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 , q) production in Au+Au collisions at √B## = 3 GeV. Various models including thermal and
transport model calculations are compared to data, which provide constraints to such models and
indicate that the QCD matter produced in the 3 GeV fixed-target Au+Au collisons is considerably
different from those at higher energies.
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1. Introduction

Relativistic heavy ion collisions are a prime tool to probe the phase structure of strongly
interacting matter under extreme conditions. The RHIC Beam Energy Scan II (BES-II) Program
has three primary goals: searching for the onset of Quark-Gluon Plasma (QGP), studying the
properties of produced QCD matter, and locating the possible QCD phase boundary and critical
endpoint [1].

Particle production has long been used to investigate the properties of the produced QCD
matter in heavy-ion collisions. The BES-II program covers a wide range of energies, including the
transition from a hadronic dominated medium to a partonic dominated one. The BES-II program
currently under way is designed to improve and extend upon the results from the BES-I program.
Of particular interest is the high baryon density region which is accessible through the STAR
fixed-target program, which has extended the energy reach from √B## = 7.7 GeV to √B## = 3.0
GeV. In these proceedings, the first measurements of charged particle and q-meson production in
Au + Au collisions at √B## = 3.0 GeV will be presented.

2. Experiment

The data used in this analysis were collected in 2018 and was the first dataset of the official
STAR Fixed-Target (FXT) program. A single beam with a total energy of 3.85 GeV/nucleon was
steered 2 cm below the center of the vacuum pipe to collide with the top edge of a stationary gold
target, providing Au+Au collisions at √B## = 3.0 GeV. The gold target has a thickness of 0.25 mm
(corresponding to a 1% nuclear interaction probability) and is located 200 cm to the west of the
center of the STAR detector [2], directly at the edge of the Time Projection Chamber (TPC) [3]. The
positioning and thickness of the target were optimized to balance the desire for large acceptance for
tracking while minimizing pileup and energy loss in the target for all collision energies in the FXT
program. For Au+Au FXT collisions at √B## = 3.0 GeV, midrapidity lies at 1.05 in the laboratory
frame, which falls in the middle of the STAR detector providing excellent particle tracking and
identification capabilities.

The main detectors used in this analysis were the TPC and the Barrel Time of Flight (bTOF)
detector [4]. Additionally, the trigger was provided by a signal in the east Beam-Beam Counter
(BBC) and at least five hits in the bTOF detector. In total, approximately 2.6 × 108 minimum bias
(MB) triggered events are used in this analysis.

Tracking and particle identification (PID) are done using the energy loss (dE/dx) information
from the TPC and time of flight (1/V) from the bTOF. Pions and kaons are identified directly
using their dE/dx and 1/V whereas qmesons are reconstructed through the hadronic decay channel,
q →  + +  −, where combinatioral background is estimated using the mixed event technique [5].
Figure 1 shows the q meson invariant mass distribution for the 0-60% most central collisions.

3. Light and Strange Hadron Yields

Raw yields of pions and kaons are obtained by fitting the dE/dx and 1/V distributions, while
the q meson yields are obtained by fitting  + and  − invariant mass distributions. TPC tracking
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Figure 1: q meson invariant mass peak reconstructed from the hadronic channel for the 0-60% most central
Au+Au collisions at √B## = 3.0 GeV.

and acceptance efficiencies are then obtained by embedding simulated tracks into real data and
running that through a full GEANT simulation of the STAR detector to understand its response.
Corrections to these efficiencies, along with a data-derived bTOF matching efficiency, are applied
to the data to produce the invariant spectra.

The pions are fit with double-thermal functions, each of the form

1
2c<)

32#

3<) 3H
= �<) 4

−(<) −<0)/) . (1)

Each thermal function describes pion production through different mechanisms. The thermal
function at low <) − <0 corresponds to a low temperature and describes the production of pions
through the decay of the Δ resonance, whereas the thermal function at high <) −<0 corresponds to
a high temperature and describes the thermal production of pions. This two-component functional
form was shown by the E895 Collaboration to provide a good description of the data [6] and is thus
used in this analysis which has a very similar center of mass energy. This functional form with two
components is necessary at this low energy as a significant amount of the pions are produced in the
decay of the Δ resonance.

The kaons and q-mesons are fit with <) -exponential functions (Eq. 2), which indicate the
thermal nature of their production.

1
2c<)

32#

3<) 3H
= �4−(<) −<0)/) . (2)

The fits of the spectra are integrated over <) − <0 in order to obtain the rapidity density
distributions. Figure 2 shows the charged meson rapidity density distributions for the 0-5% most
central collisions while Fig. 3 shows the q-meson and  − rapidity density distributions for various
collision centralities.
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Figure 2: Charged meson rapidity density distributions for the 0-5% most central collisions compared to
measurements from various experiments at the AGS. c+ (top left) and c− (bottom left) are compared with
measurements from the E895 experiment [6], while  + (top right) and  − (bottom right) are compared
with measurements from the E866 and E917 experiments [7]. Statistical (bars) and systematic (boxes)
uncertainties are shown.

Figure 3: q-meson and  − rapidity density distributions for various collision centralities. Statistical (bars)
and systematic (brackets) uncertainties are shown.

From the particle spectra and rapidity density distributions, various particle production mech-
anisms and other physical effects can be observed including the Coulomb potential modifying the
pion spectra, associated production of the  +, and local strangeness conservation with the q-meson.

3.1 Coulomb Potential

In heavy-ion collisions at these low energies, baryon stopping causes a non-negligible positive
charge of the interaction region. This positive charge can modify the spectra of particles through
the Coulomb interaction, which is most evident in the charged pions due to their small mass. A
simple model which incorporates the Bose-Einstein nature of pions and the radial expansion of the
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fireball is used to fit the midrapidity c+/c− spectra in order to extract the Coulomb potential (+�)
and initial pion ratio ('8=8C ) [8], as can be seen in Fig. 4.

[t]

Figure 4: Ratio of midrapidity c+/c− spectra.
These data are fit with a model as described in
the text which is used to extract the Coulomb
potential of the fireball and the initial pion ratio.

From this measurement, a comparison is made
to global trends [8]. Figure 5 shows this com-
parison, where this measurement agrees very well
with the trend seen in both quantities. The up-
per panel of Fig. 5 includes midrapidity net-proton
3#/3H measurements with an empirical fit, match-
ing closely with the measurements of the Coulomb
potential. The lower panel of Fig. 5 includes
a fit to the data which indicates a smooth transi-
tion from the Δ resonance dominating pion pro-
duction at low collision energies to the predom-
inance of thermal production at higher energies.

3.2 Kaon Production

Due to the strange quarks they contain, all kaons
measured must have been produced as a result of the

heavy-ion collisions being studied. At high energies, most kaons are produced thermally, where a
 + and  − are produced as a pair to conserve strangeness. At the low energy being studied here,
thermal production still exists but it is dominated by the production of  + in association with the
Λ baryon (# + # → # + Λ +  +). By looking at the ratio of midrapidity  −/ +, the fraction of
thermally produced  + can be observed, as seen in Fig. 6.

Figure 5: Coulomb potential (top) and ini-
tial pion ratio (bottom) data extracted from
a model of the pion ratio. The measure-
ment in this analysis agrees well with the
trend seen from SIS, AGS, and SPS mea-
surements [8].

The predominance of the associated production
mechanism of the  + reinforces the baryon-dominated
nature of the collisions at √B## = 3.0 GeV. Addition-
ally, the lack of such a production mechanism for  − in
association with the Λ̄ anti-baryon further supports this
conclusion.

3.3 q-meson Strangeness Conservation

In the low energy collisions at hand, strangeness pro-
duction is rare and it has been argued that strangeness
number needs to be conserved locally on an event-by-
event basis described by the Canonical Ensemble (CE),
which leads to a reduction in the yields of hadrons with
non-zero strangeness number. Furthermore, with this en-
ergy just above the q-meson production threshold, the
strangeness production mechanisms are expected to be
different from at higher energies. Figure 7 shows the ra-
tio of q/ − for various collision centralities. This is a
precise measurement compared to previous studies, with
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Figure 6: Midrapidity  −/ + yield (3#/3H) as a function of center-of-mass energy [7, 9–11]. This ratio
can be seen as the fraction of  + that are produced thermally compared to in association with the Λ baryon.
Only ∼ 5% of  + are produced thermally at √B## = 3.0 GeV. Statistical uncertainties only are shown.

Figure 7: q/ − yield as a function of center-of-mass energy. Comparisons to various transport and thermal
models are made and trends can be observed between measurements from other experiments [5]. Statistical
(bars) and systematic (brackets) uncertainties are shown.

the ratios for the 0-10% and 10-40% centralities being
∼ 5f larger than zero.

Furthermore, these results have been compared to various statistical and transport model cal-
culations. The Grand Canonical Ensemble (GCE) clearly underestimates this ratio since it only
conserves strangeness on average. In contrast, the Canonical Ensemble (CE), which conserves
strangeness locally on a strangeness correlation length (A2), agrees better with the observed data.
Additionally, transport models with resonance decays, including UrQMD and SMASH, can reason-
ably describe the data.
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4. Summary

In Au+Au collisions at √B## = 3.0 GeV, it has been shown that the dominant particle
production mechanisms are different from what is seen at high energy. Pion production has a
significant contribution from decays of the Δ resonance while the majority of  + are produced in
association with the Λ baryon. The q/ − ratio rules out the GCE and favors the CE which locally
conserves strangeness. These observations indicate changes in particle production, in particular to
strangeness production, and the EoS of dense baryon matter.
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