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2. Quantum Chromodynamics: The Fundamental Description of the Heart of Visible Matter

describe quark and gluon interactions, the emergent 

phenomenon that a macroscopic volume of quarks and 

gluons at extreme temperatures would form a nearly 

perfect liquid came as a complete surprise and has 

led to an intriguing puzzle. A perfect liquid would not 

be expected to have particle excitations, yet QCD is 

definitive in predicting that a microscope with su!ciently 

high resolution would reveal quarks and gluons 

interacting weakly at the shortest distance scales within 

QGP. Nevertheless, the d/s of QGP is so small that there 

is no sign in its macroscopic motion of any microscopic 

particlelike constituents; all we can see is a liquid. To this 

day, nobody understands this dichotomy: how do quarks 

and gluons conspire to form strongly coupled, nearly 

perfect liquid QGP?

There are two central goals of measurements planned 

at RHIC, as it completes its scientific mission, and at the 

LHC: (1) Probe the inner workings of QGP by resolving 

its properties at shorter and shorter length scales. The 

complementarity of the two facilities is essential to this 

goal, as is a state-of-the-art jet detector at RHIC, called 

sPHENIX. (2) Map the phase diagram of QCD with 

experiments planned at RHIC.

This section is organized in three parts: characteriza tion 

of liquid QGP, mapping the phase diagram of QCD by 

doping QGP with an excess of quarks over antiquarks, 

and high-resolution microscopy of QGP to see how 

quarks and gluons conspire to make a liquid.

EMERGENCE OF NEAR-PERFECT FLUIDITY
The emergent hydrodynamic properties of QGP are 

not apparent from the underlying QCD theory and 

were, therefore, largely unanticipated before RHIC. 

They have been quantified with increasing precision 

via experiments at both RHIC and the LHC over the last 

several years. New theoretical tools, including LQCD 

calculations of the equation-of-state, fully relativistic 

viscous hydrodynamics, initial quantum fluctuation 

models, and model calculations done at strong coupling 

in gauge theories with a dual gravitational description, 

have allowed us to characterize the degree of fluidity. 

In the temperature regime created at RHIC, QGP is the 

most liquidlike liquid known, and comparative analyses 

of the wealth of bulk observables being measured hint 

that the hotter QGP created at the LHC has a somewhat 

larger viscosity. This temperature dependence will be 

more tightly constrained by upcoming measurements 

at RHIC and the LHC that will characterize the varying 

shapes of the sprays of debris produced in di"erent 

collisions. Analyses to extract this information are 

analogous to techniques used to learn about the 

evolution of the universe from tiny fluctuations in the 

temperature of the cosmic microwave background 

associated with ripples in the matter density created a 

short time after the Big Bang (see Sidebar 2.3).

There are still key questions, just as in our universe, 

about how the rippling liquid is formed initially in 

a heavy-ion collision. In the short term, this will be 

addressed using well-understood modeling to run 

the clock backwards from the debris of the collisions 

observed in the detectors. Measurements of the gluon 

distribution and correlations in nuclei at a future EIC 

together with calculations being developed that relate 

these quanti ties to the initial ripples in the QGP will 

provide a complementary perspective. The key open 

question here is understanding how a hydrodynamic 

liquid can form from the matter present at the earliest 

moments in a nuclear collision as quickly as it does, 

within a few trillionths of a trillionth of a second.

Geometry and Small Droplets

Connected to the latter question is the question of 

how large a droplet of matter has to be in order for it to 

behave like a macroscopic liquid. What is the smallest 

possible droplet of QGP? Until recently, it was thought 

that protons or small projectiles impacting large nuclei 

would not deposit enough energy over a large enough 

volume to create a droplet of QGP. New measurements, 

however, have brought surprises about the onset of QGP 

liquid production.

Measurements in LHC proton-proton collisions, selecting 

the 0.001% of events that produce the highest particle 

multiplicity, reveal patterns reminiscent of QGP fluid flow 

patterns. Data from p+Pb collisions at the LHC give much 

stronger indications that single small droplets may be 

formed. The flexibility of RHIC, recently augmented by 

the EBIS source (a combined NASA and nuclear physics 

project), is allowing data to be taken for p+Au, d+Au, 

and 3He+Au collisions, in which energy is deposited 

initially in one or two or three spots. As these individual 

droplets expand hydrodynamically, they connect and 

form interesting QGP geometries as shown in Figure 2.9. 

If, in fact, tiny liquid droplets are being formed and 

their geometry can be manipulated, they will provide 
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Core sPHENIX science program
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sPHENIX
sPHENIX: the detector
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sPHENIX
sPHENIX calorimeters
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outer HCAL

inner HCAL

EMCAL

First @ RHIC:  Full calorimeter stack 
incl. hadronic calo


Challenge: 

• Absolute calibration of jet response 

(JES, JER)



sPHENIX
sPHENIX Tracking detectors
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First @ RHIC:  Large acceptance high-rate tracking


Challenges: 

• track reconstruction CPU time

• TPC distortion correction

Continuous readout TPC (R = 20-78cm)

• shares many concepts with ALICE TPC upgrade

Si strip intermediate tracker (INTT, R = 7-11cm)

3 layer MVTX vertex tracker (R = 2.3, 3.1, 3.9cm)

• based on ALICE ITS IB detector



sPHENIX
sPHENIX run schedule

Each of run period has distinct, critical role for sPHENIX science mission

• 2023 - commissioning of detector, RHIC and data operations with Au+Au

• 2024 - high statistics p+p reference and p+A cold QCD data

• 2025 - high statistics Au+Au data

• This is the minimal “safe” schedule


• ensure safe combined operation of detector and collider

• provide development time for calibration and reconstruction to ensure 

successful completion of science mission before transition to EIC

• For successful completion of sPHENIX science mission, each of these runs 

needs to be successful
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sPHENIX
Run plan for 28 week scenario
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Unchanged compared to 2020 BUP 

• Focus on core science mission

• Minimization of risk guides ramp-up, commissioning and running conditions

• Maximize science output for investment (MIE, research effort, RHIC operations)
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Performance simulation: Upsilon mass resolution
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Mass resolution sufficient to resolve Y(nS).


Current TPC cluster finder does not include 
deconvolution of overlapping clusters → 

multiplicity dependence

single Au+Au

average pile-up

beginning of store

Simulations indicate Y(1s) mass 
resolution better than 125 MeV 

(averaged over in-store luminosity evolution)

Y(1s) mass resolution vs multiplicity

 (instantaneous luminosity) 

  Au+Au + pileup √s = 200GeV
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simulation   
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σm ≲125 MeVσm ≲90 MeV

sPHENIX 
simulation   
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Performance simulation: Jet and γ resolution

Single photon resolution (central Au+Au)Single jet resolution (central Au+Au)

Calorimeter-related performance studied using 
GEANT simulations verified with test beam data – 
meets performance needed for science program
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sPHENIX simulation

sPHENIX 
projections 

γ+Jet momentum balance

sPHENIX 
simulation

γ+Jet fragmentation function

Direct measurement 
of parton energy 
loss in the QGP

Modification of 
parton shower 

in the QGP
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projections for 

Run III+IV
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Hadron Abundance cτ (µm)
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Exploring                          and more
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B→J /ψ + X

XDB +→
0

Heavy flavor science program
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Preparation for sPHENIX science

• Collaboration: 80 institutions, 350 collaborators, growing


• Collaboration meeting going on right now!


• More students, postdocs, faculty coming to BNL


