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In these proceedings, we present the measurements of centrality, trans-9

verse momentum and rapidity dependences of proton (p) and light nuclei10

(d (d), t, 3He (3He), and 4He) production in Au+Au collisions at
√
sNN = 311

GeV, and isobaric (Ru+Ru and Zr+Zr) collisions at
√
sNN = 200 GeV. The12

compound yield ratios in central collisions at 3 GeV are found to be larger13

than the transport model calculations. Furthermore, the kinetic freeze-out14

parameters at 3 GeV show a different trend compared to those of light15

hadrons (π, K, p) at higher energies.16

1. Introduction17

The Beam Energy Scan (BES) program at the Relativistic Heavy-ion18

Collider (RHIC) aims at understanding the phase structure and properties19

of strongly interacting matter under extreme conditions. In particular, it is20

designed to map out the first order phase transition boundary and search21

for the possible QCD critical point (CP) of the phase transition from hadron22

gas to quark-gluon plasma (QGP) [1, 2, 3].23

Light nuclei production is predicted to be sensitive to the QCD phase24

structure in heavy-ion collisions [4, 5, 6]. The STAR experiment has mea-25

sured the production of deuteron [7] and triton [8] in Au+Au collisions at26 √
sNN = 7.7, 11.5, 14.5, 19.6, 27, 39, 54.4, 62.4, and 200 GeV from the first27

phase of RHIC BES program. The measurements of light nuclei production28

presented in these proceedings are obtained from Au+Au collisions at
√
sNN29

= 3 GeV and isobaric (Ru+Ru and Zr+Zr) collisions at
√
sNN = 200 GeV,30

both of which were taken in 2018.31
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2. Analysis Details32

The particle identification at low transverse momenta (pT ) is performed33

via their specific energy loss measured by the Time Projection Chamber34

(TPC). At higher transverse momenta, the particle identification is per-35

formed using the Time of Flight (TOF) detector. The final spectra of36

particles are obtained by correcting for the TPC tracking efficiency, TOF37

matching efficiency, and energy loss efficiency. The background particles,38

knocked-out from material, are removed in isobaric collisions. However, this39

correction is not applied at 3 GeV due to the lacking of anti-protons needed40

for evaluating the correction factors. Since the feed-down contribution from41

the weak decay of strange baryons to protons is only about 1.5% at 3 GeV,42

the feed-down correction to the proton yield is not applied.43

3. Results44

3.1. Light nuclei production in Isobaric collisions at
√
sNN = 200 GeV45

The transverse momentum spectra of d, d, t, 3He, and 3He at mid-46

rapidity in isobaric collisions at
√
sNN = 200 GeV in 0-10%, 10-20%, 20-40%,47

40-60%, and 60-80% (40-80% for light nuclei with 3-nucleons) centrality48

bins are shown in Fig 1. With very high statistics (∼ 2 billion for each49

collision system), the statistical error is smaller than the marker size. In50

order to extrapolate the spectra to low and high pT , the distributions are51

fit individually with the Blast-Wave model function [9].
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Fig. 1: Transverse momentum spectra of d, d, t, 3He, and 3He measured at mid-
rapidity in 0-10%, 10-20%, 20-40%, 40-60%, and 60-80% (40-80%) isobaric colli-
sions at

√
sNN = 200 GeV. The dashed lines correspond to individual fits to the

distributions with the Blast-Wave model function. The hollow boxes represent the
systematic uncertainties.
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Fig. 2: Centrality dependence of dN/dy, 〈pT 〉, and particle ratios in isobaric colli-
sions at

√
sNN = 200 GeV. The boxes and bands represent systematic uncertainties.

The green band on the right plot is the d/d ratio in Au+Au collisions.

Figure 2, left panel shows the rapidity density (dN/dy) and mean trans-52

verse momentum (〈pT 〉) versus the average number of participating nucleons53

(〈Npart〉) for d, d, t, 3He, and 3He. Both the dN/dy and 〈pT 〉 of each parti-54

cle are consistent between Ru+Ru and Zr+Zr collisions. The particle ratios55

(d/d, 3He/3He, and t/3He) are shown in the right panel. The d/d ratios56

in isobaric collisions are consistent with those in Au+Au collisions (green57

bands) [10] within uncertainties. All the ratios show an increasing trend58

from central to peripheral collisions.59

3.2. Light nuclei production in Au+Au collisions at
√
sNN = 3 GeV60

The Au+Au collisions at
√
sNN = 3 GeV with a fixed-target mode allows61

us to access the QCD phase structure at high baryon density regions with62

µB ∼ 750 MeV, where the production of light nuclei is abundant.63

Figure 3 shows the dN/dy distributions of p, d, t, 3He, and 4He in 0-64

10%, 10-20%, 20-40%, and 40-80% Au+Au collisions at
√
sNN = 3 GeV.65

The target rapidity at this energy is at ytarget = −1.045 (red arrow). For66

each particle, the dN/dy shows significant centrality and rapidity depen-67

dences. In more peripheral collision, dN/dy shows a peak near the target68

rapidity, which is caused by the interplay between produced nucleons and69

transported nucleons. As shown in colored lines, the hadronic transport70

models (JAM [11], SMASH [12], and UrQMD [13]) yield similar rapidity71

trends as experimental data except for the 40-80% centrality bin. Calculat-72

ing the formation probability by the Wigner function [14], the rapidity den-73

sity distributions of d and t are also well described by the SMASH model. In74
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Fig. 3: The rapidity dependence of dN/dy for different centrality bins in Au+Au
collisions at

√
sNN = 3 GeV. The color lines are hadronic transport model (JAM,

SMASH and UrQMD) calculations and thermal model results.

central collisions (0-10%), we can extract thermal model parameters from75

measured hadron yields and consequently predict the light nuclei yields,76

which are shown as the short lines and seen to overestimate experimental77

data except for 4He.78
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Fig. 4: Rapidity dependence of the yield ratios in different centrality bins in
√
sNN

= 3 GeV Au+Au collisions. The gray bands represent the systematic uncertainty
for 0-10%. The Np×Nt/N

2
d calculated by transport models (SMASH, AMPT, and

UrQMD) are shown by colored markers.

Figure 4 shows the rapidity dependence of the yield ratios forNp×Nt/N
2
d79

and N4He×Np/ (N3He ×Nd) in 0-10%, 10-20%, 20-40%, and 40-80% central-80

ities, respectively. There is no obvious centrality dependence for each yield81

ratio. In contrast to the centrality trend, there is a clear increasing tendency82

towards target rapidity (−1.0 < y < −0.6). The values of Np ×Nt/N
2
d cal-83

culated by transport models are lower than the experimental measurements,84

but the SMASH model gives a similar rapidity dependence.85

Through fitting the pT spectra of particles by the Blast-Wave model [9],86
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Fig. 5: Kinetic freeze-out parameters (Tkin and 〈βT 〉) dependence of particles at
mid-rapidity for different centrality bins in Au+Au collisions at

√
sNN = 3 GeV.

The vertical lines represent the systematic uncertainties.

we can extract the kinetic freeze-out parameters (temperature Tkin, average87

radial flow velocity 〈βT 〉). In the current analysis, the Blast-Wave model is88

assumed to be the underlying boost-invariant longitudinal dynamics. Fig-89

ure 5 shows the Tkin versus 〈βT 〉 distribution of particles at mid-rapidity in90

different centrality bins. Tkin (〈βT 〉) of the deuteron is systematically higher91

(lower) than that of the proton at 3 GeV as the black solid and open circles92

show. A similar trend is seen in the SMASH model calculation, shown as93

colored contours. Comparing the parameters of light hadrons (π, K, p) to94

the results from higher energies, as indicated by the gray markers, a differ-95

ent trend is seen at 3 GeV (open square), which seems to imply that the96

hot and dense medium created in 3 GeV collisions could be different from97

those at higher energy collisions.98

4. Summary99

In summary, we report the light nuclei (d, d, t, 3He, and 3He) production100

in isobaric (Ru+Ru, Zr+Zr) collisions at
√
sNN = 200 GeV. It is observed101

that the yields of light nuclei are consistent between Ru+Ru and Zr+Zr102

collisions within uncertainties. Furthermore, we present the proton and103

light nuclei (d, t, 3He, and 4He) production in Au+Au collisions at
√
sNN104

= 3 GeV. The dN/dy of those particles show strong centrality and rapidity105

dependences. The compound yield ratios exhibit an increasing trend from106

middle to target rapidity, and the results of the transport models (AMPT,107

SMASH, and UrQMD) show lower values than the data. Finally, the freeze-108

out parameters (Tkin, 〈βT 〉), extracted using the boost-invariant Blast-Wave109

model, show a different trend compared to the results from high energy. In110



6 REFERENCES

addition, (Tkin, 〈βT 〉) of deuterons are found to be (larger, smaller) than111

those of protons, indicating that there is no common freeze-out parameters112

among proton and deuteron. Hadronic transport model (SMASH) calcula-113

tions reproduce the trend well.114
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