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Transverse Single Spin Asymmetry
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Large left-right asymmetry in p↑ + p → π + X has been observed 
with different .s

π
proton
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polarized 
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Experiment: up to 30%

Leading order calc. in pQCD: ~0.01%
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Transverse Single Spin Asymmetry
Transverse-momentum dependent (TMD) 
distribution functions and fragmentation functions

Sivers mechanism

Correlations of nucleon 
transverse spin and parton 
transverse momentum in the 
nucleon.

Collins mechanism

• Transversity 

• Collins fragmentation function

Spin dependent fragmentation 
function of a transversely polarized 
parton into a final-state hadron
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Transverse Single Spin Asymmetry
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pT ≪ Q
ΛQCD ≪ pt ∼ Q

ΛQCD ≪ pt ≪ Q

pT

TMD

The 2 factorizations are related and equivalent 
in the overlapping kinematics

dσ
dpT

Collinear

Transverse-momentum dependent (TMD) 
distribution functions and fragmentation functions

Multi-parton correlation in 
twist-3 collinear factorization

Sivers mechanism

Correlations of nucleon 
transverse spin and parton 
transverse momentum in the 
nucleon.

Collins mechanism

• Transversity 

• Collins fragmentation function

Spin dependent fragmentation 
function of a transversely polarized 
parton into a final-state hadron
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Twist-3 Quark-gluon-quark and Tri-gluon 
correlations in the initial-state or in the final-
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Sivers-like Collins-like
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RelativisticHeavyIonCollider
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World’s first and only polarized 
proton+proton collider 

• Provide polarized proton+proton collisions up to 
 GeV


High (50-60%) transverse polarization and 
frequent spin flips 

• Siberian snakes minimize depolarizing effect

• Spin rotators allow changing from vertical to 

radial or longitudinal polarization.

• proton-Carbon and hydrogen gas jet 

polarimeters measure the polarization.

s = 510
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HCal (outer)

Magnet

HCal (Inner)

EMCal

TPC

INTT

MVTX

Cross-section of the 
sPHENIX detector

Beam

Beam
Calorimetry

Trackers

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

• Study of quark-gluon-plasma and Cold-QCD 

• About 400 scientists and students from 14 countries

• Full azimuthal and |η| < 1.1 acceptance for collisions in ±10 cm



Main Physics Programs at sPHENIX
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Run 2024
2023 ✓ 
• AuAu, , 

commissioning

2024 ✓ 
• p↑p↑, , 

commissioning and 
data taking


• AuAu, , 
commissioning


2025 
• AuAu, , 

data taking

• additional measurement 

under discussion

sNN = 200 GeV

s = 200 GeV

sNN = 200 GeV

sNN = 200 GeV

• Calorimeter data: 107 pb-1 
0 mrad crossing angle 
More than twice luminosity goal achieved
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Dijet event display and energy distributions of the calorimeters.

We could make them at the beginning of the physics data taking.
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Inclusive jet AN
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Transverse single-spin asymmetry 
(TSSA): 

 
σ↑ − σ↓

σ↑ + σ↓ = AN sin ϕ = 1
P

εN sin ϕ

z

p↑

p↑
x

y

ϕ

Powerful probe for initial-state partonic interactions 
and insensitive to final-state effect.



Inclusive jet AN
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process in the final state plays no role in the azimuthal
asymmetries, which can only be originated bymechanisms,
like the Sivers effect, acting in the initial state. Moreover,
we have verified that for the kinematical configurations
considered in this paper all contributions but the Sivers
effect play a negligible role already in the maximized
scenario. Therefore, in what follows, we limit our discus-
sion to the Sivers asymmetry. As already mentioned, in this
case quark and gluon contributions cannot be disentangled
since they add up, leading to a sin!SA asymmetry.

Let us first discuss the maximized scenario. In the central
rapidity region, the maximized gluon contribution is of the
order 20% at the lowest pjT values, decreasing fast to about
3% at large pjT for all c.m. energies considered. The maxi-

mized quark contribution is of the order 1–3% in the fullpjT

range, slowly decreasing with the increase of the c.m.
energy. The total potential effect is therefore sizable only
at small pjT values due to the gluon component. The situ-

ation is different in the forward rapidity region. Here both
quark and gluon maximized contributions can be very
sizable, showing as expected an opposite, respectively, in-
creasing and decreasing, behavior versus pjT . The total
maximized Sivers effect is therefore large in the full pjT

range with little dependence on the c.m. energy.
Concerning numerical estimates obtained adopting the

available parametrizations SIDIS 1 and SIDIS 2 for the
quark Sivers function, and the updated bound on the gluon
Sivers function, the situation is the following:

(1) In the central rapidity region, for both SIDIS 1,2 sets
and all energies considered the quark contribution is

practically negligible. Instead, the gluon contribu-
tion can be at most of the order 10–15% at the
lowest pjT values but decreases quickly with the

increasing of pjT . However, at least for
ffiffiffi
s

p ¼ 200
and 500 GeV, it can still be about 2–4% in the upper
pjT range. The measurement of a comparable Sivers

asymmetry in these kinematical configurations
could then be a clear indication for a gluonic con-
tribution to the Sivers effect.

(2) In the forward rapidity region the quark contribution
is small and negative at pjT ¼ 2 GeV for both sets
adopted, while at large pjT values it is negligible for

the SIDIS 2 set and positive and of the order 2–4%
for the SIDIS 1 set. The gluon contribution can be
sizable at very low pjT values but becomes negli-
gible quickly as pjT increases.

As an example, in Fig. 7 we show the estimated quark
and gluon Sivers contributions to the transverse single-spin
asymmetry for inclusive jet production in the central
(left panel) and forward (right panel) rapidity regions atffiffiffi
s

p ¼ 200 GeV, obtained adopting the SIDIS 1 and SIDIS
2 parametrizations for the quark Sivers function and the
updated bound for the gluon Sivers function (assumed to be
positive).

IV. CONCLUSIONS

In this paper we have presented a study of the azimuthal
asymmetries measurable in the distribution of leading un-
polarized or spinless hadrons (mainly pions) inside a
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FIG. 7 (color online). The estimated quark and gluon Sivers contributions to the transverse single-spin asymmetry for the
p"p ! jetþ X process, at

ffiffiffi
s

p ¼ 200 GeV c.m. energy in the central (left panel) and forward (right panel) rapidity regions as a
function of pjT , from pjT ¼ 2 GeV up to the maximum allowed value, obtained adopting the parametrization sets SIDIS 1 (quark

contribution: solid red line; gluon contribution: dashed green line) and SIDIS 2 (quark contribution: dotted blue line; gluon
contribution: dot-dashed cyan line). The dotted black vertical line in the right panel delimits the region beyond which the SIDIS
parametrizations for the quark transversity distribution are presently plagued by large uncertainties. Similar results with some
differences in the total size and in the relative weight of the quark and gluon contributions are obtained considering different c.m.
energies.

D’ALESIO, MURGIA, AND PISANO PHYSICAL REVIEW D 83, 034021 (2011)

034021-16

Theoretical prediction at 
RHIC kinematics 

PRD83(2011)034021

Transverse single-spin asymmetry 
(TSSA): 

 
σ↑ − σ↓

σ↑ + σ↓ = AN sin ϕ = 1
P

εN sin ϕ

Powerful probe for initial-state partonic interactions 
and insensitive to final-state effect. z

p↑

p↑
x

y

ϕ

TSSA of inclusive jet: 
Collinear twist-3 quark-gluon correlation inside transversely polarized 
proton (Efremov-Teryaev-Qiu-Sterman function) can be studied, which 
is related to Sivers function:





Inclusive jet AN becomes more sensitive to the gluon Sivers function in 
the low pT region as the contribution of hard-scattered gluons is large.

Tq,F(x, x) = − ∫ d2k⊥
|k2

⊥ |
M

f⊥,q
1T (x, k2

⊥)
SIDIS



Inclusive jet AN (p↑ + p → jet + X)
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AN = σ↑ − σ↓

σ↑ + σ↓

Asymmetry extraction

Jet energy scale &  
Jet energy resolution calibration

Systematics studies

Reconstruction, Analysis

(Kinematics, event/spin parameters)

Unfolding to truth jets



Jet Measurements at sPHENIX
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xJ ≡ pT,2/pT,1

Electromagnetic calorimeter 
• Tungsten powder + scintillating fibers

• Compact design, small segmentation (Δη × Δφ = 0.024 × 0.024)

EMcal

HCal (outer)

Magnet

HCal (Inner)

EMCal

TPC

INTT

MVTX

Cross-section of the 
sPHENIX detector



Neutral meson transverse single spin asymmetries and prospects for the D0 
transverse single spin asymmetry in polarized proton collisions with sPHENIX 
Devon Loomis 
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Jet Measurements at sPHENIX
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xJ ≡ pT,2/pT,1

 by EMcal shows clear peaks of  , 2γ π0 η

π0

 η

Electromagnetic calorimeter 
• Tungsten powder + scintillating fibers

• Compact design, small segmentation (Δη × Δφ = 0.024 × 0.024)

EMcal

π0, η AN

For more details: https://www.sphenix.bnl.gov/sPH-CONF-COLDQCD-2025-01

https://www.sphenix.bnl.gov/sPH-CONF-COLDQCD-2025-01


Jet Measurements at sPHENIX
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xJ ≡ pT,2/pT,1

Electromagnetic calorimeter 
• Tungsten powder + scintillating fibers

• Compact design, small segmentation (Δη × Δφ = 0.024 × 0.024)


Hadronic calorimeter 
• Inside of the magnet: aluminum and scintillating tiles

• Outside of the magnet: steel + scintillating tiles

• Measurements before multiple scattering of hadron shower 

by the cryostat for the magnet is possible.

• HCal enables unbiased jet triggering

Hcal installation



Jet Measurements at sPHENIX
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xJ ≡ pT,2/pT,1

Jet measurement 
• A good probe to study the initial-state as insensitive to the final-state effect.

• Anti-kT algorithm with the cone radius of 0.4 is used.

• Jet reconstruction using calorimeter data shows very good performance.

Hcal

EMcal
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Lint

Fully unfolded jet cross-section 
measurement with pp data.

Good agreement between our 
measurement and the theoritical 
caclulation was confirmed.

We could reach up to 70 GeV.

Only 15% of data was used.

Jet Measurements at sPHENIX
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xJ ≡ pT,2/pT,1

Jet measurement 
• A good probe to study the initial-state as insensitive to the final-state effect.

• Anti-kT algorithm with the cone radius of 0.4 is used.

• Jet reconstruction using calorimeter data shows very good performance.

Hcal

EMcal

Conference note: 
https://www.sphenix.bnl.gov/PublicResults/sPH-CONF-JET-2025-03

https://www.sphenix.bnl.gov/PublicResults/sPH-CONF-JET-2025-03


Inclusive jet AN (p↑ + p → jet + X)
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Asymmetry extraction

Jet energy scale &  
Jet energy resolution calibration

Systematics studies

Reconstruction, Analysis

(Kinematics, event/spin parameters)

•Reconstruction: Anti-kT jet with R = 0.4 using calorimeter data

•Trigger: Minimum bias North & South trigger fired

•Trigger: At least one of jet triggers (8, 10, 12 GeV) fired

•Event: 

•Event: Beam polarization > 30%

•Jet: 

•Jet: Calorimeter energy fraction


Jets with too much energy concentration to EMCal/iHcal/oHcal are not used.

|zvtx | < 60 cm

|ηjet | < 1.1 − R = 0.7

Unfolding to truth jets
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Asymmetry extraction

Jet energy scale &  
Jet energy resolution calibration

Unfolding to truth jets

Systematics studies

Reconstruction, Analysis

(Kinematics, event/spin parameters)
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•Reconstruction: Anti-kT jet with R = 0.4 using calorimeter data

•Trigger: Minimum bias North & South trigger fired

•Trigger: At least one of jet triggers (8, 10, 12 GeV) fired

•Event: 

•Event: Beam polarization > 30%

•Jet: 

•Jet: Calorimeter energy fraction


Jets with too much energy concentration to EMCal/iHcal/oHcal are not used.

|zvtx | < 60 cm

|ηjet | < 1.1 − R = 0.7
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Asymmetry extraction

Jet energy scale &  
Jet energy resolution calibration

Unfolding to truth jets

Systematics studies

Reconstruction, Analysis

(Kinematics, event/spin parameters)

0 5 10 15 20 25 30 35
Maximum 0.8x0.8 Energy Sum (EMCAL + HCAL) [GeV]

1

10

210

310

410

510

610

710

 P
re

sc
al

e 
C

ou
nt

s

06/12/2024

MBD >= 1

Jet 6 GeV

Jet 8 GeV

Jet 10 GeV

sPHENIX Preliminary
 = 200 GeVsp+p - 

0 2 4 6 8 10 12 14 16 18 20
Maximum 8x8 Energy Sum (EMCAL + HCAL) [GeV]

0
0.2
0.4
0.6
0.8

1
1.2
1.4
1.6
1.8

2

 M
BD

 C
oi

nc
id

en
ce

/J
ET Jet trigger performance Beam polariation

35 40 45 50 55 60 65
Polarization [%]

0

0.05

0.1

0.15

0.2

0.25

0.3

In
te

gr
at

ed
 lu

m
in

os
ity

 [a
.u

.] 9/19/2025 PerformancesPHENIX

 = 200 GeVs Run2024 ↑+p↑p
RHIC Polarimetry Group Preliminary Results

 = 52%〉Pol.〈Blue beam,  
 = 53%〉Pol.〈Yellow beam, 

•Reconstruction: Anti-kT jet with R = 0.4 using calorimeter data

•Trigger: Minimum bias North & South trigger fired

•Trigger: At least one of jet triggers (8, 10, 12 GeV) fired

•Event: 

•Event: Beam polarization > 30%

•Jet: 

•Jet: Calorimeter energy fraction


Jets with too much energy concentration to EMCal/iHcal/oHcal are not used.

|zvtx | < 60 cm

|ηjet | < 1.1 − R = 0.7
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Unfolding to truth jets

Systematics studies

Reconstruction, Analysis

(Kinematics, event/spin parameters)
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Conference note: 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Transverse single spin asymmetry for the inclusive jet production 

σ↑ − σ↓

σ↑ + σ↓ = AN sin ϕ = 1
P

εN sin ϕ
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Transverse single spin asymmetry for the inclusive jet production 




Relative luminosity formula 
 Difference of #jet and #jet at the same φ 
with opposite beam spin

 Correction of the luminosity difference 
depending on spin polarity is applied.


 

Square root formula 
Combinations of #jet with (φ or φ+180°) and (up or down) polarization form the asymmetry.

Both the luminosity difference and the detector acceptance effect are canceled.


σ↑ − σ↓

σ↑ + σ↓ = AN sin ϕ = 1
P

εN sin ϕ

εN ≡ N↑(ϕ) − RN↓(ϕ)
N↑(ϕ) + RN↓(ϕ)

εN ≡
N↑(ϕ)N↓(ϕ + π) − N↓(ϕ)N↑(ϕ + π)

N↑(ϕ)N↓(ϕ + π) + N↓(ϕ)N↑(ϕ + π)

R ≡ L↑/L↓

Preliminary results 
are almost there. 

Stay tuned!
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• Inclusive jet AN: Powerful tool to study collinear twist-3 
quark-gluon correlation function.


• The sPHENIX detector has been operated since 2023.

• The detector commissioning in 2024 was sucessfully 

completed.

• Transversely polarized proton-proton measurement was 

performed in 2024.

• First jet measurement at sPHENIX


- The jet reconstruction shows great performance. The 
preliminary cross-section of inclusive jet production well agree 
with the theoritical calculation.


- Preliminary asymmetry measurement is 
coming soon.

Summary

Visit us: https://www.sphenix.bnl.gov/PublicResults
24
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process in the final state plays no role in the azimuthal
asymmetries, which can only be originated bymechanisms,
like the Sivers effect, acting in the initial state. Moreover,
we have verified that for the kinematical configurations
considered in this paper all contributions but the Sivers
effect play a negligible role already in the maximized
scenario. Therefore, in what follows, we limit our discus-
sion to the Sivers asymmetry. As already mentioned, in this
case quark and gluon contributions cannot be disentangled
since they add up, leading to a sin!SA asymmetry.

Let us first discuss the maximized scenario. In the central
rapidity region, the maximized gluon contribution is of the
order 20% at the lowest pjT values, decreasing fast to about
3% at large pjT for all c.m. energies considered. The maxi-

mized quark contribution is of the order 1–3% in the fullpjT

range, slowly decreasing with the increase of the c.m.
energy. The total potential effect is therefore sizable only
at small pjT values due to the gluon component. The situ-

ation is different in the forward rapidity region. Here both
quark and gluon maximized contributions can be very
sizable, showing as expected an opposite, respectively, in-
creasing and decreasing, behavior versus pjT . The total
maximized Sivers effect is therefore large in the full pjT

range with little dependence on the c.m. energy.
Concerning numerical estimates obtained adopting the

available parametrizations SIDIS 1 and SIDIS 2 for the
quark Sivers function, and the updated bound on the gluon
Sivers function, the situation is the following:

(1) In the central rapidity region, for both SIDIS 1,2 sets
and all energies considered the quark contribution is

practically negligible. Instead, the gluon contribu-
tion can be at most of the order 10–15% at the
lowest pjT values but decreases quickly with the

increasing of pjT . However, at least for
ffiffiffi
s

p ¼ 200
and 500 GeV, it can still be about 2–4% in the upper
pjT range. The measurement of a comparable Sivers

asymmetry in these kinematical configurations
could then be a clear indication for a gluonic con-
tribution to the Sivers effect.

(2) In the forward rapidity region the quark contribution
is small and negative at pjT ¼ 2 GeV for both sets
adopted, while at large pjT values it is negligible for

the SIDIS 2 set and positive and of the order 2–4%
for the SIDIS 1 set. The gluon contribution can be
sizable at very low pjT values but becomes negli-
gible quickly as pjT increases.

As an example, in Fig. 7 we show the estimated quark
and gluon Sivers contributions to the transverse single-spin
asymmetry for inclusive jet production in the central
(left panel) and forward (right panel) rapidity regions atffiffiffi
s

p ¼ 200 GeV, obtained adopting the SIDIS 1 and SIDIS
2 parametrizations for the quark Sivers function and the
updated bound for the gluon Sivers function (assumed to be
positive).

IV. CONCLUSIONS

In this paper we have presented a study of the azimuthal
asymmetries measurable in the distribution of leading un-
polarized or spinless hadrons (mainly pions) inside a
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FIG. 7 (color online). The estimated quark and gluon Sivers contributions to the transverse single-spin asymmetry for the
p"p ! jetþ X process, at

ffiffiffi
s

p ¼ 200 GeV c.m. energy in the central (left panel) and forward (right panel) rapidity regions as a
function of pjT , from pjT ¼ 2 GeV up to the maximum allowed value, obtained adopting the parametrization sets SIDIS 1 (quark

contribution: solid red line; gluon contribution: dashed green line) and SIDIS 2 (quark contribution: dotted blue line; gluon
contribution: dot-dashed cyan line). The dotted black vertical line in the right panel delimits the region beyond which the SIDIS
parametrizations for the quark transversity distribution are presently plagued by large uncertainties. Similar results with some
differences in the total size and in the relative weight of the quark and gluon contributions are obtained considering different c.m.
energies.
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FIG. 10. Inclusive jet asymmetries, Asin(�S)
UT

, as a function of
particle jet-pT . The bars show the statistical uncertainties,
while the size of the boxes represents the systematic uncer-
tainties on Asin(�S)

UT
(vertical) and jet-pT (horizontal). The top

panel shows results for jets that scatter forward relative to the
polarized beam (xF > 0), while the bottom panel shows jets
that scatter backward to the polarized beam (xF < 0). These
results combine the 2012 and 2015 data.

boxes on the data points show the systematic uncer-
tainties. The heights of the uncertainty boxes represent
the quadrature sum of the systematic uncertainties in
AUT due to the contributions from underlying event di-
lutions, particle identifications, trigger bias, azimuthal
resolutions and non-uniform acceptance. The widths of
the uncertainty boxes represent the total systematic un-
certainty associated with the jet or hadron energy scale
as discussed in Sec. VC. In the plots which show asym-
metries for identified hadrons, the blue circles are for ⇡+,
K

+ or p, while the red squares are for ⇡�, K� or p̄. Un-
less stated otherwise, the results from the 2012 and 2015
data analyses are combined in the following.

The results with jet-pT dependence are divided into
two pseudorapidity ranges, one consisting of jets that
scatter forward (xF > 0) relative to the polarized beam,
and the other for jets that scatter backward (xF < 0) to
the polarized beam. Positive xF jets are more likely to
probe higher momentum fraction (x) partons and have
both a larger quark jet fraction and a larger quark polar-
ization transfer in the hard scattering. These considera-
tions reverse for jets that scatter backward with respect
to the polarized beam. The latter are more likely to sam-
ple lower x partons and have a larger gluon jet fraction

0.04−

0.03−

0.02−

0.01−

0
0.01
0.02
0.03

0.04

) Sφ
si

n(

U
T

A

 = 0.2〉z〈, +πKPRY: 
 = 0.2〉z〈, -πKPRY: 

STAR
 + X±π jet + → + p ↑p

 = 200 GeVs
 > 0Fx

 R=0.6Tanti-k

5 10 15 20 25 30
 [GeV/c]

T
Particle jet p

0.04−

0.03−

0.02−

0.01−

0
0.01

0.02
0.03
0.04

 < 0Fx

3% Scale Uncertainty Not Shown

 = 0.40〉z〈 +π

 = 0.40〉z〈 -π

FIG. 11. Hadron-tagged jet asymmetries, Asin(�S)
UT

, as a func-
tion of particle jet-pT for jets that contain a charged pion
with z > 0.3. The blue circles are for jets containing a high-
z ⇡+, while red squares are for jets containing a high-z ⇡�.
These results are from 2015 data. The asymmetries are shown
in comparison with KPRY model calculations from Ref. [70].
The theoretical calculations have the same colors as the data,
and are calculated for a mean z of 0.2.

and smaller quark polarization transfer. For the mea-
surements involving multi-dimensional binning, due to
the limited statistics, only the results for jets that scat-
ter forward with respect to the polarized beam are pre-
sented here. The analogous results for jets that scatter
backward with respect to the polarized beam are shown
in the Appendix.
An overall vertical scale uncertainty of 3.2% (3% for

the 2015 data and 3.5% for the 2012 data) from the beam
polarization uncertainty is not shown.

A. Inclusive jet asymmetries

Figure 10 shows the inclusive jet asymmetry (Asin(�S)
UT

)
with jet-pT dependence. At midrapidity, this value is
expected to be dominated by the gluon Sivers function
via the twist-3 correlators. The measured asymmetries
are consistent with zero within uncertainties, similar to
the previous STAR measurements in pp collisions at
200 GeV [80] and 500 GeV [73]. However, the uncer-
tainties for the present results are an order of magni-
tude smaller than those for the previous 200 GeV mea-
surement [80]. They are also a factor of four smaller
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Inclusive jet AN measurement by STAR and ANDY.

PLB750(2015)660 2.4 < η < 4.0

Powerful probe for initial-state partonic interactions 
insensitive to final-state effect.
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