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E. Sugarbaker,24 C. Suire,2 M. Šumbera,9 B. Surrow,2 T.J.M. Symons,18 A. Szanto de Toledo,31 P. Szarwas,39

A. Tai,6 J. Takahashi,31 A.H. Tang,2, 23 D. Thein,6 J.H. Thomas,18 V. Tikhomirov,21 M. Tokarev,10

M.B. Tonjes,20 T.A. Trainor,40 S. Trentalange,6 R.E. Tribble,35 M.D. Trivedi,38 V. Trofimov,21 O. Tsai,6

T. Ullrich,2 D.G. Underwood,1 G. Van Buren,2 A.M. VanderMolen,20 A.N. Vasiliev,27 M. Vasiliev,35 S.E. Vigdor,13

Y.P. Viyogi,38 S.A. Voloshin,41 W. Waggoner,8 F. Wang,28 G. Wang,17 X.L. Wang,32 Z.M. Wang,32

H. Ward,36 J.W. Watson,17 R. Wells,24 G.D. Westfall,20 C. Whitten Jr.,6 H. Wieman,18 R. Willson,24

S.W. Wissink,13 R. Witt,43 J. Wood,6 J. Wu,32 N. Xu,18 Z. Xu,2 Z.Z. Xu,32 A.E. Yakutin,27 E. Yamamoto,18

J. Yang,6 P. Yepes,30 V.I. Yurevich,10 Y.V. Zanevski,10 I. Zborovský,9 H. Zhang,43, 2 H.Y. Zhang,17
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Pion-kaon correlation functions are constructed from central Au+Au data taken at
√

sNN = 130
GeV. The results suggest that pions and kaons are not emitted at the same average space-time
point. Space-momentum correlations, i.e. transverse flow, lead to a space-time emission asymmetry
of pions and kaons that is consistent with the data. This result provides new independent evidence
that the system created at RHIC undergoes a collective transverse expansion.

Two-particle correlations for non-identical particles
produced in heavy ion collisions are sensitive to differ-
ences in the average emission time and position of the
different particle species [1]. Such correlations in data
taken at GANIL suggest delayed emission of deuterons
with respect to protons [2]. Correlation data from the
SPS and AGS also suggest that the pion and proton av-
erage space-time emission points do not coincide [2, 3, 4];
a partial explanation is that space-momentum correla-

tions arise from the system’s collective expansion [2]. For
Au+Au collisions at

√
sNN = 130 GeV, transverse mass

spectra, elliptic flow, and deduced pion source radii sug-
gest collective expansion in the transverse plane [5, 6].
Such transverse flow may shift the average emission radii
of different particle species by different amounts. Also,
different species may kinematically decouple from the
system at different times depending upon their interac-
tion cross sections [7]. In addition, the average emission
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time for a given species may be delayed significantly if
produced dominantly through resonance decay. In this
letter, we construct pion-kaon correlation functions from
Au+Au data taken at

√
sNN = 130 GeV and investigate

whether the pions and kaons are emitted at the same av-
erage space-time position. The data was taken by the
STAR experiment at the Relativistic Heavy Ion Collider
(RHIC) at the Brookhaven National Laboratory.

Non-identical charged particles interact through
Coulomb and strong interactions; for the pion-kaon case
correlation effects are dominated by the Coulomb interac-
tion. The probability of finding a pair of unlike sign (like
sign) particles with small relative momentum in the pair
rest frame increases (decreases) depending upon the spa-
tial separation vector −→r ∗ of the particle freeze-out points
in the pair rest frame. To probe this π-K separation,
correlation functions C(k∗) are constructed as the ra-
tio of the k∗ distribution constructed with particles from
the same event (correlated distribution) divided by the
k∗ distribution constructed with particles from different
events (uncorrelated distribution). k∗ is the magnitude
of the three-momentum of either of the particles in the
pair rest frame.

For two particles initially moving towards each other
the effects of the Coulomb and strong interactions are dif-
ferent from those for two particles initially moving apart.
The technique developed in [1, 2, 8] exploits this differ-
ence to study emission asymmetries. Pairs are divided
into two groups, which represents either the case where
the pions catch up with the kaons or the case where the
pions move away from the kaons, depending upon the
space-time separation between pion and kaon emission
points. Each sample is used to construct two different
correlation functions, C+(k∗) and C−(k∗), the sign in-

dex reflecting the sign of −→v ·−→k∗

π, with −→v the pair velocity

and
−→
k∗

π the pion momentum vector in the pair rest frame.
If the average space-time emission points of pions and
kaons coincide, both correlation functions are identical.
On the other hand, if pions are emitted closer to the cen-
ter of the source than kaons, pions with larger velocity
will tend to catch up with kaons, and the Coulomb cor-
relation strength will be enhanced compared to the case
where pions are slower than kaons. Hence, the correla-
tion function C+ will show a larger deviation from unity
than C−. Pairs can be separated according to the sign of

k∗

side, k∗

long and k∗

out, the
−→
k∗

π projections onto three per-
pendicular axes in the longitudinally comoving system
(LCMS) where the longitudinal component of the pair
momentum vanishes [9]. The out axis parallels the pair
velocity in the LCMS, the long axis is the beam axis and
the side axis is perpendicular to the other two. The cor-
responding projections of the three-vector −→r ∗ are r∗out,
r∗side, and r∗long. Due to azimuthal symmetry and sym-
metry over mid-rapidity, 〈r∗side〉 = 〈r∗long〉 = 0. Thus the
ratio C+/C− defined with respect to the signs of k∗

side

and k∗

long must equal unity. On the other hand, if pions
and kaons are not emitted at the same average radius in
the transverse plane and/or at the same average time, the
ratio C+/C− defined with respect to the sign of k∗

out will
deviate from unity, unless these two contributions cancel.
Thus, this decomposition allows one to probe specifically
the space-time separation between pion and kaon sources
in the transverse plane.

Charged particles produced in Au+Au collisions are
identified and tracked by the STAR Time Projection
Chamber (TPC) [10]. This analysis selects the events
with the largest multiplicity of negatively charged parti-
cles. These events account for 12% of the most central
total hadronic cross section. Selected particles have pseu-
dorapidity |η| < 0.5. The Au+Au collision point (pri-
mary vertex) is required to be within ±75 cm (along the
beam axis) of the TPC mid-plane. The non-correlated
pair background is constructed by mixing events whose
primary vertices are also separated from each other by
less than 10 cm.

Pions and kaons are identified by measuring specific
energy loss (dE/dx) in the TPC. When the momentum
of pions and kaons exceeds 700 MeV/c, the dE/dx of
both species becomes similar which compromises parti-
cle identification. In addition, the pion and kaon samples
are contaminated by electrons and positrons. The yield
of each particle species in the momentum range where
the energy losses coincide is interpolated (e+/e− contam-
ination) or extrapolated (kaon/pion separation) from the
yields measured in the momentum range where there is
good separation. In order to quantify the probability
of correctly identifying a given species when the dE/dx
bands overlap, four probabilities are calculated for each
track: the chance that the particle is a π+ or π−, K+

or K−, p or p, or e+ or e− [6]. To be accepted as a
pion or kaon the probability has to be > 60%. Tracks
must point back to within 3 cm of the primary vertex;
this removes a large number of secondary pions. Pions
must have transverse momentum 80 MeV/c < pT < 250
MeV/c and rapidity |y| < 0.5, while kaons must have 400
MeV/c < pT < 700 MeV/c, and |y| < 0.5.

Pion-kaon pair identification probability (product of
both particle individual dE/dx probabilities) is required
to be larger than 60%. Since the e+-e− pairs can distort
π−-K+ and π+-K− correlation functions, the maximum
probability allowed for a given pair to be e+-e− is set
at 1%, ensuring negligible contribution. Track pairs that
share more than 10% of their TPC space points are dis-
carded in order to avoid track merging errors. Two points
are defined as shared if the probability of separating hits
produced by them in the TPC is less than 99%. After
selecting pion-kaon pairs, the correlation functions are
constructed by taking the ratio of the k∗ distributions of
pairs from the same event to the k∗ distributions of pairs
from different events.

Primary purity and momentum resolution effects are
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taken into account as described below. Primary purity
is the percentage of primary pion-kaon pairs in all pion-
kaon pairs satisfying all cuts. It is estimated to average
77% for unlike sign pairs and 75% for like sign pairs. The
lower limit for each is 54%. This number is the prod-
uct of two contributions: the probability of identifying
both pions and kaons using the dE/dx information and
the probability of excluding pions and kaons that do not
originate from points close to the collision vertex. Sec-
ondary pions which do not contribute to the correlation
include decay products of strange hyperons and K0

s , and
pions produced in the detector material. The fraction of
secondary pions is estimated from the K0

s , Λ and pion
yields in [11, 12, 13]. Detector simulations determine
the relative reconstruction efficiency of pions from these
different sources. Secondary kaons, being rare, are ne-
glected. Assuming that the non-primary pion-kaon pairs
are uncorrelated, the correlation function is corrected as
Ctrue(k∗) = (Cmeasured(k∗)−1)/purity(k∗)+1. The sys-
tematic error introduced by this correction is less than
20%.

The effect of momentum resolution depends upon the
correlation function shape. Pion-kaon correlation func-
tions are calculated from the pion and kaon momentum
and space-time distributions, accounting for both the
Coulomb and strong interactions, within the framework
developed in [14]. To reproduce the effect of momentum
resolution, the correlation function strength is calculated
with the true momentum while the correlation function
is binned as a function of k∗ smeared by momentum res-
olution. Momentum resolution is estimated at the track
level by detector simulations. The space-time distribu-
tion is chosen so that the main features of the measured
correlation function are reproduced. The correction to be
applied to the measured correlation functions is obtained
by comparing correlation functions calculated with and
without momentum smearing. The correction enhances
C(k∗) by 20% (1%) for k∗ < 5 MeV/c (5 < k∗ < 10
MeV/c), first and second bins in Figure 1, with a con-
servative systematic error of ±100% on the correction of
these two bins.

The top panels of Figure 1 show the correlation func-
tions for every combination of pion-kaon pairs. The
agreement among unlike-sign (π−-K+ and π+-K−) and
between like-sign (π+-K+ and π−-K−) correlation func-
tions is excellent. The middle and bottom panels show
the ratios C+/C− for all pion-kaon pair combinations.
C+/C− with respect to the sign of k∗

side and k∗

long is unity
within statistical errors in accordance with the require-
ment that 〈r∗side〉 = 〈r∗long〉 = 0. However, C+/C− with
respect to the sign of k∗

out is significantly larger than unity
at small k∗ when the interaction is attractive (π−-K+

and π+-K−) and significantly smaller than unity when
the interaction is repulsive (π+-K+ and π−-K−). These
results suggest that pions and kaons are not emitted on

)*
C

(k

0.6

0.8

1

1.2

1.4

1.6
+-K+   π
--K-   π

--K+
   π

+-K-
   π

)*
(k -

) 
/ C

*
(k

+
C

0.95

1

1.05 + - K+π

out
side
long

- - K+π

| (GeV/c)K
*k| = |π

*k = |*k

0 0.05 0.1

)*
(k -

) 
/ C

*
(k

+
C

0.95

1

1.05  - - K-π

| (GeV/c)K
*k| = |π

*k = |*k
0 0.05 0.1

+ - K-π

FIG. 1: Top panels: pion-kaon correlation functions C(k∗),
the average of C+(k∗) and C−(k∗). Middle and bottom pan-
els: ratio of the correlation functions C+ and C− defined with
the sign of the projections, k∗

out, k∗

side and k∗

long. Errors are
statistical only. The horizontal axis of the ratios C+/C− for
k∗

side (k∗

long) is shifted by 1 MeV/c (2MeV/c) to separate the
error bars.

average at the same radius and/or time.

In order to understand the measured average space-
time shift between pion and kaon sources, we compare
the data with the RQMD model and the Blast Wave
Parametrization (BWP) described in Ref. [5]. BWP as-
sumes that the system has undergone longitudinal and
transverse expansions, and provides the particle space-
time and momentum distributions at kinetic freeze-out.
The parameters, system outermost radius R = 13 fm,
freeze-out proper time τ = 9 fm/c, emission duration
∆τ = 0 fm/c, temperature T = 110 MeV, and transverse
flow rapidity ρ(r) = 0.9(r/R) (with particle emission ra-
dius r) are consistent with parameters obtained by fitting
pion, kaon, proton and lambda transverse mass spectra
and to pion source radii [5]. The hadronic cascade model,
RQMD, also generates transverse flow through rescatter-
ing of hadrons [7]. Indeed, turning off hadronic rescat-
tering within this model shuts off transverse flow [15]. In
addition, RQMD includes contributions from resonance
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pair σ (fm) 〈∆r∗out〉 (fm) χ2 / dof

π+-K+ 12.2 ± 0.6 −6.3 ± 1.2 25.8/26

π−-K− 12.2 ± 0.7 −5.7 ± 1.2 23.6/26

π+-K− 13.5 ± 0.8 −5.3 ± 1.2 41.9/26

π−-K+ 12.7 ± 0.6 −4.6 ± 1.0 43.1/26

TABLE I: Fit results using a three dimensional Gaussian
distribution in the pair rest frame. The errors are statistical
only.

decay, such as ω, η and φ, which shift pion and kaon
emission times. RQMD also uses free-particle cross sec-
tions for interacting hadrons, but medium effects could
alter these interactions differently for pions and kaons.

Figure 2 shows correlation functions C(k∗) and ra-
tios C+/C− measured, from BWP, and from RQMD
with/without hadronic rescattering. The calculated cor-
relation functions use model space-time and momentum
distributions as described in [14], with pion and kaon
kinematic cuts chosen to match the data. RQMD and
BWP are in qualitative agreement with the measured
correlation functions. Turning off rescattering in RQMD
leads to a strong correlation, which implies that the pion
and kaon sources are too small. On the other hand,
RQMD reproduces qualitatively the ratio C+/C− with
or without rescattering, while BWP overestimates it.

The effect of source size and source shift is disentan-
gled by fitting the correlation functions. In order to in-
sure that the detector acceptance is matched, the parti-
cle momenta are taken directly from experimental pion-

σ (fm) 〈∆r∗out〉 (fm) χ2 / dof

Data 12.5 ± 0.4+2.2
−3 −5.6 ± 0.6+1.9

−1.3 134.5/110

RQMD 11.8 ± 0.4 −8.0 ± 0.6 205/54

RQMD

no rescattering
5.8 ± 0.1 −2.0 ± 0.3 940/54

BWP 9.9 ± 0.1 −6.9 ± 0.3 1020/118

TABLE II: Fit results using a three dimensional Gaussian
distribution in the pair rest frame. For the data, the first
error is statistical and the second systematic. The errors on
the model calculations are calculated by rescaling the χ2 dis-
tribution by the minimum value of χ2/dof.

kaon pairs constructed by mixing events that pass all the
cuts. The particle positions are set such that the distribu-
tion of the relative space-time separation between pions
and kaons in the pair rest frame is a three dimensional
Gaussian. The free parameters are the Gaussian mean,
〈∆r∗out〉 = 〈r∗out(π) − r∗out(K)〉 (〈∆r∗side〉 = 〈∆r∗long〉 = 0)
and the Gaussian width, σ = σr∗

out
= σr∗

side
= σr∗

long
.

The parameters are extracted by fitting simultaneously
the correlation functions C+ and C− and are summa-
rized in Table 1. Both fit parameters from all four corre-
lation functions are in agreement within statistical er-
rors; combined they give σ = 12.5 ± 0.4+2.2

−3 fm and

〈∆r∗out〉 = −5.6±0.6+1.9
−1.3 fm with a χ2 / dof = 134.5/110.

Systematic errors are estimated accounting for the dis-
crepancy between the four correlation functions, the de-
pendence on the input momentum distribution, the un-
certainties on primary purity and the fit range depen-
dence.

In the Au-Au frame, 〈∆r∗out〉 = −5.6 fm in the pair
rest frame translates to 〈rK − rπ〉 = 3.9 fm assuming
that pions and kaons are emitted at the same time, or
〈tπ − tK〉 = 5.4 fm/c assuming that pions and kaons are
emitted at the same average radius.

The parameters σ and 〈∆r∗out〉 may be extracted
directly from BWP or RQMD by constructing the

r∗ =
√

(r∗out)
2 + (r∗side)2 + (r∗long)2 and r∗out distribu-

tions. However, neither RQMD nor BWP −→r ∗ distribu-
tion is close to a three dimensional Gaussian. Thus, to
compare models and data fairly, the correlation functions
calculated from RQMD and BWP are fitted in exactly
the same way as the data. The extracted fit parame-
ters are compared to the data in Table 2. The large χ2/
dof values arise because the tails of the −→r ∗ distributions
of RQMD and BWP are not well-described by a three
dimensional Gaussian in the pair rest frame. The data
appear to be insensitive to these tails due to larger sta-
tistical errors.

Consider the qualitative agreement of BWP with the
data. At an emission point, the fluid velocity (increases
with radius) and the thermal velocity (common freeze-
out temperature T for all species in fluid rest frame)
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combine to give the observed particle velocity
−→
V . If the

source does not expand, the relative emission probability
for given

−→
V will simply track the fireball spatial density.

If the source expands but T = 0, particles with
−→
V will

come from the single point where the fluid moves with−→
V . At T 6= 0 and for constant density and unlimited
fireball size, the spread of thermal velocity smears this
emission point to a nearly spherical volume whose size
increases inversely with particle mass. This volume must
be folded with a realistic fireball spatial density distribu-
tion, removing contributions from large radial distances.
Thus, emission regions for lighter particles remain big-
ger, but their effective centers are shifted towards smaller
radii since a larger fraction of emission region is removed
at large r. The measured 2-particle correlation depends
upon the projection of these separated volumes onto the
outward direction. For our mt/T (mt = transverse mass,
and mt ∝ m at given V ), the relative shift of pions and
kaons is small [2] but measurable. There is also an emis-
sion time separation: the model has kinetic freeze-out
at fixed longitudinal proper time τ =

√
t2 − z2, so the

larger size of effective pion source yields emission at later
laboratory times t. Thus pions are on average emitted
closer to source center and later in time than kaons.

In the RQMD model, transverse flow builds up due to
hadronic rescattering. Thus, it is not surprising that the
data rule out the RQMD calculation without rescattering
(〈∆r∗out〉 is too small) as there is then no flow to spatially
separate pion and kaon sources. However, resonance de-
cays delay the pion average emission time with respect to
kaons, which explains why pion and kaon sources appear
shifted in RQMD even when rescattering is turned off.
Furthermore, such resonance decays increase the appar-
ent size of the source.

To summarize: within the framework of the analyses
of pion-kaon correlation functions presented here, the re-
sults show that pions and kaons are not emitted at the
same average space-time position for Au+Au collisions at√

sNN = 130 GeV. The data are consistent with BWP
and RQMD, i.e. with a system whose dominant fea-
ture is a transverse collective expansion. These results
significantly challenge models that attempt to explain
pion, kaon and proton spectra by purely initial state ef-
fects [16, 17]. Furthermore, the application of this non-
identical two-particle correlation analysis technique at
RHIC offers unique new opportunities to improve our
understanding of transverse flow. Such an analysis may
also be used to probe at what transverse momentum soft
processes (expanding system) give way to hard processes
since the space-time emission pattern will substantially
change at that momentum.
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