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Abstract. In this proceeding, we presented the nuclear modification factor5

(RAA) of J/ψ as a function of centrality and transverse momentum in Au+Au6

collisions at
√

sNN = 14.6, 17.3, 19.6, and 27 GeV collected by STAR. The en-7

ergy dependence of J/ψ RAA from RHIC to LHC energies is also investigated,8

and compared with model calculations. Additionally, the first measurement of9

ψ(2S) production in isobaric collisions at top RHIC energy is presented, includ-10

ing the centrality and transverse momentum dependence of the ψ(2S) over J/ψ11

yield ratio.12

1 Introduction13

In relativistic heavy-ion collisions, the dissociation of charmonium is regarded as a key sig-14

nature of quark-gluon plasma (QGP) formation [1, 2]. The suppression of charmonium pro-15

duction in such environments is attributed to the deconfinement of quarks and gluons, which16

leads to the breakup of bound states like J/ψ. However, in addition to dissociation, charmo-17

nium also experiences a regeneration effect within the QGP [3]. Regeneration refers to the18

process in which uncorrelated quarks and antiquarks combine to form a bound state in the19

medium, which partially compensates for the suppression. Additionally, cold nuclear matter20

(CNM) effects, such as nuclear absorption and parton shadowing, further influence charmo-21

nium production. The interplay of dissociation, regeneration, and CNM effects complicates22

the interpretation of experimental results.23

As the collision energy decreases, the regeneration effect weakens rapidly, allowing a24

cleaner study of contributions from dissociation and CNM effects. This provides a good op-25

portunity to study the QGP properties, particularly at lower energies. Additionally, different26

quarkonium states, such as J/ψ and ψ(2S ), are expected to dissociate at different temperatures27

due to their varying binding energies. The suppression of these states follows an ordered pat-28

tern, where states with weaker binding energies, such as ψ(2S ), are more likely to dissociate,29

while more tightly bound states, such as J/ψ, exhibit greater resistance to suppression. This30

sequential suppression offers insights into the medium’s screening effects and deconfinement31

properties.32

2 Dataset33

The data analyzed in this study were collected by the RHIC-STAR experiment at Brookhaven34

National Laboratory. As part of the Beam Energy Scan-II (BES-II) program—Au+Au (gold-35

gold) collisions at
√

sNN = 14.6, 17.3, 19.6, and 27 GeV were recorded during the 2019,36

∗e-mail: wzhang@m.scnu.edu.cn



2021, and 2018 RHIC runs. These data were analyzed to investigate J/ψ suppression. Ad-37

ditionally, the STAR detector collected Ru+Ru and Zr+Zr (isobar) collision data during the38

2018 RHIC run at
√

sNN = 200 GeV, which are utilized to study the sequential suppression39

of charmonium.40

3 Analysis detail41

3.1 Nuclear modification factor42

The J/ψ candidates are reconstructed via the di-electron channel. Event and track quality43

selections are applied, and slow hadrons are rejected using the Time-of-Flight (TOF) detector.44

Additionally, a cut on the specific energy loss (dE/dx) measured by the Time Projection45

Chamber (TPC) is used to further suppress residual hadronic contamination, particularly from46

pions. The raw J/ψ yields are extracted by fitting the invariant mass distribution of electron47

pairs with a J/ψ template obtained from a toy Monte Carlo (MC) simulation that includes48

detector effects. The yields are then corrected for detector acceptance and efficiency, which49

are evaluated using a combination of embedding and data-driven methods.50

The nuclear modification factor (RAA) is used to quantify the suppression of J/ψ produc-51

tion and is defined as:52

RAA =
d2NAA/dpT dy

⟨TAA⟩ × d2σpp/dpT dy
(1)

Here, d2NAA/dpT dy represents the J/ψ yield in A+A collisions, while d2σpp/dpT dy de-53

notes the J/ψ cross section in p+p collisions. Since no experimental data are available, the54

J/ψ production cross section in p+p collisions at
√

sNN = 14.6, 17.3, 19.6, and 27 GeV is55

derived using a data-driven approach based on global experimental data from p+p to p+A56

collisions [4]. The nuclear overlap function TAA, which characterizes the collision geometry57

and density, is calculated via the Glauber model.58

3.2 ψ(2S ) to J/ψ ratio59

The ψ(2S ) and J/ψ production in isobar collisions were also reconstructed through the di-60

electron channel. However, despite the high-statistics isobar collision data collected by the61

STAR experiment, extracting the ψ(2S ) signal remained challenging due to its small cross62

section at RHIC energies and significant background contamination. To address this, a ma-63

chine learning approach was applied to enhance the signal-to-background ratio. The recon-64

structed signal was clearly resolved in the invariant mass distribution (see Fig. 1).65

Once the ψ(2S ) signal was obtained, the ψ(2S ) to J/ψ yield ratio was determined as a66

function of Npart and pT, which can then be compared between A+A and p+p collisions.67

4 Results68

4.1 BES-II J/ψ RAA result69

The inclusive J/ψ RAA as a function of the number of participants (Npart) in Au+Au collisions70

at
√

sNN = 14.6, 17.3, 19.6, and 27 GeV at mid-rapidity (|y| < 1), compared to 200 GeV [5],71

is presented in the left panel of Fig. 2. A stronger suppression is observed with increasing72

Npart, which follows a similar trend to the 200 GeV results.73

The right panel of Fig. 2 shows the inclusive J/ψ RAA as a function of transverse momen-74

tum (pT) for centrality-integrated results, compared to 200 GeV. For the data below 200 GeV,75
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Figure 1. Invariant mass distributions of ψ(2S ) candidates for pT > 0.2 GeV/c, reconstructed via the
di-electron channel within |y| < 1 for 0-80% Ru+Ru and Zr+Zr collisions.

a clear pT dependence is observed: suppression is strongest at low pT, and RAA rises with76

increasing pT. This low-pT suppression may partially arise from cold nuclear matter effects,77

which are expected to contribute more significantly at the lower collision energies studied78

here than at 200 GeV. Although low-pT suppression also appears at 200 GeV, the trend there79

is much flatter, suggesting that a not-negligible regeneration contribution at 200 GeV more80

effectively offsets suppression at low pT.81

Fig. 3 presents the RAA as a function of collision energy in central collisions [5–10]. No-82

tably, no clear energy dependence is observed for collision energy below 200 GeV, suggesting83

that the competing mechanisms (such as dissociation, regeneration, and cold nuclear matter84

effects) counterbalance each other within this energy range. At lower energies, cold nuclear85

matter effects are expected to play a more significant role, while at higher energies, regener-86

ation becomes increasingly important owing to enhanced charm quark density. Furthermore,87

model calculations [11] incorporating these effects qualitatively reproduce the overall trend88

of the data but tend to underestimate the suppression at
√

sNN < 27 GeV, indicating potential89

missing contributions or limitations in the theoretical framework.90

4.2 Charmonium sequential suppression91

The ψ(2S ) to J/ψ double ratio, as defined in Equation 2, is shown in the left panel of Fig. 4.92

The red solid points represent the newly measured results, marking the first observation of93

charmonium sequential suppression in heavy-ion collisions at RHIC. These results exhibit a94

hint of decreasing trend as a function of Npart, and are consistent with both the SPS results [12]95

(Pb+Pb at
√

sNN = 17.3 GeV, 0 < y < 1) and the LHC results [3] (Pb+Pb at
√

sNN = 5.02 TeV,96

2.5 < y < 4). The double ratio is significantly lower than 1 in central collisions, indicating a97

stronger suppression of the ψ(2S ) relative to the J/ψ in heavy-ion (A+A) collisions compared98

to proton-proton (p+p) collisions.99

The right panel of Fig. 4 shows the ψ(2S ) to J/ψ yield ratio as a function of pT in isobar100

collisions at
√

sNN = 200 GeV, compared with world-wide p+p and p+A results. In all cases101

(isobar, p+p, and p+A collisions), the ψ(2S ) to J/ψ yield exhibits a hint of increasing trend102
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Figure 2. The inclusive J/ψ RAA as a function of Npart (left) and pT (right) at mid-rapidity for Au+Au
collisions at

√
sNN = 14.6, 17.3, 19.6, and 27 GeV is compared to results at 200 GeV. In both panels,

vertical bars and open boxes around data points represent statistical and systematic uncertainties, re-
spectively. Filled boxes around unity indicate global uncertainties from the p + p baselines (left panel)
and the p + p baseline combined with TAA (right panel). Shaded bands on data points (left) reflect
uncertainties from TAA. For clarity, the pT positions of the 14.6, 17.3, and 19.6 GeV data in the right
panel are slightly shifted.
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Figure 3. The RAA of J/ψ as a function of collision energy for central collisions is compared with
model calculations. The vertical bars represent statistical uncertainties, while the open boxes around
data points represent systematic uncertainties, including those from the p+p baselines and uncertainties
from TAA.

with pT. However, for pT < 2 GeV/c, the ratio is significantly lower in isobar collisions than103

in p+p and p+A collisions, suggesting that the medium generated in isobar collisions plays a104

key role in the suppression of the ψ(2S ) state.105
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Figure 4. Left panel: The inclusive ψ(2S ) to J/ψ double ratio as a function of ⟨Npart⟩ is compared to
previous results. For heavy-ion collision measurements [3, 12], statistical uncertainties are represented
by error bars, while systematic uncertainties are shown as boxes. Other results provide only total
errors [13–15]. The reference baseline for p + p is derived from a combination of results in [16–18].
Right panel: The dependence of the ψ(2S ) to J/ψ yield ratio on pT in p + p[16, 19], p + A[20, 21],
and A + A (this result) collisions. The bars and boxes indicate statistical and systematic uncertainties,
respectively.

5 Summary106

In this contribution, we report the measurements of the nuclear modification factor (RAA) for107

J/ψ production in Au+Au collisions at
√

sNN = 14.6, 17.3, 19.6, and 27 GeV at STAR. We108

observe no significant energy dependence of RAA for
√

sNN below 200 GeV. Additionally, we109

present the first measurement of ψ(2S ) production in isobar collisions at
√

sNN = 200 GeV,110

providing the first evidence of charmonium sequential suppression at RHIC. The ψ(2S ) to111

J/ψ yield ratio is significantly lower in isobar collisions compared to that in proton-proton112

and proton-nucleus collisions. Furthermore, the ψ(2S ) to J/ψ yield ratio shows a hint of113

increasing trend with pT in isobar collisions, with suppression observed at low pT values.114

These results provide new insights into the suppression mechanisms of charmonium states in115

heavy-ion collisions and contribute to a deeper understanding of the quark-gluon plasma.116
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