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Is the analysis of flow at the CERN Super Proton Synchrotron reliable?
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Several heavy ion experiments at SPS have measured azimuthal distributions of particles with respect to the
reaction plane. These distributions are deduced from two-particle azimuthal correlations under the assumption
that they result solely from correlations with the reaction plane. In this paper, we investigate other sources of
azimuthal correlations: transverse momentum conservation, which produces back-to-back correlations, reso-
nance decays such as—pa, HBT correlations, and final state interactions. These correlations increase with
impact parameter: most of them vary with the multiplichylike 1/N. When they are taken into account, the
experimental results of the NA49 Collaboration at SPS are significantly modified. These correlations might
also explain an important fraction of the pion directed flow observed by WA98. Data should be reanalyzed
taking into account carefully these nonflow correlations.

PACS numbes): 25.75.Ld, 25.75.Gz

[. INTRODUCTION to as “final state interactiony” produce small angle azi-
muthal correlation$19].
In ultrarelativistic heavy ion collisions, azimuthal distri-  Most of these correlations are typically of ordemN1/

butions of the produced particles with respect to the reactiowhereN is the number of particles emitted in the collision.
plane are of particular interest. Their anisotropies, which weéAt SPS energies, correlations due to flow are so small that
refer to as “flow,” result from the interactions between the additional correlations become of the same order, and cannot
produced particles. They thus probe the hot stages of th@e neglected. The l¥dependence also determines the varia-
collision and may provide valuable information on the statetion of nonflow correlations with the centrality of the colli-

of the interaction region: thermalized or not, equation ofSion- Therefore they increase with impact parameter up to
state, etc[1-5]. In the recent years, flow has been measured/€"Y Peripheral collisions; on the other hand, they do not

by many experiments at the Brookhaven AGS with Au pro_vanish for central collisions where the flow is zero by sym-
jectiles [6-8] and at the CERN SPS with Pb projectiles metry. They are very important at large impact parameters

[9-14). Since the orientation of the reaction plane is notf"1nd should be 'taken into account, in particular! when study-
known a priori, flow measurements are usually extracted 9 the centrality dependence of the flow, which has been

. . . o recently proposed as a sensitive probe of the phase transition

from two-particle azimuthal correlations. This is based ONyo the quark-gluon plasm@0—22.
the idea that azimuthal correlat|ons bet_vveen two partlcles_are In Sec. II, we briefly recall how the flow can be extracted
generated by the correlation of the azimuth of each particlg,, (wo-particle azimuthal correlations. We use the same
with the reaction plane. ~method and notations as|iti7]. The various sources of non-

The assumption that this is the only source of two-particlerjow correlations are reviewed and their effects are estimated
azimuthal correlations dates back to the early days of théy Sec. I1l. The experimental data obtained by the NA49 and
flow [15]. It still underlies the analyses done at ultrarelativ-\WA98 Collaborations for Pb-Pb collisions at SPS are dis-
istic energies, both at AGS and at SB8e, howevel16]).  cussed in Sec. IV. We show in particular that the effect of
However, there are various sources of direct azimuthal cormomentum conservation alone is large enough to reverse the
relations between particles, which do not involve the reactiorsign of the proton directed flow measured by NAKH,
plane. We have shown in a recent pafiEf] that the quan- which is used to define the reaction pladedecays produce
tum correlations due to the HBT effect yield azimuthal cor-correlations which are of the opposite sign, and of the same
relations. When they are taken into account, the results otwrder of magnitude, although we do not attempt to calculate
tained for the charged pion flow by the NA49 Collaborationthem accurately. For WA98, final state interactions play an
[9] change significantly. Here, we investigate other sourcegnportant part, and may explain a large fraction of the ob-
of nonflow azimuthal correlations. A first source is the con-served pion directed flow. Our conclusions are given in Sec.
dition that the total transverse momentum of the outgoingV-
particles is zero: this gives a back-to-back correlation be-
tween their momenta, which can be evaluated quantitatively. Il TWO-PARTICLE AZIMUTHAL CORRELATIONS

This effect is usually taken into account at lower energies
AND STANDARD FLOW ANALYSIS
[18] but has been neglected so far at AGS and SPS. Other
correlations are due to resonance decays suéh-ap7 and In this section, we define the flow and nonflow contribu-

p—marar. Finally, Coulomb and strong interactions betweentions to two-particle azimuthal correlations, and we show
pairs of particles with low relative velocitiggvhich we refer  how azimuthal distributions with respect to the reaction
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plane can be extracted from these correlations. cM(pr1,Y1.0 P12, Y2, K) =0n(P11, Y1, ) vn(Pr2.Y2.K),

We call “flow” the azimuthal correlations between the (5)
outgoing particles and the reaction plane. These are best con-
veniently characterized in terms of the Fourier coefficientswhile the remaining term comes from direct two-particle cor-
v, [23] which we now define. We choose a coordinate sys+elations:
tem in which thex axis is the impact direction, anc,z) the
reaction plane¢ denotes the azimuthal angle with respect to®n
the reaction plane. In this frame,, can be expressed as a

nonflo W(

Pr1,Y1,):P12,Y2,K)

function of the one-particle momentum distributioN, /d3p cosn(dy— ) Ci(P1,p )de dNy —*dp,de
. . . . ) 1 jk\{P1,P2 3 U@z
for a particle of typg (in this paper, we consider pions and d®p; d°p,
protons: -
———dg¢qd
. dN f f d3p d3 ¢1d b
cosn¢— o)
. 0 d3p (6)
va(pr.y.j)=(cosn¢)= ; . @
f ”ﬁ From the flow term(5), one can calculate the Fourier
o d° coefficientv,,, up to a sign(see[17] for detail9:
where the brackets denote an average value over many f'OW(pT,yJ D)
events with approximately the same impact parameter, and vn(PT.Y, )= +W. (7)
n 1

pt andy are the transverse momentum and rapidity of the
particle. Since the system is symmetric with respect to the
reaction plane for spherical nuclgjsinn¢g) vanishes. The
goal of the flow analysis is to extract, from the data. The plane, lel(pTl’ypl’J D) d theD.agler?r?e value ofty Ovlfrth
coefficientsv; anduv, are usually called directed and elliptic (pTZ’yZ’.) md » an lf“( D) the average over bo
ﬂOW, respect'vel){24:| (pTlvyl 1J) an (pTZIyZ! )

Since the reaction plane is not known experimentally, one Experimental analyses usually assume that the only azi-

. : uthal correlation between outgoing particles is due to their
can only measure relative azimuthal angles between the oulinorrelatlon with the reaction Ia?]e |gep thev ne tél?f‘"‘)‘”
going particles. In particular, one measures the Fourier coeft P y nég
ficients of the relative azimuthal distribution between two ' IS means that the published flow data are given by(Ex.
species of particlegandk with c;,”" replaced by the total correlatias} , in turn,

the total correlation can be reconstructed from the published

where D denotes the detector used to estimate the reaction

cmeasurely  Y1,i;Pr2,Y2,K) flow data using Eq(5). o
- We shall see in Sec. Ill that)°"°" is typically of order
=(cosn(¢1— ¢3)) 1/N whereN denotes the number of outgoing particles. In a
central Pb-Pb collision at SPN,~2500, so that one expects
f f cosn( ¢, — ¢2) dq§1d b, chonfiow _ 4 10"“. This is certainly a weak effect. However,
the total azimuthal correlation is also weak: since the di-

2) rected and elliptic flow at SPS measured by NA49 are of the
f f 3 3 d¢1 b order of 3%[9], one obtains from Eq(5)_(sing:e it is as-
d°p,d°p sumed that all the measured correlation is from jlow
gmeasured_ g5 1074, only a factor of 2 larger than nonflow
correlatlons Therefore one cannot neglect the latter. In order
to take them into account, one must estimate the various

The two-patrticle distribution can generally be expressed as
the sum of an uncorrelated distribution and two-particle cor-

relations: contributions toc!°"*"  subtract them frongT®@s""dn Eq.
ANy dN; dNg (4) to |solatec”°‘” and calculate the resulting, using Eq.

- 13 =— i —[1+Ci(p1.p2)], (3) (7). In[17], we applied this procedure to the NA49 data on

d°p,d°p, d°py d°p, pion flow [9], taking into account correlations due to the

HBT effect. In Sec. IV, we consider in addition the effects of

where Ci(p1,p,) is the two-particle connected correlation momentum conservation and resonance decays.

function. Using this decomposition, one can wifEF*sU"%s

the sum of two terms: IIl. SOURCES OF NONFLOW CORRELATIONS

Cmeasurefi i k) . . . .
n Pr1,Y1.):PT12:Y2, Several physical effects yield two-particle correlations,
flow(p V1:iiPr2:Y2.K) which contribute to the nonflow correlation defined in Eq.
TL I ET2 Y2 (6). In this section, we discuss momentum conservation,
+ oMo b Y1 P2 Y2, K), (4)  resonance decays, quantum HBT correlati.ons, anq fingl state
interactions, and we estimate their respective contributions to
where the first term is due to flow: chonflow,
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A. Transverse momentum conservation in the analysis of the pion flow. Resonances with higher
Global momentum conservation gives a back-to-back corMasses are less abundant and will not be considered in this

relation between the produced particles. Since we are inteRaper; however, they may also give rise to sizeable correla-
ested in azimuthal correlations, we consider only transversBons.

momentum. Its contribution t6;,(p;,p,), which we denote The contribution of a resonance decay, sAy; p, to
by Cjzka(pl-pz), is calculated in Appendix A in the case Ch’"°"is the product of two factors: the first factor is the
where there is no other correlation between particles. Th@verage value of ca¥¢,—d,) where ¢, and ¢, are the
result is azimuthal angles of a proton and a pion originating from the
sameA; the second factor is the probability that a given
Spr _ 2p11Pr2 proton and a given pion originate from the sarhe This
Cjk (P1,p2)=— 0 (8) probability is hard to estimate. There are recent measure-
<2 DT> ments ofp® [29] andA ™" [27] multiplicities, but this is not

sufficient: indeed, due to the short resonance lifetimes, the
where the sum in the denominator runs over all the particle§€cay products may interact again after they have been pro-
emitted in the collision. This correlation is clearly of order duced, in a way which depends on the detailed collision dy-
1/N. The Fourier coefficienl:fpT is obtained by inserting namics. Microscopic models of heavy ion collisidsee|30]

. . . . . for a review could be used to calculate correlations from
Eq. (8) in Eq. (_6)._Ne_glect|ng_ azimuthal anisotropies of the resonance decays, but the discussion in this paper will re-
one-particle distribution, which are of the order of a few

ercenf 9], one finds a result which is nonvanishing only for main at a more qualitative level.
E—l' ’ g only Generally, in a two-particle decay, the azimuthal correla-

tion depends on the relative magnitude of the velobitgf
the decaying particle and the velociti®g and V, of the

Csz( o k)= — PT1PT2 ) products in the rest frame of the decaying particle: in par-
1 (P11Y1.):Pr2.Y2, L\ ticular, the azimuthal angles of the decay products are equal
> p? (¢1=,) in the limit whereV,;=V,=0, while they are

back-to-back ¢,=¢,+ ) if V=0. This is illustrated in

Sincec§pT vanishes fon# 1, the effects of momentum con- Fig- 1, which displays the average value (@os(p— ¢))

servation must be taken into account only in the measure2Nd (€S 2(, — ¢,)) for the decays\ —pm andp—m, as

ment of directed flow. Equatiof®) allows us to calculate the functions of the transverse momentum of the decaying reso-

correlation arising from momentum conservation, as soon a2nce. Assuming that the transverse momentum distribution

the value of the denominatdE p%) is known. This quantity 'S exgonentlal in the transverse masg=\p7+m’, ie.,

is evaluated in Appendix B in the case of Pb-Pb collisions afl \/d“Pr>exp(-~my/T) [see Eq.(B1)], one can average the
SPS. The valuéB3) is probably overestimated, which means Correlations displayed in Fig. 1 over . The result is shown
that we underestimate the correction due to momentum cod? Fig- 2, as a function of the inverse slope paramditer
servation in the numerical calculations of Sec. IV. Equation!@king for A the same value off as for protons, i.e.T
(9) shows that the azimuthal correlations between two par=300 MeV, one sees that the contributiorctois large and
ticles due to momentum conservation are independent of thOSitive, while the contribution to, is close to zero. In the
rapiditiesy; andy, and of the particle specigsandk, but ~ €ase ofp decays, assuming that varies Ilne'arly with th.e
increase linearly with transverse momentum. The effect ign@ss[31] one may choos@=270 MeV, which results in
therefore stronger for heavier particles, which have largePothc; andc; slightly negative.

transverse momenta, as for instance protons. The centrality In order to obtain the contribution d@f decays tap®™"*",
dependence is also easily determined: since transverse m@ae must multiply the correlation displayed in Fig. 1 by the
mentum spectra depend weakly on the centrdlit§,26], probabilityp, that a given.pion and a given proton originate
(=p?) scales like the multiplicityN, so thatcpr scales like from the same\, as explained above. Let denote the frac-

1/N. Note, finally, that momentum conservation does nottion of nucleons are excited intd resonances. Then, the

contribute if the window used for the reaction plane determiProbability p, is @/N, whereN is the number of pions.
nation is symmetric around midrapidifg8]. From isospin symmetry, one expects this probability to be
the same for neutral and charged pions. Since most particles

are pions,N_,~N. If « is of order unity, we obtain finally

¢4 P~ 1/N. The centrality dependence of this correlation is
We now discuss the azimuthal correlation between thelso in 1N if the relative abundance df is independent of

decay products of a resonance. It is known that many pionsentrality. Similar arguments hold for the correlations due to

originate fromp— 7 decays, and that many nucleons arep decays.

excited intoA resonance$27,28, which then decay into a Note that a way to eliminate correlations frafndecays

nucleon and a pion. When pions are used to determine thexperimentally would be to measure protons and pions in

reaction planep (respectivelyAd) decays must be taken into widely separated rapidity windows. Indeed, the maximum

account in the analysis of the pigrespectively protonflow; rapidity difference between the decay products af & 1.5.

when protons are used, decays must be taken into account In the case of the— 7r7r decay, the maximum rapidity dif-

B. Resonance decays
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FIG. 1. Average value of cog{— ¢,) (full curve) and cos 2¢;— ¢,) (dashed curje where ¢, and ¢, are the azimuthal angles of the
decay products oA — p (left) or p— 7 (right), as a function of the transverse momentum of the decaying particle in &eV/

ference between the outgoing pions is 3.3, so that the correslowly thanN*3[33]. In collisions with sulphur projectiles, a
sponding correlation is harder to eliminate. dependence ilRxN* was found witha=0.2 [34]. If the
same behavior holds for Pb-Pb collisions, the dependence of
azimuthal HBT correlations with centrality will be iN~ %6,

. HBT . . .
Finally, there are correlations between particles with lowFinally, ¢, (D) is proportional to the one-particle momen-

relative velocities: quantum HBT correlations between identum distribution, hence it is larger at lopy .

tical particles, Coulomb interactions between charged par- More generally, all particles with low relative velocities

ticles, and strong interactions. undergo final state interactions, strong and/or electrostatic
Azimuthal correlations between identical particles due td19]. One defines the invariant momentum &3,

the HBT effect were studied in detail i17]. The Fourier =2uv., Whereu=m;m,/(m;+m,) is the reduced mass

coefficientc)®T(py,p,) is of order unity if the relative mo-  andv = v1—m2m3/(P;- P,)? is the relative velocity of the

mentum|p; — p,| is smaller thari/R, whereR is the size of  two particles with four-moment®, and P,. Then the cor-

the particle source. It depends weakly onThe order of relations due to strong interactions are sizeable only in a

magnitude ofc ®T integrated over phase space is thereforgimited Q;,, range, independent of the size of the interaction

ch®T~(#/Rp)*, wherep denotes a typical momentum. In region. For instance, proton-proton correlations, which are

C. Small angle correlations

the case of a high temperature massless pion gas, of
order T/c, while the particle densityN/R® is of order
(T/#c)3, so thatc BT is again of order M [32]. One would
expect the centrality dependenceor',q*1BT to follow the same

dominated by strong interactions, are maximum €@y,
=20 MeV/c, and negligible forQ;,, =40 MeV/c, for any
projectile and targeft35]. On the other hand, the range over

which Coulomb correlations are significant depends on the

behavior. However, the measured HBT radii vary moresystem size. For Pb-Pb collisions at SPSy* correlations,

1
0.8} 08},
06} 06h
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FIG. 2. Same as Fig. 1, as a function of the inverse slope parametérthe resonance distribution in MeV. Lefk — pr; right:

p— .
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TABLE |. Properties of the various sources of two-particle azimuthal correlations.

Momentum conservation Resonance decays Small angle correlations
Which pairs? any lyi—y,|<1.5 (A) low relative velocities
ly1—Y,|<3.3 (p) identical particle§HBT)
n dependence n=1 only nontrivial weak
centrality dependence N/ 1N 1/N°®2 (HBT)
1/N (strong
1/NY3? (Coulomb
pt range highpt nontrivial low pt
under control? calculated simulations, microscopic models measured
which are dominated by the Coulomb repulsion, extend up to IV. APPLICATION TO SPS DATA

Qinv=50 MeV/c [36]. Both Coulomb and strong interac-

; o . X o The most detailed flow analyses in Pb-Pb collisions at
tions give rise to small angle azimuthal correlations, S|m|IarSPS were performed by the NA49 and WA98 Collabora-

to those due to the HBT eﬁgglt. Thus the resulting contribuyjons NA49 estimates the reaction plane using pions in the

tion to c{°""*", denoted byc;®, is expected to be weakly forward hemisphere, while WA98 uses protons and frag-
dFeSplendent on the order of the Fourier component, and ments close to the target rapidity. In this section, we discuss
C, (pr.Yy,D) is roughly proportional to the one-particle dis- to what extent nonflow correlations may contribute to the
tribution. measured azimuthal correlations, which are assumed to be
The centrality dependence differs for Coulomb and strongsolely due to flow in both experiments. In the case of the
interactions. For strong interactions, the strength of the corNA49 data, we shall explicitly subtract the various nonflow
relation at a giverQy,, varies like 1¥, whereV is the vol- ~ correlations, following the method outlined in Sec. II, and
ume of the systerfil9]. This is due to the fact that the range See what the “true” flow might be. Our discussion of WA98
of the interaction is much smaller than the size of the systenflata will remain at a semiquantitative level due to the com-
Thus the centrality dependence follows & Hehavior. For  Plex acceptance of the Plastic Ball detector used for the flow
Coulomb interactions, which are long-ranged, telepen- ~ analysis.
dence is weaker. We do not attempt to evaluate this depen-

dence. By analogy with the Coulomb potential, it might vary A. NA49 data
like 1/L, with L the size of the interaction region, i.e., like The NA49 experiment at CERN measures the directed
1N', and elliptic flow of pions and protons in Pb-Pb collisions at

Both HBT and final state interactions can be eliminated158 GeV per nuc|eo[‘9]_ Charged pions are used to estimate
by studying the correlation between particles widely sepathe reaction plane, in the kinematic window<¢<6 and 0
rated in phase space, so that their invariant relative momen-p. <600 MeVic for directed flow, 3.5y<5 and 0<pr

tum is much larger than, typically, 50 Mev/ <2000 MeVck for elliptic flow [37]. The azimuthal distri-
bution of identified particlegprotons and charged pions
D. Summary then measured with respect to this reaction plane. We now

The properties of the three main types of two-particle Cor_show the effect of taking into account the various sources of
relations studied above are summarized in Table I. Note thdtonflow correlations discussed in the previous section.
while the average over all phase space of the three is of order W€ begin with the directed flow of protons. It is obtained

1IN, they can be much larger in definite regions of phasdm from Eq.(7), whereD refers to charged pions in the
space, for example at low relative momentum for HBT cor-a2bove mentioned kinematic window. The numerator in this

relations. Note also that this catalogue of two-particle corre£duation corresponds to the correlations between protons and

lations may not be exhaustive. the pions inD, while the denominator corresponds to the
As we have seen, two-particle correlations are generallgoTelations between the pions M. The arbitrary sign in

of order 1N, much smaller than unity. We therefore assume=4d- (7) is chosen negative by NA49, in order to obtain a

that the contributions of the various effects can simply bePositivev, for protons(see Fig. 3, as usually assumed at

added. If one studies the correlation between identical piondligh energies in the forward rapidity regipns].

for instance, there are contributionsdff""*" from momen- The correction to the denominator in E() from non-
tum conservation. denoted hé{pr from p—mm decays flow correlations will be discussed below, when we discuss
’ . g7 the pion flow. It is a small correction, of a few percent. The
denoted bycf;, from HBT correlations, denoted bgy®",  ymerator of Eq.(7) gets contributions from momentum
and from final state interactions, denoteddjy'. The result-  conservationA— p# decays, and final state interactions.
ing nonflow correlation is We first discuss momentum conservation. The corre-
sponding azimuthal correlation is given by E®.and(B3).
Cgonﬂowz CprJFCﬁ”LCrT BT+ CESI- (10) Sliance it ?s negative, once it is suk?tractedyfrocﬁ the measured
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0.02 | FIG. 3. Directed flowv, of
protons, integrated over the range
001 | 3<y<6, as a function of the
transverse momenturp;, mea-
R sur_ed t_)y NA49 (open squares
0 taking into account momentum
conservation only (with error
001 F | barg, and with a simulation of
correlations fromA decays(filled
0.02 L squares Error bars are taken
) from experiment.
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correlation(4), this gives a positive correction to the corre- plane are approximately hat#f* and half=—, Coulomb ef-
lations due to flow:fl"’w. Because of the negative sign in Eq. fects cancel. Correlations between pions and protons due to
(7), the correction tw 4 is finally negative. As can be seen in strong interactions are small and should not contribute sig-
Fig. 3, the correction is so large that the sign of the protomificantly to cg"eaS“fe‘?

directed flow is now negative for almost all. Now, the We now turn to the directed flow of charged pions. Since
sign of the proton directed flow is particularly important pions are also used to estimate the reaction plane, pion-pion
since it is used to fix the arbitrary sign in E(), which is  correlations are involved in both the numerator and the de-
chosen so that;>0 in the forward rapidity region for pro- ominator of Eq(7). Following Eq.(10), we must take into
tons. The surprising result is that the directed flows of pions,-qunt momentum conservatigndecays, the HBT effect,

and protons now have the same sign. This is contrary t0 thgnj fina) state interactions. We neglect final state interactions
theoretical expectation that nucleons and pions flow in OPPOFo the same reasons as for protons. According to Fig. 2, the

site directions, because of pion rescatterjd§,39, and to correlation fromp decay is small. We also neglect it. Three

othSei;r:ee?r;s:r;;r:g;;:; @gusaeziemdp&;gr?spgrwlg]brotons flom sets of points are displayed in Fig. 4: NA49 data without
: I . . .. correction, with correction for HBT correlatiorisaken from
—pm decays is positivésee Fig. 2, it may restore the origi [17]) and with correction for HBT and momentum conserva-

nal sign of the proton directed flow;. As explained in the ) . _
previous section, an accurate computation of this correlatioffo"- While the correction due to the HBT effect is important

would require a microscopic model. We present in Fig. 3 &t [OWPr, momentum conservation changes the pion flow at
crude estimate of the effect, based on a simple Monte CarlBigh Pr; the latter effect is less important than for protons,
calculation taking into account the acceptance windows oPecause pions have lower transverse momenta. However, the
NAA49 for protons and pions. We do not take into account thePositive pion flow observed by NA49 at higl seems to be
possible rescatterings of the decay products. Our assumgXplained by momentum conservation.
tions are the following: 50% of the outgoing protons origi- ~ Let us say a few words about elliptic flow. Here, momen-
nate fromA decays, as suggested by simulations based ofdm conservation does not contribute, as discussed in the
the UrQMD model[28]. We take into account the fact that previous section. For protond, decays probably give a neg-
only 2/3 of A decays yield a charged pion. The mass distri-ligible contribution toc3'®**""* as explained in Sec. Ill B.
bution of A’s follows a Lorentzian, their rapidity distribution For pions, HBT correlations significantly reduce elliptic flow
is flat between 0 and 5.@.e., between the target and projec- at low p;, as shown iff17]. Here,p decays should be taken
tile rapiditie, and their transverse momentum distribution isinto account. As discussed in Sec. Il B, they give a negative
exponential inm; [see Eq.(B1)] with an inverse slope pa- correlation, i.e., opposite to the correlation due to flow.
rameterT=300 MeV, as for protons. One sees in Fig. 3 thatTherefore, takingp decays into account would lead to a
correlations fromA decays can indeed restore the positive(slight) increase of the piom,.
sign for the proton directed flow, since their contribution is  Finally, the centrality dependence of the directed and el-
almost as large as that from momentum conservation in adiptic flow of pions has been studied recenfi0]. It is strik-
solute value. ing to note that both increase continuously as the reaction
In principle, one should also take into account final statdoecomes more peripheral, which is the behavior expected for
interactions. Since the pions used to determine the reactiononflow correlations. We have shown that at least a fraction
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FIG. 4. Directed flowv, of
pions, integrated between <dy
E <5, as a function of the trans-
verse momentunpr in MeV/c,
measured by NA49 (open
squarey after subtraction of HBT
correlations (filled squarey and
after subtraction of both HBT and
transverse momentum conserva-
- tion correlationgwith error bars.

vy

-0.04 L L L
0 200 400 600 800
Pt

of the measured correlation, which is interpreted as flow, iollisions,|v,| is about 0.1 for both pions and protons. Fol-
due to nonflow correlations. Even if it is only a small frac- lowing Eq. (5), this corresponds to an azimuthal correlation
tion, it will increase with impact parameter and eventually|c"®®Uf~ 1072, either between pions and protons or be-
dominate for the most peripheral collisions. It is thus likely tween protons, an order of magnitude larger than for NA49.
that the measurements of flow at large impact parameter are The values o, are measured as a function of centrality.
contaminated by nonflow phenomena. However, none of the€or protons,— v, reaches a maximum of 0.12 for an impact
above mechanisms can explain the obsegveependence of parameteb~8 fm, while for pionsv; increases witth up
directed flow, which increase@ absolute valueup to the  to very peripheral collisions, where it reaches values as high

projectile rapidity for peripheral collisions. as 0.3. The latter centrality dependence is reminiscent of the
1/N behavior of nonflow correlations, which suggests that
B. WA98 data part of the measured flow is spurious. We thus review the

g/arious nonflow correlations listed in Sec. lll to evaluate

their contributions. We shall see that final state interactions
are the only significant ones, and that they may explain the
Hion flow at large impact parameter.

We shall now discuss the results obtained by the WA9
experiment at CERN for the directed flow of protons and
positive pions[10]. There, the reaction plane is estimated

using protons and fragments detected by the Plastic Ball, i L .
Momentum conservation is less important than for the

the target rapidity region- 0.6<y<0.3. One then measures ) : . ;
; - ; - NA49 experiment. The reason is that the particles detected in
the azimuthal angle of a positive pion or a proton detected |r#\I )
d P b b the Plastic Ball have low transverse momejta]. For pro-

the Plastic Ball with respect to this estimated plane. If the ) . o Spr
particle is a proton, it is not used in the determination of thelons, P is typically 400 MeV, resulting ire; ™" of the order
reaction plane to avoid autocorrelations. Two points closer t®f —4x10"* for the proton-proton correlation, following
midrapidity are obtained using the tracking system, forEQ. (9). This is much smaller thar]®*""*. 1072 For
which the flow is zero within error bars; we shall not con- pions, transverse momenta are even smaller. In both cases,
sider these two points here. Contrary to the NA49 analysis¢he contribution of transverse momentum conservation to
where pions were used to estimate the reaction plane, thg)°""is negligible.

flow of protons(respectively pionsis now determined from Resonance decays will contribute to the pion flow. The
proton-proton(respectively pion-protonazimuthal correla- sign of the correlation due th— p7 depends on the inverse
tions. The value ob, is still obtained from Eq(7), where  slope parameteF, as can be seen in Fig. 2. This quantity is
the arbitary sign is again chosen negative, so that the directesinaller in the fragmentation region than in the central rapid-
flow of protons be negative, as it should in the backwardty region, but probably still larger than 100 MeV. Then, the
rapidity region. On the other hand, the directed flow of pionscorresponding pion-proton correlation should be positive. It

is positive, i.e., pions flow opposite to the protons. is thus opposite to the correlation measured by WA98, and
WA98 measures the directed flow in the target frag- cannot explain the observed pion flow.
mentation region. Since; vanishes at midrapidity, it is ex- Finally, let us discuss the small angle correlations due to

pected to be larger there than in the more central rapiditghe HBT effect and final state interactions. We shall first
region, where NA49 is working. Indeed, the measured valuesummarize the results obtained by the NA49 experiment for
of v, are larger for WA98 than for NA49. For semicentral two-particle small angle correlations in the central rapidity
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region. Then we extrapolate these results to the fragmenta- V. DISCUSSION
tion region covered by the WA98 Plastic Ball in order to

d|s1c_lrjlzs tNh: 4%°r§éﬁg%2?art?§r?sﬁgid r?nﬁzvsﬁ?e% both protcm_cor_relations betwee_n particles are due to flow is no Ion_ger
b . valid at SPS energies, where other sources of correlations
proton[42] and protonsr™ [36] small angle correlations for ecome of the same order of magnitude due to the smallness
central collisions. Two-proton correlations, resulting from ¢ the flow. All the effects studied above, momentum con-
the interplay of the HBT effect and strong and Coulombseryation, resonance decays, HBT correlations, final state in-
interactions, were found to be positive, which means thateractions, turn out to give important correlations. In particu-
they are dominated by the attractive strong interaction. Theygr, we have shown that the effect of momentum
peak at a relative momentum between particles okonservation is so large that it changes the sign of the proton
20 MeV/c, where they reach 25%, and are no longer sig-directed flow measured by NA49: this sign is particularly
nificant as soon g, — p,|>40 MeV/c. Small angle corre- important since it is used to define the orientation of the
lations between positive pions and protons are negative, arrgaction plane.
typically of the order of —10% for invariant momenta ~ The methods currently used to analyze the flow can be
smaller than 40 Me\W, i.e., |pT7T_(m7T/mp) pr| modified in order to take into account these additional cor-
<40 MeV/c andy,—y,<40/m_ =0.3. relations and to subtract them from the measured correla-

Extrapolating these results to the fragmentation region'EionS, as (_explained in Sec. Il. Correlations from momentum
we can estimate the azimuthal correlatigt' for WA9S8. In conservation can be calculated. They are governed by only

the case of proton-proton correlations, we need to evalua@"® unknown quantity, the sum over all particles of squared

2 .
the fraction of proton pairs having relative momenta lesgransverse moment&py). Correlations from the dec_ays of .
than 40 MeVE, ie., with |pry—prol<Ap=40 MeVrc, short-lived resonances cannot be evaluated so easily. In this

and y;—y,<Ap/m;~0.04, with m;~1000 MeV. Since paper, we have only given semiquantitative estimates. More
17 Y2 T=0.U4, T= .

. . . min_ accurate calculations would require a microscopic model of
the acceptance window is typicallj4l] pr™'=200<pr  he collision. Finally, correlations which affect particles with

<p7¥=600 MeV/c and y™"=-0.4<y<y™=0.1, this |ow relative velocities, i.e., those due to the HBT effect and

We have shown that the assumption that all azimuthal

fraction is to final state(Coulomb, strony interactions can either be
measured independently, or eliminated by measuring corre-
4_7" Ap® lations between particles in widely separated rapidity and/or
3 £ 10-4 11 transverse velocity windows.
w(p?a"z— p?'”z)mT(ymax— Y . However, our list of correlations may not b_e exh_austlve,
and one cannot exclude that other sources exist which are of

the same order of magnitude as those studied here. There is

With a correlation strength of 20%, this yields a valuep!'  no systematic way to separate the flow and the nonflow con-
of the order of 104, much smaller than the measured cor-tribution to the measured azimuthal correlatiof). One
relationc"®@U"d Thys, the measurement of the proton flow could try to use the factorization property of E§) to iso-
is not influenced by small angle correlations. late the correlation due to flow. However, nonflow correla-

In the case of pion-proton correlations, we first note thations may also factorize, as is the case for the correlation due
the velocity windows of pions and protons of the WA98 to momentum conservatioi®).
Plastic Ball overlap[41], so that small angle correlations A way to circumvent these difficulties would be to use the
between pions and protons should be taken into account. lfgmarkable property of two-particle correlations, that they
fact, the rapidity range is almost the same for pions and/@ry with the multiplicity N like 1/N (with the possible ex-
protons, while the transverse momentum range is rough|§ept'°” of Coulomb interactions and, to a lesser extent, HBT

scaled by a factom_/m,, so that the acceptance windows correlations. This fact has been noted in Sec. Il for the
roughly coincide inwvelgcity space. Then, for a given pion,varlous correlations studied, but holds more generally for

. . : ny extensive system, and would probably still be true for
fche probablhty f[hat a proton seen in the Plastic Ball has argtger types of cgrrelations than thoge Iiste()j/ in Sec. Ill. This
Invariant relguvq momentum|pT7T—.(m7T/mp) Prol <Ap 1/N behavior determines the centrality dependence of non-
=40 MeV/c is given by Eq.(11) with AD3 replaced by g, two-particle correlations. Since the flow is known to
(my/mz)Ap. This gives a factor rfi,/m,)*=200, com- \anish for central collisions by symmetry, one could measure
pared to Eq(11), so that the fraction is of the order of 18 (and then subtragnonflow correlations by measuring them
Using the correlation strength measured by NAA49, this givesgor central collisions and then assuming that they vary like
a correlationc{®(D) of order —102, comparable to the 1/N. Unfortunately, it is impossible to select “true” central
measured correlation. On the one hand, this value is overeseollisions (with vanishing impact parametegxperimentally,
timated since the acceptance windows for pions and protonso that this procedure may not be accurate.
do not exactly coincide in velocity space. On the other hand, Future heavy ion experiments at RHIC and LHC are
it is underestimated because the correlations are measured likely to be affected in the same way by nonflow correla-
NAA49 for central collisions, and they are even stronger fortions. At these energies, directed flow is expected to be
peripheral collisions. Therefore it is likely that a large frac- weaker than at SPS, maybe undetectable. On the other hand,
tion of the =" directed flow seen by WA98 is due to the elliptic flow should be at least of the same magnitude as at
repulsive Coulomb interaction between positive pions andSPS. Pions should be used to determine the reaction plane

protons. since they are by far the most abundant. As the multiplicity
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will be higher than at SPS, nonflow correlations will be this work was done. We thank Terry Awes, Art Poskanzer,
smaller, since they are proportional td\1/However, since Hubertus Schlagheck, and Sergei Voloshin for detailed ex-
the detectors will cover only a limited interval in rapidity, planations concerning the NA49 and WA98 flow analyses,
effects ofp decays, HBT correlations and final state interac-and Stefan Bass for discussions.
tions may be important and should be taken into account in
the measurement of the pion elliptic flow. Hard processes
could give an additional contribution to nonflow correlations:
there is a strong azimuthal correlation between jet fragments
[43]. Clearly, more work is needed, both theoretical and ex-
perimental, in order to obtain accurate measurements of flow We denote b th ta of tha particl
observables at ultrarelativistic energies. Alternative methods, € denote bypy,....py the momenta o particies
based on multiparticle correlations, are currently under stud mitted in a heavy ion cqlhsmn and _WTl’“"pT’}‘ the.|r
[44]. ransverse components. Since we are interested in azimuthal
correlations, we consider only transverse momentum conser-
ACKNOWLEDGMENTS vqtio_n: Prit - +pTN=_O. We assume for simplicity that
this is the only correlation between the momenta of the out-
We thank the Nuclear Theory group of Brookhaven Na-going particles. We want to calculate the distribution of
tional Laboratory for its hospitality during the period when p4, . .. ,px, with k<N, defined as

APPENDIX A: CORRELATIONS FROM MOMENTUM
CONSERVATION

N

k
(,1f<pi>)f Fprit - +pe) [T [H(p)cp]

i i=k+1

fc(plv s !pk)E N ’ (Al)
f52<pn+~-+pm)i[[l[f(pi>d3pi]
|
wheref(p) denotes the single particle normalized transverse k
momentum distribution. The average transverse momentum K Fn_k —2 pTi)
; . =1
is naturally assumed to be zero: F(Pys - D) = ( H f(pi)) =5
i=1 N( )
k 2
<pT>Ef prf(p)d®p=0. (A2) (E )
K N 24 PTi
i=1
—_— — =(H f(pn) — | - ;

In order to calculate the distributiofi. defined in Eq. i=1 N (N=K){p7°)
(A1), we make use of the following lemma: the sum Mf (A5)
uncorrelated momemlaTEEiM:lpTi has a Gaussian distribu-
tion if M is large, according to the central limit theorem: For k=1, Eq.(A5) gives the corrected one-particle dis-

tribution
M M 5
Fu(Pp)=| & —Pr+ : f(p)d3p 1 pr
w(Po= [ ( 3 pT.)iljl[ (p) ] fc(p)zf(p)( TR 6
N(p7)
2
— 1 sexp — P; _ (A3) where we have expanded the correction to leading order in
o a? 1/N. Similarly, one obtains for &2
. ; ; 2 (pritpr2)?
In writing this equation, we have assumed that the transverse  f (p, p,)=f(p;)f(p,)| 1+ - ————— 1. (A7)
L .. N c\P1,P2 1 2 N 2 .
momentum distribution is isotropic in the transverse plane, N(pZ)

i.e., we have neglected the azimuthal asymmettigswhich o )
are of the order of a few percent. The width of the Gaussiaﬂ—he contribution of momentum conservation to the correla-

is tion function(3) is thus
feo(p1,P2) 2pr1-Pr2
2 P2y =M(p3). Ad C3Pr(p, ,py)=— o 1=—"T"""12 (A8

Equations(A3) and (A4) allow us to write Eq(Al) as Similar results were obtained (18], Appendix B.
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APPENDIX B: ESTIMATE OF 3(p2) AT SPS

In a central Pb-Pb collision at SPS, about 680 negativel
charged particles are emitt¢d5]. If we assume that these
are mostlymr~ andK™ with a ratio(K™)/{m)~0.09, where

(my=({7"y+{(m"))/2[26], there are some 625~ and 55

K™. Taking into account the various kaon-to+tatios, as
well as the expected isospin symmetry between pion species,
this gives a total of 280 kaons and 1875 pions. With these
particles come the 416 nucleofvge assume there is no frag-
men), giving about 2500 particles in all. We shall neglect
the contributions ta&(p%) from other particles as, e.g., an-

tiprotons.

Y

PHYSICAL REVIEW C 62 034902

tra in the central rapidity region. Away from midrapidity,
transverse momenta are somewhat smaller, so that we over-
estimate> p2. The spectrumB1) yields an averagép?)
given by

2
143—+3—
m m2

(pfy=2mT (B2)

<
1+ —
m

Substituting in Eq.(B2) the values of the inverse slope
parameteil given above, and multiplying the resulting aver-

In order to calculate the average value of the squaredge squared transverse momentum by the multiplicity of the

transverse momentukp2) for a particular particle species,
one needs its distribution in transverse momentum and rapi
ity. The pt andy dependences may factorize, leaving a nor-

malized pt distribution which is parametrized by

dn - e™T my
ap,  2aT(m+T) AT T

: (B1)

where my={m?+ pT2 is the transverse mass, while the in-

CParticle species, one obtains for a central collision at SPS

> (p2)~930 Ge. (B3)
J

As mentioned above, this is somewhat overestimated since
we have neglected the decrease of inverse slopes away from
midrapidity.

For a noncentral collision, we assume that the sump?f

verse slope paramet@rdepends on the particle species andscales with the multiplicity, i.e., we neglect the centrality
the energy of the collision. This parametrization can be usedependence of inverse slopes and particle ratios. Therefore,

for the pions, nucleons, and kaons at SPS, wWith=180
MeV, Ty=300 MeV, and Tx=215 MeV,

in the case of semicentral collisions used by NA49 for flow

respectively  studies, with only 40 to 55 % of the maximum multiplicity

[45]. These numerical values fit transverse momentum spe¢9], the value(B3) must be divided by 2.
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