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Measurements of the anisotropic flow coefficients v, {W,}, v3{W3}, va{W4}, and v4{¥,} for identified particles
(%, K*, and p + p) at midrapidity, obtained relative to the event planes W,, at forward rapidities in Au +
Au collisions at /s, = 200 GeV, are presented as a function of collision centrality and particle transverse
momenta pr. The v, coefficients show characteristic patterns consistent with hydrodynamical expansion of the
matter produced in the collisions. For each harmonic n, a modified valence quark-number N, scaling [plotting
v {W}/ (Nq)”/ 2 versus transverse Kinetic energies (KE7)/N,] is observed to yield a single curve for all the
measured particle species for a broad range of KE;. A simultaneous blast-wave model fit to the observed
v, {W,,}(pr) coefficients and published particle spectra identifies radial flow anisotropies p,{V,,} and spatial
eccentricities s, {\W,,} at freeze-out. These are generally smaller than the initial-state participant-plane geometric
eccentricities &, {W?} as also observed in the final eccentricity from quantum interferometry measurements with

respect to the event plane.

DOI: 10.1103/PhysRevC.93.051902

Introduction. The quark-gluon plasma (QGP) is a novel
phase of nuclear matter at high temperatures and energy
density, whose existence is predicted by quantum chromo-
dynamics [1]. A wide variety of experimental observations
at the Relativistic Heavy Ion Collider (RHIC) [2-5] provides
strong evidence for the formation of a QGP in ultrarelativistic
heavy ion collisions, particularly (1) the magnitude of the
observed suppression of high-pr (pr 2 4 GeV/c) particles,
relative to the scaled yield from p + p collisions and (2) the
large azimuthal anisotropy or anisotropic flow of the low-pr
(pr <3to4 GeV/c) bulk of hadrons (HADs) in the final
state. The flow of low-py particles has been attributed to
anisotropic expansion of the QGP [6-8], and consequently
the measured strength of anisotropic flow should be sensitive
to the transport properties of the QGP and the mechanism for
its space-time evolution.

The magnitude of anisotropic flow can be quantified by
the Fourier coefficients v,{W¥,,} = (cos[n(¢p — ¥,,)]) of the
azimuthal distribution of produced particles [9-12], where
n and m are the order of the harmonics, ¢ is the azimuthal
angle of the particles, and W, is the azimuthal angle of the
mth-order event plane (EP). In early studies with symmetric
systems, v,{W¥,,} was presumed to be zero for odd n owing
to the assumption that initial-state energy densities were
smooth and symmetric across the transverse plane. The recent
observations of sizable v,{W¥,} values for odd n [13-17]
confirm the important role of fluctuations in the initial-state
collision geometry [18].

“Deceased.
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Model-dependent analyses of higher-order harmonics for
inclusive hadrons measured in Au + Au and Pb + Pb collisions
at RHIC and the Large Hadron Collider have indicated that
such measurements can provide simultaneous constraints for
initial-state fluctuation models and the ratio of shear viscosity
to entropy density of the QGP [8,13,19,20]. The new data
on higher-order v, {W,,} for identified particles presented here
provide additional information about the initial conditions and
hydrodynamic properties. Here, we show that our v,{¥,,}
measurements for different particle species provide (1) further
tests for the constituent quark-number scaling and quark
coalescence models [21-23] by extending our previously
observed scaling for v, {W,} [24,25] to higher harmonics [26]
and (2) freeze-out parameters for hydrodynamic expansion
with anisotropic blast-wave (BW) model fits [27-30].

Data taking and particle identification. The results pre-
sented here for Au + Au collisions at /s, = 200 GeV are
obtained with the PHENIX Collaboration’s experiment from
an analysis of 4.14 x 10° minimum-bias events taken during
the 2007 running period. Collision centrality is determined
with the beam-beam counters [31]. Charged hadrons are
reconstructed in a pseudorapidity (n) range of |n| < 0.35
using the drift-chamber and pad-chamber subsystems [32],
which achieve the momentum resolution ép/p ~ 1.3% &
1.2% x p (GeV/c) [33]. The ring imaging Cerenkov counter
is employed to veto conversion electrons. Time-of-flight de-
tectors in both the east [(TOFE), A¢ = /4 rad] and the west
[(TOFW), Ag = 0.342 rad] arms are used for 7%, K*, and
p + p identification after the conversion electron veto [33].
The timing resolution of TOFE (TOFW) is 133 (84 £ 1) ps.
For pr <3 GeV/c, both TOFE and TOFW detectors were
used. For pr > 3 GeV/c particle identification utilizes the
TOFW in conjunction with the aerogel Cerenkov counter.
The two detectors have a common azimuthal acceptance of

051902-3


http://dx.doi.org/10.1103/PhysRevC.93.051902

A. ADARE et al.

Agp = 0.171 rad. With these detectors, a p + p purity of
greater than 97% was achieved for pr < 4 GeV/c; and purities
for 7* and K¥* greater than 98% for pr < 3 GeV/c and
90% for 3 < pr < 4 GeV/c were also achieved as detailed
in Ref. [33]. The purity and efficiency of particle identification
(PID) are independent of the relative azimuthal angle between
the particles and the event plane ¢ — \V,,.

Experimental technique. Measurements of the flow coef-
ficients v{W5}, v3{W3}, v4{W4}, and v4{W;} as a function of
centrality and pr for 7%, K*, and p + p (i.e., with charge
signs combined) are obtained with both the EP and the
long-range two-particle correlation (2PC) methods. In the EP
method, a measured event-plane direction \P,‘;st is determined
for every event and for each order m using the south and
north reaction-plane detectors (RXN), covering Agp = 2w and
1 < |n| < 2.8 [34]. Each is made of plastic scintillator paddles
with lead converters in front and with optical fibers guided to
photomultiplier tubes. Each RXN detector is segmented into
12 sections in ¢ and two rings in 7. The Wo’s are determined
via a sum over the azimuthal angle ¢; of each RXN element in
both the arms with its charge w; deposited by particles for that
event as tan(mWo™) = > w; sin(me;)/ Y_; w; cos(me;). The
flow magnitudes v,{V¥,,} = (cos n(¢ — \Ilzbs))/Res{n,\IJm}
are then measured with respect to each harmonic event
plane, where ¢ is the azimuthal angle of the hadron and
Res{n,¥,,} = (cos n(\¥,, — \I!,‘;bs)) is the event plane reso-
lution, which is estimated for each centrality by the stan-
dard subevent method as described in Refs. [10,35,36].
The best resolution of each harmonic is measured to be
Res{2,W;} ~ 0.75 and Res{4,¥,} ~ 0.5 (Res{3,¥3} ~ 0.3
and Res{4,¥4} ~ 0.15) in 20%-30% (0%—10%) central
collisions.

The 2PC method pairs the HADs with deposited charges
in the RXN segments. The distribution of the relative
azimuthal angles of particle hits in separate 7n ranges A
and B,A¢ = ¢* — ¢° reﬂects the product of the v,’s via
dN/d Ap x 1+ Y, _, 2vitvB cos(n Ap) [10,37,38]. We an-
alyze the A¢ correlations using the mixed-event technique for
two pair combinations (A,B) = (HAD,RXN) and (A,B) =
(RXN-N,RXN-S). These correlations then fix the event-
averaged products ( FADYRXNY and (vRXNyRXN) and allow us

to obtain VAP = (YHADYRXN) / /(3 RXNyRXN) Note that flow
harmonics extracted Wlth the 2PC method are not measured

with respect to event planes. Thus, from this point forward
we refer to flow harmonics in the 2PC methods as v, {2PC}.
We use v, in cases when the discussion is generically about
either method. In both of the analysis methods used, the results
for wider centrality ranges are obtained by averaging across
several smaller ranges, weighted by the multiplicity of the
selected particle [39].

The systematic uncertainties in the v, measurements were
estimated for: (1) n acceptance variation of the RXNs in
the EP and 2PC methods; this is correlated among v,(pr)’s
for each hadron species with the same fractional v, amount
in the entire pr range, except for v4{W4} where it tends to
decrease as pr increases; (2) detector acceptance effects of
TOFE and TOFW, including occupancy; these are correlated
among v,(pr)’s for each hadron species with the same v,
constant in the entire py range; (3) hadron track-hit matching
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TABLE I. Systematic uncertainties on the measured v,{¥,,} by
the EP method for 7% at p; =2 GeV/c in 0%-10% (30%—-50%)
central collisions. Uncertainties of type (2) are absolute in the v, {W,,}
value with the multiplication factor 1073; the others are relative
fractions of v,{W,,} expressed in percentages.

Type Source v{Wa}  vi{Ws}  vi{Wa}  va{Wa}

(1)  RXN 7 (%) 43(3.0) 4.7(12.5) 16(31) 34(7.0)
(2)  Acceptance [1073] 5.0(1.0) 0.5(2.0) 0.7(2.5) 0.1(0.2)
(3)  Matching (%) 1.4(0.3) 0.7(1.0) 2.6(2.8) 7.7(1.7)
4) PID (%) 0.3(0.1) 0.3(0.3) 0.8(1.0) 2.7(0.4)

cut; and (4) particle identification purity. The systematic
uncertainties (1) and (2) are pr correlated, whereas (3) and (4)
are pr uncorrelated. These uncertainties are similar between
the EP and the 2PC methods. Table I summarizes typical
systematic uncertainties on the different v,{W¥,,} measures in
the EP method for w* at p; = 2 GeV/c.

Results for the 0%-50% centrality bin. Figures 1(a)-
I(c) show a comparison of v,(pr), v3(pr), and v4(pr) for
7%, K*, and p + p for the EP (solid points) and 2PC (open
points) methods in a 0%—50% centrality sample; they indicate
very good agreement between the two methods. Shown in
Fig. 1(d) is v4{W,}, i.e., the fourth harmonic coefficient
with respect to the second-order harmonic event plane. It
can be seen that v4{W,} is smaller than vs{W,4} but still
sizable, indicating significant correlations between W, and
W, [40], which can be ascertained through the trigonometric
identity v4{W,}/v4{W4} = (cos 4(¥, — W,)) [41]. There are
two trends common to all n’s in Fig. 1: (1) in the low- pr region
the anisotropy appears largest for the lightest hadron and
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FIG. 1. Fourier coefficients for charge-combined ¥, K*, and
p + p at midrapidity for 0%—50% central Au + Au collisions at
Sy = 200 GeV. Different pr bins were used for the EP and 2PC
methods. The green bands indicate the py -correlated systematic
uncertainties of the 77 * results from the EP method. The shaded boxes
around the data points are pr -uncorrelated systematic uncertainties,
which are smaller than the symbols in many cases.
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smallest for the heaviest hadron, and (2) in the intermediate- pr
(3 < pr £4-GeV/c) region this mass dependence partly
reverses such that the anisotropy is greater for the baryons
(N4 = 3) than for the mesons (N, = 2) at the same pr. These
trends remain significant after taking into account the pr
-correlated systematic uncertainties. These patterns have been
observed previously in v,{W,} measurements for identified
particles in Au + Au collisions at RHIC [29,33] and are
seen here to hold for the higher moments v3{Ws}, v4{W4},
and v4{W,}. The mass dependence in the low-p range is a
generic feature of hydrodynamical models, reflecting the mass
ordering from the common velocity field (i.e., radial flow), and
the dependence on valence quark number in the intermediate-
pr region has been associated with the development of flow in
the partonic phase [24].

Results for finer centrality bins. The v,{¥,,} of n%, K*,
and p + p measured with the event-plane method are shown
in Fig. 2 for the centrality selections 0%—10% and 30%—-50%.
The same mass dependence of v,{W,,} is seen in the low-
pr region for all harmonics and centralities. The evolution of
baryon-meson splitting at intermediate p7 is also observed for
all centralities in v,{W>} and v3{ W3} but could not be confirmed
for vs{ W4} in the most-central and more peripheral events or for
v4{W>} in the most-central events owing to the lower statistical
significance of the measurements in those bins.

Quark-number scaling. The baryon-meson splitting in the
intermediate- p7 region can be taken as an indication that the
number of constituent valence quarks N, is an important
determinant of final-state hadron flow in this range. Indeed, the
v2{W,} data for identified hadrons had previously been seen to
scale such that v,{W,}/N, was the same for different particle
species when evaluated at the same transverse kinetic energy
(KEr) per constituent quark number in the range of KE7 /N, <

1 GeV (KEr = mr —mg and my =,/ pr? + m3, where my

is the hadron mass), i.e., “quark-number scaling” [24,33]. We
have found that the present data obey a generalization of this
scaling [26] where for each harmonic order n, the values of
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FIG. 3. Quark-number (N, ) scaling for 0%—50% central Au + Au
collisions at /s, = 200 GeV, where N, is the constituent valence
quark number of each hadron. Systematic uncertainties are shown as
in Fig. 1.

vu{Wnl/ (Nq)"/ 2 versus KE7/ N, lie on a single curve for all
the measured species within a +15% range. Figure 3 shows
the adherence of the data to this empirical scaling, which
reflects the combination of quark-number scaling for v, {\W;}
by quark coalescence [42] and the empirical observation
U (W, ) pr) o [v2{¥:}(pr)]"/? [15]. Any explanation of the
underlying physics needs to match this scaling over this
KE7 range, and neither hydrodynamics [11,20,43,44] nor
naive quark coalescence alone [45] predicts this scaling for
the higher moments. It is notable that, for v,{W,}, there
are deviations from valence-quark scaling at higher pr with
mesons and baryons having comparable anisotropies [33].
Reconciling the different physics as a function of p; remains
an outstanding challenge.
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FIG. 2. Fourier coefficients for charge-combined 7*, K*,and p + j atmidrapidity in Au + Aucollisions at , /5, = 200 GeV. Coefficients
are determined using the event-plane method. The curves illustrate the fits from the BW model. Systematic uncertainties are shown as in Fig. 1.
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Blast-wave fitting. The BW model [27-30] is a description
of a fluid freeze-out state characterized by its temperature
Ty and its ¢-averaged maximal radial flow rapidity po.
Here we extend the BW description to incorporate az-
imuthal anisotropies in both radial rapidities p,{¥,,} and
spatial density s,{¥,,} for n = 2-4 using the empirically
defined quantities p(n,m,¢,r) = poll + 20,{¥,,} cos(ng)] x
r/R™ and S(n,m,p) =1+ 25,{¥,,} cos(ng). The spectra
and anisotropies of all hadrons freezing out of the fluid can
then be predicted via [28,29]

dN R
prdpr O(/ rdr/dqb mr lo(a) K1 (Br),
oy = LT dr [ 6 s @)K i()S 0 m.9)

5 rdr [ d¢ Io(a) K\ (B)S(n.m.¢)
(1)

where I, and K; are modified Bessel functions of the first
and second kinds, o; = (pr/Ty)sinh p(n,m,¢,r), and B, =
(mr/Ty) cosh p(n,m,¢,r). Using single-particle spectra from
Ref. [46] together with the present v, {W,,} data, BW parame-
ters Ts, 00, 0,{¥n} and s, {W,,} are extracted via simultaneous
fitting of the 7%, K%, and p + p data with a minimization
of global yx2, separately for each centrality selection and
each v,{V¥,}. The fit ranges used for the 7*, K*, and
p+p are 0.5 < pr <1.1GeV/c, 0.4 < pr < 1.3 GeV/c,
and 0.6 < pr < 1.7 GeV/c, respectively. The BW fits to
v {W,,}(pr) + spectra are compared to the data in Fig. 2 for
0%—-10% and 30%—-50% central collisions, together with the
global x2/n df of the fits determined using the quadrature sum
of the statistical and systematic uncertainties of the data. The
global x2/n df in 10%-20% and 20%-30% central collisions
is similar to that in 0%—10% and 30%—50% central collisions.

The results for the BW parameters are shown in Fig. 4. The
freeze-out temperatures Ty and radially averaged flow rapidi-
ties (p) = [[po X r/Rmax]r dr/ [ r dr are in good agreement
for the fits at different n’s as would be required for a model
of freeze-out. T, and (p) are primarily determined by the
single-particle spectra [47], whereas p,{V,,} and s,{V,}
are determined by v,{W,,} measurements including pr and
particle mass dependences.

The radial rapidity and spatial density anisotropies 0, {\V,,}
and s,{W,,} extracted from the fits are shown against the
average initial-state spatial participant-plane (PP) anisotropy
en{WFP} = ({r? cos n(¢P** — WP} /{r?}), where r and ¢P*"
are the polar coordinate positions of collision participant nu-
cleons defined by Glauber models [18,48] and WEP is the angle
determined as tan (mWFY) = {r* sin m¢pP*}/{r* cos mepr}.
Here, the brackets () and {} denote averages over events and
participants, respectively. The amplitude of &, { UFF} is smallest
for the most-central collisions and increases with centrality
percentile.

Eccentricity of the medium at freeze-out. The p,{V,,} and
sp{W,,} are generally smaller than the &,{W?}. The p,{¥,}
has a positive finite value and generally follows a common
increasing curve as a function of &,{WFF} for n = 2-4. The
s2{W>}, s3{Ws3}, and s4{W4} also show a common increasing

trend in &,{WP} > 0.1. We can interpret relative oscillations
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FIG. 4. BW model fit parameters extracted for each v,{\W,,} +
spectrum across different centrality classes. The gray bands in (a) and
(b) and shaded boxes in (c) and (d) indicate systematic uncertainties
on the fitting pr range and those propagated from the measurements.
The width of the shaded boxes in the &,{WFF} direction in (c) and (d)

indicates systematic uncertainties from Glauber models. Systematic
uncertainties in (a) and (b) are similar among different fittings.

of event-plane-dependent Hanbury-Brown-Twiss (HBT) radii
with respect to averaged radii as the eccentricity of the
medium at freeze-out if the direction of the radii is selected
perpendicular to beam and pair momentum (Rgq4.) Where
these radii are less influenced by the emission duration and
position-momentum correlations [49].

Spatial information. Finite final eccentricities for n = 2
and n = 3 are observed by both the BW fit to v,{V,,} and
the event-plane-dependent HBT radii measurements using
positive and negative pion pairs [49]. The s,{¥,,} therefore
could reflect physical effects at the freeze-out of the medium.
The finite s,{¥,,} could be interpreted as a residual effect
of initial-state anisotropy &, {WEF}, especially the contribution
of initial-state fluctuations for n = 3,4 after its dilution by
the medium expansion. For &,{WFF} < 0.1, s3{W3}, s4{ W4},
and s4{W,} are consistent with zero within systematic un-
certainties. Comparisons of these small s,{\W,,} to the finite
on{¥,} and v, {W,,} in this &,{WP} range indicate that the
anisotropic expansion velocity p,{W¥,,} is a dominant source
of the observed v, {W,,} for higher harmonics. We expect this
spatial information could provide new insights into freeze-out
conditions in hydrodynamic calculations.

Summary and conclusions. To summarize, the anisotropy
strengths v {W,}, v3{W3}, v4{Wy}, and v4{W,} for ¥, K*,
and p + p produced at midrapidity in Au + Au collisions
at RHIC have been presented. The higher-order harmonics
v, {W¥,,} show a particle mass splitting at low p7 and a baryon-
meson difference at intermediate pr, very similar to what
has been seen already for v,{W;}. The anisotropies obey a
modified quark-number scaling, where v,{¥,}/(N,)"/? falls
on a common trend against KEr /N, for each n. The data can
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be fit with a generalized BW model with empirically defined
anisotropies in radial rapidity and spatial density at higher
harmonic orders, which could provide a geometrical view of
the hydrodynamical expansion at the end of freeze-out. Future
analyses combining the results in this Rapid Communication
with similar results from HBT and jetlike correlations with
respect to higher-order event planes will further constrain the
conditions and properties of the matter created at RHIC.
Acknowledgments. We thank the staff of the Collider-
Accelerator and Physics Departments at Brookhaven National
Laboratory and the staff of the other PHENIX Collaboration
participating institutions for their vital contributions. We
acknowledge support from the Office of Nuclear Physics
in the Office of Science of the Department of Energy, the
National Science Foundation, Abilene Christian University
Research Council, Research Foundation of SUNY, and Dean
of the College of Arts and Sciences, Vanderbilt University
(USA), Ministry of Education, Culture, Sports, Science, and
Technology and the Japan Society for the Promotion of Science
(Japan), Conselho Nacional de Desenvolvimento Cientifico e
Tecnoldégico and Fundagdo de Amparo a Pesquisa do Estado

RAPID COMMUNICATIONS

PHYSICAL REVIEW C 93, 051902(R) (2016)

de Sao Paulo (Brazil), Natural Science Foundation of China
(People’s Republic of China), Ministry of Education, Youth
and Sports (Czech Republic), Centre National de la Recherche
Scientifique, Commissariat 2 1'Energie Atomique, and Institut
National de Physique Nucléaire et de Physique des Particules
(France), Bundesministerium fir Bildung und Forschung,
Deutscher Akademischer Austausch Dienst, and Alexander
von Humboldt Stiftung (Germany), National Science Fund,
OTKA, Karoly Rébert University College, the Ch. Simonyi
Fund (Hungary), Department of Atomic Energy and De-
partment of Science and Technology (India), Israel Science
Foundation (Israel), Basic Science Research Program through
NRF of the Ministry of Education (Korea), Physics Depart-
ment, Lahore University of Management Sciences (Pakistan),
Ministry of Education and Science, Russian Academy of
Sciences, Federal Agency of Atomic Energy (Russia), VR and
Wallenberg Foundation (Sweden), the U.S. Civilian Research
and Development Foundation for the Independent States
of the Former Soviet Union, the U.S.-Hungarian Fulbright
Foundation for Educational Exchange, and the U.S.-Israel
Binational Science Foundation.

[1] E. V. Shuryak, Nonperturbative phemomena in QCD vacuum,
hadrons, and quark-gluon plasma, CERN Yellow Report 83-01,
Geneva (1983).

[2] I. Arsene et al. (BRAHMS Collaboration), Quark gluon plasma
and color glass condensate at RHIC? The Perspective from the
BRAHMS experiment, Nucl. Phys. A 757, 1 (2005).

[3] B. B. Back, M. D. Baker, M. Ballintijn, D.S. Barton, B. Becker
et al.,, The PHOBOS perspective on discoveries at RHIC,
Nucl. Phys. A 757, 28 (2005).

[4] John Adams et al. (STAR Collaboration), Experimental and
theoretical challenges in the search for the quark gluon
plasma: The STAR Collaboration’s critical assessment of the
evidence from RHIC collisions, Nucl. Phys. A 757, 102
(2005).

[5] K. Adcox et al. (PHENIX Collaboration), Formation of dense
partonic matter in relativistic nucleus-nucleus collisions at
RHIC: Experimental evaluation by the PHENIX Collaboration,
Nucl. Phys. A 757, 184 (2005).

[6] H. Song, S. A. Bass, U. Heinz, T. Hirano, and C. Shen, 200 A
GeV Au+Au Collisions Serve a Nearly Perfect Quark-Gluon
Liquid, Phys. Rev. Lett. 106, 192301 (2011).

[71 G. S. Denicol, T. Kodama, and T. Koide, The effect of shear and
bulk viscosities on elliptic flow, J. Phys. G: Nucl. Part. Phys. 37,
094040 (2010).

[8] B. Schenke, S. Jeon, and C. Gale, Higher flow harmonics from
(34+1)D event-by-event viscous hydrodynamics, Phys. Rev. C
85, 024901 (2012).

[9] S. Voloshin and Y. Zhang, Flow study in relativistic nuclear col-
lisions by Fourier expansion of Azimuthal particle distributions,
Z. Phys. C 70, 665 (1996).

[10] A. M. Poskanzer and S. A. Voloshin, Methods for analyzing
anisotropic flow in relativistic nuclear collisions, Phys. Rev. C
58, 1671 (1998).

[11] J.-Y. Ollitrault, Anisotropy as a signature of transverse collective
flow, Phys. Rev. D 46, 229 (1992).

[12] A. Adare et al. (PHENIX Collaboration), Elliptic and Hex-
adecapole Flow of Charged hadrons in Au+Au collisions at
/Sny =200 GeV, Phys. Rev. Lett. 105, 062301 (2010).

[13] A. Adare er al. (PHENIX Collaboration), Measurements
of Higher-Order Flow Harmonics in Au+Au Collisions at
J/Sny =200 GeV, Phys. Rev. Lett. 107, 252301 (2011).

[14] K. Aamodt et al. (ALICE Collaboration), Higher Harmonic
Anisotropic Flow Measurements of Charged Particles in Pb-Pb
Collisions at /syy =2.76 TeV, Phys. Rev. Lett. 107, 032301
(2011).

[15] G. Aad et al. (ATLAS Collaboration), Measurement of
the azimuthal anisotropy for charged particle production in
J/Snn =2.76 TeV lead-lead collisions with the ATLAS detector,
Phys. Rev. C 86, 014907 (2012).

[16] S. Chatrchyan et al. (CMS Collaboration), Centrality de-
pendence of dihadron correlations and azimuthal anisotropy
harmonics in PbPb collisions at ,/syy =2.76 TeV, Eur. Phys. J.
C 72,2012 (2012).

[17] L. Adamczyk et al. (STAR Collaboration), Third Harmonic Flow
of Charged Particles in Au+Au Collisions at \/syy =200 GeV,
Phys. Rev. C 88, 014904 (2013).

[18] B. Alver and G. Roland, Collision geometry fluctuations and
triangular flow in heavy-ion collisions, Phys. Rev. C 81, 054905
(2010); 82, 039903(E) (2010).

[19] R. A. Lacey, A. Taranenko, N. N. Ajitanand, and J. M.
Alexander, Scaling of the higher-order flow harmonics: impli-
cations for initial-eccentricity models and the ‘viscous horizon’,
arXiv:1105.3782.

[20] F. G. Gardim, F. Grassi, M. Luzum, and J.-Y. Ollitrault,
Anisotropic Flow in Event-by-Event Ideal Hydrodynamic Simu-
lations of /syy =200 GeV Au+Au collisions, Phys. Rev. Lett.
109, 202302 (2012).

[21] V. Greco, C. M. Ko, and P. Levai, Parton Coalescence and Anti-
Proton/Pion Anomaly at RHIC, Phys. Rev. Lett. 90, 202302
(2003).

051902-7


http://dx.doi.org/10.1016/j.nuclphysa.2005.02.130
http://dx.doi.org/10.1016/j.nuclphysa.2005.02.130
http://dx.doi.org/10.1016/j.nuclphysa.2005.02.130
http://dx.doi.org/10.1016/j.nuclphysa.2005.02.130
http://dx.doi.org/10.1016/j.nuclphysa.2005.03.084
http://dx.doi.org/10.1016/j.nuclphysa.2005.03.084
http://dx.doi.org/10.1016/j.nuclphysa.2005.03.084
http://dx.doi.org/10.1016/j.nuclphysa.2005.03.084
http://dx.doi.org/10.1016/j.nuclphysa.2005.03.085
http://dx.doi.org/10.1016/j.nuclphysa.2005.03.085
http://dx.doi.org/10.1016/j.nuclphysa.2005.03.085
http://dx.doi.org/10.1016/j.nuclphysa.2005.03.085
http://dx.doi.org/10.1016/j.nuclphysa.2005.03.086
http://dx.doi.org/10.1016/j.nuclphysa.2005.03.086
http://dx.doi.org/10.1016/j.nuclphysa.2005.03.086
http://dx.doi.org/10.1016/j.nuclphysa.2005.03.086
http://dx.doi.org/10.1103/PhysRevLett.106.192301
http://dx.doi.org/10.1103/PhysRevLett.106.192301
http://dx.doi.org/10.1103/PhysRevLett.106.192301
http://dx.doi.org/10.1103/PhysRevLett.106.192301
http://dx.doi.org/10.1088/0954-3899/37/9/094040
http://dx.doi.org/10.1088/0954-3899/37/9/094040
http://dx.doi.org/10.1088/0954-3899/37/9/094040
http://dx.doi.org/10.1088/0954-3899/37/9/094040
http://dx.doi.org/10.1103/PhysRevC.85.024901
http://dx.doi.org/10.1103/PhysRevC.85.024901
http://dx.doi.org/10.1103/PhysRevC.85.024901
http://dx.doi.org/10.1103/PhysRevC.85.024901
http://dx.doi.org/10.1007/s002880050141
http://dx.doi.org/10.1007/s002880050141
http://dx.doi.org/10.1007/s002880050141
http://dx.doi.org/10.1007/s002880050141
http://dx.doi.org/10.1103/PhysRevC.58.1671
http://dx.doi.org/10.1103/PhysRevC.58.1671
http://dx.doi.org/10.1103/PhysRevC.58.1671
http://dx.doi.org/10.1103/PhysRevC.58.1671
http://dx.doi.org/10.1103/PhysRevD.46.229
http://dx.doi.org/10.1103/PhysRevD.46.229
http://dx.doi.org/10.1103/PhysRevD.46.229
http://dx.doi.org/10.1103/PhysRevD.46.229
http://dx.doi.org/10.1103/PhysRevLett.105.062301
http://dx.doi.org/10.1103/PhysRevLett.105.062301
http://dx.doi.org/10.1103/PhysRevLett.105.062301
http://dx.doi.org/10.1103/PhysRevLett.105.062301
http://dx.doi.org/10.1103/PhysRevLett.107.252301
http://dx.doi.org/10.1103/PhysRevLett.107.252301
http://dx.doi.org/10.1103/PhysRevLett.107.252301
http://dx.doi.org/10.1103/PhysRevLett.107.252301
http://dx.doi.org/10.1103/PhysRevLett.107.032301
http://dx.doi.org/10.1103/PhysRevLett.107.032301
http://dx.doi.org/10.1103/PhysRevLett.107.032301
http://dx.doi.org/10.1103/PhysRevLett.107.032301
http://dx.doi.org/10.1103/PhysRevC.86.014907
http://dx.doi.org/10.1103/PhysRevC.86.014907
http://dx.doi.org/10.1103/PhysRevC.86.014907
http://dx.doi.org/10.1103/PhysRevC.86.014907
http://dx.doi.org/10.1140/epjc/s10052-012-2012-3
http://dx.doi.org/10.1140/epjc/s10052-012-2012-3
http://dx.doi.org/10.1140/epjc/s10052-012-2012-3
http://dx.doi.org/10.1140/epjc/s10052-012-2012-3
http://dx.doi.org/10.1103/PhysRevC.88.014904
http://dx.doi.org/10.1103/PhysRevC.88.014904
http://dx.doi.org/10.1103/PhysRevC.88.014904
http://dx.doi.org/10.1103/PhysRevC.88.014904
http://dx.doi.org/10.1103/PhysRevC.81.054905
http://dx.doi.org/10.1103/PhysRevC.81.054905
http://dx.doi.org/10.1103/PhysRevC.81.054905
http://dx.doi.org/10.1103/PhysRevC.81.054905
http://dx.doi.org/10.1103/PhysRevC.82.039903
http://dx.doi.org/10.1103/PhysRevC.82.039903
http://dx.doi.org/10.1103/PhysRevC.82.039903
http://arxiv.org/abs/arXiv:1105.3782
http://dx.doi.org/10.1103/PhysRevLett.109.202302
http://dx.doi.org/10.1103/PhysRevLett.109.202302
http://dx.doi.org/10.1103/PhysRevLett.109.202302
http://dx.doi.org/10.1103/PhysRevLett.109.202302
http://dx.doi.org/10.1103/PhysRevLett.90.202302
http://dx.doi.org/10.1103/PhysRevLett.90.202302
http://dx.doi.org/10.1103/PhysRevLett.90.202302
http://dx.doi.org/10.1103/PhysRevLett.90.202302

A. ADARE et al.

[22] R. J. Fries, B. Miiller, C. Nonaka, and S. A. Bass,
Hadronization in Heavy Ion Collisions: Recombination and
Fragmentation of Partons, Phys. Rev. Lett. 90, 202303
(2003).

[23] D. Molnar and S. A. Voloshin, Elliptic Flow at Large Transverse
Momenta from Quark Coalescence, Phys. Rev. Lett. 91, 092301
(2003).

[24] A. Adare et al. (PHENIX Collaboration), Scaling Proper-
ties of Azimuthal Anisotropy in Au+Au and Cu+Cu Col-
lisions at ,/syy =200 GeV, Phys. Rev. Lett. 98, 162301
(2007).

[25] A. Adare et al. (PHENIX Collaboration), Systematic study
of azimuthal anisotropy in Cu + Cu and Au + Au Collisions
at /s,y =624 and 200 GeV, Phys. Rev. C 92, 034913
(2015).

[26] L. X. Han, G. L. Ma, Y. G. Ma, X. Z. Cai, J. H. Chen, S.
Zhang, and C. Zhong, Initial fluctuation effect on harmonic flow
in high-energy heavy-ion collisions, Phys. Rev. C 84, 064907
(2011).

[27] E. Schnedermann, J. Sollfrank, and U. W. Heinz, Thermal
phenomenology of hadrons from 200 A/GeV S+S collisions,
Phys. Rev. C 48, 2462 (1993).

[28] P. Huovinen, P. E. Kolb, Ulrich W. Heinz, P. V. Ru-
uskanen, and S. A. Voloshin, Radial and Elliptic Flow
at RHIC: Further Predictions, Phys. Lett. B 503, 58
(2001).

[29] C. Adler et al. (STAR Collaboration), Identified Particle Elliptic
Flow in Au+Au Collisions at ,/syy =130 GeV, Phys. Rev.
Lett. 87, 182301 (2001).

[30] H Masui, Ph.D. thesis, Tsukuba University, 2007.

[31] K. Adcox et al. (PHENIX Collaboration), Phenix detector
overview, Nucl. Instrum. Methods Phys. Res., Sec. A 499, 469
(2003).

[32] K. Adcox et al. (PHENIX Collaboration), PHENIX central arm
tracking detectors, Nucl. Instrum. Methods Phys. Res., Sec. A
499, 489 (2003).

[33] A. Adare ef al. (PHENIX Collaboration), Deviation from quark-
number scaling of the anisotropy parameter v, of pions, kaons,
and protons in Au+Au collisions at ,/syy =200 GeV, Phys.
Rev. C 85, 064914 (2012).

[34] E. Richardson et al. (PHENIX Collaboration), A Reaction Plane
Detector for PHENIX at RHIC, Nucl. Instrum. Methods Phys.
Res., Sec. A 636, 99 (2011).

RAPID COMMUNICATIONS

PHYSICAL REVIEW C 93, 051902(R) (2016)

[35] S. Afanasiev et al. (PHENIX Collaboration), Systematic Studies
of Elliptic Flow Measurements in Au+Au Collisions at /s =
200 GeV, Phys. Rev. C 80, 024909 (2009).

[36] T.Todoroki and T. Niida, doctoral theses, University of Tsukuba,
2014 [http://www.phenix.bnl.gov/WWW/talk/theses.php].

[37] R. A. Lacey (PHENIX Collaboration), Elliptic flow measure-
ments with the PHENIX detector, Nucl. Phys. A 698, 559 (2002).

[38] K. Adcox et al. (PHENIX Collaboration), Flow measurements
via two particle azimuthal correlations in Au+4-Au collisions at
J/Snvnv =130 GeV, Phys. Rev. Lett. 89, 212301 (2002).

[39] H. Masui and A. Schmah, Event plane resolution correction for
azimuthal anisotropy in wide centrality bins, arXiv:1212.3650.

[40] G. Aad et al. (ATLAS Collaboration), Measurement of event-
plane correlations in /syy =2.76 TeV lead-lead collisions with
the ATLAS detector, Phys. Rev. C 90, 024905 (2014).

[41] L. Yan and J.-Y. Ollitrault, v4,vs,vs,v;: Nonlinear hydrodynamic
response versus LHC data, Phys. Lett. B 744, 82 (2015).

[42] P. E. Kolb, L.-W. Chen, V. Greco, and C. M. Ko, Momentum
anisotropies in the quark coalescence model, Phys. Rev. C 69,
051901 (2004).

[43] M. Luzum, C. Gombeaud, and J.-Y. Ollitrault, v, in ideal and
viscous hydrodynamics simulations of nuclear collisions at the
BNL Relativistic Heavy Ion Collider (RHIC) and the CERN
Large Hadron Collider (LHC), Phys. Rev. C 81, 054910 (2010).

[44] N. Borghini and J.-Y. Ollitrault, Momentum spectra, anisotropic
flow, and ideal fluids, Phys. Lett. B 642, 227 (2006).

[45] C.-J. Zhang and J. Xu, Investigating the scaling of higher-order
flows in relativistic heavy-ion collisions, Phys. Rev. C 93,
024906 (2016).

[46] S. S. Adler et al. (PHENIX Collaboration), Identified charged
particle spectra and yields in Au+Au collisions at ,/syy =200
GeV, Phys. Rev. C 69, 034909 (2004).

[47] S. S. Adler et al. (PHENIX Collaboration), Production of phi
mesons at mid-rapidity in ./syy =200 GeV Au+Au collisions
at RHIC, Phys. Rev. C 72, 014903 (2005).

[48] M. L. Miller, K. Reygers, S. J. Sanders, and P. Steinberg, Glauber
modeling in high energy nuclear collisions, Ann. Rev. Nucl. Part.
Sci. 57, 205 (2007).

[49] A. Adare et al. (PHENIX Collaboration), Azimuthal-Angle De-
pendence of Charged-Pion-Interferometry Measurements with
Respect to Second- and Third-Order Event Planes in Au + Au
Collisions at /5., = 200 GeV, Phys. Rev. Lett. 112, 222301
(2014).

051902-8


http://dx.doi.org/10.1103/PhysRevLett.90.202303
http://dx.doi.org/10.1103/PhysRevLett.90.202303
http://dx.doi.org/10.1103/PhysRevLett.90.202303
http://dx.doi.org/10.1103/PhysRevLett.90.202303
http://dx.doi.org/10.1103/PhysRevLett.91.092301
http://dx.doi.org/10.1103/PhysRevLett.91.092301
http://dx.doi.org/10.1103/PhysRevLett.91.092301
http://dx.doi.org/10.1103/PhysRevLett.91.092301
http://dx.doi.org/10.1103/PhysRevLett.98.162301
http://dx.doi.org/10.1103/PhysRevLett.98.162301
http://dx.doi.org/10.1103/PhysRevLett.98.162301
http://dx.doi.org/10.1103/PhysRevLett.98.162301
http://dx.doi.org/10.1103/PhysRevC.92.034913
http://dx.doi.org/10.1103/PhysRevC.92.034913
http://dx.doi.org/10.1103/PhysRevC.92.034913
http://dx.doi.org/10.1103/PhysRevC.92.034913
http://dx.doi.org/10.1103/PhysRevC.84.064907
http://dx.doi.org/10.1103/PhysRevC.84.064907
http://dx.doi.org/10.1103/PhysRevC.84.064907
http://dx.doi.org/10.1103/PhysRevC.84.064907
http://dx.doi.org/10.1103/PhysRevC.48.2462
http://dx.doi.org/10.1103/PhysRevC.48.2462
http://dx.doi.org/10.1103/PhysRevC.48.2462
http://dx.doi.org/10.1103/PhysRevC.48.2462
http://dx.doi.org/10.1016/S0370-2693(01)00219-2
http://dx.doi.org/10.1016/S0370-2693(01)00219-2
http://dx.doi.org/10.1016/S0370-2693(01)00219-2
http://dx.doi.org/10.1016/S0370-2693(01)00219-2
http://dx.doi.org/10.1103/PhysRevLett.87.182301
http://dx.doi.org/10.1103/PhysRevLett.87.182301
http://dx.doi.org/10.1103/PhysRevLett.87.182301
http://dx.doi.org/10.1103/PhysRevLett.87.182301
http://dx.doi.org/10.1016/S0168-9002(02)01950-2
http://dx.doi.org/10.1016/S0168-9002(02)01950-2
http://dx.doi.org/10.1016/S0168-9002(02)01950-2
http://dx.doi.org/10.1016/S0168-9002(02)01950-2
http://dx.doi.org/10.1016/S0168-9002(02)01952-6
http://dx.doi.org/10.1016/S0168-9002(02)01952-6
http://dx.doi.org/10.1016/S0168-9002(02)01952-6
http://dx.doi.org/10.1016/S0168-9002(02)01952-6
http://dx.doi.org/10.1103/PhysRevC.85.064914
http://dx.doi.org/10.1103/PhysRevC.85.064914
http://dx.doi.org/10.1103/PhysRevC.85.064914
http://dx.doi.org/10.1103/PhysRevC.85.064914
http://dx.doi.org/10.1016/j.nima.2011.01.034
http://dx.doi.org/10.1016/j.nima.2011.01.034
http://dx.doi.org/10.1016/j.nima.2011.01.034
http://dx.doi.org/10.1016/j.nima.2011.01.034
http://dx.doi.org/10.1103/PhysRevC.80.024909
http://dx.doi.org/10.1103/PhysRevC.80.024909
http://dx.doi.org/10.1103/PhysRevC.80.024909
http://dx.doi.org/10.1103/PhysRevC.80.024909
http://www.phenix.bnl.gov/WWW/talk/theses.php
http://dx.doi.org/10.1016/S0375-9474(01)01428-2
http://dx.doi.org/10.1016/S0375-9474(01)01428-2
http://dx.doi.org/10.1016/S0375-9474(01)01428-2
http://dx.doi.org/10.1016/S0375-9474(01)01428-2
http://dx.doi.org/10.1103/PhysRevLett.89.212301
http://dx.doi.org/10.1103/PhysRevLett.89.212301
http://dx.doi.org/10.1103/PhysRevLett.89.212301
http://dx.doi.org/10.1103/PhysRevLett.89.212301
http://arxiv.org/abs/arXiv:1212.3650
http://dx.doi.org/10.1103/PhysRevC.90.024905
http://dx.doi.org/10.1103/PhysRevC.90.024905
http://dx.doi.org/10.1103/PhysRevC.90.024905
http://dx.doi.org/10.1103/PhysRevC.90.024905
http://dx.doi.org/10.1016/j.physletb.2015.03.040
http://dx.doi.org/10.1016/j.physletb.2015.03.040
http://dx.doi.org/10.1016/j.physletb.2015.03.040
http://dx.doi.org/10.1016/j.physletb.2015.03.040
http://dx.doi.org/10.1103/PhysRevC.69.051901
http://dx.doi.org/10.1103/PhysRevC.69.051901
http://dx.doi.org/10.1103/PhysRevC.69.051901
http://dx.doi.org/10.1103/PhysRevC.69.051901
http://dx.doi.org/10.1103/PhysRevC.81.054910
http://dx.doi.org/10.1103/PhysRevC.81.054910
http://dx.doi.org/10.1103/PhysRevC.81.054910
http://dx.doi.org/10.1103/PhysRevC.81.054910
http://dx.doi.org/10.1016/j.physletb.2006.09.062
http://dx.doi.org/10.1016/j.physletb.2006.09.062
http://dx.doi.org/10.1016/j.physletb.2006.09.062
http://dx.doi.org/10.1016/j.physletb.2006.09.062
http://dx.doi.org/10.1103/PhysRevC.93.024906
http://dx.doi.org/10.1103/PhysRevC.93.024906
http://dx.doi.org/10.1103/PhysRevC.93.024906
http://dx.doi.org/10.1103/PhysRevC.93.024906
http://dx.doi.org/10.1103/PhysRevC.69.034909
http://dx.doi.org/10.1103/PhysRevC.69.034909
http://dx.doi.org/10.1103/PhysRevC.69.034909
http://dx.doi.org/10.1103/PhysRevC.69.034909
http://dx.doi.org/10.1103/PhysRevC.72.014903
http://dx.doi.org/10.1103/PhysRevC.72.014903
http://dx.doi.org/10.1103/PhysRevC.72.014903
http://dx.doi.org/10.1103/PhysRevC.72.014903
http://dx.doi.org/10.1146/annurev.nucl.57.090506.123020
http://dx.doi.org/10.1146/annurev.nucl.57.090506.123020
http://dx.doi.org/10.1146/annurev.nucl.57.090506.123020
http://dx.doi.org/10.1146/annurev.nucl.57.090506.123020
http://dx.doi.org/10.1103/PhysRevLett.112.222301
http://dx.doi.org/10.1103/PhysRevLett.112.222301
http://dx.doi.org/10.1103/PhysRevLett.112.222301
http://dx.doi.org/10.1103/PhysRevLett.112.222301

	5057546CoverPage-AA20160390谷田聖.pdf
	5057546_5057546PhysRevC.93.051902.pdf



