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Contributions to the Proton’s Spin 

Consider proton moving right 

Δq(x) 
Δg(x) 

Proton spin ⇒
⇒ ⇐ 

Proton spin sum rule: 

Polarized DIS: ~0.3 
Puzzling for ~25 years 

Relatively poorly constrained 
But Sg coming into focus! 
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Longitudinal 
Polarization 
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•  With input from 
PHENIX π0’s and STAR 
2009 jets 

•  Integral of ∆g(x) in 
range 0.05 < x < 1.0 
increases substantially, 
now significantly above 
zero. 

•  Uncertainty shrinks 
substantially from 
DSSV* to new DSSV fit 

•  First firm evidence of 
non-zero gluon 
polarization! 

New DSSV Fit – G Comes into Focus 
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•  With input from 
PHENIX π0’s and STAR 
2009 jets 

•  Integral of ∆g(x) in 
range 0.05 < x < 1.0 
increases substantially, 
now significantly above 
zero. 

•  Uncertainty shrinks 
substantially from 
DSSV* to new DSSV fit 

•  Uncertainty on integral 
over low x region is still 
sizable 

New DSSV Fit – Low x Remains Blurry 
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[See also new NNPDF fit Nucl. 
Phys. B887 (2014) 276-308]  

PRL 113, 012001 (2014) 
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NIM A499, 245 
(2003) 

Solenoidal Tracker at RHIC 

Jet and W/Z 
measurements: 

TPC + Barrel + Endcap 
EMC 

Inclusive hadron measurements: 
Barrel E/M Calorimeter (BEMC), 
Endcap E/M Calorimeter (EEMC), 

Forward Meson Spectrometer (FMS) 
FPD (east) not shown 

RHIC as Spin Collider 
•  “Siberian Snakes” à mitigate depolarization resonances 
•  Spin rotators provide choice of spin orientation 

independent of experiment 
•  Spin direction varies bucket-to-bucket (9.4 MHz) 
•  Spin pattern varies fill-to-fill 
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Inclusive hadron (e.g. π0) measurements: 
Barrel ElectroMagnetic Calorimeter (BEMC), 
Endcap ElectroMagnetic Calorimeter (EEMC), 

and 
Forward Meson Spectrometer (FMS) 

FPD (east) not shown 

Solenoidal Tracker at RHIC 

Jet and W/Z 
measurements: 

TPC +          
Barrel + Endcap EMC 
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Relative luminosity measurements: 
Beam Beam Counters (BBC) etc. 



pT [GeV/c] 

Probing Low x Gluons With π0 ALL
  

•  STAR has measured π0 ALL in three different pseudorapidity ranges 
•  Different kinematics, π0 fragmentation, different systematics 

• qg scattering dominates at high η with high x quarks and low x gluons 
• No large asymmetries seen 

|η| < 0.95 
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0.8 < η < 2.0 

PRD 80, 111108(R) (2009) 
PRD 89, 012001 (2014) 

Dilks SPIN2014 

October 14, 2016 

2.5 < η < 4.0 Some+Spin8sensi)ve+Measurements)
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ALL in π0 + X at STAR for 0.8 < η < 2.0 

•  2006 Dataset in the Endcap Electromagnetic Calorimeter (EEMC) 
–  η region unique at RHIC 

•  Push to reasonably low x by going (relatively) forward 
•  4.8 pb-1 for ALL after prescales 

–  ~56% polarization 
•  Statistical error (bars) dominate 
•  Systematic error (boxes) 

–  Signal fraction uncertainties       
 from template fits 

–  Uncertainty on background       
 asymmetry      

•  Cross section and transverse                         
 asymmetry also measured 

 

PRD 89, 012001 (2014) 

GRSV: Older fit, without RHIC results 
 PRD 63, 094005 (2001) 

DSSV: First fit to include RHIC results 
 PRL 101, 072001 (2008)  
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STAR’s Endcap Electromagnetic Calorimeter 
•  Scintillating strip SMD 

–  ϕ segmented into 12 sectors 
–  Two active planes 
–  288 strips per plane 

•  Resolution of a few mm 
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STAR’s Endcap Electromagnetic Calorimeter

! Nucl. Instrum. Meth. A 499 (2003) 740.
! Lead/scintillator sampling EM calorimeter
! Covers 1.09 < η < 2 over full azimuth
! 720 optically isolated projective towers (≈ 22X0)
! 2 pre-shower, 1 post-shower layers, and an additional

shower max. detector (SMD)
! Trigger involves thresholds on the maximum tower energy

and the 3 × 3 patch of surrounding towers.

! Scintillating strip SMD
! φ segmented into 12 sectors
! Two active planes
! 288 strips per plane

! Full φ coverage–no gaps
! Resolution of a few mm
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•  Nucl. Instrum. Meth. A 499 (2003) 740. 
•  Lead/scintillator sampling EM calorimeter 

–  Covers 1.09 < η < 2.00 over full 2π azimuth  
–  720 optically isolated projective towers (~22 X0) 
–  2 pre-shower, 1 post-shower layers, and an additional 

shower maximum detector (SMD) 

•  High Tower, Jet Patch, and Photon (high tower + 
3x3 tower patch triggers) 



Particle Reconstruction
! EM Particle (γ, e±, etc.) Reconstruction Procedure

1. Identify clusters in the u and v strips
2. Determine which u and v clusters to associate with incident particles
3. Compute energy of incident particle using the towers.

! SMD clusters are found by
! Smoothing the histogram using the method of J. Tukey

(TH1::Smooth).
! Identify clusters as a strip above an energy threshold, with ±3 strips

having monotonically decreasing energy.
! Cluster position is set to energy-weighted mean position

! We expect cluster to be larger than 1 ± 3 = 7 strips, but
! Expect central strip position & energy to be sufficiently correlated

to cluster position & energy.
! Correlation increased by smoothing

! SMD response in fairly clean π0 candidate (data) event is plotted
on the right.

! Blue histograms show energy response per strip.
! Inverted red triangles represent clusters, drawn at x=mean, y=10%

cluster energy.
! General reconstruction difficulties include

! Upstream material: π0 opening angle on the same order as opening angle for γ → e+e−
! Single particle sometimes looks like two particles, and vice versa

5 / 17

Particle Reconstruction in the EEMC 
•  EM Particle Reconstruction Procedure 

–  Identify clusters in the u and v strips 
–  Determine which u and v clusters to associate with particles 
–  Incident particle (e.g. photon) energy computed from towers 
–  Momentum from the vertex and SMD cluster positions 

• SMD response (right) in π0 candidate event from data     
–  Blue histograms show energy response per strip 
–  7-strip clusters formed from smoothed strip energy distributions 
–  Red triangles represent clusters drawn at mean strip position, and    

 10% of the cluster energy 
• EM particle candidates built from paired u+v clusters 

–  Clusters matched by energy of u and v strips 
–  Required to have associated tower energy above threshold 

• Reconstruction difficulties include 
–  Upstream passive material: π0 opening angle on the same order    

 as photon conversions 
–  Single particles sometimes look like two particles, and vice versa 
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π0 Signal and Background Computation 

•  Inclusive π0 mass distribution fit to 
templates, in bins of π0 pT 
–  Signal 
–  Conversion BG (π0 candidate is from 

 gamma à e+ e-) 
–  All other BG (extra or missing photons, π0 

candidate is gamma and e-, etc.) 
–  Shapes from MC, relative fraction (and thus 

signal fraction) extracted from fit to data 
•  2012 dataset being analyzed now 

–  x10 statistics; ~80 pb-1, ~50% polarization 
–  510 GeV CoM energy w/ similar trigger,  

 reconstruction thresholds allows access 
 to lower x gluons 

–  ~1% of data is shown here, on HT trigger 
–  For now with 2006 MC templates 
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PRD 89, 012001  
(2014) 

π0 pT 
9 to 10 GeV 
2012 data 
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Updated Prediction for π0 ALL
 

•  NNPDFpol1.1 includes jet results from STAR      
and PHENIX, including 2009 STAR inclusive jets 

•  Greater precision needed to constrain the fit 

 p. 12 
 [GeV/c]

T
p

5 6 7 8 9 10 11 12

LL
A

-0.1

-0.05

0

0.05

0.1

0.15  g = g6GRSV  g = std6GRSV 
 g = -g6GRSV DSSV

0/STAR 

 + X0/ A p + p
 = 200 GeVs

 < 2.0d0.8 < 

6% Scale Uncertainty

 [GeV]
T

p
5 6 7 8 9 10 11

-0.1

-0.05

0

0.05

0.1

0.15
0π

LLA
=200 GeVs

NLO QCD, NNPDFpol1.1

 [GeV]
T

p
2 4 6 8 10 12 14 16

-0.02

-0.01

0

0.01

0.02

0.03
π
LLA
=200 GeVs

|<0.38η|

0π
+π
           NLO QCD, NNPDFpol1.1-π

Figure 16: (Left panel) Predictions for the neutral-pion spin asymmetry compared to data measured by
STAR [26]. (Right panel) Prediction for the neutral- and charged-pion spin asymmetries in the kinematic range
accessed by upcoming PHENIX measurements.

and
√
s = 62.4 GeV [24], and mid-rapidity (|η| < 0.35) charged hadron production at

√
s = 62.4

GeV [76], and to STAR data for neutral-pion production with forward rapidity (0.8 < η < 2.0) at√
s = 200 GeV [26]. Earlier PHENIX data for neutral pion production [21–23], with significantly larger

uncertainties, are not considered.
Our predictions are always in good agreement with the data within experimental uncertainties; they

suggest that double-spin asymmetries for single-hadron production remain quite small in all the available
pT range, typically below the 1% level. Our predictions for negatively charged pion asymmetry is also
small for all transverse momenta, and it turns slightly negative at high pT , see Fig. 16. In contrast,
Aπ+

LL is larger than Aπ0

LL. High-pT data (both polarized and unpolarized) are potentially sensitive to the
gluon distribution, hence these data might eventually provide a further handle on the polarized gluon,
if sufficiently accurate fragmentation functions become available.

6 Conclusions and outlook

We have presented a first global polarized PDF determination based on NNPDF methodology, which in-
cludes, on top of the deep-inelastic scattering data already used in our previous NNPDFpol1.0 polarized
PDF set, COMPASS charm production data and all relevant inclusive hadronic data from polarized
collisions at RHIC, i.e. essentially all available data which do not require knowledge of light-quark frag-
mentation functions. We have thus achieved a significant improvement in accuracy in the determination
of the gluon distribution in the medium and small-x region (from jet data), with evidence for a positive
gluon polarization in this region, and a determination of individual light quark and antiquark PDFs
(from W± productions data). Together with the available NNPDF unpolarized PDF sets (currently
NNPDF2.3 [71]) this provides a first global set of polarized and unpolarized PDFs determined with a
consistent methodology, including mutual coherent constraints such as cross-section positivity. This
provides a reliable framework for phenomenological applications, also including possible searches for
new physics with polarized beams [93].

31

Nucl. Phys. B887 (2014) 276-308 
STAR data with NNPDF 
predictions 
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2006 data 
PRD 89, 012001 (2014) 
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π0 ALL
 Prospects in 2012 Dataset 

•  Statistical projection from 
simplified, data-only fit 
–  HT trigger above 7 GeV 
–  JetPatch trigger 5-7 GeV 
–  Large improvement in 

stat. uncertainty projected, 
as shown 

 p. 13 
 [GeV/c]

T
p

5 6 7 8 9 10 11 12

LL
A

-0.1

-0.05

0

0.05

0.1

0.15  g = g6GRSV  g = std6GRSV 
 g = -g6GRSV DSSV

0/STAR 

 + X0/ A p + p
 = 200 GeVs

 < 2.0d0.8 < 

6% Scale Uncertainty

•  Reasonable quality π0’s as 
low as 5 GeV π0 pT on HT 
triggers, as low as 2 GeV on 
jet triggers 
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2006 data 
PRD 89, 012001 (2014) 
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Jet Patch High Tower Triggers 



Gluon Polarization and Endcap π0’s at STAR  

•  After 25 years, evidence of non-zero gluon polarization in the proton 
•  Pushing to lower x gluons 

–  With forward detectors, √s = 510 GeV, large datasets 
•  Work underway with 2012 dataset at √s = 510 GeV 

–  x10 statistics compared to 2006 measurement: push to lower x  
–  EEMC calibration updated; MC update and full dataset integration in progress 
–  Final trigger strategy under discussion 

•  Return to 200 GeV CoM and/or transverse asymmetries in endcap π0’s possible 
•  Very large 2013 longitudinal dataset also available 
•  Stay tuned! 

•  CEU Poster session this afternoon 2-4 PM 
•  Stability of the Gains of the STAR Endcap Calorimeter; Chamindu 

Amarasinghe 
•  Measurement of the Longitudinal Double-spin Asymmetry for Neutral Pion 

Production in Polarized Proton Collisions at √s = 510 GeV; Tae gyun Kim 
October 14, 2016  p. 14 A. Gibson, Valparaiso; STAR EEMC π0 ALL; DNP 2016 



Backup 
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Datasets from RHIC at STAR 
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2015 P = 55% 

500 

•  Many published results 
from 2006, 2009 datasets 
–  And W’s more recently 

•  Preliminary results and 
work in progress from, 
especially 
–  2011 500 GeV trans. 
–  2012 200 GeV trans. 
–  Large 510 GeV long. 

datasets in 2012 and 2013 
•  2015 brought increased 

statistics at 200 GeV, and 
opened the era of high-energy 
spin in p+A collisions 
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•    
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             FMS 
   Pb Glass EM Calorimeter 
 pseudo-rapidity  2.7<K<4.0 
Small cells:   3.81x3.81 cm 
Outer cells:   5.81 x 5.81 cm 

FPD  EM Calorimeter 
Small cells only 
Two  7x7 arrays 

S0 

Transversely 
Polarized 
Proton 

Unpolarized 
Proton 

Forward EM Calorimetry In STAR. 
STAR 

p. 17 



π0 ALL
 Prospects in Forward Calorimeters 
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Dilks SPIN2014 

10

π0 Event Selection

Full azimuth: -π ≤ φ < π
FMS Psuedorapidity: 2.5 ≤ η < 4
Transverse Momentum Ranges:

2012 Run: 2.5 ≤ p
T
 < 10 GeV/c

2013 Run: 2.0 ≤ p
T
 < 10 GeV/c

Di-photon Energy Range: 30 ≤ E
γγ

 < 100 GeV

Energy Sharing: Z = |E
1
-E

2
| / E

γγ
 < 0.8

Mass Cut: Dependent on E
γγ

 (see invariant mass slide)

2-photon Isolation Cone: 35 mr and 100 mr analyzed
Isolation cone versus inclusive → See next slide

100 mr

35 mr

Different low p
T
 cutoff to account 

for trigger threshold adjustment

•  Pushing even further forward, with the FMS 
•  Preliminary with large 2012 and 2013 datasets at 510 GeV 

–  After prescales, effectively 46 pb-1 in 2012, pT > 2.5 GeV 
•  And 8 pb-1 in 2013, pT > 2.0 GeV 

–  An older preliminary result also exists, with the FPD (Wissink SPIN2008) 
•  Require isolation cone        

 around π0’s 
–  Motivated by AN        

 increase for isolated π0 

–  Now exploring isolation       
 dependence 
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π0 Background and Cross-Section Computation 

•  Inclusive π0 mass distribution fit to 
templates, in bins of π0 pT 
–  Signal 
–  Conversion BG (π0 candidate is from 

 gamma à e+ e-) 
–  All other BG (extra or missing photons, π0 

candidate is gamma and e-, etc.) 
–  Shapes from MC, relative fraction (and thus 

signal fraction) extracted from fit to data 
•  Lowest analyzed bin is 5-6 GeV π0 pT 

–  Data-MC agreement unsatisfactory below this 
–  Large amount of passive material, not well 

modeled 
•  Unfolded cross section calculated with a 

“smearing matrix” 
–  Dominant systematic is EEMC energy scale  
–  Consistent with NLO pQCD (Stratman numbers)  

•  B. Jaeger et al., Phys. Rev. D 67, 054005 (2003) 
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ALL in π0 + X at STAR for 0.8 < η < 2.0 

•  Raw longitudinal asymmetry corrected for 
–  Luminosity asymmetries (small) 
–  Beam polarizations 
–  Background asymmetries 

•  Estimated from mass sidebands, and consistent with zero (with uncertainty ~0.01) 

•  Statistical error (bars) dominate 
•  Systematic error (boxes) 

–  Signal fraction uncertainties       
 from template fits 

–  Uncertainty on background       
 asymmetry 

•  Integrated across pT probably  
        constrains GRSV Δg-max? 
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AN in π0 + X at STAR for 0.8 < η < 2.0 

•  Raw transverse asymmetry corrected for 
–  Beam polarizations 
–  Background asymmetries 

•  Estimated from mass sidebands, and consistent with zero (with uncertainty ~0.01) 

•  Plotted in bins of π0 pT (integrated over 0.06 < xF < 0.27), and in bins of xF 
•  Statistical error (bars) dominate 
•  Systematic error (boxes) 

–  Signal fraction uncertainties       
 from template fits 

–  Uncertainty on background       
 asymmetry 

–  Possible single-beam        
 backgrounds 

•  Twist-3 prediction  
–  K. Kanazawa and Y. Koike,  
–  Phys. Rev. D 83, 114024 (2011)  
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2006 data 
PRD 89, 012001  

(2014) 
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•   Consider more detailed ALL formula, polarization, etc. 
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AN in π0 + X at STAR for 0.8 < η < 2.0 

•  Transverse asymmetries for the EEMC mid-rapidity 2006 dataset 
•  Plotted in bins of π0 pT (integrated over 0.06 < xF < 0.27), and in bins of xF 
•  Statistical error (bars) dominates over systematic error (boxes) 
•  Twist-3 prediction  

–  K. Kanazawa and Y. Koike,  
–  Phys. Rev. D 83, 114024 (2011)  
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Transverse Spin Asymmetry AN

! Non-zero AN for xF > 0
observed over wide energy
range.

! Includes contributions from
leading twist Sivers and
Collins effects or higher
twist effects.

! AN expected to
! Increase with xF
! Go to zero in the limit of pT → 0
! Scale as 1/pT at high pT .

! STAR EEMC has larger dynamic range in pT and covers an
unmeasured (pT , xF) region

! 5 < pT < 12 GeV, 0.06 < xF < 0.27, and 0.8 < η < 2.0

! AN will be small due to small xF , but may show pT

dependence.

STAR
√

s = 200 GeV

3 / 17

STAR at sqrt(s) 200 GeV 
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Transverse!Single?spin!Asymmetries)

3)Recent)Spin)Results)from)STAR)N)Drachenberg)

AN =
dσ ↑ − dσ ↓

dσ ↑+ dσ ↓

AN =
1
P

NL
↑NR

↓ − NL
↓NR

↑

NL
↑NR

↓ + NL
↓NR

↑

π0!Leb)

Right)

p�)�) p)

dσ�(�) – cross)secDon)for)lebward)
sca_ering)when)beam)polarizaDon)
is)spinNup(down)!

PosiDve)AN)–)more)π0)to)le'(of)
(up))polarized)beam)

Two!op0ons!to!measure)AN#
SingleNarm:)

AN =
1
P
N↑ − RN↓

N↑+ RN↓
R = L

↑

L↓
R)=)relaDve)luminosity)
P)=)beam)polarizaDon)normal)to)π0)

LebNright)symmetric)detector)
!)CrossNraDo)Method:)

N  Less)sensiDve)to)instrumental)effects)
N  Factor)out)relaDve)luminosity)

Puzzle of Large Transverse Spin Asymmetries, AN 

•  Anomalously large AN observed for nearly 40 years  
–  In naïve, co-linear, leading-order/leading-twist QCD expect very small AN, especially at high energy 
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recent work Rogers and Mulders (2010) argued that the TMD
framework is not valid in the case of hadroproduction of
hadrons, as factorization does not hold. While the short-
distance (perturbative) components are still believed to fac-
torize from the long-distance (nonperturbative) ones, the
long-distance components become entangled and no longer
factorize from one another into independent TMD distribu-
tions and/or fragmentation functions. What is particularly
interesting is that the factorization breaking effects are rele-
vant in precisely the kinematic regime where a parton de-
scription is generally expected to apply. It will be exciting to
see this experimentally tested in the upcoming years, explor-
ing long-distance quantum entanglement effects in QCD. In
the longer-term future, it may be possible to develop well-
defined functions within the framework of pQCD which
describe the correlations between the partons in the incoming
and/or outgoing hadrons.

In the meantime, single-spin asymmetries for forward
meson production in pþ p collisions have been shown to
remain large across a very wide range of center-of-mass
energies (Adams et al., 1991, 1996; Allgower et al., 2002;
Abelev et al., 2008a; Arsene et al., 2008) and up to the
highest measured pT of"5 GeV (Koster, 2012). As shown in
Fig. 23, the transverse single-spin asymmetries in charged
pion production as a function of Feynman x are remarkably
similar from

ffiffiffi
s
p ¼ 4:9 GeV all the way up to 62.4 GeV

measured by the BRAHMS experiment at RHIC.
At higher energies and, in particular, at pT values large

enough to serve as a hard scale, one can try to interpret these
phenomena utilizing the tools of pQCD. With no explicitly
measured scale sensitive to the partonic transverse momen-
tum in inclusive single-spin asymmetries, a more appropriate
framework than TMD distributions in which to interpret the
asymmetries may be a collinear, twist-3 picture (Efremov and
Teryaev, 1982, 1985; Qiu and Sterman, 1998). A relationship
between the TMD and the collinear, twist-3 frameworks was
laid out by Ji et al. (2006).

Surprises continue to emerge from these kinds of measure-
ments, with large asymmetries for negative kaons as well as
antiprotons from BRAHMS (Arsene et al., 2008) suggesting
that the pion asymmetries are not a valence quark effect as
previously believed, and a recent hint from STAR (Adamczyk
et al., 2012c) that the asymmetry for ! mesons may be larger
than that of neutral pions.

VIII. FUTURE PROJECTS

A new program of dedicated experiments is planned to
investigate key open questions in QCD spin physics. We
briefly outline these experiments and their prime physics
objectives.

Since May 2012 CEBAF is undergoing a major upgrade
that will bring the maximum available energy of the electron
beam to 12 GeV. The experimental equipment in all three
halls will be upgraded (Halls A and C) or completely renewed
(Hall B), in order to better match the increased energy and
luminosity. A new experimental Hall D is being built.
Commissioning of the new accelerator and of the experimen-
tal halls is expected for 2014. The future physics program
focuses on dedicated studies of large x phenomena, hard
exclusive reactions, and TMD effects in kinematics where
valence quarks dominate the physics (Dudek et al., 2012).

At CERN a proposal by the COMPASS Collaboration
(Gautheron et al., 2010) to study TMDs and GPDs in the
period 2014–2017 has been approved. The COMPASS data
will provide a link between the kinematic domains of HERA,
on the one hand, and of HERMES and JLAB, on the other
hand. The program will start with the first ever polarized
Drell-Yan experiment using a transversely polarized ammo-
nia (proton) target and a negative pion beam. Because of the
underlying annihilation of the anti-up-quark from the pion
and the target up-quark, the process is dominated by the up-
quark distribution in the valence region. An important goal is
to check the QCD prediction of a sign change in the naive
T-odd TMDs with respect to the DIS case. A study of GPDs
in DVCS and hard exclusive meson production with a polar-
ized muon beam will follow in 2015 using a liquid hydrogen
target, a dedicated target recoil detector, and an additional
large-angle electromagnetic calorimeter. An important mea-
surement is the beam charge-and-spin asymmetry, which uses
the property of the muon beam in which polarization changes
sign when going from positive to negative muons. The first
result of the correlation of transverse size and longitudinal
momentum fraction might already be expected from a 2012
pilot run. In parallel semi-inclusive DIS data will be taken on
the pure hydrogen target.

There are proposals to create a polarized fixed-target Drell-
Yan program at Fermilab following the SeaQuest experiment,
scheduled to complete data taking in 2014. Research and
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Transverse spin structure of the proton 
A natural next step in the investigation of nucleon structure is an expansion of our current picture of the 
nucleon by imaging the proton in both momentum and impact parameter space. At the same time we need to 
further our understanding of color interactions and how they manifest in different processes. In the new 
theoretical framework of transverse momentum dependent parton distributions (TMDs) we can obtain an 
image in the transverse as well as longitudinal momentum space (2+1 dimensions).  This has attracted 
renewed interest, both experimentally and theoretically in transverse single spin asymmetries (SSA) in 
hadronic processes at high energies, which have a more than 30 years history. First measurements at RHIC 
have extended the observations from the fixed-target energy range to the collider regime. Future PHENIX 
and STAR measurements at RHIC with transversely polarized beams will provide unique opportunities to 
study the transverse spin asymmetries in Drell-Yan lepton pair, direct photon, and W boson productions, and 
other complementary processes. Also evolution and universality properties of these functions can be studied. 
Polarized nucleon-nucleus collisions may provide further information about the origin of SSA in the forward 
direction and the saturation phenomena in large nuclei at small x. 

Transverse asymmetries at RHIC  

Single spin asymmetries in inclusive hadron production in proton-proton collisions have been measured at 
RHIC for the highest center-of-mass energies to date, √s=500 GeV.  Figure 6 summarizes the measured 
asymmetries from different experiments as functions of Feynman-x (xF ~ x1-x2) and transverse momentum. 
Surprisingly large asymmetries are seen that are nearly independent of s  over a very broad range. To 
understand the observed significant SSAs one has to go beyond the conventional collinear parton picture in 
the hard processes.  Two theoretical formalisms have been proposed to generate sizable SSAs in the QCD 
framework: transverse momentum dependent parton distributions and fragmentation functions, which 
provide the full transverse momentum information and the collinear quark-gluon-quark correlation, which 
provides the average transverse information.   

 
At RHIC the pT-scale is sufficiently large to make the collinear quark-gluon-quark correlation formalism the 
appropriate approach to calculate the spin asymmetries. At the same time, a transverse momentum dependent 
model has been applied to the SSAs in these hadronic processes as well. Here, various underlying 
mechanisms can contribute and need to be disentangled to understand the experimental observations in 
detail, in particular the pT-dependence. These mechanisms are associated with the spin of the initial state 
nucleon (Sivers/Qiu-Sterman effects) and outgoing hadrons (Collins effects). We identify observables below, 
which will help to separate the contributions from initial and final states, and will give insight to the 
transverse spin structure of hadrons.  

 
Figure 6: Transverse single spin asymmetry measurements for neutral pions at different center-of-mass energies as function of 

Feynman-x (left) and pT-dependence at = 500 GeV (right). 

•  Persists at STAR/RHIC 
–  At forward pseudorapidity 
–  At high xF 

•  Interesting features in AN 
– Persists to surprisingly large pT 
– Larger in η’s than π0’s? 
– In relatively isolated π0’s, not in jets 
– Smaller when there’s central activity 
– Diffractive physics? 

– New Roman Pots in 2015 

Now Published 
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Concert of Facilities 
•  OPPIS à LINAC à AGS à RHIC 
 

Polarized-proton Collider 
•  Mitigate effects of depolarization resonances with “Siberian 

Snakes” 
•  Polarization measured with CNI polarimeter 
•  Spin rotators provide choice of spin orientation independent of 

experiment 
 

RHIC Beam Characteristics 
•  Clockwise beam: “blue”; counter-clockwise beam: “ ” 
•  Spin direction varies bucket-to-bucket (9.4 MHz) 
•  Spin pattern varies fill-to-fill 

Relativistic Heavy Ion Collider as a Spin Collider 
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Inclusive hadron measurements: 
Barrel ElectroMagnetic Calorimeter (BEMC), 
Endcap ElectroMagnetic Calorimeter (EEMC), 

and 
Forward Meson Spectrometer (FMS) 

FPD (east) not shown 

Solenoidal Tracker at RHIC 
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Jet and W/Z 
measurements: 

TPC + Barrel + Endcap 
EMC 

October 14, 2016 



π0 Background and Cross-Section Computation 
0.8 < η < 2.0 with 2006 Dataset 

•  Inclusive π0 mass distribution fit to MC 
templates, in bins of π0 pT 
–  Signal 
–  Conversion BG (π0 candidate is from 

 gamma à e+ e-) 
–  All other BG (extra or missing photons, π0 

candidate is gamma and e-, etc.) 
–  Shapes from MC, relative fraction (and thus 

signal fraction) extracted from fit to data ]2 [GeV/caaM
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•  Work underway at STAR 
with 2012 dataset (x10 the 
2006 luminosity) at 
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–  Large improvement in 

stat. uncertainty projected, 
as shown 
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