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Pion-pion and pion-proton correlations - new results from CERES*

Dariusz Antohczyk and Dariusz Miskowiec for the CERES I@lmbration
Gesellschaft fur Schwerionenforschung mbH, Plancksti64R89 Darmstadt, Germany

Results of a new two-particle correlation analysis of crfb+Au collision data at 158 GeV per nucleon are
presented. The emphasis is put on pion-proton correlatiodson the dependence of the two-pion correlation
radii on the azimuthal emission angle with respect to thetiea plane.
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I. EXPERIMENT AND DATA ANALYSIS others, in an improved procedure to account for the Coulomb
interaction [3] and a new postulate of an universal freazie-o
r?riterion [4]. The current analysis features a better maomen

CERES is a dilepton experiment at the CERN SPS, know .
resolution

for its observation of enhanced production of low mase®e
pairs in collisions between heavy nuclei [1]. The upgrade of Ap

CERES in 1997-1998 by a radial Time Projection Chamber P 2% 1%- p/(GeVo), @)
(TPC) allowed to improve the momentum resolution and the . )

particle identification capability while retaining the mydri- @ better understanding of the two-track resolution, and was
cal symmetry (Fig. 1). The TPC also opened the possibiliyPerformed on the full data set. Thgp,y) distribution of

of measuring hadrons. The upgraded experiment has been dB€ analyzed pairs is shown in Fig. 2. The two-track reso-
scribed in detail elsewhere [2]. lution cuts applied to the true pairs and to the pairs frormeve

The measurement of central Pb+Au collisions at the maxi-
mum SPS energy of 158 GeV per nucleon in the fall of 2000
was the first run of the fully upgraded CERES and at the same
time the last run of this experiment. About 30 million Pb+Au
collision events at 158 GeV per nucleon were collected, most
of them with centrality within the top 7% of the geometrical
cross sectiowg = 6.94 b. Small samples of the 20% and the
minimum bias collisions, as well as a short run at 80 AGeV,
were recorded in addition. The first two-particle corr@ati
analysis performed on a subset of these data resulted, among

x10°

R R I T o S i R A e o =
%I3000

2500

N

P m (GeVic)
&

g
o

I
kS

In
[N}

S TTT [T T[T I T [T T[T T [ TT T[T T [TTT[TTT[TTT]

=

0.8

TPC coils 06

. - @ 0.4

0.2

voltage divider

UV detector 2 correction coils

i Lr electric field— |

\
\ Yom
\ HV cathode
eam \
\ 3
mirror
r \ x10
HSDDl/SDDZ '”"{2 \\ TPC drift gas volume Q 4 T T L
H - \ 3
UV detector 1 N ()
O 35
=
_—._r.'-'-‘—‘—‘t -
E
— 3
magnetic field lines TPC read-out chamber o

25

-1 0 1 2 3 4 5m

FIG. 1: Upgraded CERES setup in 2000. The apparatus hasma cyli
drical symmetry. The beam enters from the left. The silicetedtors
(SDD) give tracking and vertex reconstruction, and the Ringg-
ing Cherenkov detectors (RICH) electron identificatione Tasults
presented here are mostly based on the momentum (and eossjy | 05
measurements performed with the Time Projection Chamie€jT
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FIG. 2: Distributions of the analyzed two-pion (top) andmpiaroton

*Based on the Ph.D. thesis work of Dariusz Antonczyk, Tezdiriniversity (bottom) pairs. The midrapidity igs/2=2.91

Darmstadt, 2006



A8 (mrad)

2 Brazilian Journal of Physics, vol. , no. , December, 2006

T T

Fe (Ginv) factor,giny = 1/ — (p5 — p)2, accounts for the mutual

Coulomb interaction between the pions and was calculated by

averaging the nonrelativistic Coulomb wave function sqdar

[ a i ..___J - over a realistic source size. The Coulomb factor was attenu-

ok ! oF - ! ated byA similarly as the rest of the correlation function peak;

[ T i . the importance of this approach was demonstrated in [3]. The

£ T fits were performed by the minimum negative loglikelihood

. . method with the Poissonian number of true pairs and were

e - ‘ , done separately for each paj fy) bin. The HBT radii ob-

" ’ spnrsd) " sotnrad) tained from the fit were corrected for the finite momentum
resolution. The correction was determined by Monte Carlo

FIG. 3: Track reconstruction efficiency in the case of the netig ~ and was rather insignificant fé%jqe andRiong; for Rout it gets

field bringing the tracks apart from (left) or closer to (igeach  as large as= 20% for the highest bin of the paj. The ob-

other. The two topologies were dubbed “sailor” and “cowhag-  tained HBT radii show a strong; dependence (Fig. 4). The

spectively, and required different two-track separatiots\@: 38-  Rsige andRiong radii were fitted with [6, 7]

45 mr for sailor and 90-140 mr for cowboy, depending on thedra

tru/mix
A6 (mrad)
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verse momentum. Th® separation cut was 8-9 mr. Ré
Rside(Pt) = /775 = 3
1+mng/T
mixing were different for the two possible track pair topolo T Ko (my/T)
gies (Fig. 3). It should be noted that the required two-track Rong(Pt) = T¢ — 2/ (4)
cuts depended somewhat on the quality cuts applied to single me Ka (my/T)

tracks: the higher number of hits required for single tracks . ,
the more pairs were lost because of the finite two-track reg¥ith the freeze-out temperafuiefixed to be 120 MeV. The

olution. The two-pion analysis was performed in the Iongi_r.esults of the fit are shown in Fig. 5. The o_btained expansion
tudinally co-moving frame (LCMS) defined by the vanishing time T of 5.5-6.5 fm, g(_aometrl-cgl source S|E§ of 6-8 fm,
z-component of the pair momentum. The momentum differ-and transverse expansion rapidity of 0.7-0.8, in reasonable
ence in this frameg = p,-p1, was decomposed into the “out” agreement with the results of the previous analysis of astubs

“side”, and “long” components following the Bertsch-Pratt
convention, withgeyt pointing along the pair transverse mo-
mentum andjong along the beam. The non-identical correlag ® prrrmrmrmrmrrmprmmEE———————

o TC-TT
tions were analyzed in the pair c.m.s., the frame in which tli;’ sf Rou  Rosice T4 -
pair momentum is zero. The two components thefeand “7F + T | ReemP
q., were defined such thaf, was along the pair transverse s} """ . T\, [ SinyukovFit
momentum, i.eq; was equal tajoy if the latter is calculated s * . + \ +
in the pair c.m.s. af : + . £
3k ‘ F \\*Nf
2F p r e I i m i n Fa r y 3
II TWO_PION CORRELATIONS 10 ‘ 0.‘2 ‘ 0.‘4 ‘ O.‘G ‘ O.‘B ‘ [ ‘ O‘.Z ‘ O‘.A ‘ 0‘6 ‘ 0.‘8 ‘ 0 ‘ 0.‘2 ‘ 0.‘4 ‘ 0.‘6 ‘ 0.‘8 ‘ 1.0
k1(GeVic) k1(GeVic) kl(GeVic)
Therr T andrtt it correlation functions, defined as the_ s e
three-dimensional distributions of pion pairs from the san§ sl Rou | Risice £ Rong | |
eventn(q), normalized to the analogous distributions of pair< , | i ‘ — Rgeom Fit
constructed from different events (event mixing), were€itt | i E — Sinyukov Fit
by 1. 1
J e F W i
3 1 ] LI 1 \\\\\\ i
Cz(q)N~{(1)\)+)\~Fc(qinv) 1+exp< Z Rizjqiqjﬂ s ‘ S —
i,j=1 J 2r p r e I i m i n Ta
(2) 10 ‘ 0.‘2 ‘ 0.‘4 ‘ O.‘G ‘ O.‘B ‘ [ ‘ O‘.Z ‘ O‘.A ‘ 0‘6 ‘ 0.‘8 ‘ 0 ‘ 0.‘2 ‘ 0.‘4 ‘ 0.‘6 ‘ 0.‘8 ‘ 1.0

The normalization factoN is needed because the number ¢, ki(Gevic) ku(Gevic) ki(Gevic)

pairs from event mixing 1S arbitrary. 'I_'he_ correlatlon Syn FIG. 4: Transverse momentum dependence of the source tadii o
>\.<1 reflects the _talls of the source d|St.”t.)Ut'0n ca_used by th(?ained from therr 7t andth it correlation analysis. The top and
pions from long-lived resonances, the finitgesolution, and e pottom panels show the most and the least central bis5(-
the contamination of the pion sample by other particle §2eci and 15-35% ofog), respectively. Thék, shown in the abscissa is
TheR? fit parameters, with the indicesj being{out, side,  the pion pair transverse momentum divided by two. The data ar
long}, are related to the size of the source emitting pions ofpreliminary and come from central Pb+Au collisions at 158/Ger
given momentum [5] and will be called here HBT radii. The nucleon.
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FIG. 5: Centrality dependence of the pion source parametsesned from fits (3) and (4). The data are preliminary andedrom central

Pb+Au collisions at 158 GeV per nucleon.

of data [3], indicate a long-living, longitudinally and traver-
sally expanding pion source.

1. AZIMUTHAL ANGLE DEPENDENT HBT

and the cross-terms are plotted ver§Xis The squared source
radii were then fitted with

R? = Ry + 2R?, cog(2"), (8)

with i denoting{out,side,long. While theR, o's obtained co-
incide with the results of the standard HBT analysis presgknt

A fireball created in a collision with a finite impaCt param- in Section |l the second Fourier Componeﬁt&’s represent

eter is elongated in the direction perpendicular to thetieac

the eccentricity of the observed pion source. The normalize

plane. In the course of expansion, with the pressure gradiegecond Fourier component Bfjqe is shown in Fig. 7. As far

larger in-plane than out-of-plane, the initial asymmehgdd

as the limited centrality range allows to judge the measured

get reduced or even reversed. A dependence of the two-pigg,. anisotropy is consistent with zero, in contrast to the out-
correlations on the pair emission angle with respect toghe r gf-plane elongated pion source observed both at the AGS 18]

action plane would be a signature of the source eccent
at the decoupling time. The azimuthal angle of the reac
plane was estimated by the preferred direction of the pai
emission aka elliptic flow. The particles were weighted v
their transverse momentum:

Q¥ = 3 picos2g) (5)

Q= Y psin(2q). 6)

The raw distributiom(Q%,Q¥) is shown in Fig. 6. The reac
tion plane angle was calculated (modajdrom the calibratec
Q2 components via
1 Q¥
Drp = 5 arctan{Q%(] . (7
The resolution of the so determined reaction plane angle
timated via the subevevent method, was 32-38
With the event plane known (within the resolution) eve
by-event the pion pairs can be sorted into 8 bins cove
(—11/2,11/2) according to their azimuthal angle with resp
to the reaction plan@* = ®p,; — Wrp. During event mix-
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FIG. 6: The raw distribution of théQ¥,QY) vector used to deter-

ing it was required that the two events had a similar reactiorinine the azimuthal orientation of the reaction plane. Thetrithu-
plane angléPrp. The eight correlation functions were fitted tion was recentered and made round run-by-run in order tertrak

as described in Section Il, and the resultRg, Rside Riong

resulting distribution of the reaction plane angle uniform
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have non-monotonically with the collision energy, the othe ©
members being the flow and the strangeness-to-entropy ra
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FIG. 7: Azimuthal source eccentricity, represented by tbamal-
ized second Fourier component Bfjge(®*), vs. centrality. The
CERES result (black full dots) is much closer to zero thanatia!-
ogous measurement at the AGS (open red squares) and RHIE (op
blue triangles).

IV. PION-PROTON CORRELATIONS

For the top central 7% of the geometrical cross section the

high event statistics allows to perform the proton-piorreor
lation analysis. The shape of non-identical particle datien
functionsC(q) reflects the shape of the relative source distri-
butionsS(rh —rt). Particularly, a difference between the aver-
age freeze- out position or time of two particle speciesaksve
itself as an asymmetry of the correlation function at srgall
[10]. A two-dimensionalt p correlation functiorC(q,q.)
and its sliceC(qy) for q. <50 MeV/c are shown in Fig. 8.
The peak at long comes from the attractive Coulomb inter-
action. The peak asymmetry indicates that the proton sou
is located at a larger radius than the pion source, or that p
tons are emitted earlier than pions. The asymmetry can
conveniently parametrized by fitting a Lorentz curve, whic
happens to match the shape, separately to the left and to
right half of the peak, and taking the ratio of the two widths:

N- <1+W>, q <0

N-(140 &
Jr(qu/0+)2+1 4 >0

Ca(q)) = 9)

whereN is a normalization factor aralis the peak amplitude.

’ q (GeVic) ’ q, (GeVic)

FIG. 8: Two-dimensionatt p correlation functiorC(q,q.) (left)
and its sliceC(q))) for g, <50 MeV/c (right). The pea[( asymmetry
in the right hand plot indicates that the proton source iated at a
larger radius than the pion source, or that protons are ednitrlier
than pions. The asymmetry can be parametrized using Eq. (9).

The asymmetry was translated to a spatial displacement be-
tween the proton and pion sources using a Monte Carlo pair
generator with realistic source sizes and the Coulomb wave
function squared as a weighting factor for each pair. The re-
lation between the two quantities is shown in Fig. 9. The re-
sulting displacemenix as a function of the transverse pair
momentum is shown in the right panel of Fig. 10. In the left
panel the raw asymmetey is shown. The asymmetry and the
displacement derived from it vanish in the limit of smallpai
p: as is expected for symmetry reasons. The displacement is
rather similar to the spatial displacement seen in UrQMD8v.1
[11] (green line). The red and blue lines represent a simulta
neous fit taRsjge( pt) andAx(pt) using, respectively, Eq.(3) and
the formula derived in [12]:

RaB.1 Bo Bo

(AX) = Bo

(10)

=
o

0.0<pt<0.4 (GeV/c)
0.4<pt<0.6 (GeV/c)
0.6<pt<0.8 (GeV/c)
0.8<pt<1.0 (GeV/c)
1.0<pt<2.0 (GeV/c)
2.0<pt<4.0 (GeV/c)

asymmetry (a.u.)

-10

-15

AX (fm)

FIG. 9: Relation between the pion-proton correlation peghkrane-
try and the displacement between the source of protons ams,pi

The asymmetry is then defined as the ratio between the twgPtained from Monte Carlo. This relation was used to tréasiae

widthsa =o_/o;.

measured asymmetries to displacements.
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FIG. 10: Left: " -proton (top) andt -proton (center) correlation peak asymmetry, defined asatie between the two half-widths in Eqg.
(9), vs. the pair transverse momentum. The asymmetry isidhgin one which indicates that protons on average freetzata larger radius

(or earlier time) than pions. No asymmetry is visible in thier correlations (bottom panel). For symmetry reasons all @egknmetries
must vanish at smafk’s. Right: the source displacement deduced from the asymmigte green lines represents the displacements extracted
from UrQMD for pt’s between 0 and 2 GeV/c. The long lines show the fit describeet. The data are preliminary and come from central
Pb+Au collisions at 158 GeV per nucleon.

with the pair transverse mass B, = - ) (12)

2
Mr+m
L+ ()
2 2
My P Mp <PL>
= =) A/Mm+—=,
m \/m%[ Mp + My <2) \/p Mr+mp \ 2

(11)  The relation between the rapidity; and the velocityBo of
and the pair transverse velocity transverse flow, which occur in tH&jge andAx fit formulas,
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FIG. 11: Transverse momentum spectra of negatively chargsaitles, K, andg-meson (top) and elliptic flow coefficient for pions?Kand
A (bottom), compared to the blast-wave model (red line). TWeedreen lines in the top left plot represent negative piontskaons, the sum
of the two being the red line to be compared to the data. The alat preliminary and come from central Pb+Au collisions58 GeV per
nucleon.The black and blue points represent the negatiy@asitive pions, respectively.

respectively, is good. Two of the eight parameters of the model were fixed:
the freeze-out temperatufe= 100 MeV and the sharpness of

(13) the emission voluma = 0.01 (sharp). The other six param-
eters, adjusted to the data by the simplex method, inclugle th
transverse flow rapiditp of 0.88 and 0.85 in-plane and out-

The fit yields & of 0.65-0.70 and &g of about 7.5 fm. The  of-plane, respectively; the source radii®&, R,) of (11.26,

fit is dominated by theRsige data with their small error bars 11.42) fm; the emission time (i.e. the duration of the expan-

but it reproduces thAx values quite well. This indicates that sion)t of 7.4 fm, and the duration of emissidw = 1.55 fm/c.

the finite displacement between the sources of pions and prathe nearly-circular sourdg, ~ Ry was enforced by the small-

tons has a similar origin as the dependence dRsige, NamMely  ness of the second Fourier component of the HBT radii (bot-

the transverse flow. Other, possibly more interesting,réont tom part of Fig. 12).

butions to it cannot be addressed with the present statistic

the data.

1 n1+Bo
2 1-Bo’

nt

VI. SUMMARY

V. BLAST-WAVE PARAMETRIZATION In summary, the new high-statistics CERES hadron data

allow for state of the art analysis of two-particle corralat

While it is notoriously difficult to describe many ob- data. The pion source anisotropy, accessible via the depen-
servables of heavy ion collisions within the same theoreti-dence of the two-pion HBT radii on the emission angle with
cal approach, in recent years simple hydrodynamics-idpirerespect to the reaction plane, is unexpectedly small coadpar
parametrizations turn out to be quite successful in this asto the analogous results obtained at lower and higher ener-
pect. The blast-wave model of [13], with its 8 parametersgies. The pion-proton correlations indicate that the proto
adjusted accordingly, nicely reproduces the transverse maource is located at a larger radius than the pion source, or
mentum spectra, the elliptic flow, and the two-particle eorr that protons are emitted earlier than pions. The amount of
lations of CERES, including the emission angle dependencthe displacement, and its functional dependence on the-tran
(or, rather, the lack of it). The transverse spectra andltipe e verse momentum of the two involved particles, corroborate
tic flow coefficients from the top 7% afg for several hadron the transverse expansion picture deduced from the behavior
species are shown along with the blast-wave model lines inf the Rgjge HBT radius. Finally, the blast-wave parametriza-
Fig. 11. In Fig. 12 the two-particle correlation resultsemen-  tion is able to describe simultaneously the transversetspec
pared to the calculations performed with the blast-waveehod and the elliptic flow coefficients of several hadron speces,
with the same parameter values. The agreement is rathéne two-particle correlations.



Dariusz Antdiczyk and Dariusz Miskowiec for the CERES Collaboration 7

p r e | i m i n a r y
40} o8, 7 40F B 60k 7 gﬁ’ﬁ 100 _— 1
0F - ] 30F 1 50 8 ER A ]
!. .‘.“ 40: e ] % 5F g s § ]
20 . 1 20f vy 0. °® \ ER - B+ 1
o — ° E 3 L J
100 L 10F 1 20 LI | B of
10¢ . E :
0 L L L O L L L 0 L L L a _5 L L
0 02 04 06 08 0 02 04 06 08 0 02 04 06 08 0 1 2
pt (GeV) pt (GeV) pt (GeV) pair pt (GeV)
g 8 o 15 o 8
2 6 E = 3 6F E
~ 3 4k E ~ 3 10F ] Né ab E
2F e | 5r 7 2F o |
of %3838 ¢ 8 o o o T TR
oF E ° 0 > L] 3
50 @ E °
AF o - .' AF 3
6 E -10p o E s i
% 02 04 06 08 1% 02 04 06 08 B 02 04 06 08
pt (GeV) pt (GeV) pt (GeV)
~ 8 v 8 8 BT ~ 8
5 o [ E
5 6f 1 % 6F 1 ~§ 6F E 5 6f E
ar 1 ar ] ar 1 ~38 4f E
2 ] 2r® 1 2f ] 20 ]
o g.;L&J—' ] of gg0®e & & oF ’gﬂoj—.—. ] 0F ®e%ey 00 -
2 E 2 E 2F E 2 E
-4 E -4 E 4 E -4F E
6F o E -6 E -6F E 6F E
'8 L L L _8 L L L '8 L L L a _8’ L L L a
0 02 04 06 08 0 02 04 06 08 0 02 04 06 08 0 02 04 06 08
pt (GeV) pt (GeV) pt (GeV) pt (GeV)

FIG. 12: CERES HBT radii squared and the pion-proton disptant (top), HBT cross-terms (middle), and the second Epadmponents
of the HBT radii vs. emission angle with respect to the remctilane (bottom), compared to the blast-wave model cdlong(red line). The
data are preliminary and come from central Pb+Au collisian$58 GeV per nucleon.The black and blue points represemebative and
positive pions, respectively.
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