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Abstract. We report systematic measurements of bulk properties of the system
created in Au+Au collisions at

√
sNN = 54.4 GeV recorded by the STAR de-

tector at the Relativistic Heavy Ion Collider (RHIC). The transverse momentum
spectra of π±, K±, and p(p̄) are studied at mid-rapidity (|y| < 0.1) for different
centrality classes. We also present mid-rapidity measurement of particle yields
(dN/dy) and particle ratios in Au+Au collisions at

√
sNN = 54.4 GeV. The ki-

netic freeze-out parameters (Tkin and <β>) are extracted from particle spectra
using the blast-wave model, and all the results are compared with previously
published experimental results.

1 Introduction
Quantum Chromodynamics (QCD) predicts that at very high energy density and/or very high
temperature, a new state of matter is formed where quarks and gluons are deconfined, known
as the Quark-Gluon Plasma (QGP) [1]. The study of transverse momentum spectra of pro-
duced particles is important for investigating the bulk properties of the QGP, such as in-
tegrated yields (dN/dy), average transverse momentum ⟨pT ⟩, particle ratios, and freeze-out
properties. This information is also useful for understanding particle production mechanisms.

2 Analysis details
We have studied the transverse momentum spectra of π±, K±, and p( p̄) at mid-rapidity
(|y| < 0.1) for different centrality classes in Au+Au collisions at

√
sNN = 54.4 GeV, recorded

by STAR [2] experiment in the year 2017. In the STAR experiment, charged particle identifi-
cation is performed utilizing the Time Projection Chamber (TPC) and Time of Flight (TOF)
detectors depending on the momentum of the particle. For low momentum particles, the TPC
is used, while for particles with intermediate or high momenta (pT > 1 GeV/c), the TOF is
used. TPC works on the principle of ionization energy loss of the charged particles passing
through TPC’s gas volume.
The TPC uses the ionization energy loss (dE/dx) for particle identification, from which the
variable z is defined:

zX = ln(
< dE/dx >
< dE/dx >B

X

)
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where < dE/dx >B
X is the expected energy loss based on the Bichsel function [3] and X is

the particle type (e±, π±, K±, p, or p̄). A multi-Gaussian fit is carried out on zX distributions
to extract raw yields.
For the TOF detector, we use mass square information, m2 = p2( c2T 2

L2 − 1) where m, p, L,
T and c are mass of particle, momentum of the particle, path length, time of travel by the
particle and speed of light, respectively. From the above two methods we obtain raw spectra
from TPC and TOF. The TPC tracking efficiency and acceptance, energy loss correction, pion
and proton background subtraction are applied to calculate corrected spectra. For the TOF
analysis, TOF matching efficiency correction is also applied.

3 Results and discussions
3.1 Transverse momentum spectra and particle yields

We calculate the pT spectra of π±, K±, and p( p̄) in Au+Au collisions at
√

sNN = 54.4 GeV.
Figure 1 shows the pT spectra of π+, K+, and p in different centrality classes from central
(0-5%) to peripheral (70-80%) collisions. The pT spectra of identified hadrons show a clear
centrality dependence. We fit the pion (π±), kaon (K±) spectra with the Levy function and
p( p̄) spectra with a double-exponential function, to calculate particle yields (dN/dy).
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Figure 1. pT spectra of π+, K+, and p measured at mid-rapidity (|y| < 0.1) in Au+Au
collisions at

√
sNN = 54.4 GeV in different collision centralities. The statistical and

systematic uncertainties are added in quadrature.

0 50 100 150 200 250 300 350
>part<N

0.05

0.1

0.15

0.2

0.25

0.3

0.35

>/
2)

pa
rt

dN
/d

y/
(<

N

200 GeV 62.4 GeV 

54.4 GeV 39 GeV 

27 GeV 19.6 GeV 

11.5 GeV 7.7 GeV 

p
Au+Au

0 50 100 150 200 250 300 350
>part<N

0.05

0.1

0.15

0.2

0.25

0.3

0.35

>/
2)

pa
rt

dN
/d

y/
(<

N

200 GeV 62.4 GeV 

54.4 GeV 39 GeV 

27 GeV 19.6 GeV 

11.5 GeV 7.7 GeV 

+K
Au+Au

0 50 100 150 200 250 300 350
>part<N

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

2.2

>/
2)

pa
rt

dN
/d

y/
(<

N

200 GeV 62.4 GeV 

54.4 GeV 39 GeV 

27 GeV 19.6 GeV 

11.5 GeV 7.7 GeV 

+π
Au+Au

0 50 100 150 200 250 300 350
>part<N

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

2.2

>/
2)

pa
rt

dN
/d

y/
(<

N

200 GeV 62.4 GeV 

54.4 GeV 39 GeV 

27 GeV 19.6 GeV 

11.5 GeV 7.7 GeV 

-π
Au+Au

0 50 100 150 200 250 300 350
>part<N

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

>/
2)

pa
rt

dN
/d

y/
(<

N

200 GeV 62.4 GeV 

54.4 GeV 39 GeV 

27 GeV 19.6 GeV 

11.5 GeV 7.7 GeV 

-K
Au+Au

0 50 100 150 200 250 300 350
>part<N

3−10

2−10

1−10

1

>/
2)

pa
rt

dN
/d

y/
(<

N

200 GeV 62.4 GeV 

54.4 GeV 39 GeV 

27 GeV 19.6 GeV 

11.5 GeV 7.7 GeV 

p
Au+Au

STAR Preliminary STAR Preliminary STAR Preliminary

STAR Preliminary STAR Preliminary STAR Preliminary

Figure 2. Centrality dependence of dN/dy normalized by ⟨Npart⟩/2 for π±, K±, and p( p̄) at
mid-rapidity (|y| < 0.1) in Au+Au collisions at

√
sNN = 54.4 GeV. Errors shown are

quadrature sums of statistical and systematic uncertainties.

Figure 2 shows the centrality dependence of dN/dy normalized by half of the average number
of participating nucleons (⟨Npart⟩/2) for π±, K±, and p(p̄) in Au+Au collisions at

√
sNN = 54.4

GeV, along with other RHIC’s Beam Energy Scan (BES) energies.



The yields of π±, K±, and p̄ decrease with decreasing collision energy, whereas the proton
yield is the highest for the lowest energy of 7.7 GeV, which indicates the largest baryon
stopping at mid-rapidity at this energy.

3.2 Particle ratios
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Figure 3. Variation of π−/π+, K−/K+, and p̄/p ratios as a function of ⟨Npart⟩ at mid-rapidity
(|y| < 0.1) in Au+Au collisions at

√
sNN = 54.4 GeV.

Particle ratios of π±, K±, and p(p̄) in Au+Au collisions at
√

sNN = 54.4 GeV are shown in Fig.
3. The π−/π+ ratio is close to unity. The K−/K+ ratio shows a mild centrality dependence.
The p̄/p ratio decreases from peripheral to central collisions. Figure 4 shows the centrality
dependence of mixed ratios (K−/π−, K+/π+, p̄/π−, and p/π+). With increasing energy K−/π−

shows an increasing behavior. The K+/π+ ratio has the maximum value at 7.7 GeV due to the
associate production of K+ at low energy. Also K+/π+ increases from peripheral to central
collisions. The p̄/π− ratio shows an increasing trend with increasing collision energy and
shows a mild centrality dependence. The p/π+ ratio decreases with increasing energy due to
reduced baryon stopping as we go to higher center-of-mass energies.
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Figure 4. K−/π−, K+/π+, p̄/π−, and p/π+ ratios as a function of ⟨Npart⟩ at mid-rapidity
(|y| < 0.1) in Au+Au collisions at

√
sNN = 54.4 GeV.

10 210 310
 (GeV)NNs

3−10

2−10

1−10

1

10

210

Pa
rti

cl
e 

R
at

io

p
pRatio: 

World Data

STAR Data

 = 54.4 GeVNNsAu+Au, 

STAR Preliminary

1 10 210 310
 (GeV)NNs

0.6

0.8

1

1.2

1.4

1.6

1.8

Pa
rti

cl
e 

R
at

io

+π
-πRatio: 

World Data

STAR Data

 = 54.4 GeVNNsAu+Au, 

STAR Preliminary

Central collisions

1 10 210 310
 (GeV)NNs

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

Pa
rti

cl
e 

R
at

io

+K
-KRatio: 

World Data

STAR Data

 = 54.4 GeVNNsAu+Au, 

STAR Preliminary

Central collisions Central collisionsCentral collisionsCentral collisions

STAR Preliminary STAR Preliminary STAR Preliminary

Figure 5. π−/π+, K−/K+, and p̄/p ratios at mid-rapidity (|y| < 0.1) in 0–5% Au+Au
collisions at

√
sNN from 7.7-200 GeV.



Figure 5 shows the collision energy dependence of the particle ratios π−/π+, K−/K+, and
p̄/p in most central collisions at different energies. The latest result from 54.4 GeV follows
the trend shown from previous measurements of AGS, SPS, RHIC, and LHC [4] [5]. The
displayed uncertainties are statistical and systematic uncertainties added in quadrature for
each ratio plots (Fig. 3, Fig. 4, and Fig. 5).

3.3 Kinetic freeze-out parameters

The left panel of Fig. 6 shows the simultaneous fit to the pT spectra of π, K, p and its anti-
particle in 0-5% central collisions in

√
sNN = 54.4 GeV collisions using the blast-wave model

[6] [7]. The right panel of Fig. 6 shows the variation of kinetic freeze-out temperature (Tkin)
with average transverse radial flow velocity (⟨β⟩) for the different center-of-mass energies
and centralities. ⟨β⟩ decreases as we go from most central to peripheral collisions, whereas
Tkin increases from central to peripheral collisions due to the short-lived fireball formed in
peripheral collisions.
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Figure 6. Left panel: Simultaneous Blast-Wave model fits to the pT -spectra of π, K , p( p̄) in
0–5% central Au+Au collisions at

√
sNN = 54.4 GeV. Right panel: Variation of Tkin with ⟨β⟩

for different energies and collision centralities.

4 Conclusions
We presented transverse momentum spectra for π±, K±, and p( p̄) in Au+Au collisions at
√

sNN = 54.4 GeV. Particle ratios from Au+Au collisions at
√

sNN = 54.4 GeV follow the
trends from measurements at lower and higher energies. The yields of π±, K± and p̄ de-
crease with decreasing collision energy, whereas the proton yield is the highest at 7.7 GeV.
Also the p/π+ ratio is the largest at

√
sNN = 7.7 GeV and decreases with increasing energy

due to the reduced baryon stopping. The kinetic freeze-out temperature and ⟨β⟩ show an
anti-correlation. Tkin decreases from peripheral to central collisions indicating a short-lived
fireball in peripheral collisions and ⟨β⟩ increases from peripheral to central collisions indicat-
ing a larger radial flow for central collisions.
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