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• Unique hot QCD topics to be done at RHIC
1.   Inner working of the QGP with hard probes
2.   Mapping the QCD phase diagrams 
3.  Search for the Chiral properties of the medium
4.  Vortical fluid & new probes hydro paradigm

• Topics that bridge RHIC & EIC science 
5. Origin of small system collectivity
6.  Imaging nuclei in the pre-EIC era
7. Microscopic structure of a baryon
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RHIC highlights & Future https://science.osti.gov/-/media/np/nsac/pdf/2015LRP/2015_LRPNS_091815.pdf

Data On Tape NEED MORE DATA
Topics that need analysis of 
already collected data

Outstanding questions that 
can be answered only with 
more data from future runs

2020
2021

2019
2018

2017
2016

2015

2022

NSAC 2015 LRP: 

This talk will focus on soft probes, for hard 
probes see talk by Megan Connors: 

RHIC Highlights and Future I

https://science.osti.gov/-/media/np/nsac/pdf/2015LRP/2015_LRPNS_091815.pdf


Remaining years of RHIC running with sPHENIX & STAR

Complete the planned RHIC operations by collecting p+p, p+A & A+A data to achieve required precision 

Fully exploit the unique detector capabilities, kinematics & polarization of proton beams

Compliment LHC program with probe different kinematics

3

Unique, purpose-built sPHENIX 
detector for precision on hard probes 

Significant new forward and mid-rapidity 
capabilities of the upgraded STAR detector

Goal is to complete the RHIC Hot and Cold QCD missions with sPHENIX and upgraded STAR detector
RHIC highlights, P. Tribedy, MIT  town hall meeting
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Unique hot QCD topics at RHIC

1.    Mapping the QCD phase diagrams 
2.  Search for the Chiral properties of the medium
3.  Vortical fluid & new probes of the hydrodynamic paradigm



Mapping the QCD phase diagram
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improved tracking, 
PID & event plane 

determination  
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(completed in 2019)

Continued support necessary to complete of the goal envisioned in 2015 NSAC LRP

Doping the QGP with baryons & map the region 
of phase diagram inaccessible to other facilities

STAR BES-II upgrade:
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Talk by Xin Dong (Sat)

RHIC highlights, P. Tribedy, MIT  town hall meeting



RHIC highlights, P. Tribedy, MIT  town hall meeting 6

Medium temperature with di-leptons

+ -e e

TLMR  ~ TPC,LQCD TIMR > TLMR

QGP temperature of ~300 MeV at 27 & 54.4 GeV, analysis of more BES-II data is anticipated

(LMR)

(IMR)

STAR Preliminary

TLMR

TIMR

Zaochen Ye (STAR Collb.), QM 2022

LMR measures temperature near chiral crossover
IMR measures QGP temperature

Data On Tape

Di-leptons provide extraction of blue-shift 
free average temperature of the medium

datasets taken with the Heavy Flavor Tracker at STAR. [119] Thus deeper understanding
of origin of thermal radiation in Au+Au collisions at p

sNN = 200 GeV from ⇠zero mass up
to 2.5 GeV/c2 will become possible with rigorous theoretical efforts and improved dielectron
measurements. Figure 61 shows the expected statistical and systematic uncertainties of the
dielectron excess mass spectrum with all the detector upgrades and for the anticipated total
Run-23 and 25 statistics of 20 B events.
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+ 20 billion events
with iTPC upgrade

Figure 61: The expected statistical and systematic uncertainties on the dielectron excess mass
spectrum with the iTPC upgrade compared to the current TPC case. The data are from our
measurements in p

sNN = 200 GeV Au+Au collisions. [120] Model comparisons are also shown. The
boxes represent systematic uncertainties from data and the brackets represent the total systematic
uncertainties including those from cocktails. The grey ones are for the current case while the green
ones are for the Run-23 and 25 case. The blue bands represent statistical uncertainties from 20 B
min-bias events with the iTPC upgrade.

Electrical conductivity (dielectron LMR)
Another application of dielectrons is to use them to measure transport coefficients. The
electrical conductivity can be directly obtained as the low-energy limit of the EM spectral
function. We aim to extract such information by studying excess dielectron yields at the low-
energy regime of the dilepton spectra and the conductivity peak at small invariant masses,
i.e. at low invariant mass and low pee

T . Measurement of Drell-Yan in p+A collisions at low
pT would provide an important reference to constrain the dilepton cocktail.

Local parity violation and the chiral magnetic effect A decisive experimental test
of the Chiral Magnetic Effect (CME) has become one of the major scientific goals of the
heavy-ion physics program at RHIC. The existence of CME would be a leap towards an
understanding of the QCD vacuum, establishing a picture of the formation of a deconfined
medium in which chiral symmetry is restored, and it would also provide unique evidence
that the strongest known electromagnetic fields are created in relativistic heavy-ion colli-
sions. [121,122] The impact of such a discovery would go beyond the community of heavy-ion

69

NEED MORE DATA
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Search for the chiral crossover

PreliminarySTAR
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Ho-San Ko QM 2022
M. Abdallah et al. (STAR Collaboration) Phys. 

Rev. Lett. 127, 262301 (2021) 

Top RHIC energy measurements of the highest order cumulants C6 /C2 , C5 /C1 provide 
opportunity for direct comparison with LQCD that predicts a chiral crossover at μB/T <= 2

Measurements with p+p, isobar & Au+Au with multiplicity approach LQCD predictions, 
high statistics Run 2023 + 25 data will provide much improved precision 

NEED MORE DATA
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Search for the QCD critical point

Non-monotonic trend with collision energy observed with 3.1σ significance, BES-II data will improve 
measurement precision

Central Au + Au CollisionsCentral Au + Au Collisions
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J. Adams et al. (STAR collab.) Phys. Rev. Lett. 126 (2021) 092301
 M. Abdallah et al. (STAR collab.) Phys. Rev. Lett. 128, 202303 (2022)

Proton fluctuations (kσ=C4/C2) measured with RHIC BES-I program
and Au+Au  √s   = 3 GeV FXT data                                                  

2

NN

Looking for Non-monotonic trend of baryon 
number fluctuations with energy

Data On Tape
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Chiral Properties of the medium

Chiral symmetry restoration ⟶ Chiral fermions
UA(1) symmetry breaking ⟶ Chirality imbalance
Strong B-field + Chirality imbalance ⟶ Chiral Magnetic Effect

Turn this OFF

LQCD = ψ̄a (i(γ
µDµ)ab)ψb −mδab ψ̄aψb −

1

4
Gc

µνG
µν
c − θ

32π2
g2Fµν

α F̃αµνLQCD = ψ̄a (i(γ
µDµ)ab)ψb −mδab ψ̄aψb −

1

4
Gc

µνG
µν
c − θ

32π2
g2Fµν

α F̃αµν

= − θ

8π2
g2E⃗α.B⃗α

(Quantum 
anomaly)s
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CME search has been narrowed down with precision 
measurements and novel techniques  

Search for the Chiral Magnetic Effect    M. Abdallah et al. (STAR Collab), Phys. Rev. C 105 (2022) 1, 014901, 
Phys.Rev.Lett. 128 (2022) 9, 092301, STAR Collab. arXiv:2209.03467

No pre-defined signatures 
observed in isobar blind 

analysis. Unique opportunities 
with Run 23+25 & BES-II data

10

NEED MORE DATA
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Observation hyperons polarization led to the discovery of vorticity in QGP opened up a new field

Global & local polarization of hyperons 
⟶ access to gradient of fluid velocity

Vortical fluid & new probes of hydro paradigm Joey Adams, Kosuke 
Okubo QM 2022 

STAR Collab. Phys. Rev. 
Lett. 123, 132301 (2019)

 Phys. Rev. Lett. 126, 
162301 (2021) 

STAR Collab., Nature 548 (2017) 62-65
STAR Collab, Phys. Rev. C 104 (2021) L061901
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Data On Tape

φ 

K *0

M. Abdallah et al (STAR Collaboration), arXiv: 2204.02302
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3D initial state with STAR forward upgrade     SN0773 : The STAR BUR for 
Run-22 & data taking in 2023-25

Unique opportunity to study initial state with extended pseudorapidity & improved PID capabilities
12

Longitudinal de-correlation
(3D initial state)

NEED MORE DATA

Global Vorticity Transfer

January, 2021 Ting Lin - Initial Stages 2021 13

Improved PID, extended ) coverage by iTPC and Forward detectors

• How exactly is the global vorticity dynamically transferred to the fluid?
• How is the local thermal vorticity of the fluid transferred to the spin angular momentum of the 

produced particles during the process of hadronization and decay?
• Rapidity dependence of Λ, Ξ, Ω -# at STAR, probe the nature of global vorticity transfer: Initial geometry 

and local thermal vorticity + hydro predict opposite trends. 
• Can we reconcile 1% with vector meson spin alignment 2&&? Strong force field effect? 

• Precise measurements of .$$ of K*, ɸ, J/ѱ. 

NEED MORE DATA

Forward Silicon Tracker

Forward 
EMCal, HCal

Small Strip Thin Gap Chamber

Inner Time Projection Chamber

Event Plane Detectors
(Spacetime profile of vorticity)

Global polarization of   
hyperons with rapidity 

Chronometers
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Topics that bridge RHIC and EIC science

• Collectivity in small system
• Imaging nuclei in the pre-EIC era
• Microscopic structure of the baryons
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Physics topics that bridge RHIC and EIC science

Until the EIC is built, ultra-peripheral p/A+A collisions 
→ opportunity to study photoproduction (γ+p/A) 


Similar target ion energy as EIC, flexibility of ions 
species, a natural continuation of RHIC system scan

The STAR BUR for Run 23-25

Support beyond RHIC operation to train a generation of experimentalists in preparation for the EIC
14

Talk by Xiaoxuan Chu (Fri),
Kong Tu (Sat), Spencer Klein (Sat)

10

Breit-Wheeler Process
e

e-

+

Two real photons 
colliding to create a 
real e+-e- pair

Xiaoxuan Chu DNP2020, Oct. 31 4

STAR forward detector

East

West

p+p and p+A collisions at ,)) = 200 GeV
• Au, Al beams → A dependence
• Forward rapidity hadron production 

• can access low-x gluons
• with high-x quark probe

• The high energy photons form shower at 
FMS, can be reconstructed: cluster finding, 
shower shape fitting

• π0 decays into two photons, is constructed 
from a pair of photon candidates

p
A π 0

π 0

Forward Meson Spectrometer

small-x
large-x

Search for gluon 
saturation

Area of C(Δφ) : 
p+p > p+Al > p+Au

Opportunity with p+Au 
Run 24 & STAR 
forward upgrade

    STAR Collab., Phys.Rev.Lett. 129 (2022) 092501

NEED MORE DATA
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3He+Au d+Au p+Au

Testing hydro by controlling system geometry
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v2 and v3 ordering matches "2 and "3 ordering in all three systems
—Collective motion of system translates the initial geometry into the final state

R. Belmont, UNCG AUM 2020, 22 October 2020 - Slide 11

Nature Physics 15, 214–220 (2019)

v2

v3

v2(3He+Au) < v2(d+Au) < v2(p+Au)

Crucial insight from RHIC measurements nearly a 
decade after the discovery in LHC p+p collisions 

 PHENIX collab, Nature Physics 15, 214–220 (2019), 
Phys. Rev. C 105, 024901 (2022)

v2(3He+Au)~ v2(d+Au) > v2(p+Au)

PHENIX results decisively establishes role of final state, opportunities to pin down the acceptance 
dependence with RHIC d+Au, O+O with STAR & future p+Au run with sPHENIX + STAR

Mace et al, Phys. Rev. Lett. Erratum 123, 039901(E) (2019) Schenke et al., Phys. Rev. C 102, 044905 (2020)

Origin of collectivity in small systems

13

• Long range Δη correlations emerge from early times (causality) 
• Azimuthal structure formed by the medium response to the 

fluctuating initial transverse geometry

B j ö r n  S c h e n k e ,  B N L

Interpretation: Strong final state effects

Initial energy density 
distribution

Hydrodynamic 
 expansion

Hydrodynamics (final state)CGC (initial momentum anisotropy)

3He+Au

p+Au

d+Au
p+Au

d+Au

3He+Au

v2(3He+Au)~v2(d+Au)>v2(p+Au)

Nagle et. al., Phys. Rev. Lett. 113, 112301 

15
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U+U Au+Au Ru+Ru O+O p+Aud+Au3He+Au

Collectivity across systems: from RHIC to EIC

STAR collaboration, Phys. Rev. Lett. 95, 152301  
Phys. Rev. C 80 (2009) 64912 

larger Q2

dipole+A (EIC)

Will γ*+A be 
the next small 
system ? 

ρ + Au

 PHENIX collab, Nature Physics 
15, 214–220 (2019)

p/d/3He + A Photonuclear

STAR Collab. QM 2022 EPIC collaboration, 2030+

Push the limits of RHIC system scan, sets the stage for collectivity search at EIC 

Testing hydro by controlling system geometry
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NEED MORE DATA

??
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p+Au

Small system collectivity: future measurements

17

NEED MORE DATA

d+Au

γ+ Au ⟺ ρ + Au

??

Limited kinematic control, large rapidity 
de-correlation in γ+Au but various 

baselines available at RHIC 

d+Au beam energy scan (PHENIX)

p+Au rapidity scan 
(sPHENIX + STAR 2024)

C. Aidala et al. (PHENIX Collab), Phys. Rev. C 96, 064905

STAR BUR for Run 23-25
sPHENIX BUP 2022 (sPH-TRG-2022-001)

 ATLAS Collab,Phys. Rev. C 104, 014903 (2021)

W�,N (RHIC) = 10 � 40GeV

Opportunity to explore if many-body system exhibit fluid behavior in photon-induced processes
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Imaging nuclei in the pre-EIC era: Approach-I
 L. Adamczyk et al. (STAR Collab.), Phys. Rev. Lett 115, 222301 (2015)
   M. Abdallah et al. (STAR Collab.), Phys. Rev. C 105 (2022) 1, 014901 

Haojie Xu, Chunjian Zhang QM 2022
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Au+Au

U+U

We have pioneered a way to constrain 
nuclear structure with heavy ion collisions

Talk by Jiangyong Jie (Sat)
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-e+ e→γγ
Au+Au 99.7% Confidence

19

Novel ways of extracting nuclear charge radius, and strong-interaction (gluon) radius at RHIC energies

Charge radius R & skin depth a through 
γγ → e e (Breit Wheeler process) + -

J. Adam et al. (STAR Collab.), 
Phys. Rev. Lett. 127, 052302

M. Abdallah et al. (STAR Collab.), arXiv:2204.01625
Xiaofeng Wang QM2022

γ+γ→e e + -

Charge radius

J/��0�

P

Ƶ
�

�

e+

e�

Ƶ

Ƶ

Imaging nuclei in the pre-EIC era: Approach-II

� =
�0

1 + exp [(r � R)/a]

Mass radius, neutron skin 
through photonuclear  
γA→ ρ0 process

NEED MORE DATA
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20

What makes is possible to scan along the µΒ axis ? 

Doping the QGP with baryons is essential 
to map the phase diagram of the QCD

1/3 1/3

1/3

But pulling a quark stops 
a meson not a baryon

G.C. Rossi and G. Veneziano, Nucl. 
Phys.B123(1977) 507; Phys. Rep.
63(1980) 149, Kharzeev, Phys. Lett. 
B, 378 (1996) 238-246

If baryon flows with valence quarks, then they should end up near Ybeam and not near y=0

Available time for valence 
quark stopping is too short

Baryon number flows 
with the valence quarks

20
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Rapidity dependent baryon 
stopping in γ(*)+Au with 

RHIC UPC & EIC

fig: Suganuma et al. AIP Conf.Proc. 756 (2005) 1, 123

N

Global data show exponential dependence 
of baryon density with rapidity shift

√s    = 3 GeV

Microscopic structure of a baryon: what carries the baryon number?

A path towards microscopic understanding of the flow of baryon number & its stopping is 
possible through RHIC & future EIC measurements

1

1/3 1/3

1/3

Baryon number flows 
with the valence quarksB. Abelev et al. (STAR Collaboration) 

Phys. Rev. C 79 (2009) 034909

Brandenburg, Lewis, Tribedy, Xu, arXiv:2205.05685Benjamin Kimelman, Nicole Lewis QM2022

Data On Tape

NEED MORE DATA

Q � Z

A
� B

Charge vs. 
baryon stopping

Baryon number flows 
with the flow of junction
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Summary
Goal: 


• Utilize the remaining years of RHIC run & analysis of existing data to 
characterize the unique plasma created in RHIC collisions & map the 
region of QCD phase diagram inaccessible to other facilities


• Coming decade provides opportunity to identify & perform measurements, 
informative towards EIC science

13

• Long range Δη correlations emerge from early times (causality) 
• Azimuthal structure formed by the medium response to the 

fluctuating initial transverse geometry

B j ö r n  S c h e n k e ,  B N L

Interpretation: Strong final state effects

Initial energy density 
distribution

Hydrodynamic 
 expansion

Needs:

• Complete the planned RHIC operations by collecting p+p, p+A & A+A 

data to achieve the required precision 

• Continued support necessary for timely completion of the analysis & 

publications

• Support beyond RHIC operation to train a generation of experimentalists 

in preparation for the EIC
22

1

Measurements:
• Improved precision of the net-proton fluctuations, di-lepton spectra with 

BES-II data, novel observables sensitive to chiral & vortical effects 
• Probes of gluon saturation, small system collectivity, nuclei imaging, 3D-

initial state, bulk observables in UPCs


