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Spin of  the Proton 

Q2=10 GeV2 
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How do we access ΔG at a polarized proton collider? 

 

S   Longitudinal Double Spin Asymmetry 
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How do we access ΔG at a polarized proton collider? 
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arXiv:1501.01220 

ΔG 

Phys. Rev. Lett 115.092002  
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How do we reduce the errors on ΔG at low x? 

Look at higher √s 
2012 Inclusive jet results 

Constrain the functional form 
200 GeV Dijet Results 
510 GeV Dijet Results 

Look at forward rapidity 
EEMC π0 Results 
FMS π0 Results 
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Look at higher √s 
2012 Inclusive Jet results 

How do we reduce the errors on ΔG at low x? 

Note: No experimental access to x in 
inclusive observables in pp collisions!  
 
 
      xT = 2pT/√s ~ 2√x1x2  
      y ~ ½ log (x1/x2) 
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Constrain the functional form 
200 GeV Dijet Results 
510 GeV Dijet Results 
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How do we reduce the errors on ΔG at low x? 
5

lying event and hadronization (UEH) e↵ects. The domi-
nant contribution from the UEH to the di-jet mass is from
the individual jet masses, which are typically treated as
massless in NLO calculations [29]. The UEH correction
was estimated from simulation by taking the ratio of the290

particle-level over parton-level di-jet yields. The ratio
ranges from 1.44 at low mass to 1.22 at high mass and
multiplies the NLO predictions. The systematic error on
both the UEH correction (double-hatched red band) and
the theoretical cross section itself took into account the295

error on the PDF set used as well as sensitivity to the
variation of the factorization and renormalization scales.
The systematic error on the UEH correction ranged be-
tween 39% and 7% from low to high mass, respectively,
while the error on the theory was between 19% and 43%.300

The height of the blue band represents the quadrature
sum of the theoretical and UEH systematics. Note that
neither systematic is symmetric about its nominal value.

Systematic uncertainties on the extracted cross section
are smaller than the theoretical uncertainties for all mass305

bins, meaning these data have the potential to improve
our understanding of UEH e↵ects (at low mass) and un-
polarized PDFs in our kinematic regime. The agreement
observed between the extracted di-jet cross section and
theoretical expectations from NLO pQCD gives us confi-310

dence in our di-jet detection and reconstruction schemes,
which are also used in the asymmetry analysis.

Sorting the yields by beam spin state enables a de-
termination of the longitudinal double-spin asymmetry
A

LL

, evaluated as315

A

LL

=

P
(P

Y

P

B

) (N++ � rN

+�)
P

(P
Y

P

B

)2 (N++ + rN

+�)
, (2)

where P

Y,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 integrated lumi-
nosity of these configurations. The sum is over individual320

data runs, which ranged from 10 to 60 minutes in length
and were short compared to changes in beam conditions.
The factor r was close to unity on average, with values
between 0.8 and 1.2.

As noted previously, the advantage of a correlation325

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 A

LL

is presented
for two distinct topologies: ‘same-sign’ in which both330

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 more335

asymmetric collisions. The most asymmetric, high-p
T

collisions are preferentially between a high momentum
(high x and therefore highly polarized) quark and a low

FIG. 3. 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 (same in both panels).

momentum gluon. The control over initial kinematics
achievable with di-jets can be seen in Fig. 3 which340

presents the partonic momentum fraction distributions
(weighted by partonic A

LL

) 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 < p

T

< 11.7 GeV/c. The increase in x reso-345

lution achievable with di-jets compared to inclusive jets
is evident from the much narrower di-jet x distribution.
The asymmetric nature of the collisions in the same-
sign events (uper plot) can be seen in the separation of
the high and low x distributions, whereas the opposite-350

sign events (lower plot) sample an intermediate x range.
Other di-jet mass bin choices sample di↵erent gluon x

regions.

Values of A
LL

extracted from the data via Eq. 2 repre-
sent an admixture of the asymmetries produced from the355

three dominant partonic scattering sub-processes: qq, qg,
and gg. The STAR trigger is more e�cient for certain
sub-processes [11], altering the sub-process fractions in
the data-set and thereby shifting the measured A

LL

. Fur-
ther distortions can arise due to systematic shifts caused360

by the finite resolution of the detector coupled with a
rapidly falling invariant mass distribution. Corrections
were applied to the raw A

LL

values to compensate for
these e↵ects. A trigger and reconstruction bias correc-
tion was determined by comparing A

LL

from simula-365

√s = 200 GeV 
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Look at forward rapidity 
EEMC π0 Results 
FMS π0 Results 

How do we reduce the errors on ΔG at low x? 

0.8 <η< 2 

Looking at the 2.5 <η< 4 region pushes the access 
down to x ~ 10-3 regime for √s = 510 GeV 
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Relativistic Heavy Ion Collider 

13 
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Solenoidal Tracker At RHIC 

FMS!
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Jet Reconstruction at STAR 
P
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r S  Anti kT algorithm 
S  Sequential clustering algorithm 

S  Infrared and collinear safe by 
design 

S   Jet and Dijet analyses 

S  Anti kT algorithm 
S  R = 0.5 – 0.6 

S  Triggers used: 

S  Jet Patch Triggers: JP0, JP1, 
JP2 
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simulations. The systematics from non-collision background and residual transverse
polarization are found to be negligible. The relative luminosity uncertainty is esti-
mated as 4 ⇥10�4. The left panel of Fig. 2 shows the preliminary STAR 2012 510
GeV inclusive jets ALL results with several of the latest polarized parton distribu-
tion function (PDF) model predictions. In the right panel of Fig. 2, the 2012 510
GeV data are plotted with the 2009 200 GeV data as a function of xT = 2pT /

p
s.

The two sets of data are consistent with each other in the overlapping xT region.
The higher

p
s extends gluon helicity measurements to lower x.

Fig. 2. Left: STAR 2012 510 GeV inclusive jet ALL vs. jet pT in |⌘| < 0.9. Right: STAR 2012
inclusive jet ALLand 2009 inclusive jet ALL vs. xT .

3. Inclusive ⇡0
Measurements

STAR is also performing ⇡

0 measurements to explore gluon polarization in the
proton. It is convenient to reconstruct ⇡

0 by measuring � from ⇡

0 decay. The �s
are detected by the BEMC, EEMC and FMS over a wide ⌘ coverage. STAR has
measured the inclusive ⇡

0 cross sections over several ⌘ ranges at 200 GeV, such as
0.0 < ⌘ < 1.0, 0.8 < ⌘ < 2.0, < ⌘ >= 3.3 and < ⌘ >= 3.68.18–21 The STAR 200
GeV inclusive ⇡

0
ALL at 0.8 < ⌘ < 2.0 probes the gluon helicity density down to

x = 0.02. Fig. 3 shows the 2006 inclusive ⇡

0 results.19 The statistical precision of
the 2006 data is not su�cient to discriminate among di↵erent models for �G. The
510 GeV data recorded during 2012 will achieve significantly greater precision for
inclusive ⇡

0
ALL. The projected statistical uncertainty is less than 0.015 across the

entire ⇡

0
pT range. The higher beam energy also will extend the sensitivity to the

lower x gluon helicity density. New measurements at further forward pseudo-rapidity
with the FMS are discussed in another article of this journal.22

arXiv:1512.05400  



Dijet Results 
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Dijet Analysis cuts 

S  Asymmetric pT cut (8,6 GeV) 

S  Back-to-back cut  

S  Require one jet of  the pair to point 
to a trigger jet patch  

S  -0.8<ηPhysics <0.8 

S  Contribution from the calorimeters 
towards the total jet energy required 
to be less that 95% 

 



Dijets at 510 GeV 
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PoS (DIS 2013) 215 
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Dijet ALL at 510 GeV 
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Dijet ALL at 510 GeV 
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2009 Forward Dijet ALL 

Pushing dijets forward into the endcap allows us to probe lower x range  

Note: Ting Lin will show the first fully reconstructed dijet ALL in the 
forward region with the endcap detector - see Thursday poster session! 
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Pions at STAR 

S  Looking at Jets        

S  Tracking only extends to η~ 1.4 

S  Challenge to look at jets in the forward region 

S  Alternative        looking at pions 

 

 

 

 

 

EEMC FMS 
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π0 at STAR 

EEMC 

FMS 

√s = 510 GeV 
 2.5 <η<4 

√s = 200 GeV 
 0.8 <η<2 Phys. Rev. D 89, 012001 (2014) 



EEMC π0 Results 
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Phys. Rev. D 89, 012001 (2014) 
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FMS π0 Results 

Int.J.Mod.Phys.Conf.Ser. 40 (2016) 1660024 
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 Conclusion 

S  RHIC's highly polarized proton beams have facilitated a robust spin 
program at STAR. STAR utilizes its wide acceptance at mid-rapidity for jet 
reconstruction and dedicated calorimeters at forward rapidities for pion 
reconstruction. 

S  STAR inclusive jet measurements at √s = 200 GeV have provided the first  
evidence of  a significant polarized gluon distribution for x > 0.05. 

S  By extending these measurements to higher √s and more forward regions it 
is possible to constrain the x < 0.05 region. Dijet observables allow for 
reconstruction of  the partonic kinematics at leading order. 

S   In 2013 STAR collected 3 times more data, of  longitudinally polarized 
proton collisions at √s = 510 GeV.  
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Stay Tuned! 

Thank You 



Backup 
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Jet Energy Scale corrections 
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n 

M
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V
 

S  The systematic error on the reconstructed dijet MINV is due to the jet 
energy scale uncertainty 
S  Includes contributions from BEMC calibration and tracking efficiency 

uncertainty. 

250 

30 

Detector MINV 
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Trigger Bias Studies 

S  Detector resolutions and inefficiencies distort our measured jet 
distributions from the true jet distributions 

S  The bias of  the jet patch triggers towards a quark jet vs. a gluon jet  
S  Sub-process fractions in the events are affected, and the “expected” 

asymmetry changes 

S  We use different theoretical parameterizations, and create ALL 
predictions at the detector and parton levels. 

S  The uncertainty is calculated as the                                       
difference between the parton & detector                                       
ALL 

S  Process repeated for different models,                                              
and the uncertainty is taken from the                                           
model with the largest difference 
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MINV 
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π0 at STAR (EEMC) 
S  2006 Run 

S  Towers in EEMC measure the photon energy by summing up the energy deposited 

S  Cuts imposed 
S  Minimum energy 2 GeV in the towers 
S  0.8 <eta<2 
S  pT (pi0 candidate) >5 GeV 
S  TPC vertex within 120 cm of  nominal vertex 

S  Signal fraction – fitting a combination of  template functions to the 2 photon mass 
distribution (0,0.3).  

S  Three template functions were determined by fitting MC data to represent- pi0 signal, 
conversion background, all other backgrounds. 

S  Signal – Matching momentum direction of  reconstructed pairs to that of  generated pi0’s in 
the eta-phi space 

S  Conversion background - Matching momentum direction of  reconstructed pairs to that of  
decay photons in the eta-phi space 

S  Other backgrounds – Non matched reconstructed pairs 
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π0 at STAR (FMS) 

S  Relative Luminosity calculated using Vertex Position Detector (4.2<|eta|<5.1) and 
Zero Degree Calorimeter (6.5 <|eta| < 7.5) 

S  Invariant mass distribution for the 2-photon clusters which pass the analysis cuts 
S  pT >= 2.5 GeV (2012) , pT >= 2 GeV (2013) 
S  pT < 10 GeV 
S  30<= Eγγ< 100 GeV 
S  |E1 – E2|/Eγγ < 0.8 
S  Eγγ dependent Mγγ  cut 
S  Isolation cone cut (both 35 mrad and 100 mrad analyzed) 

S  The use of  isolation cones – motivated by the dependence of  transverse single spin 
asymmetry AN on pi0 isolation, more isolated pi0’s exhibited higher asymmetries 

S  Goal of  the study wad to verify that ALL is independent of  pi0 isolation 

S  Widths of  the pion mass peaks determined by – 
S  The cluster position resolution for the two closely spaced photons 
S  The width of  the vertex distribution (60-80 cms).  

S  The dominant  systematic error for this measurement is from the relative 
luminosity and beam polarization measurements (vertical shading in the plot). 


