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What do we know about the proton? 

•  Revealed by Rutherford scattering 
•  Charge +e 
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•  Spin ½        
(intrinsic angular 

momentum) 
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What do we know about proton structure? 

•  Scatter energetic electrons off protons to reveal 
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•  2/3e + 2/3e – 1/3e = +e 
Charge works 

•  (2 + 2 + 5) MeV       
 != 938 MeV  

     Mass not so well 
•  How about spin? 
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Origin of the proton’s spin? 
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Origin of the proton’s spin? 
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What do we know about proton structure? 

•  We’d like to use proton collisions as an additional tool 
•  Proton colliders control the energy of protons, not of quarks or gluons 
•  To make predictions about collisions,                 

      we need to know about q’s, g’s 

•  Parton distribution function: PDF 
–  A parton is a quark or a gluon 
–  With what fraction, x, of the proton’s momentum? 

•  We’re interested in the polarized PDF’s e.g. Δg(x)  
–  In a polarized proton, as a function of x, to what    

 extent are gluons aligned with the proton’s spin,    
 instead of against it? 
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Figure 19.5: The bands are x times the unpolarized (a,b) parton distributions
f(x) (where f = uv, dv, u, d, s ≃ s̄, c = c̄, b = b̄, g) obtained in NNLO NNPDF3.0
global analysis [56] at scales µ2 = 10 GeV2 (left) and µ2 = 104 GeV2 (right), with
αs(M2

Z) = 0.118. The analogous results obtained in the NNLO MMHT analysis can
be found in Fig. 1 of Ref [55]. The corresponding polarized parton distributions
are shown (c,d), obtained in NLO with NNPDFpol1.1 [15].
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Contributions to the Proton’s Spin 

Proton spin sum rule: 

Polarized e/µ + p: ~0.3 
Puzzling for ~30 years 

Relatively poorly constrained 
But Sg coming into focus! 
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Constraining the Gluon Polarization Distribution 
with Jet, Dijet, and Neutral Pion Probes at STAR 

•  Current Understanding of Δg(x) 

•  STAR Detector  

•  Jets as a probe of Δg(x) 

•  Pushing to Low x with Forward π0’s 
–  In the Endcap 

–  In the Forward Calorimeter 

•  Constraining Δg(x) with Correlated Probes 
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•  With new data from 
STAR our understanding 
of the gluon’s role in the 
spin of the proton has 
improved significantly 

•  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 – Sg Comes into Focus 
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PRL 113, 012001 (2014) 



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

PRL 113, 012001 (2014) 
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•  With new data from 
STAR our understanding 
of the gluon’s role in the 
spin of the proton has 
improved significantly 

•  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 

 



Constraining the Gluon Polarization Distribution 
with Jet, Dijet, and Neutral Pion Probes at STAR 

•  Current Understanding of Δg(x) 

•  STAR Detector  

•  Inclusive jets as a probe of Δg(x) 

•  Pushing to Low x with Forward π0’s 
–  In the Endcap 

–  In the Forward Calorimeter 

•  Constraining Δg(x) with Correlated Probes 
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STAR at the Relativistic Heavy Ion Collider (RHIC) 

12 November 11, 2017 

NIM A499, 245 (2003) 

RHIC as a Polarized Proton Collider 
•  World’s first and only 

•  Average polarization 50-60% 

•  Luminosity typically ~1E32 cm-2 s-1 

•  Spin rotators provide choice of spin 
orientation independent of experiment 

•  200 and 500 GeV collisions (proton-
proton center-of-mass energy) 



Hadron (e.g. π0) measurements: 
Barrel ElectroMagnetic Calorimeter (BEMC), 
Endcap ElectroMagnetic Calorimeter (EEMC), 

and 
Forward Meson Spectrometer (FMS) 

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. 
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Constraining the Gluon Polarization Distribution 
with Jet, Dijet, and Neutral Pion Probes at STAR 

•  Current Understanding of Δg(x) 

•  STAR Detector  

•  Jets as a probe of Δg(x) 

•  Pushing to Low x with Forward π0’s 
–  In the Endcap 

–  In the Forward Calorimeter 

•  Constraining Δg(x) with Correlated Probes 
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Probing (Gluon) Polarized PDF’s With Jets 

•    

 p. 15 

Some+Spin8sensi)ve+Measurements)

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

ALL =
σ ++ −σ +−

σ ++ +σ +−
∝
ΔfaΔfb
fa fb
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Jet Levels MC Jets 

Anti-KT Jet Algorithm: 
• Radius e.g 0.6 (for 2009 Jet ALL)  
• Used in both data and simulation 

Pa
rt

on
 

STAR Detector has: 
•  Full azimuthal coverage  
•  Charged particle tracking from    

 TPC for |η| < 1.3 
•  E/BEMC provide electromagnetic 
energy reconstruction for -1 < η < 2.0 
STAR well suited for jet measurements 
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2009 Jet ALL 

•  2009 results have factor of 3 
to 4 better statistical precision 
than earlier 2006 results 

•  Results divided into two η 
ranges which emphasize 
different initial-state 
kinematics 

•  Results lie consistently 
above the 2008 DSSV fit 

•  Played a major role in 
moving the global Δg fit 

p. 17 

 
 

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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2012 Jet ALL at 510 GeV 

 p. 18 

2012 Inclusive Jet ALL 

SPIN 2014 -- Z. Chang 10/22/2014 18 

• Trigger and reconstruction 
bias dominates the systematic 
uncertainties 

• Relative luminosity systematic 
uncertainty is 4 ×10-4 
 
 

• Results agree well with latest 
NLO predictions 

Z. Chang SPIN 2014 
arXiv:1512.05400 

•  Push to lower xg w/ higher 
collision energies 
–  For similar jet energies, 

higher proton energies means 
we sample lower xg 

•  Agrees well with latest 
predictions based on 
global polarized PDF 
(DSSV, NNPDF) analyses 
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Higher Statistics for Jet ALL  

•   RHIC had very successful, high luminosity runs at 510 GeV in 2012 and 2013 
–  Fits that incorporated 2009 results continue to describe the data well 

  
•  Additional 200 GeV data during 2015 

–  Will reduce ALL uncertainties by a factor of ~1.6 

A. Gibson, Valparaiso; STAR Proton Spin; Prairie 2017  p. 19 

Next steps 

• RHIC had very successful runs with 510 GeV pp collisions during 
2012 and 2013 
– Higher center-of-mass energy probes lower x partons 

• ALL at 510 GeV is well described by global fits that previously 
gave a good description of the 2009 measurements at 200 GeV 
 

• STAR took additional 200 GeV pp data during 2015 
– Will reduce uncertainties for ALL  at 200 GeV by a factor of ~1.6 

Probing the Origin of the Proton Spin at STAR --  Carl Gagliardi – ICNFP 2017 
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STAR 
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Constraining the Gluon Polarization Distribution 
with Jet, Dijet, and Neutral Pion Probes at STAR 

•  Current Understanding of Δg(x) 

•  STAR Detector  

•  Jets as a probe of Δg(x) 

•  Pushing to Low x with Forward π0’s 
–  In the Endcap 

–  In the Forward Calorimeter 

•  Constraining Δg(x) with Correlated Probes 
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•  2006 Dataset in the Endcap Electromagnetic Calorimeter (EEMC) 
•  Push to reasonably low x by going (relatively) forward 

–  In forward detectors collisions between one high x and one low x particle are common 
•  Statistical error (bars) dominate relative to systematic error (boxes) 

 

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)  

 

π0 pT 
7 to 8 GeV 
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Poster 23 has more details 
about the π0 analysis  



Updated Prediction for π0 ALL , 0.8 < η < 2.0 

•  NNPDFpol1.1 includes jet results from STAR, 
including the 2009 jets 

•  Greater precision needed to test the fit 

 p. 22 
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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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•  Work underway at STAR 
with 2012 dataset (x10 the 
2006 luminosity) at 
intermediate (endcap) 
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–  Large improvement in 

stat. uncertainty projected, 
as shown 
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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 
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π0 ALL
 Prospects in Forward Calorimeters 

Dilks SPIN2014 

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

•  Here requiring an isolation cone      
 around π0 

–  Inclusive analysis        
 coming soon 
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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



Constraining the Gluon Polarization Distribution 
with Jet, Dijet, and Neutral Pion Probes at STAR 

•  Current Understanding of Δg(x) 

•  STAR Detector  

•  Jets as a probe of Δg(x) 

•  Pushing to Low x with Forward π0’s 
–  In the Endcap 

–  In the Forward Calorimeter 

•  Constraining Δg(x) with Correlated Probes 
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•  Inclusive jet measurements have been the workhorse of STAR Δg program to date 
 But sample a broad x range in each pT bin 

•  Dijet or other correlation measurements which reconstruct the full final state are 
sensitive to initial kinematics  
• Prospect of mapping out the shape of Δg(x) 

Dijet Measurements 
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2009 Dijet Asymmetries and x Reach 

•  C 

•  Dijets probe a much narrower range of xg than inclusive jets 
•  Asymmetries consistent with predictions, ~subset of the dataset used to extract 

polarized PDF’s; some evidence dijets prefer a larger Δg? 
A. Gibson, Valparaiso; STAR Proton Spin; Prairie 2017  p. 28 
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FIG. 3. (Color online) Values of gluon x1 and x2 obtained
from the PYTHIA detector level simulation for the same-sign
(upper) and opposite-sign (lower) di-jet topologies, compared
to the gluon x distribution for inclusive jets scaled by an ad-
ditional factor of 20 in each panel.

PDFs which predict asymmetries that ‘bracket’ the mea-
sured ALL values. Although PYTHIA does not include
parton polarization effects, asymmetries could be repro-
duced via a re-weighting scheme in which each event
was assigned a weight equal to the partonic asymme-
try as determined by the hard-scattering kinematics and
(un)polarized PDF sets. The trigger and reconstruction
bias correction in each mass bin was determined by evalu-
ating ∆ALL ≡ Adetector

LL −Aparton
LL for each of the selected

PDFs, then taking the average of the minimum and maxi-
mum values found. These corrections to ALL varied from
0.0006 at low mass to 0.0048 at high mass. Half of the
difference between the minimum and maximum ∆ALL

was taken as a systematic uncertainty on the correction.

Figure 4 presents the final di-jet ALL measurement for
the same-sign (top) and opposite-sign (bottom) topolog-
ical configurations as a function of di-jet invariant mass,
which has been corrected back to the parton level. The
correction to parton level is achieved by shifting each
point by the average difference between the detector and
parton-level di-jet masses for a given detector-level bin.
The heights of the uncertainty boxes represent the sys-
tematic uncertainty on the ALL values due to the trig-
ger and reconstruction bias (3–32 ×10−4) and residual
transverse polarization components in the beams (3–26
×10−4). The relative luminosity uncertainty (5 × 10−4)
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ant mass for the same-sign (top) and opposite-sign (bottom)
topological configurations measured by the STAR experiment.
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also results in an uncertainty in the vertical dimension
that is common to all points and is represented by the
gray band on the horizontal axis. This uncertainty was
evaluated by comparing relative luminosity values ob-
tained using the STAR BBCs and ZDCs, as well as
from quantitative inspection of a number of single- and
double-spin asymmetries expected to yield null results.
The widths of the boxes represent the systematic uncer-
tainty associated with the corrected di-jet mass values
and, in addition to contributions from the uncertainty
on the correction to the parton level, include uncertain-
ties on calorimeter tower gains and efficiencies as well as
TPC momentum resolution and tracking efficiencies. A
further uncertainty was added in quadrature to account
for the difference between the PYTHIA parton level and
NLO pQCD di-jet cross sections. This PYTHIA vs. NLO
pQCD uncertainty dominates in all but the lowest mass
bin, rendering the di-jet mass uncertainties highly corre-
lated. The ALL values and associated uncertainties can
be found in Tab. I with more detail in the supplemental
materials [31].

Theoretical ALL values were obtained from the di-
jet production code of de Florian et al. [7] using the
DSSV2014 [17] and NNPDFpol1.1 [18] polarized PDF
sets as input, normalized by the MRST2008 [33] and
NNPDF2.3 [34] unpolarized sets, respectively. Uncer-
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Dijets at Forward Rapidities and 510 GeV 

•  Probe lower xg with dijets by moving to forward rapidities and higher collision energy 
–  Reaching x ~ 0.02 now 
–  Can push below x = 0.01 with additional data already recorded 
–  And to x ~ 10-3 in a few years with a forward upgrade  

A. Gibson, Valparaiso; STAR Proton Spin; Prairie 2017  p. 29 

Di-jets at forward rapidity and higher √s 

• Di-jet measurements at forward rapidity and higher √s provide more 
precise mapping of Δg(x) at lower x 
– Reaching x of ~0.02 now 
– Will push well below x ~ 0.01 with additional data that has 

already been recorded 
– Will reach x ~ 10-3 in several years with a forward upgrade 
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Many Additional Topics at STAR 

•  Quark Gluon Plasma 
•  Properties of Antimatter 

–  Discovery of anti-4He, interactions between antiprotons 
•  Transverse Spin Physics 

 
•  W’s to probe anti-quark polarization distributions 

A. Gibson, Valparaiso; STAR Proton Spin; Prairie 2017  p. 30 

δq(x) 

Proton spin ⇑ 

⇑ ⇓ 

Transversity 

November 11, 2017 

Proton momentum ⇒

Next two speakers will tell us 
about some other parts of STAR’s 
diverse physics program 



Understanding the Proton’s Spin at STAR: 
Constraining the Gluon Polarization Distribution 

with Jet, Dijet, and Neutral Pion Probes 

•  Jets at STAR 
–  After 25 years, evidence of non-zero gluon polarization in the proton 
–  Large datasets reduce uncertainties, higher energy collisions allow us 

to probe lower x 
•  π0’s with forward detectors (EEMC, FMS) probe lower x  
•  Map Δg(x) as a function of x with correlated probes like dijets 

 
•  Large datasets being analyzed, upgrades planned; stay tuned! 

A. Gibson, Valparaiso; STAR Proton Spin; Prairie 2017  p. 31 November 11, 2017 

Proton spin sum rule: 

Polarized e/µ + p: ~0.3 
Puzzling for ~30 years 

Sg coming into focus! 

1
2
!= 1

2
Sq
z

q
∑ +Sg

z + Lq
z

q
∑ +Lg

z

Poorly constrained 



Backup 
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Datasets from RHIC at STAR 

 p. 33 

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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Figure 19.5: The bands are x times the unpolarized (a,b) parton distributions
f(x) (where f = uv, dv, u, d, s ≃ s̄, c = c̄, b = b̄, g) obtained in NNLO NNPDF3.0
global analysis [56] at scales µ2 = 10 GeV2 (left) and µ2 = 104 GeV2 (right), with
αs(M2

Z) = 0.118. The analogous results obtained in the NNLO MMHT analysis can
be found in Fig. 1 of Ref [55]. The corresponding polarized parton distributions
are shown (c,d), obtained in NLO with NNPDFpol1.1 [15].
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Fig. 13. The NNPDFpol1.1 parton set compared to DSSV08 [6] at Q2 = 10 GeV2.
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Δg in the context of a new NLO global analysis of helicity
parton densities.
Global analysis and new and updated data sets.—As just

described, the key ingredients to our new QCD analysis are
the 2009 STAR [6] and PHENIX [7] data on the double-
spin asymmetries for inclusive jet and π0 production. At
the same time, we also update some of the earlier RHIC
results used in [3] and add some new DIS data sets by the
COMPASS experiment. More specifically, we now utilize
the final PHENIX π0 data from run 6 at

ffiffiffi
s

p
¼ 200 GeV [8]

and 62.4 GeV [9], the final STAR jet results from run 5 and
run 6 [10], and the recent inclusive [11] and semi-inclusive
[12] DIS data sets from COMPASS. As far as the impact
on Δg is concerned, the data sets [6,7] clearly dominate.
The COMPASS data sets will primarily affect the quark and
antiquark helicity distributions as reported in [13].
The method for our global analysis has been described in

detail in [3] and will not be presented here again. It is based
on an efficient Mellin-moment technique that allows one
to tabulate and store the computationally most demanding
parts of a NLO calculation prior to the actual analysis. In
this way, the evaluation of the relevant spin-dependent pp
cross sections [14] becomes so fast that it can be easily
performed inside a standard χ2 minimization analysis. As a
small technical point, we note that STAR has moved to the
“anti-kt” jet algorithm [15] for their analysis of the data
from the 2009 run. In order to match this feature, we use the
NLO expressions derived in [16] for the polarized case.
As in our previous DSSV analysis [3], standard Lagrange
multiplier (LM) and Hessian techniques are employed in
order to assess the uncertainties of the polarized parton
distributions determined in the fit.
We adopt the same flexible functional form as in [3] to

parametrize the NLO helicity parton densities at the initial
scale Q0 ¼ 1 GeV, for instance,

xΔgðx;Q2
0Þ ¼ Ngxαgð1 − xÞβgð1þ ηgxκgÞ; ð2Þ

with free parameters Ng, αg, βg, ηg, and κg. Note that this
parametrization allows for a node in the distribution, as
realized by the central gluon density of the DSSV analysis
[3]. We enforce positivity jΔfj=f ≤ 1 of the parton
densities, using the unpolarized distributions fðx;Q2Þ of
[17], from where we also adopt the running of the strong
coupling. We use the same set for computing the spin-
averaged cross sections in the denominators of the spin
asymmetries.
Results of global analysis.—Figure 1 shows our new

result for the gluon helicity distribution Δgðx;Q2Þ at
Q2 ¼ 10 GeV2. The solid line presents the updated central
fit result, with the dotted lines corresponding to additional
fits that are within the 90% confidence level (C.L.) interval.
In defining this interval, we follow the strategy adopted
in Ref. [17]. These alternative fits may be thought of
as spanning an uncertainty band around Δg within this

tolerance and for the adopted functional form (2). The
dotted-dashed curve represents the result of a fit—
henceforth labelled as “DSSV*”—for which we only
include the updates to the various RHIC data sets already
used for the original DSSV analysis [3] (dashed line); i.e.,
we exclude all the new 2009 data [6,7]. The new
COMPASS inclusive [11] and semi-inclusive [12] DIS
data sets have little impact on Δg and are included in the
DSSV* fit.
The striking feature of our new polarized gluon distri-

bution is its much larger size as compared to that of the
DSSV analysis [3]. For Q2 ¼ 10 GeV2, it is positive
throughout and clearly away from zero in the regime
0.05 ≤ x ≤ 0.2 predominantly probed by the RHIC data,
as is demonstrated by the alternative fits spanning the
90% C.L. interval. In contrast to the original DSSV gluon
distribution, the new Δg does not show any indication of a
node in the RHIC x range [18]. It is interesting to notice that
the DSSV* fit, without the new 2009 but with updated
earlier RHIC data sets, already tends to have a positive Δg.
This trend is then very much strengthened, in particular, by
the 2009 STAR data [6].
Figure 2 shows the comparison to the new STAR jet

data [6] obtained with our new set of spin-dependent
distributions. As in the analysis itself, we have chosen
both the factorization and renormalization scales as pT .
STAR presents results for two rapidity ranges, jηj < 0.5
and 0.5 < jηj < 1. It is evident that the new fit describes
the data very well in both ranges. We also illustrate the
uncertainties corresponding to our analysis, using the
LM method with a tolerance Δχ2 ¼ 1 unit (inner bands)
and 90% C.L. (outer bands). The result for our previous
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FIG. 1 (color online). Gluon helicity distribution at
Q2 ¼ 10 GeV2 for the new fit, the original DSSV analysis of
[3], and for an updated analysis without using the new 2009
RHIC data sets (DSSV*, see text). The dotted lines present the
gluon densities for alternative fits that are within the 90% C.L.
limit. The x range primarily probed by the RHIC data is indicated
by the two vertical dashed lines.
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Q2 ¼ 10 GeV2 for the new fit, the original DSSV analysis of
[3], and for an updated analysis without using the new 2009
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2012 Inclusive Jet ALL at 510 GeV 

•  Push to lower xg w/ higher CoM 
energy 

•  50 pb-1 at 53% avg. polarization 
•  Smaller cone, R = 0.5 reduces 

effect of pileup 
•  Agrees well with latest 

predictions  

•  Higher CoM pushes to lower xT 
–  Results agree in overlap region 

 p. 38 

Z. Chang SPIN2014 

2012 Inclusive Jet ALL with 2009 Data 

SPIN 2014 -- Z. Chang 10/22/2014 19 

• Higher collision energy 
extends xT to lower region 
 

• 510 GeV results agree well 
with 200 GeV data in the 
overlapping region 
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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 

p. 39 

0.8 < η < 2.0 

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

Dilks SPIN2014 
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FIG. 2. (Color online) The particle-level di-jet differential
cross section measured by the STAR experiment (points plot-
ted at bin center). The lower panel provides a relative com-
parison to theory, as described in the text.

rection was estimated from simulation by taking the ratio
of the particle-level over parton-level di-jet yields. The
ratio ranges from 1.44 at low mass to 1.22 at high mass
and is used as a multiplicative correction to the NLO
predictions.

The systematic uncertainty on both the UEH correc-
tion (double-hatched red band) and the theoretical cross
section itself took into account the uncertainty on the
PDF set used as well as sensitivity to the variation of
the factorization and renormalization scales, which were
altered simultaneously by factors of 0.5 and 2.0. The
factorization and renormalization scales were also var-
ied independently between the limits above, but the re-
sulting deviation was always less than the simultaneous
case. The systematic uncertainty on the UEH correc-
tion ranged between 39% and 7% from low to high mass,
respectively, while the uncertainty on the theory was be-
tween 19% and 43%. The height of the blue hatched band
represents the quadrature sum of the theoretical and
UEH systematics. Note that neither systematic uncer-
tainty is symmetric about its nominal value. Systematic
uncertainties on the extracted cross section are smaller
than the theoretical uncertainties for all mass bins, mean-
ing these data have the potential to improve our under-
standing of UEH effects (at low mass) and unpolarized
PDFs in our kinematic regime.

Sorting the yields by beam spin state enables a de-

termination of the longitudinal double-spin asymmetry
ALL, evaluated as

ALL =

∑

(PY PB) (N++ − rN+−)
∑

(PY PB)
2 (N++ + rN+−)

, (2)

where PY,B are the polarizations of the yellow and blue
beams, N++ and N+− are the di-jet yields from beam
bunches with the same and opposite helicity configura-
tions, respectively, and r is the relative luminosity of
these configurations. The sum is over individual runs,
which ranged from 10 to 60 minutes in length and were
short compared to changes in beam conditions. The fac-
tor r was close to unity on average, varying between 0.8
and 1.2.
As noted previously, the advantage of a correlation

observable over inclusive measurements lies in the for-
mer’s superior ability to constrain initial state kinemat-
ics based on, for example, invariant mass and di-jet topo-
logical configurations. The asymmetry ALL is presented
for two distinct topologies: ‘same-sign’ in which both
jets have either positive or negative pseudorapidity, and
‘opposite-sign’ in which one jet has positive and the other
negative pseudorapidity. The opposite-sign topology se-
lects events arising from relatively symmetric (in x) par-
tonic collisions, whereas same-sign events select more
asymmetric collisions. The most asymmetric, high-pT
collisions are preferentially between a high momentum
(high x and therefore highly polarized) quark and a low
momentum gluon. The control over initial kinematics
achievable with di-jets can be seen in Fig. 3 which
presents the partonic momentum fraction distributions
(weighted by partonic ALL) of the gluons as obtained
from PYTHIA for a sample of detector level di-jets with
19.0 < M < 23.0 GeV/c2, as well as for inclusive jets
with 8.4 < pT < 11.7 GeV/c. The increase in x resolu-
tion achievable with di-jets compared to inclusive jets is
evident from the much narrower di-jet x distributions.
The asymmetric nature of the collisions in the same-
sign events (upper plot) can be seen in the separation of
the high- and low-x distributions, whereas the opposite-
sign events (lower plot) sample an intermediate x range.
Other di-jet mass bin choices sample different gluon x
regions.
Values of ALL extracted from the data via Eq. 2 repre-

sent an admixture of the asymmetries produced from the
three dominant partonic scattering sub-processes: qq, qg,
and gg. The STAR trigger is more efficient for certain
sub-processes [13], altering the sub-process fractions in
the data-set and thereby shifting the measuredALL. Fur-
ther distortions can arise due to systematic shifts caused
by the finite resolution of the detector coupled with a
rapidly falling invariant mass distribution. Corrections
were applied to the raw ALL values to compensate for
these effects. A trigger and reconstruction bias correc-
tion was determined by comparing ALL from simulation
at the detector and parton levels using several polarized

Blue box is theory error:  
renormalization and factorization 
scales x0.5, x2 

Vertical black hashing stat. error 

Green box is symmetric about 
data point and is the quadrature 
sum of all systematic errors 

2009 Dijet Cross Section Results 

Phys. Rev. D 95, 071103(R) (2017) 
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π0	-	Jet	ALL	measurements	at	STAR�

PANIC2017@Beijing,	Yaping	Wang�

Channel: Using a jet in the mid-rapidity region correlated with an opposite-side 
neutral pion in the forward rapidity region 1.08 < η < 2.0 in the STAR EEMC 
provides a new tool to access the ΔG(x) distribution at Bjorken-x down to 0.01. �

π0�

jet�

EEMC�  x1 =
pT
jet

s
(eη jet + e

η
π0

),    

x2 =
pT
jet

s
(e−η jet + e

−η
π0

),

ŝ = x1x2s.

Ø  Compared to inclusive jet measurements, this π0 – jet channel also allows to 
constrain the initial parton kinematics, such as x1, x2 and √ŝ.  

Ø  Theoretical description of hadron-jet ALL by next-to-leading order (NLO) 
model calculation: Daniel de Florian, PRD 79 (2009) 114014. �

BEMC�

TPC�



Constraining the Gluon Polarization Distribution 
with Jet, Dijet, and Neutral Pion Probes at STAR 

•  Current Understanding of Δg(x) 
•  STAR Detector  
•  Inclusive jets as a probe of Δg(x) 
•  Pushing to Low x with Forward π0’s 

–  In the Endcap 
–  In the Forward Calorimeter 

•  Constraining Δg(x) with Correlated Probes 
•  A Taste of Transversity 
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Contributions to the Proton’s Spin:  
A Taste of Transverse Spin Physics 
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Proton momentum ⇒

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! 

Longitudinal 
Polarization 

1
2
= 1

2
Sq
z

q
∑ +Sg

z + Lq
z

q
∑ +Lg

z
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Proton spin ⇑ 
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Transversity 
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Pion Azimuthal Distributions in Jets: 
Evidence for Transversity at a Hadron Collider  

•  Recently submitted to Phys Rev D (arXiv:1708.07080) 
 

 
•  First Collins effect measurement in pp collisions 

–  Transversity at STAR also seen in dihadron asymmetries, which survive in collinear QCD 

•  Compared with two calculations of SIDIS transversity + e+e- Collins 
–  Tests universality of Collins function 
–  Data show slight preference for model w/ no TMD evolution (KPRY vs. KPRY-NLL) 

17

z
0.1 0.2 0.3 0.4 0.5 0.6

U
T

) Hφ- Sφ
si

n(
A

0.05−

0

0.05
 + X±π jet + → + p ↑p  = 500 GeVs

 < 1
jet
η0 <  = 31.0 GeV/c〉

T,jet
p〈

+πSTAR 2011 
-πSTAR 2011 

+πModel Curves Positive: 
-πModel Curves Negative: 

DMP+2013 KPRY KPRY-NLL

FIG. 13. Collins asymmetries as a function of pion z for jets reconstructed with 22.7 < pT < 55 GeV/c and 0 < η < 1. The
asymmetries are shown in comparison with model calculations from Refs. [73, 77]. The calculations are based upon SIDIS
and e+e− results and assume robust factorization and universality of the Collins function. The DMP+2013 [73] and KPRY
[77] predictions assume no TMD evolution, while the KPRY-NLL [77] curves assume TMD evolution up to next-to-leading-
log. All predictions are shown with shaded bands corresponding to the size of their associated theoretical uncertainties. The
general agreement between the data and the model calculations is consistent with assumptions of robust TMD-factorization
and universality of the Collins function.

V. CONCLUSIONS

We have reported the first measurements of transverse
single-spin asymmetries from inclusive jet and jet + π±

production in the central pseudorapidity range from
p↑+p at

√
s = 500 GeV. The data were collected in 2011

with the STAR detector. As in previous measurements
at 200 GeV, the inclusive jet asymmetry is consistent
with zero at the available precision. The first-ever mea-
surements of the “Collins-like” asymmetry, sensitive to
linearly polarized gluons in a polarized proton, are found
to be small and provide the first constraints on model
calculations. For the first time, we observe a non-zero
Collins asymmetry in polarized-proton collisions. The
data probe values of Q2 significantly higher than exist-
ing measurements from SIDIS. The asymmetries exhibit
a dependence on pion z and are consistent in magnitude
for the two charged-pion species. For π+, asymmetries
are found to be positive; while those for π− are found to
be negative. The present data are compared to Collins
asymmetry predictions based upon SIDIS and e+e− data.
The comparisons are consistent with the expectation for
TMD factorization in proton-proton collisions and uni-
versality of the Collins fragmentation function. The data
show a slight preference for models assuming no suppres-
sion from TMD evolution. Further insight into these the-
oretical questions can be gained from a global analysis,

including dihadron asymmetries and Collins asymmetries
from STAR.
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•  Probes 
transversity 
coupled to 
Collins 
fragmentation 
function (or 
Twist 3 
analog) 

•  Transversity 
at very high 
scales (Q2 up 
to 900 GeV2) DMP: arXiv:1707.00914 

KPRY: arXiv:1707.00913 
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eRHIC and eSTAR (>2025) will offer 
unprecedented reach in Q2 and x 

https://drupal.star.bnl.gov/STAR/future arxiv:1212.1701 
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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 

 p. 47 

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) 
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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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