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sPHENIX Collaboration

• State-of-the-Art Jet Detector at RHIC

• The collaboration was formed in 2016.

• Quark-Gluon Plasma (QGP) and Cold-QCD

• About 400 members 

from 81 institutions 
and  14 countries


• Home Page: https://www.sphenix.bnl.gov/
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Relativistic Heavy 
Ion Collider (RHIC) 
• First collisions in 2000

• p+p, Au+Au, O+O, etc

• p→(↑) + p→(↑)


• √sNN ~ 7 — 500 GeV

ran at RHIC from 2001 to 2016. 
They contributed to the discovery of 
Quark-Gluon Plasma (QGP) and the 
study of proton spin structure. 

Data analysis is still continuing.


NEXT S
TE

P

https://www.sphenix.bnl.gov/


sPHENIX Physics Programs
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sPHENIX Detector
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The sPHENIX detector

HCal (outer)

Magnet

HCal (Inner)

EMCal

TPC

INTT

MVTX

Cross-section of  
the sPHENIX detector

The sPHENIX detector

• full azimuthal angle 2π and 

|η| < 1.1 coverage in |zvtx| < 10 cm

• 1.4 T Babar solenoid magnet

• the hadronic & electromagnetic 

calorimeters 
(the first HCAL in midrapidity at RHIC) 


• 3 tracking detectors in midrapidity 
(TPC (+TPOT), INTT, and MVTX)


• 3 general detectors in forward region 
(MBD, sEPD, and ZDC/SMD)



Year Beam √sNN 
(GeV)

Data 
taking 
(week)

Luminosity, 
(|z| < 10 cm)

Recorded Sampled
2023 Au + Au 200 9 3.7 nb-1 4.5 nb-1

2024 p↑+ p↑ 200 17 0.44 pb-1 
(5 kHz) 31 pb-1

2024 Au + Au 200 3 0.4 nb-1 -

2025 Au + Au 200 24.5 6.3 nb-1 -

Plan and Status
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• The construction was finished in April/2023.

• The first beam came in May/2023.

• 2023/08/01: Beam was stopped.

• 2023/08-09: Commissioning with cosmic ray 

measurements

2023: Commissioning 

sPHENIX Beam Use Proposal 2023 (not all shown)



✓~Nov/2023: TPC maintenance started

✓Feb/2024: End of TPC maintenance

✓Mar/2024: INTT and MVTX were reinstalled and tested.

✓Mar/2024: MBD was reinstalled.

✓April/2024: sEPD reinstallation
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• The construction was finished in April/2023.

• The first beam came in May/2023.

• 2023/08/01: Beam was stopped.

• 2023/08-09: Commissioning with cosmic ray 

measurements

2023: Commissioning 

• Transversely polarized proton p↑ + p↑  
(~60% polarization) collision at √s = 200 GeV


• Commissioning with Au + Au for 6 weeks, 
which was planned for 2023, is carried over.

2024: p↑+p↑, Au + Au

sPHENIX Beam Use Proposal 2023 (not all shown)

p↑p↑ AuAu

↑

4/15 

RHIC

preparation 
starts

↑

Planned to be ended at early Oct
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• Commissioning with Au + Au for 6 weeks, 
which was planned for 2023, is carried over.

2024: p↑+p↑, Au + Au

• Au + Au data taking
2025: Au + Au

sPHENIX Beam Use Proposal 2023 (not all shown)

p↑p↑ AuAu
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4/15 
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starts

↑
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Cold QCD and p+A Physics Physics Projections 2023–2025
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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.
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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-

32

Spin Physics at sPHENIX
Measurements of transverse single spin asymmetries (TSSA) 
enable us to study

• Transverse-momentum dependent parton distribution functions 

(TMDs)

• Correlators in the collinear higher-twist framework 

• Fragmentation functions (FF)

• etc.

11

Table of TMDs
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The projected total yield from p + p or p + Au at sPHENIX.
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• Only the initial state effect is involved.

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

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

• PHENIX reported the first measurement of AN from the direct photon.

• sPHENIX can improve the statistics of the measurement significantly. 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

Spin Physics at sPHENIX
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Direct photon

dead areas of the EMCal and use the previously measured
π0 [29] and η [30] cross sections. The background fractions
for photons from π0 (η) decays are plotted in Fig. 1 and are
systematically larger in the east arm versus the west due to
the PbGl sectors having slightly more dead area compared
to the PbSc sectors. The contribution of decay photons
from sources heavier than η mesons is estimated to be less
than 3% with respect to the measured background and so an
even smaller percentage of the total direct photon sample.
The uncertainty on the background fraction is propagated
through Eq. (2) to assign an additional systematic uncer-
tainty to the direct-photon asymmetry.
A similar method to Eq. (3) is used to find the

contribution of merged π0 decay photons. The equivalent
Rh is calculated using simulated h → γγ decays, taking the
ratio of the number of reconstructed EMCal clusters
produced by merged decay photons divided by the number
of reconstructed clusters associated with a single decay
photon. The contribution from merged photon clusters was
found to be less than 0.2%, small compared to the up to
50% background fraction due to the one-miss effects, and
the contribution from merged η decays was confirmed to be
negligible.
An additional systematic study is performed by calcu-

lating the asymmetry with the square root formula:

AN ¼ 1

PhcosðϕÞi

ffiffiffiffiffiffiffiffiffiffiffiffiffi
N↑

LN
↓
R

q
−

ffiffiffiffiffiffiffiffiffiffiffiffiffi
N↓

LN
↑
R

q

ffiffiffiffiffiffiffiffiffiffiffiffiffi
N↑

LN
↓
R

q
þ

ffiffiffiffiffiffiffiffiffiffiffiffiffi
N↓

LN
↑
R

q ; ð4Þ

where the L and R subscripts refer to yields to the left and
to the right of the polarized-beam-going direction, respec-
tively. This result is verified to be consistent with the
relative luminosity formula results from Eq. (1) and the
differences between these results are assigned as an addi-
tional systematic uncertainty due to possible variations in
detector performance and beam conditions. The systematic

uncertainty due to setting the background asymmetries to
zero dominates the total systematic uncertainty by an order
of magnitude for all pT bins except for the highest pT bin,
where it is only slightly larger than the difference between
the square root formula and relative luminosity formula.
Another study using bunch shuffling found no additional
systematic effects. Bunch shuffling is a technique that
randomizes the bunch-by-bunch beam polarization direc-
tions to confirm that the variations present in the data are
consistent with what is expected by statistical variation.
The results for the AN of isolated direct photons, Adir

N , at
midrapidity in p↑ þ p collisions at

ffiffiffi
s

p
¼ 200 GeV are

shown in Table I and in Fig. 2, where the shaded (gray)
bands represent the systematic uncertainty and the vertical
bars represent the statistical uncertainty. The measurement
is consistent with zero to within 1% across the entire pT
range. Figure 2 also shows predictions from collinear twist-
3 correlation functions. The solid (green) curve shows the
contribution of qgq correlation functions to the direct-
photon asymmetry which is calculated using functions
that were published in Ref. [18] that are integrated over
the jηj < 0.35 pseudorapidity range of the PHENIX
central arms. This calculation includes contributions from
the qgq correlation functions present in both the polarized
and unpolarized proton, including the ETQS function
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FIG. 1. The fractional contribution of photons from (a) π0 and
(b) η decays to the isolated direct photon candidate sample.

TABLE I. The measured AN of isolated direct photons in p↑ þ
p collisions at

ffiffiffi
s

p
¼ 200 GeV as a function of pT . An additional

scale uncertainty of 3.4% due to the polarization uncertainty is
not included.

hpTi½GeV=c& Adir
N σstat σsyst

5.39 −0.00 049 2 0.00 299 0.00 341
6.69 0.00 247 0.00 404 0.00 252
8.77 0.00 777 0.00 814 0.00 159
11.88 0.00 278 0.0105 0.00 106
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FIG. 2. Transverse single-spin asymmetry of isolated direct
photons measured at midrapidity jηj < 0.35 in p↑ þ p collisions
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¼ 200 GeV. An additional scale uncertainty of 3.4% due to

the polarization uncertainty is not shown.

PHYSICAL REVIEW LETTERS 127, 162001 (2021)
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PRL 127 (2021) 162001
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Statistical projection of direct 
photon measurement 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.
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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)
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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



between the observed asymmetry and < x > can be seen, where < x > ranges from ∼ 0.1 to 0.22
from backward to forward ηπ+π− . However, < z > shows no clear dependence in ηπ+π− and its average
is ∼ 0.46. The 2015 IFF results corroborate previous STAR measurements [14, 17].
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+π−>0 region, compared with the theoretical cal-
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UT vs pπ+π−T , in five Mπ+π−inv bins in ηπ+π− > 0 and ηπ+π− < 0 regions. The value of 〈Mπ+π−inv 〉 for each

of the invariant mass bins is shown at the top left corner of each panel.

Asin(φRS )
UT as a function of pπ

+π−
T in five Mπ

+π−
inv bins in forward (in red) and backward (in blue)

regions are shown in figure 5. The asymmetry signal rises linearly with the pπ
+π−

T in the forward
region and the trend is much stronger in the invariant mass bin when 〈Mπ+π−inv 〉 ∼ Mρ. The backward
asymmetry signal follows a similar trend as in the forward region, however, the amplitude is relatively
small.
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Di-pion TSSA                 
from STAR.

Asin(ϕS−ϕR)
UT

JPS Conf. Proc. 37(2023) 020121

• Di-hadron TSSA AUT gives access to Transversity PDF h1 and 
InterferenceFragmentation Function (FF)  :


• The results from STAR agree with 
the theoretical prediction using SIDIS and  
e+e- data within statistical uncertainty.


• sPHENIX can extract it with great statistical uncertainty.

H∢
1,q
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Di-hadron

V. Barone et al. / Physics Reports 359 (2002) 1–168 113

Fig. 40. Hadron–hadron scattering with inclusive production of a particle h.

7.4. Single-spin transverse asymmetries

Consider now inclusive hadron production, A + B → h + X . If only one of the initial-state
hadrons is transversely polarised and the !nal-state hadron is spinless (or its polarisation is
unobserved), what is measured is the single-spin asymmetry

Ah
T =

d!(ST )− d!(−ST )
d!(ST ) + d!(−ST )

: (7.4.1)

As we shall see, single-spin asymmetries are expected to vanish in leading-twist in perturba-
tive QCD (this observation is originally due to Kane et al. [6]). They can arise, however, as
a consequence of intrinsic e"ects of quark transverse motion [17,40,124] and=or higher-twist
contributions [7,8,175,176]. In the former case, one probes the following quantities related to
transversity:

• Distribution functions: #Tf(x) (transversely polarised quarks in a transversely polarised
hadron), f⊥

1T (x; k
2
T ) (unpolarised quarks in a transversely polarised hadron), h

⊥
1 (x; k

2
T ) (trans-

versely polarised quarks in an unpolarised hadron).
• Fragmentation functions: H⊥

1 (z; !
2
T ) (transversely polarised quarks fragmenting into an un-

polarised hadron), D⊥
1T (z; !

2
T ) (unpolarised quarks fragmenting into a transversely polarised

hadron).

The twist-three single-spin asymmetries involving the transversity distributions contain, be-
sides the familiar unpolarised quantities, the quark–gluon correlation function EF(x; y) of the
incoming unpolarised hadron and a twist-three fragmentation function of the outgoing hadron
(see below, Section 7.4.2).
Let us now enter into some detail. We consider the following reaction (see Fig. 40):

A↑(PA) + B(PB)→ h(Ph) + X; (7.4.2)
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hadrons is transversely polarised and the !nal-state hadron is spinless (or its polarisation is
unobserved), what is measured is the single-spin asymmetry

Ah
T =

d!(ST )− d!(−ST )
d!(ST ) + d!(−ST )

: (7.4.1)

As we shall see, single-spin asymmetries are expected to vanish in leading-twist in perturba-
tive QCD (this observation is originally due to Kane et al. [6]). They can arise, however, as
a consequence of intrinsic e"ects of quark transverse motion [17,40,124] and=or higher-twist
contributions [7,8,175,176]. In the former case, one probes the following quantities related to
transversity:

• Distribution functions: #Tf(x) (transversely polarised quarks in a transversely polarised
hadron), f⊥

1T (x; k2
T ) (unpolarised quarks in a transversely polarised hadron), h⊥

1 (x; k2
T ) (trans-

versely polarised quarks in an unpolarised hadron).
• Fragmentation functions: H⊥

1 (z; !2
T ) (transversely polarised quarks fragmenting into an un-

polarised hadron), D⊥
1T (z; !2

T ) (unpolarised quarks fragmenting into a transversely polarised
hadron).

The twist-three single-spin asymmetries involving the transversity distributions contain, be-
sides the familiar unpolarised quantities, the quark–gluon correlation function EF(x; y) of the
incoming unpolarised hadron and a twist-three fragmentation function of the outgoing hadron
(see below, Section 7.4.2).
Let us now enter into some detail. We consider the following reaction (see Fig. 40):

A↑(PA) + B(PB)→ h(Ph) + X; (7.4.2)

dσUT ∝ sin(ϕRS)∫ dxadxb f1(xa)h1(xb)
dΔ ̂σ
d ̂t

H∢
1,q(z, M)

p↑ + p → h+ + h− + X

the two hadron plane and the production plane ϕR. The
production plane is spanned by the incident proton
momentum ~pbeam and the sum of the two hadron momenta
~ph ¼ ~ph;1 þ ~ph;2. The difference of the momenta ~R ¼
~ph;1 − ~ph;2 lies in the hadron plane. The convolution of
h1ðxÞ and H∢

1;q will introduce an asymmetry, modulated by
sinðϕRSÞ. The effect will inherit the dependence on the
partonic variable x from h1ðxÞ and the final state variables
M and z.
An experimental observable directly proportional to the

differential cross section is constructed for each RHIC fill:

N↑ðϕRSÞ − r · N↓ðϕRSÞ
N↑ðϕRSÞ þ r · N↓ðϕRSÞ

¼ PbeamAUT sinðϕRSÞ; ð2Þ

whereN↑=↓ is the number of pion pairs meeting the selection
criteria for each polarization state, Pbeam the beam polari-
zation, and r the ratio L↑=L↓ between the integrated
luminosities of the two polarization states.
The data are binned in 16 equal bins covering 2π in

azimuth. The amplitude AUT of sinðϕRSÞ is extracted by a
fit to the data. The description of the functional form is
very good, with a reduced χ2 per degree of freedom of
0.975% 0.007 over all kinematic bins. We include all pion
pairs with opposite charges from an event and define ~ph;1 to
be the momentum of the positive particle (and ~ph;2 the
negative particle, accordingly). Note that this charge order-
ing is essential because it establishes the direction of ~R. A
random charge assignment would lead to a vanishing
asymmetry since it would randomize the sign of ϕRS.
Figure 2 shows the results for AUT as a function of the

invariant massM of the pion pair, both for forward (η > 0)
and backward (η < 0) going particles. We define the

forward direction here along the momentum of the polar-
ized beam. The results combine independent measurements
of the asymmetries for both polarized RHIC beams in the
two halves of the STAR detector, which provides internal
consistency checks.
We used PYTHIA [27] event simulations in conjunction

with a model of the STAR detector response implemented
in GEANT [28] to determine the partonic scattering proc-
esses as well as the partonic variables x and z, the fractional
momentum of the parent quark carried by the two hadrons.
These are shown in the lower panel of Fig. 2. Simulated
events have been embedded in detector response from
unbiased real events and subsequently run through the
whole analysis chain. Distributions of experimental proper-
ties have been matched reasonably well between simulation
and measured data, which gives us confidence that the
partonic variables are indeed describing the physics at
hand. The mean x value, hxi, of the recorded data at
midrapidity is around 0.2 and changes very little over the
available invariant mass range. This value is well into the
valence region, x > 0.1, where transversity is expected to
be sizable. On the other hand, hzi rises more strongly with
the invariant mass. This is essentially a consequence of the
opening angle cut and the required minimum pT for each
hadron. Naively, one expects that the IFF is uniformly
rising in z, since hadrons at high z carry more of the parent
quark spin information. This is consistent with measure-
ments in eþe− annihilation [18] where sizable values have
been observed at similar z and M.
In model calculations, the transverse spin dependence of

the IFF originates from an interference of amplitudes with
different angular momenta [29]. In our kinematic region,

FIG. 1 (color online). Azimuthal angle definitions in the
dihadron system. ~sa is the direction of the spin of the polarized
proton, ~ph;f1;2g are the momenta of the positive and negative pion,
respectively, and ϕR is the angle between the production and
dihadron plane.
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between the observed asymmetry and < x > can be seen, where < x > ranges from ∼ 0.1 to 0.22
from backward to forward ηπ+π− . However, < z > shows no clear dependence in ηπ+π− and its average
is ∼ 0.46. The 2015 IFF results corroborate previous STAR measurements [14, 17].
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Asin(φRS )
UT as a function of pπ

+π−
T in five Mπ

+π−
inv bins in forward (in red) and backward (in blue)

regions are shown in figure 5. The asymmetry signal rises linearly with the pπ
+π−

T in the forward
region and the trend is much stronger in the invariant mass bin when 〈Mπ+π−inv 〉 ∼ Mρ. The backward
asymmetry signal follows a similar trend as in the forward region, however, the amplitude is relatively
small.
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• Di-hadron TSSA AUT gives access to Transversity PDF h1 and 
InterferenceFragmentation Function (FF)  :


• The results from STAR agree with 
the theoretical prediction using SIDIS and  
e+e- data within statistical uncertainty.


• sPHENIX can extract it with great statistical uncertainty.
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Fig. 40. Hadron–hadron scattering with inclusive production of a particle h.

7.4. Single-spin transverse asymmetries

Consider now inclusive hadron production, A + B → h + X . If only one of the initial-state
hadrons is transversely polarised and the !nal-state hadron is spinless (or its polarisation is
unobserved), what is measured is the single-spin asymmetry

Ah
T =

d!(ST )− d!(−ST )
d!(ST ) + d!(−ST )

: (7.4.1)

As we shall see, single-spin asymmetries are expected to vanish in leading-twist in perturba-
tive QCD (this observation is originally due to Kane et al. [6]). They can arise, however, as
a consequence of intrinsic e"ects of quark transverse motion [17,40,124] and=or higher-twist
contributions [7,8,175,176]. In the former case, one probes the following quantities related to
transversity:

• Distribution functions: #Tf(x) (transversely polarised quarks in a transversely polarised
hadron), f⊥

1T (x; k
2
T ) (unpolarised quarks in a transversely polarised hadron), h

⊥
1 (x; k

2
T ) (trans-

versely polarised quarks in an unpolarised hadron).
• Fragmentation functions: H⊥

1 (z; !
2
T ) (transversely polarised quarks fragmenting into an un-

polarised hadron), D⊥
1T (z; !

2
T ) (unpolarised quarks fragmenting into a transversely polarised

hadron).

The twist-three single-spin asymmetries involving the transversity distributions contain, be-
sides the familiar unpolarised quantities, the quark–gluon correlation function EF(x; y) of the
incoming unpolarised hadron and a twist-three fragmentation function of the outgoing hadron
(see below, Section 7.4.2).
Let us now enter into some detail. We consider the following reaction (see Fig. 40):

A↑(PA) + B(PB)→ h(Ph) + X; (7.4.2)
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Fig. 40. Hadron–hadron scattering with inclusive production of a particle h.

7.4. Single-spin transverse asymmetries

Consider now inclusive hadron production, A + B → h + X . If only one of the initial-state
hadrons is transversely polarised and the !nal-state hadron is spinless (or its polarisation is
unobserved), what is measured is the single-spin asymmetry

Ah
T =

d!(ST )− d!(−ST )
d!(ST ) + d!(−ST )

: (7.4.1)

As we shall see, single-spin asymmetries are expected to vanish in leading-twist in perturba-
tive QCD (this observation is originally due to Kane et al. [6]). They can arise, however, as
a consequence of intrinsic e"ects of quark transverse motion [17,40,124] and=or higher-twist
contributions [7,8,175,176]. In the former case, one probes the following quantities related to
transversity:

• Distribution functions: #Tf(x) (transversely polarised quarks in a transversely polarised
hadron), f⊥

1T (x; k2
T ) (unpolarised quarks in a transversely polarised hadron), h⊥

1 (x; k2
T ) (trans-

versely polarised quarks in an unpolarised hadron).
• Fragmentation functions: H⊥

1 (z; !2
T ) (transversely polarised quarks fragmenting into an un-

polarised hadron), D⊥
1T (z; !2

T ) (unpolarised quarks fragmenting into a transversely polarised
hadron).

The twist-three single-spin asymmetries involving the transversity distributions contain, be-
sides the familiar unpolarised quantities, the quark–gluon correlation function EF(x; y) of the
incoming unpolarised hadron and a twist-three fragmentation function of the outgoing hadron
(see below, Section 7.4.2).
Let us now enter into some detail. We consider the following reaction (see Fig. 40):

A↑(PA) + B(PB)→ h(Ph) + X; (7.4.2)

dσUT ∝ sin(ϕRS)∫ dxadxb f1(xa)h1(xb)
dΔ ̂σ
d ̂t

H∢
1,q(z, M)

p↑ + p → h+ + h− + X

Statistical projection of dihadron 
AUT measurement at sPHENIX.

the two hadron plane and the production plane ϕR. The
production plane is spanned by the incident proton
momentum ~pbeam and the sum of the two hadron momenta
~ph ¼ ~ph;1 þ ~ph;2. The difference of the momenta ~R ¼
~ph;1 − ~ph;2 lies in the hadron plane. The convolution of
h1ðxÞ and H∢

1;q will introduce an asymmetry, modulated by
sinðϕRSÞ. The effect will inherit the dependence on the
partonic variable x from h1ðxÞ and the final state variables
M and z.
An experimental observable directly proportional to the

differential cross section is constructed for each RHIC fill:

N↑ðϕRSÞ − r · N↓ðϕRSÞ
N↑ðϕRSÞ þ r · N↓ðϕRSÞ

¼ PbeamAUT sinðϕRSÞ; ð2Þ

whereN↑=↓ is the number of pion pairs meeting the selection
criteria for each polarization state, Pbeam the beam polari-
zation, and r the ratio L↑=L↓ between the integrated
luminosities of the two polarization states.
The data are binned in 16 equal bins covering 2π in

azimuth. The amplitude AUT of sinðϕRSÞ is extracted by a
fit to the data. The description of the functional form is
very good, with a reduced χ2 per degree of freedom of
0.975% 0.007 over all kinematic bins. We include all pion
pairs with opposite charges from an event and define ~ph;1 to
be the momentum of the positive particle (and ~ph;2 the
negative particle, accordingly). Note that this charge order-
ing is essential because it establishes the direction of ~R. A
random charge assignment would lead to a vanishing
asymmetry since it would randomize the sign of ϕRS.
Figure 2 shows the results for AUT as a function of the

invariant massM of the pion pair, both for forward (η > 0)
and backward (η < 0) going particles. We define the

forward direction here along the momentum of the polar-
ized beam. The results combine independent measurements
of the asymmetries for both polarized RHIC beams in the
two halves of the STAR detector, which provides internal
consistency checks.
We used PYTHIA [27] event simulations in conjunction

with a model of the STAR detector response implemented
in GEANT [28] to determine the partonic scattering proc-
esses as well as the partonic variables x and z, the fractional
momentum of the parent quark carried by the two hadrons.
These are shown in the lower panel of Fig. 2. Simulated
events have been embedded in detector response from
unbiased real events and subsequently run through the
whole analysis chain. Distributions of experimental proper-
ties have been matched reasonably well between simulation
and measured data, which gives us confidence that the
partonic variables are indeed describing the physics at
hand. The mean x value, hxi, of the recorded data at
midrapidity is around 0.2 and changes very little over the
available invariant mass range. This value is well into the
valence region, x > 0.1, where transversity is expected to
be sizable. On the other hand, hzi rises more strongly with
the invariant mass. This is essentially a consequence of the
opening angle cut and the required minimum pT for each
hadron. Naively, one expects that the IFF is uniformly
rising in z, since hadrons at high z carry more of the parent
quark spin information. This is consistent with measure-
ments in eþe− annihilation [18] where sizable values have
been observed at similar z and M.
In model calculations, the transverse spin dependence of

the IFF originates from an interference of amplitudes with
different angular momenta [29]. In our kinematic region,

FIG. 1 (color online). Azimuthal angle definitions in the
dihadron system. ~sa is the direction of the spin of the polarized
proton, ~ph;f1;2g are the momenta of the positive and negative pion,
respectively, and ϕR is the angle between the production and
dihadron plane.
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3. Results

The preliminary results of the Collins asymmetries for charged pions within jets in pp collisions
at
p

s = 200 GeV are presented in Fig. 3 as a function of the jet transverse momentum (pT ), and
in Fig. 4 as a function of the hadron jT in four di↵erent z bins. In both figures, blue circles are
for ⇡+ while red squares are for ⇡�. In Fig. 3, results are divided into two di↵erent pseudorapidity
ranges. Top panel presents asymmetries for jets that are scattered forward (xF > 0) with respect to
the polarized beam while the bottom panel shows jets scattered backward (xF < 0) with respect to
the polarized beam. In Fig. 4, only the results with xF > 0 are presented.

There are also theoretical calculations shown in the figures with the same color scheme as data
for xF > 0. The solid lines are the central values with the uncertainties represented as filled bands.
DMP+2013 model [3, 30] is based on the transversity and Collins fragmentation function from
SIDIS [8–15] and e

+
e
� processes [16–19] with leading order TMD approach. KPRY model [5] is

also based on the global analyses of SIDIS and e
+

e
� processes [31] with TMD evolution up to the

next-to-leading-logarithmic order. As can be seen from Fig. 4, the peak positions of the measured
asymmetries are jT and z dependent, which are not observed in any of the models. And in both fig-
ures, measured asymmetries are larger than the theoretical calculations, which may indicate larger
transversity than the current expectations in this kinematic region.
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a quark and the momentum of a hadron fragment 
transverse to the scattered quark direction 


• Collins asymmetry                  is related to 
Transversity PDF and Collins FF.

Spin Physics at sPHENIX

17

8 2.2 Other Transverse-Spin-Related Measurements

which are not very well known so far. Figure 4 shows that the average x1 for central jets of
transverse momenta surpassing 12 GeV can reach values as high as 0.35. They therefore
increase the reach above the previously accessible region and at high scales. In contrast,
the planned fixed-target SIDIS measurements with electron beam energies of 11 GeV can
only reach scales of about 3 GeV - a range where higher-twist effects will undoubtedly
complicate the interpretation of the data [25].
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Figure 4: Range of expected Collins asymmetries in sPHENIX kinematics, given between the
2007 Torino transversity fit (solid lines) of SIDIS and e

+
e
� data [26] and the Soffer bound

(dashed lines) based on the unpolarized and helicity PDFs only. The different panels display
various jet transverse momentum ranges for jets in the rapidity 0.5 < h < 1.0 region.

For the interference fragmentation related measurements, the higher statistics expected
with sPHENIX will enable a finer binning in both transverse momentum of the hadron pair
and its invariant mass. Again, the transverse momentum will allow the average x of the
polarized proton to be varied and thus improve our knowledge related to the corresponding
quark transversity towards higher x. Furthermore, the sPHENIX EMCal should enable also
charged–neutral pion pair IFF measurements, which could improve the flavor-separated
extraction of transversity, although the corresponding fragmentation function information
is so far not available from e

+
e
� annihilation.

2.2 Other Transverse-Spin-Related Measurements
While most inclusive single-spin asymmetries have been observed at forward rapidities,
there are a few measurements which are also of interest at central rapidities. Several heavy-
flavor-related single-spin asymmetries, which are sensitive to tri-gluon correlators and
the higher-twist component related to the integral of the gluon Sivers function [27], are
expected to show nonzero asymmetries at small to moderate Feynman-x (xF) according to
model calculations [28]. Presently, some asymmetry measurements of muons from heavy
flavor decays at slightly forward rapidities exist from PHENIX [29]. These measurements
are consistent with the predictions, but lack the precision to clearly identify a nonzero
asymmetry. With the increased precision of sPHENIX and the potential capability to
fully reconstruct D mesons via their hadronic decays (rather than detecting them via their
leptonic decays), such measurements become feasible at pseudorapidities smaller than

A C
ol

lin
s

Hadron in Jets p↑ + p → jet + h + X
→ Asymmetries from 
STAR (jet + π) are 
larger than  
theoretical prediction 
based on SIDIS & e+e-

Range of expected Collins asymmetry 
in sPHENIX kinematics.

JPS Conf. Proc. 37, 020118 (2022) 

Asin(ϕS−ϕH)
UT

hadrons within jets produced from proton-proton collisions
does factorize and only depends upon universal TMD
fragmentation functions, decoupled from TMD PDFs [29].
It has also been shown that as the value of the soft TMD
scale becomes larger, the twist-3 and TMD approaches are
mutually consistent [30]. Furthermore, the twist-3 corre-
lation functions are related to the kT-integrated TMD
distribution and fragmentation functions. For example,
the kT-integrated Sivers PDF [19] is related to the
Efremov-Teryaev-Qiu-Sterman (ETQS) twist-3 function
[15,16] and similar relations exist between the Collins
and twist-3 fragmentation functions (e.g. Refs. [18,23,31]).
Consequently, measurements of twist-3 and TMD observ-
ables provide an important opportunity to test formulations
of QCD beyond collinearity and leading twist.
Over the past decade, SIDIS experiments have provided

the first measurements of TMD observables [32–35].
These, combined with independent measurements of the
Collins fragmentation function by eþe− experiments
[36,37], have enabled the first extractions of the trans-
versity PDF [38–42]. The kinematic limitations of the
current data sets leave the transversity extractions relatively
imprecise for x≳ 0.3.
An incisive way to enhance understanding of nucleon

transverse polarization structure is through the study of
transverse single-spin asymmetries in the production of
jets and pions within jets from polarized-proton collisions
[43–45]. The pT of the jet and pion momentum transverse
to the jet axis provide the hard and soft scales, respectively,
necessary for TMD factorization. By studying different
modulations of the transverse single-spin asymmetry

AsinðϕÞ
UT sinðϕÞ ¼ σ↑ðϕÞ − σ↓ðϕÞ

σ↑ðϕÞ þ σ↓ðϕÞ
; ð1Þ

one can isolate different physics mechanisms with sensi-
tivity to various aspects of the nucleon transverse polari-
zation structure, e.g. quark transversity and gluon linear
polarization. Measurements with high energy polarized-
proton beams will extend the kinematic reach in both x and
Q2 beyond the existing SIDIS measurements. The SIDIS
cross section scales with the square of the quark charge,
resulting in up quarks being weighted more than down or
strange quarks, a phenomenon often referred to as u-quark
dominance. Consequently a large fraction of the observed
π− yields arise from the unfavored fragmentation of u
quarks. Hadroproduction eliminates u-quark dominance,
thereby providing enhanced sensitivity to the minority d
quarks. Furthermore, polarized-proton collisions are
directly sensitive to gluonic subprocesses, enabling the
study of the role of gluons in the transverse polarization
structure of the nucleon. Moreover, since questions remain
concerning the magnitude of potential TMD factorization
breaking in hadronic interactions [27–29], data from
polarized-proton collisions can provide unique and crucial
experimental insight into these theoretical questions.

Transverse single-spin asymmetries in the production of
jets and pions within jets have a rich structure, as described
in Ref. [43], the conventions of which we follow in this
article. For pions within jets, the spin-dependent terms in
the cross sections can be generally expressed [43]

dσ↑ðϕS;ϕHÞ−dσ↓ðϕS;ϕHÞ
∼dΔσ0 sinðϕSÞ
þdΔσ−1 sin ðϕS −ϕHÞþdΔσþ1 sin ðϕSþϕHÞ
þdΔσ−2 sin ðϕS − 2ϕHÞþdΔσþ2 sinðϕSþ 2ϕHÞ; ð2Þ

where the dΔσ terms describe various combinations of
distribution and fragmentation functions. Sinusoidal mod-
ulations in particle production can be measured with
respect to two azimuthal angles: ϕS, the azimuthal angle
between the proton transverse spin polarization vector
and the jet scattering plane, and ϕH, the azimuthal angle
of the pion relative to the jet scattering plane (Fig. 1). The
inclusive jet asymmetry, the sinðϕSÞ modulation of AUT ,
commonly expressed as AN , is an observable with a single
hard scale and therefore driven by the twist-3 distributions
[17]. This observable is sensitive to the kT-integrated
Sivers function. The sinðϕS − ϕHÞ modulation of AUT
yields sensitivity to transversity coupled to the polarized
Collins fragmentation function. Through the sinðϕS−2ϕHÞ
modulation of AUT , one may gain sensitivity to gluon linear
polarization coupled to the so-called “Collins-like” frag-
mentation function, the gluon analog of the Collins
fragmentation function. While the quark-based Collins
asymmetry has been measured in SIDIS, the Collins-like
asymmetry has never been measured; and gluon linear
polarization in the polarized proton remains completely
unconstrained. The sinðϕS þ ϕHÞ and sinðϕS þ 2ϕHÞmod-
ulations are sensitive to the TMD transversity distribution
and the Boer-Mulders distribution [46] for quarks and
gluons, respectively. As Ref. [43] discusses in detail, these

FIG. 1. Azimuthal angle definitions, following the conventions
described in Ref. [43]. The direction of the beam polarization is
denoted by S⃗beam, while the momenta of the polarized beam, jet,
and pion are, respectively, p⃗beam, p⃗jet, and p⃗π .
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Single-transverse-spin asymmetries: From deep inelastic scattering to hadronic collisions
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We study single-spin asymmetries in semi-inclusive deep inelastic scattering with transversely
polarized target. Based on the QCD factorization approach, we consider Sivers and Collins contributions
to the asymmetries. We fit simple parametrizations for the Sivers and Collins functions to the recent
HERMES data, and compare to results from COMPASS. Using the fitted parametrizations for the Sivers
functions, we predict the single-transverse-spin asymmetries for various processes in pp collisions at the
Relativistic Heavy Ion Collider, including the Drell-Yan process and angular correlations in dijet and jet-
plus-photon production. These asymmetries are found to be sizable at forward rapidities.
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I. INTRODUCTION

Single-transverse-spin asymmetries (SSA) in hadronic
processes have a long history, starting from the 1970s and
1980s when surprisingly large SSAs were observed in
p"p! !X [1] and pp! !"X [2] at forward rapidities
of the produced hadron. They have again attracted much
interest in recent years from both experimental and theo-
retical sides [3]. In particular, first measurements by the
STAR, PHENIX, and BRAHMS Collaborations at the
Relativistic Heavy Ion Collider (RHIC) have now become
available [4–6], which extend the SSA observations from
the fixed-target energy range to the collider regime. Again,
large asymmetries were found in p"p! !X at forward
rapidities of the produced pion. Meanwhile, experimental
studies in deep inelastic scattering (DIS) by the HERMES
Collaboration at DESY, by SMC at CERN, and by CLAS at
the Jefferson Laboratory also show remarkably large SSAs
in semi-inclusive hadron production, "!p" ! !X [7–11].
Data from COMPASS for scattering off deuterons have
been published as well [12], which show no large asym-
metry. On the theoretical side, there are several approaches
to understanding SSAs within quantum chromodynamics
(QCD) [3,13,14]. Recent interest focuses on the role of
partonic transverse momentum in creating the observed
asymmetries. Transverse momentum-dependent (TMD)
parton distributions and fragmentation functions, and their
relevance for semi-inclusive DIS (SIDIS), the Drell-Yan
process, and single-inclusive hadron production at hadron
colliders have been investigated in [15–27]. Compared to
the normal integrated distributions, the TMD distributions
provide much more information; for example, some of
them contain information on orbital angular momenta of
partons in the nucleon and have also been linked to spatial
distributions of partons [28,29].

The Sivers function [19] is one of these interesting TMD
parton distributions. It represents a distribution of unpolar-

ized quarks in a transversely polarized nucleon, through a
correlation between the quark’s transverse momentum ~k?
and the nucleon polarization vector ~S?. The existence of
the Sivers function requires final/initial-state interactions,
and an interference between different helicity Fock states
of the nucleon. In the absence of interactions, the Sivers
function would vanish by time-reversal invariance of QCD,
hence it is often referred to as a ‘‘naively time-reversal-
odd’’ distribution. As was shown in [24–26], the interac-
tions are represented in a natural way by the gauge link that
is required for a gauge-invariant definition of a TMD
parton distribution. Interference between different helicity
Fock states implies nonzero orbital angular momentum
[24,28]. Both these properties motivate the study of this
function. The Sivers function will contribute to the target
SSA in semi-inclusive DIS, but also to SSAs in polarized
pp scattering processes such as the Drell-Yan process and
dijet or jet-photon correlations. We will discuss all these
asymmetries in this paper.

The Collins function is another ‘‘naively time-reversal-
odd’’ function. It is a transverse momentum dependent
fragmentation function and was introduced in [20]. It
represents a correlation between the transverse spin of a
fragmenting quark and the transverse momentum of the
hadron relative to the ‘‘jet axis’’ in the fragmentation
process. Like the Sivers function, it vanishes when inte-
grated over all transverse momentum. Indications of a
nonvanishing Collins effect have been found in semi-
inclusive DIS [9]. Very recently results for measurements
in e"e# annihilation to two hadrons have been reported,
which give direct evidence for the Collins effect [30].

The formulation and study of TMD functions is really
useful only when they appear in processes for which QCD
factorization at small transverse momentum can be estab-
lished. The processes, therefore, also need to be charac-
terized by a large momentum scale, and there has to be
additionally a small measured transverse momentum.
Rigorous theoretical analyses of such reactions started
from Collins and Soper’s seminal paper [16], in which
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dead areas of the EMCal and use the previously measured
π0 [29] and η [30] cross sections. The background fractions
for photons from π0 (η) decays are plotted in Fig. 1 and are
systematically larger in the east arm versus the west due to
the PbGl sectors having slightly more dead area compared
to the PbSc sectors. The contribution of decay photons
from sources heavier than η mesons is estimated to be less
than 3% with respect to the measured background and so an
even smaller percentage of the total direct photon sample.
The uncertainty on the background fraction is propagated
through Eq. (2) to assign an additional systematic uncer-
tainty to the direct-photon asymmetry.
A similar method to Eq. (3) is used to find the

contribution of merged π0 decay photons. The equivalent
Rh is calculated using simulated h → γγ decays, taking the
ratio of the number of reconstructed EMCal clusters
produced by merged decay photons divided by the number
of reconstructed clusters associated with a single decay
photon. The contribution from merged photon clusters was
found to be less than 0.2%, small compared to the up to
50% background fraction due to the one-miss effects, and
the contribution from merged η decays was confirmed to be
negligible.
An additional systematic study is performed by calcu-

lating the asymmetry with the square root formula:

AN ¼ 1

PhcosðϕÞi
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where the L and R subscripts refer to yields to the left and
to the right of the polarized-beam-going direction, respec-
tively. This result is verified to be consistent with the
relative luminosity formula results from Eq. (1) and the
differences between these results are assigned as an addi-
tional systematic uncertainty due to possible variations in
detector performance and beam conditions. The systematic

uncertainty due to setting the background asymmetries to
zero dominates the total systematic uncertainty by an order
of magnitude for all pT bins except for the highest pT bin,
where it is only slightly larger than the difference between
the square root formula and relative luminosity formula.
Another study using bunch shuffling found no additional
systematic effects. Bunch shuffling is a technique that
randomizes the bunch-by-bunch beam polarization direc-
tions to confirm that the variations present in the data are
consistent with what is expected by statistical variation.
The results for the AN of isolated direct photons, Adir

N , at
midrapidity in p↑ þ p collisions at

ffiffiffi
s

p
¼ 200 GeV are

shown in Table I and in Fig. 2, where the shaded (gray)
bands represent the systematic uncertainty and the vertical
bars represent the statistical uncertainty. The measurement
is consistent with zero to within 1% across the entire pT
range. Figure 2 also shows predictions from collinear twist-
3 correlation functions. The solid (green) curve shows the
contribution of qgq correlation functions to the direct-
photon asymmetry which is calculated using functions
that were published in Ref. [18] that are integrated over
the jηj < 0.35 pseudorapidity range of the PHENIX
central arms. This calculation includes contributions from
the qgq correlation functions present in both the polarized
and unpolarized proton, including the ETQS function
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FIG. 1. The fractional contribution of photons from (a) π0 and
(b) η decays to the isolated direct photon candidate sample.

TABLE I. The measured AN of isolated direct photons in p↑ þ
p collisions at

ffiffiffi
s

p
¼ 200 GeV as a function of pT . An additional

scale uncertainty of 3.4% due to the polarization uncertainty is
not included.

hpTi½GeV=c& Adir
N σstat σsyst

5.39 −0.00 049 2 0.00 299 0.00 341
6.69 0.00 247 0.00 404 0.00 252
8.77 0.00 777 0.00 814 0.00 159
11.88 0.00 278 0.0105 0.00 106
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FIG. 2. Transverse single-spin asymmetry of isolated direct
photons measured at midrapidity jηj < 0.35 in p↑ þ p collisions
at

ffiffiffi
s

p
¼ 200 GeV. An additional scale uncertainty of 3.4% due to

the polarization uncertainty is not shown.
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We study single-spin asymmetries in semi-inclusive deep inelastic scattering with transversely
polarized target. Based on the QCD factorization approach, we consider Sivers and Collins contributions
to the asymmetries. We fit simple parametrizations for the Sivers and Collins functions to the recent
HERMES data, and compare to results from COMPASS. Using the fitted parametrizations for the Sivers
functions, we predict the single-transverse-spin asymmetries for various processes in pp collisions at the
Relativistic Heavy Ion Collider, including the Drell-Yan process and angular correlations in dijet and jet-
plus-photon production. These asymmetries are found to be sizable at forward rapidities.
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I. INTRODUCTION

Single-transverse-spin asymmetries (SSA) in hadronic
processes have a long history, starting from the 1970s and
1980s when surprisingly large SSAs were observed in
p"p! !X [1] and pp! !"X [2] at forward rapidities
of the produced hadron. They have again attracted much
interest in recent years from both experimental and theo-
retical sides [3]. In particular, first measurements by the
STAR, PHENIX, and BRAHMS Collaborations at the
Relativistic Heavy Ion Collider (RHIC) have now become
available [4–6], which extend the SSA observations from
the fixed-target energy range to the collider regime. Again,
large asymmetries were found in p"p! !X at forward
rapidities of the produced pion. Meanwhile, experimental
studies in deep inelastic scattering (DIS) by the HERMES
Collaboration at DESY, by SMC at CERN, and by CLAS at
the Jefferson Laboratory also show remarkably large SSAs
in semi-inclusive hadron production, "!p" ! !X [7–11].
Data from COMPASS for scattering off deuterons have
been published as well [12], which show no large asym-
metry. On the theoretical side, there are several approaches
to understanding SSAs within quantum chromodynamics
(QCD) [3,13,14]. Recent interest focuses on the role of
partonic transverse momentum in creating the observed
asymmetries. Transverse momentum-dependent (TMD)
parton distributions and fragmentation functions, and their
relevance for semi-inclusive DIS (SIDIS), the Drell-Yan
process, and single-inclusive hadron production at hadron
colliders have been investigated in [15–27]. Compared to
the normal integrated distributions, the TMD distributions
provide much more information; for example, some of
them contain information on orbital angular momenta of
partons in the nucleon and have also been linked to spatial
distributions of partons [28,29].

The Sivers function [19] is one of these interesting TMD
parton distributions. It represents a distribution of unpolar-

ized quarks in a transversely polarized nucleon, through a
correlation between the quark’s transverse momentum ~k?
and the nucleon polarization vector ~S?. The existence of
the Sivers function requires final/initial-state interactions,
and an interference between different helicity Fock states
of the nucleon. In the absence of interactions, the Sivers
function would vanish by time-reversal invariance of QCD,
hence it is often referred to as a ‘‘naively time-reversal-
odd’’ distribution. As was shown in [24–26], the interac-
tions are represented in a natural way by the gauge link that
is required for a gauge-invariant definition of a TMD
parton distribution. Interference between different helicity
Fock states implies nonzero orbital angular momentum
[24,28]. Both these properties motivate the study of this
function. The Sivers function will contribute to the target
SSA in semi-inclusive DIS, but also to SSAs in polarized
pp scattering processes such as the Drell-Yan process and
dijet or jet-photon correlations. We will discuss all these
asymmetries in this paper.

The Collins function is another ‘‘naively time-reversal-
odd’’ function. It is a transverse momentum dependent
fragmentation function and was introduced in [20]. It
represents a correlation between the transverse spin of a
fragmenting quark and the transverse momentum of the
hadron relative to the ‘‘jet axis’’ in the fragmentation
process. Like the Sivers function, it vanishes when inte-
grated over all transverse momentum. Indications of a
nonvanishing Collins effect have been found in semi-
inclusive DIS [9]. Very recently results for measurements
in e"e# annihilation to two hadrons have been reported,
which give direct evidence for the Collins effect [30].

The formulation and study of TMD functions is really
useful only when they appear in processes for which QCD
factorization at small transverse momentum can be estab-
lished. The processes, therefore, also need to be charac-
terized by a large momentum scale, and there has to be
additionally a small measured transverse momentum.
Rigorous theoretical analyses of such reactions started
from Collins and Soper’s seminal paper [16], in which
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Finally, we introduce the vector r? ! K!? " Kj?, and the
angle "# ! #j ##! # $. We focus our attention on the
case in which jr?j$ jK!? # Kj?j, i.e., when the photon
and the jet are approximately back-to-back in the trans-
verse plane. We retain only leading-order contributions in
an expansion in jr?j=jK!?j. In particular, this implies that
x!? ! xj? % x?. For comparison’s sake, we will consis-
tently make the same approximation in the generalized
parton model [6].

We now consider the following azimuthal moment [4]
 

M!j
N &%!;%j;x?'!

R
d#jd#!

2jK!?j
M sin&"#'cos&#!' d&

d#jd#!R
d#jd#!

d&
d#jd#!

%#A"B
C

: (3)

We expect the above integral to be dominated by the
small-"# region. Note that a positive value for this mo-
ment means that the sum of the photon and jet transverse
momenta, r?, has a preference to lie on the right side of the
transverse plane (as defined in Fig. 1), i.e., the photon-jet
pair has a preference to go to the right.

In terms of PDFs and partonic hard cross sections, the
denominator of the above moment can be interpreted as

 C ! x?x1x2

X
q
ffg1 &x1'fq1&x2'd&̂gq!!q " fq1&x1'

( )f !q
1 &x2'd&̂q !q!!g " fg1 &x2'd&̂qg!!q*g; (4)

where f1 are the unpolarized PDFs and the sum runs over
quarks and antiquarks. The standard partonic cross sections
appearing in Eq. (4) can be obtained from the cut diagrams
of Figs. 2 and 3 and read
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ŝ
# ŝ
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where the last term has been included for later use. The
momentum fractions x1 and x2 and the partonic
Mandelstam variables can be expressed as
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2
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The contributions A and B in Eq. (3) are given by

 A ! x?x1x2

X
q
)f?&1'gd1T &x1'fq1 &x2'd&̂&d')g*q!!q

" f?&1'gf1T &x1'fq1 &x2'd&̂&f')g*q!!q " f
?&1'q
1T &x1'

( &f !q
1 &x2'd&̂)q* !q!!g " fg1 &x2'd&̂)q*g!!q'*; (11)

 B ! x?x1x2

X
q
hq1&x1'h?&1' !q1 &x2'd"&̂q") !q*"!!g; (12)

where the transversity function (h1), and the first transverse
moments of the Sivers function (f?&1'1T ) and of the Boer-
Mulders function (h?&1'1 ) [19] appear. Note that there are
two different gluon Sivers functions, corresponding to two
distinct ways to construct color-singlet three-gluon matrix
elements, using the symmetric dabc and antisymmetric
fabc structure constants of SU&3', respectively [20]. The
modified partonic cross sections in the above equations are

FIG. 2. Cut diagrams for qg! !q scattering.

FIG. 1 (color online). Azimuthal angles involved in the pro-
cess. The vectors K!?, Kj? lie on the plane perpendicular to P1.

FIG. 3. Cut diagrams for q !q! !g scattering.
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Finally, we introduce the vector r? ! K!? " Kj?, and the
angle "# ! #j ##! # $. We focus our attention on the
case in which jr?j$ jK!? # Kj?j, i.e., when the photon
and the jet are approximately back-to-back in the trans-
verse plane. We retain only leading-order contributions in
an expansion in jr?j=jK!?j. In particular, this implies that
x!? ! xj? % x?. For comparison’s sake, we will consis-
tently make the same approximation in the generalized
parton model [6].

We now consider the following azimuthal moment [4]
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We expect the above integral to be dominated by the
small-"# region. Note that a positive value for this mo-
ment means that the sum of the photon and jet transverse
momenta, r?, has a preference to lie on the right side of the
transverse plane (as defined in Fig. 1), i.e., the photon-jet
pair has a preference to go to the right.

In terms of PDFs and partonic hard cross sections, the
denominator of the above moment can be interpreted as
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( )f !q
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where f1 are the unpolarized PDFs and the sum runs over
quarks and antiquarks. The standard partonic cross sections
appearing in Eq. (4) can be obtained from the cut diagrams
of Figs. 2 and 3 and read
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t̂

"
; (6)

 d&̂gq!!q !
$''Se2

q

ŝ2
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where the last term has been included for later use. The
momentum fractions x1 and x2 and the partonic
Mandelstam variables can be expressed as

 x1 !
x?
2
&e%! " e%j'; x2 !

x?
2
&e#%! " e#%j'; (9)
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The contributions A and B in Eq. (3) are given by
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where the transversity function (h1), and the first transverse
moments of the Sivers function (f?&1'1T ) and of the Boer-
Mulders function (h?&1'1 ) [19] appear. Note that there are
two different gluon Sivers functions, corresponding to two
distinct ways to construct color-singlet three-gluon matrix
elements, using the symmetric dabc and antisymmetric
fabc structure constants of SU&3', respectively [20]. The
modified partonic cross sections in the above equations are

FIG. 2. Cut diagrams for qg! !q scattering.
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cess. The vectors K!?, Kj? lie on the plane perpendicular to P1.
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angle "# ! #j ##! # $. We focus our attention on the
case in which jr?j$ jK!? # Kj?j, i.e., when the photon
and the jet are approximately back-to-back in the trans-
verse plane. We retain only leading-order contributions in
an expansion in jr?j=jK!?j. In particular, this implies that
x!? ! xj? % x?. For comparison’s sake, we will consis-
tently make the same approximation in the generalized
parton model [6].

We now consider the following azimuthal moment [4]
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We expect the above integral to be dominated by the
small-"# region. Note that a positive value for this mo-
ment means that the sum of the photon and jet transverse
momenta, r?, has a preference to lie on the right side of the
transverse plane (as defined in Fig. 1), i.e., the photon-jet
pair has a preference to go to the right.

In terms of PDFs and partonic hard cross sections, the
denominator of the above moment can be interpreted as
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where f1 are the unpolarized PDFs and the sum runs over
quarks and antiquarks. The standard partonic cross sections
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of Figs. 2 and 3 and read

 d&̂q !q!!g !
$''Se2

q

ŝ2
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where the last term has been included for later use. The
momentum fractions x1 and x2 and the partonic
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where the transversity function (h1), and the first transverse
moments of the Sivers function (f?&1'1T ) and of the Boer-
Mulders function (h?&1'1 ) [19] appear. Note that there are
two different gluon Sivers functions, corresponding to two
distinct ways to construct color-singlet three-gluon matrix
elements, using the symmetric dabc and antisymmetric
fabc structure constants of SU&3', respectively [20]. The
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Finally, we introduce the vector r? ! K!? " Kj?, and the
angle "# ! #j ##! # $. We focus our attention on the
case in which jr?j$ jK!? # Kj?j, i.e., when the photon
and the jet are approximately back-to-back in the trans-
verse plane. We retain only leading-order contributions in
an expansion in jr?j=jK!?j. In particular, this implies that
x!? ! xj? % x?. For comparison’s sake, we will consis-
tently make the same approximation in the generalized
parton model [6].

We now consider the following azimuthal moment [4]
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We expect the above integral to be dominated by the
small-"# region. Note that a positive value for this mo-
ment means that the sum of the photon and jet transverse
momenta, r?, has a preference to lie on the right side of the
transverse plane (as defined in Fig. 1), i.e., the photon-jet
pair has a preference to go to the right.

In terms of PDFs and partonic hard cross sections, the
denominator of the above moment can be interpreted as
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ŝ
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where the transversity function (h1), and the first transverse
moments of the Sivers function (f?&1'1T ) and of the Boer-
Mulders function (h?&1'1 ) [19] appear. Note that there are
two different gluon Sivers functions, corresponding to two
distinct ways to construct color-singlet three-gluon matrix
elements, using the symmetric dabc and antisymmetric
fabc structure constants of SU&3', respectively [20]. The
modified partonic cross sections in the above equations are

FIG. 2. Cut diagrams for qg! !q scattering.

FIG. 1 (color online). Azimuthal angles involved in the pro-
cess. The vectors K!?, Kj? lie on the plane perpendicular to P1.

FIG. 3. Cut diagrams for q !q! !g scattering.

PRL 99, 212002 (2007) P H Y S I C A L R E V I E W L E T T E R S week ending
23 NOVEMBER 2007

212002-2

γ-Jet 
• Quark-gluon scattering process isolated at leading order.

• Gluon Sivers effect can be accessed.

Spin Physics at sPHENIX: Speaker’s Choice

25

γ-Jet asymmetry with p↑+p: Unique channels for sPHENIX

Statistical projection of γ-jet 
measurement at sPHENIX.

p↑ + p → γ + jet + X

Aγ jet
N

Finally, we introduce the vector r? ! K!? " Kj?, and the
angle "# ! #j ##! # $. We focus our attention on the
case in which jr?j$ jK!? # Kj?j, i.e., when the photon
and the jet are approximately back-to-back in the trans-
verse plane. We retain only leading-order contributions in
an expansion in jr?j=jK!?j. In particular, this implies that
x!? ! xj? % x?. For comparison’s sake, we will consis-
tently make the same approximation in the generalized
parton model [6].
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We expect the above integral to be dominated by the
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momenta, r?, has a preference to lie on the right side of the
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û

"
; (5)

 d&̂qg!!q !
$''Se2

q

ŝ2

1

Nc

!
# t̂
ŝ
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ŝ
%y! 1

e%!#%j"1
; # û
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moments of the Sivers function (f?&1'1T ) and of the Boer-
Mulders function (h?&1'1 ) [19] appear. Note that there are
two different gluon Sivers functions, corresponding to two
distinct ways to construct color-singlet three-gluon matrix
elements, using the symmetric dabc and antisymmetric
fabc structure constants of SU&3', respectively [20]. The
modified partonic cross sections in the above equations are

FIG. 2. Cut diagrams for qg! !q scattering.

FIG. 1 (color online). Azimuthal angles involved in the pro-
cess. The vectors K!?, Kj? lie on the plane perpendicular to P1.

FIG. 3. Cut diagrams for q !q! !g scattering.

PRL 99, 212002 (2007) P H Y S I C A L R E V I E W L E T T E R S week ending
23 NOVEMBER 2007

212002-2

maximum contribution from the Boer-Mulders function (absolute value). 
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ŝ2

N2
c # 1

N2
c

!
û
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ŝ2

N2
c # 1

N2
c
&#2'; (8)

where the last term has been included for later use. The
momentum fractions x1 and x2 and the partonic
Mandelstam variables can be expressed as

 x1 !
x?
2
&e%! " e%j'; x2 !

x?
2
&e#%! " e#%j'; (9)
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this kinematical regime. In contrast, the generalized parton
model (dashed line in Fig. 5) predicts the opposite sign.

In conclusion, we have examined the azimuthal moment
M!j
N , defined in Eq. (3), for the process p"p! ! jet X. We

have shown that in the kinematical regime of large and
positive photon pseudorapidities and negative jet pseudor-
apidities, the moment is dominated by the quark Sivers
function combined with the gluon unpolarized distribution
function. The involved partonic subprocess is qg! !q.
The two functions have to be convoluted with a gluonic-
pole cross section instead of a standard partonic cross
section, to take into account the presence of past-pointing
and future-pointing Wilson lines arising from gluon inter-
actions with the incoming gluon and the outgoing quark,
respectively. The color structure of QCD implies that the
gluonic-pole cross section for qg! !q is equal to !5=4
times the standard partonic cross section. This leads to the
robust prediction of a negative sign for the azimuthal mo-
ment M!j

N in the considered kinematical regime, opposite
to the expectation of the generalized parton model, ob-
tained using standard partonic cross sections. The experi-
mental measurement of M!j

N , possible at RHIC, will
therefore be of crucial importance to deepen our present
understanding of single-spin asymmetries.
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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 %
sPHENIX started taking 

 physics data for spin since June 9th.

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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INTT is the only tracking detector in sPHENIX that has 
enough timing resolution to identify bunch-crossing. 
Currently,

• the healthy operation was confirmed by vertexing 

and tracking using INTT alone.

• INTT was timed in within a single beam clock. We 

can identify bunch-crossing with INTT.

INTT

pp MC pp



Summary

• sPHENIX, a state-of-the-art jet detector at RHIC, studies QGP and Cold-QCD. It consists of

• Hcal and EMcal

• Superconducting solenoid magnet

• Tracking detectors at the central rapidity |η| < 1.1: TPC, TPOT, INTT, and MVTX

• Forward detectors: sEPD, MBD, and ZDC


• Measurement with p↑ + p↑ collisions enables us to study

• Tri-gluon correlator

• Sivers TMD PDF, Transversity PDF

• Collins FF, Interference FF

• etc.


• The construction was finished last year.

• We are taking p↑ + p↑ data for spin physics now!
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