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Contributions	  to	  the	  proton’s	  spin	  
Consider a proton moving to the 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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Understanding	  spin	  in	  proton	  
collisions	  at	  STAR	  

• Probing gluon polarization with jets and π0’s 
• Probing sea quark polarization with W’s 
• Probing transverse structure with hadrons 

•  And with W’s, Z’s, and other probes 
• Looking to the future 
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NIM A499, 245 (2003) 

Relativistic Heavy Ion Collider 

•  Spin rotators provide choice of spin orientation 
independently of experiment 

•  Spin direction varies bucket-to-bucket (9.4 MHz) 
•  Spin pattern varies fill-to-fill 
•  Variable proton beam energy 

2013 P = 52% 



5 

N
. P

ol
ja

k,
 D

iff
ra

ct
io

n 
20

14
. 

Inclusive hadron measurements: Barrel ElectroMagnetic Calorimeter 
(BEMC) + Endcap ElectroMagnetic Calorimeter (EEMC) and Forward Meson 
Spectrometer (FMS) FPD (east) not shown (neutral) / TPC (charged) 

Solenoidal Tracker at RHIC (STAR) 

Jet and W/Z measurements: TPC +Barrel + Endcap EMC 

Barrel EMC 

Endcap EMC 

Forward Meson 
Spectrometer 

Time Projection 
Chamber 
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Understanding	  spin	  in	  proton	  
collisions	  at	  STAR	  

• Probing Gluon Polarization with Jets and π0’s 
• Probing Sea Quark Polarization with W’s 
• Probing Transverse Structure with hadrons 

•  And with W’s, Z’s, and other probes 
• Looking to the Future 
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Probing	  polarized	  gluon	  PDF’s	  with	  jets	  
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Jet	  reconstruction	  
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Jet Levels MC Jets 

Anti-KT Jet Algorithm: 
•  Radius = 0.6 
•  Used in both data and simulation 

Pa
rt

on
 

STAR has: 
•  Full azimuthal coverage  
•  Charged particle tracking from 
TPC for |η| < 1.3 
•  E/BEMC provide electromagnetic 
energy reconstruction in the range 
of -1 < η < 2.0 
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23 

from the new DSSV analysis [47]. The “new fit” includes 2009 jet ALL, unlike the original DSSV 
and DSSV* fits which include the less precise 2006 data.  A factor three improvement in 
uncertainty in ∆g over the measured range in x is seen. 

 

 
Figure 2-22 Midrapidity (|η| < 0.5, upper panel) and forward rapidity (0.5 < |η| < 1, lower panel) inclusive jet 
ALL vs. parton jet pT, compared to predictions from several NLO global analyses. The error bars are 
statistical. The gray boxes show the size of the systematic uncertainties. 
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•  2009 results (showing ALL 
as a function of parton-jet 
pT) have 3 to 4 times better 
statistical precision than 
2006 results 

•  Two pseudorapidity ranges 
emphasize different 
partonic kinematics 

•  Results lie consistently 
above the 2008 DSSV fit!  
(the first global analysis to include 
RHIC data - Phys.Rev. D80 (2009) 
034030) 
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PRL 113, 012001 (2014) 

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

•  Uncertainty on integral 
over low x region is still 
sizable 

DSSV	  -‐>	  DSSV*	  -‐>	  New	  DSSV	  Fit	  Results	  
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PRL 113, 012001 (2014) 

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

•  Uncertainty on integral 
over low x region is still 
sizable 

•  Uncertainty shrinks 
substantially from 
DSSV* to new DSSV fit 
 

First firm evidence of non-
zero gluon polarization! 

DSSV	  -‐>	  DSSV*	  -‐>	  New	  DSSV	  Fit	  Results	  



Probing	  low	  x	  gluons	  with	  π0	  ALL	  	  
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STAR has measured π0 ALL in three different pseudorapidity ranges to assess 
different kinematics, different fragmentation, different systematics etc. 

PRD 80, 111108(R), PRD 89, 012001 (2014), Wissink SPIN2008 

No large asymmetries seen 



Probing	  low	  x	  gluons	  with	  π0	  ALL	  	  
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STAR has measured π0 ALL in three different pseudorapidity ranges to assess 
different kinematics, different fragmentation, different systematics etc. 

PRD 80, 111108(R), PRD 89, 012001 (2014), Wissink SPIN2008 

No large asymmetries seen 
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•  Work underway with 2012 
dataset (10x lumi.) at 
intermediate 
pseudorapidity, projected 
large improvement in stat. 
uncertainty 

2006 data, PRD 89, 012001 (2014) 

•  Higher CoM energy 
•  200 à 510 GeV 
•  Pushes to lower x gluon 

•  Additional data at 510GeV 
from the FMS (2012 and 
2013 forward) 
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Understanding	  spin	  in	  proton	  
collisions	  at	  STAR	  

• Probing Gluon Polarization with Jets and π0’s 
• Probing Sea Quark Polarization with W’s 
• Probing Transverse Structure with hadrons 

•  And with W’s, Z’s, and other probes 
• Looking to the Future 
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Probing	  Sea	  Quark	  Polarizations	  With	  W’s	  
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•  Direct coupling of W's to the quarks 
and antiquarks of interest 

•  Longitudinally, excellent probes of 
sea quark polarizations, but also an 
important probe of transverse physics 

 

Measure single-spin asymmetry:  helicity flip in one beam while averaging over the other 



16 

N
. P

ol
ja

k,
 D

iff
ra

ct
io

n 
20

14
. 

6r2

06d(x,Q2) dx
1

0.05

DSSV+

DSSV++
w/ proj. W data

DSSV++
w/ STAR W data

Q2 = 10 GeV2

DSSV
6r2=2%

0

5

10

15

-0.08 -0.06 -0.04 -0.02 0 0.02

2012	  W	  (u	  and	  
d)	  results	  

arXiv:nucl-ex/1304.0079 

Δd

Δu

STAR data move the world sea quark fits! 
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Understanding	  spin	  in	  proton	  
collisions	  at	  STAR	  

• Probing Gluon Polarization with Jets and π0’s 
• Probing Sea Quark Polarization with W’s 
• Probing Transverse Structure with hadrons 

•  And with W’s, Z’s, and other probes 
• Looking to the Future 



Transverse	  spin	  asymmetry	  AN	  
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Right	  

Le)	  

€ 

AN =
1
P
σL −σR

σL +σR

AN:	  a	  difference	  in	  cross-‐sec6on	  
between	  par6cles	  produced	  to	  
the	  le)	  and	  right	  

Experiment:	  
(E704,	  Fermi	  Na6onal	  Laboratory	  
Phys.	  LeG.	  B	  261	  (201)	  Phys.	  LeG.	  B	  264	  (462))	  

Theory	  Expecta2on:	  	  
Small	  asymmetries	  at	  high	  energies	  	  
(Kane,	  Pumplin,	  Repko,	  PRL	  41,	  1689–1692	  (1978)	  )	  

€ 

AN ∝
mq

pT
  

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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FIG. 23 (color online). The transverse single-spin asymmetry in forward "$ production as measured in polarized proton-proton collisions
across a range of center-of-mass energies. From left to right, the data are from Klem et al. (1976), Adams et al. (1991), Allgower et al.
(2002), and Arsene et al. (2008). Error bars are statistical errors only.

Aidala et al.: The spin structure of the nucleon 685

Rev. Mod. Phys., Vol. 85, No. 2, April–June 2013

Rev. Mod. Phys., Vol. 85, No. 2 

Anomalously large AN observed for nearly 40 years!  



Mechanisms	  for	  transverse	  single-‐spin	  asymmetries	  	  
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Twist-‐3:	  Asymmetry	  from	  multi-‐parton	  
correlation	  functions	  (PRL	  67,	  2264)	  or	  
equivalent	  mechanism	  for	  fragmentation	  

functions	  (PRD	  89,	  111501	  R)	  
Correlators	  closely	  related	  to	  kT	  moments	  of	  

TMDs	  (NPB	  667,	  201)	  	  



Mechanisms	  for	  transverse	  single-‐spin	  asymmetries	  	  
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Go	  beyond	  inclusive	  production	  –	  e.g.	  jets,	  W/Z,	  direct	  photons	  



AN	  results	  from	  STAR	  
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arXiv:nucl-ex/1304.0079 

arXiv:nucl-ex/1304.0079 

•  Features of AN 
•  Large AN persists at STAR 
•  Observed at various √s and η  
•  xF dependence as expected 
•  large asymmetries persist at high pT 
•  larger in η’s than π0’s? 



AN(W+/-‐,	  Z0)	  results	  
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•  AN in Drell-Yan, W/Z production provide excellent complement to SIDIS 
•  Attractive from a theoretical perspective (no fragmentation function needed as for π0’s, etc., W 

couples directly to proton sea quarks)  
•  Sivers function changes sign when comparing with transverse asymmetries from SIDIS (Collins, 

J. C., 2002, Phys. Lett. B 536, 43) 
•  Test the universality and factorization of TMD’s, constrain their evolution – important tests of 

QCD 
•  Analysis completely reconstructs the bozons  
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Projections for 2016 show AN(W+/-,Z0) will constrain sea quark Sivers 
distribution and make a statement on the Sivers sign change 
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Understanding	  spin	  in	  proton	  
collisions	  at	  STAR	  

• Probing Gluon Polarization with Jets and π0’s 
• Probing Sea Quark Polarization with W’s 
• Probing Transverse Structure with hadrons 

•  And with W’s, Z’s, and other probes 
• Looking to the Future 



Forward	  Calorimetry	  Upgrade:	  2015	  and	  2020	  
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STAR FMS-PreShower: 
FMS (forward EM calorimetry) Preshower Upgrade 
in 2015 

•  Allows separation among photons, π0’s, 
charged hadrons, and electrons 

•  Supports direct photon and DY 
measurements (no frag. functions, 
universality tests) 

2020 forward upgrade: 
ECal: Tungsten powder scintillating fiber, 23X0, 
2.3cm Mol. 
HCal: Lead+scintillator tiles, 10x10x81 cm3, 4X0 
•  Dijet measurements – direct access to parton x 
•  Means to measure low x gluon distribution - an 

attractive probe to x ≈ 10-3 before the EIC era 
(arxiv 1212.1701) 



Conclusions	  and	  outlook	  
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After 25 years, evidence of non-zero gluon polarization in the 
proton 

Pushing to lower x gluons 
W’s and Z’s improving our understanding of sea quark 

polarizations 
Exploration of large transverse asymmetries continues 

Efforts to disentangle initial-state (e.g. Sivers) and final-state 
(e.g. Collins) effects; and confirming both in a pp environment  

Large datasets on hand, analyses underway 
Detector upgrades continue 

Stay tuned and 
Thank you! 


