψ 2 i nt e g r a t e d o v e r t h e n e a r si d e
|∆ φ | < π / 4 ( a – e ) a n d o v e r t h e a w a y
si d e |∆ φ − π | < π / 4 (f –j ). T h e c ol u m n s
r e p r e s e nt c e nt r ali t y bi n s ( a,f ) 0 % – 1 0 %,
( b, g ) 1 0 % – 2 0 %, ( c, h ) 2 0 % – 3 0 %, ( d,i )
3 0 % – 4 0 %, ( e,j ) 4 0 % – 5 0 %. T h e r a n g e s
of p t

T ⊗ p a
T a r e ( fill e d [ bl a c k] ci r cl e s ) ( 2 <

p t
T < 4 ) ⊗ ( 1 < p a

T < 2 ) G e V / c , ( o p e n
[ r e d] s q u a r e s ), 2 < p t

T < 4 ⊗ ( 2 < p a
T <

4 ) G e V / c , a n d ( o p e n [ bl u e] ci r cl e s ) ( 4 <
p t

T < 1 0 ) ⊗ ( 2 < p a
T < 4 ) G e V / c .

T h e Z Y A M s y s t e m a ti c u n c e r t ai nti e s a r e
s h o w n i n t h e s oli d li g ht bl u e b o x e s
a r o u n d t h e d a t a p oi nt s. T h e o t h e r s y s-
t e m a ti c u n c e r t ai nti e s a r e s h o w n i n t h e
o p e n b o x e s a r o u n d t h e p oi nt s.
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FI G. 1 9. Ψ 3 e v e n t pl a n e- d e p e n d e nt
p e r- t ri g g e r yi el d s Y ( ∆ φ ) of di-
h a d r o n p ai r s m e a s u r e d i n A u + A u
c olli si o n s af t e r s u b t r a c ti n g t h e u n-
d e rl yi n g e v e nt m o d el f o ( 2 < p t

T <
4 ) ⊗ ( 1 < p a

T < 2 ) G e V / c a n d
1 0 % – 2 0 % ( a, b ) a n d 3 0 % – 4 0 % ( c, d ).
I n- pl a n e 0 < |φ t − Ψ 3 | < π / 1 2 a r e
( bl a c k ) ci r cl e s a n d o u t- of- pl a n e
3 π / 1 2 < |φ t − Ψ 3 | < 4 π / 1 2 a r e ( r e d )
c r o s s e s. T h e si g n of φ t − Ψ 3 i s n e g-
a ti v e i n t h e p a n el s ( a, c ) a n d b o t h
p o si ti v e a n d n e g a ti v e i n t h e p a n-
el s ( b, d ).  T h e Z Y A M s y s t e m a ti c
u n c e r t ai nti e s a r e s h o w i n t h e b a n d
a r o u n d z e r o yi el d. T h e o t h e r s y s-
t e m a ti c u n c e r t ai nti e s a r e s h o w n i n
t h e b o x e s a r o u n d t h e p oi nt s.
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of p t
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2 < p t

T < 4 ⊗ 2 < p a
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s q u a r e s ), a n d ( 4 < p t
T < 1 0 ) ⊗ ( 2 <

p a
T < 4 ) G e V / c ( o p e n bl u e ci r cl e s ).

T h e Z Y A M s y s t e m a ti c u n c e r t ai nti e s a r e
s h o w n i n t h e s oli d li g ht bl u e b o x e s
a r o u n d t h e d a t a p oi nt s. T h e o t h e r s y s-
t e m a ti c u n c e r t ai nti e s a r e s h o w n i n t h e
o p e n b o x e s a r o u n d t h e p oi nt s.
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V. SUMMARY

In summary, we reported the two-particle azimuthal
dihadron correlation measurements at < 0 7 in
Au+Au collisions at s

NN
= 200 GeV with and without

subtraction of an underlying event. The underlying event
model includes modulations from higher-order ow coef-
cients vn (n = 2 3 4) that assumes only the expected

correlation of 2nd and 4th order event planes.
We tested this two-source model by studying high-pT

(> 4 GeV/c) triggers. We observe suppression of high-
zT jet fragments as well as enchantment of low-zT jet
fragments o the away-side jet axis. These results are
consistent with previous dihadron and -hadron correla-
tions and jet analyses [6 11].

At lower trigger pT 2 < ptT < 4 GeV/c, the near-side
distribution is not enhanced compared to p+p, which tra-
ditionally is associated with the ridge. When a signi -
cant away-side yield exists, the double-hump structure
that had been observed when subtracting a v2-only un-
derlying event is signi cantly reduced. Given our model
assumptions and the systematic uncertainties on vn, we
cannot precisely determine if the away-side distribution
is a single broadened peak or has further structure that
may peak away from = .
We also present dihadron correlations selecting on s,

the angle of the trigger with respect to the event plane.
When requiring s to chose one side of the overlap region,
the away-side developed an asymmetry in the distri-
bution where the away-side yield is largest on the same
side of the event plane. Such an asymmetry is qualita-
tively consistent with path length-dependent energy loss
where the away-side jet would have less medium to tra-
verse when emerging from the same side of the overlap
than being exactly back-to-back or through the opposite
side. The observed asymmetry when the sign of the trig-
ger with respect to the event plane is selected should set
additional constraints on models of parton energy loss,
and/or models of the underlying event.
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APPENDIX

Inclusive correlations before subtracting the underly-
ing event-model are shown in Figs. 21 22. Event plane-
dependent correlations and simulated- ow distributions
are shown in Figs. 23 28. Event-plane-dependent per-
trigger Yields are shown in Figs. 29 34.
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FI G. 2 4. Ψ 2 - de p e n d e nt c o r r el a ti o n s C ( ∆ φ, φ s ) a n d fl o w b a c k g r o u n d s F ( ∆ φ, φ s ) f o r ( 2 < p t
T < 4 ) ⊗ ( 2 < p a

T < 4 ) G e V / c .
Tri g g e r p a r ti cl e a zi m u t h al a n gl e r el a ti v e t o t h e e v e nt pl a n e φ s = φ t − Ψ 2 i s s el e c t e d o u t of pl a n e (l ef t ) t o i n pl a n e ( ri g ht ).
C e nt r ali t y i s 0 % – 1 0 % ( t o p ) t o 4 0 % – 5 0 % ( b o t t o m ).
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FI G. 2 5. Ψ 2 - d e pe n d e nt c o r r el a ti o n s C ( ∆ φ, φ s ) a n d fl o w b a c k g r o u n d s F ( ∆ φ, φ s ) f o r ( 4 < p t
T < 1 0 ) ⊗ ( 2 < p a

T < 4 ) G e V / c .
Tri g g e r p a r ti cl e a zi m u t h al a n gl e r el a ti v e t o t h e e v e nt pl a n e φ s = φ t − Ψ 2 i s s el e c t e d o u t of pl a n e (l ef t ) t o i n pl a n e ( ri g ht ).
C e nt r ali t y i s 0 % – 1 0 % ( t o p ) t o 4 0 % – 5 0 % ( b o t t o m ).
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FI G. 2 6. Ψ 3 - de p e n d e nt c o r r el a ti o n s C ( ∆ φ, φ s ) a n d fl o w b a c k g r o u n d s F ( ∆ φ, φ s ) f o r ( 2 < p t
T < 4 ) ⊗ ( 1 < p a

T < 2 ) G e V / c .
Tri g g e r p a r ti cl e a zi m u t h al a n gl e r el a ti v e t o t h e e v e nt pl a n e φ s = φ t − Ψ 3 i s s el e c t e d o u t of pl a n e (l ef t ) t o i n pl a n e ( ri g ht ).
C e nt r ali t y i s 0 % – 1 0 % ( t o p ) t o 4 0 % – 5 0 % ( b o t t o m ).
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FI G. 2 7. Ψ 3 - d e pe n d e nt c o r r el a ti o n s C ( ∆ φ, φ s ) a n d fl o w b a c k g r o u n d s F ( ∆ φ, φ s ) ( 2 < p t
T < 4 ) ⊗ ( 2 < p a

T < 4 ) G e V / c . Tri g g e r
p a r ti cl e a zi m u t h al a n gl e r el a ti v e t o t h e e v e nt pl a n e φ s = φ t − Ψ 3 i s s el e c t e d o u t of pl a n e (l ef t ) t o i n pl a n e ( ri g ht ). C e nt r ali t y
i s 0 % – 1 0 % ( t o p ) t o 4 0 % – 5 0 % ( b o t t o m ).
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FI G. 2 8. Ψ 3 - de p e n d e nt c o r r el a ti o n s C ( ∆ φ, φ s ) a n d fl o w b a c k g r o u n d s F ( ∆ φ, φ s ) f o r ( 4 < p t
T < 1 0 ) ⊗ ( 2 < p a

T < 4 ) G e V / c .
Tri g g e r p a r ti cl e a zi m u t h al a n gl e r el a ti v e t o t h e e v e nt pl a n e φ s = φ t − Ψ 3 i s s el e c t e d o u t of pl a n e (l ef t ) t o i n pl a n e ( ri g ht ).
C e nt r ali t y i s 0 % – 1 0 % ( t o p ) t o 4 0 % – 5 0 % ( b o t t o m ).



2 7

[r a d]tφ-aφ = φ∆

1-
2 

G
e

V/
c

⊗
),
 
2-

4
sφ,φ

∆
 

d
e

p
e

n
d
e

nt
 

Y(
2

Ψ

0. 0 5−
0

0. 0 5
0. 1

0. 1 5
0. 2

0. 2 5 < 02Ψ-
t

φ/ 8 <π- ( d)

0. 0 5−
0

0. 0 5
0. 1

0. 1 5
0. 2

0. 2 5 / 8π<-2Ψ-
t

φ/ 8 <π- 2 ( c)

0. 0 5−
0

0. 0 5
0. 1

0. 1 5
0. 2

0. 2 5 / 8π<- 22Ψ-
t

φ/ 8 <π- 3

P H E NI X

( b)

0. 0 5−
0

0. 0 5
0. 1

0. 1 5
0. 2

0. 2 5
0- 1 0 %

/ 8π<- 32Ψ-
t

φ/ 8 <π- 4 ( a)

0. 0 5−
0

0. 0 5
0. 1

0. 1 5
0. 2

0. 2 5 ( h)

0. 0 5−
0

0. 0 5
0. 1

0. 1 5
0. 2

0. 2 5 ( g)

 + Z Y A M s c al emi ni m al
2 3 4v

0. 0 5−
0

0. 0 5
0. 1

0. 1 5
0. 2

0. 2 5 (f)

= 2 0 0 G e VN NsA u + A u 

0. 0 5−
0

0. 0 5
0. 1

0. 1 5
0. 2

0. 2 5
1 0- 2 0 %

( e)

0. 0 5−
0

0. 0 5
0. 1

0. 1 5
0. 2

0. 2 5 (l)

0. 0 5−
0

0. 0 5
0. 1

0. 1 5
0. 2

0. 2 5 ( k)

0. 0 5−
0

0. 0 5
0. 1

0. 1 5
0. 2

0. 2 5 (j)

0. 0 5−
0

0. 0 5
0. 1

0. 1 5
0. 2

0. 2 5
2 0- 3 0 %

(i)

0. 0 5−
0

0. 0 5
0. 1

0. 1 5
0. 2

0. 2 5 ( p)

0. 0 5−
0

0. 0 5
0. 1

0. 1 5
0. 2

0. 2 5 ( o)

0. 0 5−
0

0. 0 5
0. 1

0. 1 5
0. 2

0. 2 5 ( n)

0. 0 5−
0

0. 0 5
0. 1

0. 1 5
0. 2

0. 2 5
3 0- 4 0 %

( m)

1− 0 1 2 3 4

0. 0 5−
0

0. 0 5
0. 1

0. 1 5
0. 2

0. 2 5 (t)

1− 0 1 2 3 4

0. 0 5−
0

0. 0 5
0. 1

0. 1 5
0. 2

0. 2 5 ( s)

1− 0 1 2 3 4

0. 0 5−
0

0. 0 5
0. 1

0. 1 5
0. 2

0. 2 5 (r)

1− 0 1 2 3 4

0. 0 5−
0

0. 0 5
0. 1

0. 1 5
0. 2

0. 2 5
4 0- 5 0 %

( q)

FI G. 2 9. Ψ 2 - d e pe n d e nt p e r- t ri g g e r yi el d s Y ( ∆ φ, φ s ) f o r ( 2 < p t
T < 4 ) ⊗ ( 1 < p a

T < 2 ) G e V / c . Tri g g e r p a r ti cl e a zi m u t h al a n gl e
r el a ti v e t o e v e nt- pl a n e s φ s = φ t − Ψ 2 i s s el e c t e d o u t of pl a n e (l ef t ) t o i n pl a n e ( ri g ht ). C e nt r ali t y i s 0 % – 1 0 % ( t o p ) t o 4 0 % – 5 0 %
( b o t t o m ).
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FI G. 3 0. Ψ 2 - d e pe n d e nt p e r- t ri g g e r yi el d s Y ( ∆ φ, φ s ) f o r ( 2 < p t
T < 4 ) ⊗ ( 2 < p a

T < 4 ) G e V / c . Tri g g e r p a r ti cl e a zi m u t h al a n gl e
r el a ti v e t o e v e nt- pl a n e s φ s = φ t − Ψ 2 i s s el e c t e d o u t of pl a n e (l ef t ) t o i n- pl a n e ( ri g ht ). C e nt r ali t y i s 0 % – 1 0 % ( t o p ) t o 4 0 % – 5 0 %
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