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Polarized proton beam with 
√s = 200 and 500/510 GeV

• Longitudinal
o Jets & π à Gluon polarization
o W & Z à ∆�̅� and ∆$𝑢

• Transverse
o W & Z, EM-jet à Sivers effect
o π 0 in pp, pAl and pAu à

Nuclear dependence of AN
o π± in jet à Collins effect
o π+ π- pair à Interference FF

§ Unpolarized
q W & Z à�̅� and $𝑢
q Di- π0 à Gluon saturation
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Relativistic Heavy Ion Collider
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The world’s only 
polarized proton-
proton collider



Polarized proton runs at RHIC
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STAR detector
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The main tracking device is a Time
Projection Chamber (TPC) at |η| ≤ 1.

Electromagnetic calorimeters (-1 ≤ η ≤ 2)
are used to trigger high momentum jet
via EM energy deposit.

Forward Meson Spectrometer (FMS) is a
lead-glass EM calorimeter used to detect
π0 at 2.5 ≤ η ≤ 4.2.

Luminosity is measured with the Vertex
Position Detector (VPD) and the Zero
Degree Calorimeter (ZDC).
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Constraining Polarized PDF



Proton Spin Puzzle
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Gluon polarization
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Measure the individual contributions of quarks,
antiquarks and gluons, to the spin of the proton.

The proton spin sum rule (Jaffe-Manohar 1990):

- Polarized DIS results ΔΣ ≈ 0.3
- Flavor separation from STAR,
Phys. Rev. D 99 (2019) 051102

Quark and gluon orbital 
angular momentum 

contribution
poorly constrained /24



Gluon helicity distribution
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DSSV, Phys. Rev. D 11 (2019) 114027 

ΔG = dxΔg(x)∫

Not well constrained
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√s Run Central Jets
(|η|<1)

Central Dijets
(|η|<1)

Inter. Dijets
(0.8 < η < 1.8)

200 2009 Published
x > 0.05

Published
x > 0.05

Published
x > 0.01

200 2015 Published
x > 0.05

Published
x > 0.05

510 2012 Published
x > 0.015

Published
x > 0.015

Preliminary
x > 0.004

510 2013
x > 0.015 x > 0.015

In Progress
x > 0.004

- Gluon polarization can be measured using ALL of jets
in proton collisions.
- Dominating processes at RHIC gg and qg scattering.

- Collection of longitudinally polarized data
concluded in 2015.
- Aslo neutral pions ALL measurement at √s = 200 &
510 GeV.
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In preparation for publication 



Inclusive jets
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STAR, PRD 103 (2021) L091103

- Inclusive jet ALL results from 2015 data, consistent with previous STAR result and global fits.
- Twice larger figure of merit with improved systematics.
- This result will reduce uncertainty of gluon polarization for x > 0.05.
- Inclusive jet at 510 GeV provides constraints for x > 0.015 STAR, PRD 100 (2019), 052005.
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Dijets
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STAR, PRD 103 (2021) L091103

- Dijet ALL results from 2015 data, 
consistent with previous STAR 
result and global fits.

- Dijet production constrains the 
gluon polarization in narrower x
regions than inclusive jets..
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Transverse Single-Spin Asymmetries (TSSA) 
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AN =
σ L −σ R

σ L +σ R



New AN preliminary for W and Z
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- Sensitive to Sivers sign-change and TMD evolution effects.
- New STAR preliminary results improve significantly statistical uncertainty on previous 

data from 2011.

Sivers effect: correlation between 
transverse momentum of a parton
and transverse spin of the proton.

SP
kT,H
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Forward AN
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STAR, Phys. Rev. D 103 (2021) 92009 

- Larger asymmetry for isolated π0 than non-isolated π0.
- Forward inclusive EM-jet result shows small but non-zero signal at 200 GeV.
- Significantly reduces the uncertainty of the quark Sivers function in a recent global fit 
M.Boglione et.al., PLB 815, 136135 (2021).
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Nuclear dependance of AN
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- Forward π0 AN (2.6 < η < 4.0) for pp, pAl and pAu.
- Suppression of AN in nuclei but no strong A dependance.
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STAR, PRD103 (2021) 072005



Transversity

SQ

PH+

PH-

SQ

PH
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Interference Fragmentation Functions (FF)

SQ � (PH- x PH+) SQ � (PQ x PH)

Collins Fragmentation Functions (FF) 
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Transversity ⊗ Collins FF

16

- Preliminary results for STAR 2012 and 2015 data.
- Significant non-zero asymmetries 
- Provide insight on TMD evolution.
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Transversity: transversely polarized quark in 
transversely polarized nucleon, which is chiral-odd 
so requires coupling to another chiral-odd object.

Collins FF: correlation between spin of 
transversely polarized quark and transverse 
momentum of the fragmented  hadron.



Transversity ⊗ IFF
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- Preliminary results with STAR 2015 data.
- Measurement carried out in five pT bins.
- Signal enhanced arroun r-meson mass, 
but small in the backward region.
- Data agree with theoretical predictions.

Interference FF: Correlation of 
transverse spin of fragmenting 
quark and momentum cross-
product of di-hadron pair.



Unpolarized results
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W and Z cross section
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STAR Run11-13, PRD 103, 012001(2021)

- Preliminary results on W+/W- ratio at 510 GeV from 2017 data, together with published 
results from 2011-2013 data.

- W+/W- is sensitive to �̅� and #𝑢 distribution.
- Z cross section can constrain unpolarized TMD PDFs.
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Di-hadron correlations

Amilkar Quintero ICNFP2021, Crete Greece August 2021

- Di-𝜋0 azimuth correlation with 
2015 pp, pAl, and pAu data. 
- Clear suppression of back-to-
back yields.
- Suppression follows A1/3

nuclear dependence.
- Consistent with predictions 
from gluon saturation model 
Nucl. Phys. A748 (2005) 627-640. 
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Future upgrades
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STAR Forward Upgrade
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Ready for proton-proton 
running in 2022

EM + HCAL
Si disks

sTGC

- Three silicon microstrip disks plus four small-
strip Thin Gap Chamber (sTGC) for tracking.
- Electromagnetic and hadronic calorimeters.



https://www.bnl.gov/newsroom/news.php?a=217681
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https://www.bnl.gov/newsroom/news.php?a=217681
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Gluon spin contributes significantly 
to the proton spin (~50%)

Forward STAR upgrade enables 
unique QCD physics before EIC

Several channels sensitive to TMDs 

Constraining unpolarized PDFs
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Observables
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Quark Helicity Distributions
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- All RHIC results are consistent with each other. 
- New data reduced uncertainty by 40%. 
- First clear evidence of the flavor asymmetry in 

the polarized quark sea. 
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Intermediate Dijets
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- Preliminary result using 2012 data 
- Expecting  ~2.5x higher statistics for 2013 data
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Hyperon spin transfer
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- Preliminary results from 2015 data

- Sensitive to strange quark helicity - Sensitive to strange quark transversity
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Forward EM-jet AN
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STAR, Phys. Rev. D 103 (2021) 92009 

- Forward inclusive EM-jet result shows small but non-zero signal at 200 GeV.
- Significantly reduces the uncertainty of the quark Sivers function on a recent global fit.

M.Boglione et.al., PLB 815, 136135 (2021)
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Inclusive jet cross section
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- Preliminary inclusive jet cross sections 
at 200 and 510 GeV using 2012 data
- Will help to constrain unpolarized 
gluon PDF at high x

STAR Run 2012 Preliminary (stat. uncertainty)

Jet Energy Scale syst. uncertainty for EMC

Unfolding syst. uncertainty (simulation statistics)

NLO pQCD ⊗ CT14nlo (µ = pmax
T ) × fhad.

Pythia 6.4.28 @ Perugia 2012, PARP(90)= 0.213

pp at
√

s = 200 GeV, |η| < 0.8, anti-kT, R = 0.6

10% luminosity uncertainty not shown
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