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Relativistic Heavy Ion Collider 
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26 years of RHIC operations—the most versatile collider ever built

5 heavy ion experiments: STAR, PHENIX, PHOBOS, BRAHMS, and sPHENIX 



The legacy of RHIC
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• People and expertise

• Detector and accelerator technologies

• Scientific impact and broader significance

Courtesy of C. Shen



The discovery of perfect liquid
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• Hydrodynamic models successfully describe 
particle spectra and azimuthal anisotropy (vn) 
measurements at pT < 2 GeV/c; statistical 
hadronization models reproduce particle yields 
and yield ratios.

• Significant jet quenching effects at high pT.

• A characteristic baryon-to-meson enhancement 
pattern at intermediate pT.
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Non-central collisions: azimuthal anisotropy in coordinate-space  
Interactions ➔ asymmetry in momentum-space

Sensitive to early time in the system’s evolution

Measurement: Fourier expansion of the azimuthal pT distribution
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The science of RHIC
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To probe the inner workings of the Quark-Gluon Plasma

To map the phase diagram of QCD

To study the spin puzzle of proton



The properties of perfect liquid

Essential questions to be addressed:

1. How do the fundamental interactions between quarks and gluons lead to the              
perfect fluid behavior of the quark-gluon plasma?

2. What are the limits on the fluid behavior of matter?

3. What are the properties of QCD matter?

4. What is the nature of the transition from QGP to hadronic matter? 

5. Does a QCD critical point exist, analogous to the critical point in the water–vapor–ice 
phase diagram?

The 2023 NSAC Long Range Plan for Nuclear Science
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The phases of QCD matter
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Lattice QCD: crossover chiral transition at µB < 3 T 

At top RHIC and LHC energies, measurements 
consistent with a smooth crossover chiral transition

Change T and µB by varying the collision energy:
• Search for the critical point
• Search for the first-order phase transition
• Search for the threshold of QGP formation



8

Beam Energy Scan results

With BES-I and BES-II data (including spectra, 𝑣𝑛 ,

correlations and fluctuations, thermal radiation, 
global polarization, and spin alignment, …), we 
observe:
• Signatures of QGP turn-off (𝑣𝑛)
• Non-monotonic behavior in fluctuations (net-

proton, mean 𝑝𝑇)

• An intriguing energy dependence of the 
baryon/meson 𝑣1slope

• A smooth energy dependence of thermal 
dilepton production

• Abundant hypernuclei production
• Large global polarization
• …

These results call for a comprehensive, global 
analysis of all observables, especially with 
additional data collected in 2026.
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Beam Energy Scan results: fluctuations

STAR, arXiv: 2604.06434, accepted by PRL

Net-proton

Mean 𝑝𝑇

STAR, QM2025, PRL135(2025)142301



The proton spin
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Non-zero gluon spin contribution to the spin of the proton

Advances in transverse spin physics: large transverse 
single-spin asymmetries at forward rapidity, studies of the 
Sivers effect and Collins effects, constraints of TMD 
distributions and spin-orbit correlations.

Constraints of polarized Δത𝑢 and Δ ҧ𝑑

…

The 2023 NSAC Long Range Plan for Nuclear Science

Courtesy of C. Gagliardi



Broader significance
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• Search for the heaviest forms of 
antimatter

• Strong connections to the nuclear 
structure community

• Connections to neutron star research 

– Measurements of the QCD equation of state 
and transport properties can inform our 
understanding of dense matter in neutron stars 
and neutron-star mergers.

– Studies of hypernuclei, including their 
production, binding energies, and lifetimes, 
constrain hyperon–nucleon and hyperon–
hyperon interactions that may play an 
important role in the interiors of neutron stars.

• ...

EOS Expanding Horizon White Paper



New heaviest exotic antimatter nucleus
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STAR as a discovery machine for antimatter
• First observation of antihyperhydogen-4

https://www.bnl.gov/newsroom/news.php?a=121912
STAR, Nature 632 (2024) 1026

https://www.bnl.gov/newsroom/news.php?a=121912


Imaging shapes of atomic nuclei
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Image the nuclear global shape via colliding them at ultrarelativistic speeds and 

analyzing the collective response of outgoing debris

https://www.bnl.gov/newsroom/news.php?a=122119
STAR, Nature 635 (2024) 67

https://www.bnl.gov/newsroom/news.php?a=122119
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The best is yet to come A. Deshpande, DNP Town Hall, Feb. 13, 2026
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The best is yet to come A. Deshpande, DNP Town Hall, Feb. 13, 2026
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Connection to the EIC

Emergent phenomena in cold and hot QCD:

• Cold QCD: confinement, mass generation, 
nucleon and nuclear structure, spin 
structure of the nucleon …

• Hot QCD: quark-gluon plasma, collective 
flow, jet quenching, hadronization, and 
critical phenomena …

• Common themes: many-body quantum 
dynamics, confinement and hadronization, 
parton distributions and fragmentation 
functions, parton shower evolution, spin and 
orbital motion …

Photon-induced processes: γ–A and γ–γ interactions

(un)Polarized p+p and p+A physics program

…



Photon interactions in A+A 
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= +

Electromagnetic interaction
Photon-photon 

interactions
Photon-nucleus

interactions

V=      J/

⚫ This large flux of quasi-real photons makes a hadron collider 

also a photon collider

✓ Photon-photon interactions: dileptons …

✓ Photon-nucleus interactions: vector meson

Ann. Rev. Nucl. 

Part. Sci.55:271

(2005)

⚫Conventionally studied in ultra-peripheral collisions (UPC) 



Very low pT  J/ψ in heavy ion collisions
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Large enhancement of J/ψ yield observed in peripheral A+A collisions!

Prominent centrality and pT dependence.

ALICE: PRL 116 (2016) 222301 Published later at PRL 123 (2019) 132302 by STAR



J/psi yield vs. t=pT
2
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Slope parameter consistent with the size of the Au nucleus. Interference

structure observed. Coherent photon-nucleus interactions!



Very low pT e+e- signal 
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STAR: Phys. Rev. Lett. 121 (2018) 132301     

The excess is large at low pT



Very low pT e+e- signal 

21

pT
2 distribution could be sensitive to magnetic field effect (eBL~30 MeV/c, B~1014T, L~ 1fm)
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STAR: Phys. Rev. Lett. 121 (2018) 132301     



Dimuon acoplanarity
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ATLAS: PRL 121 (2018) 212301

Back-to-back correlation is broadened towards central collisions, could be 

sensitive to multiple scattering effect



Discoveries of Breit-Wheeler process and vacuum birefringence 

23

Observation of Breit-Wheeler process with all possible 
kinematic distributions (yields, Mee, pT, angle)

Dielectron pT spectrum: broadened from large to small impact 
parameters

Observation of vacuum birefringence: 6.7𝜎 in Ultra-peripheral 
collisions

STAR, PRL127 (2021) 52302

Collisions of Light Produce Matter/Antimatter from Pure Energy: 
https://www.bnl.gov/newsroom/news.php?a=119023



Dimuon acoplanarity in UPC
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CMS: Phys. Rev. Lett. 127 (2021) 122001     
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Tomography of ultra-relativistic nuclei with gamma + A collisions

STAR, Science Advances 9 (2023) 3903

Quantum interference enabled nuclear tomography:

• A novel approach to extract the strong-interaction nuclear radii, which were found to be 
larger than the nuclear charge radii



Spin interference in photoproduced rho and J/psi
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Positive cos(2phi) modulation for rho
Negative cos(2phi) modulation for J/psi

• Interference sign controlled by the 
spin structure of the final-state 
daughters

• J/psi probes gluon distributions at 
perturbative scales: weaker 
modulations, constraints of the 
CGC calculations

STAR, PRL136 (2026) 242302

cos(2phi) modulation 
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• Incoherent nuclear suppression via J/psi photoproduction, measured by STAR for the first time, indicates 
a stronger modification than its coherent counterpart – a sensitive experimental probe to bound verse 
free nucleon and its implication to the Cold Nuclear Matter effect. 

STAR, Phys. Rev. Lett. 133 (2024) 5, 052301

Phys. Rev. C 110 (2024) 014911

Coherent and incoherent J/psi photoproduction in UPC
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Prospects for e+A collisions

EIC ePIC Early Science Report

Maci Kesler et al., arXiv: 2502.15596



Baryon enhancement in p+p
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Baryon/meson ratio enhanced in p+p compared to e+e-

ALICE, PRC 107 (2023) 064901



Prospects for e+p and e+A collisions
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EIC ePIC Early Science Report

Lambda_c/D0 ratio Modification to D0 fragmentation function 
within charged jets



Spin correlation between quarks during QCD confinement
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STAR, Nature 650 (2026) 65

Spin correlation with Lambda pairs vs. pair separation

Smaller separation leads to stronger spin correlations, reaching the maximal correlation limit.
• Explore the dynamics and interplay of quark confinement and entanglement.



Summary
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• RHIC has been a discovery machine for a quarter of a century, creating and exploring 
many-body quantum systems with fascinating emergent phenomena. Its legacy 
includes:

– A world-leading scientific community and unique expertise

– Innovative detector and accelerator technologies

– Transformative scientific discoveries with broad scientific impact

• The discovery journey continues.

• The EIC will open a new era of QCD exploration by using precision tomography to 
reveal the inner workings of many-body quantum systems and provide 
unprecedented insights into the many-body dynamics and emergent phenomena of 
QCD.



Backup 
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Prospects for e+A collisions EIC ePIC Early Science Report



Prospects for e+p and e+A collisions
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EIC ePIC Early Science Report
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Net-proton higher moments from BES-II

How to infer the QCD critical point

Divergence of the correlation length, 
dynamics slow down, Large density 
fluctuations 

• Critical opalescence, magnetic 
susceptibility

Correlation length related to various 
moments  of the distributions of 
conserved quantities such as net-
baryon, net-charge, and net-
strangeness. 

Lattice calculations show that moments 
of the conserved charge (net-baryon, 
net-charge, net-strangeness) 
distributions are related to the 
susceptibilities 

STAR, QM2025, PRL135(2025)142301
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Dynamical transverse momentum fluctuations

Non-monotonic energy dependence 

To do:
• More comprehensive comparisons 

with baseline models

STAR, arXiv: 2604.06434, accepted by PRL



Longitudinal double-spin asymmetry for dijet production in pp at 200 GeV
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Golden probe for ∆g
• Statistical uncertainty reduced by a factor of 2
• Further constrain ∆g in the low x region (0.01-0.5)

STAR, arXiv: 2411.18976
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