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Relativistic Heavy Ion Collider (RHIC)

RHIC is the world’s most versatile 
facility for the exploration of the 
phases of QCD matter from high 
temperature to high baryon density.

RHIC

Aerial view of RHIC at 
Brookhaven National 
Laboratory
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Evidence for small QGP droplets

The QGP droplets created in collisions of p+Au, 
d+Au, 3He+Au have characteristically different 

shapes resulting in different emission patterns.

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

v3(3He+Au) > v3(p,d+Au)

The ordering of flows 
follows the ordering of 

shapes (ε2, ε3)
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Intriguing effects in small systems

AN of positive hadrons in p+Au is 
suppressed compared with p+p

Emerging low photon enhancement in 
p+Au and d+Au supports QGP formation 
in small systems 

Versatility of RHIC made these unique measurements possible

arXiv:1903.07422



Jets: Transversity & Collins

200 GeV vs. 500 GeV Comparison: 
• First observation of a TMD at low x 
    and high Q2 
    STAR 500 GeV PRD 97, 032004 (2018) 
• Evolution: 200 GeV !" 500 GeV  
    (factor 2.5 in Q) is modest 

• Test of factorization & universality 
‣ compare with transversity from IFF 
‣ compare with SIDIS and e+e- 

• Triggered a lot of theory work 
    proof of factorization:  

    Kang et al., arXiv:1705.08443 
    asymmetry calculation:  

    Kang et al., arXiv:1707.00913 
    D’Alesio et al., PLB773 (2017) 300 
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Dijet ALL: Gluon polarization

Higher degree of 
gluon polarization 
than in current fit?
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are dominated by the large uncertainty on the extracted
signal-to-background ratios but are comparable with the
previously published PHENIX results at central rapidities.
The longitudinal single-spin asymmetries, AL, measured

at forward and backward rapidities are shown in Fig. 9(a)
for positive and Fig. 9(b) for negative W þ Z decay muon
candidates. The two individual single spin asymmetries
from the two colliding beams have been combined after
correcting for background. Vertical lines and boxes show
the statistical and systematic uncertainties, respectively.
The curves depict parametrizations for the quark and
antiquark helicity PDFs based on various global fits
[24–27] as evaluated for the W þ Z → μ process at NLO
in the strong coupling using the CHE generator [21].
For the NNPDFpol1.1 set, the uncertainty bands based

on their 100 replicas are also displayed in Fig. 9. At forward
μ− rapidities, the DSSV08 curves for two scenarios in
whichΔdðxÞ=dðxÞ approaches unity when x is approaching
unity are also displayed for comparison. The previously
published centralWðþZÞ → e asymmetries from the STAR
experiment [11] and PHENIX [13] are also shown. The
2013 results from STAR are still expected [28].
These asymmetries show the first muon single spin

asymmetry results from W þ Z decays at pseudorapidities
jηj > 1 of the decay lepton. They help determine the valence
and sea quark helicities at different momentum fractions
than at central rapidities. The uncertainties are substantial
due to the large systematics on the signal extraction and the
relatively small signal fractions in the selected data sample.
The behavior of the asymmetries is generally consistentwith
the parametrizations although the forward μ− asymmetry is

below the DSSV08 curve.While the predicted asymmetries,
including a scenariowhere the d-quark polarization changes
sign and becomes positive at very large x (x > 0.5), aremore
compatible with this result, the precision is not sufficient to
actually confirm it. The backward μ− asymmetries are at the
upper limit of the uncertainty bands, which is similar to the
central measurements and indicates a ΔūðxÞ larger than
the central values obtained in the global fits without the
RHICW measurements. The forward μþ asymmetries are in
agreement with the parametrizations, while the backward
asymmetries prefer substantially smaller asymmetries.
Based on the helicity parametrizations, the asymmetries
are dominated by the well-known up-quark helicities. The
relatively small NNPDF uncertainty band is dominated by
the antidown quark helicity uncertainties. However, forWþ

production at forward rapidities and our transverse momen-
tum selection, there is always a mixture of up and antidown
flavors from either proton that contributes at a rather
different x. It is possible that a higher unpolarized antidown
quark component reduces the size of the asymmetries. Such
uncertainties in the unpolarized PDFs are not included in the
uncertainty bands of the asymmetry parametrizations. This
larger unpolarized contribution could explain our surpris-
ingly small backward Wþ asymmetries.
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FIG. 9. Longitudinal single spin asymmetry, AL for
(a) Wþ þ Z → μþ; eþ and (b) W− þ Z → μ−; e−. The PHENIX
results are for the current combined two muon arms for 2012
(blue solid circles) and 2013 (purple solid circles), pμ

T > 16 GeV,
and for previously published 2010þ 2012, pe

T > 30 GeV (blue
solid squares), and 2013, pe

T > 30 GeV (purple solid triangles)
[13]. The STAR results (green solid stars) [11] are for combined
2011þ 2012. Also shown are the statistical error bars and
systematic uncertainty boxes. The curves depict helicity PDF
parametrizations from various global fits described in the text that
are calculated using the polarized NLO generator CHE.
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FIG. 8. The W$ → μ$ ν cross section measured at forward and
backward rapidity from this measurement averaged over both
arms 1.1 < jηj < 2.5 (blue solid circles) and central rapidity
measurements from PHENIX−0.35 < η < 0.35 (blue solid tri-
angles) [13] and STAR−1.0 < η < 1.0 (green solid stars) [11].
The horizontal bars and yellow shading show the statistical and
systematic uncertainties, respectively. The vertical-line estimates
from the NLO generators are from left to right CHE (purple line),
RHICBOS (blue line), and PYTHIA6.4, using TuneA and a k-factor
of 1.4 (green line).

A. ADARE et al. PHYS. REV. D 98, 032007 (2018)

032007-12

RHIC Spin Results: W±

Concludes W AL  program  
Contributes to global fit to helicity PDF

PRD 98 (2018) 032007
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Flavor dependence of sea quark helicity 
Result: For 0.05<x<0.25 New global fit based on RHIC results 

extracted from W+ and W! AL  at 510 GeV

New Fit

2011!2013 Data

Compatible with the “statistical” model, 
which invokes Pauli suppression by the 
polarized valence quarks.
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❖ Beam Energy Scan II (2019-21): 
❖ Low energy (√sNN = 7.7, 9.1, 11.5, 14.5, 19.6 GeV) Au+Au runs using 

electron cooling to increase luminosity 
❖ Fixed target runs at (3.0), 3.5, 3.9, 4.5, 5.2, 6.2, 7.7 GeV 
❖ Search for signs of critical phenomena in event-by-event fluctuations 

❖ Forward spin run (2022): 
❖ 500 GeV p+p (enhanced by forward upgrades of STAR) 
❖ Spin physics measurements complementary to EIC 

❖ Runs with sPHENIX (2023-25):  
❖ Full energy (√sNN = 200 GeV) Au+Au, p+p, p+Au 
❖ Precision measurements of fully resolved jets and Upsilon states

RHIC Run Plan 2019-25



Beam Energy Scan 2019-21
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World’s first bunched beam electron cooling

Beam Energy Scan Goals: 
• What is the phase boundary of 

ordinary nuclear matter, i.e. matter 
composed of baryons and mesons? 

• Is there a critical point in the QCD 
phase diagram and, if so, where is it 
located? 
− 3-year run program: 12 energies 
− Run-19 already exceeding goals
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Higher statistics 
Low energy RHIC electron cooling upgrade

Increased 
acceptance

✔ ✔



Increased statistics and acceptance

Kurtosis (fourth-order fluctuations) signal grows like (Δy)3  
➔ Detector coverage is critical for a definitive measurement 

Increased luminosity reduces error bars

BES-I

BES-I
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RHIC Program: Forward Physics
• STAR collaboration is planning to implement forward upgrades for 

RHIC runs beyond BES-II with significant international and non-DOE 
supported contributions. 

• Physics program described in 2016 RHIC Cold QCD Plan -  similar, 
but complementary to measurements planned for EIC.

!13

Refurbished EMCal, new Hcal, 
STAR Pre-shower, FMS, and 
sTGC based tracking system, 
covering 2.5<η<4, forward Di 
tracking.  

Enables polarized 500 GeV 
proton run in 2022, possibly 
continued running 2023-25.

13



Cold QCD @ STAR

p+p & p+A
Beam: 
500 GeV: p+p 
200 GeV: p+p and p+A 

Physics Topics: 

▪ Improve statistical precision 
‣ TMD measurements (Collins, Sivers) 
‣ Access s & Δs through Kaons in jets 

▪ Measurement of GPD Eg through UPC J/Ψ 
▪ First access to Wigner functions through 

di-jets in UPC 
▪ Gluon and quark vacuum fragmentation 
▪ Gluon and quark fragmentation in nuclear 

medium 
▪ Nuclear dependence of Collins FF

p+p & p+A
Beam: 
500 GeV: p+p 
200 GeV: p+p and p+A 

Physics Topics: 

▪ TMD measurements at high x 
    transversity " tensor charge 
▪ Improve statistical precision for Sivers 

through DY 

▪ Δg(x,Q2) at low x through Di-jets 

▪ Gluon PDFs for nuclei 
‣  RpA for direct photons & DY 

▪ Test of Saturation predictions through 
di-hadrons, γ-Jets

Mid-rapidity -1.5<η<1.5 Forward-rapidity 2.8<η<4.2
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Cold QCD @ STAR

Rapidity windows 
select parton 

Bjorken-x regions 
in p+p, p+A

p+Au → 𝞬+X

Improved low-x constraints on 
polarized gluon PDF
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RHIC Program: sPHENIX
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• State-of-the-art collider detector incorporating 
technology developed for LHC by NP and HEP 

• Pilot MIE for the new $50M rule 
• Just passed PD-2/3 Review 
• Data taking to start in 2023

• High energy jets probe the structure of 
the QGP on different length scales and 
determine where and how it changes 
from particle-like quarks and gluons to a 
structureless “perfect” liquid 

• Heavy quark atoms (Upsilon) also probe 
the QGP structure at different scales

sPHENIX will increase the data collection rate by a  
factor of 10 fully utilizing the enhanced RHIC luminosity

Expanding jets probe  
various distance  
scales

Upsilon states probe QGP structure



Jet Probes of QCD Structure
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Parton virtuality evolves quickly and 
is sensitive to the medium at the 

scale it probes

Bare Color Charges

“Fuzzy” thermal Gluons

Structureless Fluid

Unique critical microscope       
resolution range at RHIC 

Jets are more sensitive to the QGP 
medium at RHIC than at LHC 

Kinematic overlap between RHIC        
and LHC provides complementarity

RHIC Jet Probes 
LHC Jet Probes 
QGP Influence
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Cold QCD @ sPHENIX



sPHENIX Hardware Progress
• Lots of progress on detector components, much of it going on at universities! 
• Successful PD-2/3 review in May 2019  
• Installation planned for 2022 for start of data taking in 2023

5/15/2019 PD 2/3 Review 17

GEM STACK

X-ray gun

TPC FEE

Digitizer Crate Columbia 

EMCal Sector-0 BNL

EMCal Blocks UIUC

SAMPA v5 Sao Paulo

TPC Outer Field Cage- SBU

HCal Tiles- Uniplast, GSU

TPC 3D model BNL

SiPM Testing U Mich, Debrecen

MBD - RIKEN

HCal Sectors, flux return BNL

GEM X-ray test BNL



Beyond RHIC
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EIC: Compelling Science Case
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Precision

Discovery

First accelerator facility capable of exploring with precision the role of gluons  
in building all visible matter in the universe

NAS Study of the Science Case for a U.S. based EIC 
In summary, the committee finds a compelling scientific case for such a facility. The science 
questions that an EIC will answer are central to completing an understanding of atoms as 
well as being integral to the agenda of nuclear physics today. In addition, the development 
of an EIC would advance accelerator science and technology in nuclear science; it would as 
well benefit other fields of accelerator based science and society, from medicine through 
materials science to elementary particle physics.



eRHIC Design
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The eRHIC Team has completed a 
Pre-conceptual Design Report for a 
facility that is capable of addressing 
the full range of science covered in 
the EIC White Paper with a low-risk, 
cost-effective solution: 
• Polarized (~70%) electrons, 

protons, light nuclei (!3He, !d) 
• Ion beams from deuterons to the 

heaviest stable nuclei 
• CM energy range ~20–140 GeV 
• Luminosity ~1033-34 cm-2s-1 
• Up to two interaction regions 
• Multiple staging options 

eRHIC is designed to be capable of 
executing the full science program 
outlined in the NAS Study Report.

Pre-Conceptual 
Design Report



eRHIC Layout

Detector, IR magnets 
Crab cavities, Spin rotators

e-RF, Cold h-RF 
e-Cooling 
Beam dump

e-Injection 
p-instrumentation

Warm h-RF  
h-injection

6 snakes, polarimeter 
Feedback Diagnostics

Detector, IR magnets 
Crab cavities, Spin rotators

Pre-CDR update  
planned for July 2019
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eRHIC: Luminosity versus CM Energy

!24
e-p center-of-mass energy (GeV)
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Measurements at an EIC
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Physical quantity Process Measurement 
challenges

Structure functions F2, FL 
Nuclear structure functions

Inclusive  
scattering

Electron identification, 
hadron measurement,  
background rejection, 
luminosity

Spin structure functions Inclusive scattering + polarization

Gluon density Charm, 
Di-jet production 
…

Secondary vertex, pion/
kaon separation, 
hadronic jets

Generalized Parton 
Distributions GPDs 

Deeply Virtual 
Compton Scattering 
Meson Production 

Forward proton, 
e, γ measurements 
background rejection

Transverse Momentum 
Distributions TMDs

Semi-inclusive  
Deep Inelastic  
Scattering 

Pion/kaon separation

20



EIC Experimental requirements         
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Experimental measurement categories addressing EIC physics
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10 fb-1

10 - 100 fb-1

Exclusive processes 
• 4-dimensional binning 
   " x, Q2, t, Θ
• proton pt 0.2 - 1.3 GeV2 needed 
" strong impact on IR design 
" can not be detected in main detector

∫Ldt

1 fb-1

Inclusive DIS
• fine multi-dimensional binning 
   " x, Q2 

" reach to lowest x, Q2 impacts  
      distance of machine elements to IP

Semi-inclusive DIS
• 5-dimensional binning 
   " x, Q2, z, pT, Φ
• to reach pT > 1 GeV



EIC General Purpose Detector Sketch
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LeptonsHadrons

ForwardBackward

Central Cylindric 
Detector

Hadron 
Endcap

Lepton 
Endcap

z

Scattered quark in  
NC and CC DIS

Low Q2 scattered leptons 
Bethe-Heitler photons  

for luminosity

Particles from nuclear 
breakup, i.e. neutrons 

Scattered protons and ions  
from diffractive reactionsEIC is a high luminosity machine 1033-1034 cm-2s-1  

" systematics becomes crucial 
Importance of integrating ALL detector equipment in the collider 



EIC Detector Concepts
eRHIC: Two interaction regions planned " Creativity has room to roam

sPHENIX → EIC Argonne concept: TOPSiDE

Brookhaven concept: BEAST

!28

Jefferson Lab concept: JLEIC



Summary
• RHIC continues to produce intriguing results on QCD spin dynamics 

• Q2 evolution of TMDs is not as strong as some theories suggested 

• Evidence for substantial gluon contribution to proton spin strengthened 

• STAR iTPC and LEReC are performing well - BES II ahead of schedule 
• Forward upgrades to STAR will open exciting opportunities for studies of 

QCD transverse spin physics at low-x prior to EIC 

• sPHENIX will enable high statistics studies of hard QGP probes 

• Favorable NAS Report on EIC has set the stage for Mission Need 

• Critical Decision 0 is expected in FY 2019, first funding in FY 2020 

• eRHIC pre-CDR completed in August 2018, updated version in summer 2019 

• This is the time to get involved in EIC detector activities organized by the  
EIC Users Group
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QUESTIONS?

STAR iTPC

Hits Tracks


