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• The world’s most 

versatile facility for the 

exploration of the 

phases of QCD matter 

from high temperature 

to high baryon density.

• The world’s first and 

only polarized proton 

collider and explores 

properties of the 

proton’s spin.
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RHIC: A Unique Facility

RHIC discoveries include: 

• The quark-gluon plasma is a “perfect liquid”.

• Jet quenching in QCD matter.

• Gluons make a substantial contribution to the proton spin. 

RHIC



RHIC’s Physics Program is Diverse
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Record Luminosity and Aiming for More
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Average store luminosity for Au+Au has 

now reached 44 times the design value. 

In 10 minutes RHIC today produces 

more collisions than during the entire 

commissioning run in 2000. 

Electron cooling for the Beam Energy Scan 

II (BES-II) aims for a four-fold increase at the 

three lowest energies of the scan. 

A three-fold increase at the two highest 

energies is possible without cooling, and has 

been demonstrated in 2016.

Au+Au

@ RHIC



RHIC Program Since 2015

• Run 2015: 

• Transverse and longitudinally polarized p+p at √sNN = 200 GeV

• Baseline comparison runs (p+p. p+Au) for heavy flavor program

• Polarized p+Au and p+Al at √sNN = 200 GeV

• Gluon helicity; transverse spin in QCD; nuclear PDFs

• Run 2016: 

• High statistics Au+Au at √sNN = 200 GeV

• Precision measurement of heavy flavor dynamics in the QGP

• d+Au beam energy scan

• Energy dependence of collective flow in small systems

• Run 2017 (ongoing):

• High luminosity transverse polarized p+p at √sNN = 510 GeV

• Study of scale evolution of the transverse momentum dependent parton
distributions and sign change of the Sivers function

• Au+Au at √sNN = 53 GeV

• Study of longitudinal correlations in QGP initial conditions & energy 
dependence of jet quenching
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RHIC Highlight (1): Παντα ρει
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Heavy Flavor Tracker: >10-year development - first use in a collider 

experiment 

Enabling technology: High-precision low-mass Monolithic" Active Pixels

Result: Charm quarks flow just as well as lighter quarks – “Perfect liquid”
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example, the D 0 candidate-hadron azimuthal cumulant

V cand− h
2 ≡ ⟨ cos(2φcand − 2φh )⟩, shown as a funct ion of

pT as solid markers in Fig. 2 (b), is calculated by the Q-

cumulant method where φcand and φh are azimuthal an-

gles for D 0 candidates and charged hadrons [31]. The av-

erage is taken over all events and all part icles. Neglect ing

non-flow cont ribut ions, the following factorizat ion can

be assumed to obtain the D 0 v2: V cand− h
2 = vcand

2 vh
2 .

Here, vh
2 can be obtained from hadron-hadron correla-

t ions via V h− h
2 = vh

2 vh
2 . The same η-gap as in the

event plane method was chosen for the correlat ion anal-

ysis. The D 0 background v2 is calculated similarly, with

the background represented by the average of the like-

sign K π pairs in the D 0 mass window (± 3σ, where σ is

the signal width) and side bands (4− 9σ away from the

D 0 peak, both like-sign and unlike-sign K π pairs). The

background-hadron cumulant is also shown in Fig. 2 (b)

as open circles. The D 0 v2 is obtained from the candidate

and background v2 and their respect ive yields (Ncand ,

Nbg) by v2 = (Ncandvcand
2 − Nbgv

bg
2 )/ (Ncand − Nbg).

The systemat ic uncertainty is est imated by compar-

ing v2 obtained from the following different methods:

a) the fit vs. side-band methods, b) varying invariant

mass ranges for the fit and for the side bands, c) varying

geometric cuts so that the efficiency changes by ± 50%

with respect to the nominal value. These three different

sources are varied independent ly to form mult iple com-

binat ions. We then take the maximum difference from

these combinat ions and divide by
√

12 as one standard

deviat ion of the systemat ic uncertainty. The feed-down

contribut ion from B -meson decays to our measured D 0

yield is est imated to be less than 4%. Compared to other

systemat ic uncertaint ies, this contribut ion is negligible

even in the ext reme case that B -meson v2 is 0.

Figure 2 (c) shows the result of the D 0 v2 in 0–80%

centrality Au+ Au events as a funct ion of pT . The re-

sults from the event plane and correlat ion methods are

consistent with each other within uncertaint ies. For fur-

ther discussion in this let ter, we use v2 from the event

plane method only, which has been widely used in previ-

ous STAR ident ified part icle v2 measurements [34, 35].

The residual non-flow cont ribut ion is est imated by

scaling the D 0-hadron correlat ion (with the same η gap

used in the analysis) in p+ p collisions, where only the

non-flow effects are present , by the average v2 (v2) and

mult iplicity (M ) of charged hadrons used for event plane

reconstruct ion or D 0-hadron correlat ions in Au+ Au col-

lisions. Thus the non-flow contribut ion is est imated to

be
i
cos2(φD 0 − φi ) / M v2 [36], where φD 0 and φi

are the azimuthal angles for the D 0 and hadron, respec-

t ively. The i is done for charged tracks in the same

event , and ⟨⟩ is an average over all events. The D 0-

hadron correlat ion in p+ p collisions is deduced from D ∗ -

hadron correlat ions measured with data taken by STAR

in year 2012 for pT > 3GeV/ c and from a PYTHIA sim-
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FIG. 3. (color online) (a) v2 as a funct ion of pT and (b) v2 / nq

as a funct ion of (mT − m0)/ nq for D 0 in 10–40% cent rality

Au+ Au collisions compared with K 0
S , Λ, and Ξ− [34]. The

vert ical bars and brackets represent stat ist ical and system-
at ic uncertaint ies, and the grey bands represent the est imated
non-flow cont ribut ion.

ulat ion for pT < 3GeV/ c. The correlat ions in p+ p colli-

sions were used as a conservat ive est imate since the cor-

relat ion may be suppressed in Au+ Au collisions due to

the hot medium effect . The est imated non-flow contri-

but ion is shown separately (grey bands) along with the

systemat ic and stat ist ical uncertaint ies in Figs. 3 and 4.

For cross check we performed a MC simulat ion using

the measured D 0 v2 to calculate the single elect ron v2

and compare to previous RHIC measurements [11, 12].

Both the PHENIX and STAR measurements are com-

pat ible with the calculated elect ron v2 at pT < 3GeV/ c

where the charm hadron cont ribut ion dominates [37–39].

At higher pT region, where the bot tom contribut ion is

sizable, the large uncertainty in the measurement of v2

of single elect rons does not allow for a reasonable extrac-

t ion of v2 for B -mesons.

Figure 3 compares the measured D 0 v2 from the event

plane method in 10–40% cent rality bin with v2 of K 0
S ,

Λ, and Ξ− [34]. The comparison between D 0 and light

hadrons needs to be done in a narrow centrality bin

to avoid the bias caused by the fact that the D 0 yield

PRL 118 (2017) 212301

Elliptic flow of D0 mesons (charm quarks)



RHIC Highlight (2): Παντα ρει
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Darren McGlinchey — PHENIX Overview — 6 Feb 2017

Small System Collectivity
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 arXiv:1609.02894

Collective 

Dynamics

Qiao Xu 

6.1 - Wed 11:20

Also have: 

v2 in p+Al 

PID v2 in p+Au

v2 ordering: 

p+Au < d+Au ~ 3He+Au

PRL 115 (2015), 142301

PRL 114 (2015), 192301

0-5% √s=200 GeV h±

Signatures of collective flow exist 
even in the smallest systems and 

at the lowest RHIC energiesDarren McGlinchey — PHENIX Overview — 6 Feb 2017

Small System Collectivity

4

 arXiv:1609.02894

Collective 

Dynamics

Qiao Xu 

6.1 - Wed 11:20

Also have: 

v2 in p+Al 

PID v2 in p+Au

v2 ordering: 

p+Au < d+Au ~ 3He+Au

PRL 115 (2015), 142301

PRL 114 (2015), 192301

0-5% √s=200 GeV h±

Phys. Rev. C 95 (2017) 034910

PHENIX Preliminary

Darren McGlinchey — PHENIX Overview — 6 Feb 2017

Multiparticle Correlations in Small 
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Ron Belmont 
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Real v2{4} at all 4 energies! 

Evidence of collectivity down 

to 19.6 GeV

Also have cumulants in p+Au

Darren McGlinchey — PHENIX Overview — 6 Feb 2017

Multiparticle Correlations in Small 
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Ron Belmont 
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RHIC Highlight (3): The most vortical fluid
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Figure4: Theaveragepolarization PH (whereH = L or L ) from 20-50% central Au+Au collisions

is plotted as a function of collision energy. The results of the present study (
p

sNN < 40 GeV)

are shown together with those reported earlier6 for 62.4 and 200 GeV collisions, for which only

statistical errors are plotted. Boxes indicate systematic uncertainties.

(⇠3.5%).

The fluid vorticity may be estimated from the data using the hydrodynamic relation22

w = kBT PL 0+ P
L

0 / ~, (3)

where T is the temperature of the fluid at the moment when particles are emitted from it. The

subscripts (L 0 and L
0
) in equation 3 indicate that these polarizations are for “primary” hyperons

emitted directly from the fluid. However, most of the L and L hyperons at these collision ener-

9

accepted by Nature

Global Lambda Polarization is signal of vorticity

Strongest signal at Beam Energy Scan (BES-II) energies

Signal is consistent with vorticity ω = (9 ± 1) x 1021s-1, greater than 
previously observed in any system, including nuclei in high-spin states

Holds potential for measurement of late time magnetic field in BES-II

Global collision angular momentum 

generates QGP vorticity
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Phys. Rev. Lett. 116 (2016) 132301

RHIC Highlight (4): Transverse spin in QCD

2011 Run established feasibility – results

favor a TMD Sivers function sign change, 

but are not definitive (~2σ)

2017 Spin Run will yield a definitive test, 

including TMD evolution with scale, which 

is important for EIC predictions

Scale evolution of the 

Sivers effect will be 

measured comparing 

W-production with DY 

e+e− pair production 

at 5−10 GeV



RHIC Future Plans

• Run 2018: 

• High statistics isobar system (96Ru - 96Zr) comparison run

• Test of signatures of Chiral Symmetry Restoration in the QGP

• Completion of the Low-Energy electron Cooling Upgrade  

• Installation of STAR inner TPC Upgrade

• Runs 2019-20: 

• High statistics Au+Au beam energy scan (√sNN = 7−20 GeV)

• Search for signs of critical phenomena in event-by-event 
fluctuations, including search for a critical point

• Completion and Installation of the sPHENIX Upgrade

• Runs 2022++: 

• Au+Au, polarized p+p, p+Au √sNN = 200 GeV

• Precision measurements of fully resolved jets and Upsilon states 
using the new sPHENIX detector (received CD-0 in 2016

• Cold QCD measurements to unambiguously separate intrinsic 
properties of nuclei from process dependent phenomena (EIC!)

10



RHIC Future (1): Chiral Symmetry & Topology
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An excess of right- or left-handed 

quarks will cause an electric current 

to flow along the magnetic field: 

Chiral Magnetic Effect (CME)

The chiral anomaly of QCD creates 

local fluctuations in the number of 

left and right handed quarks

11
4/25/17

+
-

B=1017 Gauss

Topology is a fundamental characteristic of QCD

Observation of topological field fluctuations requires

- (nearly) massless quarks = chiral symmetry

- superstrong magnetic fields

Heavy ion collisions provide both!

When clearly established experimentally, the CME provides for an 

unambiguous signal of chiral symmetry restoration.



RHIC Future (1): Chiral Symmetry & Topology

12

Various signals of fluctuating charge separation with respect to the 

reaction plane have been observed, but these could be caused by 

background effects in correlation with elliptic flow.

The isobar comparison run in 2018 can tell us to with +/- 6% precision

what fraction of the observed charge separation is due to the CME.

4/25/17

40

96Zr+ 40

96Zr   vs.   44

96Ru+ 44

96Ru

DB2

B2
» 0.2



RHIC Future (2): Doping the QGP to Criticality

134/25/17

Critical Opalescence 

near a critical point is 

indicative of long-range 

fluctuations

In the QGP critical behavior is 

predicted to be reached by doping 

with net baryons (protons)

Most robust signal of criticality is a characteristic change in the 

non-Gaussian distribution of event-by-event net proton fluctuations



Critical signature: Net-proton kurtosis

14

BES I provided a tantalizing hint, but with insufficient precision

Net-baryon/proton density of the QGP 

is controlled by the collision energy

3

and δ = 5, which are within few percent of their exact

values in threedimensions. The result of Eq. (9) can then

be simplified to

κ4(t, H ) = − 12
81 − 783θ2 + 105θ4 − 5θ6 + 2θ8

R14/ 3(3 − θ2)3(3 + 2θ2)5
. (10)

We represent κ4(t, H ) graphically as a density plot in

Fig. 1. We see that the 4-th cumulant (and kurtosis)

is negat ive in the sector bounded by two curved rays

H/ tβδ = ± const (corresponding to θ ≈ ± 0.32).

(a)
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FIG. 1: (color online) (a) – the density plot of the funct ion

κ4(t , H ) given by Eq. (10) obtained using Eq. (9) for the linear
paramet ric model Eqs. (6), (7), (8) and β = 1/ 3, δ = 5. The
κ4 < 0 region is red, theκ4 > 0 – is blue. (b) – thedependence
of κ4 on t along the vert ical dashed green line on the density
plot above. This line is the simplest example of a possible
mapping of the freezeout curve (see Fig. 2). The units of t ,

H and κ4 are arbit rary.

Also in Fig. 1 we show the dependence of κ4 along a

line which could be thought of as represent ing a possible

mapping of the freezeout t rajectory (Fig. 2) onto the tH

plane. Although the absolute value of the peak in κ4

depends on the proximity of the freezeout curve to the

crit ical point , the rat io of the maximum to minimum

along such an H = const curve is a universal number,

approximately equal to − 28 from Eq. (10).

mB, GeV
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critical
point

freezeout
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nuclear
matter
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hadron gas

FIG. 2: A sketch of thephase diagram of QCD with the freeze-
out curve and a possible mapping of the Ising coordinates t

and H .

The negat ive minimum is small relat ive to the posit ive

peak, but given the large size of the lat ter, Ref.[7, 15],

the negat ive contribut ion to kurtosis may be significant .

In addit ion, the mapping of the freezeout curve certainly

need not be H = const , and the relat ive size of the posi-

t ive and negat ive peaks depends sensit ively on that .

The trend described above appears to show in the re-

cent lat t ice data, Ref.[10], obtained using Pade resum-

mat ion of the truncated Taylor expansion in µB . As the

chemical potent ial is increased along the freezeout curve,

the 4-th moment of the baryon number fluctuat ions be-

gins to decrease, possibly turning negat ive, as the crit ical

point is approached (see Fig.2 in Ref.[10]).

Another observat ion, which we shall return to at the

end of the next sect ion, is that − κ4 growsas we approach

the crossover line, corresponding to H = 0, t > 0 on the

diagram in Fig. 1(a). On the QCD phase diagram the

freezeout point will move in this direct ion if one reduces

the size of the colliding nuclei or selects more peripheral

collisions (the freezeout occurs earlier, i.e., at higher T ,

in a smaller system).

EX PER I M EN TA L OB SERVA B L ES

In this sect ion we wish to connect the results for the

fluctuat ions of the order parameter field σ to the fluctua-

t ions of the observablequant it ies. As an examplewe con-

sider the fluctuat ions of the mult iplicity of given charged

part icles, such as pions or protons.

For completeness we shall briefly rederive the results of

Ref.[7] using a simple model of fluctuat ions. The model

captures themost singular term in thecontribut ion of the

crit ical point to the fluctuat ion observables. Consider a

given species of part icle interact ing with fluctuat ing crit -

ical mode field σ. The infinitesimal change of the field δσ

leads to a change of the effect ive mass of the part icle by

the amount δm = gδσ. This could be considered a def-

init ion of the coupling g. For example, the coupling of

protons in the sigma model is gσp̄p. The fluctuat ionsδf p

Expected behavior near critical point

Relative distance from critical doping

Near a critical point, the correlation length of fluctuations diverges; 

kurtosis (κ−1) of the net-proton distribution changes sign

S. Mukerjee, R. Venugopalan & Yi Yin



Upgrades for BES-II
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Beam cooling for increased luminosity

Enhanced detector coverageLarge international contributions



LEReC and iTPC Acceptance

16

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



RHIC Future (3): sPHENIX

1

7

SC BaBar Solenoid 1.5 T

Coverage |η| ≤ 1.1

Inner Si Tracking

Fast TPC w/GEM Read-out

Projective Electromagnetic

Calorimeter

Hadronic Calorimeter

Capable of sampling 600 billion Au+Au interactions 

and recording 100 billion min bias events per year 

State-of-the-art jet (and Upsilon & open heavy flavor) detector



Jet Probes of QCD Structure

18
18

Parton virtuality evolves quickly and is sensitive 
to the medium at the scale it probes

Bare Color Charges

Thermal Mass Gluons

Structureless Fluid

Unique critical microscope 
resolution range at RHIC

Kinematic overlap between RHIC 
and LHC provides complementarity

RHIC Jet Probes
LHC Jet Probes
QGP Influence



“What RHIC Will Deliver”
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• Campaign 1 (2014-17):

 QCD equation of state at μB ≈ 0

 Precision measurement of η/s(T≈Tc)

 Measurement of heavy quark diffusion constant Dc/b

 Measurement of x-dependence of nuclear granularity

 Origin of single spin asymmetries

 ΔG, flavor dependence of spin in the quark sea

 QGP vorticity [not anticipated in 2015]

• Campaign 2 (2018-20): 

 Chiral symmetry restoration via CME

 QCD equation of state at μB > 0

 Discovery of the QCD critical point, if within the accessible range

• Campaign 3 (2022++): 

• Precision measurement of q^(T≈Tc) and e^(T≈Tc)

• Determine length scale where the QGP becomes a liquid

• Cold QCD measurements critical to EIC physics



The RICH Opportunities of RHIC
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40

96Zr+ 40

96Zr   vs.   44

96Ru+ 44

96Ru

sPHENIX

STAR iTPC

BES II

ΔG

RHIC

Spin



Backup slides
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RHIC Delivers Whatever it Takes

22

In 2016 RHIC collided deuterons with gold ions at four different energies 

with setup times as low as 0.8 days between energies. 



Lumpy Protons



RHIC Highlight (3): The most vortical fluid
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quark-gluon 
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Λ 

BBC 

BBC 

Figure3: A sketch of the immediateaftermath of aAu+Au collision. Thevorticity of fluid created

at midrapidity issuggested. Theaveragevorticity pointsalong thedirection of theangular momen-

tum of the collision, Ĵsys. This direction is estimated experimentally by measuring the sidewards

deflection of the forward- and backward-going fragments and particles in the BBC detectors. L

hyperons are depicted as spinning tops; see text for details. Obviously, elements in this depiction

arenot drawn to scale: thefluid and thebeam fragments havesizesof a few femtometers, whereas

the radius of each BBC is about one meter.

frame, then

dN

dcosq⇤
= 1

2

⇣
1+ aH|~PH|cosq⇤

⌘
. (1)

The subscript H denotes L or L , and the decay parameter aL = − aL = 0.642± 0.01317. The

angle q⇤ is indicated in figure 3, in which L hyperons are depicted as tops spinning about their

polarization direction.

The polarization may depend on the momentum of the emitted hyperons. However, when
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Figure4: Theaveragepolarization PH (whereH = L or L ) from 20-50% central Au+Au collisions

is plotted as a function of collision energy. The results of the present study (
p

sNN < 40 GeV)

are shown together with those reported earlier6 for 62.4 and 200 GeV collisions, for which only

statistical errors are plotted. Boxes indicate systematic uncertainties.

(⇠3.5%).

The fluid vorticity may be estimated from the data using the hydrodynamic relation22

w = kBT PL 0+ P
L

0 / ~, (3)

where T is the temperature of the fluid at the moment when particles are emitted from it. The

subscripts (L 0 and L
0
) in equation 3 indicate that these polarizations are for “primary” hyperons

emitted directly from the fluid. However, most of the L and L hyperons at these collision ener-

9

accepted by Nature

Global Lambda Polarization is signal of vorticity

Strongest signal at Beam Energy Scan (BES-II) energies

Signal is consistent with vorticity ω = (9 ± 1) x 1021s-1, greater than 
previously observed in any system, including nuclei in high-spin states

Holds potential for measurement of late time magnetic field in BES-II

Global angular momentum 

generates QGP vorticity



RHIC Future (1): QGP Topology

25

An excess of right- or left-handed quarks will cause 

an electric current to flow along the magnetic field

The chiral anomaly of QCD creates local fluctuations 

in the number of left and right handed quarks

25
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LEReC Setup



sPHENIX √sNN = 200 GeV tentative run plan

Year Species Goals

2022 Au+Au

Commissioning

Single jet, di-jet, photon-tagged jet, b-tagged jet spectra

D-jet asymmetry

IUpsilon spectra

2023
p+p

p+Au

Reference data for modification of jets, di-jets, b-tagged jets

Jet ALL

Reference data for cold nuclear matter effects

2024 Au+Au

Direct photon measurement

Study of flavor dependence of jet observables

Modification of jet fragmentation functions, jet splitting functions, other complex 

jet observables

2025 p+p
High statistics data for Upsilon modifications

High statistics data for jet ALL

2026 Au+Au

High statistics data for b-tagged jets and photon-tagged jets

High statistics data for jet fragmentation functions, jet splitting functions, other

complex jet observables

High statistics data for high pT direct photons

High statistics data for Upsilon modifications, including Υ(3S)

Collective flow of b-quarks (B hadron elliptic flow)


