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sPHENIX performance measures sPHENIX overview
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Figure 1.1: Engineering drawing (cutaway) of the sPHENIX detector. From the inside out the drawing
shows tracking system, electromagnetic calorimeter and inner hadronic calorimeter, superconducting
magnet and outer hadronic calorimeter. A detailed discussion of the sPHENIX detector subsystems
can be found in the sPHENIX Technical Design Report [3]

(or replacement) of the PHENIX experiment at RHIC. The physics case and detector design were
further developed in the years leading up to the 2015 Nuclear Physics LRP. A detailed design
proposal was completed in 2015 [4], and in early 2016 the current sPHENIX collaboration was
formed. As of early 2020, sPHENIX has more than 320 members from 80 institutions in 13 countries.
The project received DOE CD-0 approval in late 2016, CD-1/3a approval in 2018 and entered its
construction phase after PD 2/3 approval in fall 2019. The schedule foresees commissioning of the
detector in 2022 and start of physics data taking in early 2023. The current expectation for 2025 as
the final year of sPHENIX operations is dictated by BNL’s reference schedule for the EIC project.

1.2 sPHENIX performance measures

The layout of the sPHENIX detector is shown in Figure 1.1. The experiment has been designed
to allow high-statistics, high-resolution measurements for a broad range of observables related
to jet production and modification, quarkonium production at high mass (or high pT), and yields
and correlations of heavy quark (charm and bottom) hadrons and heavy flavor tagged jets. This is
achieved through several advances compared to the current instrumentation at RHIC:

• High data rates: the sPHENIX tracking and calorimetry provide hermetic coverage over
full azimuth and pseudorapidity |h| < 1, with a readout rate of 15 kHz for all subdetectors.
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What’s new about sPHENIX

3
4p, but incomplete for jet without HCAL

4p & -1<h<1 with HCAL
Designed to be ideal detector for Jet

Limited acceptance to measure Jet. 
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Calorimeter system

oHCal

iHCal

sPHENIXDetector

Tracking
system

oHCal

MAGNET

MVTX

INTT

TPC

EMCal

iHCal

oHCal

sEPD

MBD

◙ 1.4T Solenoid from BaBar
◙ Hermetic coverage:
|η|<1.1, 2π in φ
◙ Large-acceptance EM+H 
calorimeters: brings first full jet
reconstruction & b-jet tagging at
RHIC!!
◙ High data rates: 15 kHz for
all subdetectors
◙ Precise tracking with tracking system 
in stream readout
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2023 : Commissioning Au+Au
2024 : p+p, Au+Au
2025 : Au+Au … p+A?

𝑠 =200GeV

TPOT
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Illustrated by Misaki Ouchida
(Hokkaido University)sPHENIX Physics Goals 
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Cold-QCD: Proton Spin Decomposition 
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Sz =
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ΔΣ+ΔG+Lz

~25% ??~40%
1980’s 2000~2018

Δ𝐺: 𝐺𝑙𝑢𝑜𝑛 𝑆𝑝𝑖𝑛

ΔΣ ∶ 𝑄𝑢𝑎𝑟𝑘 𝑆𝑝𝑖𝑛

𝑂𝑟𝑏𝑖𝑡𝑎𝑙 𝐴𝑛𝑔𝑢𝑙𝑎𝑟 𝑀𝑜𝑚𝑒𝑛𝑡𝑢𝑚

Gluon

Quark
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Transverse Single Spin Asymmetry
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2024/9/18 北⼤学会



Origin of Left-Right Asymmetry
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Hadron and EM Calorimeters
Outer Hcal & Magnet

EMCal in position

Inner HCal Installation

Outer HCal Installation

92024/9/18

Scientific America, March 2023
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Photon and Jet Data Taking in Run24 p+p
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sPHENIX Simulation

• sPHENIX will have kinematic reach out to
∼ 70 GeV for jets, kinematic overlap with 
the LHC.

• Sampled 82 pb-1 w/ g/jet trigger so far 
(Goal ~ 62 pb-1).

p0 reconstruction using EM 
Calorimeter



Inclusive Jet
• Transverse single spin 

asymmetry without final state 
effect (Spin dependent 
fragmentation)

• Possible flavor separation by 
tagging leading hadron charge.

Dijets
• Kinematical advantage. Direct 

access to intrinsic transverse 
momentum of partons.

• Statistics is challenging as a 
trade off

Asymmetry Measurement of Jet(s)
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Spin Physics at sPHENIX

14

Jet measurements: Jet, Dijet, and γ-Jet

Inclusive jet 
• TSSA has not been measured at central rapidity.

• sPHENIX can provide measurements with uncertainties  

at the level of 10-4.

• Flavor separation by tagging leading hadron charge.

Dijet 
• Direct access to parton intrinsic transverse momentum.

• STAR preliminary results showed a nonzero effect for 

charge-tagged jets. 

• sPHENIX will significantly contribute to dijet measurement.

γ-Jet 
• discussed later

Cold QCD TG - 10/20/2020 6

Statistical projection of dijet 
measurement at sPHENIX.
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FIG. 3. The a) �h⇣i values and b) converted hkT i plotted as a
function of ⌘total. Rightmost points represent the average over
the ⌘total bins. Individual 0+ and 0� points are suppressed in
the lower panel to better view the hkT i signal and systematic
errors (dominated by fitting range contributions). Plotted
points are o↵set in ⌘total and outsize values omitted for clarity.

the parton fractions in each charge-tagged bin, which can
be estimated from simulation. Combining the gluon and
sea quark contributions, there are four constraints from
charge tagging vs. three unknown variables: hkuT i, hkdT i
and hkg+sea

T i. The charge tagging mainly di↵erentiates
the u and d quarks, o↵ering only limited separation for
quark vs. gluon. Since the quark and gluon PDFs have
opposite dependencies on x, and ⌘total is tightly corre-
lated with x, the quark vs. gluon constraints can be
enhanced by involving two adjacent ⌘total bins in the in-
version. Therefore, the system of equations is extended
to consist of eight constraints:

fu
i,jhkuT i+ fd

i,jhkdT i+ fg+sea
i,j hkg+sea

T i = hkT ii,j , (4)

where f represents the parton fraction from simulation,
the right-hand side hkT i is the tagged measurement in
data, i runs over all the charge tagging bins, and j runs
over the two adjacent ⌘total bins. The over-constrained
system is solved through Moore-Penrose inversion yield-
ing values for the individual parton hkT i, displayed in
Fig. 4 and discussed further below.

The systematic uncertainty of the parton hkT i has ma-
jor contributions from two sources: the fitting range of
⇣ and the more dominant error associated with the esti-
mation of parton fractions. Choosing a specific fit range
for ⇣ can cause a systematic shift in h⇣i. This uncer-
tainty is estimated by scanning over the fit range from
180±40� to 180±60�, extracting h⇣i for each trial, and
calculating the average absolute deviation from the nom-
inal fit range at 180±50�, separately in each ⌘total bin.
The scale of the fit range uncertainty is less than 15%
in the +tagging/�tagging as indicated in Fig. 3 b). The
default matrix inversion process is then used to convert
the uncertainty for the tagged asymmetries to that for

individual partons. Separately, parton fractions are es-
timated with leading-order PYTHIA simulations, which
come with their own set of systematic uncertainties. The
largest contributing factors to the uncertainty are PDF
and initial/final state radiation (ISR/FSR), as well as
the statistics of the simulation sample. Di↵erent PDF
sets directly cause discrepancies in the fraction of par-
tons. The amount of ISR/FSR particularly a↵ects event
selection in the low pT region, which leads to uncertain-
ties in the parton fractions. These uncertainties due to
PDF and ISR/FSR are estimated by varying respective
PYTHIA tunes, comparing to the default tune (370) and
quoting the average absolute di↵erence. The statistical
uncertainties of parton fractions are about the same level
as the PDF and ISR/FSR uncertainties, and are added
in quadrature to the total systematics. These total un-
cetainties vary with parton purity in the various charge
bins and as a function of �3.6 < ⌘total < 3.6, ranging
from 18 to 7-12% for u and d, and 3-21% for g+sea. Aside
from the fit range and parton fractions, there is a minor
dilution e↵ect in ⇣. The detector-level ⇣ has a broadened
resolution compared to the parton level, which is unac-
counted for by the detector-to-parton jet pT correction.
The dilution mostly a↵ects low-pT events. By comparing
detector and parton level �h⇣i for a wide range of simu-
lated hkT i in the embedding samples, this uncertainty is
estimated to be ⇠5.6%.
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FIG. 4. The hkT i for individual partons, inverted using par-
ton fractions from simulation and tagged hkT i, plotted as a
function of ⌘total, with rightmost points the ⌘total average.
Plotted points are o↵set in ⌘total for clarity, and systematic
uncertainties in ⌘total are set nonzero to improve visibility.

The inverted results and average over all the ⌘total bins
are shown in Fig. 4 and summarized here. The average
hkuT i is estimated to be +19.3 ± 7.6 (stat.) ± 2.6 (syst.)
MeV/c in which the positive sign means the u quarks
are correlated with the proton spin and proton momen-
tum following the right-hand rule: ~kuT · (~S ⇥ ~P ) > 0. To
the contrary, the average hkdT i is estimated to be -40.2 ±
23.0 ± 9.3 MeV/c, showing an opposite sign and a similar
magnitude compared to hkuT i. This is roughy consistent,
as should be expected of the elemental Sivers hkT i, with
the u-d correlation in SIDIS measurements, where the

Dijet TSSA by STAR 
(arXiv:2305.10359)

p↑ + p → jet + X

p↑ + p → jet + jet + X

p↑ + p → γ + jet + X

𝑝↑ + 𝑝 → 𝑗𝑒𝑡 + 𝑋

𝑝↑ + 𝑝 → 𝑗𝑒𝑡 + 𝑗𝑒𝑡 + 𝑋



Much improved direct 
photon TSSA -> gluon 
TMD

12

TMD: Transverse Momentum Dependence
Sensitive to Gluon orbital mortion

Gluon TMD by Direct-g
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MVTX installed on march 30, 2023

Tracking Detectors

TPOT

INTT

TPC

MVTX

All Trackers installed in Position (March 30th, 2023)
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Tracking System

10um

Silicon pixel detector (MVTX)
• 29 um x 27 um, pixels
• 2.5 cm < R < 4.5cm
• 20 BLCK integration time

Silicon strip detector (INTT)
• 78um, strip sensors
• 7cm < R < 11cm 
• 1 BCLK timing resolution

Time projection Chamber (TPC)
• 20cm < R < 78cm
• Spatial resolution, ~100um 
• Long drift time, ~13us 

TPC Outer Tracker (TPOT)
• Calibrate TPC

14

Hao-Ren Jheng

MVTX+INTT+TPOT 2-dimension display
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Heavy Flavor Meson
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Spin Physics at sPHENIX
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Cold QCD and p+A Physics Physics Projections 2023–2025
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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].

which can isolate the quark-gluon scattering process at leading order, thus giving access to the
gluon Sivers effect.

Another possible origin of the observed TSSAs is the Collins mechanism, which correlates the
transverse polarization of a fragmented quark to the angular distribution of hadrons within a
jet. This gives access to the transversity distribution in the proton, which can be interpreted as
the net transverse polarization of quarks within a transversely polarized proton. Along with the
unpolarized PDF and helicity PDF, transversity is one of three leading-twist PDFs, least known at
the moment. The integral in x over the valence quark transversity distribution defines the tensor
charge, a fundamental value calculable in lattice QCD, therefore enabling the crucial comparison of
experimental measurements with ab initio theoretical calculations.

Measuring angular distributions of dihadrons in the collisions of transversely polarized protons,
couples transversity to the so-called “interference fragmentation function” (IFF) in the framework
of collinear factorization. The IFF describes a correlation between the spin of an outgoing quark
and the angular distribution of a hadron pair that fragments from that quark. A comparison of the
transversity signals extracted from the Collins effect and IFF measurements will explore questions
about universality and factorization breaking.

The first non-zero Collins and IFF asymmetries in p+p collisions have been observed by the STAR
collaboration at midrapidity [27, 28] and shown to be invaluable to constrain the transversity
distribution. sPHENIX, with its excellent hadron and jet calorimetric trigger capabilities coupled
with its high-rate DAQ capabilities, is expected to deliver high-statistics samples for both Collins
and IFF asymmetries. The sPHENIX capability to collect a significant data sample with streaming
readout will allow us to extend the charged dihadron measurements for IFF asymmetries from the
barrel region (|h| < 1) to more forward kinematics up to h = 2.

30

Open heavy flavor 
Prompt D0

• Tri-gluon correlation function in the collinear twist-3 
framework can be studied.


• It’s connected with the gluon Sivers TMD PDF.

• sPHENIX can measure not only open heavy flavor 

electrons but D0.

• The streaming readout for tracking detectors is 

necessary for D0 measurements.

p↑ + p → D0/D̄0 + X
p↑ + p → e+/− + X

Statistical projection of D0/D̅0 
measurement at sPHENIX.

III. RESULTS

The OHF → e! TSSAs are plotted in Fig. 4 alongside
theoretical predictions of ANðp↑ þ p → ðD0=D̄0 → e!Þ þ
XÞ from Ref. [38] in (red/blue) solid lines, and ANðp↑ þ
p → ðD=D̄ → e!Þ þ XÞ from Ref. [39] in (red/blue)
dashed and dotted lines, with λf, λd, KG, and K0

G chosen
to best fit the data for the separate charges simultaneously.
The measurements are consistent with zero, and are
statistically more precise than previous heavy-flavor mea-
surements. The total systematic uncertainties come from
combining those associated with the background fractions,
background asymmetries, and the difference in calculating

AN with Eqs. (7) and (8); there is no dominant source of
systematic uncertainty across charges and pT bins. The
systematic uncertainty reaches at most 37% of the corre-
sponding statistical uncertainty (see Table II), while it is
typically suppressed by an order of magnitude or more. The
placement of the theoretical curves in Fig. 4 differs for eþ

vs e− due to the contribution of the symmetric trigluon
correlator having opposing signs in charm vs anticharm
production, leading to constructive vs destructive interfer-
ence with the antisymmetric trigluon correlator contribu-
tion for the separate charges. This allows for constraining
power on all parameters. Summaries for final asymmetries
with statistical and systematic uncertainties are given in
Table II for OHF positrons AOHF→eþ

N and electrons AOHF→e−
N

and in Table III for nonphotonic (NP) positrons ANPeþ
N and

electrons ANPe−
N .

To determine theoretical parameters that fit the data best,
χ2ðλf; λdÞ, χ2ðKGÞ, and χ2ðK0

GÞ were calculated for the
separate charges and summed to extract minimum values.
The results along with 1σ confidence intervals are λf ¼
−0.01! 0.03 GeV and λd ¼ 0.11! 0.09 GeV for param-
eters introduced in Ref. [38], and KG ¼ 0.0006þ0.0014

−0.0017 , and
K0

G ¼ 0.00025! 0.00022 for parameters introduced in
Ref. [39]. This corresponds to the first constraints on
ðλf; λdÞ, and is in agreement with previous constraints
on KG and K0

G derived in Ref. [39]. Figure 5 summarizes
the results of the statistical analysis performed to extract
best-fit parameters λf and λd, where the theoretical asym-
metries depend on both parameters. Nicely illustrated are
the constraining power of the individual charges and the
necessity of combining the charges in the statistical
analysis. Both charges predict that contributions from
trigluon correlations are small, indicating that λf and λd
values that result in cancellation of their contributions to the
asymmetry calculation are preferred.

FIG. 4. ANðOHF → e!Þ (red) circles and (blue) squares for
positrons and electrons, respectively. Also plotted are predictions
of ANðD0=D̄0 → e!Þ from Ref. [38], and ANððD0=D̄0 þ
Dþ=−Þ → e!Þ from Ref. [39] for best-fit trigluon-correlator-
normalization parameters, with the red/blue solid, dashed, and
dotted lines corresponding to central values of the 1σ confidence
intervals shown in the legend.

TABLE II. Summary of final asymmetries AOHF→e!
N for open-heavy-flavor positrons and electrons with statistical σA

OHF→e!
N and

systematic uncertainties, shown in Fig. 4.

e! pT range ðGeV=cÞ hpTi ðGeV=cÞ AOHF→e!
N σA

OHF→e!
N σsysfþ σsysf−

σsysAB
N

σsysdiff σsystotþ σsystot−

eþ 1.0–1.3 1.161 −0.00256 0.0212 0.00193 0.000855 0.00264 0.000435 0.00330 0.00281
1.3–1.5 1.398 0.0105 0.0178 0.00142 0.00108 0.00143 0.000621 0.00211 0.00189
1.5–1.8 1.639 0.00571 0.0159 0.000468 0.000401 0.00118 0.000432 0.00134 0.00132
1.8–2.1 1.936 0.0126 0.0192 0.00101 0.000856 0.000889 0.00697 0.00710 0.00708
2.1–2.7 2.349 0.00208 0.0210 0.00140 0.00109 0.000719 0.00446 0.00473 0.00465
2.7–5.0 3.290 0.0357 0.0287 0.00595 0.00364 0.000474 0.00342 0.00688 0.00501

e− 1.0–1.3 1.161 −0.0113 0.0186 0.00404 0.00237 0.00247 0.000120 0.00474 0.00343
1.3–1.5 1.398 −0.0297 0.0181 0.00466 0.00335 0.00174 0.000672 0.00502 0.00384
1.5–1.8 1.639 0.0139 0.0167 0.00117 0.000789 0.00147 0.000917 0.00209 0.00191
1.8–2.1 1.936 0.0105 0.0207 0.00136 0.000990 0.00109 0.000234 0.00176 0.00149
2.1–2.7 2.349 −0.0267 0.0227 0.000104 0.000152 0.000899 0.00253 0.00269 0.00269
2.7–5.0 3.290 0.0237 0.0305 0.00509 0.00313 0.000589 0.00174 0.00541 0.00363

N. J. ABDULAMEER et al. PHYS. REV. D 107, 052012 (2023)

052012-8

PHENIX open heavy flavor AN measurement.

PRD 107(2023) 052012

Sensitive to gluon Sivers TMD function via
3-gluon correlation function of Single Spin Asymmetry.

Statistics Hungry Measurement

Streaming readout of tracking 
detector
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Zero Degrees Forward Neutron Asymmetries

PHENIX, PRD 88, 032006 (2013)

𝐴! =
𝑒!(𝜙)

sin 𝜙 − 𝜙"
1
𝑃

𝐴E =
F.HI
J.II

~0.054

Consistent!

~33%0 rad.

Confirmed the spin vector is pointing vertical in 1008 and observed asymmetries are consistent 
with published data. 

pT ¼ En sin !n " xFEp!n; (3)

where pL is the momentum component of the neutron in
the proton-beam direction, En and Ep are energies of the
neutron and the proton beam, and !n is the polar angle of
the neutron from the beam direction which is very small
("mrad) for forward neutron production. The measured
cross section showed a peak around xF " 0:8 and was
found to have almost no

ffiffiffi
s

p
dependence. OPE models

gave a reasonable description of the data.
OPE models were also used to describe proton and

photon induced production of neutrons measured at the
Hadron-Electron Ring Accelerator (HERA) eþ p collider
[11,12]. These measurements probe the pion structure
function at small x. The NA49 collaboration also published
the cross section for forward neutron production for pþ p
collisions at

ffiffiffi
s

p ¼ 17:3 GeV [13]. They compared the
result with those from ISR and HERA and found they
did not agree.

The neutron asymmetry provides a new tool to probe the
production mechanism. For the OPE model, AN arises from
an interference between spin-flip and spin-nonflip ampli-
tudes. Since the pion-exchange amplitude is fully spin-flip,
the asymmetry is sensitive to other Reggeon exchange am-
plitudes which are spin-nonflip, even for small amplitudes.

This paper presents the xF dependence of cross sections,
inclusive and semi-inclusive (with a beam-beam interac-
tion requirement), and AN for very forward and very back-

ward neutron production in polarized pþ p collisions atffiffiffi
s

p ¼ 200 GeV.

II. EXPERIMENTAL SETUP

A. Detector apparatus

A plan view of the experimental setup for very forward
neutron measurement at PHENIX [14] is shown in Fig. 2.
The RHIC polarized proton beams were vertically polar-
ized. Each collider ring of RHIC was filled with up to 111
bunches in a 120 bunch pattern, spaced 106 ns apart, with
predetermined patterns of polarization signs for the
bunches. The colliding beam rotating clockwise when
viewed from above is referred to as the ‘‘blue beam’’ and
the beam rotating counterclockwise the ‘‘yellow beam.’’
Neutrons were measured by a zero-degree calorimeter

(ZDC) [15] with a position-sensitive shower-maximum
detector (SMD). One ZDC module is composed of Cu-W
alloy absorbers with PMMA-based communication grade
optical fibers and corresponds to 1.7 nuclear interaction
lengths. A single photomultiplier collects Čerenkov light
via optical fibers. Three ZDC modules are located in series
(5.1 nuclear interaction lengths) at $1800 cm away from
the collision point, covering 10 cm in the transverse plane.
The SMD comprises x-y scintillator strip hodoscopes

and is inserted between the first and second ZDC modules
(see Fig. 5 of Ref. [15]) at approximately the depth of
the maximum of the hadronic shower. The x coordinate
(horizontal) is given by 7 scintillator strips of 15 mm
width, while the y coordinate (vertical) is given by 8 strips
of 20 mm width, tilted by 45 deg.
The neutron position can be reconstructed from the

energy deposited in scintillators with the centroid method.
We calculated the centroid:

x ¼
PNSMD

multi
i EðiÞ ' xðiÞ
PNSMD

multi
i EðiÞ

; (4)

where EðiÞ and xðiÞ are the energy deposit and the position
of the ith scintillator, respectively. The number of scintil-
lators with pulse height above the minimum ionization
particle peak is shown as NSMD

multi which is defined as the
SMD multiplicity.
Detectors are located downstream of the RHIC dipole

(DX) magnet, so that collision-related charged particles are
swept out. A forward scintillation counter, with dimensions
10( 12 cm, was installed in front of the ZDC to remove
charged particle backgrounds from other sources. In this
analysis, we used only the south ZDC detector, which is
facing the yellow beam.
As a beam luminosity monitor, beam beam counters

(BBCs) are used. The BBC comprises 64 photomultiplier
tubes and 3 cm thick quartz Čerenkov radiators. The two
BBCs are mounted around the beam pipe $144 cm away
from the collision point which cover $ð3:0–3:9Þ in pseu-
dorapidity and 2" in azimuth.

Collision point

BBC

ZDC (W-Cu alloy) Charge veto counter (Plastic Scintillator)
SMD (Plastic Scintillator)

Yellow Beam Blue Beam

xDxD

1800 cm

5 cm

SOUTH NORTH

FIG. 2. A plan view of the experimental setup at PHENIX (not
to scale). Shown are the principal components for the neutron
physics. Charged veto counters are in front of ZDCs, and the
SMDs are between the first and second ZDC modules.

X
a

p
N

R

t
θn

-Q 2

s'

(mp, Ep m() n,En)

FIG. 1. A schematic diagram of neutron production,
pa ! nX, for the Reggeon exchange model shown with
Lorentz invariant variables s0, Q2, and t. ‘‘a’’ is a proton or
positron for pþ p or eþp reactions. R indicates a Regge
trajectory with isospin odd such as ", #, a2, and Pomeron-"
in the Regge theory. For pion exchange, R ¼ ".
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sPHENIX Today: Essential Detectors for Spin Physics
ZDC & SMD

Square root asym.: A(ϕ) ≡
N↑

LN↓
R − N↓

LN↑
R

N↑
LN↓

R + N↓
LN↑

R

→ 30% beam polarizationA(ϕ) ∼ − 1.5 %

TSSA of very forward neutrons from 
p↑+p collisions  beam polarization.

Few % of TSSA with 50%-60% 
polarized beam is expected 
(PRD88(2013)032006).

∝
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sPHENIX Summary

• Large and hermetic EM and hadronic calorimetry.
• Highly precise tracking.
• 15kHz trigger rate and stream readout for trackers.
• Wide range of physics covered in sPHENIX
• Run24 p+p at 𝑠 =200GeV is ongoing. Taking 10 

years of worthy data for high energy pQCD field 
until the EIC launches in 2032 at BNL.
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