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The sPHENIX Physics Program

Cold QCD
study proton spin, 

transverse-momentum, 
and cold nuclear effects

Jet structure
vary momentum/angular  

scale of probe 

Quarkonium spectroscopy
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• large, uniform 
acceptance


• full electromagnetic and 
hadronic calorimetry


• high precision tracking/
vertexing


• huge AuAu samples, 
without biased 
triggered

optimized for hard probes and unique among RHIC experiments!



sPHENIX relies on RHIC’s ability to deliver high 
luminosity ion beams

~2x increase in 
RHIC in sPHENIX 

era AuAu 
luminosity over 

2016

https://www.rhichome.bnl.gov/RHIC/Runs/RhicProjections.pdf
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• Different QGP: lower temperatures, 
closer to the QGP transition


• Different jets: jet flavor composition 
at the lower collision energy


• Different QGP/jet interaction: lower 
energy jets are expected to spend 
more of their evolution interacting at 
QGP scales

why jets at RHIC?
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QGP temperature (plot: Christopher Plumberg)



why jets at RHIC?

• Different QGP: lower temperatures, 
closer to the QGP transition


• Different jets: jet flavor composition 
at the lower collision energy


• Different QGP/jet interaction: lower 
energy jets are expected to spend 
more of their evolution interacting at 
QGP scales
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Direct Photons and Fragmentation Functions The Physics Case for sPHENIX
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Figure 1.38: Comparison of the fraction of quark and gluon jets from leading order pQCD calculations
for RHIC and LHC energies.

Figure 1.39: The muon stopping power in copper demonstrates a comprehensive understanding of
the interaction of a fundamental particle with matter over an enormous range of scales.
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why jets at RHIC?
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• Different QGP: lower temperatures, 
closer to the QGP transition


• Different jets: jet flavor composition 
at the lower collision energy


• Different QGP/jet interaction: lower 
energy jets are expected to spend 
more of their evolution interacting at 
QGP scales
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sPHENIX advantages: physics
1. Jet evolution closer to QGP medium scales - stronger interplay 

of parton shower with QGP degrees of freedom 

Large fraction of parton shower 
is dominated by “QGP medium 

length scales” at RHIC

Jets at LHC: large 
virtuality separation 
between most of their 
evolution and medium

jets evolve at QGP scales for a 
larger fraction of their evolution 

at RHIC than the LHC



sPHENIX Run Plan
• 2023: Commissioning & first AuAu 

physics


• 2024: 


• pp data for HI reference and 
transverse spin measurements


• pA data: cold QCD & small 
systems measurements


• 2025: High luminosity AuAu running, 
>140B MB AuAu collisions recorded
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Table 1: 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 2.

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

• Year-2 (2024) will see commissioning of the detector for p+p collisions and collection of large
p+p and p+Au data sets. The p+p data are critical as reference data for the Au+Au physics.
As a separate scientific objective, due to the transverse polarization of the proton beams,
the p+p data together with p+Au data will allow for substantial new studies of cold QCD
physics. We highlight that a modest streaming readout upgrade of the tracking detectors
[10%-str], requiring no additional hardware, will greatly extend this physics program in p+p
and p+Au running.

• 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 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.

This document is organized as follows. Chapter 1 provides a brief summary of the sPHENIX physics
program and status of the sPHENIX project. Chapter 2 details the Year-1 to Year-3 (2023-2025) Beam
Use Proposal from sPHENIX including a break down in terms of cryo-weeks. Chapters 3 discusses
the commissioning plan for sPHENIX. Chapter 4 presents the physics projections and deliverables
from Year-1 to Year-3. We highlight that the full sPHENIX physics case is described in the original
sPHENIX proposal, and here we focus on demonstrating that within this Beam Use Proposal those
physics goals can be achieved. Chapter 5 provides a brief summary.

Additional information which may be of interest is included in the appendices. Appendix A
contains the BUP charge from the ALD. Appendix B further details inputs to the luminosity

ii

https://indico.bnl.gov/event/15148/attachments/40846/68568/sPHENIX_Beam_Use_Proposal_2022.pdf 

https://indico.bnl.gov/event/15148/attachments/40846/68568/sPHENIX_Beam_Use_Proposal_2022.pdf


jets & photons
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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. These estimates correspond to the
28 cryo-week scenarios.

photons.

As another way of indicating the kinematic reach of these probes, the nuclear modification factor
RAA for each is shown in Figure 4.1 (right). There are varying theoretical predictions concerning
the behavior of the RAA at higher pT which will be definitively resolved with sPHENIX data.

The projection plots above indicate the total kinematic reach for certain measurements, such as
those which explore the kinematic dependence of energy loss. For other measurements, it is useful
to have a large sample of physics objects to study the properties of their intra-event correlations,
for example for jets (their internal structure), photons (for photon+jet correlations), and hadrons
(for hadron-triggered semi-inclusive jet measurements). We illustrate the total yields in sPHENIX
above some example pT thresholds in Table 4.1. We highlight that, in many cases, it is the p+p
baseline rather than the Au+Au data will be the dominant contributor to the statistical uncertainties
in many of the unique, flagship sPHENIX measurements.

Several specific examples of sPHENIX projections for jet correlations and jet properties follow
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Jet and Photon Physics Physics Projections 2023–2025
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As another way of indicating the kinematic reach of these probes, the nuclear modification factor
RAA for each is shown in Figure 4.1 (right). There are varying theoretical predictions concerning
the behavior of the RAA at higher pT which will be definitively resolved with sPHENIX data.

The projection plots above indicate the total kinematic reach for certain measurements, such as
those which explore the kinematic dependence of energy loss. For other measurements, it is useful
to have a large sample of physics objects to study the properties of their intra-event correlations,
for example for jets (their internal structure), photons (for photon+jet correlations), and hadrons
(for hadron-triggered semi-inclusive jet measurements). We illustrate the total yields in sPHENIX
above some example pT thresholds in Table 4.1. We highlight that, in many cases, it is the p+p
baseline rather than the Au+Au data will be the dominant contributor to the statistical uncertainties
in many of the unique, flagship sPHENIX measurements.

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

22

three-year run plan provides jets in AuAu & pp collisions over nearly the whole 
kinematic range accessible at RHIC


huge data samples allow for precision RAA measurements + many other 
measurements



photon-jet measurements
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Physics Projections 2023–2025 Jet and Photon Physics
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Figure 4.2: Statistical projections for (left) the jet-to-photon pT balance, xJg, for photons with pT >
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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 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).

below.

Figure 4.2 shows a statistical projection of the photon–jet pT balance distribution, and of the sub-jet
splitting function zg, both in p+p events compared to that predicted by the JEWEL Monte Carlo
event generator [7] configured for RHIC conditions in 0–10% Au+Au central events. In both
cases, sPHENIX will have large-statistics data samples to measure these specific distributions and
investigate the associated physics.

Figure 4.3 which shows a statistical projection for a jet v2 measurement in 10–30% Au+Au events.
The azimuthal dependence of jet quenching is of particular interest since most theoretical calcu-
lations have been unable to simultaneously describe suppression and anisotropy at RHIC. The
right panel compares the expected kinematic reach with measurements at the LHC by ATLAS [8]
and ALICE [9]. Whereas the LHC can achieve a controlled measurement at high pT, the systematic
uncertainties grow substantially at lower pT. sPHENIX is expected to have a significant advantage

23

photon-jet balance: key energy loss 
measurement

sPHENIX will be able to make precise 
measurements in AuAu & pp collisions with lower 

momentum photons & jets than the LHC
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ATLAS: Phys. Lett. B 789 (2019) 167



jet radius dependent suppression
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Upsilon Physics Physics Projections 2023–2025

in measuring jets down to lower pT given the lower RHIC energy, and the projection in Fig. 4.3
demonstrates that sPHENIX will have the required luminosity to constrain the jet v2 in the range
25–60 GeV.
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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. These
measurements probe the interplay of out-of-cone energy loss and the angular distribution of
medium response effects, most recently highlighted by CMS [10]. For the projection in Figure 4.4,
we expect that the jet RAA for different jet R values can be reported in the kinematic region where
the jet energy resolution is below 30%. Even with this conservative assumption, sPHENIX will
be able to report the R-dependence of the RAA over a wide pT range and multiple cone sizes. The
right panel compares the expected RAA double ratio to the state of the art at the LHC. Note that in
the low pT region, the LHC experiments are in significant tension, with measurements featuring
large, model-dependent uncertainties. sPHENIX can make a well-controlled measurement directly
in this region of interest.

4.2 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 all three U states, including the U(3S), are
shown in Figure 4.5 (left) as a function of the number of participants in the Au+Au collision.
For the U(3S) projection, we assume that the RAA for the U(3S) is approximately half of that for
the U(2S), as observed in a recent measurement by CMS at the LHC. Thus, if the relationship
between the 2S and 3S is reasonably similar at RHIC, sPHENIX has the opportunity to explore the
systematics of the 3S suppression in some detail.

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

24

smaller UE event at RHIC helps the low pT jet radius scan—an area where LHC measurements currently 
disagree


huge min-bias AuAu samples allow unbiased jet samples



jet substructure
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Measurement of the groomed jet radius and momentum splitting fraction ALICE Collaboration

distribution is observed. This narrowing persists even in semi-central Pb–Pb collisions for R = 0.4 where
quenching effects are expected to be less than in central collisions.
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Figure 3: Unfolded qg distributions for charged-particle jets in pp collisions compared to those in Pb–Pb collisions
at

p
sNN = 5.02 TeV with zcut = 0.2 for 0–10% centrality for R = 0.2 (left) and 30–50% centrality for R = 0.4

(right). The distributions are normalized to the inclusive jet cross section in the 60 < pT, ch jet < 80 GeV/c interval,
and ftagged indicates the fraction of splittings that were tagged to pass the SD condition in the selected pT, ch jet

interval. The ratios in the bottom panel are compared to the following theoretical predictions: JETSCAPE [63],
JEWEL [62, 64], Caucal et al. [34, 65], Pablos et al. [36, 66, 67], and Yuan et al. [31]. Further details can be found
in Ref. [50].

We compare the ratio of the measurements in pp and Pb–Pb collisions with several theoretical imple-
mentations of jet quenching:

– JETSCAPE [63] consists of a medium-modified parton shower with the MATTER model [68] con-
trolling the high-virtuality phase and the Linear Boltzmann Transport (LBT) model describing the
low-virtuality phase [69]. The version of JETSCAPE used for this calculation employs a jet trans-
port coefficient, q̂, that includes dependence on parton virtuality, in addition to dependence on the
local temperature and running of the parton-medium coupling.

– JEWEL [62, 64] consists a Monte Carlo implementation of BDMPS-based medium-induced gluon
radiation in a medium modeled with a Bjorken expansion. We consider the impact of medium recoil
by including calculations both with and without recoils enabled [70].

– Caucal et al. [34, 65] implements a pQCD parton shower with incoherent interactions including
both factorized vacuum and medium-induced emissions in a static brick medium.

– Chien et al. [33] (for zg only) applies Soft Collinear Effective Theory with Glauber gluon interac-
tions.

– Qin et al. [35] (for zg only) applies the higher twist formalism with coherent energy loss.

– Pablos et al. [36, 66, 67] consists of partons produced by a vacuum shower that interact with the
medium according to a strongly-coupled AdS/CFT-based model. The parameter Lres describes the
degree to which the medium can resolve the jet angular structure, where Lres = 0 corresponds to full
resolution of all jet constituents (fully incoherent), Lres = • corresponds to fully coherent energy
loss, and Lres = 2/pT is an intermediate case, where T is the local medium temperature.
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Figure 4.2: Statistical projections for (left) the jet-to-photon pT balance, xJg, for photons with pT >
30 GeV and (right) the subjet splitting fraction zg for jets with pT > 40 GeV. Statistical uncertainties
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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).

below.

Figure 4.2 shows a statistical projection of the photon–jet pT balance distribution, and of the sub-jet
splitting function zg, both in p+p events compared to that predicted by the JEWEL Monte Carlo
event generator [7] configured for RHIC conditions in 0–10% Au+Au central events. In both
cases, sPHENIX will have large-statistics data samples to measure these specific distributions and
investigate the associated physics.

Figure 4.3 which shows a statistical projection for a jet v2 measurement in 10–30% Au+Au events.
The azimuthal dependence of jet quenching is of particular interest since most theoretical calcu-
lations have been unable to simultaneously describe suppression and anisotropy at RHIC. The
right panel compares the expected kinematic reach with measurements at the LHC by ATLAS [8]
and ALICE [9]. Whereas the LHC can achieve a controlled measurement at high pT, the systematic
uncertainties grow substantially at lower pT. sPHENIX is expected to have a significant advantage
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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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models describing the coupling between heavy quarks and the medium. In the first three years of
operation, sPHENIX will enable B-meson and b-jet measurements covering the wide transverse
momentum range 2 < pT < 40 GeV, as shown in Figures 4.6 and 4.7.

The left panel of Figure 4.6 shows the B-meson (D0 from B) nuclear modification measurements
covering the kinematic range pT . 15 GeV, where nuclear modifications for bottom quarks and light
quarks are expected to be quite different, transitioning in the right panel to the b-jet at pT > 15 GeV,
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.
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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
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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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models describing the coupling between heavy quarks and the medium. In the first three years of
operation, sPHENIX will enable B-meson and b-jet measurements covering the wide transverse
momentum range 2 < pT < 40 GeV, as shown in Figures 4.6 and 4.7.

The left panel of Figure 4.6 shows the B-meson (D0 from B) nuclear modification measurements
covering the kinematic range pT . 15 GeV, where nuclear modifications for bottom quarks and light
quarks are expected to be quite different, transitioning in the right panel to the b-jet at pT > 15 GeV,
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.
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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].
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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).

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 4.10, 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 QGP.
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precision tracking allows for measurements of both charm and bottom hadrons
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transverse momentum. For comparison, the latest STAR measurement of the 2S+3S together is
shown. We highlight that the sPHENIX program offers the unique possibility to observe the
strongly-suppressed U(3S) state at RHIC energies.
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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 critical
measurements for comparison between RHIC and the LHC. Scenarios of melting of the different
states at different temperatures must be confronted with data where the temperature profiles from
hydrodynamic calculations show important differences with collision energy.

4.3 Open Heavy Flavor Physics

Heavy-flavor quarks (c, b) play a unique role in studying QCD in the vacuum as well as in the
nuclear medium at finite temperature . Their masses are much larger than the QCD scale (LQCD),
the additional QCD masses due to chiral symmetry breaking, and the typical medium temperature
created at RHIC and LHC (T ⇠ 300–500 MeV). Therefore, they are created predominantly from
initial hard scatterings and their production rates are calculable in perturbative QCD. In combi-
nation with light sector measurements as discussed in Section 4.1, the large heavy quark mass
scale introduces additional experimental and theoretical handles allowing one to study quark-QGP
interactions in more detail and to better test our understanding of the underlying physics, including
mass-dependent energy loss and collectivity in the QGP. Thus they can be used to study the plasma
in a more controlled manner. However, heavy-flavor signals in heavy ion collisions at RHIC
energies are relatively rare and current results from RHIC are sparse, particularly in the bottom
sector. Improving on these results requires the sPHENIX capabilities of high precision and high
data rate.

sPHENIX, equipped with a state-of-the-art vertex tracker and high rate streaming DAQ, will bring
key heavy-flavor measurements at RHIC fully into the precision era and place stringent tests on
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FIG. 2. Left: ⌥(1S) (circles) and ⌥(2S) (squares) RAA as a
function of Npart for pT < 10 GeV/c. The vertical bars on
data points indicate statistical errors, while the systematic
uncertainties are shown as boxes. Shadowed bands around
each marker depict the systematic uncertainties from Ncoll.
The bands at unity show the relative uncertainties of the ref-
erence p+p yields. Right: RAA for various ⌥ states, including
the 95% upper limit for ⌥(3S), in 0-60% Au+Au collisions.

0.02 (sys.) ± 0.04 (norm.), is between ⌥(1S) and ⌥(3S).
These results are consistent with a sequential suppres-
sion pattern at RHIC, similar to that observed at the
LHC [31].

The Au+Au results are compared to similar measure-
ments in Pb+Pb collisions at

p
sNN = 5.02 TeV [31] in

Fig. 3. ⌥(1S) exhibits a similar magnitude of suppression
at the two collision energies that di↵er by about a factor
of 25, while there is a hint that the ⌥(2S) might be less
suppressed at RHIC in peripheral collisions. It is plausi-
ble that the suppression of inclusive ⌥(1S) arises mainly
from the suppression of excited states that feed down to
⌥(1S) [53] as well as CNM e↵ects [25, 27, 29], while the
primordial ⌥(1S) remains largely una↵ected by the QGP
in both 200 GeV Au+Au and 5.02 TeV Pb+Pb collisions.
Figure 3 also shows the comparison between data and
two calculations based on Open Quantum System (OQS)
plus potential Non-Relativistic QCD (pNRQCD) [54–
56] and a transport model [18]. The OQS+pNRQCD
model solves a Lindblad equation for the evolution of
the quarkonium reduced density matrix using the pN-
RQCD e↵ective field theory [56]. The temperatures of
the medium at time of 0.25 fm/c in central collisions are
455 MeV and 630 MeV for 200 GeV Au+Au and 5.02
TeV Pb+Pb collisions, respectively. Correlated regen-
eration and feed-down contributions from excited states
are included, but the CNM e↵ects are not. Systematic
uncertainties stem from variations in the transport coef-
ficients suggested by lattice data. On the other hand, the
transport model employs a temperature-dependent bind-
ing energy based on microscopic T -matrix calculations,
and uses a kinetic rate equation to simulate the time evo-
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FIG. 3. ⌥(1S) (top) and ⌥(2S) (bottom) RAA as a function of
Npart for pT < 10 GeV/c, compared to similar measurements
in Pb+Pb collisions at

p
sNN = 5.02 TeV (open symbols), as

well as model calculations (bands). The two bands at unity
indicate the global uncertainties with the left one for CMS
and the right one for STAR.

lution of bottomonium abundances including dissociation
and regeneration contributions. The initial temperatures
reached in central collisions are 310 MeV and 594 MeV
for Au+Au and Pb+Pb collisions. Both feed-down and
CNM e↵ects are taken into account, and the model un-
certainties arise from the range of CNM e↵ects guided by
data [25]. For the ⌥(1S) RAA, both models are systemat-
ically above the STAR measurement with the transport
model closer to data, while providing a good description
for the CMS measurement. For ⌥(2S), model calcula-
tions are consistent with the STAR measurement within
uncertainties, but tend to undershoot CMS measurement
towards central collisions.
Figure 4 shows the RAA for ⌥(1S) and ⌥(2S) as a func-

tion of pT. No significant dependence on pT is observed.
One model uses a set of coupled Boltzmann equations
to simultaneously describe the in-medium evolution of
heavy quarks and quarkonia in the QGP [36]. It incor-
porates elastic and inelastic scatterings of heavy quarks
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Figure 4.12: (Left) Projected statistical uncertainties for h+ AN in p+p collisions, for data collected
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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.

Hadronization studies will be performed with hadron-in-jet measurements, multi-differential in
momentum fraction z of the jet carried by the produced hadron, in the transverse momentum jT of
the hadron with respect to the jet axis, and in the angular radial profile r of the hadron with respect
to the jet axis. This includes studies for both light quark and heavy quark hadrons. Comparison of
p+p and p+A collisions will provide information on the nuclear modification of hadronization
processes. Measurements performed by PHENIX of non-perturbative transverse momentum effects
and their nuclear modifications in back-to-back dihadron and photon-hadron correlations, will
be extended to dijet and photon-jet measurements in sPHENIX. These measurements will help
to separate the effects associated with intrinsic parton momentum kT in the nucleon or nucleus
and fragmentation transverse momentum jT. These correlation measurements may also help
to probe theoretically predicted factorization breaking effects within the transverse-momentum-
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Figure 4.15: Left: sPHENIX projected statistical uncertainties for fully-reconstructed prompt D0
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Heavy flavor collectivity. Heavy flavor (charm and bottom) quarks are an excellent probe of QGP
effects. Once produced in early high-Q2 processes, the flavor is conserved and thus the quarks
get dragged and diffused through the medium. Measurements of charm and bottom hadrons
and bottom-tagged jets in Au+Au collisions comprise a major part of the sPHENIX program as
detailed in Section 4.3. Recent measurements of collectivity in small systems has increased the
focus on measurements of these heavy quarks in p+Au and p+Pb collisions at RHIC and the LHC.
Measurements of significant D meson elliptic flow v2 in p+Pb collisions by CMS at the LHC [35]
is intriguing since the transverse momentum distribution appears mostly unmodified relative to
p+p collisions [36]. Even muons from charm decays have a significant v2 in high multiplicity p+p
collisions at the LHC, though muon from bottom decays are consistent with zero [37].

sPHENIX can make comparable precision measurements in a p+Au run of both the transverse
momentum spectrum and the elliptic flow. As an example, the left panel of Figure 4.15 shows
the projected statistical uncertainties for fully-reconstructed prompt D0 meson v2 as a function of
transverse momentum from a 2024 p+Au run, compared to the previous measurement in d+Au
collisions with PHENIX, and the measurement by CMS. Measurements at both RHIC and the LHC
are important to constrain explanations for these anisotropies.

Jets and high-pT hadrons. A critical baseline for understanding jet quenching effects in nucleus-
nucleus collisions is to measure the same observables in p+Au collisions. Originally back in 2003,
the d+Au run was motivated by the desire to isolate so-called “cold nuclear matter” effects from jet
quenching. Since then, the measurements have taken on the additional burden of trying to cleanly
identify potential jet quenching effects in small collision systems.

The ATLAS experiment at the LHC has measured elliptic flow coefficients v2 for charged hadrons in
the high pT region 10–50 GeV in p+Pb collisions [38], with a quantitatively similar pT dependence
to this same region in Pb+Pb collisions. In Pb+Pb collisions this azimuthal anisotropy is thought to
result from differential jet quenching with respect to the collision geometry. However, currently no
jet quenching is observed in p+Pb collisions, and so this is challenging as a common explanation
in p+Pb. sPHENIX will be able to measure elliptic flow coefficients for charged hadrons and
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pA data has been very exciting over the last decade at both 
RHIC & the LHC


one highlight (out of many) for sPHENIX, high pT v2 for jets, 
hadrons & HF

Cold QCD and p+A Physics Physics Projections 2023–2025
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Figure 4.15: Left: sPHENIX projected statistical uncertainties for fully-reconstructed prompt D0

meson v2 as a function of transverse momentum in p+Au 0-20% central collisions, compared to v2
for heavy flavor muons from PHENIX and D0’s from CMS [35]. Right: Projected sPHENIX statistical
uncertainties for charged hadron and reconstructed jet v2 versus pT in 0-10% central p+Au collisions.
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and bottom-tagged jets in Au+Au collisions comprise a major part of the sPHENIX program as
detailed in Section 4.3. Recent measurements of collectivity in small systems has increased the
focus on measurements of these heavy quarks in p+Au and p+Pb collisions at RHIC and the LHC.
Measurements of significant D meson elliptic flow v2 in p+Pb collisions by CMS at the LHC [35]
is intriguing since the transverse momentum distribution appears mostly unmodified relative to
p+p collisions [36]. Even muons from charm decays have a significant v2 in high multiplicity p+p
collisions at the LHC, though muon from bottom decays are consistent with zero [37].

sPHENIX can make comparable precision measurements in a p+Au run of both the transverse
momentum spectrum and the elliptic flow. As an example, the left panel of Figure 4.15 shows
the projected statistical uncertainties for fully-reconstructed prompt D0 meson v2 as a function of
transverse momentum from a 2024 p+Au run, compared to the previous measurement in d+Au
collisions with PHENIX, and the measurement by CMS. Measurements at both RHIC and the LHC
are important to constrain explanations for these anisotropies.

Jets and high-pT hadrons. A critical baseline for understanding jet quenching effects in nucleus-
nucleus collisions is to measure the same observables in p+Au collisions. Originally back in 2003,
the d+Au run was motivated by the desire to isolate so-called “cold nuclear matter” effects from jet
quenching. Since then, the measurements have taken on the additional burden of trying to cleanly
identify potential jet quenching effects in small collision systems.

The ATLAS experiment at the LHC has measured elliptic flow coefficients v2 for charged hadrons in
the high pT region 10–50 GeV in p+Pb collisions [38], with a quantitatively similar pT dependence
to this same region in Pb+Pb collisions. In Pb+Pb collisions this azimuthal anisotropy is thought to
result from differential jet quenching with respect to the collision geometry. However, currently no
jet quenching is observed in p+Pb collisions, and so this is challenging as a common explanation
in p+Pb. sPHENIX will be able to measure elliptic flow coefficients for charged hadrons and
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experimentalists & theorists discussing how to maximize the 
sPHENIX physics program

https://www.bnl.gov/sphenix2022/

with a tour of the detector to wrap up the meeting

in addition to the theory contributions (and two 
excellent JETSCAPE talks from Amit & Raymond) 
there are sPHENIX talks overviewing the program 

and discussing the capabilities of the physics 
working groups in detail



Inner HCal installation

19

Outer HCal

Solenoid

June 2022



EMCal insallation
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First 2 EMCal 
sectors installed 

into the Inner HCal 
earlier this week!



summary
• sPHENIX physics program essential to the completion of the RHIC 

science mission


• three year program takes advantage of new detector targeted to hard 
probes physics and excellent RHIC performance


• BNL PAC 2022: “The top overall priority in planning for the coming three 
years is to commission the sPHENIX detector and to achieve its 
scientific program.”


• sPHENIX installation in full swing and the collaboration is on track for 
commissioning with beam and first physics in February 2023 
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collaboration is excited to work with the entire community to improve our understanding of QGP properties
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possible extra running
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Potential Beam Use Proposal 2026–2027 Au+Au and p+p Physics Reach

Table D.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

D.2 Au+Au and p+p Physics Reach

First, we start with the Au+Au increased physics reach. In Table D.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 D.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 D.1 (left) shows the improvement in statistical precision for direct photon, jet, and
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should the opportunity arise, 
sPHENIX could increase the pp 

luminosity, explore light ions 
and take a lot more AuAu data
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Physics Projections 2023–2025 Jet and Photon Physics
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Figure 4.2: Statistical projections for (left) the jet-to-photon pT balance, xJg, for photons with pT >
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0 0.2 0.4 0.6 0.8 1 1.2 1.4

2Ψ - jet
φ = 

2
φΔ

0.62

0.63

0.64

0.65

0.662φ
Δ

/d
N

) d
je

t
N

(1
/

 BUP 2022sPHENIX
) = 0.52Ψ = 3%, Res(jet

2v > 40 GeV, jet
T
p
Au+Au 10-30%

sPHENIX Years 1-3
) )2Ψ - jet

φ) cos(2 (2Ψ Res(jet
21 + 2 v

20 30 40 50 60 70 80 90 100
 [GeV]

T
pJet 

0
0.02

0.04
0.06
0.08

0.1

0.12
0.14
0.16

0.18
0.2je

t
2v

Je
t  BUP 2022sPHENIX

Years 1-3, Au+Au
) = 0.502ΨRes(

, 10-30%sPHENIX
ATLAS 5.02 TeV, 10-20%
ALICE 2.76 TeV, 30-50%

 

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).

below.

Figure 4.2 shows a statistical projection of the photon–jet pT balance distribution, and of the sub-jet
splitting function zg, both in p+p events compared to that predicted by the JEWEL Monte Carlo
event generator [7] configured for RHIC conditions in 0–10% Au+Au central events. In both
cases, sPHENIX will have large-statistics data samples to measure these specific distributions and
investigate the associated physics.

Figure 4.3 which shows a statistical projection for a jet v2 measurement in 10–30% Au+Au events.
The azimuthal dependence of jet quenching is of particular interest since most theoretical calcu-
lations have been unable to simultaneously describe suppression and anisotropy at RHIC. The
right panel compares the expected kinematic reach with measurements at the LHC by ATLAS [8]
and ALICE [9]. Whereas the LHC can achieve a controlled measurement at high pT, the systematic
uncertainties grow substantially at lower pT. sPHENIX is expected to have a significant advantage
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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
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[18, 12, 13, 14]

models describing the coupling between heavy quarks and the medium. In the first three years of
operation, sPHENIX will enable B-meson and b-jet measurements covering the wide transverse
momentum range 2 < pT < 40 GeV, as shown in Figures 4.6 and 4.7.

The left panel of Figure 4.6 shows the B-meson (D0 from B) nuclear modification measurements
covering the kinematic range pT . 15 GeV, where nuclear modifications for bottom quarks and light
quarks are expected to be quite different, transitioning in the right panel to the b-jet at pT > 15 GeV,
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.
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