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We report the measurements of �(1385) and A(1520) production in p+ p and Au + Au collisions at 
pNNNNNNNN 
sNN = 200 GeV from the STAR Collaboration. The yields and the pT spectra are presented and 

discussed in terms of chemical and thermal freeze-out conditions and compared to model predictions. 
Thermal and microscopic models do not adequately describe the yields of all the resonances produced in 
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central Au+ Au collisions. Our results indicate that there may be a time span between chemical and 
thermal freeze-out during which elastic hadronic interactions occur. 

DOI: 10.1103/PhysRevLett.97.132301	 PACS numbers: 25.75.Dw 

In ultrarelativistic heavy-ion collisions, hot and dense 
nuclear matter (a fireball) is created [1,2]. When the energy 
density of the created fireball is very high, deconfinement 
of partons is expected to occur and a new phase of matter, 
the quark gluon plasma (QGP) forms. After hadronization 
of the QGP, but before the interactions of the hadrons 
cease, the physical properties of resonances, such as their 
in vacuo masses and widths, might be modified by the 
density of the surrounding nuclear medium [3]. In addition, 
the yield of resonances might change. 

The temperature and the density of the fireball reduces 
as the fireball expands. Chemical freezeout is reached 
when hadrons stop interacting inelastically. Elastic inter­
actions continue until thermal freezeout. Because of their 
short lifetimes, a fraction of resonances can decay before 
the thermal freezeout. Elastic interactions of the decay 
products with other particles in the medium (rescattering) 
may modify their momenta enough that the parent particle 
can no longer be identified. The pseudoelastic hadronic 
interactions (regeneration) may increase the resonance 
yields [e.g., A+ 7 ! (1385)] [4–7]. The overall net 
effect of rescattering and regeneration on the total observed 
yields depends on the time span between chemical and 
thermal freezeout, the lifetime of the resonances and the 
magnitudes of the interaction cross sections of the decay 
particles [8,9]. Thermal models provide the resonance to 
stable particle ratios at the chemical freezeout. Deviations 
from these predicted ratios due to rescattering of the reso­
nance decay particles can be used to estimate the time span 
between chemical and thermal freezeout. 

We report on the first measurements of the production of 
the (1385) [10] and A(1520) [11] in  p+ p and Au+ Au 

pNNNNNNNN
collisions at = 200 GeV. The effects of the ex­sNN 

tended nuclear medium on the resonance yields and mo­
mentum spectra are studied by comparing those results 
from the different collision systems. Microscopic transport 
[4] and thermal [12–14] models are used to investigate the 
time span of hadronically interacting phase. 

The STAR detector system [15], with its large time 
projection chamber (TPC), is used to identify the decay 
products of the (1385) ! A+ 7 and A(1520) ! p+ 
K. For  Au+ Au collisions, the number of charged particles 
in the TPC is used to select the centrality of inelastic 
interactions. Different y and centrality selections are nec­
essary for (1385) and A(1520) in order to optimize the 
statistical significance of each measurement. 

The topological reconstruction of resonance decay ver­
tices is not possible due to their short lifetimes resulting 
from their strong decay. Instead an invariant mass calcu­
lation from the decay daughter candidates is performed. 
Charged particles are identified by the energy loss per unit 
length, dE=dx, and the momentum measured with the 
TPC. The decay topology information is used to identify 
the neutral A [16]. A large source of background in the 
invariant mass spectra for both (1385) and A(1520)
comes from uncorrelated pairs. A mixed-event technique, 
where no correlations are possible, is used to estimate the 
contribution of the background [17]. The background is 
normalized over a wide kinematic range and then sub­
tracted from the invariant mass distribution. For the 

-(1385), a  a- peak remains as it has the same A+ 
7- decay channel. In order to enhance the statistics for the 

*, two charged channels are combined [ ±(1385)] for 
p + p and all four charged channels [ ±(1385) +  
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FIG. 1 (color online). Invariant mass distributions of * and A* in p+ p and Au + Au collisions at sNN = 200 GeV before (inset) 
and after mixed-event background subtraction. 

-5 

132301-3
 

http://dx.doi.org/10.1103/PhysRevLett.97.132301
http:25.75.Dw


�

�

�

�

�

�

�
�

� �

�

�

� � �

�
�
� �

�

�

week endingP H Y S I C A L  R E V I E W  L E T T E R SPRL 97, 132301 (2006)	 29 SEPTEMBER 2006 

TABLE I. Mass (M) and width (f) fit parameters of particles 
from Fig. 1, including statistical and systematic errors. 

Particle M [MeV=c2] f [MeV=c2] pT [GeV=c] jyj 

1320 ± 1± 1 7 ± 1± 1 0:25–3:50 : 0:75a -
(p+p) 

1320 ± 1± 1 4 ± 1± 1 0:50–3:50 : 0:75a	 -
(Au+Au)
* 1376 ± 3± 3 44 ± 8± 8 0:25–3:50 : 0:75
(p+p)

*
 1375 ± 5± 3 43 ± 5± 6 0:50–3:50 : 0:75
(Au+Au)

A* 1516 ± 2± 2 20 ± 4± 2 0:20–2:20 : 0:50
(p+p)

A* 1516 ± 2± 2 12 ± 6± 3 0:90–2:00 : 1:00
(Au+Au) 

into account the detector resolution, are, within their un­
certainties, in agreement with the PDG [18]. The observed 
mass and the width of the a - peak is in agreement with the 
one obtained via the topological method [16]. While the 
masses of a and A* are also in agreement with the PDG 

* values, there is a small difference in the mass of the . 
Because of limited statistics, it is not possible to investigate 
this effect further. The systematic errors include the uncer­
tainty due to bin size fluctuations, the normalization of the 
mixed-event background and the uncertainty of the straight 
line fit range due to correlations in misidentified decay 
particles. Event and track selections were also varied. 
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*To obtain the integrated raw yields of and A*, the 
background subtracted invariant mass spectrum in each pT 
bin is fitted. In the corresponding mass range, the content 
of each bin above the linear background fit is counted to 
extract the raw yields. Monte Carlo simulated resonances 
are embedded into real p + p and Au+ Au events to 
determine the correction factors for the detector accep­

10
-3 

-4
10 

-5
10 tance and reconstruction efficiency. These are applied to 

-6 *the data and the corrected transverse mass spectra of10 

MT-M0 [GeV/c2] 

FIG. 2 (color online). The transverse mass spectra for * and 
pNNNNNNNN

A* in p + p and in central Au+ Au collisions at sNN = 

200 GeV. Statistical and systematical errors are included. 

A ±(1385)] for Au+ Au collisions. Similarly for the A* , 
A(1520) and AA(1520) are combined in p+ p collisions. 
As the AA(1520) is not observed in central Au + Au colli­
sions, it is not included in our definition of A* in Au+ Au. 

*Figure 1 shows the invariant mass distributions for 
and A* in 10x 106 minimum bias p + p and 1:6 x 106 

central Au+ Au collisions. The mass (M) and the width 
(f) fit parameters of the measured transverse momentum 
(pT) and rapidity (y) ranges are shown in Table I. These 
parameters and their uncertainties are obtained from com­
bined fits. A Gaussian distribution takes into account the 

-detector resolution effects on the a . Since the natural 
width dominates over the detector resolutions for both the 

* and A*, a nonrelativistic Breit-Wigner distribution is 
used. Finally, the remaining residual background is de­
scribed by a linear function. The measured widths, taking 

and A* in p+ p and Au+ Au collisions are shown in 
Fig. 2. The dashed curves represent an exponential fit to the 
data [17]. The mean pT (hpTi) and the yields at midrapidity 
(dN=dy) as obtained from the fit are listed in Table II 
together with their corresponding statistical uncertainties. 
The yields are obtained by extrapolating the fit to all pT . 
The measured pT range contains 85% for * and 50% for 
A*	 *in Au+ Au and 91% for and A* in p+ p of the 
total midrapidity yields. For A*, due to the low statistics in 
Au+ Au collisions, an inverse slope of T = 400 MeV is 
assumed in order to extract the particle yield. The system­
atic error includes a �T = 100 MeV variation. The ratio of 
AA* =A* = 0:93± 0:11 in p+ p collisions is extracted 
from the corrected yields. Statistical limitations require 

*that the A * = = 0:87 ± 0:18 in Au+ Au collisions are 
determined from the raw yields. The proximity of these 
ratios to unity, reflects a small net baryon number at mid-
rapidity of both systems. 

A linear increase of hpTi as a function of particle mass 
up to 1 GeV=c2 is observed in Au+ Au and p + p colli­
sions [16,19]. The measured hpTi of * and A* in p+ p 
collisions follow a steeper increase, similar to the trend of 
heavier mass particles ( > 1 GeV=c2). This might be due 

TABLE II. hpTi and yields from fits to the pT spectra, dN=dy for A* in Au + Au using a fixed 
*+ + *-T. The p + p yields are from nonsingly diffractive collisions. * represents . 

Particle Collision hpTi [GeV=c] (dN=dy)jy=0 

*	 31:02 ± 0:02± 0:07 (10:7 ± 0:4± 1:4) x 10-
A * 3 

ppminbias 

A * 
1:01 ± 0:01± 0:06 (8:9 ± 0:4± 1:2) x 10-

+ * AuAu0%–5% 1:28 ± 0:15± 0:09 9:3 ± 1:4 ± 1:2
 
AA* +A* 1:08 ± 0:09± 0:05 (6:9 ± 0:5± 1:0) x 10-

ppminbias 

ppminbias	 
3 

1A* AuAu0%–10% 1:20 ± 0:20fixed (6:3 ± 2:1± 0:8) x 10-
2AA* +A* AuAu60%–80%	 (8:9 ± 2:9± 1:1) x 10-1:20 ± 0:20fixed 
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to the fact that the higher mass particles come from events 
with average multiplicities a factor of 2 or more higher 
than those for the minimum bias events. The increase in the 
hpTi and the larger event multiplicities imply that these 
resonances come from mini-jet-like events [20]. The re-
scattering and regeneration is expected to change the hpTi 
in Au+ Au collisions. However, it is surprising that the 
hpTi of * in p + p and Au+ Au collisions are in agree­
ment within their uncertainties. 

The ratios of yields of resonances to stable particles as a 
function of the charged particle multiplicity are presented 
in Fig. 3. The ratios are normalized to unity in p + p 
collisions to study variations in Au+ Au relative to p+ 
p. We measure a suppression for A* =A when comparing 
central Au+ Au with minimum bias p+ p. K*=K- [17] 

*seems to show a smaller suppression while the =A, and 
¢=K- [21] ratios are consistent with unity. In a thermal 
model, the measured ratios of resonance to nonresonant 
particles with identical valence quarks are particularly 
sensitive to the chemical freezeout temperature, as all of 
the quark content dependencies cancel out. Thermal mod­
els require a chemical freezeout temperature in the range 
T = 160–180 MeV and a baryo-chemical potential fB = 
20–50 MeV in 200 GeV Au+ Au collisions to describe 
the stable particle ratios [12,13]. While these models pre­

*dict the measured =A ratio correctly within the errors, 
they yield a higher ratio than the measured A* =A in the 
most central Au+ Au collisions. This suggests an ex­
tended hadronic phase of elastic and pseudoelastic inter­
actions after chemical freezeout, where rescattering of 
resonance decay particles and regeneration of resonances 
will occur. The measured resonance yields thus depend on 
the time span between chemical and kinetic freezeout, their 
cross sections for rescattering and regeneration, and their 
lifetimes. The suppressed A* =A and K*=K- ratios in 
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FIG. 3 (color online). Resonance to stable particle ratios for 

Au+ Au suggest that rescattering dominates regeneration 
in the hadronic medium after chemical freezeout. 

A thermal model using an additional pure rescattering 
phase, which depends on the respective momenta of the 
resonance decay products, after chemical freezeout at T = 
160 MeV, can be fit to the data. The fit yields a hadronic 

9+10lifetime of the source of 7 = -5 fm=c from the A* =A 
and 7 = 2:5+1:5 fm=c from the K*=K ratio [9,22]. The -1 

small difference between the time spans can be explained 
by an enhanced regeneration cross section for the K* in the 
medium. This theory is supported by the null suppression 

*of the =A. The smaller lifetime of the * compared to 
the A* should lead to a larger signal loss due to rescatter­
ing, thus the lack of suppression requires an enhanced 

*regeneration probability of the . Based on the same 
argument the K* regeneration cross section needs to be 
larger than that of the A* due to the observed smaller 
suppression and shorter lifetime of the K* (i.e., defining 
R as the ratio of regeneration to rescattering cross section, 
we find RK+p < RK+7 < RA+7 since c7K* < c7  * < 
c7A*). A microscopic model calculation (UrQMD) with a 
typical lifespan of 7 = 13± 3 fm=c for the rescattering 
and regeneration phase, can describe K*=K- and A* =A 

*ratios approximately, but fails for the =A [8]. The mea­
sured resonance yields in heavy-ion collisions provide a 
tool to determine the strength of in-medium hadronic cross 
sections and current microscopic transport models such as 
UrQMD will have to be modified to account for such cross 
sections [23]. The 7 extracted from the measurements 
can be used in comparison to the analysis of two-pion 
intensity interferometry (HBT) in order to obtain an esti­
mate for the partonic lifetime. Identical particle HBT 
yields a time of 5–12 fm=c from the start of the collision 
to the kinetic freezeout (total source lifetime) [24]. If one 
assumes the A* to be least affected by regeneration then the 
extracted 7 > 4 fm=c is a lower limit on the hadronic 
source lifetime, which is a subinterval of the total source 
lifetime. The remaining time would be a rough estimate on 
the partonic lifetime of the source. 

Although the rescattering and regeneration scheme is 
discussed predominantly, other methods to describe the 
data have been proposed. For example, in a sudden freeze-
out scenario, where the time between the chemical and 
kinetic freezeout is negligible, the A* =A suppression in 
Au+ Au with respect to p+ p can be explained by the 
influence of the dense medium on the production of A* . 
Even though the valence quarks of the A* are in a L = 1-

state, it must decay through a relative angular momentum 
L = 2 process in order to conserve isospin [25]. The high 
partial wave component of the A* in a dense medium can 
suppress its decay phase space. 

We have presented the first measurements of * and A* 
p + p and Au + Au collisions. The ratios are normalized to 
unity in p + p and compared to thermal and UrQMD model production in p + p and Au+ Au collisions at 

p
NNNNNNNN 
=sNN 

predictions for central Au + Au [8,12]. Statistical and system­ 200 GeV. The large hpTi of the * and A* measurements 
atic uncertainties are included in the error bars. in p+ p collisions suggests that the heavy particle pro­
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duction receives a significant contribution from jetlike [4] S. A. Bass et al., Phys. Rev. C 61, 064909 (2000). 
*events. The yields of , A* , ¢ and K* in Au+ Au in 

comparison to p+ p collisions indicate the presence of 
rescattering and regeneration for a nonzero time span 
between chemical and kinetic freezeout. A lower limit 
for the hadronic source lifetime of 7 > 4 fm=c is esti­
mated based on a thermal model including rescattering. 
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