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1. Summary and Recommendations

in some cases, we are only now poised to reap the 

benefits of these initiatives. In other cases, anticipated 

upgrades were achieved at a small fraction of the cost 

estimated in 2007, and we are harvesting the benefits 

earlier than expected. All of our current four national 

user facilities, the Continuous Electron Beam Accelerator 

Facility (CEBAF), the Relativistic Heavy Ion Collider 

(RHIC), the Argonne Tandem Linac Accelerator System 

(ATLAS), and the NSF-supported National Supercon-

ducting Cyclotron Laboratory (NSCL), were significantly 

upgraded in capability during this period. A fifth national 

user facility, the DOE-supported Holifield Radioactive Ion 

Beam Facility, was closed down. Care was always taken 

to leverage U.S. investments in an international context 

while maintaining a world-leadership position.

Here are the recommendations of the 2015 Long Range 

Plan.

RECOMMENDATION I

The progress achieved under the guidance of the 2007 
Long Range Plan has reinforced U.S. world leadership 
in nuclear science. The highest priority in this 2015 Plan 
is to capitalize on the investments made.

 ! With the imminent completion of the CEBAF 12-GeV 

Upgrade, its forefront program of using electrons to 

unfold the quark and gluon structure of hadrons and 

nuclei and to probe the Standard Model must be 

realized.
 ! Expeditiously completing the Facility for Rare 

Isotope Beams (FRIB) construction is essential. 

Initiating its scientific program will revolutionize our 

understanding of nuclei and their role in the cosmos.
 ! The targeted program of fundamental symmetries 

and neutrino research that opens new doors to 

physics beyond the Standard Model must be 

sustained.
 ! The upgraded RHIC facility provides unique 

capabilities that must be utilized to explore the 

properties and phases of quark and gluon matter in 

the high temperatures of the early universe and to 

explore the spin structure of the proton.

Realizing world-leading nuclear science also requires 

robust support of experimental and theoretical research 

at universities and national laboratories and operating 

our two low-energy national user facilities—ATLAS and 

NSCL—each with their unique capabilities and scientific 

instrumentation.

The ordering of these four bullets follows the priority 

ordering of the 2007 plan.

RECOMMENDATION II

The excess of matter over antimatter in the universe is 

one of the most compelling mysteries in all of science. 

The observation of neutrinoless double beta decay 

in nuclei would immediately demonstrate that neutrinos 

are their own antiparticles and would have profound 

implications for our understanding of the matter-

antimatter mystery.

We recommend the timely development and 
deployment of a U.S.-led ton-scale neutrinoless 
double beta decay experiment.

A ton-scale instrument designed to search for this as-yet 

unseen nuclear decay will provide the most powerful 

test of the particle-antiparticle nature of neutrinos ever 

performed. With recent experimental breakthroughs 

pioneered by U.S. physicists and the availability of deep 

underground laboratories, we are poised to make a 

major discovery.

This recommendation flows out of the targeted 

investments of the third bullet in Recommendation I. It 

must be part of a broader program that includes U.S. 

participation in complementary experimental e#orts 

leveraging international investments together with 

enhanced theoretical e#orts to enable full realization of 

this opportunity.

RECOMMENDATION III

Gluons, the carriers of the strong force, bind the quarks 

together inside nucleons and nuclei and generate nearly 

all of the visible mass in the universe. Despite their 

importance, fundamental questions remain about the 

role of gluons in nucleons and nuclei. These questions 

can only be answered with a powerful new electron ion 

collider (EIC), providing unprecedented precision and 

versatility. The realization of this instrument is enabled 

by recent advances in accelerator technology.

We recommend a high-energy high-luminosity polarized 
EIC as the highest priority for new facility construction 
following the completion of FRIB.

The EIC will, for the first time, precisely image gluons in 

nucleons and nuclei. It will definitively reveal the origin 

of the nucleon spin and will explore a new quantum 

chromodynamics (QCD) frontier of ultra-dense gluon 
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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 

RHIC is the only facility in the 
world designed specifically to 

create and study the QGP
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describe quark and gluon interactions, the emergent 

phenomenon that a macroscopic volume of quarks and 

gluons at extreme temperatures would form a nearly 
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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).
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addressed using well-understood modeling to run 
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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 

RHIC is the only facility in the 
world designed specifically to 

create and study the QGP

This talk will focus on hard probes (1)
See talk RHIC Highlights/Future II by 

Prithwish Tribedy for (2)



Some RHIC Highlights Since 2015
ü Run 2016: 

• dAu energy scan 
• Last Run for PHENIX 

ü Isobar Runs
ü Beam Energy Scan II
ü sPHENIX construction
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Plots/slides in this presentation denoted by experimental logos:

RHIC: Increased luminosity and versatility of collision species

Impactful physics results
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RHIC highlights, P. Tribedy, MIT  town hall meeting

Physics topics that bridges 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

    SN0773 : The STAR BUR for 
Run-22 & data taking in 2023-25

Extended pseudorapidity capability, 
low material budget & improved PID 
capabilities at the mid-rapidity 

Forward Silicon Tracker

Forward 
EMCal, HCal

Small Strip Thin Gap Chamber

Inner Time Projection Chamber

Event Plane Detectors

Support beyond RHIC operation, necessary for a generation of experimentalists in preparation for EIC
5

RHIC Detectors in 2023



RHIC Run Plan 2023-2025
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Au+Au
2023

p+p/p+Au
2024

Au+Au
2025

sPHENIX Beam Use ProposalSTAR Beam Use Report

PAC Recommendations: https://www.bnl.gov/npp/docs/2022-npp-pac-recommendations-final.pdf
PAC Meeting June 2022: https://indico.bnl.gov/event/15148/

Year Species √sNN
(GeV)

Cryo
Weeks

sPHENIX Lsamp
(|z|<10 cm)

STAR Lsamp

2023 Au+Au 200 28 6.9 nb-1 20 nb-1

2024 p+p 200 28 62 pb-1 235 pb-1

p+Au 200 0.11 pb-1 1.3 pb-1

2025 Au+Au 200 28 25 nb-1 20 nb-1

“The PAC urges BNL Management and the DOE to do everything possible to ensure 
sufficient beamtime to accomplish the physics goals in Runs 23, 24, 25 set out for 

sPHENIX in the 2015 NSAC Long Range Plan.”

Commissioning and calibration

Reference for HI measurements
Cold QCD measurements

High Statistics Au+Au

https://indico.bnl.gov/event/15148/attachments/40846/68568/sPHENIX_Beam_Use_Proposal_2022.pdf
https://indico.bnl.gov/event/15148/attachments/40846/68609/STAR_BUR_Runs23_25___2022%20%25281%2529.pdf
https://www.bnl.gov/npp/docs/2022-npp-pac-recommendations-final.pdf
https://indico.bnl.gov/event/15148/


Probe QGP at Multiple Scales
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Parton energy loss
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Quarkonium spectroscopy
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Jet structure
Vary momentum/angular 
scale of probe
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The 2015 Long Range Plan for Nuclear Science

Reaching for the Horizon

at least partons within jets, are occasionally deflected 

by larger angles than would be the case if the liquid 

had no particulate structure on any length scale. Seeing 

such an e!ect will require precise measurements 

of modifications of the jet structure in angular and 

momentum space. It can be seen by selecting particles 

within a narrow range of momenta within a jet of a 

given initial energy and measuring how their angular 

distribution di!ers from that in jets in vacuum with the 

same initial energy. This program requires large samples 

of jets in di!erent energy regimes, with tagging of 

particular initial states, for example, in events with a jet 

back-to-back with a photon. As Sidebar 2.5 indicates, 

the full power of this new form of microscopy will only be 

realized when it is deployed at both RHIC and the LHC, 

as jets in the two regimes have complementary resolving 

power and probe QGP at di!erent temperatures, with 

di!erent values of the length scale at which bare quarks 

and gluons dissolve into a nearly perfect liquid.

New instrumentation at RHIC in the form of a state-of-

the-art jet detector (referred to as sPHENIX) is required 

to provide the highest statistics for imaging the QGP 

right in the region of strongest coupling (most perfect 

fluidity) while also extending the kinematic reach at 

RHIC (as illustrated in Figure 2.13) to overlap that for 

jets at LHC energies. Upgrades to the LHC luminosities 

and detector and measurement capabilities are keys to 

providing a complete picture, as are new experimental 

techniques being developed to compare how light 

quark jets, heavy quark jets, and gluon jets “see” QGP. 

In general, using common, well-calibrated, jet shape 

observables in suitably tagged fully reconstructed jets at 

RHIC and the LHC will be critical to using the leverage 

in resolution and temperature that the two facilities 

provide in concert (see Sidebar 2.5) to relate observed 

modifications of jets to the inner workings of QGP.

OUTLOOK
The discoveries of the past decade have posed or 

sharpened questions that are central to understanding 

the nature, structure, and origin of the hottest, most 

nearly perfect form of liquid matter ever seen in the 

universe. Much remains to be learned about how the 

remarkable properties of this liquid change across its 

phase diagram and how they emerge from interactions 

of individual quarks and gluons. A program to complete 

the search for the critical point in the QCD phase

Figure 2.13: Future reach of four precision measurements via jets for 
probing the most strongly coupled liquid with sPHENIX, in color, 
compared to current measurements from RHIC where available, in grey. 

diagram and to exploit the newly realized potential 

of exploring QGP structure and properties at multiple 

length scales at RHIC and the LHC, enabled by targeted 

new experimental capabilities and critical advances on a 

range of theoretical frontiers, places key answers within 

reach.

2.3 Understanding the Glue !at 
Binds Us All: !e Next QCD 
Frontier in Nuclear Physics
Nuclear matter in all its forms—from protons and 

neutrons, to atomic nuclei, to neutron stars, to quark-

gluon plasma—is a teeming many-body system of 

quarks, antiquarks, and gluons interacting with one 

another via nature’s strongest force. In atomic, molecular, 

and condensed matter systems, where the electrically 

charged constituents interact by exchanging photons, it 

is not necessary to consider the photons themselves as 

important constituents of the matter. In sharp contrast, 

the force carriers in QCD—the gluons—are constituents 

that play a pivotal role in determining how the properties 

of nuclear matter emerge from the underlying theory

The di!erence arises because the gluons, in addition 

to being exchanged between quarks, possess the 

intrinsic property—color charge—that is responsible for 

the QCD interaction, while photons are free of electric 

charge. The gluons thus interact among themselves 

and can spawn more gluons or quark-antiquark pairs 

(sea quarks), a fundamental feature of QCD. The 

emergent interactions of quarks and gluons are, for 

example, responsible for the fact that massive neutrons 
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Jet and Photon Physics Physics Projections 2023–2025
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Figure 4.1: Projected total yields (left) and RAA (right) for jets, photons, and charged hadrons in 0–10%
Au+Au events and p+p events, for the first three years of sPHENIX data-taking.

Signal Au+Au 0–10% Counts p+p Counts

Jets pT > 20 GeV 22 000 000 11 000 000

Jets pT > 40 GeV 65 000 31 000

Direct Photons pT > 20 GeV 47 000 5 800

Direct Photons pT > 30 GeV 2 400 290

Charged Hadrons pT > 25 GeV 4 300 4 100

Table 4.1: Projected counts for jet, direct photon, and charged hadron events above the indicated
threshold pT from the sPHENIX proposed 2023–2025 data taking.

photons.463

As another way of indicating the kinematic reach of these probes, the nuclear modification factor464

RAA for each is shown in Figure 4.1 (right). There are varying theoretical predictions concerning465

the behavior of the RAA at higher pT which will be definitively resolved with sPHENIX data.466

The projection plots above indicate the total kinematic reach for certain measurements, such as467

those which explore the kinematic dependence of energy loss. For other measurements, it is useful468

to have a large sample of physics objects to study the properties of their intra-event correlations,469

for example for jets (their internal structure), photons (for photon+jet correlations), and hadrons470

(for hadron-triggered semi-inclusive jet measurements). We illustrate the total yields in sPHENIX471

above some example pT thresholds in Table 4.1.472

Several specific examples of sPHENIX projections for jet correlations and jet properties follow473

below.474

Figure 4.2 shows a statistical projection of the photon–jet pT balance distribution, and of the sub-jet475

splitting function zg, both in p+p events compared to that predicted by the JEWEL Monte Carlo476

22

sPHENIX will provide 
• significant extension in kinematics and 

overlap with LHC 

2022HotQCDTownHall – M. Connors 



Upsilon Physics Physics Projections 2023–2025
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Figure 4.4: Left: Statistical projections for the jet RAA double ratio between a large cone size and that
for R = 0.2 in 0–10% Au+Au events. Right: Statistical projection for the RAA double ratio for R = 0.5
compared to the latest similar measurements at the LHC.

Figure 4.4 shows a projection for suppression measurements of large-R jets in sPHENIX. These489

measurements probe the interplay of out-of-cone energy loss and the angular distribution of490

medium response effects, most recently highlighted by CMS [10]. For the projection in Figure 4.4,491

we expect that the jet RAA for different jet R values can be reported in the kinematic region where492

the jet energy resolution is below 30%. Even with this conservative assumption, sPHENIX will493

be able to report the R-dependence of the RAA over a wide pT range and multiple cone sizes. The494

right panel compares the expected RAA double ratio to the state of the art at the LHC. Note that in495

the low pT region, the LHC experiments are in significant tension, with measurements featuring496

large, model-dependent uncertainties. sPHENIX can make a well-controlled measurement directly497

in this region of interest.498

4.2 Upsilon Physics499

High precision measurements of Upsilon production with sufficient accuracy for clear separation500

of the U(1S, 2S, 3S) states is a key deliverable of the sPHENIX physics program. The centrality501

dependence and particularly the pT dependence are critical measurements for comparison between502

RHIC and the LHC, since the temperature profiles from hydrodynamic calculations show important503

differences with collision energy.504

The projected statistical uncertainties for the RAA of all three U states, including the U(3S), are505

shown in Figure 4.5 (left) as a function of the number of participants in the Au+Au collision.506

For the U(3S) projection, we assume that the RAA for the U(3S) is approximately half of that for507

the U(2S), as observed in a recent measurement by CMS at the LHC. Thus, if the relationship508

between the 2S and 3S is reasonably similar at RHIC, sPHENIX has the opportunity to explore the509

systematics of the 3S suppression in some detail.510

Figure 4.5 (right) shows the projected RAA in 0–60% Au+Au events, as a function of Upsilon511

transverse momentum. For comparison, the latest STAR measurement of the 2S+3S together is512

shown. We highlight that the sPHENIX program offers the unique possibility to observe the513

strongly-suppressed U(3S) state at RHIC energies.514
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Figure 4.1: Projected total yields (left) and RAA (right) for jets, photons, and charged hadrons in 0–10%
Au+Au events and p+p events, for the first three years of sPHENIX data-taking.

Signal Au+Au 0–10% Counts p+p Counts

Jets pT > 20 GeV 22 000 000 11 000 000

Jets pT > 40 GeV 65 000 31 000

Direct Photons pT > 20 GeV 47 000 5 800

Direct Photons pT > 30 GeV 2 400 290

Charged Hadrons pT > 25 GeV 4 300 4 100

Table 4.1: Projected counts for jet, direct photon, and charged hadron events above the indicated
threshold pT from the sPHENIX proposed 2023–2025 data taking.

photons.463

As another way of indicating the kinematic reach of these probes, the nuclear modification factor464

RAA for each is shown in Figure 4.1 (right). There are varying theoretical predictions concerning465

the behavior of the RAA at higher pT which will be definitively resolved with sPHENIX data.466

The projection plots above indicate the total kinematic reach for certain measurements, such as467

those which explore the kinematic dependence of energy loss. For other measurements, it is useful468

to have a large sample of physics objects to study the properties of their intra-event correlations,469

for example for jets (their internal structure), photons (for photon+jet correlations), and hadrons470

(for hadron-triggered semi-inclusive jet measurements). We illustrate the total yields in sPHENIX471

above some example pT thresholds in Table 4.1.472

Several specific examples of sPHENIX projections for jet correlations and jet properties follow473

below.474

Figure 4.2 shows a statistical projection of the photon–jet pT balance distribution, and of the sub-jet475

splitting function zg, both in p+p events compared to that predicted by the JEWEL Monte Carlo476

22

sPHENIX will provide 
• significant extension in kinematics and 

overlap with LHC 
• jet cone size RAA comparisons at low pT

where differences at LHC experiments exist

RHIC highlights, P. Tribedy, MIT  town hall meeting 4

Medium-induced broadening of jets
Fig: Mehtar-Tani 

Medium induced gluon 
radiation (Au+Au)

Vacuum shower (p+p)

R=0.2 / R=0.5

Q ≡ θjetE
Q0 ∼ ΛQCD

π

π
π

K

θ1

θ2

1

α2
s

θc

Q2
s ≡ q̂L

r⊥ ≡ θjetL

Q ≡ θjetE

R=0.5

vs.
A clear observation of medium-induced broadening of jet-

shower at RHIC, future data will improve precision

5 10 15 20 25
0.1

1)
ch T,

je
t

 (p
0.

5
0.

2
ℜ

 < 15 GeVtrig
T

+jet    Au+Au (0-15%), 11 < E0π

p+p PYTHIA-8 Monash

STAR Preliminary

5 10 15 20 25
 [GeV/c]ch

T,jet
p

0.1

1

)
ch T,

je
t

 (p
0.

5
0.

2
ℜ

 < 20 GeVtrig
T

+jet  Au+Au (0-15%): 15 < Eγ

Ratio of spectra by varying cone sizes
for semi-inclusive π /γ+jets is lower in 
Au+Au than p+p measurements

0

γ-jet 

π-jet 0

STAR

STAR Preliminary

R
=0

.2
 / 

R
=0

.5
 (p

   
   

)
ch T,

 je
t

7 

2.%Looking%at%the%plot%at%the%top3lep%of%Slide%14%of%Lijuan’s%presenta)on,%when%you%make%this%
measurement%using%pp%data%from%Run%24%(instead%of%PYTHIA),%how%large%will%the%contribu)on%to%the%
error%bar%in%I_AA%coming%from%the%sta)s)cal%errors%in%the%pp%measurement%be,%assuming%a%Run%24%pp%run%
as%you%have%proposed?%
 

 

We%updated%the%plots%with%p+p%reference%data.%
The%red%band:%based%on%recent%QM22%IAA%results%where%the%p+p%data%were%used%as%a%reference.%
%The%green%band:%precision%projec)on%with%p+p%data%from%Run24%combined%with%previous%runs%
%
16%weeks%versus%11%weeks%for%Run%24%p+p:%the%sta)s)cal%uncertainty%for%p+p%will%be%reduced%by%13%,%the%effect%on%the%%
IAA%precision%is%not%significant.%

Accumulation of p+p data and 
high statistics Au+Au data in the 

year 2023-25

Anderson, Sahoo QM22
STAR Beam User Request 23-25

2022HotQCDTownHall – M. Connors 



Upsilon Physics Physics Projections 2023–2025

0 10 20 30 40 50 60 70 80
 [GeV]

T
p

0.8

1

1.2

1.4

1.6

1.8

2

 =
 0

.2
)

je
t

R(
AA

R
) /

 
je

t
R(

AA
R

 BUP 2022sPHENIX
0-10% Au+Au, Years 1-3

p+p samp. -162 pb
 rec. Au+Au-121 nb

 = 0.5jetR

 = 0.4jetR
 = 0.3jetR

210 310
 [GeV]jet

T
p

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

(0
.2

)
AA

R)/
 je

t
R(

AA
R

 BUP 2022sPHENIX
0-10% Au+Au, Years 1-3

p+p samp. -162 pb
 rec. Au+Au-121 nb

 = 0.5 jetR sPHENIX
 = 0.6 jetRALICE 

CPR = 0.5,  jetRATLAS 
 = 0.6 jetRCMS 

Figure 4.4: Left: Statistical projections for the jet RAA double ratio between a large cone size and that
for R = 0.2 in 0–10% Au+Au events. Right: Statistical projection for the RAA double ratio for R = 0.5
compared to the latest similar measurements at the LHC.

Figure 4.4 shows a projection for suppression measurements of large-R jets in sPHENIX. These489

measurements probe the interplay of out-of-cone energy loss and the angular distribution of490

medium response effects, most recently highlighted by CMS [10]. For the projection in Figure 4.4,491

we expect that the jet RAA for different jet R values can be reported in the kinematic region where492

the jet energy resolution is below 30%. Even with this conservative assumption, sPHENIX will493

be able to report the R-dependence of the RAA over a wide pT range and multiple cone sizes. The494

right panel compares the expected RAA double ratio to the state of the art at the LHC. Note that in495

the low pT region, the LHC experiments are in significant tension, with measurements featuring496

large, model-dependent uncertainties. sPHENIX can make a well-controlled measurement directly497

in this region of interest.498

4.2 Upsilon Physics499

High precision measurements of Upsilon production with sufficient accuracy for clear separation500

of the U(1S, 2S, 3S) states is a key deliverable of the sPHENIX physics program. The centrality501

dependence and particularly the pT dependence are critical measurements for comparison between502

RHIC and the LHC, since the temperature profiles from hydrodynamic calculations show important503

differences with collision energy.504

The projected statistical uncertainties for the RAA of all three U states, including the U(3S), are505

shown in Figure 4.5 (left) as a function of the number of participants in the Au+Au collision.506

For the U(3S) projection, we assume that the RAA for the U(3S) is approximately half of that for507

the U(2S), as observed in a recent measurement by CMS at the LHC. Thus, if the relationship508

between the 2S and 3S is reasonably similar at RHIC, sPHENIX has the opportunity to explore the509

systematics of the 3S suppression in some detail.510

Figure 4.5 (right) shows the projected RAA in 0–60% Au+Au events, as a function of Upsilon511

transverse momentum. For comparison, the latest STAR measurement of the 2S+3S together is512

shown. We highlight that the sPHENIX program offers the unique possibility to observe the513

strongly-suppressed U(3S) state at RHIC energies.514
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Figure 4.1: Projected total yields (left) and RAA (right) for jets, photons, and charged hadrons in 0–10%
Au+Au events and p+p events, for the first three years of sPHENIX data-taking.

Signal Au+Au 0–10% Counts p+p Counts

Jets pT > 20 GeV 22 000 000 11 000 000

Jets pT > 40 GeV 65 000 31 000

Direct Photons pT > 20 GeV 47 000 5 800

Direct Photons pT > 30 GeV 2 400 290

Charged Hadrons pT > 25 GeV 4 300 4 100

Table 4.1: Projected counts for jet, direct photon, and charged hadron events above the indicated
threshold pT from the sPHENIX proposed 2023–2025 data taking.

photons.463

As another way of indicating the kinematic reach of these probes, the nuclear modification factor464

RAA for each is shown in Figure 4.1 (right). There are varying theoretical predictions concerning465

the behavior of the RAA at higher pT which will be definitively resolved with sPHENIX data.466

The projection plots above indicate the total kinematic reach for certain measurements, such as467

those which explore the kinematic dependence of energy loss. For other measurements, it is useful468

to have a large sample of physics objects to study the properties of their intra-event correlations,469

for example for jets (their internal structure), photons (for photon+jet correlations), and hadrons470

(for hadron-triggered semi-inclusive jet measurements). We illustrate the total yields in sPHENIX471

above some example pT thresholds in Table 4.1.472

Several specific examples of sPHENIX projections for jet correlations and jet properties follow473

below.474

Figure 4.2 shows a statistical projection of the photon–jet pT balance distribution, and of the sub-jet475

splitting function zg, both in p+p events compared to that predicted by the JEWEL Monte Carlo476
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Figure 4.3: Left: Statistical projections for the jet yield as a function of the azimuthal distance from the
event plane in 10–30% Au+Au events. Right: Statistical projection for a measurement of the jet v2 in
10–30% events as a function of jet pT, compared to that from ATLAS and ALICE at the LHC (where
the error bars show the total statistical and systematic uncertainties together).

event generator [7] configured for RHIC conditions in 0–10% Au+Au central events. In both477

cases, sPHENIX will have large-statistics data samples to measure these specific distributions and478

investigate the associated physics.479

Figure 4.3 which shows a statistical projection for a jet v2 measurement in 10–30% Au+Au events.480

The azimuthal dependence of jet quenching is of particular interest since most theoretical calcu-481

lations have been unable to simultaneously describe suppression and anisotropy at RHIC. The482

right panel compares the expected kinematic reach with measurements at the LHC by ATLAS [8]483

and ALICE [9]. Whereas the LHC can achieve a controlled measurement at high pT, the systematic484

uncertainties grow substantially at lower pT. sPHENIX is expected to have a significant advantage485

in measuring jets down to lower pT given the lower RHIC energy, and the projection in Fig. 4.3486

demonstrates that sPHENIX will have the required luminosity to constrain the jet v2 in the range487

25–60 GeV.488
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unity (what we have been referring to as enhancement)
there is a tendency for IAA to increase with increasing
⇠. To quantify this, we calculate the weighted averages
of IAA values above and below ⇠ = 1.2. The ratio for
each integration range is plotted in Fig. 7, as a function
of the direct photon pT . The enhancement is largest for
softer jets and for the full away-side integration range,
implying that jets with lower energy are broadened more
than higher energy jets.
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7–9, and (c) 9–12 GeV/c, as a function of ⇠, are compared
with theoretical model calculations.

IV. DISCUSSION

To determine whether IdA indicates any cold nuclear
matter e↵ects, the �2 per degree of freedom values were
calculated under the assumption of no modification and

are determined to be 7.4/5, 4.0/5, 10.0/5 for direct pho-
ton pT bins 5–7, 7–9, and 9–12 GeV/c, respectively. The
result indicates that IdA is consistent with unity and
therefore the jet fragmentation function is not signifi-
cantly modified in d+Au collisions, within the current
uncertainties. This suggests that any possible cold nu-
clear matter e↵ect is small.
We next compare our Au+Au results to predictions

from the CoLBT-hydro model [26] in Fig. 8, which shows
IAA as a function of ⇠ for the 3 direct photon pT bins;
the zT axis is displayed on the top. The solid lines are
from the CoLBT model calculated in the same kinematic
ranges as the data. The model calculation shows the
same trends with ⇠ as the data . CoLBT has a kinetic
description of the leading parton propagation, including
a hydrodynamical picture for the medium evolution. In
this calculation, both the propagating jet shower parton
and the thermal parton are recorded, along with their
further interactions with the medium. Consequently, the
medium response to deposited energy is modeled. The
model clearly shows that as the direct photon pT in-
creases, the transition where IAA exceeds one occurs at
increasing ⇠. According to this calculation, the enhance-
ment at large ⇠ arises from jet-induced medium excita-
tions, and that the enhancement occurs at low zT reflects
the thermal nature of the produced soft particles.
Figure 8(b) shows a BW-MLLA calculation (dashed

[red] curve) in which it is assumed that the lost energy is
redistributed, resulting in an enhanced production of soft
particles [36]. The calculation for jets with energy of 7
GeV in the medium is in relatively good agreement with
the measured results. The model comparisons suggest
that the enhancement of soft hadrons associated with
the away-side jet should scale with the pT of the hadrons.
A modified fragmentation function could be expected to
produce a change at fixed zT . This is not consistent with
either the data or the CoLBT model.

V. SUMMARY

We have presented direct photon-hadron correlations
in

p
sNN = 200 GeV Au+Au, d+Au and p+p collisions,

for photon pT from 5–12 GeV/c. As the dominant source
of correlations is QCD Compton scattering, we use the
photon energy as a proxy for the opposing quark’s energy
to study the jet fragmentation function. Combining data
sets from three years of data taking at RHIC allows study
of the conditional hadron yields opposite to the direct
photons as a function of zT and the photon pT . This is
the first time such a di↵erential study of direct photon-
hadron correlations has been performed at RHIC.
We observe no significant modification of the jet frag-

mentation in d + Au collisions, indicating that cold nu-
clear matter e↵ects are small or absent. We find that
hadrons carrying a large fraction of the quark’s momen-
tum are suppressed in Au+Au compared to p+p and
d+Au. This is expected from energy loss of partons

Photon-Tagged Jets at RHIC
• “Golden Channel” for studying 

energy loss in the QGP
• Photon tags initial hard 

scattering  kinematics 

• IAA=YAA/Ypp~DAA(z)/Dpp(z)
• Medium response effects
• Because of 𝛄/𝛑0 RHIC is ideal 
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Photon-Jet Imbalance

• xJγ may be more sensitive at RHIC
• directly probes energy loss
• Photon tagged jets are a key 

component to the sPHENIX
program
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is of particular interest since most theoretical calculations have been unable to simultaneously
describe suppression and anisotropy at RHIC. sPHENIX will have a unique data set for highly
differential high-pT observables.

7.2 Upsilon Physics

High precision measurements of Upsilon production with sufficient accuracy for clear separation
of the U(1S, 2S, 3S) states is a key deliverable of the sPHENIX physics program. The centrality
dependence and particularly the pT dependence are critical measurements for comparison between
RHIC and the LHC, since the temperature profiles from hydrodynamic calculations show important
differences with collision energy.

The projected statistical uncertainties for the RAA of the U(1S) and U(2S) states are shown in

38
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Acoplanarity of Photon-Jets
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angles in Au+Au
compared to PYTHIA

• 1st signature of 
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central Au+Au
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Medium-induced acoplanarity of jets
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Figure 66: Left: Projections of the acoplanarity for semi-inclusive anti-kT, R = 0.5 jets recoiling
from a direct-photon trigger with 15 < ET < 20 GeV and 10 < p

ch

T,jet
< 15 GeV/c for central (0-15%)

Au+Au collisions at p
sNN = 200 GeV. The colored bands show the cumulative uncertainties for

the current analysis and projections for future analysis with the higher statistics datasets. Right:
The subjet opening angle as a function of jet pT,jet in 0-20% central Au+Au collisions. The inset is
the corresponding resolution of ✓. Blue and green represent current (10 nb

�1) and future (including
Run-23 and 25) analyses, respectively.

In this direction, the STAR experiment reports the first signature of medium-induced
acoplanarity in the central Au+Au collisions as discussed in Section 1.1.5 Fig. 20 (right
figure). This measurement is performed for both �dir and ⇡

0 triggers with 11 < ET < 15
GeV and charged-particle jets (anti-kT, R = 0.2 and 0.5) with 10 < p

ch

T,jet
< 15 GeV/c.

To have a better understanding of the nature of this acoplanarity, we plan to extend both
E

trig

T
and recoil jet pT,jet kinematic ranges which demands high statistics datasets. On the

other hand, the STAR experiment also reports the same measurements in p+p collisions to
study the shape of this acoplanarity in vacuum. In this direction, both �dir+jet and ⇡

0+jet
measurements would be crucial to study trigger dependence of �� decorrelation between the
trigger and recoil jets in p+p collisions and sets a baseline for Au+Au collisions. However,
due to limited statistics we only report ⇡

0+jet measurement in p+p collisions as shown in
Fig. 20 left. Furthermore, this measurement could exploit forward triggering using forward
calorimeter to explore a relatively small x region, compared to mid-rapidity measurement,
in p+p collisions. This is important to study various pQCD effects like NLO corrections,
ISR/FSR, and MPI effects. Upcoming Run-24 p+p collision data-taking is very important
in this direction.

The left plot of Fig. 66 shows the semi-inclusive distribution of the azimuthal separation
between a direct-photon trigger with 15 < ET < 20 GeV and a charged-particle jet (anti-kT,
R = 0.5) with 10 < p

ch

T,jet
< 15 GeV/c, in central Au+Au collisions at p

sNN = 200 GeV with
only statistical uncertainties. The azimuthal smearing of this observable due to uncorrelated
background is small, and such acoplanarity measurements are therefore strongly statistics-
limited. [136,137] The grey vertical bars represent the statistical uncertainty with the current
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Figure 66: Left: Projections of the acoplanarity for semi-inclusive anti-kT, R = 0.5 jets recoiling
from a direct-photon trigger with 15 < ET < 20 GeV and 10 < p

ch

T,jet
< 15 GeV/c for central (0-15%)

Au+Au collisions at p
sNN = 200 GeV. The colored bands show the cumulative uncertainties for

the current analysis and projections for future analysis with the higher statistics datasets. Right:
The subjet opening angle as a function of jet pT,jet in 0-20% central Au+Au collisions. The inset is
the corresponding resolution of ✓. Blue and green represent current (10 nb

�1) and future (including
Run-23 and 25) analyses, respectively.

In this direction, the STAR experiment reports the first signature of medium-induced
acoplanarity in the central Au+Au collisions as discussed in Section 1.1.5 Fig. 20 (right
figure). This measurement is performed for both �dir and ⇡

0 triggers with 11 < ET < 15
GeV and charged-particle jets (anti-kT, R = 0.2 and 0.5) with 10 < p

ch

T,jet
< 15 GeV/c.

To have a better understanding of the nature of this acoplanarity, we plan to extend both
E

trig

T
and recoil jet pT,jet kinematic ranges which demands high statistics datasets. On the

other hand, the STAR experiment also reports the same measurements in p+p collisions to
study the shape of this acoplanarity in vacuum. In this direction, both �dir+jet and ⇡

0+jet
measurements would be crucial to study trigger dependence of �� decorrelation between the
trigger and recoil jets in p+p collisions and sets a baseline for Au+Au collisions. However,
due to limited statistics we only report ⇡

0+jet measurement in p+p collisions as shown in
Fig. 20 left. Furthermore, this measurement could exploit forward triggering using forward
calorimeter to explore a relatively small x region, compared to mid-rapidity measurement,
in p+p collisions. This is important to study various pQCD effects like NLO corrections,
ISR/FSR, and MPI effects. Upcoming Run-24 p+p collision data-taking is very important
in this direction.

The left plot of Fig. 66 shows the semi-inclusive distribution of the azimuthal separation
between a direct-photon trigger with 15 < ET < 20 GeV and a charged-particle jet (anti-kT,
R = 0.5) with 10 < p

ch

T,jet
< 15 GeV/c, in central Au+Au collisions at p

sNN = 200 GeV with
only statistical uncertainties. The azimuthal smearing of this observable due to uncorrelated
background is small, and such acoplanarity measurements are therefore strongly statistics-
limited. [136,137] The grey vertical bars represent the statistical uncertainty with the current
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Figure 66: Left: Projections of the acoplanarity for semi-inclusive anti-kT, R = 0.5 jets recoiling
from a direct-photon trigger with 15 < ET < 20 GeV and 10 < p

ch

T,jet
< 15 GeV/c for central (0-15%)

Au+Au collisions at p
sNN = 200 GeV. The colored bands show the cumulative uncertainties for

the current analysis and projections for future analysis with the higher statistics datasets. Right:
The subjet opening angle as a function of jet pT,jet in 0-20% central Au+Au collisions. The inset is
the corresponding resolution of ✓. Blue and green represent current (10 nb

�1) and future (including
Run-23 and 25) analyses, respectively.

In this direction, the STAR experiment reports the first signature of medium-induced
acoplanarity in the central Au+Au collisions as discussed in Section 1.1.5 Fig. 20 (right
figure). This measurement is performed for both �dir and ⇡

0 triggers with 11 < ET < 15
GeV and charged-particle jets (anti-kT, R = 0.2 and 0.5) with 10 < p

ch

T,jet
< 15 GeV/c.

To have a better understanding of the nature of this acoplanarity, we plan to extend both
E

trig

T
and recoil jet pT,jet kinematic ranges which demands high statistics datasets. On the

other hand, the STAR experiment also reports the same measurements in p+p collisions to
study the shape of this acoplanarity in vacuum. In this direction, both �dir+jet and ⇡

0+jet
measurements would be crucial to study trigger dependence of �� decorrelation between the
trigger and recoil jets in p+p collisions and sets a baseline for Au+Au collisions. However,
due to limited statistics we only report ⇡

0+jet measurement in p+p collisions as shown in
Fig. 20 left. Furthermore, this measurement could exploit forward triggering using forward
calorimeter to explore a relatively small x region, compared to mid-rapidity measurement,
in p+p collisions. This is important to study various pQCD effects like NLO corrections,
ISR/FSR, and MPI effects. Upcoming Run-24 p+p collision data-taking is very important
in this direction.

The left plot of Fig. 66 shows the semi-inclusive distribution of the azimuthal separation
between a direct-photon trigger with 15 < ET < 20 GeV and a charged-particle jet (anti-kT,
R = 0.5) with 10 < p

ch

T,jet
< 15 GeV/c, in central Au+Au collisions at p

sNN = 200 GeV with
only statistical uncertainties. The azimuthal smearing of this observable due to uncorrelated
background is small, and such acoplanarity measurements are therefore strongly statistics-
limited. [136,137] The grey vertical bars represent the statistical uncertainty with the current
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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.

Gamma-Jet 
γdir 
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Figure 7.2: Statistical projections for (left) the jet-to-photon pT balance, xJfl, for photons with pT >
30 GeV and (right) the subjet splitting fraction zg for jets with pT > 40 GeV. Statistical uncertainties
in the right panel are smaller than the markers. The projected distributions are sampled from those
predicted according to JEWEL v2.2.0.
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Figure 7.3: Left: Statistical projections for the jet yield as a function of the azimuthal distance from
the event plane in 10–30% Au+Au events. Right: Statistical projection for a measurement of the jet v2
in 10–30% events as a function of jet pT.

is of particular interest since most theoretical calculations have been unable to simultaneously
describe suppression and anisotropy at RHIC. sPHENIX will have a unique data set for highly
differential high-pT observables.

7.2 Upsilon Physics

High precision measurements of Upsilon production with sufficient accuracy for clear separation
of the U(1S, 2S, 3S) states is a key deliverable of the sPHENIX physics program. The centrality
dependence and particularly the pT dependence are critical measurements for comparison between
RHIC and the LHC, since the temperature profiles from hydrodynamic calculations show important
differences with collision energy.

The projected statistical uncertainties for the RAA of the U(1S) and U(2S) states are shown in

38
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• Jet grooming technique: final state to evolution of 
parton shower (e.g., “splitting function”)  
➡ structure of final state to evolution of parton shower 

Yeonju Go 13

Jet Substructure
Groomed Momentum Fraction Groomed Jet Radius

Rg

• Jet grooming one of many 
techniques to explore 
substructure of jets

• Groomed jets explore the 
evolution of the parton shower
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• Current STAR results use combined STAR/PHENIX p+p
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Sequential Upsilon suppression: QGP at different scales STAR Collaboration, 
arXiv: 2207.06568
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suppressed than Upsilon(1S)
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pp

Creation of deconfined medium with temperature sufficiently 
high to strongly suppress excited Upsilon states

J/ v2 uncertainty calculation. Due to the use of the EPD, the resolution of the event plane
at forward rapidity for the J/ v2 measurement at STAR will improve. Figure 54 presents
statistical projections for the J/ v2 measurement in 0-80% Au+Au collisions assuming 20
B MB events and 40 nb�1 of BHT trigger sampled luminosity. Both cases of the second order
event plane reconstruction, using the forward EPD and mid-rapidity TPC, are considered
and shown. A significant improvement in the precision of the J/ v2 can be seen across
the experimentally accessible J/ pT coverage, providing the potential to distinguish among
different model calculations. In addition, the larger dataset would allow to extend the
measured pT range beyond 10 GeV/c.

2.5 What is the Temperature of the Medium?
⌥ suppression
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Figure 55: Statistical projections for the ⌥(1S) and ⌥(2S) RAA as a function of Npart (left) and
pT (right) in 0-60% Au+Au collisions at 200 GeV, assuming 40 nb

�1 of BHT triggered events. The
projections (filled stars) are done combining the di-electron and di-muon decay channels and are
compared to the STAR results from 2011, 2014 and 2016 datasets (open stars).

In the QGP, the confining potential of a heavy quark-antiquark pair is predicted to be
screened by the surrounding partons leading to the quarkonium dissociation. Within this
static picture, a quarkonium state dissociates if its size is larger than the Debye screening
length of the medium that is inversely proportional to the medium temperature. Conse-
quently, different quarkonium states, depending on their sizes, are expected to dissociate at
different temperatures, which is usually referred to as the quarkonium sequential suppres-
sion. Quarkonia are therefore considered excellent probes of the medium thermodynamic
properties. In particular, differences in the dissociation temperatures between ⌥(1S), ⌥(2S)
and ⌥(3S) states are larger compared to the charmonium states, providing a longer lever
arm. In addition, the regeneration contribution for bottomonia is expected to be negligibly
small at RHIC energies. Figure 55 presents statistical projections for ⌥(1S) and ⌥(2S) RAA

61

Higher precision with data from RHIC  
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• Current STAR results use combined STAR/PHENIX p+p
• Separate 3 Upsilon states at sPHENIX
• Potential to discover 𝚼(3S) suppression at RHIC
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Figure 4.5: sPHENIX projected statistical uncertainties, including the contribution from uncorrelated
backgrounds and physics backgrounds (such as from Drell-Yan and bb̄), for the Upsilon nuclear
modification factors for all three states. Projections for the proposed three-year (2023–2025) run plan
are shown as a function of centrality (left) and pT in 0–60% Au+Au events (right). In the left panel,
the RAA for the 1S and 2S is set to the prediction in Ref. [11], while the RAA for the 3S is taken to be
half that for the 2S. The right panel includes a comparison to the current best Upsilon suppression
knowledge from STAR.

The centrality dependence and particularly the pT dependence for all three states are critical515

measurements for comparison between RHIC and the LHC. Scenarios of melting of the different516

states at different temperatures must be confronted with data where the temperature profiles from517

hydrodynamic calculations show important differences with collision energy.518

4.3 Open Heavy Flavor Physics519

Heavy-flavor quarks (c, b) play a unique role in studying QCD in the vacuum as well as in the520

nuclear medium at finite temperature . Their masses are much larger than the QCD scale (LQCD),521

the additional QCD masses due to chiral symmetry breaking, and the typical medium temperature522

created at RHIC and LHC (T ⇠ 300–500 MeV). Therefore, they are created predominantly from523

initial hard scatterings and their production rates are calculable in perturbative QCD. In combi-524

nation with light sector measurements as discussed in Section 4.1, the large heavy quark mass525

scale introduces additional experimental and theoretical handles allowing one to study quark-QGP526

interactions in more detail and to better test our understanding of the underlying physics, including527

mass-dependent energy loss and collectivity in the quark-gluon plasma. Thus they can be used528

to study the plasma in a more controlled manner. However, heavy-flavor signals in heavy ion529

collisions at RHIC energies are relatively rare and current results from RHIC are sparse, particularly530

in the bottom sector. Improving on these results requires the sPHENIX capabilities of high precision531

and high data rate.532

sPHENIX, equipped with a state-of-the-art vertex tracker and high rate streaming DAQ, will bring533

key heavy-flavor measurements at RHIC fully into the precision era and place stringent tests on534

models describing the coupling between heavy quarks and the medium. In the first three years of535

operation, sPHENIX will enable B-meson and b-jet measurements covering the wide transverse536

momentum range 2 < pT < 40 GeV, as shown in Figures 4.6 and 4.7.537
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J/ v2 uncertainty calculation. Due to the use of the EPD, the resolution of the event plane
at forward rapidity for the J/ v2 measurement at STAR will improve. Figure 54 presents
statistical projections for the J/ v2 measurement in 0-80% Au+Au collisions assuming 20
B MB events and 40 nb�1 of BHT trigger sampled luminosity. Both cases of the second order
event plane reconstruction, using the forward EPD and mid-rapidity TPC, are considered
and shown. A significant improvement in the precision of the J/ v2 can be seen across
the experimentally accessible J/ pT coverage, providing the potential to distinguish among
different model calculations. In addition, the larger dataset would allow to extend the
measured pT range beyond 10 GeV/c.

2.5 What is the Temperature of the Medium?
⌥ suppression
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Figure 55: Statistical projections for the ⌥(1S) and ⌥(2S) RAA as a function of Npart (left) and
pT (right) in 0-60% Au+Au collisions at 200 GeV, assuming 40 nb

�1 of BHT triggered events. The
projections (filled stars) are done combining the di-electron and di-muon decay channels and are
compared to the STAR results from 2011, 2014 and 2016 datasets (open stars).

In the QGP, the confining potential of a heavy quark-antiquark pair is predicted to be
screened by the surrounding partons leading to the quarkonium dissociation. Within this
static picture, a quarkonium state dissociates if its size is larger than the Debye screening
length of the medium that is inversely proportional to the medium temperature. Conse-
quently, different quarkonium states, depending on their sizes, are expected to dissociate at
different temperatures, which is usually referred to as the quarkonium sequential suppres-
sion. Quarkonia are therefore considered excellent probes of the medium thermodynamic
properties. In particular, differences in the dissociation temperatures between ⌥(1S), ⌥(2S)
and ⌥(3S) states are larger compared to the charmonium states, providing a longer lever
arm. In addition, the regeneration contribution for bottomonia is expected to be negligibly
small at RHIC energies. Figure 55 presents statistical projections for ⌥(1S) and ⌥(2S) RAA
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Higher precision with data from RHIC  
2023-25 runs
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Quark Mass Dependent Energy Loss
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b/c quark RAA

● arXiv:2203.17058 (submitted to Phys. Rev. C)

● Beauty is less suppressed than charm

Au+Au

arXiv:2203.17058 • Measurements enabled by Upgrades at
PHENIX and STAR

• Beauty is less suppressed than charm
• Studies of charm via D0 suppression and v2

PRC 99 (2019) 034908 PRL 118 (2017) 212301 
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Heavy Flavor in sPHENIX
• Streaming readout enables huge MB data for unbiased HF 

measurements in p+p collisions 
• High precision non-prompt D suppression and flow at RHIC 
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Open Heavy Flavor Physics Physics Projections 2023–2025
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Figure 4.6: Projected statistical uncertainties of nuclear modification factor RAA measurements of
non-prompt/prompt D0 mesons (left) and b-jets (right) as a function of pT in 0–10% central Au+Au
collisions at

p
sNN = 200 GeV from the three-year sPHENIX operation. Left: the solid green curve

are averaged RAA for pions and the solid blue line is from a model calculation of RAA for B mesons
over several models [12, 13, 14, 15], which maps to the dashed blue line for D-meson from B decay.
Right: the curves represents a pQCD calculations with two coupling parameters to the QGP medium,
gmed [16], and the blue band is from a recent calculation based on the LIDO transport model [17].

0 2 4 6 8 10
 [GeV]

T
p

0.1−

0.05−

0

0.05

0.1

0.15

0.2

0.252v

 BUP 2022, 0-80% Au+Au, Years 1-3sPHENIX
)=0.52Ψ rec. Au+Au, Res(-121 nb

0D→B
0DPrompt 

)118-meson (fit to STAR PRLD
 scaling)

T
-meson (mB

Figure 4.7: Projected statistical uncertainties of v2 measurements of non-prompt/prompt D0 mesons
(left) and b-jets (right) as a function of pT in Au+Au collisions at

p
sNN = 200 GeV. Left: the blue

dotted line is from best fit of RHIC data, and the black line is for B-meson assuming mT scaling in v2.
[18, 12, 13, 14]

The left panel of Figure 4.6 shows the B-meson (D0 from B) nuclear modification measurements538

covering the kinematic range pT . 15 GeV, where nuclear modifications for bottom quarks and light539

quarks are expected to be quite different, transitioning in the right panel to the b-jet at pT > 15 GeV,540

where the effect due to the light and heavy quark mass difference is less significant. The current541

experimental results do not yet confirm the detailed physics behind this transition.542

Figure 4.7 (left) shows the elliptic flow v2 measurements of the charm and bottom meson made543

with unprecedented precision that offer unique insight into the coupling of the HF quark to544

the medium. Theoretical modeling using the “Brownian” motion methodology requires that545

26

Open Heavy Flavor Physics Physics Projections 2023–2025

0 2 4 6 8 10
 [GeV]

T
p

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

AA
R  BUP 2022, 0-10% Au+Au, Years 1-3sPHENIX

 rec. Au+Au-1, 21 nbp+p str. -16.2 pb
-mesonB

0D→B
0DPrompt 

π

Figure 4.6: Projected statistical uncertainties of nuclear modification factor RAA measurements of
non-prompt/prompt D0 mesons (left) and b-jets (right) as a function of pT in 0–10% central Au+Au
collisions at

p
sNN = 200 GeV from the three-year sPHENIX operation. Left: the solid green curve

are averaged RAA for pions and the solid blue line is from a model calculation of RAA for B mesons
over several models [12, 13, 14, 15], which maps to the dashed blue line for D-meson from B decay.
Right: the curves represents a pQCD calculations with two coupling parameters to the QGP medium,
gmed [16], and the blue band is from a recent calculation based on the LIDO transport model [17].

0 2 4 6 8 10
 [GeV]

T
p

0.1−

0.05−

0

0.05

0.1

0.15

0.2

0.252v

 BUP 2022, 0-80% Au+Au, Years 1-3sPHENIX
)=0.52Ψ rec. Au+Au, Res(-121 nb

0D→B
0DPrompt 

)118-meson (fit to STAR PRLD
 scaling)

T
-meson (mB

Figure 4.7: Projected statistical uncertainties of v2 measurements of non-prompt/prompt D0 mesons
(left) and b-jets (right) as a function of pT in Au+Au collisions at

p
sNN = 200 GeV. Left: the blue

dotted line is from best fit of RHIC data, and the black line is for B-meson assuming mT scaling in v2.
[18, 12, 13, 14]

The left panel of Figure 4.6 shows the B-meson (D0 from B) nuclear modification measurements538

covering the kinematic range pT . 15 GeV, where nuclear modifications for bottom quarks and light539

quarks are expected to be quite different, transitioning in the right panel to the b-jet at pT > 15 GeV,540

where the effect due to the light and heavy quark mass difference is less significant. The current541

experimental results do not yet confirm the detailed physics behind this transition.542

Figure 4.7 (left) shows the elliptic flow v2 measurements of the charm and bottom meson made543

with unprecedented precision that offer unique insight into the coupling of the HF quark to544

the medium. Theoretical modeling using the “Brownian” motion methodology requires that545
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b-tagged Jets at RHIC
• Sensitivity to collisional vs 

radiative energy loss
• Complimentary to LHC jets, 

accessing lower pT region with 
larger heavy quark mass effect.
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b-tagged Jet Projection
• First b-jet measurement at RHIC
• Power to constrain medium coupling parameters in models

232022HotQCDTownHall – M. Connors 

Open Heavy Flavor Physics Physics Projections 2023–2025
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Figure 4.6: Projected statistical uncertainties of nuclear modification factor RAA measurements of
non-prompt/prompt D0 mesons (left) and b-jets (right) as a function of pT in 0–10% central Au+Au
collisions at

p
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over several models [12, 13, 14, 15], which maps to the dashed blue line for D-meson from B decay.
Right: the curves represents a pQCD calculations with two coupling parameters to the QGP medium,
gmed [16], and the blue band is from a recent calculation based on the LIDO transport model [17].
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The left panel of Figure 4.6 shows the B-meson (D0 from B) nuclear modification measurements538

covering the kinematic range pT . 15 GeV, where nuclear modifications for bottom quarks and light539

quarks are expected to be quite different, transitioning in the right panel to the b-jet at pT > 15 GeV,540

where the effect due to the light and heavy quark mass difference is less significant. The current541

experimental results do not yet confirm the detailed physics behind this transition.542

Figure 4.7 (left) shows the elliptic flow v2 measurements of the charm and bottom meson made543
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the medium. Theoretical modeling using the “Brownian” motion methodology requires that545
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Cold QCD and p+A Physics Physics Projections 2023–2025
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Figure 4.9: Projected statistical uncertainties for the subjet splitting fraction zg for b-jets in p+p and
Au+Au (left) and the Au+Au/p+p ratio compared to the expectation from a pQCD calculations from
Ref. [24].

Figure 4.10: Statistical projections of Lc/D ratio for both central Au+Au and p+p collisions. This
projection is compared with the recent publication from the STAR collaboration in the central Au+Au
collisions [25] (red point), model calculations of this ratio in the Au+Au collisions (colored curves),
and the PYTHIA8 tunes for the p+p collisions (black curves).

4.4 Cold QCD and p+A Physics576

The sPHENIX detector, primarily designed to study the quark-gluon plasma with jet, photon577

and heavy-flavor probes with its trigger and high DAQ rate capabilities, will also provide key578

opportunities for cold QCD and small system collectivity measurements. These include a broad579

range of physics measurements, including measurements of jet, hadron and heavy flavor collective580

motion, measurements with transversely polarized beams, and studies of transverse momentum581

dependent (TMD) effects and hadronization in p+p and p+A collisions.582
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From Projections to Measurements
• Outer/Inner Hcal and Magnet installed
• Emcal installation underway

2022HotQCDTownHall – M. Connors 24

13 EMCal sector-pairs installed as of 9/16/22



sPHENIX from Construction to Assembly
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MVTX complete 
at LBNL



sPHENIX from Construction to Assembly
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MVTX complete 
at LBNL

INTT complete at BNL
TPC Assembly Completed at SBU



sPHENIX from Construction to Assembly

2022HotQCDTownHall – M. Connors 27

MVTX complete 
at LBNL

INTT complete at BNL
TPC Assembly Completed at SBU



sPHENIX from Construction to Assembly
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MVTX complete 
at LBNL

INTT complete at BNL

INTT ladder placement (2022.6)

MVTX 
assembly 
ongoing

Toward the First Data Taking

TPOT module under test. 
Installation in Oct.

TPC – test of gem modules 
fitting the  Wagon Wheels

sEPD under 
construction

16

TPC Assembly Completed at SBU

Lehigh



Completing Scientific Mission Means
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Completing its scientific mission does not end
when heavy ion collisions at RHIC cease

Wealth of data to analyze!
After the 2016 RHIC run, PHENIX has submitted over 50 papers for 

publication and 40 PhD students completed their theses.



Completing Scientific Mission Means
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Completing its scientific mission does not end
when heavy ion collisions at RHIC cease

Wealth of data to analyze!
After the 2016 RHIC run, PHENIX has submitted over 50 papers for 

publication and 40 PhD students completed their theses.
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Direct photons and π0 in small systems

● Can use non-modification of photons to correct for bias in Ncoll determination

● Resolves a decade-long mystery of apparent enhancement in peripheral collisions

● Small but non-negligible suppression in central collisions

– EMC effect? QGP?

Au+X

A. Hodges (GSU PhD 2022)Niveditha Ram (SBU PhD 2021)

Recent PHENIX theses include impactful 
results that inform our understanding of

small and large collision systems



Completing Scientific Mission Means
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Completing its scientific mission does not end
when heavy ion collisions at RHIC cease

Wealth of data to analyze!
After the 2016 RHIC run, PHENIX has submitted over 50 papers for 

publication and 40 PhD students completed their theses.

To ensure reproducibility of published results:
– Standardized analysis notes 
– All analysis code, macros, relevant files stored in HPSS
– Upload published data to HEPData

Ideal Goal: re-analysis possible “forever” by “everyone”
– Tools: Docker/REAna; Github and Zenodo; CERN OpenData

for the general public; RIVET
Find out more at the Analysis tab on the phenix website:

https://www.phenix.bnl.gov/

Data and Analysis Preservation (DAP)

https://www.phenix.bnl.gov/


Summary

Goal: 
– Achieve the goals established in the 2015 LRP to complete 

the scientific mission of RHIC
Need: 

– Continued RHIC operations necessary to collect p+p, p+Au
and Au+Au data to achieve required precision with sPHENIX

– Continued support beyond RHIC running necessary to 
complete the analysis of the necessary datasets to fulfill the 
goal envisioned in 2015 NSAC LRP 
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Highlighted Results/Projections:
– Unique capabilities of the RHIC facility/Achievable precision 
– Upsilon 1S and 2S suppression observed/3S suppression to be discovered at RHIC
– Jet quenching results/precise acoplanarity, imbalance & substructure measurements
– Bottom less suppressed than charm/b-jet measurements 


