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Abstract. Measurements of strange and multi-strange particles with the STAR detector at center of mass
energies per nucleon pair (y/syy =) of 62.4 GeV and 200 GeV in ultra-relativistic Au+Au collisions at
RHIC are presented. The results are discussed in order to get insight into chemical and dynamical properties
of the created medium. The former are obtained by comparison of transverse momentum (pr) integrated
observables such as yields and particle ratios to statistical models, while the latter use pr dependent
quantities such as single particle spectra and elliptic flow measurements to challenge hydrodynamical
model calculations and parameterizations. The discussion is orientated towards the energy dependence of
these properties by confronting the results at the different RHIC energies but also with the lower SPS

energies.

1 Introduction

Strangeness observables have been suggested, since the be-
ginning of the study of relativistic heavy ion collisions,
to yield possible effects of the creation of a quark gluon
plasma [1]. These observables are supposed to give valu-
able insight into the properties of the created medium, as
all strange valence quarks in the final state originate from
the collision and are not present in the incoming nuclei.
The study of these features in terms of chemical and ki-
netic freeze-out conditions by comparing the data to pre-
dictions of models may then reveal different aspects and
characteristics of the fireball they arise from. The exami-
nation of the energy dependence of these properties, espe-
cially with the results at the intermediate energy of 62.4
GeV that stands between the top RHIC and the SPS en-
ergies, gives the possibility to access a more global picture
of the characteristics of the medium, such as a possible
onset of the formation of a QGP.

The presented STAR [2] data are from Au+Au colli-
sions delivered by RHIC and were measured with its main
tracking device, the Time Projection Chamber (TPC) [3].
The 200 GeV results are from the RUN 1T [4] and the 62.4
GeV results come from the RUN IV [5,6]. The results are
for mid-rapidity (|y| < 1) if not otherwise stated.

2 Chemical Properties

The relative aboundance of the different particle species
and consequently the chemical composition of the medium
is frozen at chemical freeze-out which marks the end of in-
elastic interactions among the particles. The temperature,
T.1, that characterizes this freeze-out can be accessed by

statistical models [7-11]. These models compute the pro-
duction rates of the different particles by using a limited
set of parameters and assume a statistically equilibrated
matter. Hence one can consider that these parameters al-
low the caracterization of the chemical properties of the
system. Besides T, two chemical potentials are used, one
for the light quarks i, (¢ = u, d; baryon chemical potential
1B = 3uq) and one for the strange quarks pg. They both
regulate anti-particle relative to particle production. Ad-
ditionally a strangeness phase-space occupancy factor, vg,
that caracterizes the strangeness saturation and indicates
whether strangeness production has reached its equilib-
rium level or not. For a given collision energy and system,
these parameters are obtained by adjusting measured par-
ticle ratios.

In Fig.1(top panel) particle ratios obtained from 62.4
GeV central Au+Au data (circles) are shown with re-
sults from statistical model calculations obtained by ad-
justing data ratios involving 7%, K*, p and p, A and =
(lines) with a x2/ndf = 2.3/5. The results on the /7 and
£2/12 ratios are then a pure prediction from the statisti-
cal model. The difference between data and model predic-
tion is evaluated by the number of standard deviations as
shown in the bottom panel of Fig.1. A comparable figure,
exposing the good agreement between data and statistical
model calculations at 200 GeV, can be found elsewhere
[12].

Fig.2 shows the dependence of T, and s on the mean
number of participant nucleons, (Npqr¢), determined by a
Glauber model calculation [13]. The closed circles are for
62.4 GeV and the open cercles are for 200 GeV. The re-
sults at both energies were obtained with the same model
[11]. The temperature is constant over all centralities at

~ 160 MeV, close to the critical temperature of T, ~ 170 MeV
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Fig. 1. Top panel: “Stable” particle ratios obtained by mea-
surements for most central collisions at /sy = 62.4 GeV
(points) superposed with statistical model calculations using
[11] (lines). The experimental data have statistical and sys-
tematical errors added quadratically. Bottom panel:Number of
standard deviations (o) between data and model calculations.

obtained from lattice QCD calculations [14]. In contrast,
vs monotonously rises from a around 0.7 for peripheral
collisions to saturate at a value close to unity for the most
central collisions. This indicates the presence of a state
of matter where strangeness production is close to satu-
ration and may thus reveal the achievement of a global
chemical equilibrium for strangeness. The results for 200
GeV shown on the same figure as open circles display the
same behaviour and magnitude within error bars as the
62.4 GeV data, while the SPS data at the lower energy of
17.3 GeV may give a slightly lower value for vg [9], with
a comparable centrality dependence.

The baryon chemical potential obtained at 62.4 GeV
(up = 87+13 MeV) is higher as at 200 GeV (up = 24+4
MeV) but stands where expected to be by interpolation
between SPS and RHIC results [15]. This variation in pup
in statistical models results directly from the the anti-
baryon to baryon ratios in data. In Fig.3 the evolution
of this ratio for A, = and {2 is represented as a function
of \/snyn. The smooth rise in these ratios and the ap-
proach to unity for top RHIC energy translates the tran-
sition from a transport dominated regime to a dominance
of quark anti-quark pair production. The latter leads to a
baryon-free environment equivalent to lower baryon chem-
ical potential.

The astonishing success of statistical models over a

large range of energies, especially also for p+p and e~ +
e™ collisions [16] requires a word of caution in the inter-
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Fig. 2. Centrality dependence ({Npart)) of (a) chemical freeze-
out temperature T, and (b) strangeness saturation factor s

for 62.4 GeV (closed circles) and 200 GeV (open circles). Sta-
tistical and systematic errors are added quadratically.
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Fig. 3. Energy dependence (\/snn) of A/A, Z/Z and 2/
ratios for central nucleus-nucleus collisions at mid-rapidity [17].

pretation with respect to a chemical equilibration of the
system. It is possible that it only looks as if the system fol-
lows statistical laws because the experimental ratios result
from averaging over a large number of events. The abun-
dances from a single event may then not necessarily be
reproducable by models assuming chemical equilibrium.
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3 Dynamical Properties

Dynamical properties of the system created in relativistic
heavy-ion collisions can be accessed by pr dependent ob-
servables, such as particle spectra and differential elliptic
flow [18]. The comparison of data with models may help
getting information on these properties, such as the tem-
perature Tye. (Tkin) of the kinetic freeze-out when elastic
interactions end and the magnitude of collective motion
during the expansion. In turn, these should give insight
into the validation or not of the hypothesis of local ther-
malization and even the creation of a de-confined phase of
quarks and gluons which should be described by a dedi-
cated equation of state.

e

Preliminary Au+Au,\s,, = 62.4 GeV
T ‘ ‘ ‘ ‘ ‘ ‘

I T
— A+A (1-0)

0.2 4
= LN e A+A (2-0)
E 0.18F .
= Chemical freeze-out  “\\\
—<0.16 temperature T B
[$)
o} L —
§ 0.14
()
S .12 NAS7(0-53%) 7 |
g 17.3 GeV: (7)Q,=
0.1 STAR (central 0-5%) —
200 GeV: (1)Q (2)= (3)K,p 6 103
0.08 - 62.4GeV: (4)Q (5)= (6) LK,p -
x ‘ | ‘ | | x
0.2 0.3 0.4 0.5 0.6

Transverse velocity [BT O(c)

Fig. 4. One and two o contours in Tk,-(B7) space obtained
by blast-wave fits on the measured spectra from most central
collisions at different energies and for different particle species.
The NA5T contour is from [21].

At first, we extract dynamical parameters with the hy-
drodynamically inspired, so-called Blast-Wave(B-W) pa-
rameterization [19,20], by performing a direct fit on the
spectra. The two free parameters in the fit, Tx;, and (Gr)
are interpreted as the kinetic freeze-out temperature and
the mean transverse flow velocity, respectively. Fig.4 shows
the confidence-level contours in T;,-(0r) space obtained
by blast-wave fits on the spectra of different particle species
at different energies. All experimental spectra are inclu-
sive, meaning that they are not corrected for contributions
from resonances and weak feed-down. The 62.4 GeV and
200 GeV contours reveal a clear discrepancy between the
transverse flow of the light particles (7*, K*, p and p)
and the multi-strange baryons (= and §2). For the light
particles, a decrease in radial flow is observed for the lower
energy. Such a decrease for multi-strange baryons is not
easy to identify between the 200 GeV and the 62.4 GeV
data points due to the uncertainties. But it may be ob-
served when comparing to the NA57 results [21] at 17.3
GeV. A caveat is that the NA57 contour is for a much

larger centrality range which includes peripheral collisions
that may lead to less radial flow. A disagreement may also
be seen on Tk;,. The values of T, seem to be higher for
the multi-strange baryons than those obtained by a com-
bined fit for the light particles. Given the large errors, this
seems to be especially the case at 200 GeV and is not as
obvious at 62.4 GeV.

For a more accurate comparison with ideal hydrody-
namics, we use a model by Kolb et al. that numerically
solves the hydrodynamical equations. Computations have
been published for the energy of 200 GeV [22] and as it is
publicly available on the web [23], we used it to get pre-
dictions for the energy of 62.4 GeV. The applied equation
of state is the same as that at 200 GeV and includes a
first order phase transition from a QGP to a hadron gas
at T, = 165 MeV. The model assumes partial chemical
equilibrium in order to reproduce the aboundances of the
different particle species. Chemical equilibrium is main-
tained in the QGP phase and a chemical freeze-out occurs
at Ty, = 164 MeV. The initial entropy and baryon densi-
ties have been adjusted to reproduce the measured mul-
tiplicity and p/m and p/p ratios at 62.4 GeV. This model
uses an additional parameter, noted «, that parameterizes
a possible initial transverse boost that may have been de-
veloped prior to thermalization. The time from which the
thermalization hypothesis is valid is parameterized by 7.
Its value at 62.4 GeV has been taken to be the same as at
200 GeV [22], namely 79 = 0.6 fm/c.
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Fig. 5. Measured 7, K, K2 and P spectra (points) for most
central Au+Au collisions at 62.4 GeV superposed with hydro-
dynamical calculations (lines) for different freeze-out temper-
atures (Tkin) and o parameters obtained by using [22,23].
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Fig. 6. Measured transverse mass (mr = \/p2 + m2) 2 spec-
tra (points) from most central Au+Au collisions at 62.4 GeV
superposed with various hydrodynamical calculations (lines)
for different Tye. and « obtained by using [22,23].

Fig.5 shows the spectra for light particles (7=, K,
K? and p) for most central Au+Au collisions at 62.4 GeV
superposed with hydrodynamical calculations using the
aforementionned adapted model. The agreement between
data and model holds for a limited domain in transverse
momentum that might be smaller as was observed at 200
GeV [22]. The best agreement at 62.4 GeV, as has been
at 200 GeV, is obtained with a freeze-out temperature of
Tkin = 100 MeV and a small but finite value for the o pa-
rameter. The agreement between data and hydrodynami-
cal calculations is supposed to hold only at low-pr (< 1.5-
2.0 GeV/c), as particles with higher pr undergo less re-
scattering and may therefore verify less the thermalization
hypothesis of ideal hydrodynamical calculations. With the
current preliminary data, it also looks as if the agreement
would hold for higher pr for the heavier particles. This
appears to be true also for the (2, the particle with the
highest strangeness content, where the agreement seems
to hold for the entire measured spectra as Fig.6 illustrates.
The non-chemical equilibrium part of the evolution does
not include a strange chemical potential. This may have
significant influence on the strange particle multiplicity.
Therefore we only discuss the shape of the spectra and
not its normalization, that has been sightly adjusted to
reproduce the data. A similar observation regarding the
agreement between data and hydrodynamical calculations
on the {2 has already been made at 200 GeV [22]. At
both energies, it seems that a common freeze-out temper-
ature of ~ 100 MeV and a non-vanishing o parameter, the
same as for the light particles, best reproduce the {2 data
within the framework of these hydrodynamical model cal-
culations. A higher thermal freeze-out temperature, just
after hadronisation (Tje. = 164 MeV), does not develop
sufficient radial flow to reproduce the data.

The results regarding the thermal freeze-out tempera-
ture from these hydrodynamical calculations seem incom-

patible with the observations from the Blast-Wave fits.
This apparent discrepancy may have different explana-
tions. First of all, the error bars on the Blast- Wave con-
tours (Fig.4) are still quite large for the multi-strange
baryons. The shown contours do not include systematic
error induced by the variation of an additional parame-
ter in the Blast-Wave, the velocity profile, which affects
particularly the values of the temperature parameter. Ad-
ditionally the fit-range used for the fit on the different
particles is not the same, as the measured spectra do
not have the same pr coverage, especially at very low-pr
(< 0.7 GeV/c). Further investigations included a direct
comparison between the hydrodynamical (Tye.) and the
Blast-Wave (Tyin) temperature. This was done by per-
forming a Blast-Wave fit on the spectra from the hy-
drodynamical model with a given temperature. The fit
gives a good agreement with the spectra, however the val-
ues of the parameters obtained by the Blast- Wave fit are
systematically lower than the hydrodynamical tempera-
ture with a smaller difference for lower Tye. (3-10 MeV
at Tyee ~ 100 MeV) than at higher Ty (15-30 MeV
at Tgee ~ 164 MeV). This raises the question whether
Tec(hydro) and Ty, (B-W) are both meaningful physical
quantities. While the Blast- Wave parameterization needs
many simplyfing assumptions, for instance on the velocity
profile to obtain a single formula with three parameters,
the hydrodynamical model numerically resolves the differ-
ential equations for the statistical description of particles.
This constitutes a natural and obvious difference between
the two approaches.
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The 62.4 GeV high statistics data also allows for the
study of the centrality dependence of the {2 spectra shown
in Fig.7. The hydrodynamical calculations for the differ-
ent centrality intervals only differ by the impact parame-
ter, b, used in the calculations. All the other parameters
are identical to those used for the most central collisions.
Only the curves that give the best agreement for the most
central collisions (Fig.6; a = 0.03 fm~!) are shown for two
different temperatures. The spectra from hydrodynamical
calculations deviate more and more from the data when
the collisions become more peripheral. This deviation is
expected as for more peripheral collisions, the system size
gets smaller so that the thermalization hypothesis is less
valid. The centrality dependence may then help quantif
the conditions for which the hypothesis of thermal equi-
librium is applicable.

Finally, differential elliptic flow behaviour is investi-
gated. Elliptic flow originates from the spatial asymme-
try, caused by the almond shape of the collision overlap
zone. The interactions among the constitants generate a
pressure gradiant which transforms this spatial asymme-
try into an asymmetry in momentum space. Hydrodynam-
ical calculations have been shown to qualitatively repro-
duce the data at 200 GeV [24]. The model applied on the
200 GeV data used a complete chemical equilibrium until
thermal freeze-out [25]. With this model, it was therefore
not possible to reproduce both spectra and elliptic flow.
The Kolb et al. model can approximately reproduce the
spectra but the default value for the elliptic flow is too
large [26].
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Fig. 8. Elliptic flow with respect to transverse momentum
for identified particles in minbias (0-80%) Au+Au collisions.
The data (points) are superposed with hydrodynamical calcu-
lations using [22,23]. The dotted line corresponds to the default
(e = 0.00 fm™!; for 7~ only) and the full lines are obtained
with @ = 0.02 fm~!. The full lines are, from top to bottom, for
n—, K7, pand A.

In Fig.8, the elliptic flow as a function of transverse
momentum is represented for different identified particles
in Au+Au collisions at 62.4 GeV. As at 200 GeV, the

default value for o (0.00 fm 1) generates too much flow, so
that the hydrodynamical calculations overshoot the data
(dotted line). The use of a = 0.02 fm~! (full lines) allows
to simultaneously reproduce spectra and elliptic flow with
the same parameters. This reproduction of elliptic flow
consists, as at 200 GeV, of the mass ordering at low-pr and
the qualitative agreement of data with hydrodynamical
calculations until pp ~ 2 GeV/c.

4 Summary and Conclusion

The high quality and quantity of data at different ener-
gies allow for systematic comparison of physics observables
and excitation functions of strange and multi-strange par-
ticles. Thermal model fits lead to results at the interme-
diate energy of 62.4 GeV that are almost identical to the
results obtained at 200 GeV, in terms of chemical freeze-
out temperature and strangeness saturation factor. The
strange and multi-strange anti-baryon to baryon pr inte-
grated ratios expose a smooth evolution from SPS to top
RHIC energies.

Dynamical properties are investigated using a Blast-
Wave parameterization and an ideal hydrodynamical model
description. The agreement of the hydrodynamical models
with measured central spectra for light particles may be
slighty worse at 62.4 GeV than what was observed with
the same model at 200 GeV. Within the framework of
this model, the same thermal freeze-out temperature al-
lows a reasonable description of all spectra at the lower
and top RHIC energies, including multi-strange baryons.
The apparent discrepency between hydrodynamical model
calculations and Blast- Wave results may be investigated
further with more precise measurements at lower pr for
the multi-strange baryons (< 0.7 GeV/c). The additional
parameter « in the considered hydrodynamical model al-
lows for a simultaneous description of spectra and elliptic
flow with the use of an equation of state that involves a
phase transition from a QGP to a hadron gas.

Although complete ideal hydrodynamical calculations
do not reproduce all the data (pr > 2 GeV /¢, peripheral,
high 7 , ...) they give an indication as to what extent the
system behaves thermally. In that matter they give the
best ever observed agreement with data at RHIC ener-
gies. The o parameter in the Kolb et al. model that we
used tries a basic description of the pre-equilibrium phase.
This parameter as well as the use of a partial chemical
equilibrium may to some extent already be considered as
extentions to an ideal hydrodynamical description. The
whole description may then be obtained with more so-
phisticated extensions as the combination of ideal hydro-
dynamics with microscopic cascade calculations [27,28] or
by introducing viscosity [29].
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