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Abstract. This paper introduces the Solenoidal Tracker experiment at the Relativistic Heavy Ion Collider.
The corrected pT spectra and the yields of the Σ(1385)± and their antiparticles in the most central Au+Au
and elementary p+p collisions are presented. Comparison of the Σ(1385) 〈pT 〉 measurement with the other
particles corroborates the fact that the 〈pT 〉 behavior for hyperons (mass> 1.2 GeV) is similar in p+p and
Au+Au collisions. The Σ(1385)/Λ ratio, along with other resonance-to-stable-particle ratios, suggests that
a regeneration mechanism recovers the signal loss due to re-scattering in the final state in Au+Au collisions.

PACS. 01.30.Bb

1 Introduction

The Relativistic Heavy Ion Collider (RHIC) [1] is located
at Brookhaven National Laboratory (BNL) on Long Is-
land, NY, USA. The circumference of the two indepen-
dent accelerator rings is 3.8 km. The first collisions took
place in the year 2000 and since then collisions of Au+Au
at

√
sNN=19, 62, 130, 200 GeV, and p+p and d+Au at√

sNN=200 GeV have been performed. There are 6 beam
interaction points at RHIC and 4 dedicated heavy-ion ex-
periments. BRAHMS [2] and PHOBOS [3] are the two
small experiments and the two large ones are PHENIX [4]
and STAR [5].

The Solenoidal Tracker At RHIC (STAR) is a large
acceptance detector system that is designed to investi-
gate strongly-interacting matter at high energy densities
and search for signatures of Quark-Gluon Plasma (QGP),
the hadronic deconfinement phase consisting of “free” par-
tons, and its space-time evolution. The physics program
of STAR also includes the study of nucleon spin struc-
ture functions with polarized p+p collisions, the study of
pomeron and photon interactions from intense electromag-
netic fields of the colliding ions at RHIC and the study of
initial parton distribution functions of the incident nuclei
with p+p and d+Au collisions. The p+p and d+Au colli-
sions are also essential for establishing the reference data
for heavy ion collisions.

During the expansion of the hot and dense matter
(fireball) that is created in heavy ion collisions, chemical
freeze-out is reached when the hadrons stop interacting
inelastically (see Fig. 1), and elastic interactions continue
until thermal freeze-out. Due to the very short lifetime
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Fig. 1. A lightcone diagram of a collision when QGP is formed.
Tfo is the abbreviation for thermal freeze-out, while Tch is for
chemical freeze-out. The hadronization starts at Tc, the critical
temperature

(τ < τfireball ∼ 10 fm) of most resonances, a large frac-
tion of their decays occur before thermal freeze-out. The
decay products interact elastically with the surrounding
particles prior to thermal freeze-out, thus resulting in a
signal loss for the reconstructed resonances. Secondary in-
teractions (regeneration), however, increase the resonance
yield (such as Λ + π → Σ(1385)). The contribution of
re-scattering and regeneration to the total observed yields
depends on the time span between the chemical and ther-
mal freeze-out, the lifetime of each resonance, and the re-
generation and rescattering probabilities [6,7]. Thus the
study of resonances provides an additional tool for deter-
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Fig. 2. Side view of the STAR detector configuration. TPC is
the main component of the STAR detector used in this analysis

mining the hadronic expansion time between chemical and
thermal freeze-out through the comparison of resonance-
to-stable-particle ratios.

2 STAR overview
and particle identification

A schematic diagram of the components of the STAR ex-
periment is presented in Fig. 2 [5]. The STAR detector’s
main design features include a Time Projection Cham-
ber (TPC) surrounded by a solenoidal magnet, which has
a field of 0.5 Tesla, with an acceptance of |η| < 1.5 for
charged particle tracks [8]. The Silicon Vertex Tracker sur-
rounding the beam pipe improves the resolution of the in-
teraction vertex [9]. In addition, Forward-TPCs increase
the rapidity coverage of charged particles to 2.5 < |η| < 4,
and electromagnetic calorimeters provide a full azimuthal
coverage for high pT photons, electrons and electromag-
netically decaying mesons [10–12]. Glauber model cal-
culations applied to measurements from the zero degree
calorimeters (ZDC) in coincidence with the central trig-
ger barrel (CTB) are used to select the most central 5%
of Au+Au events. Beam-beam counters and the CTB are
used to select minimum bias p+p events.

Charged particles such as π, K, p and e are identified
by the energy lost per unit length (dE/dx) and the mag-
netic field information within the TPC. Figure 3 presents
the dE/dx distribution as a function of the momentum of
the charged particles in the STAR TPC detector. These
charged particles can be clearly identified with the Bethe-
Bloch parametrization (solid lines in Fig. 3) up to 800
MeV.

Due to the large acceptance of STAR’s detector com-
ponents, the broad physics program includes precision

Fig. 3. The energy loss per unit length (de/dx) distribution in
the STAR TPC as a function of the momentum of the charged
particles
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Fig. 4. Invariant mass spectrum for K0
s → π−+π+ with decay

topology information in p+p collisions at
√

sNN = 200 GeV

measurements of a wide variety of strange and charm par-
ticles. Long-lived (cτ > few cm) neutral strange particles,
such as Λ and K0

s , can be reconstructed in the central
TPC from their charged decay products. All of the pairs
of oppositely charged tracks that originate in the same
secondary vertex are selected to represent the decay topol-
ogy of the neutral particles. Additional geometrical cuts
are used to improve the signal-to-background ratio. Sig-
nals of K0

s in Fig. 4, Λ and Λ in Fig. 5 are presented for
p+p collisions at

√
sNN = 200 GeV.

The direct measurement of resonances is not possible
due to their short lifetimes (e.g. cτΣ(1385) = 5 fm) [13,14].
The Σ(1385) resonances are identified instead through the
invariant mass analysis of π and Λ decay particle can-
didates. A mixed event technique is used to determine
the background for uncorrelated pair combinations. The
Σ(1385) signal is obtained by subtracting this normalized
mixed-event background from the invariant mass distri-
bution [15]. The signal before and after the background
subtraction is presented in Fig. 6 for p+p collisions at√

sNN = 200 GeV. Since Ξ− → Λ + π− shares the same
decay channel as Σ−(1385) → Λ + π−, we observe both
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Fig. 5. Invariant mass spectra for Λ → p+π− and Λ → p+π+

with decay topology information in p+p collisions at
√

sNN =
200 GeV
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Fig. 6. Σ(1385) invariant mass spectra before and after
normalized mixed event background subtraction in p+p at√

sNN = 200 GeV

signals in the invariant mass spectrum. The background
subtracted signal is fitted with a Gaussion for Ξ and a
Breit-Wigner for Σ(1385).

3 Σ(1385) results

The transverse mass (mT )1 spectra of Σ±(1385) and their
antiparticles in p+p (open circles) and Au+Au (closed
circles) collisions are shown in Fig. 7. The acceptance and
efficiency correction for the spectra is accomplished by em-
bedding Monte Carlo simulated resonances into real p+p
and Au+Au events. The solid lines in Fig. 7 represent ex-
ponential fits to the data with the function directly pro-
portional to the yield (dN/dy) and inversely proportional
to the slope parameter T 2 + m0T within the framework
of a thermal model. The data coverage is 91% and 85% of
the fully integrated yield in p+p and Au+Au collisions,
respectively. The 〈pT 〉 is derived from the full range inte-
gration of the corresponding exponential fit. For p+p and
Au+Au collisions at

√
sNN = 200 GeV, Table 1 presents

inverse slope parameters of the exponential fit functions,

1 The transverse mass is defined as mT =
√

p2
T + m2.

 [GeV]*Σ-MTM

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2 2.2 2.4

] 2
G

eV4 c
[

d
y

T
Md

*
Σ

N2 d

T
 Mπ

2
1

-510

-410

-310

-210

-110

1

10
=200 GeVNNs from 0-5 % Most Central Au+Au @ *Σ

=200 GeVNNs from p+p @ *Σ

=200 GeVNNs from 0-5 % Most Central Au+Au @ *Σ

=200 GeVNNs from p+p @ *Σ

=200 GeVNNs from 0-5 % Most Central Au+Au @ *Σ

=200 GeVNNs from p+p @ *Σ

=200 GeVNNs from 0-5 % Most Central Au+Au @ *Σ

=200 GeVNNs from p+p @ *Σ

=200 GeVNNs from 0-5 % Most Central Au+Au @ *Σ

=200 GeVNNs from p+p @ *Σ

=200 GeVNNs from 0-5 % Most Central Au+Au @ *Σ

=200 GeVNNs from p+p @ *Σ

STAR PreliminarySTAR PreliminarySTAR Preliminary

Fig. 7. The transverse mass spectrum for Σ(1385) drawn as
open circles for p+p and as closed circles for the 5% most
central Au+Au collisions at

√
sNN = 200 GeV. The solid lines

represent exponential fits to the data

Table 1. Temperature T, 〈pT 〉 and yield obtained from the
exponential fits of the pT spectra in Fig. 7 for elementary p+p
and 5% most central collisions. The statistical uncertainties are
given and the systematic error, mostly due to normalization
and the shape of the background, ∼ 15%, must be included in
the given values

Σ±(1385) p+p Au+Au
T [MeV] 358 ± 47 420 ± 84
〈pT〉 [MeV] 1.08 ± 0.15 1.20 ± 0.24
Yields (dN/dy) (4.66 ± 0.98)10−3 4.72 ± 1.38

the 〈pT 〉s and the yields (dN/dy) of the summed signal of
Σ±(1385) and their antiparticles.

The 〈pT 〉 as a function of particle mass for p+p and
Au+Au collisions at

√
sNN = 200 GeV is presented in

Fig. 8. The behavior of 〈pT 〉 vs. mass for the various par-
ticles in p+p and Au+Au collisions is compared to two
parameterizations. The triangles represent the short-lived
resonances and the circles indicate long-lived stable par-
ticles. The black curve is an empirical fit to the ISR π,
K and p data in p+p collisions and the band is a blast
wave fit using π, K and p in STAR Au+Au collisions [16,
17]. The empirical parametrization for the ISR data at√

s = 25 GeV in p+p collisions can describe the behavior
of the lower mass particles, such as π, K and p, despite
the fact that our collision energy is one order of magni-
tude higher. However, this empirical parametrization does
not represent the behavior of the higher mass particles in
p+p collisions. Similarly, the blast wave parametrization,
which can describe the lower mass particles (∼ 98% of
all the particles observed) in Au+Au collisions, fails to
explain the behavior of higher mass particles.

The heavy particles in p+p and Au+Au collision show
a similar behavior of 〈pT 〉. It is expected that resonances
with higher transverse momentum are more likely to be
reconstructed because they have longer relative lifetimes
due to Lorentz contraction, which means that they are
more likely to decay outside of the medium. As a conse-
quence, their daughter particles should interact less with
the medium in Au+Au collisions. Any loss at low pT would
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Fig. 8. The 〈pT 〉 vs particle mass measured in p+p and
Au+Au collisions at

√
sNN = 200 GeV. The black curve rep-

resents the ISR parametrization from π, K and p for
√

sNN =
25 GeV p+p collisions. The yellow band is the blast wave fit
using π, K and p for Au+Au collisions
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Fig. 9. Particle ratios in
√

sNN = 200 GeV p+p (open dia-
monds) and Au+Au (solid circles) collisions as compared to
thermal model (solid lines) predictions with Tch = 160 MeV,
µB = 2.65, µs = 1.31, γs = 0.99 [25]

increase the T parameter of the pT spectra for the central
Au+Au collisions with respect to p+p collisions. However
we do not see any significant increase in the T parameter
for Σ(1385) from p+p to the most central Au+Au col-
lisions within the statistical and systematic errors. This
might be due to our p+p reference data. The higher mass
particles might be produced in more violent (mini-jet)
p+p collisions than the lower mass particles, so that the
〈pT 〉 for heavy particles in p+p collisions would be higher.
In Au+Au collisions there is evidence that heavier parti-
cles flow radially at a lower velocity than the lighter mass
particles (such as π mesons). These two independent ef-
fects in p+p and Au+Au collisions might cause the ap-
parent merging of the 〈pT 〉 which is corroborated by the
Σ(1385) measurement.

The resonance production also presents an important
test of thermal production and hydrodynamics models.
The ratio of resonances to their stable particles are insen-
sitive to fugacities and phase space occupancies [24]. Fig-
ure 9 presents a comparison between the thermal model
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Fig. 10. Resonance to stable particle ratios of φ/K− [19],
∆++/p [20], K*(892)/K− [21], Σ(1385)/Λ and Λ(1520)/Λ [22,
23] for p+p and Au+Au collisions at

√
sNN = 200 GeV. The

ratios are normalized to the ratio of K*(892)/K− in p+p col-
lisions. Statistical and systematic errors are included

predictions and the measured particle ratios [25]. Lines
represent the thermal model predictions, the open di-
amonds indicate p+p collisions and closed circles are
for Au+Au collisions. The thermal model accurately de-
scribes the stable particle ratios in both p+p and Au+Au
collisions. However, the deviations observed for the reso-
nance particles are large and must be investigated. Regen-
eration and rescattering are excluded in thermal models,
which might suggest one explanation for why the experi-
mental values differ from the calculations of the statistical
model for most of the resonances.

The measurements of the ratios of resonances to stable
particles as a function of charged particle multiplicity for
Σ(1385) and other resonances are presented in Fig. 10.
The observed suppression of Λ(1520)/Λ and K∗(892)/K
from peripheral to most central Au+Au collisions com-
pared to p+p collisions is in agreement with a rescatter-
ing scenario of the decay particles in the dense medium
that causes a signal loss. The Σ(1385)/Λ ratio does not
show this suppression (within errors) for the 5% most cen-
tral Au+Au collisions in comparison to the p+p collision
environment, even though cτΣ(1385) < cτΛ(1520), which
should cause more rescattering for Σ(1385). Therefore
a strong regeneration cross section has to be assumed
for the Λ + π → Σ(1385) in order to recover the signal
loss due to rescattering. Resonance-to-stable-particle ra-
tios can also be used to test microscopic (UrQMD) models,
which include rescattering and regeneration in their cal-
culations. The UrQMD model prediction in Fig. 11 shows
the collision energy dependence of the Σ±(1385)/Λ ratios
for Au+Au collisions. The measured Σ±(1385)/Λ ratio is
0.295 ± 0.086 for the 5% most central Au+Au collisions,
which is about a factor of 2 below the UrQMD prediction
at

√
sNN = 200 GeV. The regeneration cross section as-
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Fig. 11. Collision energy dependence of Σ±(1385)/Λ ratios
for Au+Au collisions predicted by the microscopic models
(UrQMD). Plot from M. Bleicher [18]

sumed in UrQMD appears to be too high and has to be
revised in light of these resonance measurements.

4 Conclusions

Σ±(1385) resonances and their anti-particles can be re-
constructed via event mixing techniques in p+p and
Au+Au collisions with the STAR detector. The Σ(1385)
〈pT 〉 in p+p collisions is similar (within the errors) to that
measured in Au+Au collisions. This follows the behavior
of the other high mass particles (m > 1.2 GeV) whose 〈pT 〉
measurement in p+p approaches the Au+Au value. This
behavior suggests a smaller radial flow for heavy particles
and/or the preferred production of heavy particles from
hard scattering and jet fragmentation in p+p collisions.

No significant suppression is observed in the
Σ(1385)/Λ ratios from p+p to the 5% most central
Au+Au collisions. Since the previously measured suppres-
sion of K*(892)/K and Λ(1520)/Λ ratios agrees with a
signal loss due to rescattering in the medium, the null
suppression of the Σ(1385) ratio suggests a significant re-
generation mechanism for recovering the signal lost via
rescattering [18,24]. Current statistical and microscopic
models need to be modified to account for the resonance
measurements coming from heavy ion collisions.

The event mixing technique clearly works well for res-
onance identification. The same technique is being used
in the search for the Θ+ pentaquark, a five-quark bound
system consisting of uudds and other exotic particles [26].
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