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Motivation – QCD Phase Diagram and HIC

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
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Production Mechanisms of Light Nuclei in HIC

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

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

• Thermal emission
𝑁! ≈ 𝑔!𝑉(2𝜋𝑚! 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), arXiv:2207.12532
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Deuteron

Triton

Neutron
Proton

Light Nuclei Production – Neutron Density Fluctuations

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

K.-J. Sun, L.-W. Chen, C. M. Ko, J. Pu, and Z. Xu, Phys. Lett. B 781, 499 (2018); E. Shuryak and J. M. Torres-Rincon, Phys. Rev. C 101, 034914 (2020); K.-J. Sun, 
C. M. Ko, F. Li, J. Xu, and L.-W. Chen, Eur. Phys. J. A 57, 313 (2021); W. Zhao, K.-j. Sun, C. M. Ko, and X. Luo, Phys. Lett. B 820, 136571 (2021); K.-J. Sun, W.-H. 
Zhou, L.-W. Chen, C. M. Ko, F. Li, R. Wang, and J. Xu, (2022), arXiv:2205.11010 

Made by Yige Huang
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The Solenoidal Tracker At RHIC (STAR) 

ØExcellent Particle Identification Capabilities
ØLarge, Uniform Acceptance at Midrapidity

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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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

Particle Identification &  Signal Extraction
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✯Mid-rapidity ( y < 0.5) transverse momentum distributions for tritons

✯Dashed lines: Blast-wave function fits 

Transverse Momentum Spectra for Tritons

STAR: arXiv:2209.08058
Blast-Wave Fit: E. Schnedermann, J. Sollfrank, and U. Heinz, PRC 48,2462 (1993)
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✯Mid-rapidity ( y < 0.3) transverse momentum distributions for deuterons

✯Dashed lines: Blast-wave function fits

Transverse Momentum Spectra for Deuterons

STAR: Phys. Rev. C 99, 064905 (2019) 
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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%
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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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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

Proton Weak Decay Feed-down Correction

STAR: Phys. Rev. Lett. 97, 152301 (2006); Phys Rev. C 102, 034909 (2020); arXiv:2209.08058 

~ 45 %



CPOD 2020, Nov. 28 - Dec. 02, 2022 10Dingwei Zhang

Transverse Momentum Spectra for Primordial Protons

✯Mid-rapidity transverse momentum spectra for primordial protons

STAR: Phys. Rev. Lett. 97, 152301 (2006); arXiv:2209.08058 
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Centrality Dependence of Triton 𝒅𝑵/𝒅𝒚 & < 𝒑𝑻 >

✯𝑑𝑁/𝑑𝑦 for tritons increases with decreasing 

collision energy: yields driven by baryon density

✯< 𝑝* > decreases from central to peripheral 

collisions and with decreasing collision energy

STAR: arXiv:2209.08058 
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Mass Dependence of Particle 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
STAR: Phys. Rev. C 96, 044904 (2017); Phys. Rev. Lett. 97, 152301 (2006); Phys. Lett. B, 655: 104–113, 2007; Phys. Rev. C 101, 024905 (2020); arXiv:2209.08058  
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Particle Yield Ratios

✯The triton results follow the trend of the world 

data, and thermal model overestimates the N./N/
ratios

✯The effects of hadronic re-scatterings during 

hadronic expansion may play an important role in 

light nuclei production 

STAR: arXiv:2209.08058
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), 
arXiv:2207.12532

V. Vovchenko, B. Dönigus, B. Kardan, M. Lorenz, and H. Stoecker, 
Phys. Lett. B , 135746 (2020); 
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Multiplicity Dependence of Light Nuclei Yield Ratio

✯The ratio monotonically decreases with increasing

𝑑𝑁+0/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

STAR: arXiv:2209.08058 
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Collision Energy Dependence of Light Nuclei 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

STAR: arXiv:2209.08058 
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Collision Energy Dependence of Light Nuclei Yield Ratio

✯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

STAR: arXiv:2209.08058 
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Summary and Outlook

✯We report triton and the primordial proton yields in Au+Au collisions from BES-I

✯The light nuclei yield ratio (𝑁1×𝑁2/𝑁3$) decreases monotonically with increasing 𝑑𝑁+0/𝑑𝜂 and
exhibits a scaling behavior, which can be well described by the coalescence model

✯Relative to the coalescence baseline, enhancements of the yield ratios are observed in the 0%-10%
most central collisions at 19.6 and 27 GeV with a combined significance of 4.1σ. The measured
significance of these enhancements decreases with smaller 𝑝* acceptance. The enhancements are not
observed in peripheral collisions and in model calculations without critical fluctuations.

Ø High statistics data collected during BES-II for 𝑠44 = 3 - 27 GeV Au+Au collisions

Outlook:

Thank you for your attention! 



CPOD 2020, Nov. 28 - Dec. 02, 2022 18Dingwei Zhang

Backup 

6 7 8 910 20 30 40 50 100 200
 (GeV)NNS

20

40

60

Pr
ot

on
 d

N
/d

y

Inclusive p, 0-10%
Primordial p, 0-10% (F-D Corr. by Data-driven)
Primordial p, 0-10% (F-D Corr. by UrQMD+GEANT)

STAR Au+Au Collisions

6 7 8 9 10 20 30 40 50 60 70 80
0.6

0.8

1

1.2

Ratio Data-driven / UrQMD+GEANT

✯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


