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Abstract. The azimuthal distributions of photons and charged padialith respect to the event plane are investigated
as a function of centrality iR°®Pb +2°%Pb collisions at 1584 GeV/c in the WA98 experiment at the CERN SPS. The
anisotropy of the azimuthal distributions is charactatimsing a Fourier analysis. For both the photon and charged
particle distributions the first two Fourier coefficientg abserved to decrease with increasing centrality. Therabde
anisotropies of the photon distributions compare well hithexpectations from the charged particle measurements fo
all centralities.

PACS. 25.75.Dw Particle production, azimuthal anisotropy, flow
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1 Introduction tions with respect to the event plane of photons and charged
particles in the same pseudorapidity interval. Prelimjna-
Non-isotropic emission of particles with respect to thecreasults on the anisotropy of photon emission in Pb+Pb coliisio
tion plane, as first observed at the Bevala¢ [1], provides eWiave been reported earliel_[?4,25]. The paper is organized i
dence for collective flow in high energy heavy ion collisionshe following manner: Section 2 describes the experimental
Flow, or anisotropic particle emission, has been observed f setup and data selection. The analysis technique and the re-
large variety of interacting systems from incident enesgié sults on the centrality dependence of the azimuthal amipgtr
a few A GeVr at the Bevalac (SIS) and AGS to much greateyf photons and charged particles are discussed in Section 3.
energies at the SPS and RHICILIPIBI4[S6L 18I0, 10,1112, 1Section 4 summarises our investigations.
The azimuthal anisotropy has been shown to be sensitiveto th
equation of state of the compressed nuclear matter, althaug
lower incident energies effects of the momentum dependerit&\/A98 Experiment and Data Selection
of the mean field and the in-medium cross sections have also
been shown to be important. The WA98 experiment at CERNL[R6] placed emphasis on si-
Anisotropic flow manifests itself as asymmetries in the amultaneous detection of hadrons and photons. The experimen
imuthal distribution of particles and can be reproduceti@ot tal setup consisted of large acceptance hadron and phaton sp
retical models with different underlying assumptions. Goe- trometers, detectors for photon and charged particle phahi
nario is incorporated in transport models where the pagiclity measurements, and calorimeters for transverse andafdrw
have a mean free path comparable to the system|[siZle [14,&5lergy measurements. The experiment recorded data witd 158
The models can describe the observed flow up to AGS energi@sV Pb beams from the CERN SPS in 1994, 1995, and 1996.
The other scenario applies when the mean free path is mddte results presented here are from a portion of the Pb run
smaller than the system size which allows the descriptighef in 1996 during which the magnet (GOLIATH) was turned off.
equilibrated system in terms of macroscopic quantifielslZe The analysis presented here used data recorded with the pho-
Hydrodynamic models are able to describe the qualitatige feon multiplicity detector (PMD) and the silicon pad multigty
tures of the observed flow [118] forpbelow about 3 GeV/c.  detector (SPMD). The data from the mid-rapidity calorimete
The initial asymmetry in the overlap zone of the collidingMIRAC) was used to characterize events on the basis of cen-
nuclei translates into unequal pressure gradients inrdiftadi-  trality of the collision.
rections that leads to an elliptic final state momentum idistr  The circular Silicon Pad Multiplicity Detector (SPMD), uke
bution of the particled [16], causing an elliptic patterrflofv. for measurement of the charged particle multiplicity, was |
The elliptic flow is therefore expected to be sensitive tosye cated 32.8 cm from the target. It had full azimuthal coverage
tem evolution at the time of maximum compressionl [19]. Tha the region2.35 < n < 3.75. The detector had four overlap-
variation of asymmetry with centrality enables to relad- ping quadrants, each fabricated from a single 2@ thick
served flow to the geometry of the overlap regibnll[2D,21]. Orsdicon wafer. The active area of each quadrant was divided
would then expect a scaling of the data from AGS to SPS aimdo 1012 pads forming 46 azimuthal wedges and 22 radial
RHIC provided the physics of elliptic flow remains the samieins with pad size increasing with radius to provide a umifor
[22]. In the case that there is a phase transition from hadropseudo-rapidity coverage. The intrinsic efficiency of tle¢ed-
matter to a quark gluon plasma, it is expected that the raflecttor was better tha®9%. During the datataking@5% of the pads
of this transition in the equation of state of the dense rarclavorked properly. The SPMD was nearly transparent to high en-
matter would result in changes in the pressure gradientshwhergy photons since only aboti2% are expected to interact in
would then be reflected in changes in the particle flow patterthe silicon. Multiple hits of charged particles on a singép
The first evidence of azimuthal anisotropy at SPS energigsre treated as a single hit for the present analysis. Beatéil
was observed in the distribution of photons from S+Au collthe characteristics of the SPMD can be found in Refs][[27,28]
sions at 200A GeV measured in the preshower photon mul- The photon multiplicity was measured using the preshower
tiplicity detector of the WA93 experiment at CERN [8]. Sincghoton multiplicity detector (PMD) located at a distance of
almost 90% of photons produced in ultra-relativistic nacle21.5 meters from the target. The detector consisted of &radi
collisions originate from the decay af’’s, the anisotropy of tion length (X,) thick lead converter plates placed in front of
the observed photon distributions should reflect the ardpgt an array of square scintillator pads of four different sies
of the 7° production followed by the effects of decay of thevaried from 15 mnx 15 mm to 25 mnx 25 mm, placed in 28
7%’s. Methods have been proposed to estimate the anisotrdqmx modules. Each box module had a matrix38f& 50 pads
of the neutral pion emission by measuring the anisotropy which were read out using one image intensifier + CCD cam-
photons|[2B]. The decay introduces non-flow correlations bera. Details of the design and characteristics of the PMD may
tween the photon pairs due to four-momentum conservatibe found in Ref. [[29,30].
and may dilute the correlations between #fés and the event The clusters of hit pads with a signal above a hadron rejec-
plane. Determination of the effect of decay enables the cledtion threshold were identified as photon-like. The presaat-a
tion of the anisotropy of the neutral pions. The photon anisgsis has been performed with the photon-like clusters, whic
tropy measurement thus complements the study of the aniace referred to as photons for brevity. Detailed simulatigimowed
tropy of charged patrticle distributions. that the photon counting efficiencies for the central topteri
In the present work we report results from the WA98 exeral cases varied fro8% to 73%. The purity of the photon
periment on the centrality dependence of the anisotropf+ cosample in the two cases varied frd@t$% to 54%. Most of the
ficients extracted from measurement of the azimuthal 8istri contaminants of the photon sample are charged particlegwhi
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Table 1. Centrality selections used in the present analysis basedwhere¢ is the azimuthal angle of the measured particleapd
the measured total transverse energy. The correspondintioin of denotes the azimuthal orientation of the reaction plane.réh
the minimum bias cross section, number of participants th@dver- action plane is best determined in an experiment that measur
age photon and charged particle multiplicities measuréusipseudo- the (transverse) momenta of the target or projectile fragme
rfipidity interval3.25 < n < 3.75 are given for each centrality selec-Bothv; andv, can take positive or negative values. By conven-
tion. tion, positive (negative) values of in equatior]l denote flow
(anti-flow) in the direction of the deflected projectile fragnt,
Er(GeV) %orme  Npart < Nphoton > < Npits > and positive (negative) values of indicate in-plane (out-of-

40.0-89.9 50-80  43.7 411 343 plane) flow.

89.9-1243 ~ 40-50 875 65.6 56.9 Though the best determination of the reaction plane re-
124.3-170.2 30-40  123.0 88.0 78.1 quires the measurement of target (or projectile) fragmemtst
gozgggg 28';’8 %;2'2 1(152'9 108'5 experimentassume that the measurement of any particle type,
292'2:347'6 15_'10 303'1 igo'i ﬁ?f in any kinematic window enables a determination of the re-
~347.6 0-5 353 4 2999 210.3 action plane. We wish to distinguish between the plane deter

mined by projectile or target fragments and the plane deter-
mined by any other particle type, and throughout this aticl
refer to the latter as thavent plane. Obtaining the values of co-
deposit enough energy to fall above the hadron rejecti@sthr efficients after projecting azimuthal angles on the eveanel
old. The hadron rejection threshold is taken as three titnes tietermined from the same set (after removing auto correla-
energy deposited by a minimum ionizing particle. For phetoions) maximises the values of anisotropy coefficients,raag
this leads to a low p threshold of 30 MeV/c. include non-flow correlations. The values obtained are stece
The transverse energy was measured with the MIRAC cakarily positive, and have been shown as such in the present
rimeter [31] located at 24.7 meters downstream from the tavork. The coefficients determined by projecting on an event
get. The MIRAC was used to measure the total transverse gtane from any other set of particles are expected to be emall
ergy by measurement of both the transverse electromagnatiel can also have negative values. The difference in thesalu
(E$™) and hadronic £/¢4) energies in the pseudorapidity in-determined using different sets of event planes have been in

terval 3.5 < n < 5.5. The measured total transverse energygluded in systematic error by various experiments[[10.3]1,1
Er, provides a measure of the centrality of the reaction. Brent

with large E1 correspond to very central reactions with small
impact parameter, and vice versa. 3.1 Method
The minimum biasE distribution has been divided into

different fractions of the minimum bias cross section corrgy the present analysis, the shape of the azimuthal disivibs:
sponding to different centrality bins_[80]. The most ceh$&  of particle emission for any particle species in any pseudo-
lection corresponds to that 5% of the minimum bias cross segpidity window is characterized by an ellipse. The direati
tion on 5 With largest measureiy. A total of about 0.25 Mil- of the centroid and the major axis of the ellipse are detegthin
lion events have been analysed. The minimum number of evepdn the azimuthal distributions of the particles. Thesedi

in any centrality selection is 15K and the maximum is 70K. Tajpns, along with the beam direction, define the first ordet an

ble shows the percentage cross section and the corresigonglie second order event plane respectively, and are obtamed
number of participants for each centrality bin. The respites  [37]

sented here use only the data for the pseudorapidity redion o
common coverage of the PMD and SPMP25 < n < 3.75)

where both detectors have full azimuthal coverage. The aver ;o fan— Yw; sinma; 2

age measured photon and charged particle multiplicitiethfe U = m an Yw; cos me; ©)
region of acceptance are also quoted for each centralitain T

ble[d. wherem = 1 or 2 for the first and the second order, respec-

tively. The ¢; are the azimuthal angles of the emitted particles
_ with respect to a fixed laboratory direction and theare the
3 Analysis weight factors. For the azimuthal distribution of the paei

. ] o o yield, as in equatiofl1, the weight factors are set equal & on
The anisotropy of the azimuthal distribution of particleiem |, reality, due to finite particle multiplicities’, and, fluctu-

sion with respect to the reaction plane (or event plane)as-Chate about thactual event planes that represent the direction of
acterized by the coefficients of the Fourier expansion oéite he centroid and the direction of the major axis of the etipt
imuthal distribution([32]. The first and the second coeffit#e shape. To the extent thatinitial state nuclear densitespiner-
are measures of the directed and elliptic flow when the expafylly symmetric and the density fluctuations are negligjithe
sion is made about the reaction plane, the plane defined by hi6al nucleon density in the overlap region is symmetbioat
beam direction and the impact parameter. This may be writtg impact parameter or reaction plane and so it is expeluted t
as the two event plane angles are either the same or perpeadicul
to the reaction plane.
21 dN The anisotropy, or Fourier coefficients of ordercan be
dé—vr) 1+ 2vcos(¢ — ¥r) + 2v2c02(¢ — ¥r)(1)  determined from the azimuthal distribution of the particldth
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respect to the event plane angle of orderprovidedn is an correlation of the planes of the subevents is greater #y&n
integral multiple ofim, by fitting to the following equation§[32] [32/33]:

2
AN Nevents (Ml = vm| > 7/2) _ = .
N 1 2, cosnm(é—4,)  (3) N = ®)

d(¢ — tr,)

vl Is a measure of the offset of the centroid of the distributi
whenn - m =1 and is a measure of the difference between t
major and the minor axes of the ellipse whenm = 2. The

actual coefficients are obtained from the observed cosdffisie h btained is th dtod .
v, as described later. The parametey,, so obtained is then used to determine RGF

Since the event planes do not depend on the geometrfa{FOS(”mW;n — ")), wherey; s the true direction of
setup of the experiment, the distribution of the event peame 1€ €Vent plane, and the average is over all events. The RCF
gles determined for a large number of events is expected to B be determined from,, by the following relation from ref-
uniformly distributed in laboratory angle. Any non-unifoity ©rcncel32]-
in the acceptance of the detectors over the full azimuthlveill
reflected in a non-uniform distribution of event plane asgle NG
Any such non-uniformity that remains constant during thada  (cos(nm(, — ¥ir“))) = Y =x,, exp(—x2,/4) -
taking period can be corrected for by appropriate corractio 2v2
methqu. The me_thod employed in the present work is summa- Tooi O3,/4) 4 Tnss (03, /4)|  (6)
rized in the following. 2 2

observed event plane angles of the two subevents (thbele
a andb) and the numerator on the left denotes the number of
events having the angle between subevents greatertian.

%ﬁere]\@oml denotes the total number of eventsy, w;f; are

where |, are the modified Bessel functions of order~or the
, data sample used in the present analysis, the minimum and the
3.2 Detector Acceptance Correction maximum values of the resolution correction factors for the
photon distributions are 0.36 and 0.41 for the first order and
The corrected event plane angle is obtained by shifting lhe @.37 and 0.43 for the second order. The corresponding values
served event plane angleg, by Ay;, [82] where the latter is for SPMD hits are 0.10 and 0.27 for first order and 0.16 and
written as 0.33 for the second order. The errors on the RCF values have
been obtained by considering that the errorMn.,.;. is sta-
~ tistical. The new values of,,, are then ca:icaulated for values of
, 2 . , , Nevents £ vV Newvents @and used in equatidd 6 to calculate new
A, = — (= {sin(nm y7,)) cos(nm p,) + values of RCF. The change in the RCF values gives the sta-
n=t N , tistical error on the RCF determination. In general, th@rsrr
(cos(nm ¢7,)) sin(nm ¢y,))  (4)  determined in this way are asymmetric. Symmetric errorg hav

. - . been quoted using the larger of the two asymmetric errors.
whereN = 4/m is sufficient to flatten the raw distribution.

The angular brackets denote an average over all eventsand ar
obtained from the raw distribution of the'” order event plane
distribution.

The distribution of the first and the second orqlereventplal?ﬁe anisotropy coefficients are obtained from the partizle a
angles, corrected for acceptance, is shown in[Big. 1 forgrhot Py P

hits in the PMD and in FidJ2 for hits in the SPMD. |m_uthal distributions with respect to the event pIane_s dete
mined using the same set of particles. Auto correlations are
avoided by extracting the event plane from all particledwekc
ing the particle being entered into the distribution.
The anisotropy coefficients have been determined by three

methods which differ in detail and provide a consistencyckhe

The average deviation of the estimated event plane from {pgpis analysis the Fourier coefficients prior to event plags-
true event plane due to multiplicity fluctuations can be detg|ytion correctionw’,,, are extracted for the case with event

mined experimentally and is termed as the resolution correfiane order equal to the order of the extracted Fourier coeffi
tion factor (RCF). Exper_lmen_tally, RCF is obtained using thcjent, i.e.’ = which we will denote by, . In the first
subevent method described in_[32]. Here every event is diathod we determine "

vided randomly into two subevents of equal multiplicity and

the event plane angl¢/, is determined for each subevént. 1. v} = (cos(¢ — ¢)) : @ measure of the shift in centroid in
This enables determination of a parametgrdirectly from the direction ofy,

the experimental data using the fraction of events where tRe vy = (cos 2(¢ —3)) : a measure of the ellipticity about,

3.4 Anisotropy Coefficients

3.3 Event Plane Resolution Correction

! The distribution of the corrected event plane angles fose¢hewhere the average is over all particles of all events. This de
subevents is observed to be flat, for both orders, for phatadsfor termines the magnitude of the coefficients and is necegsaril
charged particles. positive.
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The distributions with respect to the first order event plaveere generated with different initial anisotropies with Itiau
are shown in Figld3 for both photon and charged particles, fplicities corresponding to the measured results. The etbarg
all centralities. In the second method the distributiongehaparticle hits were sorted into the SPMD bins’ (8-bin) as-
been fitted to equatidd 3 to determinfg . The corresponding suming a 94% detection efficiency but taking into account hit
distributions with respect to the second order event plaae osses due to multiple hits in a single SPMD pad. The result-
shown in Figl# and have been fitted to equafilon 3 to determing azimuthal distributions were then analyzed to deteerttie
vh. For both orders, the fits have been made keeping termsamsotropy coefficients using the method detailed in Sec 3.4
to values of n m = 2 in the summation in equatigh 3. above. Fig[b shows the results of the simulation for both or-

Thew,, values obtained by computing the averages over tHers, where the anisotropy coefficients extracted from the h
distributions are in good agreement with the values obthindistribution is shown for varying initial anisotropy. Thelisl
from fits to the distributions of Figl3 and Hig.4. lines are polynomial fits to the simulated data. The simula-

Thew,,,, are the values determined with respect to the eton results show that the extracted anisotropy is systiealt
timated event plane and must be corrected for the event pldmaer than the initial anisotropy. Part of this loss occursctly
resolution [32] to obtain the actual anisotropy values due to efficiency losses from multiple hits, and contribioeth

to the anisotropy and the event plane resolution. In additio
) to the different quantitative contribution of the multigiés to
T Unm @) the event pIar_le r_esolution and the anisotropy values, u'lserg
RCF,m another contribution that arises from the process of rengpvi
. ) auto correlations. Here the event plane is estimated fayeve

In the third method, the event-plane resolution correctegticle by removing the particle in question. For the pnése
valuesu,,,, have been obtained directly by the subevent methegse this is equivalent to removing a pad, which in effect re-
from x,,, of Eq.[3 and the fluctuation in the average multiplicitynoves all other particles falling within that pad due to riplét

M of the full events in that centrality bin. hit probability, while retaining all other hit pads. The uétant
effect is to add a negative correlation thereby underesinga
Xn the values of the extracted anisotropies. These simulagion
Unn = NeIi (8) sults enable a determination of the actual anisotropy fiwen t

measured anisotropy for this experiment and the resulidisre

The v, ( = vn,) values obtained by the different method§ussed in the following sections.
are compared in Fidl5 for the different centralities. Thie di
ferent methods yield consistent results for both the firdeor o
and the second order anisotropy coefficients. In the fotigwi 4-2 Shiftin Vertex and Beam Spread
only the results obtained by the Fourier fit of the azimuthsd d o ) ) L
tributions with respect to the event planes are presentee. 7' he finite beam size cgused an imprecision in the assumed_ver-
following sections discuss the systematic effects thairtis €X by up to one mm in the WA98 experiment. A small shift
the measured anisotropies and the centrality dependettice of" the vertex position does not affect the azimuthal distrén

anisotropies for charged particles and for photons. in the fine granularity PMD, situated at 21.5 meters from the
vertex. However, it can produce an apparent anisotropyan th

hit distribution in the SPMD situated at 0.328 meters from th
. . . target.
4 Anisotropy in Charged Particles gThe effect of vertex shifts due to the beam spread was also
. ) investigated by simulation. The vertex position was geteera
The measured anisotropy is expected to be less than the &&ording to a two dimensional Gaussian with wigthParti-
tual anisotropy due to the finite granularity of the detectt®e  ¢les were simulated to originate from this vertex positigthw
measured values of anisotropy may also be affected by the inrealisticy) and p; distribution and an azimuthally symmet-
precision in the vertex position due to the finite spread ef thic 4 distribution. The particles were projected onto the SPMD
beam. These effects are particularly relevant for the @wrgyjane, and their hit positions recorded according to thewra
particle distribution measurement due to the relativelgrse larity and nominal location of the SPMD detector. The reeard
segmentation and close proximity to the target of the SPMiysitions corresponded to values mpfand ¢ which differed
detector. The effects are estimated using simulations. from the generated values due to the shifted position oféie v
tex. The simulated distributions were then analyzed in #imees
manner as the experimental data. This was repeated for-diffe
4.1 Granularity ent values ofr and the values of,, were obtained for each
sample generated. The maximum possible shift could be de-
The finite granularity of the SPMD detector causes a dilutiatuced by using the result that the measured valug &br the
of the anisotropy of the azimuthal distribution primarilyed most central class is consistent with zero. This correspdnd
to efficiency losses from multiple hits and also due to the a® a maximum width of the Gaussian distribution due to beam
sociated decreased angular resolution. The quantitaffieete spread of 0.4 mm.
of the finite granularity on the measured anisotropy has been A shift in the vertex position due to beam spread, or time
estimated by simulations, by methods described in greater dariation during the 2.5 s SPS spill, produces an azimutisal d
tail in [34]. The azimuthal distributions of the chargedtpdes tribution which has a shifted centroid. If the shift occurs o



6 M.M. Aggarwal et al.: Azimuthal Anisotropy of Photon andaZbed Particle Emission #7®Pb +2°®Pb Collisions at 1584 GeVic

an event-by-event basis it cannot be corrected for by the &Anisotropy in Photons

ceptance correction methods discussed above, since they ca

only correct for average effects. To investigate the pdligib The photons incident on the PMD predominantly result from

of systematic shifts correlated with time during the SPd,spithe two photon decay of the neutral pion, and if both pho-

the SPMD charged particle azimuthal distributions were- an@ans are detected in the PMD an additional apparent anfgptro

lyzed for different times during the spill. No significantrise  will result from the kinematic correlation between the pirat.

tions with time during the spill were observed. The limited efficiency and purity of the detected photon sam-
The second order anisotropy is obtained from the fit to tfé€ in the PMD affect the measured photon anisotropy values.

elliptical shape of the measured hit distribution. A versift | "€ quantitative effectis estimated using simulationsiauie-

does not affect the elliptical shape, as verified by simoteti ~ Scribed in the following.

5.1 Decay Effect

4.3 Results The decay of neutral pions into two photons introduces tatre
tions that can cause apparent anisotropies in the photon dis
butions which are greater than the actual anisotropy of the p
ons. On the other hand, the process of decay smears the photon
momenta relative to the initial pion momenta and can thereby
dilute the initial correlation present in the neutral piofibe
relative importance of these two competing effects has been

The finite granularity requires a correction which is obéain
using the measured valueswf from the hit distributions and
the calibration figure obtained using simulations and shimwn

Fig.[8. The corrected results are shown for both orders sbani X X ;
tropy in Fig.[T. The systematic error due to the granulaity ¢ ShOWn to scale with the experimentally measured quagiity

rection is obtained by changing the order of the polynonaial gind enables a determmqﬂon of the neutral plon.anlsqtnmmyf
the fit in Fig[®, and lies within the size of the symbol. Theperr 1€ measured photon anisotropyi[23]. The relationship eefw
bars shown are statistical. The results for the first ordcan (e and =" anisotropy is sensitive to the acceptance of the
tropy include contributions from a possible vertex shifheT d€tector, particularly if the multiplicity and the anisopy are

upper and the lower limit of the boxes shown in AIly 7a showna!l- The ratio of they anisotropy corresponding to a given
Or anisotropy is a steep function f,, in the region where the

the asymmetric systematic error and correspond to no uncé i ¢ | h b ; 3 ab ¢
tainty and a maximum uncertainty in the position of the verteValues 0fx., are less than about 1.0 for and about 0.6 for
as discussed above vo. The results in the present work correspond to this region of
' ) . Xm, resulting in large uncertainties in the relationship besw
For the most central event selection (top 5% of the minjzq 0 anisotropy and the measuredanisotropy. However, it
mum bias cross section) the measured charged part'de'an@?)ossible to compare the anisotropy values of photonseto th

tropy was observed to be consistent with zero for both ordgfges obtained from charged particles, as discussed below
(see Figs[13 and4). The simulation results show that the ac-

tual anisotropy in this case is less than 2.6% for the firseord
and less than 2.3% for the second order, which is the limit gfy Efficiency and Contamination
sensitivity of the SPMD detector for the experimental cendi

tions discussed here. The shaded region for the most cenfigh pmD records particle hits which include incident phaton
bin marks the upper limit of the possible anisotropy comsist 5§ 5 contamination of charged particle hits. These charged
with the measured value of zero for both orders. particles could be primary, or secondary rescatteredgbesti
Fig.[@ showsv, as a function of centre of mass energyAs noted above, the photon counting efficiency (e) of the sam-
These have been measured in different experiments in diffpke varies from 68% to 73% for central and peripheral events
ent kinematic ranges using methods that vary in detail. Thad the corresponding purity (p) of the sample varies frofb 65
broad behaviour shows a continuous increasgins a func- to 54%.
tion of centre of mass energy. The results of the present work The effect of decay, identification efficiency, and contam-
are shown for two different centrality ranges correspogdiination on the observed photon anisotropy has been estimate
to 10-20% of cross section and 10-30% of cross section. Raing simulations. The simulations assume that the phaton s
comparison to the present results, valuesofor NA49 and ple contains a contribution from charged particle contatiim
CERES at the same centre of mass energy are included. Whech directly reflects the measured charged particle aniso
present results are slightly higher than those from othpriex tropy in addition to a contribution from photons from{ de-
ments. These differences are not unexpected considering a¢hys with ar® anisotropy which is also equal to the measured
variations in the centrality selections, kinematic setett and charged particle anisotropy. These simulations use theani
the different quantitative contribution from other sowgt@the tropy values of the charged particle$, decay kinematics, the
measured values of. e.g.results of NA49 experimentquate PMD acceptance, and the purity of the PMD photon sample
for pions determined usingpas weight factors. This decreaseto generate simulated data. The simulated sample is amhalyze
the bias due to Bose-Einstein correlations] [37] The NA49 r&s obtain an estimate of the expected photon anisotropgeorr
sults have a 15% systematic error in addition. The preserk wgponding to the observed charged particle anisotropy.
uses number distribution of charged particles and thetesul The neutral pions were generated using the experimental
shown include systematic errors. pseudorapidity distribution of the charged piors][35] wath
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exponential g distribution (dN/dg- = pr - exp(-6pr)). Ther® Table 3. Contribution to systematic error from various sources for
multiplicity and anisotropy values were chosen as those- méath orders of anisotropy of theh:ons distributions for the central-
sured for the charged particles with the SPMD for the sarifgselection corresponding to 10-20% of minimum bias csesgion.
centrality selection. Neutral pions were generated andykst

and the decay photons were accepted if within the PMD ac-

ceptance. Using the measured photon multiplicity for amgive Source First Order  Second order
centrality classp - Npnotons Photons were randomly selected +2.7% +10.7%
from those falling onto the PMD, whegewas assigned a value Charged Particle Anisotropy
of 0.65 to 0.54 corresponding to the centrality selectioimdpe _ -19.8% -7.9%
simulated. A background contribution 6f — p) - Nprorons UMty Of photon Sample +5.7% +7.2%
charged particles was added to the simulated event. This sirfz Pependence of Initial Anisotropy - +8.8%
ulated data was then analyzed using the methods detailed fHisotropy of Contaminants -20% ~22%
section 3.4. n and pr C.lIStI’IbU'[IF)n. qfwo +3% +2.8%

The systematic errors in the simulated results have beeh{eutral Pion Multiplicity +1.6% +6.1%

estimated for both orders of anisotropy for each centrdlitye
percentage systematic error is largest for the most ceavealts
because the measured values of charged particle anis@repy

consistent with zero. For all other classes the maximum Systions. The present method includes certain non-flow tarre
tematic error due to various sources for both orders is sSiOWnRqns which affect the two orders of anisotropy differeniifie
Table[2. The contribution to the systematic error for one pafimuylations include most of these effects. The statistica
ticular centrality selection (10%-20% of minimum bias @0Ssystematic errors are added in quadrature. The errors on the
section) is shown in Tab[g 3. 5 simulated data are shown by the shaded regionsvTheduv,
The systematic error on the measured valueg 8f” have anisotropy coefficients extracted from the simulated PMada
been obtained by are consistent within errors with the measured PMD resullt.
— increasing and decreasing the region of acceptance for theMeasured values of}"*'? are shown in Fig[J0 as a func-
analysis tion of N,,.¢. The flow coefficient measured in the electromag-
— calculating the resolution correction factor by randomi-divnetic calorimeter LEDA [[36], covering the photon rapidigyr
sion into subevents and by dividing into subevents acco@on2.3 < y < 2.9. are also shown for comparison. One must
ing ton values mention here that the, coefficients obtained in LEDA are by

— randomly removing up to 40% of the photons in the PMDProjecting the angles of the photons on the reaction plare ob
) o ) tained using the target fragments and the values measutesl in
The analysis was repeated by rejecting clusters closettie® pnp are obtained as described in section 3 in this manuscript
the size of the scintillator pads and the resulting change-is The difference in the two results for the most central sample
cluded in the systematic errors shown in the figure. may be due to the difference in the analysis techniques used
in the two cases where the reaction planes have been obtained

. . __differently.
Table 2. Largest value of systematic error for each systematic error y

for both orders of anisotropy of the N,:ons distributions forany
centrality selection.

6 Summary

Source First Order  Second orderThe azimuthal angle distributions with respect to the epéante

. . +13.3% +16.9%  have been measured for charged particles and photons with
Charged Particle Anisotropy full azimuthal coverage in the pseudorapidity region of53.2

. '42-6‘? '11-62/0 < 15 < 3.75 for208pp +208pp collisions at 1584 GeVie.
Purity of photon Sample +15.9% 114-00”’ A total of 0.25 million events, classified in seven centyalit
pTlDependeI];]cc;:e of In|’F|aI Anisotropy 20'00 iloz.ZA)O selections, have been used in the analysis. The Fourief coef
':r;':gt;’%)i’s‘irib;?;zng;nﬂnts Lo % Y 870)5/0 ficients of the azimuthal distributions have been extraated
T () .8% s : .

Neutral Pion Multiplicity £14.99%% 105 7% several ways, all giving consistent results for the firsteord

v (directed) andve, second order (elliptic) anisotropies for
photons and charged particles. The results show the expecte
trend of decreasing anisotropy with increasing centrdtity
bothv; andwv, for charged particles and photons. Our results
for charged particle anisotropy are slightly higher thaadbr-
respondineg values for pions reported by NA49 collaboratio
5.3 Results [34]. This difference may arise due to (a) inclusion of preto

in the charged particle sample in the present work, where the
The measured values of P are shown in FigJ9. The openanisotropy in protons also depends upon bathapd the cen-
triangles show the expected values§f’ P from the simula- trality selection [[3B],(b) HBT and other non-flow effectsiai
tions described above. These include the effect of decag-comre known to contribute to the measured values of anisotropy
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and (c) the NA49 results are based on using transverse m@-

mentum as the weight in the determination of the coefficient,
whereas the present work measures the azimuthal distributi o
of the number of particles and assumes all weight factorgto b
equal. The present results are lower than the values obitiine
charged particles at RHIC energies by the PHOBOS collabofd:
tion [13]. The observed anisotropies of the photon distidns

are comparable to the charged particle anisotropies. The ph2.
ton distributions contain contributions mainly from? decay
and charged particle contamination. The observed anjsieso 13,
of the photon distributions compare well with those obtdine
from simulations that include the charged particle contemi
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Fig. 1. Acceptance corrected distributions of (a) the first ordeneplane angle);, or (b) the second order event plane angtg, determined
from photons in the PMD in the region 3.257 < 3.75 for various centralities
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Fig. 2. Acceptance corrected distributions of (a) the first ordenéplane angley;, or (b) the second order event plane angig, for various
centralities determined from charged patrticle hits in tR&® in the region 3.2% n < 3.75.
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Fig. 3. Distributions of azimuthal angles with respect to the firstss event planey;, (a) for photons in the PMD and (b) for charged particle
hits in the SPMD. Results are shown for each centrality sielen the pseudorapidity region 3.25n < 3.75. The fit results using Eq. 3 are
also shown.
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particle hits in the SPMD. Results are shown for each cetytrsdlection in the pseudorapidity region 3.25n < 3.75. The fit results using
Eq. 4 are also shown.
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Fig. 6. The anisotropy coefficients extracted from the SPMD hithsas for different values of initial anisotropy in the chatyparticles, as
obtained in simulations, both for first order and for secoratkn The solid lines are polynomial fits.
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Fig. 8. Second order coefficient for different centre of mass ersrdihe results of the present work are for charged parteidsare shown
for two different centrality classes.
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