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Introduction QCD Phase Diagram

1) High temperature:

QGP properties

2) High baryon density:

First-order phase boundary   
and critical point 

Au+Au Collisions at RHIC STAR [1]

s!! : 3 - 200 GeV
µ" : 750 - 25 MeV

[1] http://drupal.star.bnl.gov/STAR/starnotes/public/sn0598

http://drupal.star.bnl.gov/STAR/starnotes/public/sn0598
http://drupal.star.bnl.gov/STAR/starnotes/public/sn0598


Dingwei Zhang Spice Gluons 2024 @ USTC 3

Introduction Mechanisms of Light Nuclei in HIC

Ø Our understanding of the production mechanisms
of light nuclei in relativistic heavy-ion collisions
are currently incomplete

26/09/2017 CERN PH Seminar - Ramona Lea /45

Evolu!on of the heavy ion collision

Time[fm/c] ➢ Kine!c freeze-out (T
kin 

~ 100 MeV)
 elas!c reac!ons cease: spectra and correla!ons are 

frozen (free streaming of hadrons)

➢ “Pre-equilibrium” 

➢ Forma!on of Quark-Gluon Plasma phase (if T > T
c
)

➢ Chemical freeze-out ( T
chem

~156 MeV):
 inelas!c reac!ons cease: the chemical 

composi!on of the system is Kxed (par!cle yields 
and <uctua!ons)

t = 0

t ~ 1

 t ~ 10

➢ Phase transi!on from QGP to hadron gas       
(T

C
 ≈ 160 MeV)  

➢ Two Lorentz contracted nuclei approach and collide

d,t,3He

2

• Thermal emission
𝑁! =

"!#
$"
𝑚!
%𝑇𝐾%(𝑚/𝑇)𝑒('!/))

• Nucleon coalescence 
𝑁+ = 𝑔, ∫𝑑Γ𝜌-({𝑥! , 𝑝!})×𝑊+({𝑥! , 𝑝!})

• Hadronic re-scattering 
𝜋𝑁𝑁 ↔ 𝜋𝑑,𝑁𝑁𝑁 ↔ 𝑁𝑑,𝑁𝑁 ↔ 𝜋𝑑……

L. P. Csernai and J. I. Kapusta, Phys. Rept. 131, 223 (1986); R. Scheibl and U. W. Heinz, Phys. Rev. C 59, 1585 (1999); Y. Oh, Z.-W. Lin, and C. M. Ko, Phys. Rev. C 80, 064902 (2009);
A. Andronic, P. Braun-Munzinger, K. Redlich, and J. Stachel, Nature 561, 321 (2018); J. Chen, D. Keane, Y.-G. Ma, A. Tang, and Z. Xu, Phys Rept. 760, 1 (2018); D. Oliinychenko, L.-G.
Pang, H. Elfner, and V. Koch, Phys. Rev. C 99, 044907 (2019); K.-J. Sun, R. Wang, C. M. Ko, Y.-G. Ma, and C. Shen, (2022), Nature Commun. 15 no.1, 1074 (2024)
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potential due to the ! meson exchange becomes deeper 
because of its decreasing mass as the system is close to the 
CEP. Reviews on this very interesting topic of the relation 
of light nuclei and the related topic of net baryon number 
fluctuations to the QCD phase transition can be found, 
respectively, in Ref. [27] and Refs. [28–30]. For a recent 
review on experimental study of the QCD phase diagram in 
relativistic heavy ion collisions, it can be found in Ref. [31].

Recently, the STAR Collaboration has published in Physi-
cal Review Letters [34] the yield ratio Op-d-t from the data 
measured during the first phase of BES experiments. This 
result is based on the analysis led by Daniel Cebra, Mat-
thew Harasty, Hui Liu, Xiaofeng Luo, Nu Xu, Ning Yu, and 
Dingwei Zhang. As shown in Fig. 2 for Au+Au collisions in 
the center-of-mass energy range of √sNN = 7.7 − 200 GeV, 
this yield ratio is enhanced at 19.6 and 27 GeV in the most 
central collisions, although it shows a monotonic collision 
energy dependence. This result has been compared with the-
oretical predictions of the coalescence model for deuteron 
and triton production based on kinetically freeze-out protons 

and neutrons from microscopic models for relativistic heavy 
ion collisions. The latter include the hybrid model based on 
the (3+1)D viscous hydrodynamic model MUSIC for the 
quark-gluon plasma and the UrQMD transport model for the 
hadronic matter [32, 35] as well as a multiphase transport 
(AMPT) model that includes both the partonic and hadronic 
phases [33]. With a smooth crossover transition between the 
quark-gluon plasma and hadronic matter, an essentially col-
lision energy independent Op-d-t is predicted by these mod-
els for both peripheral and central Au+Au collisions. There 
have been attempts to extend the study of Ref. [13] based on 
the NJL model for the quark matter to include its hadroniza-
tion and the evolution of the resulting hadronic matter via 
the AMPT model [21, 36]. These studies have shown that 
the quark density fluctuation can largely survive hadroniza-
tion but the hadron density fluctuation is somewhat washed 
out by their scatterings. The resulting yield ratio Op-d-t 
from the nucleon coalescence model based on kinetically 
freeze-out nucleons can, however, still be enhanced if the 
system goes through the spinodal region of the QCD phase 
diagram from the NJL model. Because of the low critical 
temperature and high baryon chemical potential in the NJL 
model, the enhanced Op-d-t only happens in central Au+Au 
collisions at center-of-mass energies lower than where the 
peak is seen in the STAR data. More realistic models for 
the QCD equation of state are thus needed in this transport 
model study. These equations of state can also be used in the 
MUSIC+UrQMD hybrid model to study the collision energy 
dependence of Op-d-t and to extract the critical temperature 
and baryon chemical potential from the STAR data.

Besides the yield ratio Op-d-t , there are other yield ratios 
of light nuclei that are also sensitive to nucleon density fluc-
tuations and can be used to probe the QCD phase diagram. 
For example, the yield ratio N!Np

N3HeNd

≈ 2
√
2

9
√
3
(1 + Δp) is sensi-

tive to the proton density fluctuation Δp [24] and also to the 
closeness to the critical point [37]. To avoid the smearing 
effect of hadronic scatterings on the nucleon density fluctua-
tions and to directly probe the large density fluctuation dur-
ing the quark to hadronic matter first-order phase transition, 
one can consider the yield ratio of hadrons, such as 
NpNK̄0

N"+NΛ

and
NK+NΞ−

N#NΛ

 , which can be shown to be sensitive to the 
up quark and strange quark density fluctuations, respectively, 
if they are produced through quark coalescence [38, 39] and 
their numbers do not change during the hadronic evolution 
as in the statistical hadronization model [40, 41]. It is worth-
while to mention that in intermediate-energy nuclear colli-
sions, density fluctuations of produced warm nucleonic mat-
ter can be used to study the nuclear liquid–gas phase 
transition [42] and light nuclei produced in these collisions 
can be employed to probe the density dependence of nuclear 
symmetry energy [43, 44], which has importance implica-
tions in both nuclear structure and nuclear astrophysics. 

Fig. 1  (Color online) Density distribution of strongly interacting 
matter in a heavy ion collision after its expansion for the cases of 
crossover transition (panel a) and first-order chiral phase transition 
(panel b). Also shown for illustration of the latter case are deuterons 
and tritons produced from the density fluctuating hadronic matter and 
their yield ratio Op-d-t = NtNp∕N

2
d
 , which depends on the magnitude 

of neutron density distribution as discussed in the text
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Fig. 2  (Color online) Collision energy, pT dependence of the yield 
ratio NtNp∕N

2
d
 in Au+Au collisions at RHIC for 0%-10% central (left 

panel) and 40%-80% peripheral (right panel) collisions. Dashed lines 
are the coalescence baselines obtained from the coalescence-inspired 
fit. Shaded areas denote the calculations from the MUSIC+UrQMD 
hybrid  [32] and the AMPT [33] model. Taken from Ref. [34]
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Introduction LN - Neutron Density Fluctuations

Deuteron

Triton

Neutron
Proton

Coalescence picture：

𝑁. =
3
2//%

2𝜋
𝑚0𝑇122

3/%

𝑁4 𝑛 1 + 𝐶54

𝑁6 =
3
#
"

7
%$

8$)%&&

3
𝑁4 𝑛 %(1 + Δ𝑛 + 2𝐶54)

𝑵𝒕×𝑵𝒑/𝑵𝒅
𝟐 = 𝒈(𝟏 + ∆𝒏)

Ø In the vicinity of the critical point or the first order phase
transition, density fluctuations become larger

Ø In the nucleon coalescence picture, nuclear compound
yield ratio is sensitive to the baryon density fluctuations
and can be used to probe 1st order phase transition
and/or critical point in heavy-ion collisions

Made by Yige Huang

K.-J. Sun, L.W. Chen, C. M. Ko, J. Pu, and Z. Xu, Phys. Lett. B 781, 499 (2018)
Che Ming Ko, Nuclear Science and Techniques (2023) 34:80 
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Analysis Details The Solenoidal Tracker At RHIC (STAR) 

Time Projection Chamber (TPC)

ü Charged particle tracking

ü Momentum reconstruction

ü Particle identification from 

ionization energy loss (𝑑𝐸/𝑑𝑥)

ü Pseudorapidity coverage |𝜂| < 1.0

Time-of-Flight (TOF)

ü Particle identification from 𝑚!

ü Pseudorapidity coverage |𝜂| < 0.9

TPC TOF
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Analysis Details 

Ø Event Selection:

Datasets

Energy(GeV) Year Vr(cm) Vz(cm) Event(M)

7.7 2010 2 40 2.37

11.5 2010 2 40 8.52

14.5 2014 1 40 16.69

19.6 2011 2 40 19.64

27 2011 2 40 38.42

39 2010 2 40 116.78

54.4[1] 2018 2 40 566.15

62.4 2010 2 40 61.69

200 2011 2 30 465.07

[1] Hui Liu (For the STAR CollaboraIon), QM2019, Poster ID: 389 
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Analysis Details Datasets

Ø Track Selection:

CHAPTER 3. ANALYSIS DETAILS FOR TRITON 博士学位论文
DOCTORAL DISSERTATION

3.1.2 Track Selection

Table 3.2: Tracks quality cuts applied to all energies

nHits nHits/nHitsposs ndEdxHits DCA |𝜂| |y| 𝑝𝑇> 20 > 0.52 > 10 < 1 cm < 1 < 0.5 > 0.2 GeV

Table 3.2 shows the track quality cuts for all nine energies. To avoid the mixing of tracks
from secondary vertices, a requirement of less than 3 cm is placed on the distance of closest
approach (DCA) between each track and the event vertex. Moreover, tracks must have at least
25 points used in track fitting out of the maximum of 45 hits possible in the TPC, as depicted
in Fig. 3.1.2. To prevent multiple counting of split tracks, at least 52% of the total fit points are
necessary. Additionally, there is a condition placed on the number of 𝑑𝐸/𝑑𝑥 hits used to derive𝑑𝐸/𝑑𝑥 values. The results presented here are within in rapidity |𝑦| ≤ 0.5 and have same tracks
cuts for all energy.
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Figure 3.1.2: The example of tracks selection criteria for √𝑠NN = 39 GeV Au+Au collisions.

3.2 Centrality Determination
In high energy heavy-ion collisions, the centrality of nucleus-nucleus collisions is an essential

parameter. It can be defined using various parameters, with the most common being the collisional
parameter 𝑏, which is the distance between the geometric center of the colliding nuclei in the cross-
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Analysis Details Particle Identification & Signal Extraction

BEAM ENERGY DEPENDENCE OF (ANTI-)DEUTERON … PHYSICAL REVIEW C 99, 064905 (2019)

FIG. 1. Energy loss dE/dx versus rigidity for TPC tracks from 0%–80% centrality Au+Au collisions at
√

sNN = 7.7 GeV (a) and 200 GeV
(b). The dashed lines represent a parametrization of the Bichsel function (see text for details) curve for different particles.

than unit charge, this definition is not the same as its real
mass square. The mean value of m2 (q = 1) for deuteron is
3.52 GeV2/c4. Figure 3 shows the m2/q2 versus rigidity for
ToF tracks from the 0%–80% centrality Au+Au collisions at√

sNN = 7.7 and 200 GeV. The dotted straight lines represent
the m2/q2 for the different particle species. It can be observed
that the ToF can extend the identification for deuterons and an-
tideuterons up to 4–5 GeV. The m2 distributions of positively
and negatively charged particles within the transverse mo-
mentum interval pT = 2.4–2.8 GeV/c measured in 0%–10%
centrality Au+Au collisions at

√
sNN = 200 GeV, are shown

in Fig. 4. Because the m2 distribution is not exactly Gaussian,
the m2 distribution is fitted with a student’s t function with an
exponential tail for the signal [52,53].

III. CORRECTIONS AND SYSTEMATIC UNCERTAINTIES

A. Corrections

The final pT spectra of (anti-)deuterons are obtained
by correcting the raw spectra for tracking efficiency and
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FIG. 2. The z(d ) distributions for positively (a) and negatively
(b) charged particles in the TPC at pT = 0.6–0.8 GeV/c in 0%–
10% centrality Au+Au collisions at

√
sNN = 200 GeV. The curves

are two-Gaussian fits for signal and background. Uncertainties are
statistical only and are smaller than the marker size.

acceptance. These are determined by embedding tracks gen-
erated by Monte Carlo (MC) using GEANT3 of the STAR
detector into real events at the raw data level [54]. The
ratio of the distribution of reconstructed and original MC
tracks as a function of pT gives the efficiency × acceptance
correction. Because of the unknown interactions of antinuclei
with material, these processes are not included for antinuclei
heavier than antiprotons in GEANT3. This lack of data on the
antideuteron results in the calculated embedding efficiency
being too high. This deficiency in the simulations is corrected
for via an “absorption correction” in STAR [25]. A full detec-
tor simulation with GEANT4 was used, which has extensively
validated cross sections for light (anti)nuclei based on exper-
imental data [55]. The loss of (anti)-nuclei from interactions
with the detector material within GEANT3 was then scaled to
match the values from GEANT4. In this way a complete effi-
ciency × acceptance correction in the relevant phase space is
obtained.

ToF detector information is added to the information from
TPC detector to give better particle identification at higher
momenta. This requires an extra correction called the ToF
matching efficiency. The ToF matching efficiency is defined
as the ratio of the number of tracks matched in the ToF to
the number of the total tracks in the TPC within the same
acceptance, which is of the similar value to that of the protons
[47].

Low-momentum particles lose a considerable amount of
energy while traversing the detector material. The track recon-
struction algorithm takes into account the Coulomb scattering
and energy loss, assuming the pion mass for each particle.
Therefore, a track-by-track correction for the energy loss of
heavier particles is needed. This correction is obtained from
MC simulation using GEANT3, in which the pT difference of
the reconstructed and the embedded particles is compared.
The energy loss correction for deuterons is about 2% at
pT = 0.6 GeV/c and decreases with increasing pT .

The so-called knock-out deuterons, from interactions
of energetic particles produced in collisions with detector

064905-5
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Results Triton 𝒑𝑻 Spectra

✯Mid-rapidity ( y < 0.5) transverse momentum distributions for tritons

✯Dashed lines: Blast-wave function fits 𝑑@𝑁
𝑝A𝑑𝑝A𝑑B

∝ %
C

D
𝑟𝑑𝑟𝑚A𝐼C

𝑝A𝑠𝑖𝑛ℎ𝜌
𝑇

𝐾E
𝑚A𝑐𝑜𝑠ℎ𝜌

𝑇
STAR: Phys. Rev. Lett. 130, 202301 (2023)
Blast-Wave Fit: E. Schnedermann, J. Sollfrank, and U. Heinz, PRC 48,2462 (1993)
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Results Deuteron 𝒑𝑻 Spectra
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STAR: Phys. Rev. C 99, 064905 (2019) 
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Results Proton Feed-down Corrections
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✯Data driven method: Use STAR published strange particle yields

✯From 7.7 – 200 GeV, proton feed-down fraction increases from 25% to 45%
STAR: Phys. Rev. Lett. 130, 202301 (2023); Phys. Rev. Lett. 97, 152301 (2006); Phys Rev. C 102, 034909 (2020)

Supplement to Beam Energy Dependence of Triton
Production and Yield Ratio (Nt ⇥ Np/N2

d ) in Au+Au
Collisions at RHIC

Dingwei Zhang for PAs

August, 2022

1 Introduction1

In heavy-ion collisions, one of the main production sources of the (anti)protons is the weak decay of2

strange baryons and their anti-particles, such as ⇤, ⌃+, ⌅0, ⌅�, ⌦�. The corresponding decay channels3

and branching ratios are [1]4

⇤ �! p + ⇡�, branching ratio = 63.9%
⌃+ �! p + ⇡0, branching ratio = 51.57%
⌅� �! ⇤ + ⇡�, branching ratio = 99.887%
⌅0 �! ⇤ + ⇡0, branching ratio = 99.524%
⌦� �! ⇤ + K�, branching ratio = 67.8%

5

Usually, the primordial yields of (anti)protons are more commonly used to study the properties of the6

hot dense medium created in heavy-ion collisions. Therefore, those (anti)protons from the weak decay7

contributions need to be subtracted from their inclusive yields.
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n
STAR Au+Au Collisions

Au+Au, proton, 0-10%
Au+Au, anti-proton, 0-10%
MUSIC(hydro) + UrQMD, proton
MUSIC(hydro) + UrQMD, anti-proton

50Figure 1: The energy dependence of the weak decay feed-down fraction of proton yields at mid-rapidity
estimated from the data-driven method. The black-filled circles and the black-open circles are the results
of protons and antiprotons, respectively. The black-shaded bands are the corresponding calculation from
the MUSIC+UrQMD hybrid model [2].

8

The STAR experiment has published the inclusive yields of protons and antiprotons at mid-rapidity in9

Au+Au collisions at
p
sNN = 7.7 - 200 GeV [3, 4, 5, 6, 7]. In STAR, the subtractions are not done on an10

event-by-event basis, but by subtracting the decayed (anti)protons pT spectra from the spectra of inclusive11

(anti)protons. To simulate the decay kinematics of strange baryons within real detector acceptance, the12

1
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✯Mid-rapidity transverse momentum spectra for primordial protons

STAR: Phys. Rev. Lett. 97, 152301 (2006); Phys. Rev. Lett. 130, 202301 (2023)
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FIG. 14. Rapidity dependence of the coalescence parameter for B2(d), B3(t), and B3(
3He) at pT /A = 0.65GeV/c for di↵erent

centrality bins in Au+Au collisions at
p
sNN = 3GeV. The boxes represent systematic uncertainties.

STAR BES-I [24, 82] experiments. The mid-rapidity
B2(d), B3(t), and B3(3He) with transverse momentum
pT /A = 0.65GeV/c at

p
sNN = 3GeV follows the world

trend, and there is a clear upward trend towards low en-
ergy, which implies that the overall e↵ective volume of the
nucleon emitting source (Ve↵) decreases with decreasing
collision energies.
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FIG. 15. Energy dependence of the coalescence parame-
ters for B2(d), B3(t,

3 He) in central collisions. The vertical
lines indicate the statistical uncertainties. The boxes indi-
cate systematic uncertainties. For comparison, the results
from EOS [20], NA44 (0-10%) [79], AGS (0-10%) [14, 80],
PHENIX (0-20%) [81] and STAR BES-I (0-10%) [24, 82] are
also shown.

F. The Compound Yield Ratio of Light Nuclei

Based on the coalescence model [39], the compound
yield ratio of tritons, deuterons, and protons (Nt ⇥
Np/N2

d ), was predicted to be sensitive to the neutron

density fluctuations. Thus, it can be used to probe the
signatures of the QCD critical point and/or the first-
order phase transition in heavy-ion collisions. The STAR
experiment has reported the centrality and the beam en-
ergy dependence of this yield ratio in Au+Au collisions atp
sNN = 7.7 – 200GeV [24]. The yield ratio Np⇥Nt/N2

d
monotonically decreases with increasing charged-particle
multiplicity and shows scaling behavior regardless of the
energy and centrality. This can be explained by the in-
terplay between the finite size of light nuclei and system
size in the coalescence model [27, 38, 83].

Figure 16 shows the centrality dependence of
Nt ⇥ Np/N2

d , N4He ⇥ Np/N3He ⇥ Nd, and N4He ⇥
Nd/ (N3He ⇥Nt). In each panel, the black solid and open
circles denote the results from mid-rapidity and target ra-
pidity, respectively. The experimental results presented
in panels (a), (b), and (c) give almost no centrality depen-
dence. Calculations from various models were applied to
compare with the data. In panel (a), the results from the
SMASH and UrQMD models [84] show monotonically in-
creasing trends from central to peripheral collisions. The
result from the thermal model calculation, which includes
the decay from the excited nuclei to light nuclei (red
band), is consistent with the experimental result in cen-
tral collisions. In recent AMPT calculations [84], imple-
menting a first-order phase transition gives a consistent
description of the centrality dependence. Panel (b) de-
picts that the N4He⇥Np/ (N3He ⇥Nd) shows no central-
ity dependence, and the AMPT model also reproduces
this centrality behavior. In the most central collisions,
the results of the thermal model are lower than the exper-
imental data whether or not the contribution of excited
state decay was considered. In addition, the above two
ratios are consistent with the calculations from PHQMD
model within the larger uncertainty. In contrast to panel
(b), the N4He ⇥ Nd/ (N3He ⇥Nt) displayed in panel (c)
demonstrate that the value from the thermal model is
lower than the experimental result in central collisions,
while from the PHQMD model is much higher, and that
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STAR: Nucl. Phys. A 1005 (2021) 121825
arXiv:2311.11020
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Results Centrality Dependence of 𝒅𝑵/𝒅𝒚 & < 𝒑𝑻 >
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Results Mass Dependence of 𝒅𝑵/𝒅𝒚 & < 𝒑𝑻 >

✯Mass dependence of light nuclei yields (divided by the spin degeneracy factor) well described by 

exponential functions

✯Average transverse momentum increase with increasing collisions energy and increasing particle 

mass: influence of radial flow
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✯The triton results follow the trend of the world 

data, and thermal model overestimates the N9/N:

ratios

✯The effects of hadronic re-scatterings during 

hadronic expansion may play an important role in 

light nuclei production 

STAR: Rev. Lett. Phys. 130, 202301 (2023)
W. Reisdorf et al. (FOPI), Nucl. Phys. A 781, 459 (2007);
T. A. Armstrong et al. (E864), Phys. Rev. C 61, 064908 (2000);
S. S. Adler et al. (PHENIX), Phys. Rev. Lett. 94 , 122302 (2005);
S. S. Adler et al. (PHENIX), Phys. Rev. C 69, 034909 (2004);
J. Adam et al. (ALICE), Phys. Rev. C 93, 024917 (2016) 

K.-J. Sun, R. Wang, C. M. Ko, Y.-G. Ma, and C. Shen, (2022), 
Nature Commun. 15 no.1, 1074 (2024) 

V. Vovchenko, B. Dönigus, B. Kardan, M. Lorenz, and H. Stoecker, 
Phys. Lett. B , 135746 (2020); 

Particle Yield Ratios
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Results

✯The ratio monotonically decreases with increasing

𝑑𝑁,;/𝑑𝜂 and exhibits a scaling behavior: trend driven by

interplay between the size of light nuclei and the size of

fireball created in HIC

✯The ratio can be described by the coalescence model,

but thermal model overestimates the data

✯The ratios at 19.6 and 27 GeV from 0%-10% centrality

show enhancements to the coalescence baseline with a

combined significance of 4.1 σ

𝒅𝑵𝒄𝒉/𝒅𝜼 Dependence of LN Yield Ratio
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✯Non-monotonic behavior observed in the energy dependence of the yield ratio from 0%-10% central Au+Au collisions around 
19.6 and 27 GeV
✯The yield ratio in peripheral (40%-80%) collisions exhibits a monotonic trend and the data can be well described by 
coalescence models within uncertainties
✯The significance of the enhancements decreases with decreasing 𝑝) acceptance in the region of interest

Energy Dependence of Light Nuclei Yield Ratio
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Results Comparison of Light Nuclei Yield Ratio
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✯Production mechanism of light nuclei in

the heavy-ion collision

✯Understanding of the QCD phase diagram

ALICE:
Pb+Pb 2.76 TeV:  Phy. Rev. C 88, 044910 (2013) 

Phy.  Rev. C 93, 024917 (2016)
p+p 7 TeV:  Eur. Phys. J. C 75, 226 (2015) 

Phys. Lett. B 794, 50 (2019) 
p+Pb 5.02 TeV:   Phys. Rev. C 101, 044906 (2020)

Phys. Lett. B 800, 135043 (2020)
Phys. Lett. B 728, 25 (2014)

Pb+Pb 5.02 TeV:  JHEP 01, 106 (2022)

THERMAL: Phys. Lett.424 B 785, 171 (2018) 
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15

Centrality & Rapidity Dependence of Yields

Hui Liu, QM2022 @ Krakow, Poland2022/4/7
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Ø dN/dy of protons and light nuclei show significant centrality and rapidity dependence
Ø 3 GeV with good rapidity coverage provides the opportunity to calculate 45 yields accurately
Ø Yields of , and / are described by the SMASH + Coal. model except the 40-80% centrality bin
Ø dN/dy of ( is reproduced by the SMASH, JAM, and UrQMD models in centrality bins: 0-10%, 

10-20%, and 20-40%

!CDEFGC = −1.045 Light nuclei coalescence via Wigner function 

J. Weil et al. Phys.Rev.C 94 (2016) 5, 054905
L. W. Chen et al. Phys.Rev.C 68 (2003) 017601
W. Zhao et al. Phys.Rev.C 98 (2018) 5, 054905

3 GeV : Hui Liu (for STAR), QM2022

Ø Integral 𝑑𝑁/𝑑𝑦 of protons and light nuclei show significant centrality and rapidity dependence
Ø The 3 GeV with good rapidity coverage provide the opportunity to calculate 4𝜋 yields accurately

STAR: arXiv:2311.11020
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Results LN Production in FXT Au+Au Collisions

Ø FXT 3 GeV shows different trend compared to BES-I Au+Au collisions, indicating a different medium equation of state (EoS)
at 3 GeV

Ø The AMPT model with 1st order P.T. EoS with a critical temperature (~154MeV) shows the same centrality dependence as 
that observed by STAR experiment

H. Liu. [STAR Collaboration] Acta Phys. Polon. Supp. 16, 1-A148 (2023) 
STAR: arXiv:2311.11020

3 GeV : Hui Liu (for STAR), QM2022
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FIG. 16. Centrality and rapidity dependence of the yield ratios Np ⇥ Nt/N
2

d , N4He ⇥ Np/ (N3He ⇥Nd), and N4He ⇥
Nd/ (N3He ⇥Nt) in Au+Au collisions at

p
sNN = 3GeV. Solid and open markers indicate ratios from mid-rapidity

(�0.5 < y < 0) and target rapidity (�1 < y < �0.5), respectively. Statistical uncertainties are smaller than the size of
the markers and systematic uncertainties are shown by boxes. Results from hadronic transport models UrQMD, SMASH, and
AMPT EoS-I are shown by colored bands. For the top 0-10% central collision, results from thermal and PHQMD models are
also shown.

only the AMPT model can describe this centrality de-
pendence.
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FIG. 17. Energy dependence of the ratio Np ⇥ Nt/N
2

d in
most central 0-10% Au + Au collisions. Vertical lines and
boxes represent statistical and systematic uncertainties. The
experimental results come from the STAR (0-10%), E864 (0-
10%), and FOPI (impact parameter b0 < 0.15). The red band
at the right side of the plot indicates the common uncertainty
(⇠4.2%) in the BES-I result. Colored bands denote the ratios
from MUSIC and AMPT (w/o and w/ EOS-I) hybrid model
calculations. The ratio from UrQMD model is shown by an
open square. Dashed black lines are the coalescence baselines
obtained from the coalescence-inspired fit [85]. Solid red and
dotted blue lines represent thermal model results.

The energy dependence of Nt ⇥ Np/N2

d in central
heavy-ion collisions at mid-rapidity (�0.5 < y < 0) was
presented in Fig. 17. The colored-bands and blue grid
represent the calculations obtained from the hadronic
transport model AMPT [84] and the hybrid model MU-

SIC+UrQMD [38], respectively. The black dashed line
corresponds to the coalescence baseline obtained by fit-
ting the charged-particle multiplicity dependence of the
yield ratio from STAR BES-I data [24]. As mentioned
earlier, this yield ratio is proposed as a sensitive ob-
servable to probe the nucleon density fluctaution near
the QCD critical point and/or first order phase tran-
sition. The STAR experiment observed enhancements
of the yield ratio relative to the coalescence baseline in
0-10% central Au+Au collisions at

p
sNN = 19.6 and

27GeV [24], with a significance of 2.3� and 3.4�, re-
spectively. At lower energies, the experimental results
from the E864 [14], STAR and FOPI [16] experiments
align with the world trend of the energy dependence and
monotonically increase with decreasing energies. The
thermal model, whether considering contributions from
excited nuclear state decays or not, shows a monotoni-
cally increasing trend with increasing collision energies,
eventually reaching a saturation at energies around a
few tens of GeV. It was observed that the yield ratio
at

p
sNN = 3GeV can be well described by the thermal

model when incorporating the decays of excited nuclear
states. Coalescence-based calculations of central Au+Au
collisions at

p
sNN = 3GeV from UrQMD and AMPT

models without considering the excited nuclear states
decays show smaller values than the 3GeV data. Fur-
thermore, this yield ratio can be also reproduced by the
AMPT model when employing a first-order phase transi-
tion. Those detailed comparisons between experimental
data and various models calculations demonstrate that
the production of light nuclei at mid-rapidity in Au+Au
collisions at RHIC energies (

p
sNN = 7.7 - 200GeV)

can be e↵ectively explained by nucleon coalescence mod-
els. Additionally, it has been observed that the thermal
model fails to describe the overall trend of the energy
dependence of the yield ratios and the yields of light nu-
clei receive significant contributions from the decays of



Figure 21: A summary of the good events acquired for the various collision energies (translated to
µB). The BES-II collider data sets are shown in red bars. The FXT data sets are shown in hashed
blue bars. For comparison the BES-I data sets are shown in grey bars. Note that the top FXT
energy (psNN= 13.7 GeV) does not quite overlap with the 14.6 GeV collider system; that FXT
energy is a single beam energy of 100 GeV, which is the top energy to which RHIC can accelerate
Au ions. Also note that the 54.4 GeV “BES-II" does not quite overlap with the 62.4 GeV BES-I
system; the 54.4 GeV data were taken in 2017 parasitically with the first year of operation of the
CeC program. This system is informally considered to be a part of the BES-II program. Likewise
the data for the 7.2 GeV FXT system were parasitically acquired during single beam operations of
CeC in 2018-2021.

1.1.6 BES-II Results

Data taking for the BES-II/FXT program has completed, with all data acquisition targets
being achieved or exceeded. Figure 21 shows a bar chart of the BES-II/FXT data sets
recorded and compares the new datasets to the older BES-I data. Also shown in the figure
are the energies for which we have overlapping coverage from both the collider and fixed-
target programs. The bars are plotted as a function of µB, which illustrates the range of µB

and the step size. For clarity, the collision energies (psNN) are indexed along the top edge
of the plot.

Data acquisition is only the first step in the process of data analysis. The calibrations
team must carefully perform run-by-run calibrations for all the detector systems prior to
‘production’, which turns all of the raw information into tracks, time-of-flight, or energy
signals (depending on the detector sub-system) which can be used by the analyzers. Following
production, run-by-run QA is carried out to exclude runs for which the detector was not
performing optimally. It was expected that roughly 5% of the acquired data volume would
be rejected in run-by-run QA. For the collider data sets, for which run-by-run QA has been
completed, we are indeed finding roughly 5% of the runs to be rejected. The fixed-target
data sets from 2019 and 2020 are passing run-by-run QA at a much higher rate, most likely
because they were all very short runs, and therefore the chance that a key detector component
fails during the run is much smaller. Following run-by-run QA, the centrality team defines

22
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Summary & Outlook
✯We performed systematic measurements of light nuclei production in heavy-ion collisions at the STAR
experiment, including deuteron, triton, etc…
✯The thermal model can describe the 𝑁)/𝑁% ratio but not 𝑁*/𝑁% ratio.
✯Relative to the coalescence baseline, enhancements of the yield ratio 𝑁*×𝑁%/𝑁)+ are observed in the 0%-
10% most central collisions at 19.6 and 27 GeV with a combined significance of 4.1σ. The enhancements are
not observed in peripheral collisions and in model calculations without critical fluctuations.

Ø BES-II: 10-20 times higher statistics that BES-I
Ø FIX-target mode: 𝑠!! = 3 – 13.7 GeV
Ø iTPC, ETOF, and EPD upgrade completed

Outlook:
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Thank you for your attention! 
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1 Introduction1

In heavy-ion collisions, one of the main production sources of the (anti)protons is the weak decay of2

strange baryons and their anti-particles, such as ⇤, ⌃+, ⌅0, ⌅�, ⌦�. The corresponding decay channels3

and branching ratios are [1]4

⇤ �! p + ⇡�, branching ratio = 63.9%
⌃+ �! p + ⇡0, branching ratio = 51.57%
⌅� �! ⇤ + ⇡�, branching ratio = 99.887%
⌅0 �! ⇤ + ⇡0, branching ratio = 99.524%
⌦� �! ⇤ + K�, branching ratio = 67.8%

5

Usually, the primordial yields of (anti)protons are more commonly used to study the properties of the6

hot dense medium created in heavy-ion collisions. Therefore, those (anti)protons from the weak decay7

contributions need to be subtracted from their inclusive yields.
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50Figure 1: The energy dependence of the weak decay feed-down fraction of proton yields at mid-rapidity
estimated from the data-driven method. The black-filled circles and the black-open circles are the results
of protons and antiprotons, respectively. The black-shaded bands are the corresponding calculation from
the MUSIC+UrQMD hybrid model [2].

8

The STAR experiment has published the inclusive yields of protons and antiprotons at mid-rapidity in9

Au+Au collisions at
p
sNN = 7.7 - 200 GeV [3, 4, 5, 6, 7]. In STAR, the subtractions are not done on an10

event-by-event basis, but by subtracting the decayed (anti)protons pT spectra from the spectra of inclusive11

(anti)protons. To simulate the decay kinematics of strange baryons within real detector acceptance, the12

1

Ø Correction Procedure:

① Parameterized the strange hadron and proton
spectra by Blast-Wave function

② Weight the embedding input Monte Carlo strange
particle to the corrected spectra

③ Obtain the daughter proton coming from the
embedding and scale by the weight factor from
step 2.
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Backup  Source Size Effect in Coal. Production of LN

✯ Due to the source size effect in coalescence picture, yield ratio shows scaling behavior and decreasing with increasing

the charged particle multiplicity

✯This multiplicity scaling can be used to validate the production mechanism of light nuclei and serve as a baseline to

search for the critical point in heavy-ion collisions

𝑁6×𝑁4
𝑁.%

=
4
9 (
1 + 2𝑟.%

3𝑅%

1 + 𝑟6%
2𝑅%

)3 𝑟6 and 𝑟.: matter radius 
of triton and deuteron.

W. Zhao, K.-j. Sun, C. M. Ko, and X. Luo, Phys. Lett. B 820, 136571 (2021);
K.-J. Sun, C. M. Ko, and B. Dönigus, Phys. Lett. B 792, 132 (2019)
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mA

7 Dingwei Zhang · Light Nuclei Production at BES-I (check)
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Backup  Comparison of Proton Yields
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✯The primordial proton yield obtained from the UrQMD+GEANT method [Phys. Rev. Lett. 121, 03230 (2018)]
is significantly larger than that from the data driven method
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