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RHIC: recreating the Early Universe in the Lab

The purpose of the 
Relativistic

 Heavy
 Ion 
 Collider
To recreate conditions 

as they existed 1 μs 
after the Big Bang

Quark Gluon Plasma:
 Hot soup of free quarks 

and gluons



How Hot Is It?

Temperatures in the history of the universe:

Cosmic 
microwave 
background

~4 ´ 1012 K :  RHIC matter
~2 ´ 1012 K :  predicted 
melting temp. for neutrons 
& protons

~1 ´ 1011 K : 
typical core 
temp. of 
Type II 
supernova

1.5 ´ 107 K : 
center of Sun

5.8 ´ 103 K : 
Sun’s surface 
» Earth’s core

1.8 ´ 103 K : 
iron melts



Critical point

Matter Can Exist in Various Phases with Transitions Between 
Them Marked by Fluctuations, Like Bubbles in Boiling Water

e.g., the phase diagram for 
H2O

Quark-gluon plasma
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the theoretical phase 
diagram for QCD 

matter composed from 
quarks and gluons

We now know that RHIC collisions produce quark-gluon plasma that 
expands, cools and condenses into hadrons that reach the detectors



How to do this: RHIC Implementation
• Accelerate nuclei as heavy as Au to 

high energies (99.996% speed of 
light) and steer them to collide

• Produces matter:
• At temperature of 4 Trillion °C
• For ~30 yoctoseconds  (10-24 seconds)
• Of radius 10 femtometers (10-15 meters) 

sPHENIX
STAR 1.2 km

RHIC



RHIC Complex

RHIC will have been in operation from 2000 to 2025
Most flexible collider in the world, from protons to Uranium
over two orders of magnitude in energy and 100x design luminosity



Detectors



People

Large multipurpose detectors require large collaborations for construction, operation, and analysis



People
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the 2D transverse momentum distribution is mea-
sured as a function of x. 

Proton tomography will also allow us to gain insight 
into the origin of the proton mass. For example, by 
studying the processes of elastic charm–anticharm 
and bottom–antibottom bound state production 
near threshold at the EIC, we will be able to extract 
information that can be related to the distribution of 

mass inside the proton, known as the gravitational 
form factors. These form factors can then shed light 
on the origin of the proton mass and aspects of the 
QCD trace anomaly, which is the quantum-mechani-
cal mechanism that is fundamental to generating the 
proton mass. The EIC will provide a unique opportu-
nity to better measure the gravitational form factors 
by providing a lever arm in Q2 for elastic production 
of charm–anticharm and the heavier bottom–an-

Sidebar 3.8 EIC Network for Discovery Science and Workforce Development

An EIC network would empower discovery science at the EIC while strengthening and building nuclear physics 
research at U.S institutions, especially those with limited research capacities, and supporting training of a STEM 
workforce for the nation from a broad pool of talent.

The network would promote partnerships between U.S. national labs and universities and support students and 
postdoctoral fellows.  Additionally, the network would foster collaborations between experimentalists and theo-
rists, organize traineeships, and provide mentoring and career development programs. 

In addition to discovery science, the nation benefits from a highly skilled STEM workforce for advances in fields 
such as energy, environment, health, and national security. 

One of our DOE-NP Traineeship (NPT) students, Ambar 
Rodriguez Alicea. She was an undergraduate at Univ 
of  Puerto Rico, and  worked with Luca  Cultrera  from 
Instrumentation Division at BNL on “spin polarized 
electron emission studies”, to investigate numerically 
finding better photocathodes for producing polarized 
electrons.  She is now a graduate student at Michigan 
State University pursuing a PhD in nuclear physics 
[S22]. 

[S23] 

[S24] 
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Detector Construction
sPHENIX construction and installation:
  Sept. 2019 to May 2023

Many subsystems and substantial effort from 
partner institutions, including subsystem 
construction at those institutions 



sPHENIX: Installing a detector



An sPHENIX Event

• Particles deposit energy in detector systems 
• Reconstruct 3D trajectories and energy patterns

• Expecting few hundred petabytes of data this year



What to Measure: Patterns

• Collisions produce thousands of particles: E=mc2

• Patterns in produced particles: properties of the matter  



Collective Behavior: Azimuthal Anisotropy v2
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Viscosity

viscosity |ˌviˈskäsitē|noun ( pl. -ties)
• the state of being thick, sticky, and semifluid 

in consistency, due to internal friction.

Superfluid helium:
Low viscosity

Molasses:
High viscosity

“Perfect” Fluid:
No viscosity



The Flow is  ~Perfect
u Huge asymmetry found at RHIC
‣ massive effect in azimuthal distribution w.r.t 

reaction plane

‣ At higher pT: Factor 3:1 peak to valley from 
25% v2 

u The “fine structure” v2(pT) below ~ 2 
GeV/c for different mass particles shows 
good agreement with ideal (zero viscosity, 
λ=0) hydrodynamics 

• “perfect liquid” 

•  Appealing picture: 
Nearly perfect fluid with local thermal 
equilibrium established at <~1 fm with a 
soft equation of state containing a QGP 
stage

2v2

Hydro calculations: Kolb, Heinz and Huovinen



Analogy to Ultracold Atoms

Elliptic flow with ultracold trapped 
Li6 atoms, a=> infinity regime
The system is extremely dilute, but 
can be put into a hydro regime, with 
an elliptic flow, if it is specially tuned  
into a strong coupling regime via the 
so called Feshbach resonance

Extremely cold system at T=10 nK or 
10^(-12) eV can produce micro-bang

Analogy pointed out by Shuryak



How perfect is perfect?
Viscosity in strongly interacting quantum field theories from black hole physics P. Kovtun, D. Son, A. Starinets, 
Phys. Rev. Lett. 94 (2005) 111601

None more perfect!
Actually, we’re still working to make the red curve better 



Beyond Flow: Vorticity

•Vortices naturally form in fluids
•“Vorticity” a measure of how rapidly 
the fluid spins locally
•Units: s-1



Vorticity in other systems: Scale
• Solar subsurface flow: 10-7 s-1

• Terrestrial atmospheric patterns: 10-5-10-7 s-1

• Great red spot of Jupiter: 10-4 s-1

• Supercell tornado cores: 10-1 s-1

• Bulk superfluid He II: 150 s-1

• Superfluid nanodroplets: 107 s-1

• RHIC: 1022 s-1



The measurements: spin polarization
Nature 548 (2017) 62 Phys. Rev. C 108 (2023) 014910
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Figure 3: A sketch of the immediate aftermath of a Au+Au collision. The vorticity of fluid created

at midrapidity is suggested. The average vorticity points along the direction of the angular 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

are not drawn to scale: the fluid and the beam fragments have sizes of a few femtometers, whereas

the radius of each BBC is about one meter.

frame, then

dN
d cosq⇤

= 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

6

Exploring Magnetization:
Limit on magnetic field < ~1 x 1013 T

Hyperon Polarization in                            
Heavy Ion Collisions

Rosi Reed - Quark Matter 2023 20

Tues 830
X. Gou
ID 329

232023/8/29 Xingrui Gou @ QM2023

p Global polarization of Λ and >Λ are consistent between isobar and Au+Au collision systems

p No collision system size dependence is observed

Global polarization of Λ and $Λ in isobar and Au+Au collisions

• No splitting of Λ anti-Λ 
observed 

• Global polarization of Λ 
and anti-Λ are 
consistent between 
isobar and Au+Au
à No system size 
dependence
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• First observation of local 
polarization w.r.t third-order 
event plane 

arXiv:2303.09074

Most Vortical Fluid ever observed

Many other detailed measurements probe vortical structure



Phases of matter

32

A NEW ERA OF DISCOVERY | THE 2023 LONG RANGE PLAN FOR NUCLEAR SCIENCE

dynamics and electromagnetic emission rates from 
a QGP further contribute to our understanding.

ALICE in Run 3 (2022–2025) and Run 4 (2029–2032), 
the future experiments NA60+, Compressed Baryon-
ic Matter (CBM) experiment at the Facility for Anti-
proton and Ion Research (FAIR), and ALICE 3 with its 
new detector capabilities, will provide high-precision 
measurements of photon and dilepton production 
that can be used to study the phase diagram of QCD, 
the plasma temperature and its time evolution, medi-
um properties such as shear and bulk viscosity and 
preequilibrium dynamics, as well as chiral symmetry 
restoration. 

3.3.1.5. Mapping the QCD phase diagram
Nuclear matter in heavy ion collisions and neutron 
stars can be in different states or phases, depending 
on the temperature and other conditions such as the 
ratio of baryons to antibaryons. The location of the 
transition from a gas of hadrons to QGP and the ex-
act nature of this transition is of fundamental inter-
est, illustrated by the QCD phase diagram shown in 
Figure 3.10.

Figure 3.10. Sketch of the QCD phase diagram, 
incorporating a conjectured critical endpoint and 
first-order transition regime. The coverage of the LHC, 
RHIC–Beam Energy Scan including the fixed target 
program, and the future CBM Experiment at FAIR, are 
indicated [10].

Changing the collision energy changes both the ini-
tial temperature of the produced matter (which con-
tains equal amounts of matter and antimatter) and 
how much the protons and neutrons in the colliding 
nuclei (pure matter) are stopped, which leads to a 
larger baryon excess in the fireball at lower collision 
energies. Lattice QCD predicts a smooth crossover 
at temperature Tc = 156 ± 1.5 MeV, when baryon and 
antibaryon densities are equal. Models indicate a 
first-order phase transition at large baryon density 
(µB). If there is a crossover and a first order transition 
line, then they will be joined at the QCD critical point. 
State-of-the-art lattice calculations show a crossover 

up to µB/T ≤ 2. Precise calculations in the higher µB 
region are difficult, and experimental measurements 
are essential to determine whether a QCD critical 
point exists. To search for the QCD critical point and 
study the nuclear matter equation of state, RHIC col-
lided heavy nuclei from 7.7 to 200 GeV in the center of 
mass (Beam Energy Scan I; energies are per nucleon 
pair). This process was followed by collisions at 7.7 
to 19.6 GeV and fixed target running at 3 to 13.1 GeV 
(BES-II). RHIC added electron cooling to reach suffi-
cient luminosity, and the STAR particle identification 
capabilities and kinematic coverage were upgraded.

Evidence for the dominance of either the QGP phase 
or the hadronic phase at different collision energies 
has been found in key observations, including critical 
fluctuations. At top RHIC energy, high moments of 
net-protons (a proxy for net-baryons) are consistent 
with lattice QCD predictions of a smooth crossover 
transition. Hydrodynamic calculations indicate that 
gold–gold collisions are above any critical point at 
center-of-mass energies above 20 GeV per nucle-
on pair. By contrast, at 3 GeV, hadronic interactions 
are evident from the measurements of moments of 
proton distributions, collective flow, and production 
of hadrons that contain strange quarks. This implies 
that the QCD critical point, if it exists, should be ac-
cessible in collisions with center-of-mass energies 
between 3 and 20 GeV. Future experiments, such as 
CBM at FAIR in Germany will provide additional high 
statistics and high-resolution data for low-energy 
collisions and high µB.

Nuclear astrophysics (Chapter 5) can benefit from 
insights into the equation of state gained from heavy 
ion collisions, even though heavy ion collisions pro-
duce nearly symmetric nuclear matter, whereas neu-
tron stars are extremely neutron-rich environments 
with very few charged hadrons. Furthermore, devel-
opments in viscous relativistic hydrodynamics, trig-
gered by the needs of the heavy ion community, can 
improve the description of neutron star mergers.

3.3.1.6. Initial state 
To understand the fluid behavior and the transport 
coefficients of the quark–gluon matter, it is important 
to understand the initial configuration of the colliding 
nuclei. Hydrodynamics and transport models depend 
strongly on the initial conditions. In high-energy col-
lisions, these initial conditions are dominated by the 
spatial gluon distributions inside the colliding nuclei. 
During the last decade, it has become clear that both 
the average density distribution and fluctuations in 
the positions of nucleons and the quarks and gluons 
within them are important. Multiple correlation ob-
servables are measured in collisions of nuclei with 

Example of QED Matter: Water QCD Matter: explored at accelerators

By author of the original work: Cmgleetranslator: Manlleus (ca) - Own work, CC BY-SA 3.0, 
https://commons.wikimedia.org/w/index.php?curid=34865054



Phase Transitions

1st order phase transitions:

Phase Coexistence (“Bubbles”)
Latent Heat

Boiling Water

CO2 near critical point

2nd order phase transitions:

Critical behavior



Critical Behavior

4/25/17 Colloquium 24

Phase diagram of CO2

http://www.mit.edu/~8.334/grades/projects/projects08/Theodore
Golfinopoulos/text3a.html

Critical Opalescence (i.e. long-range correlations) near a critical point



The Versatility of RHICRHIC is an incredibly versatile machine 

2
Only polarized hadron collider in the world!



Current Status of Critical Point Search

Summary

• Net-proton fluctuation measurements
• BES-II improvements & possible explanations 
• A few related observations
• There seems to be several hints, we will continue in 

STAR, including programs at LHC/SPS, RHIC/AGS, 
FAIR/SIS, HIAF, J-PARC, and going to fully net-baryon 
(neutrons etc) measurements.

HADES/CBM NA61/SHINESTAR NA60+

Quark Matter 2025, BES-II CP, 11/Apr/2025, Frankfurt ShinIchi Esumi, Univ. of Tsukuba, TCHoU 26

Curve to guide the eye:
Dip and rise expected from presence of critical point 

S. Esumi, Quark Matter 2025
https://indico.cern.ch/event/1334113/contributions/6209751/attachments/3050082/5390661/QM25Apr11_CP_Esumi.pdf

Lesson: 

Even after much effort one can be left 
with ambiguous hints of new physics 



Next chapter of RHIC: Jets and 
Emergence of fluid behavior 
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ty and collective flow is not yet understood; addition-
al shear terms will be needed to capture the entirety 
of the QGP fluid behavior.

3.3.1.3. Imaging the plasma using jets
The QGP droplets formed in the collision of nuclei ex-
ist for such a short time that it is impossible to use an 
external source to probe the medium and understand 
its properties. Fortunately, QCD has given us a useful 
internal probe in the form of particle jets. These jets 
are formed in the collisions when high-momentum 
transfer scatterings of quarks or gluons occur, pro-
ducing the showers of particles known as jets. Jets 
are modified by interactions of the scattered quark 
or gluon with the medium, causing the jet to radiate 
additional gluons, decreasing the energy of the final 
jet. During the last two decades, major progress in 
understanding this so-called quenching of jets has 
been driven by increasingly precise and differential 
measurements from the LHC and RHIC thanks to 
their increased luminosity and upgraded detectors, 
as well as improvements in theory. 

Since the last Long Range Plan, significant advances 
have been made in quantifying jet quenching and jet 
substructure in the QGP, using data to constrain hy-
drodynamic models combined with state-of-the-art 
calculations of the interactions of quarks and gluon 

essentially a very heavy photon, as shown in Figure 
3.7. Jets that include the much heavier charm or bot-
tom quarks have different medium-induced radiation 
and can allow, for example, diffusion properties to 
be determined. The emission of gluons from a heavy 

inside the plasma. These advances indicate how en-
ergy is transported inside the plasma. Open-source 
software modeling environments such as JETSCAPE 
can now provide a systematic analysis of the different 
theoretical approaches and different observables.

Jets in heavy ion collisions have modified internal 
structure compared with proton–proton collisions, 
and we still do not know how far a jet can travel 
through QGP while the particles inside it remain cor-
related. Measurements of jet substructure, described 
in Sidebar 3.4, have advanced dramatically, giving 
some first answers about how jet quenching and the 
jet shower structure are related. Measuring the fate 
of jets with different initial properties will allow us to 
study the internal structure of the QGP. 

The QGP is itself modified by the passage of a jet: an 
increased yield of low momentum particles occurs 
within and around the jet. The plasma response to 
perturbations from jets is closely connected to how 
the QGP achieves equilibrium early in the collision. 
Determining whether a jet started from a gluon, a 
light quark, or a heavy quark is also important to fully 
characterize the QGP and its effects on the jet show-
er; gluon jets are expected to lose more energy than 
quark jets. Unambiguously determining the jet origin 
is complicated. Quark-initiated jets can be selected 
via jets balanced by a photon or a Z boson, which is 

quark is different than from light quarks or gluons be-
cause heavy quark mass affects both the scattering 
and radiation processes.

3.3.1.4. Insights from heavy quark and electro-
magnetic probes
The study of heavy quarks in heavy ion collisions 
has provided new insights into the properties of the 
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Sidebar 3.4 Quark Gluon Plasma and the Interior of Jets

Particle jets are an essential probe of the properties of the quark–gluon plasma (QGP). The evolution of a jet in-
cludes three stages, illustrated in Figure 1. In the first stage, a shower of gluons and quarks (partons) is emitted 
from an energetic quark or gluon produced in a collision. Next, the plasma medium induces extra gluon radiation 
from the jet constituents. These gluons interact with the QGP, causing a cascade that transfers energy from the 
initial quark or gluon into the plasma. In the last stage, gluons are radiated outside the plasma until the final-state 
hadrons emerge. These hadrons are collected in a jet. During the cascade, quantum interference (i.e., coherence) 
can suppress radiation of gluons with large wavelength (i.e., low energy). 

The substructure, or interior, of jets in elementary particle collisions is well described by QCD. However, the process-
es by which quarks and gluons lose energy in QGP can rearrange particles inside jets and modify their energies. 
Furthermore, jets can also affect particles within the plasma, just as a boat creates a wake as it moves through 
water (Figure 1).

A suite of measurements has provided information about the substructure of these jets. The measurements shed 
light on the radiated gluons, interactions in QGP, and how well the entire process can be described by QCD. The en-
ergy profile as a function of the distance from the jet axis and the momentum carried by individual particles within 
a jet were studied at both RHIC and the LHC. The results showed that some of the original jet’s energy is redistrib-
uted in the QGP and is carried away predominantly by low-energy particles. Although some of these results are 
reproduced by QCD calculations, the low-energy particles are not yet understood. Precise data are needed to inform 
models of the energy redistribution and whether quarks and gluons are affected differently.

Jet substructure observables defined using 
the momentum and angle of each jet particle 
can follow sequential gluon emission and can 
be both measured and predicted by theory. For 
example, characteristic scales of jet–medium 
interactions are encoded in jet angularity, jet 
mass (or total energy), and jet splitting func-
tions. Data show a narrowing of the jet core 
along with additional low-momentum particles 
at the jet’s outer edge. More precise data and 
improved theoretical tools are needed to deter-
mine the scale of coherence among jet parti-
cles. 

The new sPHENIX detector, STAR upgrades, 
and upgraded LHC experiments will elucidate 
the multiscale, spacetime evolution of jets and 
the QGP. Jets and their substructure will also 
probe QCD in nucleons and nuclei at the EIC.

Figure 1. Schematic of jet evolution and interaction with 
quark–gluon plasma [S13].

Figure 3.7. Using jets to image the QGP (left) The ratio of a jet’s momentum to that of its high-energy photon partner from 
proton–proton collisions (blue) and lead–lead collisions (red). Jet quenching causes the distribution to shift to a lower ratio 
and can be quantified using the photon’s energy, which should be very closely related to the initial energy of the quark that 
initiated the jet. (right) A diagram of a photon jet measurement [7]. 

2. Quantum Chromodynamics: The Fundamental Description of the Heart of Visible Matter
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Sidebar 2.5: Jetting through the Quark-Gluon Plasma
Understanding how quark-gluon plasma (QGP) works 

requires new microscopy using energetic quark probes 

called “jets,” generated in the initial interaction of the 

colliding beams. These high-energy quarks are initially 

able to “see” the very short distance structure of the 

medium they traverse. As they propagate, they rapidly 

shed energy by splitting o! lower energy partons and, 

as this happens, the length scale that they “see” grows 

rapidly. The combination of all these partons eventually 

forms the hadrons that together make up a jet. The 

curves in the top-left panel illustrate how the resolving 

power (inverse of length scale) of jets at the LHC and 

RHIC decreases (symbolically, from green to yellow to 

orange) as they propagate and as the QGP in which they 

are propagating cools. The highest energy jets at the 

LHC probe very short wavelengths, where they should 

resolve the individual weakly coupled “bare” quarks 

and gluons (green). A key area is the lowest energy 

jets, optimally measured at RHIC, that probe longer 

wavelengths toward the scale of the nearly perfect liquid 

itself (orange). The curves are heavier in the regime 

where the resolving power of the jets is determined 

largely by the medium itself. The bottom-left panel 

shows the momentum range, related to the resolving 

power, of many jet observables in current measurements 

(muted red and blue) and the enormously increased 

reach at both RHIC (bright red) and the LHC (bright blue) 

enabled by upgrades including the sPHENIX microscope 

at RHIC.

A century ago, Ernest Rutherford discovered atomic 

nuclei by aiming a beam of alpha particles at a gold foil 

and observing that they were sometimes scattered at 

large angles. The simplest way to “see” pointlike quarks 

and gluons within QGP is, as Rutherford would have 

understood, to look for evidence of jets, or partons 

within jets, scattering o! individual quarks and gluons as 

they plow through QGP. As the top-right panel illustrates, 

partons that can resolve the microscopic structure of 

QGP are more likely to be deflected by larger angles 

than the partons with less resolving power that only see 

the nearly perfect liquid. First exploratory measurements 

of the jet deflection angle are now being carried out 

at the LHC (lower-right, where the sharp peak at the 

right-hand edge of the plot corresponds to undeflected 

jets) and at RHIC. Full exploitation of Rutherford-like 

scattering experiments requires the capabilities of 

sPHENIX at RHIC as well as upgrades to the LHC and its 

detectors. 

Understanding the evolution of the microscopic 

substructure of QGP as a function of scale will complete 

the connection between the fundamental laws of nature, 

QCD, and the emergent phenomena discovered at RHIC.

Embedded in the fluid are high-momentum 
showers from before the formation of QGP

Use these showers to probe QGP “granularity”
and more generally the emergence of fluidity  

NSAC 2023 Long Range Plan NSAC 2015 Long Range Plan



Summary
After more than 25 years field of Heavy Ion physics still making
discoveries, and will continue to do so for the next decade

 Even as we transition to the next facility, the EIC

Lots of room for the next generation

 RHIC has produced >500 PhD’s over its lifetime 


