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Elliptic flow from two- and four-particle correlations in Au +Au collisions at \syy=130 GeV
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Elliptic flow holds much promise for studying the early-time thermalization attained in ultrarelativistic
nuclear collisions. Flow measurements also provide a means of distinguishing between hydrodynamic models
and calculations which approach the low densitjute gas limit. Among the effects that can complicate the
interpretation of elliptic flow measurements are azimuthal correlations that are unrelated to the reaction plane
(nonflow correlations Using data for Au+ Au collisions at\/ﬁ= 130 GeV from the STAR time projection
chamber, it is found that four-particle correlation analyses can reliably separate flow and nonflow correlation
signals. The latter account for on average about 15% of the observed second-harmonic azimuthal correlation,
with the largest relative contribution for the most peripheral and the most central collisions. The results are also
corrected for the effect of flow variations within centrality bins. This effect is negligible for all but the most
central bin, where the correction to the elliptic flow is about a factor of 2. A simple new method for two-
particle flow analysis based on scalar products is described. An analysis based on the distribution of the
magnitude of the flow vector is also described.

DOI: 10.1103/PhysRevC.66.034904 PACS nunier25.75.Ld

I. INTRODUCTION umes of dilute gas—the low density limjtL8] (LDL)—

In noncentral heavy-ion collisions, the initial spatial de- represent the limit of mean free path that is the opposite of
formation due to geometry and the pressure developed earlyydrodynamics. It remains unclear to what extent the LDL
in the collision causes azimuthal momentum-space anisopicture can describe the data at RHIC, and valuable insights
ropy, which is correlated with the reaction pldrde-4]. Mea-  can be gained from mapping out the conditions under which
surements of this correlation, known as anisotropic transhydrodynamic and LDL calculations can reproduce the mea-
verse flow, provide insight into the evolution of the early sured elliptic flow.
stage of a relativistic heavy-ion collisigb]. Elliptic flow is Anisotropic flow refers to correlations in particle emission
characterized by the second-harmonic coefficientof an  with respect to the reaction plane. The reaction plane orien-
azimuthal Fourier decomposition of the momentum distribu-tation is not known in experiment, and anisotropic flow is
tion [6—8], and has been observed and extensively studied insually reconstructed from the two-particle azimuthal corre-
nuclear collisions from subrelativistic energies on up tolations. But there are several possible sources of azimuthal
RHIC. At top AGS and SPS energies, elliptic flow is inferred correlations that are unrelated to the reaction plane—
to be a relative enhancement of emissiorthe plane of the examples include correlations caused by resonance decays,
reaction. Elliptic flow is developed mostly in the first several (mini) jets, strings, quantum statistics effects, final state in-
femtometers (of the order of the size of nucleafter the teractiongparticularly Coulomb effecjs momentum conser-
collision and thus provides information about the early-timevation, etc. The present study does not distinguish between
thermalization achieved in the collision®]. Generally the various effects in this overall category, but classifies their
speaking, large values of flow are considered to be signaturemmbined effect as “nonflow” correlations.
of hydrodynamic behaviof6,10,11 although an alternative Conventional flow analyses are equivalent to averaging
approach[12—-1§ is also argued to be consistent with the over correlation observables constructed from pairs of par-
large elliptic flow for pions and protons at RHI[Q@7]. Mod-  ticles. When such analyses are applied to relativistic nuclear
els in which the colliding nuclei resemble interacting vol- collisions where particle multiplicities can be as high as a
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few thousand, the possible new information contained in

. . . . . 6000
multiplets higher than pairs remains untapped. A previous @
study of high-order flow effects focused on measuring the g 5000
extent to which all fragments contribute to the observed flow
signal[19], and amounted to an indirect means of separating
flow and nonflow correlations. Given that flow analyses 3000
based on pair correlations are sensitive to both flow and non-
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flow effects, the present work investigates correlation ob- 2000

servables constructed from particle quadruplets. The cumu- 1000

lant formalism removes the lower-order correlations which

are present among any set of four particles, leaving only the 0 1' "' é - é - "'1' - 5'-, - 'é
effect from the so-called “pure” quadruplet correlation. The azimuthal angles (rad)

simplest cumulant approach, in terms of both concept and
implementation, partitions observed events into four subev- FIG. 1. The azimuthal angle distribution of tracks from mini-
ents. In the present study, the four-subevent approach is demmum bias events. Dips are due to the reduced efficiency at sector
onstrated, but our main focus is on a more elaborate cumuoundaries of STAR TPC.
lant method, developed by Borghini, Dinh, and Ollitrault
[20,21]. There are indications that nonflow effects contributepoints was greater than 0.52, pseudorapidligy<1.3, and
at a negligible level to the four-particle cumulant correlationtransverse momentum GJp,;<<2.0 GeVk. Particles over a
[20,21], making it unnecessary to continue to even highemwider range inp andp, were correlated with this flow vector
orders for the purpose of separating the flow and nonflonas shown in the graphs below. Centrality is characterized in
signals. This observation is confirmed by our Monte Carloeight bins of charged particle multiplicity.,, divided by
simulations the maximum observed charged multipliCityy,.,, With a

In this analysis the observed multiplicity of charged par-more stringent cult|<0.75 imposed only for this centrality
ticles within the detector acceptance is used to characteriz#etermination. The above cuts are essentially the same as
centrality. This leads to some fluctuations of the impact paused in the previous STAR studies of elliptic flg@,17].
rameter and, correspondingly, of the elliptic flow within each
centrality bin, especially in the bin of highest multiplicity. In Il. TWO-PARTICLE CORRELATION METHODS
the present study, a correction is applied to reduce a possible
bias in the measurements of the mean elliptic flow due to Anisotropic transverse flow manifests itself in the distri-
impact parameter fluctuations in the centrality bins to an inbution of ¢’ =¢—W¥, where¢ is the measured azimuth for
significant level. a track in detector coordinates, aldis the azimuth of the

The present study begins with a review of the standar@stimated reaction plane in that event. The observed
pair correlation method, and provides details concerning th@nisotropies are described by a Fourier expansion,
approach adopted in earlier STAR publicatidrgs17] for
treating nonflow correlations. A new method of pair flow

analysis using the scalar product of flow vectors also is in_Each measurable harmonic can vield an independent esti-
troduced. In the conventional method, a flow coefficient is y P

calculated by the mean cosine of the difference in angle o ate, of the event reaction plane via the event flow vector

two flow vectors. In the scalar product method, this quantity~""
is weighted by the lengths of the vectors. The new method
offers advantages, and is also simple to apply. Also, an anosn\Ifnzg cosneg; ,
analysis in terms of the distribution of the magnitude of the ‘
flow vector is discussed.

Measurements presented in this paper are based on . _ : ,
Au-+Au data atysyy=130 GeV recorded by STARSole- Qnsinny E. sinngi. @
noidal Tracker at RHIC A detailed description of the detec-
tor in its year-one configuration can be found elsewh2gg. where the sums extend over all particles in a given event.
The main feature of the STAR time projection chamberThe observed values af, .5 COrrected for the reaction
(TPO) relevant to this analysis is its full azimuthal coverageplane resolution yield), [8]. Below we will also use the
(see Fig. L The analysis is based on 170000 events correrepresentation of the flow vector as a complex number with
sponding to a minimum bias trigger. Events with a primaryreal and imaginary parts equalx@ndy components defined
vertex beyond 1 cm radially from the beam or 75 cm longi-in Eq. (2):
tudinally from the center of the TPC were excluded. Within
the selected events, tracks were used for the estimation of the Q.= u,; &)
flow vector if all five of the following conditions were satis- nog Ty
fied: they passed within 2 cm of the primary vertex, they had A
at least 15 space points in the TPC, the ratio of the number ofhere un,i=e'”"’i is a unit vector associated with th¢h
space points to the expected maximum number of spacearticle; its complex conjugate is denoted ugy; .

dN/d¢p' <1+ 20 pL0SP’ + 20,0, LOS 2"+ -+ - . (1)
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A. Correlation between flow angles from different subevents: A 5— T — T T T — T
Estimate of nonflow effects T 045 _
e L & ar i
In order to report anisotropic flow measurements in a & 04— g U b N
detector-independent form, it is customary to divide each o o 0.35 O O —
event into two subevents and determine the resolution of the Z 0.3— & & ]
event plane by correlating th®,, vector for the subevents ¢, 0.25— 0 ) B
[8,23. In order to estimate the contribution from different 8 T .
nonflow effects one can use different ways of partitioning the 9 02~ @ -
entire event into two subevents. The partition according to 0.15— ]
particle charge should be more affected by resonance deca 0.1 @ —
effects because the decay products of neutral resonance 0.05 .
have opposite charge. The partition using tipseudo ra- [ ]

' | ' | L | L | ' | ' | L | L |
01 02 03 04 05 06 07 08 0.9
/n

o

pidity regions(better separated b&y=0.1) should greatly
suppress the contribution from quantum statistics effects anc n
Coulomb(final state interactions.

Another important observation for the estimate of the FIG. 2. Correlation between the event plane angles determined
nonflow effects is their dependence on centrality. The correfrom pairs of subevents partitioned randonttyrcles, partitioned

lation between two subevent flow angles is with opposite signs of pseudorapiditsquaresand partitioned with
opposite signs of charg@&rosses The correlation is plotted as a

ch’” "max

Msub Msub function of centrality, namely, charged particle multiplicity, di-
E Ui 21 uj* vided by the maximum observed charged multiplicity,,y.
= ]=
(cog2(WiY —wi)])~ =
Msub Msub
MeutMcun the case of subevents with opposite signs of charge com-
= %(uiuj")MMsub(v% 52), pared to subevents partitioned randomly. This pattern might
sub

be due to resonance decays to two particles with opposite
(4)  charges. The spread of the results for different subevent par-
titions is about 0.05, which is in accord with the number used
whereMsg,;, is the multiplicity of a subevent, and, denotes  for the estimates of the systematic errors.
the nonflow contribution to two-particle correlations. For  The event plane resolution for full events is defined as
correlations due to small clusters, which are believed responcog (¥ measure Virwe) 1), i Which W c.cure@nd Wy, e are
sible for the dominant nonflow correlatiof0], the strength  azimuthal angles for the measured reaction plane and the
of the correlation should scale in inverse proportion to thetrue” reaction plane, respectively. The resolution with
total multiplicity. Since the subevent multiplicity is propor- \eighting(see Sec. Il Bcan reach as high as 0.8, as shown
tional to the total multiplicity, we can definé, to be the in Fig. 3. Thev, as a function of centrality is shown in Fig.

multiplicity independent nonflow effeci,=5,/Mg,,. Col- 4. using different prescriptions to partition the particles into

lecting terms, we arrive at subevents. Again, partitioning into subevents with opposite
sign of charge yields the highest elliptic flow signal, presum-

(cog2(WP —wP 1)) M g w2+3,. (5)  ably because of neutral resonangd, (etc) decay.

What is important is that the nonflow contribution to o 09— : —— : :

(cog2(¥P—wP))) is approximately independent of central- £ 0ol B

ity. The typical shape ofcog2(¥Y—wP))) for flow (see, %_ e o 2 2 o 1

for example, Fig. Ris peaked at midcentral events due to the e 0.7~ o A A 0 7

fact that for peripheral collisiond g, is small, and for cen- @ 0.6 A A —

tral events, is small. In the previous estimat¢8,17] of 2 05— o

the systematic errors, we have set the qua@jty 0.05. The ‘G 0.4 2 A 7

justification for this value was the observation of similar cor- g H g

relations for the first and higher harmonigse have inves- 5 03— 7

tigated up to the sixth harmonidOne could expect the non- 2 g2 —

flow contribution to be of a similar order of magnitude for all 8 01 N

these harmonics, andiJING [24] simulations support this e L | | | | | | | | .

conclusion. Given the valu32=0.05, one simply estimates Go ‘ 0.1 ' 0.2 ‘ 0.3 ' 0.4 ' 0.5 ' 0.6 ' 0.7 ' 0.8 ' 0.9

the contribution from nonflow effects to the measurement of n./n

v, from the plot of(cog2(W®—wP)]) using Eq.(5). ch " max

Figure 2 shows the event plane correlation between two FIG. 3. The event plane resolution for full events as a function
subevents, for each of the three different subevent partitionsf centrality, using randomly partitioned subevents wtircles
In central events, it is seen that the correlation is stronger iand without(triangles p, weight.
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FIG. 4. Elliptic flow signalv, as a function of centrality, from _g 0-85_ ]
study of the correlation between particle pairs consisting of ran- g3 0.8
domly chosen particlegcircles, particles with opposite signs of -g I A
charge(crossey particles with the same signs of chaiggangles, 7 0'7"_ |
and particles with opposite signs of pseudorapidiyuares w« O07—¢@ ® ®
o) = ° o o o -
B. Weighting g 0.65— i
If Eq. (3) is generalized to the for@,=S,wiu,, where £ % 09702 03 04 05 06 07 08 0.9

thew; are weights adjusted to optimize the event plane reso-
lution[8,25], thenu; should be replaced by;u; for all equa-

tions in this paper, andV should be replaced b)Eiwiz

throughout Secs. Il and IV B.

The best weightv;( ,p;) is vo(7,p;) itself[20]. In prac-
tice, since we know that, is approximately proportional to
p; up to about 2 Ge\, it is convenient to us@, as the
weight. It is found thap, weighting can reduce the statistical

error significantly, as demonstrated in Fig. 5.

C. Scalar product flow analysis

In a new scalar product meth¢@6], each event is parti-
tioned into two subevents, labeled by the superscamsd

b. The correlation between two subevents is

(QRQP*)=(vaMaMP),

the appropriate subevent as per Ez).

Given the above, the flow relative to the true reaction
plane can be readily calculated from unit momentum vectors
uni(7,py) of the analyzed tracks by using E¢B) for the
particle relative to the B other particles, and then dividing
by the square root of Eq6) for the subevents. This gives

(o QR (7P)
T 2 (Qak)

Autocorrelations are removed by subtracting partidle the
calculation ofQ,, when taking the scalar product with, ;.
This method weights events with the magnitude of @
vector, and ifQ, is replaced by its unit vector, the above
reduces to (cosn(¢—V)), the conventional correlation

method.

PHYSICAL REVIEW C 66, 034904 (2002

n ch/n max

6)

whereM? andMP® are the multiplicities for subevenssand
b, respectively. The vector®? and Q° are constructed for

(@)

FIG. 5. The upper panel shows vs centrality using the con-
ventional method, where the circles and triangles repraseniith
and without p, weighting, respectively. The statistical error is
smaller than the symbol size. The lower panel shows the statistical
error onv, with p; weighting divided by the same without weight-

ing.

Figure 6 demonstrates that the results from the scalar
product method are indeed very close to those of the conven-
tional method. In this calculation, the subevents are gener-
ated by random partitioning. However, the detailed compari-
son of two results reveals a small systematic difference. The
difference might have origin in the approximatioftise cen-
tral limit theorem) used in the conventional method and that
are not required in the scalar product method. In addition, the
scalar product method has the benefit of smaller statistical
errors and is very simple to implement.

IIl. DISTRIBUTION IN THE MAGNITUDE
OF THE FLOW VECTOR

In this section we study elliptic flow by the analysis of the
distribution in the magnitude of the flow vector. The method
was used by the E877 Collaboration at the AGS for the first
observation of anisotropic flow at ultrarelativistic nuclear
collisions[27]. This method is based on the observation that
anisotropic flow strongly modifies the distribution of the
magnitude of the flow vectd7,8,20,28. Very strong flow
leads to the distributiod P/(Q,dQ,) with a local minimum
at Q=0, which reflects the fact that for the case of strong
flow all particle momentum unit vectors are aligned in the
flow direction. On the other hand, the nonflow effects, two-,
and few-particle azimuthal correlations lead to an increase in
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FIG. 7. Reduced flow vector distributions for centrality bin 5
FIG. 6. The upper panel presentsvs centrality from the scalar plotted in two ways. Solid lines correspond to the fit with two
product methodtriangles and the conventional random subevent parametersy, andg,, and dashed lines correspond to the fit as-
method(circles. All statistical errors are smaller than the symbol suming zero real flow.
size. The statistical error for the scalar product method divided by
that for the conventional method is shown in the lower panel.

reduced flow vector, in two different ways. First, the distri-
butions in all different centrality bins have been fitted with

the statistical fluctuation width of the distribution. The effect o independent parameters. anda.. The nonflow contri-
can be understood by considering the flow vector composeg\' . P P " 9a- :
ution parameteg, has been found to be in the range of

of many clusters but randomly distributed in the azimuthal o :
space. In the limit of large multiplicity and neglecting the 0.18-0.32 for all centralities except the most peripheral one.

contribution from higher harmonic&or a more accurate One should not expect a good fit for the most peripheral bin,

consideration, see Reff20,26,29) the distribution can be for it is a mixture of events in a wide multiplicity range from
described by7,8,29 20 to 100. Better fit results for this bin could be achieved if

the bin would be split into several sub-bins with smaller

dp 1 2M + o M rela_itiv_e multiplicity vgria_tions. The relative _mL_iItip_Iicity
- _zeXp< _Un Zq” |O< Snp ”;/_ , (8 variation in the other bins is much smaller. Tapdistribution
Gnd 0y On 207, On for the centrality bin 5 is presented in Fig. 7. The two fit

functions correspond to the case of a fit with two parameters,
where |4 is the modified Bessel function. We have intro- v, andg,, and to the case of a one-parameter fitggffor
duced the variable,=Q,/\M, which greatly reduces the ,,=0. Note that the dashed curves are systematically higher
effect on the shape of the distribution from averaging overor lower than the data points in differegtregions. In the
events with different multiplicities. In a more general caselower part of Fig. 7 one can see that the anisotropic flow
using weights, one should USﬁ,=Qn/(\/M<Wi2)). In this  pushes the distribution out to larger values. If the flow were
way the width of theg distribution is independent of multi- great enough one could select events based on tlues.
plicity: In the second method we fif distributions in centrality

bins 2—8 simultaneously with different, values for each

aﬁ=0.5(1+gn), (9 centrality bin but the same value gf (This assumption is

similar to the assumption af=const in the preceding sec-
with g,, reflecting the change in the width of the distribution tion. See also the discussion in Ref8,20,29). We find g
due to nonflow effect$and to some extent to the averaging =0.29+0.02. The results of the fits are presented in Fig. 8.
over events with different multiplicitios The deviation from the standard method results are due to

We have fitted distributions afj,, the second-harmonic the nonflow contributions.
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FIG. 8. Elliptic flow as determined from the fits to thedistri-
butions in different centrality bins. The circles are from the standar
method with random subevents. For the squares, all the centraliti

with the same value of the nonflow parameter.

IV. FOUR-PARTICLE CORRELATIONS

A. Motivation for cumulants

(U an U7 307 20) = (U b0 2, 507, — 2 a5 )=

were fit separately. For the triangles, centrality bins 2—8 were fit

PHYSICAL REVIEW C 66, 034904 (2002

represents the contribution to the pair correlation from non-
flow effects. Correlating four particles, one gets
(Unaln 25 sUx ) =vp+(2X2)08,+28.  (11)
In this expression, two factors of 2 in front of the middle
term correspond to the two ways of pairiiig,3)(2,4) and
(1,4(2,3 and account for the possibility to have nonflow
effects in the first pair and flow correlations in the second
pair and vice versa. The factor 2 in front of the last term is
due to the two ways of pairing. The pure four-particle non-
flow correlation is omitted from this expression—see the dis-
cussion below about the possible magnitude of such a con-
tribution. What is remarkable is that if one subtracts from the
expressior(11) twice the square of the expressi@tD), one
is left with only the flow contributions
—vﬁ,

12

where the notatior((- - -)) is used for thecumulant The
cumulant of order two is jusf(un 1up o)) =(Un U}, 2.

In flow analysis, one is interested not only in the so-called
global flow values, but also in differential flow as a function
of rapidity and transverse momentum. In a four-particle cor-

In experiments, it is necessary to rely on correlations berelation approach, this can also be done in a similar manner,
tween particles to determine the event plane since the reagow correlating a particle, for example, in a particysabin,
tion plane is not a direct observable. The assumption undeyith three particles from a common “pool.” Assuming that

lying conventional pair correlation analyséacluding the
scalar product method discussed in Sec. || C abdawvehat

the particleb is that from a particular bin, one gets for a
differential flow study,

nonflow correlations of the type mentioned in Sec. | are neg-

ligible compared to the flow, or at most, are comparable to

other systematic uncertainties. In past stuf®&80,31, non-

<un,bu:,]_>zvn;bvn+5n;ba (13)

flow correlations have been discussed with specific referencghere we have introduced the notation., for the flow
to their origin, such as momentum conservation, Bosevalue corresponding to the bin under study, a@hg for the
Einstein correlations, Coulomb effect, jets, resonance decaygorresponding nonflow contribution. Then for the correlation

etc. In the first two studies of elliptic flow in STARS,17],

with three particles from the pool,

the nonflow effect from jets and resonances was estimated
using the approach explained in Sec. Il A above, and this(un,bun,lu;‘yzu;‘s)=vn;bvﬁ+2vﬁ5n;b+ 200U n:p0n+ 26060 -

established an upper limit on the nonflow contribution to the

reportedv, signal. This limit played a role in determining
the systematic error on the published measurements.

Anisotropic flow is a genuine multiparticle phenomenon,

which justifies the use of the tergollective flow It means

(14)

In this case, in order to remove the nonflow contribution, one
has to subtract from Eq14) twice the product of expres-
sions(10) and (13),

that if one considers many-particle correlations instead of

just two-particle correlations, the relative contribution of
nonflow effects(due to few-particle clustersshould de-

<un,bun,1u:,2u:,3> - 2<un,bu:,1><un,lu:,2> == Uﬁvn;b .
(15

crease. Considering many-particle correlations, one has to
subtract the contribution from correlations due to lower-Assuming that the average flow value for the particles in the
order multiplets. Formally, one should use cumulantsPool is known, one gets the desired differential flow value
[21,32—34 instead of simple correlation functions. Let us for the particular bin under study.

explain this with an example for four-particle correlations. In Eg. (11), we have neglected the contribution from the

The correlation between two particles is pure four-particle correlations due to nonflow effects. Let us
now estimate the upper limit for such a contribution. Assume
that all particles are produced via four-particle clusters. All

daughters of the decay of such a cluster could, in principle,
be within one to two units of rapidity from each other. Then

wheren is the harmonic, and the average is taken over althe contribution would be

pairs of particles in a given rapidity and transverse momen-
tum region, and over all events in an event sample. dhe

(Upquh y=(eMP1e™ %2y =21 5, | (10)

6f/MS3, (16)
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where M is the total multiplicity within those one to two butions systematically. Following the method of REZ1],
units of rapidity, andf is ([ cos 2¢,— ¢,) %), averaged over the cumulant to order four is defined by

all cluster decay products. Assuming a perfect alignmént, - - . .

=1, and multiplicity M =1000, this would give us a pos- ((uzupuzug))=(uyuuz uz)—(uyuz )(usujz)

sible error inv, measurements of the order of Uy Y (UpUd ), 21)

where, as above, the double angle bracket notation represents

. . . . the cumulant expression shown explicitly on the right-hand
This would give only a 3% relative error on the signal of  ¢ije The subscript for the harmonic order, has been

0.015, and would drop very rapidly with increasing real dropped. The cumulan(u,u,u%u%)) involves only pure

. . rop. ! .
signal. This calculation Is for the case of 100% of the partlCle{our—particle correlations, since the two-particle only correla-

production via four-particle clustgrg and a pgrfect align_men ions among the quadruplets have been explicitly subtracted
of decay products. A more realistic scenario would give aaway

much smaller estimate. In the presence of flow, the cumulant becomes

Sv~(v3+6/1000)4—v,. 17

2
Uon
_+_
M3 M?

B. Four-subevent method
, (22

* o k\\ __ _ 4
In order to apply the four-particle correlation approach to {{uzuaUzug))=—v,+ 0

the analysis of real data, one should perform an average over
all possible quadruplets of particles in a given event. BearingvhereM is the multiplicity of the events, the term of order
in mind that the average multiplicity in a central STAR event1/M? represents the remaining four-particle nonflow effects,
is well beyond 1000, it becomes a nontrivial task. The sim-and the term of ordep3,/M? is the contribution of the &
plest solution to the problem is the four-subevent methodhigher harmonic. The cumulant to higher orders and the cor-
where one partitions all track$or example, randomlyinto  responding generalization has also been determ[i2adl
four groups(subeventsand calculates a flow vector for each | jkewise, the cumulant of order two reduces to the equiva-
of the groups, lent of a pair correlation analysis of the conventional type.
Statistical uncertainties associated with a cumulant analysis
Q= Ui, (18  increase with increasing order from two to four.
i ’ The definition of the cumulant is simple, but it is tedious
to calculate the moments term-by-term on the right-hand side
where the sum is over all particles in the group. Using thesef Eq. (21). Fortunately, the cumulant can be computed more
subevents, the problem becomes much simpler computatiogasily from the generating functid@1]
ally. For example,
M Z*ujtzuy
(Up 2Up 2U7 3UR ) =(Qp 1Q1 2Q7 3Q7 /(M MMM 4)>('19) Gnl(2)= j[[1 —y

: (23

wherez=|z|e'® is an arbitrary complex numbez* denotes
its complex conjugate. The generating function itself has no
direct physical meaning, but the coefficients of the expansion
Q11Q,Q% O 4> of (G,) in powers ofz,z* yield the correlations of interest:

<(un,1Un,2U:,3U:,4>> = <W

—2[(Qn1Q72 (M1M2)) 1. (20)

whereM; are the corresponding subevent multiplicities. The
cumulant calculation is straightforward:

<Gn>=1+< M,\;1> |2/%(uu3)

(M—=2)(M-3)
4M3

The four-subevent method is very simple, both in logic + (M-1)
and in implementation. The price for these benefits is lower

statistical power, because the method does not take into ac-
count all possible quadruplets. Some improvement could be o (24)

reached by splitting the event into more than four subeventane can use these correlations to construct the cumulants. In

and correlating all possible combinations of four. In thethe limit of largeM, (G,,) can be used to obtain the cumulant
analysis of the STAR data we use eight subevents. A more : . ! )
enerating function directly:

general cumulant formalism, based on the cumulant generag-
ing function [21,3]] offers advantages for a four-particle EE
analysis in the context of the present limited sample size. M[(Gn(2))M—1]=>

k

>|ZI4<U1UzU§ uz)

((Up- - - UUE - - - UB)).

(29

(k1)?
C. Cumulant generating function

The cumulant generating function approach offers a for-The left-hand side of Eq(25) is what is measured, and in
mal and convenient way to study flow and nonflow contri-order to extract the cumulants on the righgquations of the
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form of Eq. (25 are needed to solve fdt undetermined o 0.115 T
parameters. This can be accomplished by repeating the prc® " SIMULATED DATA T
cess withk different values ofz|. It is found that suggested § 01T o 0 O]
magnitudes ofz| in Ref. [21], namely,ro\p with ro=15 4 o105 o © |
and p=1,... k, are fairly good, since results from opti- g T & 20 * .
mized valueg35] of r, show almost no difference. Results ©  0-1% - =meeeee L R
in this paper are by default calculated witf=1.5. SinceM e I ]
fluctuates from one event to the other, for events within a s 0.095 B ]
multiplicity bin, we use the average vald®#1) in Eq. (25 0.09 - _
instead ofM. - 1
For experimental analysis, it is sufficient to take the first ~ 0.085— 7
three terms in Eq(25). Once the cumulant has been com- 008_....|....|....|....|....|....|.............._
puted, extracting the integrated flow value is straightforward "0 10 20 30 40 50 60 70 80 90
because, for msta}nceﬁ_: —_<<u1u2u§ uj)_). number of pairs embedded
When a nonunit weight is used, the integrated flow value
described above becomés cosng’), which is not exactly FIG. 9. Reconstructedv, from the conventional method

v, but an approximation. However, the differential flow can (circles, from the second-order cumulant meth@dangles, and

be calculated exactlysee below no matter what weight is from the fourth-order cumulant methdstars, for simulated events
used. The integrated flow with nonunit weight can be ob-as a function of the number of embedded back-to-back track pairs.
tained by integrating the differential flow. All integrated flow The horizontal dashed line marks the level of the true elliptic flow
results in this paperiexcept for results from the four- v2=0.10, as imposed on the simulated events, including the back-
subevent methgdare obtained by integrating over the differ- to-back track pairs. The statistical error is smaller than the symbol

ential flow. size. The multiplicity for all events is 500.
For differential flow(flow in a bin of » and/orp;), Eq.
(25) is replaced by amounts to an implementation of the shifting compensation
o method mentioned above.
<udGn(Z)> z*'z
= ((UgUy -+ - UU g - - U ).
(Gn(z)) i K!I! D. Simulations

(26)
In order to test the cumulant method as well as the analy-

whereuy is the unit vector for a particle in the selected bin. Sis procedure, the/evsim [36] event generator has been
Following a similar procedure as in the case of the integratedised to make events with various mixtures of flow and non-
flow, the cumulant((ugu,u%u%)) is computed, but it now flow effects. In all cases, the number of simulated events in a
contains the angle of the particular particle of interest andlata set is 26, and the multiplicity is 500. Figure 9 shows
three other particles from the pool. Then the differential flowone such set of simulations. Nine datasets with=0.10

is [21] were produced, then a simple nonflow effect consisting of
embedded back-to-back track pairs was introduced at various
({uguyuz uz)) levels, ranging from zero up to 80 pairs per simulated event.
Un="— T (27)  These pairs simulate resonances that decay to two daughters
(= ((usUzu3 Uz))) with a large energy release. In Fig. 9, we consider the sce-
Equation(27) is for unit weight. It can be easily general- nario where the embedded pairs themselves are correlated
ized for nonunit weight, and the formula still holds. with the event plane with the sare=0.10. Figure 9 shows

Some detectors have substantial asymmetry in their rethat the fourth-order cumulant, always reconstructs the
sponse as a function of the azimuth in detector coordinate@xpected 10%v,, while the v, from the pair correlation
in which case it is necessary to prevent distortion of theanalysis methods can only recover the correct input if non-
measured flow signals by employing one of two possiblefiow pairs are not embedded.
compensation method8}—applying a shifting transforma- ¢ pack-to-back pairs are instead randomly distributed in
tion which recentersQ: (Q,sinn¥,)=0 and(Q,cosn¥,)  the azimuth, the true flow should decrease and the expected
=0{[see Eq(2)], or applying weighting factors to force a flat variation can be computed as the number of random tracks
W distribution. In the present study, no noticeable differencegre known. Figure 10 shows such a simulation, and again it
is observed with and without explicit compensation for de-js found that only the fourth-order cumulamj agrees with
tector asymmetry, as expected in light of the excellent azithe expected elliptic flow, while the inferreg based on pair
muthal symmetry of the STAR TPC. All plots in this paper correlation analyses is distorted in the presence of the simu-
are made without compensation for detector asymmetryjated nonflow effects. The role of resonances produced in
However, it should be noted that cumulants, as defined byea| collisions may be closer to one or the other of the above
the generating function, also correct for small anisotropies ifwg simulated scenarios, but in either case, the nonflow ef-

the detector acceptance. For instance, the cumulant fect is removed by the fourth-order cumulant analysis.
. . . In Fig. 11, consideration is given to the possible effect of
((uauz ))=(usu3)—(us)(uz) (28)  resonances which decay with smaller energy release, having
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g 0.105 g g 014 ——— — — — ]
= 01K — e 013 -
g -0 SIMULATED DATA 4 e L SIMULATED DATA ]
= 0.095— — = 012 —
A T Se 1 g & a ]
c 0.09-— 0 — = 0mg O Iy, —
Q I * .. 20 T o o # B
O 0.085— T Ty 0 — Q Ot ..., 2O —
ld-I> I * 10 7 - I R S ﬁ 7
. 0.08— ¥ - -, 009 ek @ -
> r * 7 > C T e ]
0.075— — 0.08 - A ..
0.07 TeF 0.07 - A4
0.065— - . 0.06 - .
I N T SN R S R S gposl - 1 1. L 1
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FIG. 10. Reconstructed, from the conventional method FIG. 12. Elliptic flow from the conventional methadircles,

(circles, from the second-order cumulant meth@idangle, and  and from the second-ordeftriangles, fourth-order (starg, and
from the fourth-order cumulant methdstars, for simulated events  sixth-order(crossescumulant methods. This is for simulated events
as a function of the number of embedded back-to-back track pair@s a function of azimuthal angle between two back-to-back track
Unlike in the previous figure, the embedded back-to-back pairs argairs. The dashed line marks the level of the true elliptic flow.
randomly distributed relative to the event plane, and so the true

resultantv,, indicated by the dashed line, decreases as more pairﬁedded in each event. Each cluster consists of two back-to-
are embedded. The multiplicity for all events is 500. . - . .

back pairs with an azimuthal opening andiebetween them.
Seven data sets were produced, withthe abscissa in Fig.
12) varying in 15° steps between zero and 90°. The clusters
were oriented such that a track bisectibhgvould contribute
o the overall flow withv,=0.10. The fourth-order cumulant
starg and the sixth-order cumularitrosses both recon-
struct the true elliptic flow(dotted ling. Note that the four-
particle correlation introduced by the clusters isM#/times

an azimuthal opening angle in the laboratory. The simu-
lated events were generated with an imposed flow
=0.08, while in each event, 50 pairs with the sadnavere
embedded, each such pair having a random orientation rel
tive to the event plane. Ten data sets were produced,dwith
(the abscissa in Fig. 1arying in 20° steps between zero

and 180°. Again, only the fourth-order cumulant (star9 the pair correlation part, resulting in little difference between

reclcr)]vgrrgetrhfotzgtset ilg\?\flfhgox\;\;ﬁggugagethods respond to non?2 from the fourth- and sixth-order cumulant methods. This

flow correlations associated with four-particle clusters, thelreliu;t J#E;tthﬁ:)r':]lllg S\:Iraetfrzggeaeg”ﬁﬁiz vaézot(t)hioen?rcijbﬁiesztc.a

simulated events in Fig. 12 were generated with an imposeée ligible level to the four-particle correlation, and for this
flow v,=0.10, after which 25 four-particle clusters were em- 919 P '

-50.105_"'|"'|"'|"'"'""""'|"'|_ >N0-Gh_' T T |
g o1f . 0.07- s
S C SIMULATED DATA ] - ﬁ) 1
o 0.005 — R _
= N 1 0.06) %
£ 0.09 > I~ 0.05 #! % N
© 0.085- R L T 004 1
x * - K |
‘-N 0.08 R @ ----- % ii’ ------ *® ‘-i: ------ & ------------- x._ - % -
> 0075 O o) . 0.03~ % ]
0.07|- 5 B N 0.02 : _
0.065 - 0.01 .
0-06_IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII_ | T | L | L || M| L L 1k
0 20 40 60 80 100 120 140 160 180 0 01 02 03 04 05 06 07 08 0.9
opening angle of embedded pairs (degrees) N /My
FIG. 11. Elliptic flow from the conventional methddircles, FIG. 13. Measured elliptic flow vs centrality for AuvAu at

from the second-order cumulant methtidangles, and from the  \/syy=130 GeV. The circles show the conventional with esti-
fourth-order cumulant methogstars, for simulated events as a mated systematic uncertainty due to nonfl8v], the stars show
function of azimuthal angle between the two tracks in each of 5&the fourth-order cumulant, from the generating function, the
embedded pairs per event, with the 50 pairs each having a randoomosses show the conventiona) from quarter events, and the
orientation relative to the event plane. The horizontal dashed linsquares show the fourth-order cumulantfrom the four-subevent
marks the level of the true elliptic flow, = 0.08. method.
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reason, there may be little advantage in extending cumularglicity in Fig. 13 but the centrality is now defined in terms of

analyses to orders higher than four. the total geometric cross sectigsee first three columns of
Table ). These results illustrate the main disadvantage of the
E. Results from STAR higher-order cumulant approach compared with any of the

Figure 13 shows measured elliptic flow versus centrality,t"v_o'partiCIe methods, name!y, larger stati;ticgl errors, and
where the latter is characterized by charged particle multithiS can be seen to be a serious shortcoming in cases where
plicity n.;, divided by the maximum observed charged par_S|multane.ous binning in _several variables results in small
ticle multiplicity, N The conventionab, (circles, the sample sizes. quever, Elg. 13 demqns_trates that, .es.peually
fourth-order cumulantv, from the generating function for the more peripheral bins, the statistical uncertainties for
(starg, and the fourth-order cumulant, from the four- the fourth-order cumulant method are smaller than the sys-
subevent methodsquare;are Compared_ The cross Symbo|s tematic uncertainties for the tWO-partiCle methods.
in Fig. 13 represent the conventional signal for the case Figures 16 and 17 are again plots of elliptic flow versus
where each observed event is partitioned into four quartepseudorapidity and versus transverse momentum, respec-
events, which are then analyzed like independent events. Atlvely. Here thev, is integrated over centrality bins 2—-7.
tracks in each quarter event have the same sign of charge aBihs 1 and 8 are not included in this average, otherwise they
the same sign of pseudorapidity. Furthermore, the evenwould significantly increase the statistical error on the result.
plane for quarter events is constructed using only tracks witiThe fourth-order cumulant, is systematically about 15%
p:<0.5 GeVk, which serves to minimize the influence of lower than the conventional pair and cumulant pair calcula-
nonflow associated with higpg particles. It is clear that the tions, indicating that nonflow effects contributeute analy-
nonflow effect is present at all centralities, and its relativeses of the latter kind. The, signal based on quarter events
magnitude is least at intermediate multiplicities. (as defined in the discussion of Fig.)1® closer to the

Figure 14 shows, as a function of pseudorapidity and fourth-order cumulant, although still larger on average, im-
Fig. 15 shows, as a function of transverse momentum. Theplying that this pair analysis prescription is effective in re-
eight panels correspond to the eight bins of relative multiinoving some, but not all, nonflow effects.
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FIG. 15. Reconstructes, vs p; from the con-
ventional methodcircles, from the second-order
cumulant methodtriangles, and from the fourth-
order cumulant metho¢bktarg, in eight centrality
bins. The upper left panel shows the most periph-
eral events, and the lower right the most central.

is seen to be about the same or increasing very weakly from
GeVlc [37]. There is theoretical interest in the question oflow p; throughp;~4 GeV/c—a somewhat surprising result,
given the presumption that the processes responsible for non-
ally goes down 38]—this issue is the subject of a separateflow are different at low and highp,. Figure 19, which pre-
analysis[39], and the statistics of year-one data from STARsentsv, from quarter-events divided by the conventiong)
is not suited for addressing this question via a four-particleboth based on event planes constructed from particles with
p;<0.5 GeVk, offers a useful insight regarding the approxi-
Figure 18 presents thp; dependence of the correction matep, independence of nonflow. This ratio roughly charac-
factor for nonflow. Within errors, the relative nonflow effect terizes the contribution to nonflow from resonance decays

TABLE I. Tabulated values of observed charged particle multiplicity,/n,ax, centrality in percentages
of total geometric cross section, impact parameter with spfesd mean squayanferred fromHIJING, the
initial spatial anisotropy, and the final corrected elliptic flow based on fourth-order cumulants.

(Neh) (Neh/Nmay cross section  (b) (fm) rms (b) (&) (vo)

53] 0.060 53-77% 12.23 0.99 0.420 0.052.012
1403 0.160 41-53% 10.36 0.70 0.415 0.056.003
227,3 0.258 31-41% 9.06 0.68 0.371 0.056.001
3193 0.363 24-31% 7.91 0.64 0.319 0.050.001
4152 0.472 16-24% 6.80 0.70 0.261 0.046.001
5143 0.590 10-16% 5.56 0.72 0.197 0.086.002
62235 0.708 5-10% 4.26 0.80 0.131 0.028.002
74624 0.849 Top 5% 2.53 1.00 0.058 0.0tD.015
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FIG. 18. The ratio ob, from the fourth-order cumulant divided
by v,, from the conventional method as a functionpef averaged
over all centralities from bin 2—7, as defined in Figs. 14 and 15.

FIG. 16. Elliptic flow vs pseudorapidity from the conventional
method (circles, from the second-order cumulant methdidi-
angles, from quarter eventgcrosses and from the fourth-order
cumulant methodstarg, averaged over all centralities from bin

2-7, as defined in Figs. 14 and 15. V. ELLIPTIC FLOW FLUCTUATIONS

High-precision results presented in this paper become
and from other sources that primarily affect at lowerp,,  sensitive to another effect usually neglected in flow analysis,
whereas nonflow fronmini) jets ought to be about equally namely, event-by-event flow fluctuations. The latter can have
present in the numerator and the denominator of the ordinatgyo different origins: “real” flow fluctuations—fluctuations
in Fig. 19. A comparison of Figs. 18 and 19 accordingly doesat fixed impact parameter and fixed multiplicitsee, for ex-
not contradict the Imp|IC|t aSSUmption that different phenom-amp|e, Ref[40])_and impact parameter variations among
ena dominate nonflow in differerg; regions, and implies events from the same centrality bin in a case where flow does
that the total resultant nonflow correction by coincidencenot fluctuate at fixed impact parameter. These effects, in prin-
happens to be roughly the same throughoutgheange un-  ciple, are present in any kind of analysis, including the
der study. “standard” one based on pair correlations. The reason is that

Following the approach of Sec. IIB, the options of any flow measurements are based on correlations between
weighting each track by either unity g have been com- particles, and these very correlations are sensitive only to
pared in the fourth-order cumulant analysis. Figure 20 demcertain moments of the distribution in,. In the pair corre-
onstrates that the STAR results are consistent in the twgation approach with the reaction plane determined from the
cases, and thp, weighting yields smaller statistical errors. second harmonic, the correlations are proportionaltoAf-

All STAR results presented in this paper are Computed Witl"ter averaging over many events, one Obtdiﬂg, which, in
p; weighting unless otherwise stated. general, is not equal tgv)?. The four-particle cumulant
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FIG. 17. Elliptic flow vs transverse momentum from the con-

(triangles, from quarter event&crosses and from the fourth-order

FIG. 19. The ratio ofv, from quarter events divided by the
ventional methodcircles, from the second-order cumulant method conventionalv, as a function ofp;. In both cases, event planes

were constructed from loy; (<0.5 GeVk) particles. The data

cumulant methodstarg, averaged over all centralities from bin are averaged over all centralities from bin 2—7, as defined in Figs.
2-7, as defined in Figs. 14 and 15.
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._g 1.9F - FIG. 21. v, as a function of the impact parameter. The data
0 1: 3 points are shown at the values(df) for a given centrality bin. For
© c 3 the description of the fit procedure see text. The triangles are the
w08 ® 3 final fourth-order cumulant data after correction for fluctuations as
‘S 06 o ® - described in Sec. IV, while the circles show the fourth-order cumu-
o 0 42 3 lant data before this correction. The dashed lines represent the esti-
- E 3 mated uncertainty in the parametrization represented by the solid
m 02 N | L | N | L 1 N 1 L 1 N 1 L 1 N curve
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n,/n
o (vm=ca+(v])? and (v3)=0? +(vn)?,
FIG. 20. The upper panel shows measuwedrom fourth-order "
cumulants vs centrality witp, weighting(starg and unit weighting
(circles. The bottom panel is the ratio of the error frggnweighted
v, to that of unit weighted,.

and Eq.(21) becomes

_ 2_ 2 4
vp—202 Un o! toy 2= ~Umeas (29
method involves the difference between four-particle corre-
lations and(twice) the square of the two-particle correla-
tions. In this paper, we assume that this difference comewhich is a function ofv,, and is solvable fop,,, if 0'2 and
from correlations in the nonflow category. Note, however, 2
that in principle this difference(¢*)—(v2)?#0) could be 0,2 are known. A method of calculating boﬂ’fn andg”ﬁ 'S
due to flow fluctuations. Let us consider an example wheréow presented.
the distribution inv is flat fromv=0 to v =v .. Then, a First, we need to parametrizg, as a function of impact
simple calculation would lead to the ratio of the flow valuesp<’:1r<’:1me'[e'b Consider a polynomial fiv,=ag+a;b+--
from the standard two-particle correlation method and four-+agb®, in which case the measured flow i@,)=a,
particle cumulants as large a@?)V%(2(v?)%—(v*)¥ +al<b>+ ---+ag(b®). The various averagegb), (b?),
—gl4_ 15 -,(b'? can be estimated in each centrality bin from fil-
In this study, we consider the possible bias in elliptic rowtefedHlJlNG events. The parameteas have been determined
measurements under the influence of impact parameter fludy minimizing x? in a fit to the eight ,(n;) measurements.
tuations within the studied centrality bins. The largest effecin addition, the fit is constrained to go through=0 atb
is expected within the bin of highest multiplicity, where the =0 and atb,,,=14.7 fm[41]. The variation ofop,,, Within
impact parameter ang, are both knowra priori to fluctuate  =0.5 fm has a negligible effect ar,(b) atb<<12 fm. Fig-
down to zero in the limit of the most central collisions. Theseure 21 shows the resulting curve:

fluctuations lead to bin-width-dependent bias in the extracted
vz Measurements. v,(b)=—0.000394+0.002 1B>— 0.000 070 ®°

In Sec. lll, two approximations were made in order to
extract the final flow result, —0.000 032 ®*+0.00000358°—1.174x 10" "b",
(30)

(op=(v))? and (v7)=(v,)?.

where it is assumed thétis in femtometers. In principle, the

o o _ final correctedv,(ng) should be determined iteratively, but
Taking into account the centrality binning fluctuation on the result is stable on the first iteration.

flow, namely,a 2 anda . Next we consider
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05n=(vﬁ)—(vn)2=(ag+23031<b>+'"+a§<bl§) 80.25_|||||||||||||||||||||||| TTTT]T]
N 4

—(ag+ay(by+ - - +ag(b®))>, > NS

HYDRO limits

(31) 0.2- { S = 130 GeV ,ﬂr .

and again the various averages of powerd afan be esti-
mated usingHIJING.

*
*
) 5 P o 0 15_— * N
After computingo, , o2, and obtaining peasfrom the I ]
00

l}n’
four-particle correlation method, Eg29) can be solved to i 1
extract thev,, corrected for impact parameter fluctuations. 0.1 O .
Thewv, bias is found to be entirely negligible in all the stud- I Ii—] ]
ied centrality bins except for the most central, where the i 1
correction is about a factor of @ee the leftmost bin in Fig. 0.05 CJesr7 -
21). In the present analysis, even a factor of two is not sig- [ [;‘ ONA49 i
nificant due to the large statistical error op for maximum - * STAR
centrality. However, the correction tg resulting from finite i
centrality bin width at maximum centrality has been deter-
mined with lower uncertainty tham, itself, and will become L ]
important in future studies with large samples of events. .05t b b b 1]
Real event-by-event fluctuation in the flow coefficients ’ 0 5 10 15 20 25 30

would also make the four-particle values lower than the two- 1dN 2
particle values. At the moment, there is no way to calculate S dy (fm™)
this effect, although it is expected to be small.

FIG. 22.v,/¢ as a function of charged particle density in Au
Au collisions. Data are from E877 at the AGSguares NA49 at
the SPS(circles, and STAR at RHIC(starg. The AGS and SPS
data have been obtained by conventional flow analysis. The STAR
The centrality dependence of elliptic flow is a good indi- measurements are gyy=130 GeV, and correspond to the final
cator of the degree of equilibration reached in the reactiorgorrected elliptic flow based on fourth-order cumulants, and we
[42,43. Following Ref.[41], we compute the initial spatial assumaN/dy=1.15N/d». The horizontal shaded bands indicate
eccentricity for a Woods-Saxon distribution with a woundedthe hydrodynamic limits for different beam energjéd].
nucleon model from

VI. THE CENTRALITY DEPENDENCE
OF ELLIPTIC FLOW

density in the form §N/dy)/S, wheredN/dy is the rapidity

8=<y2)—(x2) density, and the area of the overlap region &
(y?)+(x?)’ =7J(x?)(y?) as computed above. Sinag/e is propor-

tional to (dN/dy)/S in the LDL case[18,42, this form of
wherex andy are coordinates in the plane perpendicular tothe plot offers meaningful insights without reference to de-
the beam and denotes the in-plane direction. The method oftailed theoretical models.
calculation ofe is the same as that used for the hydro values Figure 22 presents AuAu data from AGS/E87745],
[44]. The ratiov, /¢ is of interest because it has been arguedrom NA49[43], as well as the current STAR measurements
to be independent of centrality in a hydrodynamic modelbased on fourth-order cumulants, corrected for fluctuations
with a constant speed of soup@l. In hydrodynamic model as detailed in Sec. IV. Alternative forms of the centrality
calculations using an equation of state with a phase transitiodependence readily can be generated using the tabulated
(sound speed is not constanhis ratio does change as a quantities presented in Table |. Generally, the current STAR
function of centrality, however within the 10% levpd4].  results underline the need for much increased statistics, par-
Hydrodynamics represents one possible limiting case in deticularly for the most central collisions. Within the uncertain-
scribing nuclear collisions—the limit where the mean freeties, a smooth trend of increasiing/e with increasing cen-
path for interaction of the constituents represented by thérality [larger @N/dy)/S] is observed, without the obvious
fluid cells is very small compared with the region of nuclearkink that has been suggested as a phase transition signature
overlap. The opposite limit, where the mean free path is lon¢18,46. Another proposed phase transition signature, which
(or at least comparable to the dimensions of the nuclear overs not favored by the data, is a few percent rise jiie with
lap region, is normally known as the low density limit decreasingcentrality[44]. It is worth noting that they,/e
(LDL). In nuclear transport models, the mean number ofvalues reached in the most central RHIC collisions are con-
hard binary interactions per particle is typically small, andsistent with the hydrodynamic limj6,44,47, whereas , /e
the predictions of these models tend to be closer to the lown central collisions at AGS and SPS is significantly lower. It
density limit than the hydro limit. In order to judge the prox- is also worth noting that while the roughly linear relationship
imity of measured flow data to either of these limits, it is betweenv,/e and dN/dy)/S across the presented beam
useful to plot, as in Fig. 22y,/e versus charged particle energies and centralities is consistent with the LDL picture
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[18], the measured,(p;), Fig. 15, cannot be explained by factor of 2. In the present analysis, even this large a bias is
current LDL implementation$48], and is much closer to only marginally significant, but again, this correction will

hydrodynamic calculations up to 2 Ged/[48]. presumably be important in future studies with much im-
proved statistics.
VII. CONCLUSION We present STAR data far, /e—elliptic flow in various

) ) ) centrality bins, divided by the initial spatial eccentricity for

In this work, we provide details of the approach for treat-those centralities. Mapping centrality onto a scale of charged
dard elliptic flow analysis method baset_j on particle pair_s. Weyuantity, from peripheral AGS collisions, through SPS, and
also compare the standard method with a new and simplefnging” with central RHIC collisions. Within errors, the
pair analysis based on the scalar product of flow vectors. Th§TAR data follow a smooth trend. No evidence for a soften-
the best improvement occurring in the case of the most ceffreedom has been observed. The three experiments at widely
tral and the most peripheral events. _ differing beam energies show good agreement,ife where

Itis concluded that four-particle correlation analyses canney gverlap in their coverage of particle density. The pattern
reliably separate flow and nonflow correlation signals, andy ;,, /= being roughly proportional to particle density con-
the latter account for about 15% of the observed secondinyes over the density range explored at RHIC, which is
harmonic azimuthal correlation in year-one STAR data. Thegnsjstent with a general category of models that approxi-
cumulant approach has demonstrated some advantages OYgéte the low density limit as opposed to the hydrodynamic
the previous alternatives for treating nonflow effects. In parjimit. Neverthelessy, /¢ at STAR is consistent with having

ticular, fourth-order cumulants allows us to preseftmea-  jyst reached the hydrodynamic limit for the most central col-
surements fully corrected for nonflow effects, in contrast tojisjons.

the earlier analyses where the nonflow contribution was
partly removed and partly quantified by the reported system-
atic uncertainties. It is observed that nonflow correlations are
present inysyy=130 GeV Au+ Au events throughout the
studied region|»|<1.3 and 0.Xp;<4.0 GeVk, and are We thank Nicolas Borghini, Jean-Yves Ollitrault, and Mai
present at all centralities. The largest contribution from nonDinh for helpful discussions and suggestions. We wish to
flow correlations is found among the most peripheral and théhank the RHIC Operations Group and the RHIC Computing
most central collisions. Facility at Brookhaven National Laboratory, and the National

On the other hand, a fourth-order cumulant analysis i€Energy Research Scientific Computing Center at Lawrence
subject to larger statistical errors than a conventional paiBerkeley National Laboratory for their support. This work
correlation analysis of the same dataset. The total uncertaintyas supported by the Division of Nuclear Physics and the
on the fourth-order analysis, including both statistical andDivision of High Energy Physics of the Office of Science of
systematic effects, is smaller for year-one STAR data excepghe U.S. Department of Energy, the United States National
in the most central and peripheral panels of Figs. 14 and 155cience Foundation, the Bundesministerium fuer Bildung
In the case of future studies of larger numbers of events, and Forschung of Germany, the Institut National de la Phy-
higher-order analysis should provide an advantage in alsique Nucleaire et de la Physique des Particules of France,
cases. the United Kingdom Engineering and Physical Sciences Re-

Fluctuations within the studied multiplicity bins have the search Council, Fundacao de Amparo a Pesquisa do Estado
potential to bias elliptic flow results. This bias has been esde Sao Paulo, Brazil, the Russian Ministry of Science and
timated and found to be entirely negligible except for theTechnology, Ministry of Education of China, and the Na-
most central multiplicity bin, where the correction is about ational Natural Science Foundation of China.
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