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We report on K** production at midrapidity in Au 4+ Au and Cu + Cu collisions at /syy = 62.4 and 200
GeV collected by the Solenoid Tracker at the Relativistic Heavy Ion Collider detector. The K** is reconstructed
via the hadronic decays K** — K*7~ and K*® — K~ m*. Transverse momentum, pr, spectra are measured
over a range of pr extending from 0.2 GeV/c up to 5 GeV/c. The center-of-mass energy and system size
dependence of the rapidity density, d N /dy, and the average transverse momentum, (pr), are presented. The
measured N(K*%)/N(K) and N(¢)/ N (K*°) ratios favor the dominance of rescattering of decay daughters of K*°
over the hadronic regeneration for the K** production. In the intermediate p; region (2.0 < pr < 4.0 GeV/c),
the elliptic flow parameter, v,, and the nuclear modification factor, Rcp, agree with the expectations from the
quark coalescence model of particle production.
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I. INTRODUCTION

The main motivation for studying heavy-ion collisions at
high energy is the study of quantum chromodynamics (QCD)
in extreme conditions of high temperature and high energy
density [1-4]. Ultrarelativistic nucleus-nucleus collisions at
the Relativistic Heavy Ion Collider (RHIC) create nuclear
matter of high energy density over an extended volume,
allowing QCD predictions to be tested in the laboratory. At
high temperature and density, QCD predicts a phase transition
from nuclear matter to a state of deconfined quarks and gluons
known as the quark gluon plasma (QGP). One of the proposed
signatures of the QGP state is the modification of vector-meson
production rates and their in-medium properties [5-7].

The K* meson is of particular interest due to its very short
lifetime and its strange valence quark content. This makes
the K* meson sensitive to the properties of the dense matter
and strangeness production from an early partonic phase [8,9].
Since the lifetime of the K* is ~4 fm/c, less than the lifetime
of the system formed in heavy-ion collisions [10], the K*
is expected to decay, rescatter, and regenerate all the way
to the kinetic freeze-out (vanishing elastic collisions). The
characteristic properties of the resonance may be modified due
to high density and/or high temperature of the medium causing
in-medium effects. Various in-medium effects are partonic in-
teraction with the surrounding matter, the interference between
different scattering channels, and effects due to rescattering of
the decay daughter particles [11,12]. Measurement of the K*
meson properties such as mass, width, and yields at various
transverse momenta can provide insight for understanding the
dynamics of the medium created in heavy-ion collisions.

Of particular interest in resonance production is understand-
ing the role of rescattering and regeneration effects. Due to the
short K* lifetime, the pions and kaons from the K* that decay
at the chemical freeze-out rescatter with other hadrons. This
would then inhibit the reconstruction of the parent K*. How-
ever, in the presence of a large population of pions and kaons,
these may scatter into a K * resonance state and thus contribute
to the final measured yield [13]. The interplay of these two
competing processes becomes relevant for determining the K*
yield in the hadronic medium. These processes depend on the
time interval between chemical (vanishing inelastic collisions)
and kinetic freeze-out, the source size, and the interaction
cross section of the daughter hadrons. Since the 7 77 interaction
cross section [14] is larger (factor 5) than the 7 K interaction
cross section [15], the final observable K* yield may decrease
compared to the primordial yield. A suppression of the yield
ratio such as N(K*)/N(K) or N(K*)/N(¢) is expected in
heavy-ion collisions compared to the same in p + p collisions
at similar collision energies. This suppression can be used to
set a lower limit on the time difference between the chemical
and the kinetic freeze-out [9,16]. The experimental data on the
system size, beam energy, and centrality dependence of this
suppression can be used to correlate the lifetime of the fireball
with its size. Although the measured values of the resonance
yield, mean p7, and the elliptic anisotropy coefficient v,
are all expected to be affected by collisional dissociation
processes, semihard scattering, and jet fragmentation, the
measurements presented in this paper have been discussed
within the framework of rescattering and regeneration.
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The nuclear modification factors such as R4 and Rcp [17]
are of vital importance in differentiating between the effect of
hadron mass and hadron type (baryon or meson) in particle
production. In the intermediate pr range (2.0 < pr < 4.0
GeV/c), the Rcp of A (a baryon) and K(S) (a meson), as
measured by the Solenoid Tracker at the Relativistic Heavy
Ton Collider (STAR), differ. The observed differences can
be understood as coming from differences in particle type
(the baryon-meson effect), in agreement with the quark
coalescence model [17,18]. Because the mass of the K* meson
is comparable to the mass of the A baryon, it is interesting to
compare the Rcp of K* with those of KJ and A to check
whether the results confirm to the expectations of the quark
coalescence model. Previous measurements of Rcp for K*
in Au + Au collisions at /syy = 200 GeV were not precise
enough to make such a conclusion [9]. In this paper we present
a measurement of Rcp of the K* from a higher statistics data
set collected in the year 2004.

In the intermediate pr range, the elliptic flow parameter,
vy, for different hadrons shows a deviation from the particle
mass ordering as seen in the low- pr regime (pr < 1.5GeV/c)
[17,19,20]. For identified hadrons, v, follows a scaling with
the number of constituent quarks, n, as expected from the
quark coalescence model [12,17]. The K* meson is expected
to follow the scaling law with n =2. The K* produced
via regeneration of kaons and pions during hadronization,
on the other hand, would follow the n =4 scaling [21].
Previous STAR measurements with a smaller data sample
found n = 3 £ 2 [9] and could not conclusively determine the
K* production mechanism. The additional v, data presented
in this paper, for Au 4+ Au collisions at 200 GeV, may
conclusively provide information about the K* production
mechanism in the intermediate- pr range.

In previous STAR measurements, K* production was
studied using data from Au + Au, p + p, and d+ Au collisions
at 200 GeV [9,22] and Au + Au collisions at 130 GeV [8].
The hadronic decay channels used in these analyses were
K — K*n~,K*0 - K~n%,and K** — KO+ 7*. Inthis
paper we present new data on the pr distribution, (pr), and
dN/dy of K** in Au + Au collisions at \/syy = 62.4 GeV
and Cu + Cu collisions at /syy = 62.4 and 200 GeV. The
data sample for Au 4 Au collisions at 200 GeV is 6.5 times
larger than previous measurements, allowing us to make more
quantitative conclusions from the v, and Rcp measurements.
This broad systematic study, with two different colliding beam
energies and two different colliding species, enables us to
study the system size and energy dependence of various K*°
properties in heavy-ion collisions. To reduce statistical errors,
the samples of K** and K*0 were combined and are referred
to as K*¥ in the present work, unless specified otherwise.

The paper is organized as follows. In Sec. II we discuss
the detectors used in this analysis and details of the analysis
procedure. For more details on the mixed-event procedure used
to extract the K*? yields, the systematic uncertainty estimation,
and the procedure to obtain v, we refer the reader to our earlier
publications [8,9]. Our results on pr spectra, dN/dy, {pr),
particle ratios, v, and Rcp of K 0 are presented in Sec. III.
The results are summarized in Sec. I'V.
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TABLE 1. List of data sets used in the analysis. Cuts on V7,
centrality range selected, and number of events used are also given.

Collision systems Centrality |Vz| cm Events

Au + Au (62.4 GeV) 0-80% <30 7 x 10°
Cu + Cu (62.4 GeV) 0-60% <30 8 x 10°
Au + Au (200 GeV) 0-80% <30 13 x 10°
Cu + Cu (200 GeV) 0-60% <30 19 x 108

II. EXPERIMENT AND DATA ANALYSIS

The results reported here represent data taken from Au +
Au collisions at /syy = 62.4 and 200 GeV in the year 2004
and Cu + Cu collisions at \/syy = 62.4 and 200 GeV in the
year 2005, using the STAR detector at RHIC [23]. The primary
tracking device within STAR, the Time Projection Chamber
(TPC) [24], was used for the track reconstruction of the decay
daughters of K*°. The TPC provides particle identification and
momentum information of the charged particles by measuring
their ionization energy loss, d E /dx [24].

The data were collected with a minimum bias (MB) trigger.
In Au + Au collisions the MB trigger requires a coincidence
between two zero degree calorimeters (ZDC) [25]. The ZDCs
are located 18 m away from the nominal collision point (center
of TPC), in the beam direction, at polar angle, 6, less than
2 mrad. For Cu + Cu collisions at 62.4 GeV, the minimum bias
trigger was a combination of the signals from the ZDC and
the Beam Beam Counter (BBC). The BBC at 3.3 < < 5.0
compensates for the trigger inefficiency of the ZDC in central
events. To ensure uniform acceptance in the pseudorapidity, n,
range studied, events with primary vertex position, V, within
430 cm from the center of the TPC along the beam line were
selected.

Centrality is defined as function of the fractional cross
section measured as function of the uncorrected charged
particle multiplicity within the pseudorapidity window || <
0.5 for all events [9,26]. The most peripheral events were
not taken into account due to large trigger and vertex finding
inefficiencies. Table I lists all the collision systems studied
with the V7 cut, centrality range, and number of events used
in the analysis.

Figure 1 shows the typical d E/dx measured by the TPC
in Au 4 Au collisions at 200 GeV for the year 2004 as a
function of momentum, p, divided by charge of the particle,
q. The different solid lines in the Fig. 1 represent modified
Bethe-Bloch predictions for different particle species [27-29].
More details about the respective purity and contamination
of individual particle species is described in Ref. [29]. The
e* and K* dE/dx bands merge beyond pr of 0.5 GeV/c
and the K* and n* dE /dx bands merge beyond pr of 0.75
GeV/c. In the lower pr the main source of contamination to
7 is from misidentification of muons. It is about 4% for py =
0.2 GeV/c and reduces to less than 1% for pr = 1.2 GeV/c.
The main source of contamination for K is from electrons, the
level of which varies from 12% to 4% with pr. The efficiency
and acceptance for kaons and pions as a function of transverse
momentum is also described.
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FIG. 1. (Color online) dE/dx for charged particles versus mo-
mentum divided by charge of the particle as measured in STAR TPC
for Au 4 Au collisions at ,/syy = 200 GeV. The curves are the
Bethe-Bloch predictions for different particle species.

The charged pions and kaons can be separated in momenta
up to about 0.75 GeV /¢ while (anti-)protons can be separated
in momenta up to about 1.1 GeV//c. The particle identification
can be quantitatively described by the variable N,, which for
pions is defined as:

1 dE d measure
Nyr = — log M’ (1
R (dE Jdx).

where d E /dXmeasured 1S the measured energy loss for a track,
(dE/dx), is the expected mean energy loss for a pion track
at a given momentum [28,29], and R is the d E /dx resolution
which is around 8.1%.

K*Y mesons were reconstructed from their hadronic decay
channels, K** - K*t7~ and K*0 > K—n ™, using charged
tracks reconstructed with the TPC. Because the K** decays
within a very short time, its daughter particles seem to originate
from the interaction point. Charged kaons and pions with
a distance of closest approach to the primary vertex (DCA)
less than 1.5 cm were considered for Au 4 Au collisions at
62.4 GeV and Cu + Cu collisions at 62.4 and 200 GeV. In
the case of 200 GeV Au + Au collisions, the DCA cut was
set at 2.0 cm. The charged pion and kaon primary tracks thus
selected were required to have their respective N, values less
than 2, with at least 15 fit points inside the TPC. This was
done to ensure good track fitting with good momentum and
d E /dx resolution. Further, the ratio of the number of fit points
to the number of maximum possible fit points was required to
be greater than 0.55 to avoid selection of split tracks. In Au +
Au collisions at 62.4 GeV and Cu + Cu collisions at 62.4 and
200 GeV all the candidate tracks were required to have |n| < 1
while the tracks for the 200-GeV Au + Au collisions were
required to have |n| < 0.8 to avoid the acceptance drop at the
high-n range. All tracks selected were also required to satisfy
the condition that their pr were greater than 0.2 GeV/c. All
the cuts used for the K ** analysis are summarized in Table II.
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TABLE II. List of track cuts for charged kaons and charged pions
used in the K* analysis in Au + Au and Cu + Cu collisions at 62.4
and 200 GeV. NFitPnts is the number of fit points of a track in the
TPC. MaxPnts is the number of maximum possible points of the track
in the TPC.

Cut Values
Nyk (2.0, +2.0)
Nyr (2.0, +2.0)
Kaon pr (GeV/c) (0.2, 10.0)
Pion pr (GeV/c) (0.2, 10.0)
NFitPnts >15
NFitPnts/Max Pnts >0.55
Kaon and pion nl < 1.0
Inl < 0.8 (Au + Au 200 GeV)
DCA <1l.5cm
<2.0 cm (Au + Au 200 GeV)
Pair rapidity (y) ly] < 0.5

In a typical event, several hundred tracks originate from
the primary collision vertex. It is impossible to distinguish
the tracks corresponding to the decay daughters of the K*°
from other primary tracks. The K* was reconstructed by

10000
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calculating the invariant mass for each unlike-sign K pair
in an event. The resultant distribution consists of the true K *°
signal and contributions arising from random combination of
unlike-sign K pairs. The true K*° signal constitutes a very
small fraction of the total invariant mass spectrum. The large
random combinatorial background must be subtracted from
the unlike-sign K7 invariant mass distribution to extract the
K*? yield. This random combinatorial background distribution
is obtained using the mixed-event technique [22,26,30,31].
In the mixed-event technique, the reference background
distribution was built with uncorrelated unlike-sign K pairs
from different events. For generating the mixed events, the
data sample was divided into 10 bins in event multiplicity
and 10 bins in V. Unlike-sign K pairs from events having
similar event multiplicity and V; were selected for mixing.
This was done to ensure that the characteristics of the mixed
events generated were similar to the actual data. The generated
mixed-event sample was properly normalized to subtract the
background from the same event unlike-sign invariant mass
spectrum. The normalization factor was calculated by taking
the ratio between the number of entries in the unlike-sign and
the mixed-event distributions with invariant mass greater than
1.2 GeV/c?. The K pairs are less likely to be correlated in
this region. The typical value of the normalization factor for

(b) Au+Au 62.4 GeV
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FIG. 2. The K pair invariant mass distribution integrated over the K** p; for minimum bias Au + Au and Cu + Cu collisions at
J/Syy = 62.4 and 200 GeV after the mixed-event background subtraction. The solid curve is the signal fit to a Breit-Wigner function Eq. (2)
plus linear function Eq. (3) while the dashed line is the linear function representing the residual background. The statitical errors are small and

are within the symbol size.
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FIG. 3. The Km pair invariant mass distribution for various pr bins [(top left) pr = 0.4-0.6 GeV/c; (top right) pr = 0.6-0.8 GeV/c;
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background subtraction. The solid curve is the signal fit to a Breit-Wigner function Eq. (2) plus linear function Eq. (3) while the dashed line is
the linear function representing the residual background. The errors shown are statistical.

most pr bins vary between 0.1284 to 0.1285 for Au + Au
collisions at ,/syy = 62.4 GeV.

Figure 2 shows the background-subtracted and pr-
integrated unlike-sign K invariant mass spectra correspond-
ing to minimum bias Au + Au and Cu + Cu collisions
at /syy =624 and 200 GeV. Figure 3 shows typical
the background-subtracted unlike-sign K invariant mass
spectra corresponding to minimum bias Au + Au at \/syy =
62.4 GeV for four pr bins of 0.4-0.6, 0.6-0.8, 0.8-1.0, and
1.0-1.2 GeV/c. The uncertainty due to different mixed-event
normalization factors as a function of pr was estimated and
included in systematic error. The signal-to-background ratio as
afunction of the K 7 pair p7 for Au+ Aucollisions at \/syy =
200 GeV is shown in Fig. 4. The values are of similar order
for other collision systems. The signal-to-background ratio,
S/ B, is observed to increase with decreasing multiplicity of
the events and shows an increase with increasing pr. In the
unlike-sign spectrum we also could have higher and/or lower
K7 mass resonant states and nonresonant correlations due
to particle misidentification and effects from elliptic flow in
noncentral collisions. These effects contribute significantly to
the residual correlations near the signal [9] that are not present
in the mixed-event sample. These residual correlations are also

subtracted from the background using a background function
described in Sec. III.
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FIG. 4. (Color online) The signal-to-background ratio for K*°
measurements as a function of py for different collision centrality
bins in Au 4+ Au collisions at 200 GeV.
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III. RESULTS
A. Mg, peak and width

The invariant mass distributions (typical distributions
shown in Fig. 2) for various pr bins in Au + Au and Cu +
Cu collisions at ,/syy = 62.4 and 200 GeV were fit using
a function representing a nonrelativistic Breit-Wigner (BW)
shape plus a linear residual background (RBG). The BW and
the RBG parts are as given below.

Iy
BW = — (2
(Mgr — Mo)* + 3
RBG = a + bMg,, 3)

In the above equations, M, and I'y are the mass and width
of the K*; ¢ and b are the intercept and slope for the linear
residual background.

The variations of My and I'y with pr are shown in Fig. 5.
The error bars shown correspond to statistical uncertainties
while the bands represent systematic uncertainties. In the low-
pr region (<1 GeV/c), the measured widths are consistent
with the Particle Data Group (PDG) value of 50.3 MeV /c?
while the measured masses are within 20 of the PDG value
of 896.0 MeV/c? [27]. In the higher-pr range (>1 GeV/c),
both the mass and width of K*? are seen to be consistent with
the PDG values. We observe no significant dependence of K **
mass and width on beam energy and colliding ion species
studied. The systematic uncertainties on the K*° mass and
width measurement were evaluated bin by bin, as a function
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FIG. 5. (Color online) K*° (a) mass and (b) width as a function
of pr for minimum bias Au + Au and Cu + Cu collisions at \/syy =
62.4 and 200 GeV. The dashed line represents the PDG values of
896.0 MeV/c? and 50.3 MeV/c? for mass and width, respectively.
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of pr: (i) an uncertainty on the signal fit was evaluated by
replacing the nonrelativistic BW function with a relativistic
BW function, (ii) an uncertainty on the background was
evaluated by varying residual background functions by using
higher-order polynomials, and (iii) an uncertainty on track
selection was calculated by varying the particle identification
criteria and different cuts on the daughter tracks. In the above
analysis, low-p7 kaon tracks were corrected for energy loss
due to multiple scattering in the detector [26,29].

B. Transverse momentum spectra

The K*? invariant yields as a function of pr were evaluated
by correcting the extracted raw yields for detector acceptance
and reconstruction efficiency. The raw yield was obtained by
fitting the data to the BW + RBG function. The efficiency
multiplied by acceptance was obtained by embedding Monte
Carlo (MC) simulations of kaons and pions from K*° decays
into the real data using STAR GEANT and passing these
embedding data through the same reconstruction chain as for
the real data [32]. In addition, the yields were corrected for
collision vertex finding efficiency and the decay branching
ratio of 0.66. The vertex finding efficiency is 94.5% for Au +
Au collisions at 62.4 GeV and 92.2% for Cu + Cu collisions
at 62.4 and 200 GeV. The vertex finding efficiency for Au +
Au collisions at 200 GeV is 100%. The variation of efficiency
multiplied by acceptance with pr, for various centralities in
the Au 4+ Au and Cu + Cu system for /syy = 200 GeV,
is depicted in Fig. 6. The absence of centrality dependence

0.8
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FIG. 6. (Color online) The K* reconstruction efficiency multi-
plied by the detector acceptance as a function of pr in (a) Au + Au
(In] < 0.8) and (b) Cu + Cu (|n| < 1.0) collisions at 200 GeV for
different collision centrality bins.
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(b) Cu + Cu 62.4 GeV

FIG. 7. (Color online) Midrapidity K*°

15 2 25 3 35
P, [GeV/c]

pr spectra for various collision centrality
bins in Au + Au and Cu + Cu collisions
at \/syy = 62.4 and 200 GeV. The dashed

(d) Cu + Cu 200 GeV

lines represent the exponential fit to data.
The errors shown are quadratic sums of
statistical and systematic uncertainties.
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in the efficiency multiplied by acceptance for the Cu + Cu
system is due to small variation in total multiplicity across the
collision centrality studied compared to those for the Au 4+ Au
system.

Figure 7 shows the pr spectra of K*° at midrapidity (|y| <
0.5) in Au 4 Au and Cu + Cu collisions at ,/syy = 62.4 and
200 GeV for different collision centralities. The dashed lines
are the exponential fits to the K*° data. The fitting exponential
function is defined as

1 d’N dN/dy

— —(mr—Mo)/T
2nmy dydmy  2nT(My+T) ’

“

where the inverse slope parameter 7 and yield d N /dy are free
parameters. M, is the mass of the K*°. The above function
is found to provide good fits to the data for both collision
systems. The (pr), obtained using the above functional form
for the pr distributions, are presented in the following section
together with the midrapidity yields d N /dy.

C. dN/dy and (pr)

The K** dN/dy yield at midrapidity plotted as a function
of average number of participating nucleons, {Npa), is shown
in Fig. 8. The d N /dy for K*° presented here was calculated by

156 2 25 3 35

P, [GeV/c]

using the data points in the measured range of the py spectrum
while assuming an exponential behavior outside the fiducial
range. The K** integrated yield is higher for center-of-mass
energies of 200 GeV than 62.4 GeV. For collisions at a given
beam energy with similar (Np.y), the dN /dy is similar for
Au + Au and Cu + Cu systems. A similar behavior was
observed for ¢ mesons at RHIC [26].
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FIG. 8. The midrapidity yields dN/dy of K*° as a function of
the average number of participating nucleons, (Np,y), for Au + Au
and Cu + Cu collisions at ,/syy = 62.4 and 200 GeV. The boxes
represent the systematic uncertainties.
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FIG. 9. The midrapidity K** (p;) as a function (Npart) for
Au + Au and Cu + Cu collisions at ,/syy = 62.4 and 200 GeV.
The boxes represent the systematic uncertainties.

The K** (pr) at midrapidity plotted as a function of
(Npart), is shown in Fig. 9 for Au + Au and Cu + Cu
collisions at ,/syy = 62.4 and 200 GeV. The (pr) for K *0
presented here was calculated by using the data points in
the measured range of the pr spectrum while assuming an
exponential behavior outside the fiducial range. No significant
centrality and colliding ion size dependence could be observed.
However, the (p7) values for collisions at 200 GeV are seen
to be slightly higher than those from 62.4 GeV in both
Au + Au and Cu + Cu collisions. Previous measurements
of (pr) of K*¥ in heavy-ion collisions have been shown to be
higher than the corresponding values in p 4+ p collisions [9].
This may be understood from the following. According to
ultrarelativistic quantum molecular dynamics transport model
calculations [33], K *s are more likely to be reconstructable in
the high- p7 region than in the low- pr region. This is because
high-pr K*%s are more likely to escape the medium before
the kinetic freeze-out stage (if their daughter particles suffer
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FIG. 10. The midrapidity (pr) of 7, K, p, and K *0 as a function
of (Npar) for Au + Au collisions at ,/syy = 62.4 GeV.

less rescattering in the medium) and are thus less affected
by in-medium effects [34,35]. This would result in a higher
value of the (pr). In case of elementary p+p collisions
low pr resonances can also get efficiently detected (due to
much reduced rescattering/in-medium effects) along with the
ones with higher pr. This makes the pr spectrum steeper.
Therefore (pr) has a lower value when compared with heavy
ions.

Figure 10 shows the (pr) of different particle species
(7, K, p,and K*%)in Au + Au collision at \/syy = 62.4 GeV
as a function of (Npan). The (pr) of K*0is higher than the (p7)
of kaons and pions and closer to that of protons. This indicates
that the (pr) is strongly coupled with the mass of the particle,
in agreement with similar observations made previously in
Au + Au and d + Au collisions at 200 GeV [9,22]. Table 111
lists the d N /dy and {pr) of K*° for various collision systems
at different collision centralities and beam energies studied.

The systematic uncertainties on K** d N /dy and (pr) were
estimated as follows [35]: (a) an uncertainty on the K *0
signal fit of the invariant mass spectrum was evaluated by

TABLEIIL. The K*° dN/dy and (pr) at |y| < 0.5 measured in Au + Au and Cu + Cu collisions at 62.4 and 200 GeV for different collision
centralities. Both statistical and systematic uncertainties are given. The error given for 7T is statistical only.

Collision systems Centrality {(Npart) dN/dy T (GeV) (pr) (GeV)
Au + Au (62.4 GeV) 0-20% 275 64+04+£ 0.7 0.36 + 0.02 0.93 £0.05+ 0.09
20-40% 137 29+02+ 04 0.35 £ 0.02 0.92 £0.05 £ 0.08
40-60% 60 14+0.1£ 02 0.32 + 0.01 0.86 £0.06 = 0.08
60-80% 19 0.56 £0.03 + 0.07 0.26 + 0.02 0.75 £0.04 + 0.07
Cu + Cu (62.4 GeV) 0-20% 84 2.07 £0.07 £ 0.30 0.35 + 0.01 0.94 £0.05+ 0.06
20-40% 44 1.15 £0.06 = 0.20 0.33 + 0.01 0.86 £0.04 &+ 0.06
40-60% 20 0.51 £0.03 4+ 0.07 0.31 + 0.01 0.83 £0.04 + 0.06
Au + Au (200 GeV) 0-10% 326 9.05 £0.57+£ 1.01 0.41 £ 0.02 1.09 £0.06 + 0.094
10-40% 173 543 +£0.17+ 0.69 0.43 + 0.02 1.09 £0.03 £+ 0.12
40-60% 62 1.95 £0.07£ 0.18 0.39 + 0.02 1.02 £0.03 £ 0.09
60-80% 20 0.53 £0.03 + 0.08 0.40 + 0.03 1.05 £0.05+ 0.13
Cu + Cu (200 GeV) 0-20% 86 2.96 £0.12+ 0.30 0.40 £ 0.01 1.0 £0.04 + 0.08
20-40% 46 1.55 £0.06 + 0.20 0.40 + 0.02 1.0 £0.04 + 0.09
40-60% 21 0.73 £0.03 + 0.09 0.40 + 0.02 0.95 £0.02+ 0.07
p + p (200 GeV) 2 0.005 +0.002 £ 0.006 0.20 £ 0.01 0.81 £0.02+ 0.14
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TABLE IV. The contributions for various sources for estimating
the total systematic uncertainties for K*° at midrapidity (|y| <0.5)
ondN/dy and (pr) in 0-20% Au + Au collisions at 62.4 GeV. The
systematic uncertainties are similar for other collision systems.

Different sources dN/dy (pr) (GeV/c)
Exponential fit 0% 0%

Levy fit 5.24% 0.44%
Background function 4.49% 2.88%
(higher-order polynomial)

Relativistic Breit-Wigner 2.64% 0.542%
|[Vzl <20 cm 1.6% 1.05%
Track type (K*°) 3.6% 4.3%
Track type (K™) 4.05% 5.96%
NFitPnts = 22 4.32% 1.35%
[Nox, Nog| <3 4.45% 4.87%
Total sys. uncertainty 11.18% 9.47%

replacing the nonrelativistic BW function with a relativistic
BW function, (b) an uncertainty on the background distribution
fit was evaluated by using a higher-order polynomial function,
(c) by varying the track types (K ** and K *), (d) using different
functions such as a Levy function [36,37] to fit the spectra, (e)
an uncertainty on track selection was estimated by varying the
track cuts such as N, cut, NFitPnts cut, and (f) by varying the
Vz cut from 30 to 20 cm. The systematic uncertainties coming
from the different sources are listed in Table IV for Au + Au
collisions at 62.4 GeV.

D. Particle ratio

Figure 11(a) shows the ratio of K*® and K~ yields,
N(K*%)/N(K ™), as a function of (Npart) in Au + Au and Cu +
Cucollisions at \/syn = 62.4 and 200 GeV. The lines connect-
ing the nucleus-nucleus collision data points are for guide to
eye. From the figure, for the nucleus-nucleus collisions no clear
beam energy or system size dependence is observed. However,
the p + p collision N(K *0) /N (K ™) results at respective beam
energies are higher than the corresponding values for central
nucleus-nucleus collision. The Fig. 11(b) shows the K*0/K~
ratio in Au + Au, Cu + Cu, and d + Au collisions normalized
by their corresponding values measured in p + p collisions at
/Snn = 200 GeV. This N(K*®)/N(K~) double ratio is seen
to be much smaller than unity in central Au + Au collisions.
In contrast the N(K*%)/N(K ~) double ratio is close to unity
for d + Au collisions. This suggests possible rescattering
of decay daughters of K*° meson, resulting in the loss of
reconstructed K*° signal. The rescattering of K** daughter
particles depends on o, which is considerably larger than
ork,but o, g is responsible for regeneration of the K *0 meson.
Therefore, we expect a decrease of the N(K*°)/N(K ™) yield
ratio in heavy-ion collisions due to possible rescattering of
K*Y daughter particles. The observed decrease in the K*0/K ~
double ratio indicates an extended lifetime for the hadronic
phase as we move from p+ p and d+ Au to Au + Au
collisions. The extended lifetime enhances the rescattering
effect. Figure 11(c) shows the energy dependence of the
N(K*O)/N(K’) ratio for minimum bias Au + Au and Cu + Cu
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FIG. 11. (Color online) (a) Midrapidity N (K*®)/N(K ) ratio for
Au + Au, Cu + Cu, and p + p collisions at ,/syy = 62.4 and
200 GeV versus (Npy). (b) Midrapidity N (K *0)/N(K™) in Au +
Au, Cu + Cu, and d + Au collisions divided by N(K*®)/N(K~)
ratioin p + p collisions at /syy =200 GeV as a function of (Npar).
(c) Midrapidity N(K*°)/N(K~) ratio in minimum bias Au + Au,
Cu + Cu, p+ p collisions as a function of ,/syy. The boxes
represents systematic uncertainties. The value of N(K**)/N(K~)
ratio in p 4+ p at 63 GeV is from ISR [38].

collisions at ,/syy = 62.4 and 200 GeV. Also included in the
figure are values obtained from p + p collisions at 63 GeV [38]
and 200 GeV [9]. At both energies, the N(K*)/N(K~) for
p + p collisions is higher than the values in the heavy-ion
collisions. This may be attributed to larger rescattering of K *°
daughter particles in heavy-ion collisions.
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FIG. 12. (Color online) (a) Midrapidity N(¢)/N(K*°) ratio for
Au + Au, Cu + Cu, and p + p collisions at /syy = 62.4 and 200
GeV versus (Nyr). (b) Midrapidity N(¢)/N (K *0yin Au + Au, Cu +
Cu, and d + Au collisions divided by N(¢)/N(K*°) ratio in p + p
collisions at ,/syy =200 GeV as a function of (N, ). (¢) Midrapidity
N(¢)/N(K*°) ratio in minimum bias Au + Au, Cu+ Cu, and p + p
collisions as a function of ,/syy. The boxes represents systematic
uncertainties. The values of N(¢)/N(K*°) ratio in p + p at 63 GeV
is from ISR [38].

Another ratio of considerable interest is the N(¢)/N(K *0)
ratio as both the ¢ and K*° have the same spin and similar
mass but different strangeness and lifetime. The lifetime of
the ¢ meson is 40 fm/c (~10 times that of K*°). Due to
the relatively longer lifetime of the ¢ meson and negligible
okxk [26], we expect both the rescattering and regeneration
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effects to be negligible for the ¢ meson. Since ¢ has two
strange quarks and K* has one, N(¢)/N(K*) can also give
information regarding strangeness enhancement.

Figure 12(a) depicts the N(¢)/N(K *0) ratio as a function
of (Npart), corresponding to Au + Au and Cu + Cu collisions
at /syy = 62.4 and 200 GeV. The lines connecting the
nucleus-nucleus collision data points are for guide to eye.
We observe that the ratio tends to increase with increasing
(Npart) at a given beam energy. The N(¢)/N(K *0) ratio is
higher for ,/syy = 200 GeV compared to \/syy = 62.4 GeV
for the various collision centralities. At a given beam energy
and (Npyy) the N(¢)/N(K*) ratio is similar for Au + Au
and Cu + Cu collisions and higher than those from p + p
collisions. Figure 12(b) also shows N(¢)/N(K*) ratio in
Au + Au, Cu + Cu, and d + Au collisions normalized by
their corresponding values measured in p + p collisions at
/Snn =200 GeV. We observe that this double ratio increases
with collision centrality. The observed increase can also have
contributions from strangeness enhancement in more central
collisions [26]. It is also important to see the dependence of
the ¢/ K ratio to make a remark on strangeness enhancement.
The ¢/K ratio is independent of the centality, colisions
species, and beam energy [39]. These observations are sup-
portive of possible dominance of rescattering of daughter
particles.

Figure 12(c) shows the energy dependence of the
N(p)/N(K *0) ratio for minimum bias Au + Au and Cu +
Cu collisions at ./syy = 62.4 and 200 GeV and its values
from p + p collisions. The /s = 63 GeV value for p + p
collisions is from ISR measurements [38]. At both the energies
the N(¢)/N(K*°) ratios for p + p collisions are lower than
the corresponding values in Au 4 Au collisions. Furthermore,
there is an indication of an increase of the value with
beam energy. The study of both ratios N(K*°)/N(K~) and
N(¢)/N(K*?), as a function of colliding species, collision
centrality, and beam energy, favors the rescattering scenario
over K*¥ regeneration. The values of the ratios along with the
associated uncertainties are shown in Table V.

E. Elliptic flow

We apply the standard reaction plane method as employed
in Refs. [40,41] for the analysis of elliptic flow. Here, for a
given py window, the second-order reaction plane angle, v,
was determined event by event. We have different event planes
for every K*° candidate, because for every K* candidate,
its daughter particles are excluded from the event-plane
determination. This was later subtracted from the azimuthal
angle ¢ of each track in the same event to generate an
event plane subtracted azimuthal distribution in the variable
® = (¢ — V). The corresponding distribution, d>N /dprd ®,
in the azimuthal angle & for all the events in a given p7 bin
were then fitted with a function A[1 + 2v§bs cos(2®P)], where
A is a constant. The fitted value of v$® was then divided by the
reaction plane resolution factor to obtain v, for the py window
considered [41].

Figure 13 shows v, of K *0 as a function of pr in minimum
bias Au + Au collisions at ,/syy = 200 GeV. We fit the data

034909-11



M. M. AGGARWAL et al.

PHYSICAL REVIEW C 84, 034909 (2011)

TABLE V. The midrapidity N(K**)/N(K~) and N(¢)/N(K*°) yield ratio in Au + Au and Cu + Cu collisions at ./syy = 62.4 GeV and

200 GeV for different centralities. The first uncertainty is statistical and the second one is systematic.

Collision systems

Centrality

N(K*)/N(K"™)

N($)/N(K*)

Au + Au (62.4 GeV)

Cu + Cu (62.4 GeV)

Au + Au (200 GeV)

Cu + Cu (200 GeV)

P+ p (200 GeV)
p + p (63 GeV, ISR)

0-20%
20-40%
40-60%
60-80%

0-20%
20-40%
40-60%

0-10%
10-40%
40-60%
60-80%

0-20%
20-40%
40-60%

MB
MB

0.24 £0.02+ 0.04
0.26 £0.02+ 0.04
0.30 £0.03+ 0.04
0.44 +£0.04 £ 0.07

0.29 £0.01 + 0.05
0.34 £0.02+ 0.04
0.36 £0.02+ 0.05

0.20 £0.03 + 0.03
0.26 £0.02+ 0.04
0.29 £0.03 + 0.04
0.25 +£0.03+ 0.04

0.27 £0.01 & 0.03
0.30 £0.01 + 0.03
0.33 £0.01+ 0.04

0.34 +£0.01 + 0.05
0.64 £0.09 + 0.03

0.51 £0.03 £+ 0.09
0.49 £0.03+ 0.08
0.39 £0.03 + 0.06
0.24 £0.02 £+ 0.04

0.51 £0.02+ 0.1
0.43 £0.02 £+ 0.08
0.37 £0.02+ 0.07

0.82 £0.05 £ 0.08
0.68 £0.02+ 0.08
0.58 £0.02+ 0.05
0.62 +:0.05+ 0.1

0.66 £0.03 & 0.09
0.58 £0.02+ 0.09
0.45 +£0.02+ 0.09

0.36 £0.02+ 0.07
0.19 £0.06 = 0.06

using the function

an

1+ expl—(pr/n—b)jc]

dn, 5)

v (pr,n) =

where a, b, ¢, and d are the parameters extracted from such a
fit to v, data obtained earlier for K g and A [42]. Here n, the
number of constituent quarks, is the only free parameter. The
best fit of the K*° data with the function as given in Eq. (5)
yields a value of n = 2.0 & 0.4 (x2/ndf = 2/6). A similar fit
of the combined results of Run II and Run IV data, taken in
the years 2002 and 2004, respectively, also yields an identical
value of n = 2.0 £ 0.4 (x?/ndf = 4/10). This indicates that
K*0 are dominantly produced from direct quark combinations,
and the regenerated K* component in the hadronic stage is
negligible compared to the primordial K*°.

S o 10 _
vN 30— K™ RunlV ,,,4
> O K Runll
=
O
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FIG. 13. The K* v, as a function of pr in minimum bias Au +
Au collisions at \/syy = 200 GeV. Only statistical uncertainties are
shown. The dashed lines represent the v, of hadrons with different
number of constituent quarks.

F. Nuclear modification factor

Through a measurement of the nuclear modification factors
Rcp and R4 4, one probes the dynamics of particle production
during hadronization and in-medium effects [18,37]. The
nuclear modification factor Rcp, which is the ratio of the
invariant yields for central to peripheral collisions, normalized
by number of binary collisions, Ny, is defined as

N [dN /(Nyindpp)]cenal
a [dN/(Nbinde)]Peripheral ’

cp (6)
where Ny, is calculated from the Glauber model [29]. We
expect Rcp to be unity at high pr (>2 GeV/c) if nucleus-
nucleus collisions were mere superpositions of nucleon-
nucleon collisions. Any deviation observed from unity would
indicate the presence of in-medium effects. Above pr = 2
GeV/c, the Rcp of ¥, p+p, Kg, and A, as measured
by STAR, are found to be significantly lower than unity.
This suggests a suppression of particle production at high
pr in central collisions relative to peripheral ones [17,18,37].
Theoretically, this is attributed to the energy loss of highly
energetic partons while traversing through the dense medium
created in heavy-ion collisions. We also observe that the Rcp
of K9 and A differ. Since the mass of K* is close to that of
baryons such as p and A, a comparison of Rcp of K** with
those for K2 and A can be used to understand whether the
observed differences in the Rcp of the K 2 and the A are tied
to the particle mass or the baryon-meson effect [17].

Figure 14 shows the K *0 Rep as a function of pr compared
to those for A and Kg [17]. The shaded band around the
data points represents the systematic uncertainties and the
band around 1 on the right corner represents the normalization
uncertainty. For Au + Au collisions at 200 GeV the K 0 Rep
was obtained from the pr spectra of top 10% and 60-80%
centrality classes. For Au + Au collisions at 62.4 GeV the
pr spectra of the top 20% and 60-80% centrality classes were
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FIG. 14. The K** R¢p as a function of p7 in Au + Au collisions
at 200 and 62.4 GeV compared to the Rcp of K 2 and A at 200 GeV.
The brackets around Au + Au 200 GeV data points are the systematic
errors.

considered. The A and K 2 Rcp correspond to the pr spectra of
the top 5% and 60-80% Au + Au collisions at 200 GeV [17].
For pr < 1.8 GeV/c, the Rcp of K*¥ in Au + Au collisions
at 200 and 62.4 GeV are smaller than that of A and K 2. This
is consistent with the assumption that the rescattering effect
dominates over the regeneration effect for K** at low pr.
For Au + Au collisions at 200 GeV, for pr > 1.8 GeV/c,
the Rcp of K*O is closer to that for Kg (differing from that
of A). Since the masses of the A and K*° are similar, the
observed difference seems to be due to other than mass. The
observed differences might arise because the A is a baryon,
whereas K** is a meson. This supports the quark coales-
cence picture of particle production in the intermediate pr
range.

IV. SUMMARY

STAR has measured the K*° resonance production at
midrapidity in Au + Au and Cu + Cu collision systems at
Sy = 62.4 and 200 GeV. A large sample of Au + Au
collision data at ,/syy = 200 GeV enables us to extend the
measurements to pr ~ 5 GeV/c. The measured d N /dy and
(pr) of K* are higher at \/syy = 200 GeV compared to the
corresponding values at ,/syy = 62.4 GeV. For a given beam
energy, the dN/dy and (pr) are similar for Au + Au and
Cu + Cu collisions at a given (Npay). For \/syy = 62.4 and

PHYSICAL REVIEW C 84, 034909 (2011)

200 GeV the K** (pr) is comparable to the same for protons,
indicating that the (pr) trends are dependent on the mass.

The N(K *0)/ N(K ™) ratio in central Au + Au collisions
at both 62.4 and 200 GeV is much smaller compared to the
respective values in p 4+ p collisions. The N(¢)/N(K*°) ratio
in central Au + Au collisions at both 62.4 and 200 GeV is
larger than that of p + p collisions. While the increase in the
N(¢)/N(K*°)ratio as a function of beam energy and collision
centrality also suggests strangeness enhancement in heavy-
ion collisions, other ratios indicates that heavy-ion collisions
probably provide an environment with stronger rescattering of
K*0 daughter particles relative to regeneration.

The large sample of Au + Au collision data at 200 GeV
allow for a quantitative estimation of elliptic flow of K** and
the interpretation of the v, in terms of a scaling based on the
number of constituent quarks. The results support the quark
coalescence model of particle production. More explicitly, K *
are dominantly produced from direct quark combinations, with
a negligible regenerated component. At low pr, the nuclear
modification factor for K*° is seen to be similar for Au + Au
collisions both at 62.4 and 200 GeV. At lower pr, Rcp for
Au + Au collisions at ,/syy = 200 GeV is lower than that
for A and K 2, which is consistent with the observation that
the rescattering effect dominates over regeneration effect. For
pr > 1.8GeV/c,the K *0 Repin Au + Au collision at 200 GeV
more closely follows that for K 2 and at the same time differs
from that for A. This also provides support for the quark
coalescence picture at the intermediate p7 ranges studied.
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