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Probing gluons in ep vs. pp scattering

Spinning Glue: QCD and Spin
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Theoretical foundation
Proton spin structure using high-energy polarized p+p collisions: Helicity
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Experimental aspects - RHIC
The world’s first polarized proton+proton collider
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Experimental aspects - RHIC
Polarized p+p collisions
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Production runs at 

√s=200 / 500 / 510GeV 

(long. polarization) in 

2009, 2012, 2013 and 

2015: Jet and Hadron 

production (Gluon 

related studies!) 

Jet results will be 

shown from Run 9 and 

Run 12
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Experimental aspects - STAR
Overview
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Calorimetry system with 2π coverage: 
BEMC (-1<η<1) and EEMC (1<η<2) 

TPC: Tracking and particle ID             
(|η|<1.3) 

FGT: Forward GEM Tracker (Run 13) 
(1<η<2)

ZDC: Relative 
luminosity and local 
polarimetry 

BBC: Relative 
luminosity and 
Minimum bias trigger

η=-1 η=1

η=1.09

η=2.0

FGT

TPC

EEM
C

BEMC

� = � ln
�

tan
�

�

2

��



Bernd Surrow

Results / Status - g / Δg(x) related studies

RHIC Gluon studies: Jet-type measurements

8

XXV International Workshop on DIS and Related Subjects - DIS2017 
Birmingham, UK, April 3-7, 2017

pa
rt

on
pa

rt
ic

le
de

te
ct

or
 

Jet

π0
π+

g

q

€ 

Δg

€ 

Δq
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Unfolded inclusive jet cross-section using 
anti-kT algorithm (R=0.6) (Smaller dependence 
on underlying event (UE) and Pile-up)  

corrected to particle level for three 
different pseudo-rapidity regions of |η|<1,     
|η|<0.5 and 0.5<|η|<1.0 

Hadronization and UE corrections evaluated 
using PYTHIA applied to NLO calculations 
applied to pure NLO calculations for data 
comparison 

Comparison to NLO calculations for CT10, 
NNPDF3.0 and MRST-W2008 with a 
preference for CT10

Results / Status - g / Δg(x) related studies

STAR: Mid-rapidity Inclusive Jet cross-section measurement (Run 9) at 200GeV 
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If d = Di : Define jet i as final jet

X. Li et al. (STAR Collaboration), DIS 2015.
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Results / Status - g / Δg(x) related studies

STAR: Mid-rapidity Inclusive Jet ALL measurement (Run 9) at 200GeV
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Run 9 ALL measurement between BB10 and 

DSSV / Clearly above zero at low pT 

Larger  asymmetry at low pT suggests larger gluon 

polarization compared to DSSV 

With global analysis, ALL jet result provides 

evidence for positive gluon polarization for            

x > 0.05  

L. Adamczyk et al. (STAR Collaboration), Phys. Rev. Lett. 115, (2015) 092002.
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Results / Status - g / Δg(x) related studies

Impact on Δg from RHIC data (RHIC Run 9)  

DSSV: Original global analysis incl. first RHIC results (Run 5/6) 

DSSV*: New COMPASS inclusive and semi-inclusive results in addition to Run 5/6 RHIC updates 

DSSV - NEW FIT: Strong impact on Δg(x) with RHIC run 9 results: 

Similar conclusion by independent global analysis of NNPDF:
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“…better small-x 
probes are badly 

needed.”

Wide 
spread at 

low x 
(x<0.05) 

of 
alternative 

fits 
consistent 

within 
90% of 

C.L.

D. deFlorian et al., Phys. Rev. Lett. 113 (2014) 012001.

D. deFlorian et al., Phys. Rev. Lett. 113 (2014) 012001.

E. R. Nocera et al., Nucl. Phys. B887 (2014) 276.
0.23

+0.07
�0.07 for 0.05 < x < 0.5

0.20

+0.06
�0.07 90%C.L. for 0.05 < x
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Results / Status - g / Δg(x) related studies
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STAR: Mid-rapidity Inclusive Jet ALL measurement (Run 12) at 510GeV
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 proton spin with jets at STAR --  Carl Gagliardi – INPC 2016 
 

9 

STAR 

Probing smaller x-values going from 200GeV to 510GeV in Run 12 and Run 13  

Preliminary results of ALL at 510GeV (Run 12) well described by global fit 
results including Run 9 constraint 

Additional large data sample in Run 13 at 510GeV will reduce ALL uncertainties 
further 

Additional data set at 200GeV taken 

in Run 15  

Projected statistical uncertainties 

of Run 9 and Run 15 combined at 

200GeV in comparison to Run 9 

uncertainties 

Z. Chang et al. (STAR Collaboration), SPIN 
2014. (Run 12 / 510GeV)
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RHIC Gluon polarization - Correlation Measurements 

Correlation measurements provide access to LO partonic kinematics 

through Di-Jet/Hadron production and Photon-Jet production: 

Bjorken x-coverage:

Results / Status - g / Δg(x) related studies
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Results / Status - g / Δg(x) related studies
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STAR: Mid-rapidity Di-Jet cross-section and ALL measurement (Run 9) at 200GeV

M =
p
s

p
x1x2 �3 + �4 = ln

x1

x2

ALL measurements  consistent with 

DSSV2014 and NNPDF1.1 constrained by 

Run 9 data 

Data are well 

described by 

NLO pQCD 

plus 

hadronization 

and 

underlying 

event 

corrections
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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)

Thu Oct  6 13:39:40 2016

20 30 40 50 60 70

LL
D

i-j
et

 A

0.02−

0

0.02

0.04

0.06

0.08 LLDi-Jet A
DSSV 2014
NNPDF Pol 1.1
Scale Uncertainty
PDF Uncertainty
Rel. Lumi. Uncertainty

)
2
η) = Sign(

1
ηSign(

]2Di-jet Invariant Mass [GeV/c
20 30 40 50 60 70

LL
D

i-j
et

 A

0.02−

0

0.02

0.04

0.06

0.08 STAR 2009
 Jet + Jet + X→p+p

 = 200 GeVs
| < 0.8

2
η,

1
η|

)
2
η Sign(≠) 

1
ηSign(

 6.5% scale uncertainty±
from polarization not shown

FIG. 4. (Color online) Di-jet ALL vs. parton-level invari-
ant mass for the same-sign (top) and opposite-sign (bottom)
topological configurations measured by the STAR experiment.
The uncertainty symbols and theoretical curves are explained
in the text.

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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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

L. Adamczyk et al. (STAR Collaboration), arXiv:1610.06616. 
(Submitted for publication, PRD)
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Results / Status - g / Δg(x) related studies
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ALL measurements  

consistent with 

DSSV2014 and 

NNPDF1.1 

constrained by 

Run 9 data and 

consistent with 

Run 9 di-jet 

results 

S. Ramachandran et al. (STAR Collaboration), DIS 2016. (Run 12 / 510GeV)

Dijet ALL Suvarna Ramachandran for the STAR Collaboration
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Figure 1: Dijet ALL for
p

s = 510 GeV as a function of Minv along with the theory curves for DSSV 2014 [2]
and NNPDF1.1 [3].

(Df > 2.0) and to be within the detector’s acceptance region (�0.7 < hdet < 0.9). There is also a
requirement that the calorimeters contribute less than 95% of the total jet energy.

Once the dijets have been identified, they are spin-sorted and binned according to the invariant
mass (Minv). The Minv is calculated from the four-momentum of the dijet. The four-momenta of
dijets are defined as the four-vector sum of the two jets:

pdi jet = p1 + p2 (3.1)

The Minv is defined as:
Minv =

p
E2 �~p2 (3.2)

For a single run, the ALL is calculated as:

ALL =

✓
1

PY PB

◆✓
(N+++N��)�R(N+�+N�+)

(N+++N��)+R(N+�+N�+)

◆
(3.3)

where PY and PB are the polarizations of the two proton beams, R is the relative luminosity (the
ratio of the luminosity for the aligned vs. anti-aligned bunches) and N++, N+�, N�+ and N�� are
the spin-sorted yields. After calculating the ALL and its error for each run, the method of weighted
averages is used to obtain the final values of ALL and its error for each bin.

Figure 1 shows the preliminary results for the 2012 dijet ALL at 510 GeV for |h | < 0.9 as a
function of Minv. The red points are data, with the errors bars for the statistical uncertainties. The
red shaded boxes represent the systematic errors from jet energy scale and trigger bias. In addition
to that there is a relative luminosity uncertainty of 4 x10�4 shown as the red shaded horizontal
band. The theory curves for DSSV 2014 [2] and NNPDF1.1 [3] are shown in green and purple,
respectively. There is also a 6.5% polarization scale uncertainty. It is clear that the data agrees well
with both DSSV and NNDPDF.

4

Preliminary Run 12

STAR

STAR: Mid-rapidity Di-Jet ALL measurement (Run 12) at 510GeV
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T. Lin et al. (STAR Collaboration), DNP 2016.

Forward rapidity STAR Di-Jet ALL measurement based 

on three topological combinations in η: 

Barrel East (-0.8<η<0) - EEMC (-0.8<η<0) 

Barrel West (0<η<0.8)- EEMC (-0.8<η<0) 

EEMC (-0.8<η<0) - EEMC (-0.8<η<0) 

2009 forward ALL measurement consistent with global 

fit results constrained by Run 9 ALL data

STAR: Forward rapidity Di-Jet ALL measurement (Run 9) at 200GeV
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Results / Status - g / Δg(x) related studies

Status of Run 13 jet analysis: Inclusive Jet and Di-Jet ALL analysis at 510GeV 

Run 13 data sample: ~250pb-1 (Run 12: ~80pb-1) 

Run 13 average beam polarization: ~55% (Run 12: ~55%) 

Run 13 FOM relevant for double-spin asymmetry ALL: P4L = 23pb-1 (Run 12: 7.3pb-1)       

➜ FOM Factor ~3 improvement compared to Run 12! 

STAR TPC and BEMC calibration (W Run 13 analyses released!): Completed 

Extensive test of both tracking software and jet triggers: Completed 

QA of jet analyses: Finalizing 

MC / Embedding samples Run 13: Initial testing
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Future - g / Δg(x) related studies

Impact of new RHIC data and future EIC facility 
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Integral of Δg (Q2=10GeV2) (Running integral) from xmin 

to 1 as a function of xmin  

Uncertainties shown on running integral! 

Important constraint from high-statistics 200GeV data 

(Run 9 / Published and Run 15) together with 500GeV 

data (Run 12 and Run 13) and forward rapidity 

measurements at RHIC prior to EIC - critical for low-x 

coverage (Di-Jet results not included!)

Projections Existing Data

NSAC Long-Range plan, 2015

�G(Q2 = 10GeV2) =

Z 1

xmin

�g(x,Q2 = 10GeV2) dx
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Future - g / Δg(x) related studies

Forward di-jet production at RHIC
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Probing smaller x-values ‘badly needed’ (DSSV 2014) - Extend di-jet measurements at forward rapidity 

Forward di-jet measurements allow to probe Δg at very low x values ~10-3 

Forward hadronic calorimeter upgrade required - Upgrade plans at STAR and sPHENIX

B. Surrow et al. (STAR Collaboration), DIS 2014.
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Recently published / preliminary results: g / Δg 

Precise Run 9 ALL inclusive jet measurement: Non-zero Δg of similar magnitude as quark polarization (Published!) 

Run 9 ALL Di-jet measurements open path to constrain the shape of Δg 

Run 12 Inclusive jet and di-jet Run 12 preliminary ALL measurement at 510GeV probe Δg at lower x 

Run 9 Inclusive jet cross-section measurement: Important constraint for unpol. gluon  distribution at high x 

Upcoming results: g / Δg 

Large Run 13 data sample: Measurement of Inclusive jet and di-jet ALL at 510GeV probing Δg lower x 

Additional data sample at 200GeV from Run 15 combined with Run 9 

Future 

Long 510GeV run in 2017 (Run 17) at transverse spin polarization of about 400pb-1: W AN / Unpol. QCD sea  

Exciting long-term prospects beyond 2020 requiring forward detector upgrade (Cold QCD plan) / Potential of probing 

gluons at low-x ~10-3 using forward di-jet measurements!

DOE NP contract: DE-SC0013405


