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Proton Spin Structure
"Spin Puzzle”
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Manohar-Jaffe sum rule: 
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Nucleon Spin Structure History
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Quark Spin Gluon Spin

SLAC
-> 2000

E80 – E155

CERN
ongoing

EMC, SMC, COMPASS

DESY
->2007

HERMES

JLab
ongoing

Hall A,B,C

RHIC
ongoing

(BRAHMS), PHENIX, STAR

Semi-inclusive + Inclusive DIS processes

Polarized p+p collisions

Major Experimental Innovations



Probes to Nucleon Structure
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arXiv:1602.03922

 Various probes in polarized p+p → Access gluon polarization at LO

 Weak boson → Flavor separated sea quark polarization. 

https://arxiv.org/abs/1602.03922


PHENIX Longitudinal Spin Progress
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Gluon Polarization:
• Run13 510GeV 𝜋0 ALL at central rapidity (Published)
• Run13 510GeV 𝐽/𝜓 ALL at forward rapidity (Submitted)
• Run11,13 500,510GeV 𝜋0 ALL at forward rapidity (Ongoing)
• Run13 charged pion ALL (Ongoing)
• Run13 direct photon ALL (Ongoing)
• Run9, 11 di-𝜋0 ALL(Ongoing)

Light Sea Quark Polarization
• Run11,12,13 500,510GeV 𝑊 AL at central rapidity (Published)
• Run11,12,13 510GeV 𝑊 AL at forward rapidity (Preliminary)



PHENIX
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• Muon Piston Calorimeter (MPC) 
3.1 < |𝜂| <3.9



PHENIX
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• 𝜋0 → di-photon

• 𝑊± → 𝑒±

• Charged pion

• Direct photon

• etc.

• 𝐽/𝜓 → di-𝜇
• 𝑊± → 𝜇±

• MPC clusters (𝜋0)

• etc.



Recent PHENIX Longitudinal Runs
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PHENIX Recent Longitudinal Runs:

Figure of Merit:
High polarization is essential for effective asymmetry 
measurement:

Single Spin Asymmetry: 𝐿 < 𝑃 >2

Double Spin Asymmetry: 𝐿 < 𝑃 >4

Year 𝑠(GeV) L(𝑃𝑏−1) P(%) FoM(𝑃4𝐿)

2003 200 0.35 27 0.0019

2004 200 0.12 40 0.0031

2005 200 3.4 49 0.2

2006 200 7.5 57 0.79

2006 62.4 0.08 48 0.0042

2009 500 10 40 0.26

2009 200 14 57 1.4

2011 500 16.7 48 0.88

2012 510 30.03 52 2.2

2013 510 150 55 14



Gluon Polarization (Δ𝑔)
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2014 DSSV Global Fit

• Including 2009 200GeV RHIC data sets, the 
2014 DSSV global fit suggests non zero 
polarization of gluons in the proton at 
intermediate 𝑥 range (0.05~0.2).

• Yet at low 𝑥 range, the errors of DSSV are 
still poorly constrained

• Measurements from forward rapidity and 
higher collision energies needed.
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http://arxiv.org/abs/1404.4293


Gluon Polarization and Double Helicity Asymmetries (ALL)
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Theoretically:

𝐴𝐿𝐿 =
𝜎++ − 𝜎+−

𝜎++ + 𝜎+−
=

 𝑎,𝑏,𝑐=𝑞,  𝑞,𝑔 Δ𝑓𝑎⨂Δ𝑓𝑏⨂Δ 𝜎⨂𝐷ℎ/𝑐

 𝑎,𝑏,𝑐=𝑞,  𝑞,𝑔 𝑓𝑎⨂𝑓𝑏⨂ 𝜎⨂𝐷ℎ/𝑐

Experimentally:

𝐴𝐿𝐿 =
1

𝑃𝐵𝑃𝑌

𝑁++ − 𝑅 𝑁+−

𝑁++ + 𝑅𝑁+−

Where 𝑃𝐵,𝑌 is the polarization of Blue (Yellow) beam. 
And R is the relative luminosity:

𝑅 =
𝐿++

𝐿+−



Gluon Polarization and 𝜋0 ALL

6/7/2016 Haiwang Yu (NMSU), AUM2016 11

DIS pQCD e+e-?
-- Parton distribution functions 

-- Partonic hard scattering rates 

-- Fragmentation functions

arXiv1501.01220

https://arxiv.org/abs/1501.01220


𝜋0 ALL measurement at PHENIX
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• Reconstruct 𝜋0 peak with 𝛾 pair in 

Electromagnetic Calorimeter at PHENIX 

(PbSc and PbGl).

• Large cross section + finely segmentation 

EMCal + high pT photon trigger.

• Inclusive asymmetry and side band 

background asymmetry:

R is the relative luminosity. Uncertainty from 
R contribute the main source of systematic 
uncertainty of the asymmetry result.



𝜋0 Cross Section at 510 GeV
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• Cross section results are given for 
0.5 < pT < 30 GeV/c.

• The cross section is well described 
by NLO perturbative QCD. 



𝜋0 ALL at central rapidity (|𝜂|<0.35)
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• Recently published Phys. Rev. D 93, 011501(R) (2016).

• The results follows positive trend with pT and 𝑠 as predicted by NLO pQCD.

• Additional constrains on gluon polarization and extended Bjorken 𝑥 coverage 
down to ~0.01.

PRD 93, 011501(R) (2016)



𝐽/𝜓 production at RHIC
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Phys. Rev. D56 (1997) 7341

At RHIC energies 𝐽/𝜓 production is 
dominated by gluon-gluon fusion.

The 𝐴𝐿𝐿 for 𝐽/𝜓 can be written (LO):

𝐴𝐿𝐿 =
Δ𝜎

𝜎
=  𝑎𝑔𝑔→𝐽/𝜓

Δ𝑔(𝑥1)

𝑔(𝑥1)

Δ𝑔(𝑥2)

𝑔(𝑥2)

http://arxiv.org/abs/hep-ph/9706541


Bjorken 𝑥 range for 𝐽/𝜓 production at Forward Rapidity
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Benefits of Forward Rapidity
• At forward rapidity the x distributions of the 

two gluons are at very different region.

• Instead of probing ~ Δ𝑔/𝑔 2 we are probing 
Δ𝑔(𝑥1)

𝑔(𝑥1)

Δ𝑔(𝑥2)

𝑔(𝑥2)

• High-𝑥 gluon sits in the x-range where RHIC 
Run9 data already has constraints on the Δ𝑔

• Therefore, this forward 𝐽/𝜓 → 𝜇+𝜇− 𝐴𝐿𝐿
gives sensitivity to possible sign change in Δ𝑔
and cleanly accesses down to 𝑥 ~ 2 × 10−3

from Pythia simulation



𝐽/𝜓 ALL Measurement Procedure
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Outline

• Analyze south and north arm separately, and 
divide data from each arm into 3 𝑝𝑇 bins. So 6 
subsets total.

• Fit each subsets for 2𝜎 J/ψ mass window and 
background fraction "r".

• CB shape for  J/ψ, Gaussian for ψ'

• Gaussian Process Regression (GPR) for background shape

• Sideband region is defined as 𝑀𝜇𝜇 ∈
[1.5𝐺𝑒𝑉, 2.5𝐺𝑒𝑉]

• Calculate 𝐴𝐿𝐿
𝑖𝑛𝑐𝑙. in the 2𝜎 J/ψ mass window

• Estimate the background asymmetry from a 
sideband

𝐴𝐿𝐿
𝐽/𝜓

=
𝐴𝐿𝐿

𝑖𝑛𝑐𝑙. − 𝑟 ∗ 𝐴𝐿𝐿
𝐵𝐾𝐺.

1 − 𝑟

Δ𝐴𝐿𝐿
𝐽/𝜓

=
(Δ𝐴𝐿𝐿

𝑖𝑛𝑐𝑙.)2 + 𝑟2 ∗ (Δ𝐴𝐿𝐿
𝐵𝐾𝐺.)2

1 − 𝑟

Gaussian Process Regression (GPR) background 
fraction extraction



𝐽/𝜓 ALL at Forward Rapidity Results
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• Currently the constraining power on gluon 
polarization limited by large production 
mechanism uncertainty.

• Favors positive gluon polarization under 

assumption that  𝑎𝑔𝑔→𝐽/𝜓 = 1.

• Universality test of the helicity-dependent gluon 
densities and QCD factorizations.

NNPDFpol 1.1: Nucl. 616 Phys. B 887, 276 (2014).
Re-weighting method: Nucl. Phys. B 849, 112 (2011)

Submitted to PRD. arXiv:1606.01815

http://arxiv.org/abs/1606.01815


Other ongoing Analyses on Δ𝑔
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• PHENIX PPG formed on Run11 MPC 
cluster ALL measurement. Run13 data 
undergoing. Could extend the constraints 
on Δ𝑔 down to 𝑥 ~ 10-3.

• Run13 charged pion ALL

• Run13 direct photon ALL

• Run9, 11 di-𝜋0 ALL

arXiv1501.01220

https://arxiv.org/abs/1501.01220


Impact on Gluon Polarization of the RHIC Data
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Projection with and without pseudo-data for 
current and future RHIC measurements up to 
Run-2015.

2015 - 2016:

• Published/Submitted:
• Run9 200GeV Central 𝜋0 ALL

• Run13 510GeV Central 𝜋0 ALL

• Run13 510GeV Forward 𝐽/𝜓 ALL

• Ongoing
• Run11 500GeV Forward 𝜋0 ALL

• Run13 510GeV Forward 𝜋0 ALL

• Run13 510GeV Central 𝜋±

• Run13 510GeV Central direct photon
• Run9, 11 di-𝜋0 ALL

arXiv:1602.03922

https://arxiv.org/abs/1602.03922


Flavor Separated Light Sea Quark Polarization, Δ𝑢 (𝑥), Δ𝑑(𝑥)
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DSSV 2008 PRL 101 (2008), 072001
• Polarized SIDIS measurements (SMC, 

HERMES, COMPASS) sensitive to flavor 
separated quark anti-quark spin 
contributions. Limited by large 
uncertainties of fragmentation 
functions.

• Light Sea Quark Polarization relatively 
poorly constrained.



𝑊± boson Single Helicity Asymmetry (AL)
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arXiv:hep-ph/0007218

• At RHIC, (anti)quark polarizations 
measured using maximal parity 
violation in 𝑊 production.

• 𝑊 couples to only left-handed 
quarks and right-handed anti-
quarks.

• no fragmentation involved 
• higher scale 𝑄2 set by 𝑊 mass 
• extract ∆ 𝑢, ∆  𝑑

𝐴𝐿
𝑊+

=
−Δ𝑢 𝑥1

 𝑑 𝑥2 + Δ  𝑑 𝑥1 𝑢 𝑥2

𝑢 𝑥1
 𝑑 𝑥2 +  𝑑 𝑥1 𝑢 𝑥2

http://arxiv.org/abs/hep-ph/0007218


𝑊± → 𝑙± Flavor Sensitivity
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𝑊+𝑊-

𝑊± → 𝜇±

(forward rapidity)

C
en

tral
Fo

rw
ard

𝐴𝐿
𝑊+→𝑙+ =

−Δ𝑢 𝑥1
 𝑑 𝑥2 1 − 𝑐𝑜𝑠𝜃 2 + Δ  𝑑 𝑥1 𝑢 𝑥2 1 + 𝑐𝑜𝑠𝜃 2

𝑢 𝑥1
 𝑑 𝑥2 1 − 𝑐𝑜𝑠𝜃 2 +  𝑑 𝑥1 𝑢 𝑥2 1 + 𝑐𝑜𝑠𝜃 2

𝐴𝐿
𝑊−→𝑙− =

−Δ𝑑 𝑥1  𝑢 𝑥2 1 + 𝑐𝑜𝑠𝜃 2 + Δ 𝑢 𝑥1 𝑑 𝑥2 1 − 𝑐𝑜𝑠𝜃 2

𝑑 𝑥1  𝑢 𝑥2 1 + 𝑐𝑜𝑠𝜃 2 +  𝑢 𝑥1 𝑑 𝑥2 1 − 𝑐𝑜𝑠𝜃 2



Measurements in Different Rapidity
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Detector is non-hermetic, Cannot 
identify W’s on event by event 
basis.

Central rapidity:
• Clear Jacobian peak at ~40 GeV 

corresponding to the signal.
• Select high pT (30~50GeV) region 

from the 𝑒± pT spectra.

Forward rapidity:

• No clean peak.

• Multivariate likelihood method 

combining some sensitive 

variables.

• Unbinned likelihood fit to 

extract background fraction.



Run 13 𝑊± → 𝑒± Electron pT Spectra
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Run 11,12, 13 𝑊± → 𝑒± AL Results
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Recently published: PRD 93, 051103(R)(2016)



Comparing with STAR 2011-2012 data
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PRD 93, 051103(R)(2016)



Forward 𝑊± → 𝜇± AL Results
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Run 2013 preliminary 𝑊± → 𝜇± AL results:

• Results are in agreement with 
theoretical predictions within 
uncertainties. 

• Currently working to improve the 
systematic uncertainties. 

• Moving towards the final result and 
publication. 



RHIC 𝑊± → 𝑙± data Impact on Light Sea Quark polarizations 
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arXiv: 1501.01220

Significant improvement on light sea quark polarization.



Summary
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Run13 𝜋0 𝐴𝐿𝐿 at central rapidity (|𝜂| < 0.35) published at PRD Rapid Communications.
• Extend the Δ𝑔(𝑥) constraints down to 𝑥 ~ 10−2.
• Could reduce the global fit uncertainties on Δ𝑔(𝑥)

Run13 𝐽/𝜓 𝐴𝐿𝐿 at forward rapidity submitted to PRD.
• Sensitive to gluon polarization down to 𝑥 ~2 × 10−3.
• Universality check for the QCD factorization of the gluon helicity dependent P.D.F.
• Could improve the gluon polarization precision at smaller 𝑥 with further knowledge 

on the production mechanism.

𝑊 → 𝑒 𝐴𝐿 at central rapidity have been published at PRD Rapid Communications
• Consistent with DSSV global analysis.
• Favoring larger Δ𝑢(𝑥) contribution.
• Could improve uncertainties on Δ𝑢(𝑥) and Δ𝑑(𝑥).

𝑊 → 𝜇 𝐴𝐿 at forward rapidity preliminary results :
• Consistent with DSSV global analysis.
• Currently working on systematic uncertainties.
• Moving towards publication.

Many ongoing longitudinal analyses. Stay tuned.



Backups



Impact on Sea-quark polarizations 
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Phys. Rev. D 81, 094020 (2010)

DSSV global analysis
• Phys. Rev. D 80, 034030 (2009)
• Phys. Rev. Lett. 101, 072001 (2008)

DSSV + 200pb-1 simulated 𝑊 AL

pseudo-data



𝐽/𝜓 𝐴𝐿𝐿 @ forward rapidity
Excited states feed-down
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Charmonium

• Except for 𝐽/𝜓's, excited charmonium states are 
also generated in RHIC p+p collisions

• 𝜒𝑐 and 𝜓′ feed-down forms a sizable portion
• Phys. Rev. D 85, 092004 (2012)

• 𝜓′ overlaps with 𝐽/𝜓

• Different calculating schemes gave different Δg 
depends for each excited states (Phys. Rev. D 56, 
7341 (1997))

• Good test bed for different aspects of NRQCD factorization 
and scaling

6/7/2016



• Vertex selection: |BBC_Z|<30 cm

• common PHENIX muon tracks quality cuts 
including:

• from same arm 

• track matching between muon tracker and 
identifier

• penetrating muon candidates cuts

• etc.

• RPC timing cut are applied to guarantee  𝐽
/𝜓's  are from the right bunch crossing

𝐽/𝜓 𝐴𝐿𝐿 @ forward rapidity
Event and track selection
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𝜇+𝜇− inv. mass spectrum after event and 𝜇 track selection

sideband region is used to estimate background asymmetry

𝜌, 𝜔, 𝜙

𝐽/𝜓, 𝜓′

6/7/2016



35

• NLO QCD Calculation Cross-sections consistent with Data.

• pQCD works over a very broad kinematic range at RHIC energies

Unpolarized Cross Sections at Lower Energies

π0 at 200GeV h+ at 62.4GeV h- at 62.4GeV

PRD 76, 051106 arXiv:1202.4020

6/7/2016 Haiwang Yu (NMSU), AUM2016



𝐽/𝜓 𝐴𝐿𝐿 @ forward rapidity
recent results
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𝑝𝑝 → 𝐽/𝜓 + X → 𝜇+ + 𝜇− + 𝑋
@ 𝑠 = 200𝐺𝑒𝑉

𝑝𝑝 → 𝐽/𝜓 + X → 𝜇+ + 𝜇− + 𝑋
@ 𝑠 = 510𝐺𝑒𝑉

6/7/2016



Run 13 𝑊± Spectra
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PRD 93, 051103(R)(2016)



Mid-rapidity 𝑊± → 𝑒±Analysis
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Strategy
Looking for high energy 𝑒±
• Online trigger based on EMC 4x4 

tower sum 
• fully efficient at 𝑝𝑇>10 GeV

• High energy EMC clusters matched 
to DC tracks

• (Δɸ < 0.02 rad)

Basic Cuts:
• Vertex cut: |z| < 30 cm 
• Removal of tracks with DC |α|<1 

mrad
• α – bending angle ∝ pT

• Time of Flight cut
• reduces cosmic background 



Background Processes
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Photon Conversions from VTX
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Isolation Cut
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Background Processes

6/7/2016 Haiwang Yu (NMSU), AUM2016 42



Multivariate cut for pre-selection
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Background fraction extraction - dw23
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Background fraction extraction - Fitting results
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1D projections of 2D unbinned
maximum likelihood fit

• 16 < pT < 60 GeV/c, f_sig > 0.92
• Use η and dw23 fits to count and 

calculate S/B 
• S/B ratio used as a dilution factor to 

calculate the corrected asymmetry. 


