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

30

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.
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Probe QGP at Multiple Scales
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RHIC/LHC Complementarity 

• Significant overlap achievable 
with “tomorrow’s” RHIC-LHC 
measurements
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sPHENIX will complement LHC measurements
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• Different composition of quark and gluon jets  
at available jet kinematic ranges for RHIC and 
LHC 
➡ Study quark and gluon energy loss  

• Steeper jet pT spectra at RHIC than LHC  
➡ more quenching (E-loss) effect

Yeonju Go

Complementarity with LHC
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LHC

LHC

RHIC

RHIC

• Different mixture of quark and 
gluon jets at RHIC/LHC 
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sPHENIX Detectors
Calorimetry

Minimum Bias Detector (MBD)

Event Plane (sEPD) (not shown)

Time Projection Chamber (TPC)
(TPOT not shown)

Intermediate Tracker (INTT)

MicroVertex Detector (MVTX)

Hadronic Calorimeters
Outer
Inner

Electromagnetic Calorimeter

Tracking

Trigger/event 
characterization: 



sPHENIX Calorimeters
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• Outer/Inner Hcals: Steel/Al absorber plates and scintillating 
tiles with embedded Wavelength shifting fibers 

• EMCal: Tungsten + scintillating fiber SPACAL
6

sPHENIX Calorimeters

Inner 
HCal

Outer
HCal

EMCal: Tungsten-scintillating fiber 
sampling calorimeter (SPACAL type). 
18 X0, 1 λ. Δη x Δɸ=0.025x0.025. 
Resolution ~ 16%/√E ⊕5%.

Outer HCal: Steel absorber plates and scintillating 
tiles with embedded WLS fibers 
Inner HCal: Al absorber plates and scintillating tiles 
with embedded WLS fibers

Resolution ~ 88%/√E⊕12% (single particle) for overall 
HCal.
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• 3 layers Monolithic Active Pixel Sensors (MAPS)
• Based on ALICE ITS upgrade
• DCAxy < 70 μm
• |zvtx|< 10 cm

Tracking Subsystems

7

MVTX

INTT

TPC

• Four layers forming two 
barrels of Si strips

• Use PHENIX FVTX electronics
• Pattern recognition, DCA, 

connect tracking systems, 
reject pile-up

CIPANP2022 – M. Connors (sPHENIX)

ElementsoftheProjectsPHENIXoverview

Figure1.7:ArenderingofahalfbarreloftheMVTXinitscarbonfibersupportstructure.

Figure1.8:TwooftheproductionMVTXstaves.ThesearenearlyidenticaltotheALICEITSinner
barrelstaves.Theonlymodificationistheuseofaslightlylongerpowercablesolderedtothestave.

1.4.7EventPlaneDetector 190

ThesPHENIXEventPlaneDetector(sEPD)consistsoftwowheelsofscintillatortilespositionedat 191

2<|h|<4.9.ThesEPD,similartotheexistingSTAREPD,providessignificantlyimprovedevent 192

plane(EP)resolutioncomparedtotheMBDwithalargerapiditygapbetweentheEPdetermination 193

andthemid-rapiditymeasurementregion.ThesEPDisfundedbyaNSFMRIgrantwithLehigh, 194

UNCGreensboro,CUBoulder,Muhlenburg,andBNLasparticipatinginstitutions. 195
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sPHENIX overview Elements of the Project

Figure 1.9: A rendering of the silicon strip intermediate tracker (INTT), being built by RIKEN and
NCU Taiwan. While the sensors (blue) are off-the-shelf Hamamatsu parts, the flexible high density
cables (orange) which carry signals and power have been a target of extensive R&D with industrial
partners due to their length.

1.4.8 TPOT196

The TPC Outer Tracker (TPOT) is a Micromegas-based tracker consisting of eight modules situated197

between the bottom side of the TPC and the EMCal. The TPOT will help monitor space-charge198

distortions in the TPC by providing an extra space point to improve track extrapolation accuracy199

from the MVTX and INTT into the TPC. TPOT is a collaborative effort between groups at CEA-200

Saclay, LANL, MIT and BNL.201
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sPHENIX Tracking 
Detectors

MVTX (2.3 < r < 3.9 cm): precision vertexing

l 3 layers of Monolithic Active Pixel Sensors 

(MAPS) closely based on ALICE’s ITS2

l 5 !m position resolution for tracks with pT>1 GeV

INTT (7 < r < 12 cm): pileup separation

l 2 layers of silicon strips (86μm pitch)

l single-beam-crossing timing resolution

TPC (30 < r < 78 cm): momentum measurement

l Very compact GEM-based TPC: 48 layers with 

gateless and continuous readout.

5

TPC Outer Tracker (TPOT): calibration of beam-

induced space charge distortions

l 8 modules of Micromegas inserted between TPC 

and EMCal

• Radius 20–78 cm
• ~250 μm effective hit resolution
• Continuous (non-gated) readout
• Pattern recognition, momentum 

resolution, pT 0.2-40 GeV/c

TPOT
• TPC Outer Tracker
• Calibrate beam-

induced space 
charge distortions

• 8 Micromega 
modules 



Event Characterization Detectors
Minimum Bias Detector (MBD) [3.51 < |η| < 4.61] 
• Reuse the PHENIX Beam-Beam Counter 
• 128 channels of 3cm thick quartz radiator on mesh 

dynode PMT 
• 120 ps trigger level timing resolution 
sPHENIX Event Plane Detector (sEPD) [2.0 < |η| < 4.9] 
• 1.2-cm-thick scintillator w/ wavelength shifting fibers 
• 2 wheels of scintillator tiles 
• Significant improvement in the event plane resolution 

CIPANP2022 – M. Connors (sPHENIX) 87

sPHENIX Event Plane Detector (sEPD) 
[2.0 < |η| < 4.9]

Minimum Bias Detector (MBD)
[3.51 < |η| < 4.61]

Minimum Bias & Event Plane Detectors

• Reuse of the PHENIX Beam-Beam 
Counter

• 128 channels of 3 cm thick quartz 
radiator on mesh dynode PMT

• 120 ps timing resolution

• 1.2-cm-thick scintillator w/ wavelength 
shifting fibers 

• 2 wheels of scintillator tiles
• Provides significant improvement in the 

event plane resolution
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Hybrid DAQ & Streaming Readout

CIPANP2022 – M. Connors (sPHENIX) 9

Upgrades of the sPHENIX Readout Streaming Readout Upgrade for the sPHENIX trackers

system.867

This hybrid trigger-streaming DAQ is particularly efficient in the sense that the number of recorded868

events per gigabyte of raw data is optimized. By extending the tracker data recording time window869

immediately following a calorimeteric-triggered event and completing the partially recorded off-870

time collisions in the long integration time window of the MVTX and TPC detectors, one captures871

additional interactions most efficiently. From an analysis point of view, this is an elegant solution872

as it avoids any trigger selection bias which would be quite complicated for rare and weak signals873

such as hadronically decayed heavy-flavor hadrons. The effect of this upgrade can be quantified as874

shown in Figure C.2, where a 50% increase in the data volume column allows for recording 10%875

of all minimum biased collisions, an increase by two to three orders of magnitude as detailed in876

Table C.1 (right columns).877

Figure C.1: The hybrid DAQ structure of the sPHENIX tracking detectors, in which all three detectors
are read out in a streaming mode. The output of the tracker data streams are throttled appropriately
to be in synchrony with calorimeter triggers. Additional tracker data can also be streamed, providing
an opportunity to record minimum bias collisions beyond those coming from calorimeter-triggered
events.

C.1.1 Hybrid Trigger-Streaming Readout in 2024878

In the 2024 run, we plan to implement the first streaming readout DAQ for the tracking detectors879

to record 10% of the delivered luminosity in addition to the calorimeteric-triggered events. The880

data rate and data volume is dominated by the time projection chamber which is studied in881

Figure C.2. With the introduction of the beam crossing angle, the expected data rate with the 10%882

streaming readout would be much lower than the design specifications and the previous data883

volume estimates with zero crossing angle assumed in the 2019 sPHENIX computing plan [39].884

The reason is simply because with the 2 milliradian crossing angle there are far fewer collisions885

outside of |z| < 10 cm that would have still caused hits in the TPC that would have been recorded.886

The physics gain is significant, that includes the p+p reference data for the D0 RAA and the Lc/D0
887

43

Hybrid DAQ

• Hybrid DAQ system: Triggered Calorimeters & streaming tracking
• Streaming tracking detectors planned for 2024 data collection

– Crucial for open HF and cold QCD measurements
– Significantly increases p+p data collected



Proposed Plan
• First 3 years of data taking

CIPANP2022 – M. Connors (sPHENIX) 10

2021 Beam Use Proposal Charge Addendum: Addressing the 20 cryo-week scenario

data set for studies of cold QCD. We highlight that a modest streaming readout upgrade
of the tracking detectors [10%-str], requiring no additional hardware, will greatly extend
the physics program in p+p running. Transverse polarization of the proton beams adds
substantial new cold QCD physics measurements.

• Year-3 (2025) is focused on the collection of a very large Au+Au data set for measurements
of jets and heavy flavor observables with unprecedented statistical precision and accuracy.

Table 1.3 provides an overview of the data we expect to obtain in Year-1 to Year-3 (2023 - 2025), as
requested in the ALD charge. The total Au+Au data set from this three-year proposed running, in
the 28 cryo-week scenario, is equivalent to 141 billion events recorded for all physics analyses.

Table 1.3: Summary of the sPHENIX Beam Use Proposal for years 2023–2025, as requested in the
charge. The values correspond to 24 cryo-week scenarios, while those in parentheses correspond to
28 cryo-week scenarios. The 10%-str values correspond to the modest streaming readout upgrade of
the tracking detectors. Full details are provided in Chapter 4.

Year Species
p

sNN Cryo Physics Rec. Lum. Samp. Lum.

[GeV] Weeks Weeks |z| <10 cm |z| <10 cm

2023 Au+Au 200 24 (28) 9 (13) 3.7 (5.7) nb�1 4.5 (6.9) nb�1

2024 p
"

p
" 200 24 (28) 12 (16) 0.3 (0.4) pb�1 [5 kHz] 45 (62) pb�1

4.5 (6.2) pb�1 [10%-str]

2024 p
"+Au 200 – 5 0.003 pb�1 [5 kHz] 0.11 pb�1

0.01 pb�1 [10%-str]

2025 Au+Au 200 24 (28) 20.5 (24.5) 13 (15) nb�1 21 (25) nb�1

We also outline a plan for additional running in Year-4 to Year-5 (2026 - 2027), should the occasion
arise. This would provide unique opportunities for collecting massive, archival Au+Au and
spin polarized p+p data sets in the final years of RHIC operation, in addition to new geometry
combinations (O+O and Ar+Ar). Additional modest upgrades to higher streaming readout of
the tracking detectors [100%-str] and demultiplexing of the calorimeter readout, as detailed in
Chapter 6, greatly enhance this additional running. Table 1.4 summarizes possibilities for additional
run periods.

This document is organized as follows. Chapter 1 and Chapter 2 provide brief summaries of the
sPHENIX physics program and status of the sPHENIX project, respectively. Chapter 3 details key
inputs from the Collider-Accelerator Division. Chapter 4 details the Year-1 to Year-3 (2023-2025)
Beam Use Proposal from sPHENIX including a break down in terms of cryo-weeks. Chapters 5
and 6 detail the commissioning plan for sPHENIX and modest upgrades to the sPHENIX readout.

ii

Au+Au
2023

p+p/p+Au
2024

Au+Au
2025

Jet$spectra$and$jet$structure$
measurements$with$sPHENIX!

 Rosi Reed, for the sPHENIX Collaboration!

Abstract 
The sPHENIX proposal is for a second generation experiment at RHIC, which will take 
advantage of the increased luminosity due to accelerator upgrades, and allow measurements 
of jets and jet correlations with a kinematic reach that will overlap with measurements 
made at the Large Hadron Collider (LHC).  Particle jets, formed when a hard scatter parton 
fragments and then hadronizes into a spray of particles, were proposed as a probe of the 
Quark Gluon Plasma formed in heavy-ion collisions.  As they traverse the QGP, the hard 
scattered partons probe the medium at a variety of length scales, which is called jet 
quenching.  To answer the fundamental questions of how and why partons lose energy in 
the QGP, we need to characterize both the medium induced modification of the jet 
fragmentation pattern and the correlation of the lost energy with the jet axis.  Some 
observables that help elucidate these effects are gamma-jet correlations and jet 
fragmentation functions, which require the precise tracking and calorimetry that sPHENIX 
will have.  We will show the performance of these observables as well as that for jet and 
hadron spectra measurements, which are necessary for a baseline understanding, based on 
detector simulations. 
 
 
 

Jets at sPHENIX 
•  Sample ~50 billion  
    Au+Au events in 1 year 

•  107 jets > 20 GeV 
•  106 jets > 30 GeV 
•  80% are dijet events 
•  104 direct γ > 20 GeV 

•  Required Detector  
    Performance 

•  Single particle  
    resolution:  
    σE/E < 100%/√E  
•  Jet: σE/E < 120(150)%/√E in p+p(Au+Au) 
•  Photon Energy resolution σE/E<15%/√E  
•  dp/p ~ 0.2% p to > 40 GeV/ 

•  Jets interact minimally until their virtuality ~ medium virtuality 
•  Jets from the highest collision energies are mostly vacuum (pQCD) dominated 

Conclusions and Outlook 
 
•  Jets allow us to address the important fundamental questions of "how" and "why” 

partons lose energy in the QGP 
•  There has been significant progress in our understanding of quenching 

•  Jet quenching measurements at RHIC provide significant constraints on the partonic 
Eloss mechanisms  

•  sPhenix increased capabilities will allow a direct comparison to the LHC 
•  High luminosity will allow data collection without  
     imposing online trigger “biases 
•  LHC inspired observables will be measured at RHIC 

•  Progress is underway in evaluating the effect of 
    detector design choices on jet structure observable 
•  Investigation into the significance of the various 
     LHC inspired observables underway 
•  Fully embedded PYTHIA + HIJING events will be used to 
     evaluate background performance and photon isolation 
     cuts and clustering algorithims 
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•  Simulation of γ-jet events with  
    PYTHIA 

•  γ events are the “golden” probe 
•  Compare energy clustered into 
      jet versus photon 
•  Effect of detector resolution 
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Photon Clustering Algorithms 

•  Algorithm A 
•  Cluster = contiguous towers E > Ethreshold 

•  Algorithm B 
•  Noise reduction ! E > Ethreshold 

•  Neighboring towers which satisfy  

    noise threshold = “isolated cluster” 

•  Find “local max tower” and “peak area”  

    around it 

•  Etower with contribution from 2+ peak areas 

•  divided into peak areas  

•  Parameterized shower shape function 

•  Redefine “core cluster” within cluster area as 

    towers Esum > Ethreshold of peak area 
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How does the QGP evolve along with the parton shower? The Physics Case for sPHENIX

Temperature [MeV]
100 150 200 250 300 350 400 450 500 550 600

S
ca

le
 [

1/
fm

]

10

Jet Virtuality Evolution
 = 20-80 GeVTRHIC E

RHIC QGP Medium Influence
 = 100-1000 GeVTLHC E

LHC QGP Medium Influence

Figure 1.18: Scale probed in the medium in [1/fm] via high energy partons as a function of the local
temperature in the medium. The red (black) curves are for different initial parton energies in the
RHIC (LHC) medium.
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Di-Jet Event Display 
•  EMCal + HCAL give hermetic jet  
    measurement 

•  High resolution tracker will  
    allow jet structure  
    measurements 

•  Jet modification 
•  Energy flow 

•  No autocorrelations! 

•  Jet algorithms for clustering and  
   background removal are under  
   investigation 

•  CMS Particle Flow? 

•  γ-jet events 
•  Photon clustering algorithm 
•  Isolation cuts 

sPHENIX CAD Drawing!

Jet Response!

arxiv:1501.06197!

Tracking  Efficiency! Tracking  Resolution!

Photon 
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AA!

XJγ =
pγT
p jet
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The Physics Case for sPHENIX What is the temperature dependence of the QGP?

What is the temperature 
dependence of the 

QGP?

What are the inner 
workings of the QGP?

How does the QGP evolve 
along with the parton 

shower? 
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Figure 1.3: Pushing Three illustrative axes along which the quark-gluon plasma may be pushed and
probed. The axes are the temperature of the quark-gluon plasma, the Q2

hard of the hard process that
sets of the scale for the virtuality evolution of the probe, and the wavelength with which the parton
probes the medium lprobe.

The critical variables to manipulate for this program are the temperature of the quark-gluon plasma,
the length scale probed in the medium, and the virtuality of the hard process as shown schematically
in Figure 1.3. In the following three sections we detail the physics of each axis.

1.2 What is the temperature dependence of the QGP?

The internal dynamics of more familiar substances—the subjects of study in conventional condensed
matter and material physics—are governed by quantum electrodynamics. It is well known that near
a phase boundary they demonstrate interesting behaviors, such as the rapid change in the shear
viscosity to entropy density ratio, h/s, near the critical temperature, Tc. This is shown in Figure 1.4
for water, nitrogen, and helium [24]. Despite the eventual transition to superfluidity at temperatures
below Tc, h/s for these materials remains an order of magnitude above the conjectured quantum
bound of Kovtun, Son, and Starinets (KSS) derived from string theory [15]. These observations
provide a deeper understanding of the nature of these materials: for example the coupling between
the fundamental constituents, the degree to which a description in terms of quasiparticles is
important, and the description in terms of normal and superfluid components.

The dynamics of the QGP are dominated by Quantum Chromodynamics and the experimental
characterization of the dependence of h/s on temperature will lead to a deeper understanding
of strongly coupled QCD near this fundamental phase transition. Theoretically, perturbative
calculations in the weakly coupled limit indicate that h/s decreases slowly as one approaches Tc
from above, but with a minimum still a factor of 20 above the KSS bound [25] (as shown in the
right panel of Figure 1.4). However, as indicated by the dashed lines in the figure, the perturbative

5

•  Performance with heavy ion 
background needs to be quantified 
•  What is the best R choice? 

•  γ-jet events  dominated by quark jets 
•  Allows a flavor comparison between 

quarks and gluons 
•  Other observables under 

consideration 

Beam Use Proposal: https://indico.bnl.gov/event/7881/attachments/30176/47160/sPH-TRG-2020-001.pdf

https://indico.bnl.gov/event/7881/attachments/30176/47160/sPH-TRG-2020-001.pdf
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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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Central Yields    pT Range  

107 jets   > 20 GeV/c
106 jets   > 30 GeV/c
104 γdir > 20 GeV/c
104 b-jets > 20 GeV/c
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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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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.
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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
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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



Photon-jets at RHIC
• RHIC is ideal for 

measuring direct 
photons

• zJγ may be more 
sensitive at RHIC 

12

Scientific Objective and Performance Jet Rates and Physics Reach

because the p0s are significantly suppressed. Taking the suppression into account, the
g/p0 ratio at RHIC exceeds one for pT > 15 GeV/c. The large signal to background means
that it will be possible to measure direct photons with the sPHENIX calorimeter alone,
even before applying isolation cuts. Beyond measurements of inclusive direct photons,
this enables measurements of g-jet correlations and g-hadron correlations.
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Figure 1.21: NLO pQCD calculations of direct photons and p0 for RHIC and LHC. The
plot on the left shows the counts per event in Au+Au or Pb+Pb collisions (including the
measured RAA suppression factor for p0). The upper (lower) panel on the right shows the
direct g to p0 ratio in p+p (Au+Au or Pb+Pb) collisions, in comparison with measurements
from the PHENIX experiment at RHIC [122, 123].

1.10.4 Hard probe statistics and range in pT

Figure 1.22 summarizes the current and future state of hard probes measurements in A+A
collisions in terms of their statistical reach, showing the most up to date RAA measurements
of hard probes in central Au+Au events by the PHENIX Collaboration plotted against
statistical projections for sPHENIX channels measured after the first two years of data-
taking. While these existing measurements have greatly expanded our knowledge of
the QGP created at RHIC, the overall kinematic reach is constrained to < 20 GeV even
for the highest statistics measurements. Figure 1.23 shows the expected range in pT for
sPHENIX as compared to measurements at the LHC. Due to the superior acceptance,
detector capability and collider performance, sPHENIX will greatly expand the previous
kinematic range studied at RHIC energies (in the case of inclusive jets, the data could

29

LHC RHIC

Gamma-Jet 
γdir 
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• Quark jets dominate
photon tagged jet 
samples  
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FIG. 7. Ratios of IAA as a function of direct photon pT
for three di↵erent away-side integration ranges.

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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FIG. 8. Measured IAA for direct photon pT of (a) 5–7, (b)
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-jet fragmentation functions 
• Photon tags initial hard scattering  

kinematics 
• Jet reconstructed after energy loss
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Photon-jet in sPHENIX
• Photon-jets are a powerful tool for studying jet quenching and 

medium response effects with sPHENIX 
• γ-jet fragmentation functions require:

– Photon reconstruction in EMCal
– Jet reconstruction (EMCal+HCals)
– Tracking (MAPS+INTT+TPC)
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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
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• Good first observables to understand 
jet quenching mechanisms in lower 
scale than LHC 

Yeonju Go 10

Dijet and Jet Structure
Dijet Momentum Imbalance Fragmentation Function

z = pTrack
T
pJet

T

• Improved jet reconstruction (i.e. 
UE subtraction, PF jets) give 
opportunities to better study jet 
tomography in medium

CFNS Workshop – M. Connors (sPHENIX)



Jet Substructure
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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
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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



Event Plane Studies
• Event Plane Detector will improve resolutions to enable more 

precise jet v2 studies
– Address RAA v2 puzzle in heavy ions
– Jet v2 in p+Au to deepen understanding of small systems
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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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b-tagged Jets
• Sensitivity to collisional vs radiative energy loss
• First b-jet measurement at RHIC
• Complimentary to LHC jets, accessing lower pT region with 

larger heavy quark mass effect.
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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].
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[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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Heavy Flavor
• 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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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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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



Upsilon RAA
• Separate 3 Upsilon states at RHIC
• 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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Cold QCD Studies
• Transverse Single 

Spin Asymmetry 
(TSSA) via 
prompt photons 
and D0
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Figure 4.11: Left: Projected statistical uncertainties for direct photon AN . Right: Statistical projections
of transverse spin asymmetry for the D0 mesons for Year-2, which is compared with various scenarios
modeled in the twist-3 model in [26].

4.4.1 Transverse Spin Measurements583

In recent years, transverse spin phenomena have gained substantial attention. The nature of584

significant transverse single spin asymmetries (TSSAs) in hadron collisions, discovered more585

than 40 years ago at low center-of-mass energy (
p

s = 4.9 GeV), and then confirmed at higher586

energies up to
p

s = 510 GeV and pT ⇠ 7 GeV at RHIC, has not yet been fully understood.587

Different mechanisms have been suggested to explain such asymmetries, involving initial-state and588

final-state effects, in the collinear or transverse-momentum-dependent (TMD) framework. These589

descriptions have deep connections to nucleon partonic structure and parton dynamics within the590

nucleon, as well as spin-momentum correlations in the process of hadronization.591

The TSSAs in direct photon and heavy-flavor production probe the gluon dynamics within a592

transversely polarized nucleon, described by the tri-gluon correlation function in the collinear593

twist-3 framework, which is connected with the gluon Sivers TMD parton distribution function594

(PDF), thus far poorly constrained. The Sivers function correlates the nucleon transverse spin with595

the parton transverse momentum.596

The projected uncertainties for the midrapidity direct photon TSSAs compared to theoretical597

calculations are shown in the left panel of Figure 4.11. The direct photon sample here will be598

collected with an EMCal-based high-energy cluster trigger. The new capability of the sPHENIX599

streaming DAQ (detailed in Section C.2) enables a high precision measurement of D0 TSSA in the600

mid-rapidity region as shown in the right panel of Figure 4.11.601

Another interesting channel related to the Sivers effect is the inclusive jet TSSA, which has not602

yet been measured at central rapidity. sPHENIX can provide high precision measurements with603

uncertainties on the level of a few times 10�4. While the opposite sign contribution of up and604

down quarks to Sivers asymmetry is expected to suppress the measured TSSA, tagging the leading605

hadron charge will preferentially enhance the contribution from fragmenting up or down quarks,606

and therefore will enable the flavor-separated measurements in the central rapidity kinematics.607

Such measurements are complementary to the future jet TSSAs at the EIC, and are also expected608

to have opposite signs due to the properties of the gauge links involved in the processes. This609
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Figure 4.12: (Left) Projected statistical uncertainties for h+ AN in p+p collisions, for data collected
with streaming readout; green arrows indicate the statistical uncertainty and pT coverage of the single
PHENIX data point (with 0.1 < xF < 0.2). (Right) Projected statistical uncertainties as a function of
the average number of nucleon-nucleon collisions in each centrality bin.

Obviously, more data, differentiated in pT and xF, would be highly desirable. sPHENIX is able to651

collect much more data in this channel, with fine binning, which is expected to provide crucial652

information on the nature of TSSAs in hadronic collisions and on understanding of the spin probe—653

nucleus interaction, a novel topic directly associated with RHIC’s unique ability to collide polarized654

protons with nuclei.655

The left panel Figure 4.12 shows the projected uncertainties for sPHENIX, based on minimum bias656

data collected with the streaming readout. The sPHENIX tracking system will provide us with657

charged hadron measurements in the pseudorapidity range up to h = 2, which overlaps with the658

PHENIX range, where the strong nuclear effect was observed (1.2 < h < 2.4).659

In addition, sPHENIX can explore the nuclear dependence of TSSAs. The first RHIC p+Al and660

p+Au runs with transversely polarized protons in 2015 brought a number of surprising results,661

among them the strong nuclear suppression of the charged hadron TSSA in p+Au collisions662

compared to p+p collision in the intermediate rapidity region of h = 1.2 � 2.4 [29], discovered663

by PHENIX, while more forward measurements of p0 TSSA, as reported by STAR, showed only664

weak nuclear dependence [30]. Such behavior of TSSA in p+Au collisions remains unexplained.665

The data to be collected by sPHENIX in p+p and p+Au collisions would considerably improve666

the precision of the measurements, as shown in the right panel of Figure 4.12. By allowing for a667

measurement of TSSAs with fine binning in pT and xF in extended ranges, these would provide668

valuable information for studying rich phenomena behind TSSA in hadronic collisions, and utilize669

RHIC’s unique capabilities to collide high energy polarized protons and heavy nuclei.670

Other measurements (e.g. Collins and IFF asymmetries) will also be compared between p+p and671

p"+Au systems and may bring new surprises.672

4.4.3 Unpolarized Measurements673

A number of measurements that do not require beam polarization are planned in p+p and p+A674

collisions. Figure 4.13 demonstrates the kinematic reach for inclusive jet, photon, and charged675
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• Nuclear dependence of TSSA for hadrons
• Improved precision from previous PHENIX 

measurement  



Jets Statistics with Cold QCD
• Utilizing p+Au and p+p data from year 2
• Extends previous RHIC photon/hadron measurements beyond 20 GeV/c 
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Figure 4.13: Projected total yields (left) and RpA (right) for jets, photons, and charged hadrons in
centrality-integrated p+Au events, for the first three years of sPHENIX data-taking.

hadron measurements in this system via the expected total yields and the projected uncertainties in676

the nuclear modification factor RpA. sPHENIX will deliver sufficient data to measure jets out to677

⇠ 70 GeV, and charged hadrons and direct photons out to ⇠ 45 GeV.678

Hadronization studies will be performed with hadron-in-jet measurements, multi-differential in679

momentum fraction z of the jet carried by the produced hadron, in the transverse momentum jT of680

the hadron with respect to the jet axis, and in the angular radial profile r of the hadron with respect681

to the jet axis. This includes studies for both light quark and heavy quark hadrons. Comparison of682

p+p and p+A collisions will provide information on the nuclear modification of hadronization683

processes. Measurements performed by PHENIX of non-perturbative transverse momentum effects684

and their nuclear modifications in back-to-back dihadron and photon-hadron correlations, will685

be extended to dijet and photon-jet measurements in sPHENIX. These measurements will help686

to separate the effects associated with intrinsic parton momentum kT in the nucleon or nucleus687

and fragmentation transverse momentum jT. These correlation measurements may also help688

to probe theoretically predicted factorization breaking effects within the transverse-momentum-689

dependent framework. Upsilon and J/y polarization measurements will shed further light on690

heavy quarkonium production mechanisms.691

4.4.4 Collective behavior in p+A collisions692

Over the last decade one of the exciting areas of heavy ion physics relates to collectivity in small693

systems – see Ref. [31] for a recent review. In p+p and p+Pb collisions at the Large Hadron Collider694

(LHC) and p+Au, d+Au, 3He+Au collisions at RHIC, there is strong evidence for the translation of695

initial geometry deformations in flow harmonics.696

Correlations with light particles. Using the 10%-streaming readout, even a modest p+Au run would697

provided enormous statistics for track-only analyses. As an example of what this provides buys,698

Figure 4.14 shows the projected statistical uncertainties for the elliptic flow cumulants in p+Au699
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From Projections to Measurements
• Outer Hcal installed
• Magnet installed
• Inner Hcal installed
• Emcal installation underway

CIPANP2022 – M. Connors (sPHENIX) 22



sPHENIX Construction
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MVTX INTT

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
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Summary
• sPHENIX will usher in new suite of 

precise jet, heavy flavor, quarkonia
measurements probing the QGP 
and cold nuclear matter at RHIC 

• sPHENIX will provide an overlap of 
kinematic reach between RHIC & 
LHC to further constrain 
theoretical models

• sPHENIX is on schedule to start 
data collection in 2023!
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Back up Slides
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b-jet Projections
• sPHENIX b-tagged di-jets compared to calculations from 

SCETMG framework
– Precision capable of constraining medium coupling 

26
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quite different, transitioning in the right panel to the b-jet at much higher-pT, where the effect due
to the light and heavy quark mass difference is less significant. The current experimental results do
not yet confirm the detailed physics behind this transition.

Figure 7.6 (left) shows the elliptic flow v2 measurements of the charm and bottom meson made with
unprecedented precision that offer unique insight into the coupling of the HF quark to the medium.
Theoretical modeling using the “Brownian” motion methodology requires that momentum transfer
for each interaction is much smaller than the heavy particle mass [35]. It is much better controlled
for bottom quarks compared to charm quarks [36]. Therefore, precision bottom measurements over
a wide momentum range, particularly in the low-pT region, can offer significant constraints on
the heavy quark diffusion transport parameter of the QGP medium along with its temperature
dependence. Figure 7.6 (right) shows the v2 measurement is further extended to the tens of GeV
range, where the path-length differential energy loss of the b-quark is probed.
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Figure 7.7: Projected statistical uncertainties of nuclear modification for back-to-back b-jet pairs (left)
and b-jet-light-jet super-ratio (right) along with pQCD calculations from Ref. [37]

With the large acceptance and multi-observable capability, the sPHENIX experiment is well po-
sitioned to explore new heavy-flavor correlations. Recently, the invariant mass of back-to-back
heavy-flavor jet pairs has been shown to be a promising experimental observable for studying the
propagation of quarks in the QGP [37]. The 3-year projection for the nuclear modification of the
invariant mass for back-to-back b-jet pairs and the b-jet-light-jet super-ratio is shown in Figure 7.7.
Comparing to predictions based on 10% variation of the coupling parameter, g

med, the sPHENIX
data will place stringent constraints on the b-quark coupling to the QGP under this model. The
large sample for the heavy-flavor hadron and jet also enables a correlation study for heavy-flavor
meson pairs, heavy-flavor meson-jet correlation, and other jet-jet observables that are being studied
by the collaboration [38, 39];

Recent RHIC and LHC data indicate significant enhancement of the Lc baryon to D
0 meson

production ratio in p+p, p+A and A+A collisions [40]. However, the data at RHIC is still sparse
and the reference Lc/D ratio in p+p collision is missing at RHIC energies, while the current
model predictions differ significantly. As shown in Figure 7.8, sPHENIX will enable the first
measurement of the Lc/D in p+p collisions at RHIC and provide the high precision heavy ion data
to quantitatively understand the enhancement of the charmed baryon/meson production ratio and
therefore charm hadronization in the quark-gluon plasma.
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Upsilon RAA
• Separate 3 Upsilon states at RHIC
• 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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sPHENIX Timeline
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sPHENIX
science 

collaboration

DOE CD-0
“Mission need”
approval

20162015 2017 2018 2019 2020 2021 2022 2023

Installation &
commissioning

DOE CD-1/3A
Cost, schedule,
advance purchase
approval

sPHENIX à data taking in early 2023

BNL PD-2/3
Final project 
design approval
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From RHIC to EIC
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Opportunities beyond 3-year plan
• sPHENIX goals accomplished with 3 year plan
• Additional physics opportunities achievable beyond 3 year plan

CIPANP2022 – M. Connors (sPHENIX) 30

Au+Au and p+p Physics Reach Potential Beam Use Proposal 2026–2027

Table 8.1: The recorded luminosity (Rec. Lum.) and sampled luminosity (Samp. Lum.) values are for
collisions with z-vertex |z| < 10 cm.

Year Species
p

sNN Cryo Physics Rec. Lum. Samp. Lum.

[GeV] Weeks Weeks |z| <10 cm |z| <10 cm

2026 p
"

p
" 200 28 15.5 1.0 pb�1 [10 kHz] 80 pb�1

80 pb�1 [100%-str]

– O+O 200 – 2 18 nb�1 37 nb�1

37 nb�1 [100%-str]

– Ar+Ar 200 – 2 6 nb�1 12 nb�1

12 nb�1 [100%-str]

2027 Au+Au 200 28 24.5 30 nb�1 [100%-str/DeMux] 30 nb�1

8.2 Au+Au and p+p Physics Reach

First, we start with the Au+Au increased physics reach. In Table 8.2 we compare directly the
Au+Au recorded and sampled luminosities from the three runs in 2023, 2025, and the potential
opportunity in 2027. The upgrades enable a doubling of the Au+Au data set to 30 nb�1 or
equivalently 200 billion Au+Au events. These events will serve as a permanent archive of Au+Au
data, to be mined for any future analysis once RHIC is no longer running heavy ions. There
are no trigger biases or selections that would preclude any analysis within the acceptance and
performance parameters of sPHENIX.

The impact on the polarized p+p data set is even more substantial, not only for the heavy ion
program but also for studies of spin-dependent QCD. The comparison of running p+p in 2024
and 2026 is shown in Table 8.3. The striking gain is in the 80 pb�1 recorded with the tracking
detectors via 100%-str mode, more than a factor of ten over the previous data set. There are
many measurements, particularly in the heavy-flavor and transverse spin (cold QCD) arena where
selective physics triggers are not available and thus the p+p measurements are the statistically
limiting factor in the Au+Au-to-p+p comparisons. This enormous data set, with an additional
130 pb�1 of data samples for both calorimetric jet and tracking-based measurements, represents an
immediate opportunity to advance our precision physics knowledge and to create a permanent
archive of data from RHIC.

The substantial increase in statistics translates into ultra-precise measurements of basic observables
and the enabling of highly differential observables. Here we show a subset of example projection
plots. Figure 8.1 (left) shows the improvement in statistical precision for direct photon, jet, and
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