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sults are qualitatively consistent with the calculations from the JAM transport model plus nucleon
coalescence.
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1. Introduction1

Study of light nuclei production in heavy-ion collisions, to understand their production mech-2

anism and the underlying collision dynamics, is of particular interest for both theoretical and exper-3

imental efforts [1]. The production mechanism of light nuclei in relativistic heavy-ion collisions4

is still under debate. There are several popular theoretical models: thermal model, coalescence5

model, and dynamical model, see the review [2]. The coalescence model assumes that the light nu-6

clei are formed via the combination of nucleons, when these nucleons are near each other both in7

coordinate and momentum spaces [3, 4, 5]. One general feature of the nucleon coalescence model8

is that the light nucleus collective flow is expected to follow an atomic-mass-number A scaling [6]9

vA
n (pT)≈ vp

n(pT/A),

where n represents the n-th order collective flow and vp
n is proton collective flow. Thus, com-10

prehensive measurements of light nuclei directed flow, v1, and elliptic flow, v2, provide valuable11

information on the nucleon coalescence sum rule and will help better understand light nuclei pro-12

duction mechanism in such collisions. Light nuclei v2 measured by STAR [7] follows the A scaling13

at pT/A < 1.5 GeV/c from
√

sNN = 7.7 - 200 GeV Au+Au collisions, which is consistent with14

the picture of nucleon coalescence production mechanism for light nuclei. In the collision energy15

regime of a few GeV, the relatively long passing time of the two colliding nuclei naturally leads to16

interactions between the spectator matter and the fireball. Therefore, the light nuclei flow pattern17

may be strongly affected by the spectator fragments.18

2. Analysis19

The data used in this measurement were collected in the fixed-target Au+Au collisions pro-20

gram by the STAR experiment [8]. The beam energy is 3.85 GeV per nucleon, which gives a21

center-of-mass energy of
√

sNN = 3.0 GeV. For the fixed target configuration of STAR experiment,22

the Au target is installed inside the vacuum pipe and 2.0 m to the west of center of Time Projec-23

tion Chamber (TPC) [9]. The light nuclei identification is accomplished by the energy loss dE/dx24

measured in the TPC. A combination of TPC and Time of Flight [10] detectors is used to identify25

the high momentum p, d, t, and 4He.26

The flow coefficients v1 and v2 are determined via the particle momentum azimuthal angle27

relative to the azimuth of the first-order event-plane Ψ1 [11]. The Ψ1 is reconstructed by using the28

hit information in the event-plane detector (EPD). A standard shifting method [11] is utilized to29

make the distribution of the reconstructed Ψ1 isotropic. The Ψ1 resolution is determined by three30

sub-event-plane correlation method [11], where the sub-event planes are reconstructed separately31

in different η ranges of EPD and TPC. The final v1 and v2 values are obtained after correcting for32

the efficiency and event-plane resolution.33

3. Results34

3.1 pT dependence of light nuclei v1 and v235

Figure 1 (a) is the pT dependence of light nuclei v1 in four rapidity intervals in 10-40% Au+Au36
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Figure 1: The v1 as a function of pT for p, d, t, 3He, and 4He in four rapidity intervals in 10-40% Au+Au
collisions without (a) and with (b) A scaled, respectively. Statistical and systematic uncertainties are repre-
sented by vertical lines and open boxes separately. The dashed lines are used to guide the eyes.

collisions. In the plot (b), the value v1 and pT are scaled by A to validate the coalescence model. It37

is observed that the v1/A of all the light nuclei follow the A scaling within −0.3 < y < 0. The v138

scaling behavior suggests that the light nuclei are formed via the nucleon coalescence in Au+Au39

collisions at
√

sNN = 3 GeV. In−0.4 < y <−0.3, the scaling is violated at pT/A > 1 GeV/c, which40

may be caused by the fragments close to the target rapidity.41

Figure 2 is the pT dependence of v2 for light nuclei in four rapidity intervals. At mid-rapidity42

−0.1 < y < 0, the v2 values are negative for all the measured light nuclei species. Moving away43

from mid-rapidity, the v2 of p and d stay negative within −0.4 < y < 0, while the v2 for t, 3He, and44

4He increase gradually and become positive at larger transverse momenta. At −0.4 < y < −0.2,45

the v2 of p and d have different sign from those of t, 3He, and 4He. Moreover, the proton v2 has46

a stronger non-monotonic pT dependence compared to other light nuclei. The light nucleus v247

violate the A scaling at
√

sNN = 3 GeV, which is different from the A scaling observed for pT/A <48

1.5 GeV/c in higher energy
√

sNN = 7.7−200 GeV Au+Au collisions [7].49

3.2 Rapidity dependence of light nuclei v1 and v250

Figure 3 shows pT integrated v1 and v2 distributions as a function of particle rapidity in 10-51

40% Au+Au collisions at
√

sNN = 3 GeV. The proton results are obtained in 0.4 < pT < 2.0 GeV/c.52

The low limits of light nuclei pT are determined to be the same pT/A as protons. The upper limits53

of pT are determined by the acceptance of each light nuclei species within −0.5 < y < 0. There54

are clear mass ordering for both v1 and v2. The heavier nuclei have stronger rapidity dependence55

in v1. At mid-rapidity −0.1 < y < 0, the value of v2 is negative and nearly identical for all light56

nuclei species. The negative v2 at mid-rapidity may be caused by a shadowing of the spectators as57

their passage time is comparable with the expansion time of collision system at
√

sNN = 3 GeV.58

Away from the mid-rapidity, the proton v2 remains negative and those of other light nuclei become59

positive, which means no more A scaling.60
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Figure 2: The v2 as a function of pT for p, d, t, 3He, and 4He in four rapidity intervals in 10-40% Au+Au
collisions. Statistical and systematic uncertainties are represented by vertical lines and open boxes sepa-
rately.
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Figure 3: The v1 (a) and v2 (b) as a function of rapidity for p, d, t, 3He, and 4He in selected pT ranges in
10-40% Au+Au collisions. The dashed lines are the fit to v1 with first-order polynomial functions. The solid
lines are the calculations from JAM transport model plus nucleon coalescence.

A transport model, Jet AA Microscopic Transportation Model (JAM) [12], is utilized to sim-61

ulate Au+Au collisions from initial collision stage to final hadron transport at
√

sNN = 3 GeV. A62

baryonic mean-field with momentum dependent potential is used in the simulation. Then the light63

nuclei are formed by the coalescence of the proton and neutron according to their phase-space64

distributions from above simulation. The coalescence condition is that the relative momenta to be65

∆p < 0.3 GeV/c and relative space distance to be ∆r < 4 fm in their rest frame. The resulting66

v1 and v2 from the simulation are consistent with the experimental observations qualitatively, as67

shown by the solid-lines in Fig. 3. The sign change in v2 of proton to light nuclei at larger rapidity68
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is also seen by the simulation.69
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Figure 4: The light nuclei v1 slope, dv1/dy, as a function of collision energy
√

sNN in Au+Au collisions
from STAR. The data points above 7 GeV are taken from [13]. The proton result at

√
sNN = 4.5 GeV is for

10-25% Au+Au collisions [14].

A first-order polynomial function is employed to fit the v1 distribution within rapidity range70

−0.5 < y < 0. The extracted slope parameters, dv1/dy, scaled with A, for light nuclei are shown in71

Fig. 4. The values of (dv1/dy)/A for all measured light nuclei are close to each other at
√

sNN =72

3 GeV considering the statistical and systematic uncertainties. The results of JAM model in mean-73

field mode plus coalescence calculations for p, d, t, 3He and 4He are consistent with the data. For74

energy
√

sNN > 7.7 GeV, the value of proton dv1/dy is negative and the corresponding slopes of75

deuteron v1 are positive with larger uncertainties [13]. The different scaling behavior of light nuclei76

dv1/dy at lower energies (≤ 7.7 GeV) and higher energies(>11.5 GeV) may indicate different77

collision dynamics or different production mechanisms of light nuclei.78

4. Summary79

We report the measurements of v1 and v2 for d, t, 3He, and 4He in 10-40% Au+Au collisions80

at
√

sNN = 3 GeV. The light nucleus v1 follows the atomic-mass-number scaling at rapidity−0.5 <81

y < 0, which is consistent with the nucleon coalescence picture. The values of light nuclei v2 do82

not have a simple A scaling effect. The JAM model, with the baryon mean-field, and nucleon83

coalescence can qualitatively reproduce both the v1 and v2 for all light nuclei. Comparing with the84

high energy results, baryonic interactions may dominate the collision dynamics at 3 GeV Au+Au85

collisions.86
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