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RHIC STAR Beam Energy Scan[1, 2]

1) High temperature:

QGP properties.

2) High baryon density:

Critical Point and First-order 
Phase boundary.
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Introduction and Motivation – QCD Phase Diagram

[2] BES-II whitepaper:
http://drupal.star.bnl.gov/STAR/starnotes/public/sn0598 
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𝒔𝑵𝑵
(GeV)

Year Events 
(106)

𝝁𝑩 (MeV)

7.7 2010 4 420

11.5 2010 11 315

14.5 2014 27 260

19.6 2011 40 205

27 2011 71 155

39 2010 133 115

54.4 2017 1200 83

62.4 2010 67 72

200 2011 480 20

[1] M.M. Aggarwal et al. (STAR Collaboration), arXiv: 1007.2613 
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[3] László P. Csernai, Joseph I. Kapusta Phys. Reps, 131,223(1986).; [4] A.Z. Mekjian, Phys. Rev. C 17, 1051 (1978). 

Light Nuclei Production – HIC 
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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
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Ø Coalescence picture: Production of light nuclei
with small binding energy, such as triton (8.48
MeV), deuteron (2.2 MeV), formed via final-
state coalescence, are sensitive to the local
nucleon density [3].
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Ø The coalescence parameter, 𝐵&, reflects the local nucleon
density

Ø In thermal model, 𝐵& ∝ 𝑉>60&, 𝑉> is freeze-out volume [4] 
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Ø In the vicinity of the critical point or the first order phase transition, density fluctuations 
become larger
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Light Nuclei Production – Baryon Density Fluctuations
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[5] K. J. Sun, L. W. Chen, C. M. Ko, J. Pu, Z. Xu, Phys. Lett. B781, 499 (2018).
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𝐶/- characterizes the neutron and proton density correlation. 
When 𝐶/- = 0, 𝑵𝒕 U 𝑵𝒑/𝑵𝒅𝟐 = 𝒈(𝟏 + ∆𝒏) [5].

Ø Experimentally, one can measure the light nuclei yield ratio to probe the QCD critical 
point or first order phase transition
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The Solenoidal Tracker At RHIC (STAR) 
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ØExcellent Particle Identification
ØLarge, Uniform Acceptance at Midrapidity

TPC TOF 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 𝑚B

ü Pseudorapidity coverage |𝜂| < 0.9
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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
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Particle Identification
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Data Corrections 
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üTPC tracking efficiency

üTOF matching efficiency

üEnergy loss corrections

üAbsorption corrections

üBackground subtraction
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Transverse Momentum Spectra for Tritons (BES - I)
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[6] E. Schnedermann, J. Sollfrank, and U. Heinz, PRC 48,2462 (1993). 

✯Midrapidity ( y ≤ 0.5) transverse

momentum distributions of triton

✯Vertical lines and boxes represent 

statistical and systematic errors 

respectively

✯Dash lines: blast-wave function fits [6]
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Transverse Momentum Spectra for 54.4 GeV
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✯Midrapidity transverse

momentum distribution of 

proton, (anti)deuteron and 

triton

Hui Liu, Poster #389 (CP9)



✯𝐵3 decreases from peripheral to central collisions and with increasing collision energy.
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Coalescence Parameters –𝑩𝟑𝒕
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✯At energies below 20 GeV the 𝐵B and

𝐵( decreases with increasing collision

energy. For 𝑠�� > 20 GeV the rate of

decrease seems to change and saturate up

to 62.4 GeV. The 𝐵B values at 200 GeV is

found to be larger than the BES saturation

values [7].
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Coalescence Parameters –𝑩𝟐𝒅, 𝑩𝟑𝒕
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[7] J. Adam et al. [STAR Collaboration], Phys. Rev. C 99, no. 6, 064905 (2019).
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✯𝑑𝑁/𝑑𝑦 increases with decreasing energy: baryon stopping.

✯𝑑𝑁/𝑑𝑦 increases from peripheral to central collisions.
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dN/dy Integral Yields
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Particle Ratios
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✯Thermal model can describe the d/p 

ratios [7], but can not describe the t/p, 

t/d ratios.

𝑇cl = 𝑇cl��M/(1 + exp(2.60 − ln( 𝑠��)/0.45))
𝜇� = 𝑎/(1 + 0.288 𝑠��)

With s�� in GeV and T����� = 158.4 MeV and 
a = 1307.5 MeV [8].
[8] A. Andronic, P. Braun-Munzinger, J. Stachel, H. Stöcker, 
PLB697 (2011)203. 
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The Yield Ratio – Neutron Density Fluctuations
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𝑵𝒕 U 𝑵𝒑/𝑵𝒅
𝟐 = 𝒈 𝟏 + ∆𝒏 , 

𝑤𝑖𝑡ℎ 𝑔 = 0.29

The yield ratio is related to 

neutron density fluctuations.

✯Yield ratio shows a non-monotonic dependence on collision energy in 0-10% Au + Au 

collisions.  A peak is around 20-30 GeV.

✯JAM model shows a flat energy dependence of yield ratio and  disagrees with the data [9]. 
[9] H. Liu et al. arXiv:1909.09304v2 [nucl-th]  
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Summary and Outlook
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Ø We present STAR results of light nuclei (𝑑, 𝑑̅, and 𝑡) from Au + Au collisions at

s�� = 7.7, 11.5, 14.5, 19.6, 27, 39, 54.4, 62.4, and 200 GeV. 

Ø Coalescence parameters, 𝐵B? and 𝐵(H, are extracted for 𝑑 and 𝑡, respectively. 𝐵B? and

𝐵(H are consistent within uncertainties except for 200 GeV.

Ø The thermal model can describe the 𝑑/𝑝 ratio but not 𝑡/𝑝 or 𝑡/𝑑 ratios. 

Ø The collision-energy dependence of yield ratios shows a non-monotonic behavior at 

central collisions. A peak is observed around 20-30 GeV.

Ø Study the QCD phase structure with more statistics in BES-II at RHIC (2019-2021) …
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Thank you!
Dingwei Zhang
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Back Up
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