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Contributions to the Proton’s Spin 
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Gluon’s contribution to 

the proton’s spin 

Proton spin sum rule: 

Polarized e/µ + p: ~0.3 
Puzzling for ~30 years 
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See also Y-B Yang et al χQCD 
Collaboration Phys. Rev. Lett. 118, 

102001 (2017) for ΔG on the Lattice 



•  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 DSSV14 fit 

•  Uncertainty on integral 
over low x region is still 
sizable 

DSSV14 Fit – ∆G Comes into Focus 
Low x Remains Blurry 
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[See also NNPDFpol1.1 fit    
Nucl. Phys. B887 (2014) 276-308]  

PRL 113, 012001 (2014) 
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Strategy for probing lower x gluons 

•  Larger datasets: reduce our statistical uncertainty 
–  2006 6.8 pb-1 longitudinally polarized data collected at STAR, 2009 25 pb-1, 

 2012 82 pb-1, 2013 300 pb-1 
•  Higher Center-of-Mass Energy 

–  For similar pT reconstructed particles, naturally probe lower x partons 
–  2006 and 2009 200 GeV CoM 
–  2012 and 2013 510 GeV CoM 

•  Forward detectors 
–  Collisions with low x gluon, high x quark send particles to forward detectors 
–  Jets at STAR historically mid-rapidity – lately pushing jets further forward 
–  Use π0s where we have EM calorimetry, but no tracking for jets 

•  Also, aim to use STAR detector comprehensively 
–  Make measurements with all subsystems 

October 15, 2019 A. Gibson; STAR π0; DNP 2019  p. 4 



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

and 
Forward Meson Spectrometer (FMS) 

Solenoidal Tracker at RHIC 

Jet measurements: 
TPC +          

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



π0 ALL
 in Forward Calorimeters: FMS 
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due to the relative luminosities for both years. Because two
detectors could be used to measure the relative luminosity,
the systematic uncertainty is defined by howwell the relative
luminosity measurements agree with each other. Three
methods were used to assess this agreement: (1) a compari-
sonof the relative luminositymeasurement between theVPD
and ZDC, (2) a bias from a possible double-spin asymmetry
in the VPD or ZDC themselves, and (3) an evaluation of the
transverse single-spin asymmetry seen in the VPD. While
method (3) involves only the VPD, it helps validate methods
(1) and (2) by providing an independent assessment of the
impact of relative luminosity uncertainty on a spin asym-
metry. Ultimately, all three measurements of the relative
luminosity systematic uncertainty are in agreement.
The spin asymmetries are calculated using a maximum

likelihood method that weights each event according to the
relative luminosity in each run and the polarization in each
fill and sums these quantities over the course of the entire
data-taking period. The 2012þ 2013 data have a combined
luminosity of about 63 pb−1 and an average polarization of
54.6" 1.9% in the blue beam and 56.4" 2.0% for the
yellow beam. The measured ALL points are plotted in Fig. 4
for two different ranges of pseudorapidity of the pion. The
asymmetry values are plotted at the mean transverse
momenta of each bin. The vertical error bars represent
the statistical errors, calculable from the pion yields and
polarization measurements on the data. The vertical extent
of the gray boxes gives the uncertainties on ALL values
arising from systematic uncertainties on the relative
luminosities and possible remnant transverse components
of beam polarization in the RHIC machine. The horizon-
tal extent of the gray boxes represents the pT systematic
uncertainties, which were approximately 5.2%. The
energy calibration uncertainty makes the dominant con-
tribution, since the precision of the energy calibration is
estimated to be "5% at pion energies in the range of
20–40 GeV.
Accounting for correlations of the errors on the polari-

zation in each beam gives a relative error on the product
1=PYPB of "6.7% for the combined 2012þ 2013 run
periods [30]. This error should be considered as an overall
vertical scale uncertainty on the data, but is omitted for
clarity in the plots.
While the dominant systematic errors on ALL were those

associated with the relative luminosities and beam polari-
zationmeasurements, many other sources of systematic error
were considered and estimated. One contribution to an
apparent longitudinal double-spin asymmetry could arise
from the residual transverse components of the beam
polarization (typically about 5% of the longitudinal compo-
nent), in conjunction with the transverse double asymmetry
AΣ as defined inRef. [35].Measurements at 500GeVofAΣ as
a function of pion pT give results which are consistent with
zero. As in previous STAR longitudinal double-spin asym-
metry measurements [36], we did not make a correction

to ALL, but instead assigned a conservative systematic
uncertainty to the ALL measurements to account for a
possible correction. We estimated this by combining the
measurements of AΣ with measurements of the transverse
polarization components of the blue (yellow) beams. These
contributions to the systematic errors on ALL are found to be
on the order of 10−5 and are, thus, negligible compared to the
systematic error due to the relative luminosity and polariza-
tion measurements.
The longitudinal double-spin asymmetry of jets and

neutral pions gives sensitivity to Δg, since the associated
cross sections are dominated by gluonic subprocesses
and the PDFs for polarized quarks and antiquarks are
known with comparatively much greater precision [2–6].
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FIG. 4. Longitudinal double-spin asymmetry, ALL vs π0 trans-
verse momentum in polarized pp collisions at

ffiffiffi
s

p
¼ 510 GeV in

the pseudorapidity (energy) ranges 2.65< η< 3.15 (30 <
Eπ < 70 GeV) (top) and 3.15<η<3.90 (30 < Eπ < 100 GeV)
(bottom). Data collected in 2012 and 2013 have been combined.
Vertical error bars on the data represent the statistical uncertain-
ties from pion yields and polarization measurements only.
The vertical extent of the shaded boxes gives the combined
systematic uncertainties from the relative luminosity and polari-
zation measurements. Measurements of the beam polarization
give a multiplicative uncertainty on these data due to the factor
1=PYPB equal to"6.7% [30], which is not shown. The horizontal
extent of the shaded boxes represents the pT systematic un-
certainty, described in the text. On the same graphs we plot
theoretical calculations of ALL for neutral pions [31], using the
NNPDFpol1.1 [32] (black solid line and error band for the 100
replicas in the set) and DSSV14 [33] (blue dashed line) sets of
polarized PDFs. In both cases, we use the DSS fragmentation
functions [34].

LONGITUDINAL DOUBLE-SPIN ASYMMETRIES FOR … PHYS. REV. D 98, 032013 (2018)

032013-7

PRD 98, 032013  
(2018) 

•  qg scattering dominates at high η with 
high x quarks and low x gluons 

•  Highest η calorimeter at STAR recently is 
lead-glass Forward Meson Spectrometer 
(FMS)  

•  After prescales, effectively 46 pb-1 in 
2012, 8 pb-1 in 2013 
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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 and Jet Patch triggers 

A. Gibson; STAR π0; DNP 2019 



ALL in π0 + X at STAR for 0.8 < η < 2.0 

•  Published measurement with the 2006 dataset in the Endcap Calorimeter (EEMC) 
•  Push to (reasonably) low x (to ~0.01) by going (relatively) forward 

– η region unique at RHIC 
•  MC-based templates for shapes 

– Signal  
– Conversion BG (π0 candidate is from γàe+e-) 
– All other BG (extra or missing photons,        

 π0 candidate is  γe, etc.) 
 

October 15, 2019 
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4.8 pb-1 for ALL after prescales 
~56% polarization 

Statistical error (bars) dominate 
Systematic error (boxes) 
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ALL in Endcap π0s with Larger Dataset  
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Fits to Invariant Mass Spectra 

pT = 8.5

pT = 11.5

Polyfit Chebyfit Planckfit
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B=c₀+c₁(x)+c₂(2x2-1)+c₃(4x3-3x)+c₄(8x4-8x2+1) 

Chebyshev polynomials Background Functions and the Fitting Procedure

7

1. Hold the background shape fixed and fit by floating Gaussian parameters and a background normalization constant.    

2. Fix the Gaussian parameters and fit by floating the parameters of the background template and the normalization. The template
parameters will be constrained to change only within fixed windows (~5-10%).  

3. Repeat step 1 by fixing the template parameters at the new values and floating the Gaussian parameters and the normalization.

� Fitting  is carried out as follows by first fitting the invariant mass spectrum for each pT bin without sorting according to spin to 
determine the shapes of the signal and the background.
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� Initial Constants of the templates (template parameters) are determined by a fit to spectra (from 80 runs ~ 20% of the 2012 data set) 
for each pT bin without separating according to spin states – need higher statistics to better determine the parameters. 

� Templates (functional forms) are formed for each background function. 

� Once the signal and background shapes are determined, fit each spin sorted histogram by fixing the shapes and floating only the 
normalization constants. 

Polynomial in 1/x 
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1. Hold the background shape fixed and fit by floating Gaussian parameters and a background normalization constant.    

2. Fix the Gaussian parameters and fit by floating the parameters of the background template and the normalization. The template
parameters will be constrained to change only within fixed windows (~5-10%).  
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� Initial Constants of the templates (template parameters) are determined by a fit to spectra (from 80 runs ~ 20% of the 2012 data set) 
for each pT bin without separating according to spin states – need higher statistics to better determine the parameters. 

� Templates (functional forms) are formed for each background function. 

� Once the signal and background shapes are determined, fit each spin sorted histogram by fixing the shapes and floating only the 
normalization constants. 

Planck function 

•  2012 dataset being analyzed now 
–  x10 the 2006 statistics; ~80 pb-1, ~50% polarization 
–  510 GeV CoM energy w/ similar trigger and reconstruction thresholds allows 

access to lower x gluons 

•  Pursuing a data-driven background model; skewed Gaussian for signal 
–  Several background models considered; comparable quality 
–  Chebyshev polynomial current default 



Endcap π0-Specific QA 

•  Other analyses published with 2012 data and overlapping 
requirements e.g. 2012 inclusive jets 
–  Polarization, relative luminosity, some use of endcap 

•  Take advantage of their Quality Assurance (QA), but add some 
analysis-specific QA 
–  π0- and endcap calorimeter-specific quantities 

•  See “Quality Assurance of the 2012 Endcap π0 data at STAR”, 
 Joseph (J. D.) Snaidauf, Thursday 11:54 AM for details 
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Trigger menu change 



Methods used in STAR to Determine !o ALL

5

à ALL was determined using:

à In !o analysis Data were fitted using  a function: Skewed Gaussian + Chebyshev polynomial 
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Luminosity ratios

� Method/Formula 2: Used in 2012/2013 !o analysis in FMS (and all jet ALL analysis) – Standard STAR formula 

� The formulas used in methods 1 and 2 to determine ALL have certain assumptions/approximations.  

� Method/Formula 3: Proposed by Hal Spinka – Exact formula without assumptions/approximations  
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� Hal Spinka will make a presentation to the Spin PWG later comparing his formula with the ‘Standard  
STAR’ formula to determine ALL.  

� We have decided to use the ‘Standard STAR formula’ to determine A_LL.

Moving Towards Endcap ALL 
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� Polarizations and Relative luminosities of individual runs in 2 groups from Set A and 3 groups from Set B  
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Set A: Keep fills together and combine fills with similar 
properties into groups.

Set B: Break up fills and combine runs  with similar 
properties into groups.
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5

à ALL was determined using:
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� Hal Spinka will make a presentation to the Spin PWG later comparing his formula with the ‘Standard  
STAR’ formula to determine ALL.  

� We have decided to use the ‘Standard STAR formula’ to determine A_LL.

•  ALL requires relative luminosity and 
beam polarizations (Yellow, Blue) 

•  Considering grouping similar runs 
–  Allows use of short runs 

•  Keeping accelerator fills            
together (as shown) 
–  Or splitting them to group  

 even more similar runs 
•  May end up fitting single runs,     

instead 



Moving Towards Endcap ALL 
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15

s1 = spin (++ and --)  
s2 = spin (+- and -+)  0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

0 5 10 15 20

Re
du

ce
d 

Ch
isq

r

pT (GeV/c)

s1
s2

0.50

0.60

0.70

0.80

0.90

1.00

1.10

1.20

0 5 10 15 20

Ra
tio

 o
f p

i0
s  

(s
1/

s2
)

pT (GeV/c)

0

1000

2000

3000

4000

5000

6000

7000

8000

9000

0 5 10 15 20

Nu
m

be
r o

f p
i0

s

pT (GeV/c)

s…
s…

0.000

0.100

0.200

0.300

0.400

0.500

0.600

0.700

0.800

0.900

1.000

0 5 10 15 20

Si
gn

al
 Fr

ac
tio

n

pT (GeV/c)

Sample Plots from Group A2

15

s1 = spin (++ and --)  
s2 = spin (+- and -+)  0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

0 5 10 15 20

Re
du

ce
d 

Ch
isq

r

pT (GeV/c)

s1
s2

0.50

0.60

0.70

0.80

0.90

1.00

1.10

1.20

0 5 10 15 20

Ra
tio

 o
f p

i0
s  

(s
1/

s2
)

pT (GeV/c)

0

1000

2000

3000

4000

5000

6000

7000

8000

9000

0 5 10 15 20

Nu
m

be
r o

f p
i0

s

pT (GeV/c)

s…
s…

0.000

0.100

0.200

0.300

0.400

0.500

0.600

0.700

0.800

0.900

1.000

0 5 10 15 20

Si
gn

al
 Fr

ac
tio

n

pT (GeV/c)

Sample Plots from Group A2

15

s1 = spin (++ and --)  
s2 = spin (+- and -+)  0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

0 5 10 15 20

Re
du

ce
d 

Ch
isq

r

pT (GeV/c)

s1
s2

0.50

0.60

0.70

0.80

0.90

1.00

1.10

1.20

0 5 10 15 20

Ra
tio

 o
f p

i0
s  

(s
1/

s2
)

pT (GeV/c)

0

1000

2000

3000

4000

5000

6000

7000

8000

9000

0 5 10 15 20

Nu
m

be
r o

f p
i0

s

pT (GeV/c)

s…
s…

0.000

0.100

0.200

0.300

0.400

0.500

0.600

0.700

0.800

0.900

1.000

0 5 10 15 20

Si
gn

al
 Fr

ac
tio

n

pT (GeV/c)

Sample Fits to Invariant Mass Spectra: pT = 5.5 – 8.5 GeV/C    

13

s1 = spin (++ and --)  

Fri Aug  2 18:36:06 2019
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 / ndf 2c  84.52 / 88
p0        4.5± 134.3 
p9        0.0042± 0.1546 

Invariant Mass - pi0s - pT = 5.5
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 / ndf 2c  95.28 / 88
p0        7.7± 487.8 
p9        0.0039± 0.1633 

Invariant Mass - pi0s - pT = 6.5
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 / ndf 2c  154.1 / 88
p0        7.7± 494.5 
p9        0.0038± 0.1553 

Invariant Mass - pi0s - pT = 6.5

Fri Aug  2 18:36:56 2019
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 / ndf 2c  137.9 / 88
p0        9.2± 695.5 
p9        0.0040± 0.1955 

Invariant Mass - pi0s - pT = 7.5
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 / ndf 2c  126.1 / 88
p0        9.2± 703.6 
p9        0.0040± 0.1954 

Invariant Mass - pi0s - pT = 7.5
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 / ndf 2c  93.48 / 88
p0        8.0± 568.8 
p9        0.0028± 0.1485 

Invariant Mass - pi0s - pT = 8.5
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 / ndf 2c  81.16 / 88
p0        8.1±   579 
p9        0.0028± 0.1535 

Invariant Mass - pi0s - pT = 8.5

s2 = spin (+- and -+)  

Background function in the fits was ‘Chebyshev Polynomial’  

Signal is fitted using a skewed Gaussian.  

Sample Fits to Invariant Mass Spectra: pT = 9.5 – 12.5 GeV/C    
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s1 = spin (++ and --)  s2 = spin (+- and -+)  

Background function in the fits was ‘Chebyshev Polynomial’  

Signal is fitted using a skewed Gaussian.  
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Invariant Mass - pi0s - pT = 9.5 hIM_pi0_s1_pT9
Entries  15992
Mean   0.1976
RMS    0.09907

 / ndf 2c  83.54 / 88
p0        6.5± 363.5 
p9        0.002± 0.121 

Invariant Mass - pi0s - pT = 9.5
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 / ndf 2c  78.67 / 88
p0        6.5± 364.9 
p9        0.0023± 0.1241 

Invariant Mass - pi0s - pT = 9.5
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Entries  13880
Mean   0.2169
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 / ndf 2c  97.86 / 86
p0        5.3± 216.4 
p9        0.0021± 0.1092 

Invariant Mass - pi0s - pT = 10.5
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 / ndf 2c  92.68 / 86
p0        5.3± 213.3 
p9        0.0020± 0.1078 

Invariant Mass - pi0s - pT = 10.5
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 / ndf 2c  33.97 / 40
p0        8.1± 214.8 
p9        0.0044± 0.2175 

Invariant Mass - pi0s - pT = 11.5
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 / ndf 2c  31.15 / 40
p0        8.1±   218 
p9        0.0044± 0.2169 

Invariant Mass - pi0s - pT = 11.5
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Entries  9244
Mean    0.253
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 / ndf 2c   43.1 / 40
p0        6.5± 123.4 
p9        0.0036± 0.1487 

Invariant Mass - pi0s - pT = 12.5
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Entries  9427
Mean   0.2555
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 / ndf 2c  43.25 / 40
p0        6.5± 114.7 
p9        0.0037± 0.1588 

Invariant Mass - pi0s - pT = 12.5

• Using background and signal shapes from spin-combined data we 
separate the data by spin, and fit for signal fraction 

• Fits work for a wide           
range of pT bins 

• Shown here for a                    
subset of the data 



Updated Prediction for π0 ALL in Endcap (EEMC)  

•  Not ready to show 2012 ALL yet, but can 
show projections 

•  Greater precision needed to constrain the 
NNPDF result 
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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].
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2006 data 
PRD 89, 012001 (2014) 

October 15, 2019 
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•  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 
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•  Our 2012 analysis 
focuses on High Tower 
(HT) triggers, for now 

p. 14 

2006 data 
PRD 89, 012001 (2014) 

October 15, 2019 

Jet Patch High Tower Triggers 
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2006 data 
PRD 89, 012001 (2014) 

Greatly magnified! 



Forward Upgrade for the 2020’s 

A. Gibson; STAR π0; DNP 2019  p. 15 October 15, 2019 

•  Forward Calorimeter System (FCS) 
–  Refurbish a portion of the PHENIX ECal, new Fe-scintillator HCal 
–  Forward di-jets will extend gluon polarization to x <~ 10-3 

•  Forward Tracking System (FTS): Silicon discs and sTGC wheels 

•  Suite of measurements in longitudinal and transverse spin and p+A collisions 
•  First physics planned for 2021 

P. Shanmuganathan 
3:36 PM Tuesday 

for TGC  
 

A. Edwards       
10:30 AM Thursday 

(Undergrad Oral 
Session SE) for 
details of FCS 
assembly last 

summer 
 

See T. C. Huang next 
for aspects of FTS 
and D. Kapukchyan 
after for aspects of 
FCS  



Gluon Polarization and Endcap π0’s at STAR  

•  After 30 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  
–  Data-driven background model 
–  Run QA and strategy for ALL calculation being finalized 

•  Return to 200 GeV CoM and/or transverse asymmetries in endcap π0’s possible 

•  Very large (x3.5 stats) 2013 longitudinal dataset also under study 
•  Stay tuned! 

•  CEU Poster session Tuesday 4-6 PM 
•  Determining π0 ALL

 from STAR 2012 Endcap Calorimeter Data; 
Claire Kovarik 

October 15, 2019  p. 16 A. Gibson; STAR π0; DNP 2019 


