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Abstract: We present ¢ meson production in Cu—+ Cu and Au-+ Au collisions measured by the
STAR experiment at RHIC. The hadronic decay mode ¢—> K™ K™ is used in the analysis. The yields
for ¢ meson in Cu+Cu and Au+ Au collisions at a given beam energy are scaled by the number of
participant. The N, normalized ¢ meson yields in heavy ion collisions over those from p+p colli-
sions are larger than 1 and increase with collision energy. These results suggest that the source of
enhancement of strange hadrons is related to the formation of a dense medium in high energy heavy

ion collisions and can not be only due to canonical suppression of their production in smaller sys-

tems. We also present STAR results on the ¢ meson elliptic flow v, from Vsxx =200 GeV Cu+Cu
at RHIC. The elliptic flow in Cu+Cu system that has the similar relative magnitude and qualitative
features as that in Au+ Au system. The observations imply the hot and dense matter with partonic
collectivity has been formed in heavy ion collisions at RHIC. However, eccentrality normalized v, ,

s/ (Nyepan) 18 lower for Cu+ Cu than for Au—+ Au collisions at 200 GeV. So this might indicate

thermalization has not been reached in 200 GeV Cu-+Cu collisions.
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1 Introduction

The main goal of relativistic heavy ion colli-
sion program is to search for QCD predicted new
state of matter, and study the equation of state of
nuclear matter at extremely high temperature and
energy density. Searching for its existence and
measuring its properties will greatly enrich our
knowledge about how matter and the universe are

formed. Definite experiment data have been gotten
in Cu+ Cu and Au-+ Au collisions at /sy = 62
GeV and y/sxy =200 GeV in STAR collaboration at
RHIC by now. These data and results are crucial

to the understanding of the properties of the pro-

duced state of new matter.

* Received date: 28 Aug. 2008; Revised date: 6 Feb. 2009

Document code: A

Since the discovery of the lightest vector mes-
on ¢ from the K" K~ channel in K™ p interactions
at 2. 24 GeV/c incident momentum®’, the studies
about it is an interesting and open subject. ¢ mes-
on is composed of a strange and an anti-strange
quark and has hidden strangeness. And it has con-
siderably smaller scattering cross section, then
does not fully participate in the additional flow. Its
life time is about 45 fm/c which is longer than the
fireball lifetime. Although it is a meson, it is hea-
vy in comparison with mesons consisting of u and d
quarks, having a mass (m, = (1 019.45=0. 020)
MeV/c*)! comparable to the proton and A bary-

ons. So ¢ meson is a good probe to the properties
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of medium in heavy ion collisions at RHIC.

A comparison of the properties of ¢ meson in
different colliding systems and energies may help
us to understand the production mechanism for the

¢ meson and its interaction with other particles.

2 Data Set

The data in this paper are taken from the ex-
perimunts performed in 2004 (Au+ Au) and 2005
(Cu + Cu) using STAR’ s"* Time Projection
Chamber (TPC)™ at RHIC. The TPC magnetic
field is 0.5 T. The data is also taken in the reverse
field configuration. Using a minimally biased trig-
ger(MB), 8.86X10°% and 1. 5X 10" events from the
(0%—60%) centrality collisions of Cu -+ Cu at

Vsan =62 GeV and 200 GeV for getting spectra and
2.35X 10" events from the (0%—60%) centrality

collisions at /ssw = 200 GeV for getting ellipitic
flow are analyzed, respectively. 1. 35X 10" MB, 1
X 10" events from a central trigger (0%—12%)
for 200 GeV Au-+ Au events and 6. 2 X 10° 62. 4
GeV Au+ Au events are also analysed. The more
peripheral Cu- Cu collision data are not analyzed
due to large vertex inefficiencies. The ¢ meson
spectra for Au-+ Au collisions at 200 GeV using
these data set are presented elsewhere™™ . Centrali-
ty selections for the Au+ Au and Cu+Cu collision
utilize the uncorrected charged particle multiplicity
for pseudorapidities | n|<CZ0. 5, measured by the
TPC.

3 Spectra Analysis and Results

The ¢ meson yield in each transverse momen-
tum pr bin is extracted from the invariant mass
(M,,,) distributions of K™ K~ candidates after the
subtraction of combinatorial background estimated
using the event mixing technique® ™. The charged
kaons are identified through their ionization energy
loss in the TPC. The drop in lower py is consistent
with the mass peak variation of reconstructed ¢

mesons embedded in real data. These are consist-

ent with the simulation values and are understood

within the ambit of the detector resolution

J[8]

effects'™. In these embedding simulations, ¢ (—

K™ K~ ) mesons decay and detector response are
simulated within the STAR GEANT f{ramework.
The resulting simulated signals are then embedded
into real events before being processed for the
standard STAR event reconstruction. These data
are then processed like real data and analyzed to re-
The embedding

simulations are also used to obtain the ¢ meson ac-

construct the embedded ¢+ % %,

ceptance and tracking efficiency " 1, It is found to
increase from 3% at pr= 0.5 GeV/c to about 40 %
at pr = 3 GeV/c for central Cu-+ Cu collisions.
The centrality dependence of these values are small
for Cu+Cu collisions. At higher p;(3—5 GeV/c)
the efficiency remains constant. The final ¢ meson
spectra is corrected by this efficiency and accept-
ance, vertex [inding efficiency (~ 92.5%) as well
as for the branching ratio of 49. 2% for the channel
$—>K" K we have studied in this analysis.
Systematic errors for the ¢ production meas-
urements in Cu+ Cu collisions include: uncertain-
ties in efficiency (~ 8% —14%); Kaon indentifi-
cation from dE/dx (8%); Kaon energy loss cor-
rections (~3%—4%), residual background shape
(4%); magnetic field configuration (~3%). The
systematic errors are added in quadrature. System-
atic errors for the ¢ meson spectra are similar at
both energies. The total systematic errors for ¢
yields at both energies are estimated to be <18%
over the entire pr range studied. The systematic
errors discussion for Au -+ Au collisions can be
found in Refs. [5, 6, 9]. The results are presen-
ted with statistical and systematic errors added in
quadrature, unless specified otherwise.

Fig. 1 shows the ¢ meson yields from Cu+Cu
collisions at 62. 4 and 200 GeV for 0.4 <pr< 5
GeV/c and various collision centralities. The spec-
tra are well described by the Levy function
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m and A, T, and n are the pa-

rameters of the function. The Levy parameters T

where mr =
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Fig. 1 Transverse momentum spectra of ¢ mesons at midra-
pidity (|y[<C0.5) for various collision centrality clas-
ses of Cu=Cu collisions at y/sx =62. 4 and 200 GeV.
To study the system size dependence, comparison of
40%—50% Au-+ Au spectra to 10%—20% Cu -+ Cu
spectra at 200 GeV and 40%—60% Au-+ Au spectra to
20%—30% Cu+ Cu spectra at 62. 4 GeV are shown

because they have similar N,.. values. The errors

shown are statistical and systematic errors added in

quadrature. The spectra are fitted to a Levy function.

and n have similar values for the Cu+Cu and Au—+
Au systems with similar number of participating
nucleons N, at 200 GeV. This reflects similar
shape of the ¢ spectra in the both collision systems
at a given energy and N,,. The comparisons of ¢
spectra between 40 %—50% central Au+Au (N,
=76.66) and 10%—20% central Cu+Cu (N,,., =
74.47) at 200 GeV, and between 40%—60% cen-
tral AutAu (N, =59.90) and 20%—30% cen-
tral Cu+Cu (N, =52.27) at 62.4 GeV are shown
in Fig. 1. Similarity in both shape and yields are at
~10% level.

ying their rapidity density (dN/dy) and the aver-

This is further quantified by stud-

age transverse momentum ({p;)) for both the col-
liding systems.

Fig. 2 shows the dN/dy (upper panel) and
dN/dy/N,,. (middle panel) as a function of N,
for the two colliding systems at 200 and 62. 4 GeV.
The results from p+p are also presented. The 200

GeV p+p data are from STARM™ and the 63 GeV
data is from ISR". The ¢ production at 63 GeV
reported a do/dy at y=0-—0. 33 to be (0. 44+
0.11%0.1)mb. Wehave used thep + pinelastic
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Fig. 2 dN/dy at midrapidity for ¢ mesons for various colli-

sion centrality classes in Cu=+Cu and Au+ Au at /sy
=200 GeV and 62. 4 GeV. Also shown are the results
from p—+p collisions. Middle panels: same as above for
dN/dy/N,.. Lower panels: Average transverse mo-
mentum (p1) for ¢ mesons at midrapidity for various
event centrality classes in Cu-+ Cu and Au-+ Au colli-
sions at /sy =

mesons in p+ p collisions are also shown. The error

62.4 GeV and 200 GeV. The pr for ¢

bars are statistical and systematic errors added in quad-

rature.

cross-sections of 36 and 42 mb for the beam ener-
gies of 62. 4 and 200 GeV respectively. The results
show both dN/dy and dN/dy/N,.. of $ mesons at
a given energy are similar for Cu+Cu and Au+Au
for collisions having similar N,... The pr of ¢ mes-
ons in Cu-+ Cu and Au-+ Au collisions are also
found to be similar for collisions with similar N,
(Fig. 3 lower panel). From the Figure, however,
We note that the dN/dy and pr are lower for 62. 4
GeV compared to 200 GeV for a given N,... It will
be interesting to see if such an observation is found
for other produced hadrons at RHIC. The similar
N, dependence of dN/dy for ¢ mesons in Cu+Cu

and Au-+ Au collisions at RHIC is different from
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observations at SPS and AGSM"" %) regarding colli-
sion ion species dependence of the strange hadron
production. At those lower energies, for similar
N,.n the strange hadron production is higher for
smaller colliding system. The differences may be
due to higher centre of mass energy at RHIC.
Upper panel in Fig. 3 shows the ratio of
strange hadron production normalized by N,.. in
nucleus-nucleus collisions relative to corresponding
results from p+ p collisions at 200 GeV. The re-

sults are plotted as a function of N.... We observe
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Fig. 3 Ratio of yield of K™, ¢, A and E+ E normalized to
N, in nucleus-nucleus collisions to corresponding yield
in inelastic p+p collisions as a function of N, at 200
GeV. Lower panel: Same as the above for ¢ mesons in
Cu—+Cu collisions at 200 and 62. 4 GeV. The p=+p col-
lision data from 200 GeV are from STAR! and 62. 4
GeV from ISRM. The error bars are shown are both

statistical and systematic errors added in quadrature.

the ratios for K~ "¥, A and 24+ E"" show an en-
hancement (value>>1) that increases with increase
in the number of strange quark(s). The enhance-
ment in these open strange hadrons increases with
collision centrality and reaches its maximum at the
most central collisions. The enhancement of ¢
meson production from Cu+Cu and Au-+ Au colli-
sions deviates from the number of strange quark

ordering. They are enhanced more than K~ and A

but less compared to E+5. Inspite of being differ-

ent particle type (meson or baryon) and having dif-
ferent masses, the results for K~ and A are very
similar in the entire centrality region studied. This
rules out baryon-meson effect being the reason for
the deviation of ¢ mesons from the number of
strange quark ordering seen in Fig. 3 (upper pan-
el). The observed deviation is also not a mass
effect since the enhancement in ¢ production is lar-
ger than A (which has mass close to ¢).

The ¢ meson production due to its ss structure
is unlikely to be canonically suppressed. The ob-
served enhancement of ¢ meson production then is
a clear indication of dynamical effects associated
with medium density being responsible for strange-
ness enhancement in Au + Au collisions at 200
GeV. Further, ¢ mesons do not follow the strange
quark ordering as expected in the canonical picture
for strange hadron production. The observed en-
hancement in ¢ production being related to medium
density is further supported by the energy depend-
ence shown in Fig. 3 lower panel. The ¢ produc-
tion relative to p+p collisions is larger at higher
beam energy, a trend opposite to that predicted in
canonical models for other strange hadrons. Earlier
measurements have indicated ¢ meson production
is not from coalescence of K Kand minimally af-
fected by re-scattering effects in the medium®®.
Recent measurements indicate that ¢ mesons are
formed from coalescence of seemingly thermalize
strange quarks”'. All these observations put to-
gether along with the observed centrality and ener-
gy dependence of ¢ meson production (shown in
Fig. 3) indicates the formation of a dense medium
in heavy ion collisions where strange quark produc-
tion is enhanced (possible mechanism could be as
discussed in Refs. [15, 16]). This in turn sug-
gests, the observed centrality dependence of the
enhancement for other strange hadrons (shown in
Fig. 3) is likely related to the same dynamical
effect as in the case of the ¢ meson. These experi-
mental data rule out the possibility of canonical

suppression being the source of the observed



. 146 - B F Y B R

%26 &

strangeness enhancement at beam energies of 200

GeV.
4 Elliptic Flow

Forward TPC was used to determine the reac-
tion plane in Cu—+Cu collisions because of the obvi-
ous non-flow effects. But the reaction plane is not
flat after run-by-run weight corrections. Then we
used shift corrections to make the reaction plane
flat. The function of shift corrections is

v =y, | E (— (sin2n¥,)cos2n¥, +

n

(cos2nW¥y)sin2n¥,) ,
7’1219 29 3s 49 b

where ¥, is the reaction plane angle after weight
corrections and ¥’ is the reaction plane angle after
shift corrections!'™.

Then we applied the invariant mass method!**
to extract the elliptic flow of ¢ meson. at first the
number of K" K™ pairs in each invariant-mass bin is
counted, irrespective of the pair azimuth. Then
Ngt g~ (mi) =N, Gny,) +Ny(Gm,,,), where N, and
Ny are the two parts from ¢ mesons and back-
ground, which is obtained from the fit to ¢ mass
peak with a Breit-Wigner plus linear background
function. Breit-Wigner function is expressed as

dN - Al ’
drni“" B (772,"\, — my )2 + I‘z /4 + B(”va) ’

where A is the area under the peak, I' is the Full
Width Half Maximum (FWHM) of the peak in
GeV/c*, m, is the resonance mass position in
GeV/c? and B(m,, ) denotes a linear residual back-
ground function. The same-event v, of K* K™ pairs

vs invariant mass can be described by a function
vy (M) =a(my,, ) ves + [1 - a(7ninv>:|v2ﬁ(7ninv) s

where v, (m;,) is the v, of same-event K™ K™ pairs,
Uys=1vs, is the v, of the ¢ meson, v, is the v, of
combinatorial background and a (m;,,) =N, Gm;,. )/
Nyt~ (my,) is the ratio of ¢ signal to the sum of
background and ¢ signal. Finally v, (m,, ) can be
calculated by the following equation in each m,,, bin

vy (M) = (cos2( gk~ — W2)) where $xtx— is the

azimuthal angle of the K™ K~ pair. Under the as-
sumption that the background contribution to wv,
(my,) 1s smooth as a function of m;,, » a polynomial
function (v (M = po + pr1mye + pomi,)) is used
to parameterize the background v, vsmi,. vss is
then obtained by fitting v, vs m;, distributions in
each pr bin, with v,s being a free parameter. The
v,s value determined by the fit is corrected for the
reaction plane resolution to obtain the final ¢v,.
Fig. 4 shows the elliptic flow of the ¢ meson
as a function of py in Cu+Cu at 200 GeV together

with v, of Ks and A. In Fig. 5 we normalize the el-
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Fig. 4 ¢ meson v, vs. pr in CutCu (0% —60%) and Au+t
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Fig. 5 The eccentrialty (n4e,.) scaled ¢ meson v, vs pr and
mr—m in Cu+ Cu(0%—60%) and Au-+ Au(0%—
80%) collisions at 200 GeV.

liptic flow v, by the participant for different sys-
tems to remove the geometric effect. If thermaliza-
tion has been reached, v,/ (n,e,.) should be a con-
stant for Cu+ Cu and Au+ Au collisions™™. This
Figure

indicates thermalization has not been

reached in Cu+Cu collisions.
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5 Conclusion

We have presented a study of the energy and
system size dependence of ¢ meson production
using Cu+ Cu and Au-+ Au data. These measure-
ments provide the new experimental data showing
that at a given beam energy the transverse momen-
tum spectra in both shape and yields (dN/dy) are
similar in two colliding systems with similar N,,,.

The enhancement in the ¢ meson production is
studied through the ratio of the yields normalized
to N, in nucleus-nucleus collisions to correspond-
ing yields in p+p collisions as a function of N,..
The centrality and energy dependence of the en-
hancement in the ¢ meson production clearly re-
flects the enhanced production of s-quarks in a
dense medium formed in high energy heavy ion col-
lisions. It indicates the observed enhancements in
other strange hadron (K™, A and E+E) produc-
tion in the same collision system is likely from the
same effect and not due to canonical suppression of
strangeness production.

The enhancement in the ¢ meson production
deviates from the number of valence s-quark de-
pendence observed for other strange hadrons. The
results from ¢ mesons lie in between those from
single valance s-quark carrying hadrons K~ and A
and double valance s-quark carrying hadron E+E.
Comparisons with other strange hadron rule out
the possibility of this being a baryon-meson or
mass effect. The exact reason of this deviation is
not clear and could be due to the effect of light-fla-
vor valance quarks in the other strange hadrons or
due to the net strangeness being zero in ¢ mesons.

We also present STAR preliminary results of
v, for ¢ meson from 200 GeV in Cu+Cu collisions
at RHIC. FTPC tracks have been used to estimate
event plane to reduce non-flow effects. v,/ (1€ )
of is lower for Cu-+ Cu than Au-+ Au collisions at
200 GeV. This might indicate thermalization has
not been reached in 200 GeV Cu+Cu collisions.
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