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Spin structure of the proton 
• “Spin puzzle” 

• Origin of the nucleon spin in quark-gluon picture 

• Quark-spin contribution is only 20%-30% of the 
nucleon spin

• Longitudinal-spin asymmetry measurement 
• Gluon polarization 
• Anti-quark  polarization with W boson 

• Transverse-spin asymmetry measurement 
• Understanding of orbital motion inside the 

nucleon and orbital angular momenta of quarks 
and gluons from large transverse single-spin 
asymmetry in the forward kinematic region 
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Helicity structure of the nucleon
• Longitudinally polarized experiment

• Polarized in beam or collision direction

• fa(x) or q(x): parton distribution function (PDF)
• “universal” property of the nucleon – same in all reactions
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QCD factorization 
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ALL of inclusive hadron production  
• QCD factorization 

• ALL: double longitudinal-spin asymmetry 
or double helicity asymmetry 

• Inclusive hadron production 
• p+p→h+X

• QCD processes & mixture  
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RHIC (Relativistic Heavy-Ion Collider) 

High-energy collision experiments with heavy-ion collisions, 
polarized proton collisions, and many other combinations of 
particle species and collision energies

Au+Au collisions of 7.7 – 200 GeV/A
polarized proton collisions of 62.4 – 510 GeV 
d+Au, Cu+Cu, U+U, Cu+Au, 3He+Au, polaeized-p+Au/Al 
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RHIC polarized proton collider 
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RIKEN-BNL collaboration 
• RHIC spin program from 1997 

• More than $100M 
• Polarized proton acceleration at RHIC 

• Snake magnets / polarimeters / … 
• PHENIX 

• Muon-south / MuTrig / ERT / Localpol / VTX / …
• Silicon tracker for sPHENIX … 

• RIKEN BNL Research Center 
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RHIC performance  
• √s = 200 GeV longitudinal run in 2009 

• Lavg = 2.8×1031 cm-2s-1

• P = 56% 

• √s = 510 GeV longitudinal run in 2013 
• Lavg = 1.6×1032 cm-2s-1

• P = 53% 
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PHENIX detector

• Global detectors
• beam-beam counter (BBC), zero-

degree calorimeter (ZDC)
• Minimum-bias trigger
• Luminosity measurement
• Local polarimeter

• Philosophy
• high resolution at the cost of 

acceptance
• high rate capable DAQ
• excellent trigger capability for 

rare events

• Central Arms
• |η| < 0.35, ∆φ = π/2×2
• Momentum and energy 

measurement, particle-ID
• Detecting electron, photon, 

hadron
• Small amount of material to 

reduce conversion background

• Muon Arms
• 1.2 < |η| < 2.4
• Momentum measurement and 

muon-ID
• Hadron absorber (muon piston)



PHENIX detector 
• PHENIX EMCal

• PbSc
• Lead-scintillator sampling calorimeter 
• ∆η×∆φ ∼ 0.011×0.011

• PbGl
• Lead-glass Cherenkov calorimeter
• ∆η×∆φ ∼ 0.008×0.008

• High-pT photon trigger 
• 4×4 towers 
• 3 threshold levels 
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PHENIX EMCal
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PbSc Sector PbGl Sector 

PbSc Module PbGl Super-module 



π0 (and η) at PHENIX 
• 2-γ decay 

• B.R. 99% for π0

• B.R. 39% for η

• Invariant mass
• Peak area: signal + b.g. 
• Side area: b.g. evaluation 
• Choose cuts to minimize 

total uncerntainty
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Cross section measurements 
• Applicability of perturbative QCD 

• Midrapidity π0 measurements at PHENIX 
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√s = 510 GeV√s = 200 GeV√s = 62.4 GeV



π0 asymmetry 
• ALL measurement 

• R: Relative luminosity 
• Crossing-by-crossing luminosity ratio 
• Measured with minimum-bias BBC scaler 

• BBC: Beam-Beam Counter (3<|η|<3.9)
• Evaluated by comparing BBC and ZDC scalers 

• ZDC: Zero-Degree Calorimeter (η>6) 

• Background subtraction 
• r: background fraction 
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π0 (and η) asymmetry at √s = 200 GeV
• Phys. Rev. D90 (2014) 012007

• Run5 (2005) + Run6 (2006) + Run9 (2009) data  
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π0 asymmetry at √s = 200 GeV
• Systematic uncertainties 

• Relative luminosity 
• Largest systematic uncertainty
• ∆ALL = 1.4×10-3

• Polarization measurement 
• Scale uncerntainty

• Event overlap in the EMCal
• Events from previous crossings 

contribute background to current 
crossing 

• Background fraction

• Cross check  
• False parity-violating asymmetry 
• Bunch shuffling  
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Gluon polarization 

NNPDF
Nucl. Phys. B 887 
(2014) 276 

DSSV
Phys. Rev. Lett. 113
(2014) 012001
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• Positive gluon polarization has 
been finally obtained with QCD 
global analyses by DSSV and 
NNPDF groups including 
experimental data from RHIC 
polarized proton collisions 

• Gluon polarization 
• √s = 200 GeV
• Jet ALL measurement from STAR 
• π0 ALL measurement from PHENIX 

• Anti-quark polarization 
• √s = 510 GeV 
• W-boson measurement  



Gluon polarization
• Positive gluon polarization has 

been finally obtained at RHIC 
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Gluon polarization 
• DSSV (de Florian, Sassot, Stratmann and Vogelsang), 

Phys. Rev. Lett. 113 (2014) 012001
• Non-zero ∆g(x) in the kinematic region probed by RHIC 

• Still large uncertainty in unmeasured region (x<0.05) 
• Next goal: extension of Bjorken-x coverage 
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Other asymmetries at √s = 200 GeV
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heavy-quarks produced 
dominantly by gg interaction

constraint to small-x 
gluon-spin contribution

Phys. Rev. D87 (2013) 012011• Single electron 

• Charged pions Phys. Rev. D91 (2015) 032001

Sign of ∆G 
via ALL orderning



Extension of Bjorken-x coverage
• Large-x

• Low collision energy 
• π0 ALL at √s = 62.4 GeV
• Phys. Rev. D79 (2009) 012003 

• Small-x
• High collision energy √s = 510 GeV
• Forward measurement 
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π0 asymmetry at √s = 510 GeV

• Phys. Rev. D93 (2016) 011501(R)
• 2012 – 2013 data 
• Gluon polarization measurement at smaller x region  

• down to x ∼ 0.01 region 
• Larger asymmetry (supported by pQCD) 
• Higher luminosity, higher statistics 

• than measurement at √s = 200 GeV 
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Inseok Yoon 
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π0 asymmetry at √s = 510 GeV
• 2-γ invariant mass 

• Peak area: signal + b.g. 
• Side area: b.g. evaluation 

• Background subtraction 
• r: background fraction 
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π0 asymmetry at √s = 510 GeV
• Positive ALL measured 

• pQCD is reliable for small-x gluon distribution 

• Relative luminosity measurement 
• Multiple collisions & vertex smearing fully corrected
• ∆ALL = 2.0×10-4 (2012) & 3.8×10-4 (2013)
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Press Releases 
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RIKEN Press Release 
January 8th, 2016

BNL Features 
February 16th, 2016

https://www.bnl.gov/newsroom/news.php?a=26123http://www.riken.jp/pr/press/2016/20160108_4/



Forward asymmetry 
• J/ψ ALL measurement at √s = 510 GeV

• PHENIX Muon Arms 
• arXiv:1606.01815 

• Gluon fusion process 
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Forward asymmetry 
• J/ψ ALL measurement at √s = 510 GeV

• arXiv:1606.01815 
• 𝐴𝐴𝐿𝐿𝐿𝐿

𝐽𝐽/𝜓𝜓 = 0.012 ± 0.010 (stat) ± 0.003 (syst) 
• 1.2 < |y| < 2.2 

• Gluons from two distinct ranges of x
• x ∼ 0.05 & x ∼ 0.002 
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Forward asymmetry 
• MPC (Muon Piston Calorimeter) 

• EM calorimeter installed in the small cylindrical hole in 
muon magnet piston

• PbWO4 crystals
• 2.2×2.2×18 cm3

• 22.5 cm radius
• 43.1 cm depth
• 3.1 < |η| < 3.9
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Other ongoing analyses at √s = 510 GeV
• ALL of π0 or clusters with MPC 

• ALL of charged pions, jet, direct photon 
• analysis ongoing 
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RHIC Spin Program White Paper arXiv:1501.01220 



Future measurements 
• sPHENIX (2022-)

• Tracking, EMCal and Hcal
covering -1 < η < 1 and ∆φ = 2π

• 70 times of the final statistics 
of PHENIX 

• Better jet scale uncertainty 
• Improved statistical precision 

of ALL of pions, jet, and direct 
photon

• fsPHENIX
• Forward spectrometer
• Small x pions, jet, and direct 

photon  
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π0 ALL at √s = 510 GeV 



Future measurements 

• Towards EIC (Electron-Ion Collider) 
• RHIC projection data ≤ 2015 

• Midrapidity jet & π0

• Forward π0

• EIC projection (2025-)
• Pol-DIS scaling violation   
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RHIC Cold QCD Plan for 2017 to 2023  
arXiv:1602.03922 



Summary 
• Gluon polarization, or helicity distribution, has 

been measured from ALL measurement 
• Positive gluon polarization has been obtained from ALL

measurement of jet & π0 at √s = 200 GeV 

• Extension of Bjorken x coverage 
• High collision energy √s = 510 GeV

• π0 asymmetry at midrapidity
• Positive ALL measured 
• Charged pions / jet / direct photon results coming soon 

• Forward measurement 
• J/ψ, MPC cluster/π0, … 

• sPHENIX / fsPHENIX (2022-) 
• Last chance at RHIC 

• Pol-DIS at EIC (2025-) 
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Backup Slides …



Nucleon structure
• Constituent-quark model

• Quarks with the effective mass (caused 
by the gluon)

• Explains the magnetic moment of the 
nucleons

• But, the quark spin cannot explain the 
nucleon spin (“spin puzzle”)

• Quark-gluon model
• Current quarks and gluon interaction
• Initial state of high-energy hadron 

colliders
• Understanding the differences (or 

gap) of these models
• Chiral symmetry (breaking)
• Confinement
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Origin of the nucleon spin 1/2
• Expected to be explained by the quark spin (from the 

constituent quark model)
• Experiments

• CERN-EMC experiment (polarized DIS experiment)
• Quark-spin contribution

• Combining with neutron and hyperon decay data
• Total quark spin constitutes a small fraction of the nucleon spin
• Integration in x = 0 ~ 1 makes uncertainty

• SLAC/CERN/DESY/JLAB experiments
• More data to cover wider x region with more precision

• Based on the quark-gluon model

)%syst(14)stat(912 ±±=∆+∆+∆=∆Σ sdu
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x: Bjorken’s x
“longitudinal” 
momentum fraction
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