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Differential measurements of the elliptic (v,) and hexadecapole (v,) Fourier flow coefficients are
reported for charged hadrons as a function of transverse momentum (pr) and collision centrality or
number of participant nucleons (Np,y) for Au + Au collisions at /syy = 200 GeV. The v,, measure-
ments at pseudorapidity || = 0.35, obtained with four separate reaction-plane detectors positioned in the
range 1.0 < |n| < 3.9, show good agreement, indicating the absence of significant A n-dependent nonflow
correlations. Sizable values for v,(pr) are observed with a ratio v4(pr, Nput)/v3(pr, Npar) = 0.8 for
50 = Npy = 200, which is compatible with the combined effects of a finite viscosity and initial

Waseda University, Advanced Research Institute for Science and Engineering, 17 Kikui-cho, Shinjuku-ku, Tokyo 162-0044, Japan

eccentricity fluctuations. For Ny, = 200 this ratio increases up to 1.7 in the most central collisions.

DOI: 10.1103/PhysRevLett.105.062301

The discovery of large azimuthal anisotropy at the
Relativistic Heavy Ion Collider (RHIC) is a key piece of
evidence for the creation of dense partonic matter in ultra-
relativistic nucleus-nucleus collisions [1,2]. With suffi-
ciently strong interactions, the medium in the collision
zone can be expected to locally equilibrate and exhibit
hydrodynamically driven flow [3-5]. The momentum an-
isotropy results from an initial ““‘almond-shaped” collision
zone produced in noncentral collisions [3,4]. It is now
routinely characterized, at midrapidity, by the even order
Fourier coefficients v, = (e!"@»=Pr)) =124 .. .,
where ¢, is the azimuthal angle of an emitted particle,
@gp is the azimuth of the reaction plane and the brackets
denote averaging over particles and events.

At the highest RHIC collision energy of ./syy =
200 GeV, differential elliptic flow measurements v,(pr)
(for transverse momentum py < 2.5 GeV/c) and v5(N )
have been measured for a broad range of centralities or
number of participants Ny, These data are found to be in
accord with calculations that model an essentially locally
equilibrated quark gluon plasma (QGP) having little or no
viscosity [4,6—-8]. Quark number scaling of elliptic flow
data (suggestive of partonic degrees of freedom in the
collision zone) is observed for a broad range of particle
species, collision centralities, and transverse kinetic energy
[9,10]. Small violations of the scaling of v,(N,,) With the
initial eccentricity of the collision zone &, suggest a
strongly-coupled low-viscosity plasma (477? ~1—2 for
the ratio of viscosity 1 to entropy density s) in energetic
Au + Au collisions [11-13]. Nonetheless, the degree to
which the QGP is thermalized [14], and whether it is
strongly or weakly coupled [5,15], is still being debated.

Recent theoretical studies indicate that the hexadecapole
flow harmonic v, is a more sensitive constraint on the
magnitude of ? and the freeze-out dynamics [16], and the

PACS numbers: 25.75.Dw, 25.75.Ld

ratio v4/(v,)? can indicate whether full local equilibrium
is achieved in the QGP [17]. The role of fluctuations and
so-called “nonflow” correlations is important for such
measurements. It is well established that initial eccentricity
fluctuations significantly influence the magnitudes of v, 4
[18-22]. However, the precise role of nonflow, which leads
to a systematic error in the determination of v, 4 is less
clear. Nonflow correlations among produced particles may
arise from jets, whose influence is found to vary with
pseudorapidity n and py [23]. This provides a tool to
evaluate how jets influence the measurements presented
here.

We report precise measurements of charged hadron v,
and vy in Au + Au collisions at ,/syy = 200 GeV. The
measurements were performed in the two PHENIX central
arms (|| = 0.35) with respect to event planes obtained
from four separate reaction-plane detectors in the range
1.0 < || < 3.9. Multiple event planes allow a search for
possible An-dependent nonflow contributions that would
influence the magnitude of v, 4, which may be crucial for
reliable extraction of transport coefficients.

The results reported here are derived from ~3.6 X 10°
minimum-bias Au + Au events obtained at /syy =
200 GeV with the PHENIX detector [24] during the
2007 running period. The event centrality was determined
via cuts on the analog response of the Beam-Beam
Counters (BBC). For each centrality selection, the number
of participant nucleons N, was estimated via a Glauber
model Monte Carlo simulation [25]. The drift chambers
and two layers of multiwire proportional chambers with
pad readout (PC1 and PC3) were used for charged particle
tracking and momentum reconstruction with azimuthal
coverage Ag = /2 in the central region (|n| = 0.35).
Tracks were required to have E/p; > 0.1 and a confirma-
tion hit within a 20 matching window in PC3 and the
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electromagnetic calorimeters (£ denotes the energy depos-
ited in the electromagnetic calorimeters). This minimized
albedo, conversions, and weak decay products.

The event-plane method [26] was used to correlate the
azimuthal angles ¢, of the charged tracks in the PHENIX
central arms (|y| = 0.35) with the azimuth of the esti-
mated second order event plane ®,, determined via hits
in the two BBCs and muon piston calorimeters (MPCs),
and the two inner (i), outer (0) and combined (io) rings of
newly installed reaction-plane detectors (RXN). The two
RXNs are situated at |z] = 38—40 cm of the nominal cross-
ing point and their inner and outer rings are comprised of
12 plastic scintillators (A¢ = 77/6 for each). The MPCs
are PbWO, based electromagnetic calorimeters with 27
azimuthal acceptance. The respective 1 coverage for these
event-plane detector pairs are 3.1 < |ngpcl| <3.9, 3.1 <
Invpcl = 3.7, 1.5 <|nmgxy,| <2.8, and 1.0 < |npxy,| <
1.5. For a given pair the detector, which is located at
positive (negative) 7, is designated North (N) [South (S)].

Charge-averaged values for the second and fourth flow
harmonics were evaluated separately for each estimated
event plane i as

_ (cos[2k(, — DD
Yk Res(V,)

k=12, ey

where the denominator represents a resolution factor that
corrects for the difference between the true azimuth ®gp
and the 2nd order estimate @) of the event plane. This
estimate was obtained from the combined subevents (North
and South) for each detector pair. Resolution factors were
evaluated via the three-sub-events method [26,27]

(cos[2k(P) — PL)])cos[2k(P, — D))
(cos[2k(D) — @1)]) ’

2

where i, [, and m indicate event and subevent planes with
disparate n values (eg., i = RXN;,, [ = MPCy, and m =
BBCg). An advantage of this procedure is that, for any
given centrality, it allows several independent estimates of
Res(W,4) for each event plane. In turn, such estimates
allow an evaluation of the systematic errors for
Res(W} ,). It is noteworthy that estimates for these correc-
tion factors were also obtained (for k = 1 and 2) via the
two-sub-events method [26,27], which is regularly used for
elliptic flow analysis. For RXN the difference between
both methods is small for v,, i.e., ~1% for midcentral
collisions and ~5% for the most central and peripheral
collisions. For vy, it is ~2% for midcentral collisions and
grows to ~7% and 20% in the most peripheral and central
collisions, respectively.

Figure 1 shows the centrality dependence of (Res(V,))
and (Res(W,)) for several event planes. Similar maxima
are observed for N, = 200 with a falloff at lower and
higher N, Measurements with the RXN;, event plane
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FIG. 1 (color online). Event-plane resolution factors vs Ny

for v, (a) and v, (b) measurements for the indicated event

planes.

benefit from about a factor of 2 (5) improvement in the
resolution for v, (v4) compared to prior PHENIX mea-
surements with the BBC event plane [26].

The systematic errors associated with the RXN;, reso-
lution factors for v, (v,) are estimated to be less than 2%
(6%) for midcentral collisions but increase to about 3%
(10%) in the most central and peripheral collisions. Similar
estimates were obtained for the RXN; and RXN, event
planes. On average, those for the BBC and the MPC event
planes are about a factor of 2 larger. Other sources, such as
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FIG. 2 (color online). Comparison of v, V8 Ny, (a) and vy vs
Npar (b) for charged hadrons obtained with several reaction-
plane detectors for the pr selections indicated. Ratios for the pr
range 1.2-1.6 GeV/c are shown in (¢) and (d); the curves
indicate +10% and *£20% systematic error bands.
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track cuts, are estimated to range from ~1-2% (3—4%) for
pr = 0.5 GeV/c to ~5% (10%) for the lowest p; values.

Figures 2(a) and 2(b) compare the double differential
flow coefficients v, 4(pz, Npa) for event-plane detectors
spanning the range 1.0 <|n| <3.9. Within systematic
errors, they agree to better than ~5% (10%) for v, (vy)
in midcentral collisions and approximately 10% (20%)
in central and peripheral events [c.f., ratios in Figs. 2(c)
and 2(d)] independent of py. This agreement indicates a
reliable measurement free of significant Amn- and
pr-dependent nonflow  contributions (for py =
3 GeV/c¢), which would affect v, and v, (very little influ-
ence is expected from a possible An-independent long-
range correlation [28]). Nonflow correlations, such as from
dijets, would lead to a difference in the v, (v,) values
obtained with event planes determined at different rapidity
gaps (An) with respect to the central arms [23]. In the
following we utilize the RXN;,, event plane due to its good
resolution. The associated systematic error for v, (v,) is
estimated to be = 3% (8%) for midcentral collisions and
increase to about 7% (15%) in the most peripheral and
central collisions.

Figures 3 and 4 summarize the results for elliptic and
hexadecapole flow. The magnitude and trends agree well

dence on p; compatible with the prediction from hydro-
dynamics that v, « v% [29]. The large increase (~ X6)
from central to peripheral collisions reflects the expected
increase due to the change in initial eccentricity from
central to peripheral events [17,30].

Figure 4 compares the v5(Npay) (a) and v4(Npgy) (b) for
several py selections as indicated. The Ny, values are
mean values evaluated for the centrality selections indi-
cated in Fig. 3. Here, the data trends in (a) and (b) are
strikingly similar albeit with a much smaller magnitude
in (b). The magnitude and trends with pr and Np,; in
Figs. 4(a) and 4(b) follow expectations for a hydrodynami-
cally expanding low-viscosity fluid [5,7,8,11-13].

The ratio v,/(v,)* is shown as a function of N, in
Fig. 4(c) for the same p; selections used in (a) and (b);
systematic errors are =~4%-5% for midcentral collisions
and increase to 8%—10% for central and peripheral colli-
sions. Within errors, these data indicate that the magnitude
of v,/(v,)? is essentially independent of p; for the range
0.5-3.6 GeV/c, i.e., extending beyond the maxima in
Fig. 3(a). An approximately constant ratio of value

. . 0.25 [(a) D) ' - 008
with those reported earlier [1,2]. However they now benefit I ' PT (GeVie) 4
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FIG. 3 (color online). pr dependence of v, (a) and v, (b) for
charged hadrons for several centrality selections as indicated.
The error bars only indicate statistical errors.

shows the ratio v /(v,)? V8 Ny, for the same py selections. The
open boxes indicate systematic errors for the selection 1.6 <
pr <2.4 GeV/c. The curves show calculated results for ideal
hydrodynamics (I-Hd), I-Hd + eccentricity fluctuations (e-F),
I-Hd + ¢ — F + viscosity (7), and I-Hd + n + Gaussian
Fluctations (GF) (see [22]).
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v4(pr, Npar)/V3(P1, Npar) = 0.8 is observed for 50 <
Npare = 200, which is larger than the ratio ~0.5 for ideal
hydrodynamics in the model of [22]. The inclusion of
eccentricity fluctuations in this model, cause this ratio to
exceed 0.5 as shown by the dashed curve (from [22]) in
Fig. 4(c). Viscosity from the hadron gas phase, in addition
to a small value in the quark gluon plasma (477% ~2)[12],
results in a further increase of this ratio as indicated by the
dash-dotted curve [22].

Our v4(pr, Npar) /U3 (P, Npare) 1atio is smaller than the
centrality-averaged value of 1.2 reported by STAR [31].
Part of this difference can be understood by averaging over
our measured centrality range (0%-60%) yielding the
value =~1.0. Comparison to STAR results [22] shows a
10% discrepancy for midcentral collisions, possibly re-
flecting differences in the methods used to estimate
Res(W¥,).

In more central collisions where N, = 200, v*/v3 in-
creases rapidly. Adding eccentricity fluctuations to ideal
hydrodynamics causes a similar trend, indicated by the
dashed curve in Fig. 4(c). Central collisions are the
most sensitive because the eccentricity decreases as the
overlap region becomes more symmetric. In order to re-
produce the central data, the authors of [22] introduced
additional fluctuations shown as the solid line in Fig. 4(c),
though the source of these fluctuations is as yet
unspecified.

In summary, we have presented differential measure-
ments of v, and v, for charged hadrons obtained with
four reaction-plane detectors at different A» with respect
to the PHENIX central arms. There are no significant A n-
and pp-dependent nonflow contributions for p; =<
3GeV/c in the centrality ranges of our study.
Consequently there are no significant systematic errors
from jets on the event-plane determinations or values of
v, and vy. The ratio v4(pr, Npar)/v3(P7, Npar) = 0.8 for
50 = Npar = 200 is essentially independent of pr, consis-
tent with the effects of finite viscosity and eccentricity
fluctuations. For Ny, = 200 the ratio increases up to 1.7
in the most central collisions. The precision of these data
provide stringent constraints for further theoretical model-
ing and more detailed extractions of the transport proper-
ties of hot and dense partonic matter.
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