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Using recent high-statistics STAR data from Au+Au and Cu+Cu collisions at full RHIC energy I discuss
strong and Coulomb-induced final state interaction effects on identical (π−π) and non-identical (π−Ξ) particle
correlations. Analysis of π−Ξ correlations reveals the strong and Coulomb-induced FSI effects, allowing for the
first time to estimate spatial extension of π and Ξ sources and the average shift between them. Source imaging
techniques provide clean separation of details of the source function and are applied to the one-dimensional rela-
tive momentum correlation function of identical pions. For low momentum pions, and/or non-central collisions,
a large departure from a single-Gaussian shape is observed.
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I. INTRODUCTION

Progress in understanding the space-time structure of mul-
tiparticle production via femtoscopy is currently driven by
high-statistics data sets accumulated in heavy ion experiments
at RHIC and SPS accelerator [1–4, 10]. In particular, an ambi-
tious program of the STAR collaboration at RHIC exploiting
good particle identification has already provided a vast vari-
ety of femtoscopic measurements in different identical and
non-identical particle systems, some of which were actually
measured for the first time [4]. This contribution is a progress
report on two currently pursued STAR femtoscopy analyses.
Both of them were introduced already at the previous WPCF
meeting last year in Kroměřı́ž [2]. The first focuses on non-
identical particle correlations in rather exotic meson–baryon
system π±−Ξ± [5]. Previous investigations have shown that
correlations among these two charged hadrons reveal not only
the Coulomb but also strong final state interaction (FSI) ef-
fects [11, 12]. The order of magnitude difference in mass,
plus ∆B=1/∆S=2 gap in baryon/ strangeness quantum num-
bers, makes the π−Ξ system an important tool to study the
interplay between matter flow on the partonic and hadronic
levels. The second analysis exploits particle correlations in a
more conventional system of two identical charged pions [6].
Its aim is to understand the geometry of the source. The ul-
timate and rather ambitious aspiration of this project is to ex-
tract pion-pion scattering lengths. This goal will make heavy
ion femtoscopic measurements fully competitive to a dedi-
cated particle physics experiments trying to extract this im-
portant parameter of the strong interaction [3, 7, 8]. Basic
prerequisites for such measurements are good knowledge of
correlations due to quantum statistics and Coulomb interac-
tions.

II. STUDYING SPACE-TIME STRUCTURE OF
MULTI-STRANGE BARYON SOURCE VIA π−Ξ

CORRELATIONS

In ultra-relativistic heavy-ion collisions at RHIC, hot and
dense strongly interacting matter is created exhibiting prop-
erties of de-confined partonic matter [9, 13]. Almost instan-
taneous equilibration of the produced matter is indicated by
recent heavy flavor measurements [9, 14], and represents one

of the greatest puzzles coming from RHIC [9]. The early
partonic collectivity also shows up in a subsequent evolution
of the system leading to strong collective expansion of the
bulk matter as demonstrated by large values of observed el-
liptic flow [9, 13]. These observations are further substan-
tiated by STAR multi–strange baryon measurements show-
ing that Ξ and Ω baryons reveal significant amount of ellip-
tic flow which is comparable to ordinary non–strange baryons
[15]. The sizable multi–strange baryon elliptic flow, which
obeys constituent quark scaling [16], confirms that a substan-
tial part of the collective motion has indeed developed prior
to hadronization. This picture is also corroborated by a more
recent STAR analysis of the centrality dependence of hyperon
yields carried out within the framework of a thermal model
[17]. The observed scaling behavior of strange baryons is con-
sistent with a scenario of hadron formation from constituent
quark degrees of freedom through quark recombination pro-
vided that the coalescence took place over a volume that is
much larger than the one created in any elementary collisions.

These observations fit nicely into ideal hydrodynamic evo-
lution starting from the system of de-confined QCD matter.
However, they are also consistent with a more realistic hybrid
macroscopic/microscopic transport approach [20] which takes
into account the strength of dissipative effects prevalent in the
latter hadronic phase of the reaction. The hybrid model calcu-
lations indicate that at the top RHIC energy the hadronic phase
of the heavy-ion reactions is of significant duration (at least
10 fm/c), making hadronic freeze-out a continuous process,
strongly depending on hadron flavor and momenta. In partic-
ular, heavy hadrons, which are quite sensitive to radial flow
effects, obtain the additional collective push created by res-
onant (quasi)elastic interactions during that fairly long-lived
hadronic rescattering stage [21].

It is clear that questions concerning multi–strange baryon
decoupling from the hot and strongly interacting par-
tonic/hadronic system is an interesting one, but also not an
easy one to solve. Could this be provided by femtoscopy?
What kind of relevant information can be obtained via low-
relative-velocity correlations of multi-strange baryons with
the other hadrons? Since non-identical particle correlations
are sensitive not only to the extent of the source, but also to
the average shift in emission time and position among differ-



926 M. Šumbera et al.

ent particle species [19], the answer is affirmative. The fem-
toscopy of non-identical particles was already used to show
that the average emission points of pions, kaons and protons
produced in heavy-ion collisions at SPS and RHIC are not the
same [3, 7, 10, 22, 23]. In a hydrodynamically inspired blast-
wave approach [18], the mass ordering of average space-time
emission points of different particle species naturally appears
due to the transverse expansion of the source. This effect in-
creases with the mass difference of the measured particle pair.
Hence, studying correlations in the π−Ξ system where the
mass difference is very large should provide rather sensitive
test of the emission asymmetries introduced by the transverse
expansion of the bulk matter.

Moreover, in addition to the Coulomb interaction studied
in the π−K system, the small relative momentum π± −Ξ∓
correlations may provide a clear signal of the strong interac-
tion, revealing itself via the Ξ∗(1530) resonance. Expressing
particle momentum in the pair rest frame, k∗ = pπ = −pΞ via
pair invariant mass MπΞ and mπ and mΞ

k∗ =
[M2

πΞ − (mπ −mΞ)2]1/2[M2
πΞ − (mπ +mΞ)2]1/2

2MπΞ
(1)

One expects the Ξ∗(1530) peak to show up in the correla-
tion function C(k∗) at k∗ ≈ 150 MeV/c. Due to its rather
long lifetime, τΞ∗(1530) = 22 f m/c, the resonance could also be
rather sensitive to the π−Ξ interaction during the long-lived
hadronic phase. This should be investigated by both π−Ξ
femtoscopy as well as via direct measurements of Ξ∗(1530)
spectra. While the first signal of the Ξ∗ resonance in heavy ion
collision was seen in femtoscopy analysis just two years ago
[24], the first preliminary STAR measurements concerning the
Ξ∗ spectra and their yields were presented only recently at the
Quark Matter conference in Shanghai this year [25].

A. Data selection

Though in previous analyses [5, 11, 12, 24] the π − Ξ
correlations were studied for two different system d+Au and
Au+Au and also at two different energies, in this contribution
I will concentrate on Au+Au data at

√
(sNN) = 200 GeV from

RHIC Run IV only. The data were divided into several cen-
trality classes. During the run, the central trigger was used to
enhance the fraction of the 10% most central events. Track-
level cuts based on dE/dx particle identification in the STAR
Time Projection Chamber were used. Pion sample momenta
pt were limited to [0.125, 1.] GeV/c. After the dE/dx cuts,
the upper pT -limit was 0.8 GeV/c and 0.6 GeV/c at y = 0. and
y = 0.8, respectively. Charged Ξs were reconstructed topo-
logically in the pt range [0.7, 3.] GeV/c. To increase the total
number of analyzed π−Ξ pairs in this analysis we have used
a wider rapidity cut than in the previous STAR femtoscopy
analyses [26]. The cut |y| < 0.8 instead of |y| < 0.5 was em-
ployed for both particle species. Total number of extracted Ξ
used in this analysis are given in Table I.

TABLE I: 200 GeV Au+Au, Run IV data set

Centrality No. of Ξ± No. of Ξ− No. of Ξ+

0 –10% 1084×103 595×103 489×103

10 – 40% 412×103 226×103 186×103

40 – 80% 145×103 79×103 66×103

B. Data analysis and corrections

The event–mixing technique was used to obtain the uncor-
related two-particle distribution in the pair rest frame. To re-
move spurious correlations of non-femtoscopic origin, the un-
correlated pairs were constructed from events with sufficient
proximity in primary vertex position along the beam direc-
tion, multiplicity and event plane orientation variables. Pair
cuts were used to remove effects of track splitting and merg-
ing. The resulting raw correlation function was then corrected
for the purity of both particle species. The correction was per-
formed individually for each bin in k∗ = (k∗,cosθ,ϕ) of the
3-dimensional (3D) correlation function as described bellow.

C. Pair purity analysis

The pair purity, defined as a fraction of primary π−Ξ pairs,
was calculated as a product of the particle purities of both par-
ticle species. The Ξ purity was obtained from reconstructed Ξ
invariant mass plots as a function of transverse momentum.
Pion purity was estimated using the parameter

√
λ of the stan-

dard parametrization of the identical π− π correlation func-
tion. The identical pion measurements were performed with
the same pion cuts as those used in the π−Ξ analysis. Since
the value of the λ parameter is influenced by decays of long-
lived resonances as well as by the non-Gaussian shape of the
correlation function, the pion purity correction can be a sig-
nificant source of systematic error.

In order to make contact with the previous STAR identical
pion analyses [26] in Fig. 1, we present the kT –dependence
of parameters λ, Rout , Rside and Rlong entering the standard
out-side-long decomposition of the 3D correlation function
C(q) = 1 +λ · exp(−q2

outR
2
out −q2

sideR2
side −q2

longR2
long). Here,

kT = (|p1T |+ |p1T |)/2 is the average transverse momentum of
two pions. On the same figure the ratio Rout/Rside is aso plot-
ted. We conclude that the improved cuts used in the present
analysis do not change the values of extracted parameters, but
due to the increased acceptance in rapidity and transverse mo-
menta of the pions, our analysis covers also region of lower
kT .

We have also studied the influence of electrons on the pu-
rity of the pion sample. Exclusion of pions with dE/dx
within ±2σ around the electron band has changed the value
of the parameter λ in the kT interval [0.15, 0.25] GeV/c by
50% at maximum. However, the other parameters character-
izing the 3D correlation function of identical pions (the radii
Rout ,Rside,Rlong) as well as the π−Ξ correlation functions re-
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FIG. 1: (Color online) The comparison between parameters of 3D
Gaussian fits to the correlation functions of identical charged pions
produced in Au+Au collisions at 200 GeV. Previous [26] (open stars)
and this analysis (full triangles). Error bars contain only statistical
uncertainties.

mained unchanged.

D. Results in 1D source size information

The π−Ξ correlation functions C(k∗) were analyzed in the
pair rest frame (k∗ = pπ = −pΞ). The results for unlike sign
pairs are presented in Fig. 2.
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FIG. 2: (Color online) The centrality dependence of the correlation
function of the combined sample of unlike-sign π±Ξ∓ pairs .

For all centralities, the low k∗ region is dominated by the
Coulomb interaction. The strong interaction manifests it-

self in a peak around k∗ ≈ 150 MeV/c corresponding to the
Ξ∗(1530). The peak’s centrality dependence clearly shows
high sensitivity to the source size. Contrary to the Coulomb
region, the correlation function in the resonance region does
not suffer from the low statistics and can thus in principle be
used to extract sizes of the sources more effectively than in
the former case.

E. Results in 3D asymmetry measurement

The information about the shift in average emission points
between π and Ξ can be extracted from the angular part of the
3D correlation function C(k∗) ≡C(k∗,cosθ,ϕ).
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FIG. 3: (Color online) A00(k∗) and A11(k∗) coefficients of spherical
decomposition for the combined sample of unlike-sign π±Ξ∓ pairs
from three different centrality bins.

The function is binned in k∗,cosθ,ϕ with ∆cosθ = 2
Ncosθ

and
∆ϕ = 2π

Nϕ
as the bin sizes in cosθ and φ, respectively. After its

decomposition into spherical harmonics [27],

Alm(k∗) =
∆cosθ∆ϕ√

4π

all bins

∑
i

Ylm(θi,ϕi)C(k∗,cosθi,ϕi) (2)

Symmetry further limits the number of relevant components.
This is due to the fact that individual coefficients appearing
in the above decomposition represent different symmetries of
the source. Thus for azimuthally symmetric identical particle
source at midrapidity, only Alm with even values of l and m
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do not vanish. On the other hand, for non–identical particle
correlations the coefficients with odd values of l and m are
allowed.

For both cases, the most important coefficient is A00(k∗)
representing the angle-averaged correlation function C(k∗).
The latter is sensitive to the source size only, whereas in the
non–identical particle case A11(k∗) measures a shift of the av-
erage emission point in the Rout direction.

The decomposition of the correlation function into spheri-
cal harmonics was used to study the centrality dependence of
asymmetry in emission between pions and Ξs. The results are
presented in Fig. 3. The coefficient A11 which is non-zero in
all centrality bins clearly confirms that the average space-time
emission points of pions and Ξ are not the same.
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FIG. 4: (Color online) Comparison of A00(k∗) and A11(k∗) coef-
ficients of spherical decomposition for combined sample of unlike-
sign π±Ξ∓ pairs from 10% most central Au+Au collisions with the
FSI model predictions.

In Fig. 4 the experimental results for the 10% most central,
the highest statistics bin, are compared to a model calculation
exploiting strong and Coulomb final state interaction [28].The
theoretical correlation function was constructed from the par-
ticle emission separation distribution. For this purpose, the
momenta of real particles were used. The emission coordi-
nates of both π and Ξ were generated using the blast wave
model [18]. This model, encompassing correlation between
particle momenta and their space-time coordinates, was used
with a single set of parameters for generating emission co-
ordinates of both π and Ξ. These parameters were obtained
from experimentally measured pion spectra and π− π emis-
sion radii. Let us note that using the same set of parameters

for the Ξ source as for the pions implicitly assumes significant
transverse flow of Ξ. In the Coulomb region, the theoretical
correlation function is in qualitative agreement with the data.
Moreover, the orientation of the shift and its magnitude agrees
with the scenario in which the Ξ participates in the transverse
expansion. However, in the region dominated by the strong fi-
nal state interaction the calculations over predict both the size
and the shift coefficients.

F. Extracting the source parameters

For further analysis we have used only the low k∗ region
dominated by the Coulomb interaction, excluding thus the re-
gion around the Ξ∗(1530) peak (see Fig. 5).
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FIG. 5: (Color online) Comparison of A00(k∗) and A11(k∗) coef-
ficients from the spherical decomposition of the combined sample
of like-sign π±Ξ± and unlike-sign π±Ξ∓ pairs from the 10% most
central Au+Au collisions, along with the FSI model predictions.

The theoretical correlation function was calculated using
the momentum distribution of pairs extracted from real data.
The emission coordinates were randomly generated from the
two-parameter source distribution constructed in the follow-
ing way. For both particle species, the Gaussian shape of their
source was assumed with the sources shifted in the Rout direc-
tion relative to each other. In the pair rest frame this can be ex-
pressed via two parameters R and ∆out characterizing the pair
separation distribution in ∆r∗. Here, R represents the width
of the Gaussian and ∆out represents the shift in the Rout direc-
tion. Values of the source parameters were then extracted by
finding a minimum value of χ2 between theoretical and real
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correlation function. Fitting was done simultaneously for like
and unlike–sign correlation functions.

For the most central Au+Au collisions this method yields
the first preliminary values of R = (6.7± 1.0) fm and ∆out =
(−5.6± 1.0) fm. The errors are purely statistical. System-
atic error studies are under way and their values are expected
to be of the order of the statistical ones. In our case a neg-
ative value of the shift means that average emission point of
Ξ is positioned more to the outside of the whole fire-ball than
the average emission point of pion as expected in the Ξ flow
scenario.

III. IDENTICAL PION CORRELATIONS

A. Motivation

In ultra–relativistic heavy–ion collisions femtoscopy can
also be employed to extract information related to the strong
interaction among the particles [3, 10]. In recent STAR analy-
ses the strong FSI was studied via two–K0

s interferometry [29]
and in proton-lambda correlations [30]. A model that takes the
effect of the strong interaction into account has been used to
fit the measured correlation functions. In the p−Λ and p−Λ
correlations, which were actually measured for the first time,
annihilation channels and/or a negative real part of the spin-
averaged scattering length was needed in the FSI calculation
to reproduce the measured correlation function.

At the previous WPCF meeting an ambitious proposal to
exploit the correlations among identical charged pions to ex-
tract pion-pion scattering lengths was made [8]. The potential
for such measurements at RHIC, and also later at the LHC
stems from the fact that, compared to a dedicated particle
physics experiments measuring scattering lengths parameters
a0

0 and a2
0 like BNL-E865 [31] or Dirac [32], heavy ion exper-

iments provide a much larger number of pion pairs at small
relative momenta in a single event plus very large data sam-
ples ( 107 − 109 events). The real challenge when studying
the strong interaction among identical charged pions then is
to beat down all systematical errors pertinent to the ultra–
relativistic heavy ion collisions environment. Coulomb inter-
action, pion purity and geometry of the pion source need to be
kept under control. Varying the source size (kT or centrality)
may provide a good handle on this.

In particular, the bias arising from the frequently used
Gaussian assumption of the source shape needs to be ad-
dressed. Using the high statistics sample of Au+Au events
from the STAR experiment at RHIC’s highest energy accumu-
lated during the run IV, it was found that for all kT and cen-
trality bins the Lévy stable source parametrization does not
bring an advantage in describing the detailed shape of mea-
sured three-dimensional correlation function [6].

The next step in this direction is to exploit the model-
independent imaging technique of Brown and Danielewicz
[33, 34] and reconstruct the source itself. This is done via
inverting Koonin-Pratt equation (see e.g. [1]):

C(q)−1 = 4π
∫

K0(q,r)S(r)r2dr

K0(q,r) ≡ 1
2

∫
(|Φ(q,r)|2 −1)d(cosθq,r)

q =
1
2

√
−(p1 − p2)2 , (3)

which expresses the 1D correlation function C(q) in terms of
the probability S(r) to emit a pair of particles at a separation
r in the c.m. frame. S(r) is usually called the source function.
All FSI is encoded in the (angle averaged) final state wave
function Φ(q,r) describing the propagation of the pair from
a relative separation of r in the pair c.m. to the detector with
relative momentum q. The angle between vectors q and r is
denoted by θq,r. The procedure to extract S(r) via inversion
of Eq. 3 is given in [34].

B. Testing the inversion procedure

To test reproducibility of he original source function by
the imaging procedure we have generated Bose-Einstein (B-
E) correlated and Coulomb interacting pion pairs. The mo-
mentum spectra of the pions were obtained from the 10%
most central Au+Au RQMD generated events at

√
sNN=200

GeV. The pions coordinates were randomly sampled from an
isotropic 3D Gaussian distribution with the radius R=5 fm.
The instantaneous emission δτ=0 of particles was assumed.
Using pion momenta and their coordinates the B-E correla-
tions and Coulomb FSI were introduced using the procedure
described in [36]. Results for correlations and source func-
tions are displayed on Fig. 6. In order to compare with the
input Gaussian source the extracted source function was fitted
with the Gaussian distribution again:

g(r,R) =
λ

(2
√

πR)3 e−
r2

4R2 (4)

Let us note that the r2-weighting of S(r) appearing in the
normalization condition of the source function:

4π
∫ ∞

0
S(r)r2dr = λ (5)

makes the normalization constant λ more sensitive to the be-
havior of S(r) at r � R than one would naively expect. Since
the latter is determined by the imaging from values of the cor-
relation function C(q) at very small q, fulfilment of the above
normalization condition using data with limited statistics in
the low q bins may be hard to achieve. This may explain why
values of the extracted parameters R and λ from the single-
Gaussian fit were found to be smaller than the input ones.
While for R the discrepancy is about 4% for λ it is almost
25%.

C. 1D imaging analysis of the pion source from Au+Au and
Cu+Cu collisions

The same data set of Au+Au events from Run IV, used in
the previously described π−Ξ correlation analysis, was also
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FIG. 6: (Color online) The 1D imaging analysis of an isotropic
Gaussian source using pion momentum spectra from RQMD sim-
ulating the 10% most central Au+Au collisions at

√
sNN =200 GeV.

Top: original (black filled circles) and restored by imaging technique
(red filled circles) correlation function C(q). To guide the eye the
data points are connected by a smooth line of the same color. Mid-
dle: 1D source function S(r) (red filled circles). The full black line
represents the result of a single-Gaussian fit to S(r), dashed line -
input Gaussian distribution. Bottom: 4πr2S(r).

used for the reconstruction of the pion source. The second
data set employed in the imaging analysis consists of about 8
million Cu+Cu minimum bias events at

√
sNN=200 GeV accu-

mulated during the Run V. Selected results from 1D imaging
analysis of the pion source using centrality selected Au+Au
and Cu+Cu events are displayed on Fig. 7 and 8, respectively.

Compared to the model example discussed in the previous
paragraph the extracted source functions now develop long
tails [35] and cannot thus be described by a single Gaussian
distribution. The only exception are the data from the 10%
most central Au+Au collisions (Fig. 7.) To account for the
observed behavior we use the simplest extension of Eq. 4 and
assume that the source function contains contributions from
two Gaussians. While the first Gaussian g(r,R1) contribut-
ing with fraction (1−α) is responsible for the long tails the
second one g(r,R2) contributing with weight α of width the
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FIG. 7: (Color online) 1D imaging analysis of identical charged pi-
ons from Au+Au collisions at

√
sNN =200 GeV. Results are shown

for the 10% most central (the left panel) and for peripheral(centrality
40-80%) collisions (the right panel). Top: the measured correla-
tion function C(q) (black filled circles), restored correlation function
from imaging technique (red filled circles). To guide the eye the data
points are connected by a smooth line of the same color. Middle:
1D source function S(r) (red filled circles). The full black line rep-
resents the result of a double-Gaussian fit to S(r). Two dashed lines
show contribution of each of two Gaussians. Bottom: 4πr2S(r): (red
filled circles). Full black line represents result of a double-Gaussian
fit.

R2 < R1 describes the source function at small r. The double
Gaussian distribution:

G(r,R1,R2) = (1−α)g(r,R1)+αg(r,R2),R1 > R2 (6)

now seems to describe data quite well. Comparing Au+Au to
Cu+Cu collisions of the same centrality we conclude that the
long tails are more pronounced for the smaller system.

All source functions presented so far were obtained from
data integrated over the whole range of average pair trans-
verse momenta kT = [0.125, 0.600] GeV/c). In the following I
will present results showing how much the observed departure
from a single Gaussian shape depends on particle transverse
momenta.

Such an analysis was performed and is displayed in Figs. 9-
11. While for Au+Au collisions the statistics allowed us to use
9 bins in kT for Cu+Cu we have used only 4 bins. In Fig. 9 the
lowest kT = [0.125, 0.250] GeV/c and the highest kT = [0.450,
0.600] GeV/c bins from Cu+Cu 10% most central collisions
are compared. We see that the long tail present in the lowest
kT bin, which is characterized by the Gaussion with the width
R ≈ 7 fm, completely disappears from the highest kT bin.

Figures 10 and 11 show the kT -dependence of the double
Gaussian fit parameters for Cu+Cu and Au+Au collisions at
three different centralities. We observe that with increasing
kT , the contribution of the second Gaussian is less and less
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FIG. 8: (Color online) 1D imaging analysis of identical charged pi-
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40-60%) collisions (the right panel). Top: C(q). Middle: 1D source
function S(r). Bottom: 4πr2S(r). Labels are same as on Fig. 7.
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prominent. This behavior is more pronounced in Cu+Cu col-
lisions. Let us note that the long tails observed in the low-kT
bins may then indicate an important role played by the pions
from long-lived resonance decays. An interesting observation
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which may have some relevance to the observed behavior re-
garding the random walk nature of particle freeze-out in coor-
dinate space was made by T. Csörgő at this meeting [37].
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IV. SUMMARY

High-statistics STAR data from Au+Au and Cu+Cu colli-
sions taken at full RHIC energy and three different centralities
were used to discuss recent progress in identical (π−π) and
non-identical (π−Ξ) particle femtoscopy. In the π−Ξ system
the strong and Coulomb-induced FSI effects were observed,
making it possible for the first time to estimate the average
shift and width between π and Ξ source. The 1D imaging of
the identical pion source reveals a significant departure from a
single Gaussian shape. The observed long tails, which could
be fairly well described by allowing for the second Gaussian,
are more pronounced for the sources produced at large impact
parameters. The effect is stronger for Cu+Cu than for Au+Au
collisions. For all centralities and both colliding systems the

highest departure from a single Gaussian shape is observed for
sources emitting particle with a small average pair transverse
momenta kT . For the highest analyzed kT the source is to a
good approximation a single Gaussian.
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