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Why heavy flavor?
Ø Heavy quarks (c and b) are produced in early hard scatterings   

Ø Test QCD Predictions

• Explore perturbative and non-perturbative QCD

Ø Probe Quark-gluon plasma (QGP) Properties

• QGP dynamics and spin related effect

Quarkonium

c
!c

Open heavy flavor

!c
c

J/ψ, 𝜓 2𝑠 , etcD mesons, etc
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The STAR detector
HFT

(2014-2016)

|𝜂| < 1

−𝜋 < 𝜙 < 𝜋

TPC TOF EPDBEMCMTD

Presented here collision species:

Ø p+p: 𝑠 = 500 GeV

Ø Heavy-ion collisions:

- Isobar (Ru+Ru, Zr+Zr): 𝑠!! = 200 GeV

  - Au+Au: BES-II( 𝑠!! = 14.6 − 27 GeV), 𝑠!! = 200 GeV
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Ø Similar level of suppression in Isobar 
and Au+Au at same centrality

Ø Qualitatively reproduced by energy loss 
model calculations 

Model: G. Qin, private communication
Phys. Rev. C 99 (2019) 034908

D! suppression
Zr(Ru)+Zr(Ru) 200 GeV
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ü Energy loss in medium



D!-tagged jet yield and fragmentation
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ü Charm quark fragmentation function in medium
Au+Au 200 GeV
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Ø Hard-fragmented jets (large z)  are more suppressed than soft-fragmented 
ones (small z) 



D!-"D! azimuthal correlations
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Ø No azimuthal correlation is seen for 𝐷3-.𝐷3 pairs within large uncertainties
Ø Need better precision

ü Energy loss and thermalization in medium → weaker correlation at ∆𝜑	 ≈ 	𝜋 in HIC
Phys. Lett. B 647 (2007) 366–370

Au+Au 200 GeV
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Ø D3 freezes out earlier than light hadrons

Ø No significant collision system 
dependence in isobar and Au+Au collisions

D! freeze-out property
Zr(Ru)+Zr(Ru) 200 GeV

STAR Phys. Rev. C 99 (2019) 034908
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D!-𝜋± femtoscopic correlations

Ø No significant correlations, but also consistent with theoretical predictions 
with emission source size of 5 fm or larger within uncertainty

ü Freeze-out dynamics and final state interaction

示意图

Au+Au 200 GeV

Phys. Rev. D 108 (2023) 014020
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𝐽/𝜓 production mechanism

Ø No significant z dependence observed in data 

within uncertainties for z <1

Ø Data show less isolated production than 

PYTHIA8

𝐽/𝜓 + many 
charged jet activity

𝐽/𝜓 + little 
charged jet activity

z=1 data point (bin-width=0) is
moved to 1.05 for visualization

Model with different LDMEs describe 
the 𝐽/𝜓 𝑝! spectrum well, but differ in 
𝐽/𝜓 fragmentation predictions.

p+p 500 GeV

Phys.Rev. Lett. 119 (2017) 032001
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Pb+Pb, 17.3, 2760, 5020 GeV
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𝐽/𝜓 𝑅## vs. collision energy

Ø No significant energy dependence of 𝐽/ѱ

𝑅"" below 200 GeV

Ø The observed energy dependence is

qualitatively described by the transport 

model

X. Zhao, R. Rapp, Phys. Rev. C 82 (2010) 064905 (private communication).
L. Kluberg, Eur. Phys. J. C 43 (2005) 145.

ü Hot and cold nuclear matter effect

Au +Au BES-II (14.6-27) GeV
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MB trigger: EPD scalar-product method

HT trigger: TPC event-plane method

𝐽/𝜓 R$$ and v% in isobar collisions

Ø Indication of small regeneration effect in isobar collisions?
Ø Clear 𝐽/𝜓	suppression with little v(

ü 𝐽/𝜓 suppression and regeneration in HIC
Zr(Ru)+Zr(Ru) 200 GeV
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Charmonium sequential suppression

Ø 𝜓(2𝑆)	over 𝐽/𝜓	double ratio is smaller 

than that in p+A collisions

PHENIX, Phys.Rev.D, 85,092004 (2012)
NA51, Phys.Lett.B 438 (1998) 35-40
ISR, Nucl.Phys.B 142 (1978) 29

ü QGP thermal properties at RHIC

Ø First observation of charmonium sequential 

suppression in HIC at RHIC (3.5𝜎, 0-80%)

Zr(Ru)+Zr(Ru) 200 GeV
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Bottomonium suppression

Ø Clear suppression is observed for Υ(1𝑠)

and Υ(2𝑠)

Ø Consistent results in isobar and Au+Au

at 200 GeV collisions at similar N4567

ü Smaller regeneration contribution compared to charmonium
Zr(Ru)+Zr(Ru) 200 GeV

83
9:	𝑍𝑟, 889:Ru;9

<9;	𝐴𝑢
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.



𝐽/𝜓	polarization

ü Definition of the axes
•  Helicity frame (HX): 𝐽/𝜓 momentum direction
•  Collins-Soper frame (CS): bisector of angle between beams
•  “Event plane”: axis orthogonal to reaction plane 𝜆= = <>?@!!

<A@!!

STAR, Nature 614, 244-248 (2023)

𝜙

𝜃

Faccioli et al, EPJC 69: 657-673 (2010)

üAngular distribution of the decayed leptons:
𝑾 𝒄𝒐𝒔𝜽,𝝓 ∝ 1+ 𝝀𝜽 𝐜𝐨𝐬𝟐 𝜽 + 𝝀𝝓 𝐬𝐢𝐧𝟐 𝜽𝒄𝒐𝒔𝟐𝝓 + 𝝀𝜽𝝓𝒔𝒊𝒏𝟐𝜽𝒄𝒐𝒔𝝓
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𝐽/𝜓	polarization vs. centrality

Ø No significant centrality dependence

Ø 𝜆=, 𝜆E are consistent with zero 

Ø Consistent 𝜆#$F for the two frames, as 

expected 

ü Sequential melting of charmonium suppresses feed-down contribution(𝜓 2𝑠 , 𝜒+G )
Zr(Ru)+Zr(Ru) 200 GeV

𝝀𝒊𝒏𝒗 =
𝝀𝜽 + 𝟑𝝀𝝓
1 − 𝜆&
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𝐽/𝜓 global spin alignment at RHIC
ü 𝜙 meson  𝜌33 > 1/3 at RHIC
ü 𝐽/𝜓	𝜌33 < 1/3 at LHC forward rapidity

How about 𝐽/𝜓	𝜌33 at RHIC energy?

Ø 𝜌33 lower than 1/3 with a 
significance of 3.5 𝜎 using 2nd

order event plane

Zr(Ru)+Zr(Ru) 200 GeV

STAR, Nature 614, 244-248 (2023)
Alice,  Phys. Rev. L 131 4, 042303 (2023)
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2nd order event plane



𝐽/𝜓 global spin alignment: RHIC vs. LHC

Ø The 𝜌33 at RHIC energy is 
comparable to LHC results, 
with different collision energies,         
systems and rapidities

Zr(Ru)+Zr(Ru) 200 GeV

Alice,  Phys. Rev. L 131 4, 042303 (2023)
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𝐽/𝜓 rest frame

Δ𝜙[𝑒) − 𝑒*, Ψ+,(-.]

Ψ+,(-.: second order TPC event plane

Photon-induced J/𝜓 decay anisotropy

Ø Photon-induced cos(2Δ𝜙) modulation

with a significance of ~3.3 𝜎

Ø Measured modulation consistent with 

EPA-VMD model prediction

ü Photon-induced 𝐽/𝜓 decay anisotropy expected due to linearly polarized photon
Zr(Ru)+Zr(Ru) 200 GeV
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Summary and outlook
ü Open heavy flavor  

Ø Energy loss: similar level of 𝐷" suppression in Isobar and Au+Au 200 GeV; larger suppression of 
hard-fragmented 𝐷" jets in Au+Au

Ø Freeze-out and final state interaction: 𝐷" freezes out earlier than light hadrons;  𝐷"-hadron 
femtoscopy correlations suggest source size of 5 fm or larger

ü Quarkonia
Ø Production mechanism: no significant z dependence of 𝐽/𝜓 in charged jet for z <1 in p+p 500 GeV 

Ø  Dissociation and regeneration: charmonium sequential suppression and limited J/𝜓 𝑣# in isobar 
collisions; no significant energy dependence of 𝐽/𝜓 𝑅$$ in Au+Au collisions @14.6-200 GeV 

Ø Polarization and spin alignment: 𝐽/𝜓 polarization is consistent with zero in HX and CS frames; 
𝐽/𝜓 spin alignment and photon-induced J/𝜓 decay anisotropy are observed in isobar
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Summary and outlook

FST sTGCiTPC FECal FHCal

p Run23-25: high statistics p+p(Au), Au+Au collisions 

p STAR detector with enhanced capabilities

- Higher DAQ rate; extended coverage (iTPC+ forward upgrade)

STAR_BUR_Run25_2024
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https://drupal.star.bnl.gov/STAR/system/files/STAR_BUR_Run25_2024.pdf
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𝐽/𝜓 global spin alignment at RHIC

Ø 𝜌33 consistent with 1/3 with large uncertainty using 1st order event plane 
Ø 𝜌33 lower than 1/3 with a significance of 3.5 𝜎 using 2nd order event plane

Zr(Ru)+Zr(Ru) 200 GeV

1st order event plane 2nd order event plane


