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Chapter 1

Overview: Science, Machine and
Deliverables of the EIC

1.1 Scientific Highlights

1.1.1 Nucleon Spin and its 3D Structure and Tomography

Several decades of experiments on deep inelastic scattering (DIS) of electron or muon beams
o↵ nucleons have taught us about how quarks and gluons (collectively called partons) share
the momentum of a fast-moving nucleon. They have not, however, resolved the question of
how partons share the nucleon’s spin and build up other nucleon intrinsic properties, such
as its mass and magnetic moment. The earlier studies were limited to providing the lon-
gitudinal momentum distribution of quarks and gluons, a one-dimensional view of nucleon
structure. The EIC is designed to yield much greater insight into the nucleon structure
(Fig. 1.1, from left to right), by facilitating multi-dimensional maps of the distributions of
partons in space, momentum (including momentum components transverse to the nucleon
momentum), spin, and flavor.

Figure 1.1: Evolution of our understanding of nucleon spin structure. Left: In the 1980s,
a nucleon’s spin was naively explained by the alignment of the spins of its constituent quarks.
Right: In the current picture, valence quarks, sea quarks and gluons, and their possible orbital
motion are expected to contribute to overall nucleon spin.
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Experimental aspects: 
RHIC / STAR 

Summary 
and 
Outlook

Recent Results and Prospects:

Reminder of unpolarized yield: Jets / Hadrons  

Transversity-related measurements: 

TMD Collins FFs: Azimuthal single-spin 

asymmetries of charged pions in jets 

Di-hadron FFs: Azimuthal correlations of 

charged pion pairs
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Important new insight into the transverse proton spin structure at STAR in polarized 

p+p collisions at high energies using well established processes both theoretically and 

experimentally involving jets / hadrons   

Transversity-related measurements: Important insight into transverse spin 

structure - Need coupling of transversity (h1) to chiral-odd transverse spin 

dependent fragmentation function (FF): 

Collins TMD FFs: Azimuthal single-spin asymmetries of charged pions in jets 

Di-hadron FFs: Azimuthal correlations of charged pion pairs 

Deepen our understanding concerning universality, factorization and evolution!
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Probe transversity h1 in Di-

hadronFFs and TMD Collins FFs 

type measurements in x region 

where h1 uncertainties are large  

Clear impact of STAR data in 

new global fit based on di-

hadron measurements
di-hadron data
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FIG. 27. (a) Comparison of extracted transversity (solid lines and shaded region) Q2 = 2.4 GeV2 with Torino-Cagliari-JLab
2013 extraction [17] (dashed lines and shaded region).
(b) Comparison of extracted transversity (solid lines and shaded region) at Q2 = 2.4 GeV2 with Pavia 2015 extraction [18]
(shaded region).
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FIG. 28. Comparison of extracted Collins fragmentation functions (solid lines) at Q2 = 2.4 GeV2 with Torino-Cagliari-JLab
2013 extraction [17] (dashed lines and shaded region).

much better determined by the existing data, as one can see from Fig. 28 that the functions at Q2 = 2.4 GeV2 are
compatible within error bands. The unfavored fragmentation functions are different, however those functions are not
very well determined by existing experimental data.
We also compare the tensor change from our and other extractions in Fig. 29. The contribution to tensor charge

of Ref. [18] is found by extraction using the so-called dihadron fragmentation function that couples to collinear
transversity distribution. The corresponding functions have DGLAP type evolution known at LO and were used in
Ref. [18]. The results plotted in Fig. 29 corresponds to our estimates of the contribution to u-quark and d-quark in
the region of x [0.065, 0.35] at Q2 = 10 GeV2 at 68% C.L. (label 1) and the contribution to u-quark and d-quark in
the same region of x and the same Q2 using the so-called flexible scenario, αs(M2

Z) = 0.125, of Ref. [18]. One can
see that our extraction has an excellent precision for both u-quark and d-quark. The fact that the central values and
errors of extracted tensor charges are in a good agreement in both methods, ours and Ref. [18], is very positive and
allows for future investigations of transversity including all available data in a global fit.
Our results compare well with extractions from Ref. [17]. Even though correct TMD evolution was not used in

Ref. [17] the effects of DGLAP evolution of collinear distributions were taken into account and the resulting fit is of
good quality, χ2/d.o.f. = 0.8 for the so-called standard parametrization of Collins fragmentation functions. In fact
the probability that the model of Ref. [17] correctly describes the data is P (0.8 ∗ 249, 249) = 99%. The tensor charge
was estimated at 95% C.L. using two different parametrizations for Collins fragmentation functions, the so-called
standard parametrization that utilized similar to our parametrization and the polynomial parametrization. In Fig. 30
we compare our results with calculations from Ref. [17] at 95% C.L. at Q2 = 0.8 GeV2 and calculations at 68 % at
Q2 = 1 GeV2 of Ref. [18]. Even though we compare tensor charge at different values of Q2 its evolution is quite slow,
so the good agreement of all three methods is a good sign. We conclude that tensor charge perhaps is very stable with

Z. Kang et al., Phys. Rev. D93 (2016) 014009.

L. Adamczyk et al. (STAR Collaboration), arXiv:1708.07080. 

L. Adamczyk et al. (STAR Collaboration), 
arXiv:1710.10215. 
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2013 extraction [17] (dashed lines and shaded region).

much better determined by the existing data, as one can see from Fig. 28 that the functions at Q2 = 2.4 GeV2 are
compatible within error bands. The unfavored fragmentation functions are different, however those functions are not
very well determined by existing experimental data.
We also compare the tensor change from our and other extractions in Fig. 29. The contribution to tensor charge

of Ref. [18] is found by extraction using the so-called dihadron fragmentation function that couples to collinear
transversity distribution. The corresponding functions have DGLAP type evolution known at LO and were used in
Ref. [18]. The results plotted in Fig. 29 corresponds to our estimates of the contribution to u-quark and d-quark in
the region of x [0.065, 0.35] at Q2 = 10 GeV2 at 68% C.L. (label 1) and the contribution to u-quark and d-quark in
the same region of x and the same Q2 using the so-called flexible scenario, αs(M2

Z) = 0.125, of Ref. [18]. One can
see that our extraction has an excellent precision for both u-quark and d-quark. The fact that the central values and
errors of extracted tensor charges are in a good agreement in both methods, ours and Ref. [18], is very positive and
allows for future investigations of transversity including all available data in a global fit.
Our results compare well with extractions from Ref. [17]. Even though correct TMD evolution was not used in

Ref. [17] the effects of DGLAP evolution of collinear distributions were taken into account and the resulting fit is of
good quality, χ2/d.o.f. = 0.8 for the so-called standard parametrization of Collins fragmentation functions. In fact
the probability that the model of Ref. [17] correctly describes the data is P (0.8 ∗ 249, 249) = 99%. The tensor charge
was estimated at 95% C.L. using two different parametrizations for Collins fragmentation functions, the so-called
standard parametrization that utilized similar to our parametrization and the polynomial parametrization. In Fig. 30
we compare our results with calculations from Ref. [17] at 95% C.L. at Q2 = 0.8 GeV2 and calculations at 68 % at
Q2 = 1 GeV2 of Ref. [18]. Even though we compare tensor charge at different values of Q2 its evolution is quite slow,
so the good agreement of all three methods is a good sign. We conclude that tensor charge perhaps is very stable with

Z. Kang et al., Phys. Rev. D93 (2016) 014009.

L. Adamczyk et al. (STAR Collaboration), arXiv:1708.07080. 

L. Adamczyk et al. (STAR Collaboration), 
arXiv:1710.10215. 
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FIG. 28. Comparison of extracted Collins fragmentation functions (solid lines) at Q2 = 2.4 GeV2 with Torino-Cagliari-JLab
2013 extraction [17] (dashed lines and shaded region).

much better determined by the existing data, as one can see from Fig. 28 that the functions at Q2 = 2.4 GeV2 are
compatible within error bands. The unfavored fragmentation functions are different, however those functions are not
very well determined by existing experimental data.
We also compare the tensor change from our and other extractions in Fig. 29. The contribution to tensor charge

of Ref. [18] is found by extraction using the so-called dihadron fragmentation function that couples to collinear
transversity distribution. The corresponding functions have DGLAP type evolution known at LO and were used in
Ref. [18]. The results plotted in Fig. 29 corresponds to our estimates of the contribution to u-quark and d-quark in
the region of x [0.065, 0.35] at Q2 = 10 GeV2 at 68% C.L. (label 1) and the contribution to u-quark and d-quark in
the same region of x and the same Q2 using the so-called flexible scenario, αs(M2

Z) = 0.125, of Ref. [18]. One can
see that our extraction has an excellent precision for both u-quark and d-quark. The fact that the central values and
errors of extracted tensor charges are in a good agreement in both methods, ours and Ref. [18], is very positive and
allows for future investigations of transversity including all available data in a global fit.
Our results compare well with extractions from Ref. [17]. Even though correct TMD evolution was not used in

Ref. [17] the effects of DGLAP evolution of collinear distributions were taken into account and the resulting fit is of
good quality, χ2/d.o.f. = 0.8 for the so-called standard parametrization of Collins fragmentation functions. In fact
the probability that the model of Ref. [17] correctly describes the data is P (0.8 ∗ 249, 249) = 99%. The tensor charge
was estimated at 95% C.L. using two different parametrizations for Collins fragmentation functions, the so-called
standard parametrization that utilized similar to our parametrization and the polynomial parametrization. In Fig. 30
we compare our results with calculations from Ref. [17] at 95% C.L. at Q2 = 0.8 GeV2 and calculations at 68 % at
Q2 = 1 GeV2 of Ref. [18]. Even though we compare tensor charge at different values of Q2 its evolution is quite slow,
so the good agreement of all three methods is a good sign. We conclude that tensor charge perhaps is very stable with

Z. Kang et al., Phys. Rev. D93 (2016) 014009.
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L. Adamczyk et al. (STAR Collaboration), arXiv:1708.07080. 

L. Adamczyk et al. (STAR Collaboration), 
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Year CME Lrec (pb-1) <P> (B/Y) 
(%)

2006 200 8.5 pb-1 57

2006 62.4 0.2 pb-1 48

2008 200 7.8 pb-1 45

2011 500 25 pb-1 53/54

2012 200 22 pb-1 61/58

2015 200 53 pb-1 53/57

2015 200 pAu 0.42 pb-1 60

2015 200 pAl 1.0 pb-1 54

2017 510 320 pb-1 56/56

Di-hadronFFs (2006 at 200GeV and 2011 

at 500GeV) and TMD Collins FFs (2006 / 

2012 at 200GeV and 2011 at 500GeV) 

type measurements 

Large data samples in 2015 / 2017!
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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)

ZDC: Relative 

luminosity and local 

polarimetry 

BBC: Relative 

luminosity and 

Minimum bias trigger

η=-1 η=1

η=1.09

η=2.0

TPC

EEM
C

BEMC

� = � ln
�

tan
�

�

2

��
(STAR 2013 configuration)



Bernd Surrow

Results / Status - Jet / Di-Jet Cross-Section

STAR: Inclusive Jet / Di-Jet cross-section measurements at 200GeV 

9

5th International Workshop on Transverse Polarization Phenomena - Transversity 2017 
INFN Frascati, Italy, December 11-15, 2017

X. Li et al. (STAR Collaboration), DIS 2015.
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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), Phys. Rev. D95 (2017) 71103. 

Data are well 
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and underlying 

event 

corrections
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(blue markers) is shown compared with an NLO pQCD cal-
culation [1] with three options for the scale parameter. Sta-
tistical uncertainties are shown by the error bars which are
indistinguishable from the markers in all bins. Systematic
uncertainties are shown by the error boxes. The lower panel
presents the ratio of the data to the pT -scale theory curve, as
well as the ratio of the 2pT -scale and pT /2-scale theory curves
to the pT -scale curve.

AL,B =
1

⟨PB⟩

(

N++ +N+− −N−+ −N−−

N++ +N+− +N−+ +N−−

−
L++ + L+− − L−+ − L−−

L++ + L+− + L−+ + L−−

)

, (4)

AL,Y =
1

⟨PY ⟩

(

N++ −N+− +N−+ −N−−

N++ +N+− +N−+ +N−−

−
L++ − L+− + L−+ − L−−

L++ + L+− + L−+ + L−−

)

. (5)

Here, subscripts B and Y represent the blue (momentum
from the interaction region towards the EEMC) and yel-
low (momentum aimed away from the EEMC) beams, N
denotes the number of counts in the signal region, and
L indicates the luminosity. The superscripts + and −
designate the longitudinal polarization directions of the
blue beam and yellow beams, respectively. Equations 4,
5, and 3 assume negligible contributions from terms of
the form

AL,B ×
L++ − L−− − L+− + L−+

L++ + L−− + L+− + L−+
(6)

(similarly for AL,Y ) and also from terms coupling ALL

to the luminosity asymmetry. Luminosity asymmetries
are kept quite small due to the ability of RHIC to alter-
nate spin directions for successive bunch patterns using a
complex 8-bunch polarization pattern. Since the parity-
violating asymmetry AL is expected to be quite small,
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FIG. 6. (Color online) The π0 cross section at various ranges
of pseudorapidity as measured by STAR. Error bars indicate
the total uncertainty. The closed blue circles are the results of
this analysis, while the other points are previously published
results that use the STAR barrel electromagnetic calorime-
ter (open orange circles) [7] and the forward pion detectors
(closed black stars and open red stars) [12, 13].

these correction terms are considered negligible. The
spin-dependent luminosities are calculated from the sum
of BBC coincidences over a run, after sorting bunches for
each spin combination. The luminosity-weighted average
polarizations for the longitudinally polarized data have
values ⟨PB⟩ = 0.56 and ⟨PY ⟩ = 0.59, and the luminosity-
weighted average product of the polarizations has the
value ⟨PBPY ⟩ = 0.33. The relative polarization uncer-
tainty of each beam is 4%, and the relative uncertainty
for the product is 6%.
The signal fraction was determined using data summed

over the spin states. The asymmetries were corrected for
the background asymmetry using

Asig =
1

s

(

Araw − (1− s)Abkg
)

, (7)

where s is the signal fraction, Asig is the asymmetry
of the π0 signal, Araw is the asymmetry value before
background subtraction (Eqs. 3, 4, and 5), and Abkg is
an estimate of the background asymmetry. The back-
ground asymmetries were estimated as the average of
the pT -integrated asymmetries in two sideband regions
(0 < Mγγ < 0.1 GeV/c2 and 0.2 < Mγγ < 0.3 GeV/c2),
and were found to be less than 1σ from zero, with
σ ≈ 0.01.
The transverse spin asymmetry was computed by bin-

ning with respect to φ, the angle between the azimuthal
angles of the π0 and the spin polarization vector. The
raw cross ratio E(φ) was computed per φ bin,

E(φ) =
√

N↑ (φ)N↓ (φ+ π)−
√

N↓ (φ)N↑ (φ+ π)
√

N↑ (φ)N↓ (φ+ π) +
√

N↓ (φ)N↑ (φ+ π)
,

(8)

where N represents the number of counts, ↑ denotes
beam spin polarized vertically upward in the lab frame,
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FIG. 5. (Color online) Upper panel: the π0 cross section
(blue markers) is shown compared with an NLO pQCD cal-
culation [1] with three options for the scale parameter. Sta-
tistical uncertainties are shown by the error bars which are
indistinguishable from the markers in all bins. Systematic
uncertainties are shown by the error boxes. The lower panel
presents the ratio of the data to the pT -scale theory curve, as
well as the ratio of the 2pT -scale and pT /2-scale theory curves
to the pT -scale curve.
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N++ +N+− −N−+ −N−−

N++ +N+− +N−+ +N−−
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L++ + L+− − L−+ − L−−
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)

, (4)

AL,Y =
1

⟨PY ⟩

(

N++ −N+− +N−+ −N−−

N++ +N+− +N−+ +N−−

−
L++ − L+− + L−+ − L−−

L++ + L+− + L−+ + L−−

)

. (5)

Here, subscripts B and Y represent the blue (momentum
from the interaction region towards the EEMC) and yel-
low (momentum aimed away from the EEMC) beams, N
denotes the number of counts in the signal region, and
L indicates the luminosity. The superscripts + and −
designate the longitudinal polarization directions of the
blue beam and yellow beams, respectively. Equations 4,
5, and 3 assume negligible contributions from terms of
the form

AL,B ×
L++ − L−− − L+− + L−+

L++ + L−− + L+− + L−+
(6)

(similarly for AL,Y ) and also from terms coupling ALL

to the luminosity asymmetry. Luminosity asymmetries
are kept quite small due to the ability of RHIC to alter-
nate spin directions for successive bunch patterns using a
complex 8-bunch polarization pattern. Since the parity-
violating asymmetry AL is expected to be quite small,
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FIG. 6. (Color online) The π0 cross section at various ranges
of pseudorapidity as measured by STAR. Error bars indicate
the total uncertainty. The closed blue circles are the results of
this analysis, while the other points are previously published
results that use the STAR barrel electromagnetic calorime-
ter (open orange circles) [7] and the forward pion detectors
(closed black stars and open red stars) [12, 13].

these correction terms are considered negligible. The
spin-dependent luminosities are calculated from the sum
of BBC coincidences over a run, after sorting bunches for
each spin combination. The luminosity-weighted average
polarizations for the longitudinally polarized data have
values ⟨PB⟩ = 0.56 and ⟨PY ⟩ = 0.59, and the luminosity-
weighted average product of the polarizations has the
value ⟨PBPY ⟩ = 0.33. The relative polarization uncer-
tainty of each beam is 4%, and the relative uncertainty
for the product is 6%.
The signal fraction was determined using data summed

over the spin states. The asymmetries were corrected for
the background asymmetry using

Asig =
1

s

(

Araw − (1− s)Abkg
)

, (7)

where s is the signal fraction, Asig is the asymmetry
of the π0 signal, Araw is the asymmetry value before
background subtraction (Eqs. 3, 4, and 5), and Abkg is
an estimate of the background asymmetry. The back-
ground asymmetries were estimated as the average of
the pT -integrated asymmetries in two sideband regions
(0 < Mγγ < 0.1 GeV/c2 and 0.2 < Mγγ < 0.3 GeV/c2),
and were found to be less than 1σ from zero, with
σ ≈ 0.01.
The transverse spin asymmetry was computed by bin-

ning with respect to φ, the angle between the azimuthal
angles of the π0 and the spin polarization vector. The
raw cross ratio E(φ) was computed per φ bin,

E(φ) =
√

N↑ (φ)N↓ (φ+ π)−
√

N↓ (φ)N↑ (φ+ π)
√

N↑ (φ)N↓ (φ+ π) +
√

N↓ (φ)N↑ (φ+ π)
,

(8)

where N represents the number of counts, ↑ denotes
beam spin polarized vertically upward in the lab frame,
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measurement [11], but represented a negligible fraction
of the much larger inclusive jet data set. Therefore, the
statistical correlation of the present ⇡0 and jet ALL mea-
surements is negligible.

Neutral pions were reconstructed in the decay channel
⇡0 ! �� in an invariant mass analysis of pairs of neutral
BEMC clusters, i.e., those that did not have a TPC track
pointing to them, with a cut on the two-particle energy
asymmetry of |E1�E2|/(E1+E2)  0.7. The tower granu-
larity was insu�cient to resolve cluster pairs in HT1/HT2
data because of the small opening angle between daughter
photons of pions that satisfied these triggers. Therefore,
the BSMD clusters were used to determine the photon
coordinates in those data. A fiducial volume cut on the
detector pseudorapidity of 0.1 < ⌘ < 0.9 was imposed.
The reconstructed value of the pion pseudorapidity with
respect to the vertex position was required to fall in the
range 0 < ⌘ < 1. The ⇡0 yield was extracted in pT bins by
integrating the background-subtracted invariant mass dis-
tribution in a pT -dependent window around the ⇡0 peak
that corresponded to an approximately ± 3 � range. The
combinatorial background was determined using the event
mixing method with a jet alignment correction [21, 22].

The cross section for ⇡0 production is given by

E
d3�

dp3
=

1
2⇡pT �pT �⌘

c
N

L , (2)

where �pT and �⌘ are the bin widths in pT and pseudo-
rapidity, N is the ⇡0 yield in a bin, and c is an overall
correction factor that accounts for acceptance, recon-
struction, and trigger e�ciency in that bin, which was
determined using a Monte Carlo simulation of ⇡0’s passed
through the geant [23] model of the STAR detector.
Figure 1 shows the di↵erential cross section for inclusive
⇡0 production. This analysis covered the pion transverse
momentum range of 1 < pT < 17 GeV/c, and data points
were scaled to the bin centers using local exponential fits
around each bin. The cross sections up to 4 GeV/c were
measured using MB triggered events; above 4 (7) GeV/c
the entries were obtained from HT1 (HT2) triggers. The
di↵erent trigger samples agreed within errors.

The dominant systematic uncertainty (25% on average)
of the measured cross section was due to a 5% uncertainty
in the global energy scale of the BEMC. The other sys-
tematic uncertainties were related to yield extraction (7%),
reconstruction e�ciency (6%), and relative normalization
of HT1/HT2 and MB triggers (5%). An additional un-
certainty due to the limited quality of the electromagnetic
shower simulation at low photon energies in our geant
model was assigned to the cross section obtained from
HT1/HT2 data [15(2)% at pT = 4(7) GeV/c].

In Fig. 1, the measured cross section is compared
to a NLO pQCD calculation [8] performed using the
CTEQ6M set of unpolarized parton distribution func-
tions [26] and the DSS set of fragmentation functions [24].
In this calculation, the factorization and renormalization
scales were identified with pT (solid curve), and were
varied by a factor of two to estimate the impact of scale
uncertainties (dashed curves). The DSS analysis included
recent measurements of ⇡0 production at midrapidity by
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FIG. 1: (color online) (a) Cross section for inclusive ⇡0 pro-
duction at midrapidity in p + p collisions at

p
s = 200 GeV,

compared to a NLO pQCD calculation [8] based on the DSS
set of fragmentation functions [24], and to the STAR ⇡± mea-
surement [25]. (b) The ratio of measured cross section and
the NLO pQCD calculation. The scale uncertainty is indi-
cated by the dashed curves (µ = 2pT , pT /2). The error bars
are statistical and shaded bands are pT -correlated systematic
uncertainties. The normalization uncertainty is indicated by
a shaded band around unity on the right-hand side.

PHENIX [10] and at forward rapidity by STAR [27].
The NLO pQCD calculation shows, within errors, good
agreement with our data in the fragmentation region
pT > 2 GeV/c. We also compare the cross section for ⇡0

production to the STAR ⇡± measurement [25]. The ⇡0

and (⇡+ + ⇡�)/2 cross sections are expected to be equal,
and the two STAR measurements agree within statistical
errors, in spite of using independent detector sub-systems.

The transverse momentum fraction carried by a high-
pT ⇡0 in its parent jet, z = pT (⇡0)/pT (jet), was investi-
gated by associating pions with jets found in the same
event [28]. The ⇡0 sample, defined by the invariant mass
window, contained ⇡8% of combinatorial background.
An association was made if the pion was within a cone of
radius R =

p
(�⌘)2 + (�')2 = 0.4 around the jet axis.

The analysis was restricted to 0.4 < ⌘ < 0.6 in the jet
pseudorapidity, so that the reconstructed jets were fully
contained in the BEMC acceptance. The transverse mo-
mentum of the jet was required to exceed 5 GeV/c. The
jet was required to have a neutral energy fraction less
than 0.95, in order to minimize contributions from beam
background to the reconstructed jet sample.

Figure 2(a) shows the mean value of z as a function
of pion pT , combined for HT1 and HT2 triggers. The
data points are plotted at the bin centers in pion pT . The
results were not corrected for detector e↵ects, such as ac-
ceptance, e�ciency, or resolution of the jet reconstruction.
The systematic error band shown includes contributions
from the uncertainty of the jet energy scale, the influence
of the cut on minimum jet pT , the contribution of events
with z > 1, and a variation of other analysis cuts.

The hzi of ⇡0’s in electromagnetically triggered jets was

Compilation of neutral pion final state cross-section 

measurements at varying η and charged pion sum cross-section 

measurement 

Data are well described by NLO pQCD 

L. Adamczyk et al. (STAR Collaboration), Phys. Rev. D89 (2014) 012001. 

L. Adamczyk et al. (STAR Collaboration), 
Phys. Rev. D89 (2014) 012001. 

B.I. Abelev et al. (STAR Collaboration), 
Phys. Rev. D80 (2009) 111108. 
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FIG. 1. Azimuthal angle definitions, following the conventions
described in Ref. [43]. The direction of the beam polariza-
tion is denoted by S⃗beam, while the momenta of the polarized
beam, jet, and pion are, respectively, p⃗beam, p⃗jet, and p⃗π.

[43–45]. The pT of the jet and pion momentum trans-
verse to the jet axis provide the hard and soft scales, re-
spectively, necessary for TMD factorization. By studying
different modulations of the transverse single-spin asym-
metry

Asin(φ)
UT sin (φ) =

σ↑ (φ) − σ↓ (φ)

σ↑ (φ) + σ↓ (φ)
, (1)

one can isolate different physics mechanisms with sensi-
tivity to various aspects of the nucleon transverse polar-
ization structure, e.g. quark transversity and gluon linear
polarization. Measurements with high energy polarized-
proton beams will extend the kinematic reach in both x
and Q2 beyond the existing SIDIS measurements. The
SIDIS cross section scales with the square of the quark
charge, resulting in up quarks being weighted more than
down or strange quarks, a phenomenon often referred to
as u-quark dominance. Consequently a large fraction of
the observed π− yields arise from the unfavored frag-
mentation of u quarks. Hadroproduction eliminates u-
quark dominance, thereby providing enhanced sensitiv-
ity to the minority d quarks. Furthermore, polarized-
proton collisions are directly sensitive to gluonic subpro-
cesses, enabling the study of the role of gluons in the
transverse polarization structure of the nucleon. More-
over, since questions remain concerning the magnitude
of potential TMD factorization-breaking in hadronic in-
teractions [27–29], data from polarized-proton collisions
can provide unique and crucial experimental insight into
these theoretical questions.
Transverse single-spin asymmetries in the production

of jets and pions within jets have a rich structure, as
described in Ref. [43], the conventions of which we follow
in this article. For pions within jets, the spin-dependent
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FIG. 2. Fraction of NLO cross section [46, 47] arising from
quark-quark (dot-dashed), gluon-gluon (dotted), or quark-
gluon (solid) interactions. The fractions are shown as a func-
tion of jet pT for a collision energy of

√
s = 500 GeV.

terms in the cross sections can be generally expressed [43]

dσ↑ (φS ,φH)− dσ↓ (φS ,φH)

∼ d∆σ0 sin (φS)

+ d∆σ−
1 sin (φS − φH) + d∆σ+

1 sin (φS + φH)

+ d∆σ−
2 sin (φS − 2φH) + d∆σ+

2 sin (φS + 2φH) , (2)

where the d∆σ terms describe various combinations of
distribution and fragmentation functions. Sinusoidal
modulations in particle production can be measured with
respect to two azimuthal angles: φS , the azimuthal angle
between the proton transverse spin polarization vector
and the jet scattering plane, and φH , the azimuthal an-
gle of the pion relative to the jet scattering plane (Fig. 1).
The inclusive jet asymmetry, the sin(φS) modulation of
AUT , commonly expressed as AN , is driven by the twist-
3 distributions [17]. This observable is sensitive to the
kT -integrated Sivers function. The sin(φS − φH) modu-
lation of AUT yields sensitivity to transversity coupled to
the polarized Collins fragmentation function. Through
the sin(φS − 2φH) modulation of AUT , one may gain
sensitivity to gluon linear polarization coupled to the so-
called “Collins-like” fragmentation function, the gluon-
analog of the Collins fragmentation function. While the
quark-based Collins asymmetry has been measured in
SIDIS, the Collins-like asymmetry has never been mea-
sured; and gluon linear polarization in the polarized pro-
ton remains completely unconstrained. The sin(φS+φH)
and sin(φS+2φH) modulations are sensitive to the TMD
transversity distribution and the Boer-Mulders distribu-
tion [48] for quarks and gluons, respectively. As Ref. [43]
discusses in detail, these modulations are not expected
to be sizable at the present kinematics, even under max-
imized, positivity-bound scenarios.

L. Adamczyk et al. (STAR Collaboration), arXiv:1708.07080. 

Spin-dependent term of sin(𝜙S-𝜙H) modulation of AUT yields sensitivity to h1 coupled to Collins fragmentation function 

Event selection: Jet-patch trigger / Jet finding using anti-kT algorithm (R=0,5, 500GeV) followed by charged pion selection 

within jet requiring 0.1 < z < 0.8 and dE/dx particle ID of TPC 

Embedded MC sample (PYTHIA 6.426 / Perugia 0 tune) for evaluation of systematic uncertainties / Good data-MC comparison 

𝜙S: azimuthal angle 
between the proton 
transverse spin 
polarization vector and 
the jet scattering plane

𝜙H:  azimuthal angle of the 
pion relative to the jet 
scattering plane
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Clear first observation of Collins asymmetry (sin(𝜙S-𝜙H) modulation) at 200GeV based on 2012 data shown for xF > 0 

Strong dependence on jT 

Statistical uncertainty shown as solid lines / Systematic uncertainties shown as shaded bands dominated at low pT by parton-jet 

matching and high-pT by trigger bias / Generally, measurement dominated by statistical uncertainties at medium and high pT! 

J. K. Adkins and J. Drachenberg, Spin 2014.J. K. Adkins and J. Drachenberg, Spin 2014.
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Results / Status - Collins Asymmetry measurements (3)

STAR: Collins asymmetry AUT at 200GeV and 500GeV
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Non-zero Collins asymmetry (sin(𝜙S-𝜙H) modulation) observed at 500GeV based on 2011 data shown as a function of z 

Asymmetries are found to be consistent with 200GeV preliminary results for consistent cuts and xT  

Statistical uncertainty shown as solid lines / Systematic uncertainties shown as shaded bands dominated at low pT by parton-jet 

matching and high-pT by trigger bias / Generally, measurement dominated by statistical uncertainties at medium and high pT! 

200GeV: J. K. Adkins and J. 
Drachenberg, Spin 2014.

500GeV: L. Adamczyk et al. (STAR 
Collaboration), arXiv:1708.07080. 
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Models based on SDIS and e+/e- assuming robust factorization  and universality of the Collins function 

DMP / KPRY: No TMD evolution 

KPRY-NLL: TMD evolution up to NLLG 

General agreement between data and model calculations is consistent with assumptions of robust TMD-factorization and 

universality of the Collins function

DMP+2013: 

M. Anselmino, M. Boglione, 
U. D’Alesio, S. Melis,
F. Murgia, and A. Prokudin, 
Phys. Rev. D 87, 094019
(2013). 

U. D’Alesio, F. Murgia, and 
C. Pisano, Phys. Rev. D 83,
034021 (2011). 

U. D’Alesio, F. Murgia, and 
C. Pisano, arXiv:
1707.00914.

L. Adamczyk et al. (STAR Collaboration), arXiv:1708.07080. 

KPRY / KPRY-NLL: 

Z.-B. Kang, A. Prokudin, 
F. Ringer, and F. Yuan,
arXiv:1707.00913.
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200GeV: J. K. Adkins and J. 
Drachenberg, Spin 2014.

500GeV: L. Adamczyk et al. (STAR 
Collaboration), arXiv:1708.07080. 



Bernd Surrow

Results / Status - Collins Asymmetry measurements (4)

STAR: Collins asymmetry AUT at 200GeV and 500GeV and projections

15

5th International Workshop on Transverse Polarization Phenomena - Transversity 2017 
INFN Frascati, Italy, December 11-15, 2017

200GeV: J. K. Adkins and J. 
Drachenberg, Spin 2014.

500GeV: L. Adamczyk et al. (STAR 
Collaboration), arXiv:1708.07080. 
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200GeV: J. K. Adkins and J. 
Drachenberg, Spin 2014.

500GeV: L. Adamczyk et al. (STAR 
Collaboration), arXiv:1708.07080. 
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Higher precision in 2015 and 2017 will allow more precise comparison! 

First polarized p + A run should allow for first glimpse in p+A!

200GeV: J. K. Adkins and J. 
Drachenberg, Spin 2014.

500GeV: L. Adamczyk et al. (STAR 
Collaboration), arXiv:1708.07080. 
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of the nucleon tensor charge �q =
R 1
0 dx(hq

1(x) � h
q̄
1(x))

will directly test our theory of quantum chromodynam-
ics (QCD) when compared to calculations on the lat-
tice or model calculations [2–11]. h1 becomes acces-
sible in physics observables when it is coupled with an
additional chiral-odd partner, e.g. a transverse spin-
dependent fragmentation process. This second part has
to be measured independently in order to extract h1.
Our current knowledge of h1 [2, 4] is based on fixed-
target semi-inclusive deep inelastic lepton-nucleon scat-
tering (SIDIS) [12–16] in combination with data from
electron-positron annihilation [17, 18]. Proton-proton
collisions allow us to reach into the dominant valence
quark region, but the framework of perturbative QCD
introduces complications when the intrinsic transverse
momentum from the hadronization process has to be
considered [19]. It has been shown that di-hadron cor-
relations in the final state persist when integrated over
intrinsic transverse momenta. This so-called Interfer-
ence Fragmentation Function (IFF), H^

1 , can therefore
be described collinearly [20]. Therefore the contributions
to the cross section can be factorized [21] and the IFF
should be universal between electron-positron annihila-
tion, SIDIS, and proton-proton scattering.

We present measurements of charged pion correlations
from the STAR experiment at the Relativistic Heavy
Ion Collider (RHIC) at a center-of-mass energy

p
s =

200 GeV. The data, the first measurement of transver-
sity in polarized proton collisions, show non-zero h

q
1(x)

at 0.15 < x < 0.30. In this range, transversity is not well
constrained by previous SIDIS measurements and our re-
sult will be particularly important to restrict the d-quark
transversity which is charge suppressed in lepton-proton
scattering.

RHIC, located at Brookhaven National Laboratory,
collides bunched beams of heavy ions as well as polar-
ized protons. The stable beam polarization orientation
is transverse to the collider plane and the polarization
direction alternates between subsequent bunches or pairs
thereof (polarization up " or down #). The bunch po-
larization pattern is changed from fill to fill in order to
reduce systematic e↵ects. While typically both beams
are polarized, a single-spin measurement is achieved by
summing over the bunches in one beam, e↵ectively re-
ducing its polarization to near zero. The polarization of
each beam is measured by polarimeters using the elastic
scattering of protons on very thin carbon targets, several
times during a RHIC fill. The polarimeter are calibrated
using a polarized hydrogen gas jet target [22]. We report
results from the RHIC run in 2006 with an integrated
luminosity of 1.8 pb�1 and an average beam polarization
of about 60%.

The STAR experiment is located at one of the colli-
sion points in RHIC. This analysis is based on data in
the central pseudorapidity range �1 < ⌘ < 1. Data are
collected by the Time Projection Chamber (TPC) pro-

viding tracking and charged pion identification [23] and
by the Barrel Electromagnetic Calorimeter (BEMC), a
lead scintillator sampling calorimeter [24]. Data from a
pair of scintillator-based beam-beam counters (BBC) at
forward rapidities 3.3 < |⌘| < 5.0 in combination with
the BEMC provides a trigger for hard QCD events [25].
The trigger requires a coincidence between the BBCs and
either a minimum transverse energy, ET > 5 GeV in a
single BEMC tower or one of several jet patch triggers in
��⇥�⌘ = 1.0⇥ 1.0 (ET > 4.0 or 7.8 GeV).
Charged pion pairs are selected by requiring tracks

that originate within ±60 cm in the longitudinal direc-
tion and 1 cm in the transverse direction from the nomi-
nal interaction vertex and that are required to point into
the central region. Tracks are required to have a min-
imum transverse momentum pT of 1.5 GeV/c. Using
dE/dx measurements in the TPC to select pions, a pu-
rity of the single pion sample of greater than 95% over
the whole kinematic range is achieved. All pion pairs in
an event are considered where the pions are close enough
in (⌘,�) space to originate from the fragmentation of the
same parton. The default value of this opening angle
cut is

p
(⌘⇡1 � ⌘⇡2)

2 + (�⇡1 � �⇡2)
2 < 0.3. Pion pairs

produced in the weak decay of the K0 meson are not ex-
pected to contribute to the asymmetry, therefore the cor-
responding mass range (497.6 ± 10 MeV) was excluded
from the analysis.

𝒑h,2 

𝒑beam 

𝒔𝒂 

𝝓𝑺 

𝒑h,1 

𝝓𝑹 

𝒑h 
𝑹 

FIG. 1. Azimuthal angle defintions in the dihadron system. ~sa
is the direction of the spin of the polarized proton, ~ph,{1,2} are
the momenta of the positive and negative pion, respectively
and �R is the angle between the production and dihadron
plane.

The transversely polarized cross-section of hadron
pairs in p

" + p collisions can be written similar to [26]:

d�UT / sin(�RS)

Z
dxadxbf1(xa)h1(xb)

d��̂

dt̂
H

^
1,q(z,M).

(1)

𝜙R: azimuthal angle 
between the two hadron 
plane and the production 
plane

𝜙S:  azimuthal angle 
between the production 
plane and the polarization 
vector

Amplitude AUT  of sin(𝜙S-𝜙H) is extracted by a fit to 

data sensitive to h1 coupled to di-hadron fragmentation 

function 

Event selection: High-Tower trigger and Jet-patch 

trigger / Charged pion selection with dE/dx particle ID 

of TPC - 98% purity 

MC sample (PYTHIA) passed through STAR detector 

simulation is used for parton kinematic determination / 

Good data-MC comparison   

Systematic uncertainties are very small compared to 

the statistical precision of the measurement, and they 

are not shown in the final result figures!
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Results / Status - IFF Asymmetry measurements (3)

STAR: Azimuthal correlations of charged pion pairs at 200GeV and 500GeV
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Significant charged pion pair asymmetries at 200GeV and 

500GeV 

Measurement is dominated by statistical uncertainties!  

Figure 2: Diagram of the azimuthal angle, where ~ph,1(2) is the momentum of the positive (negative) pion, ~sa is the beam
polarization, and �R is the angle between the scattering plane (blue) and the di-hadron plane (yellow).
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Figure 3: AUT (top) and the kinematic variables, hxi and hzi (bottom), plotted as a function of ⌘ for hpT i = 13 GeV/c
for pairs that arise from quarks. Statistical uncertainties are represented by the error bars, the open rectangles are the
systematic uncertainties originating from the particle identification, and the solid rectangles represent the trigger bias systematic
uncertainties.
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J. Adams et al. (STAR Collaboration), arXiv:1710.10215. L. Adamczyk et al. (STAR Collaboration), Phys. Rev. Lett. 115 (2015) 242501. 
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STAR: Azimuthal correlations of charged pion pairs compared to model calculations
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Figure 7: The azimuthal asymmetry as a function of invariant mass in the highest pT bin compared with predictions from fits
to existing SIDIS and e+e� data provided by the same authors as [12]. Details on the calculation can be found in [36].

The ⇡+
⇡
� azimuthal correlation observable, AUT , is defined in Eq. (6), where P is the beam polarization

and N
"(#) is the number of pion pairs when the polarization of the beam is pointing up (down). The

combination of di↵erent polarization directions and detector hemispheres removes luminosity and e�ciency

dependencies from the asymmetry calculation to leading order [38].

AUT is calculated for eight �RS bins of equal width in the range [0,⇡], which are then fitted with a

single-parameter function, AUT · sin(�RS), to extract the amplitude. This procedure is carried out as a

function of the pseudorapidity of the pion pair, which is denoted as ⌘ for the remainder of this report. ⌘ >

0 is forward with respect to the polarized beam direction. AUT is also measured as a function of invariant

mass, Minv, and pT .

AUT · P · sin(�RS) =

p
N"(�RS)N#(�RS + ⇡)�

p
N#(�RS)N"(�RS + ⇡)p

N"(�RS)N#(�RS + ⇡) +
p
N#(�RS)N"(�RS + ⇡)

. (6)

The scale uncertainty due to the beam polarization in this analysis is 4.5%. We investigated a potential

bias of the triggered events towards pions that come from quark jets, which could result in an enhancement

of the measured asymmetries, since gluons are not expected to contribute to transversity. To investigate this

bias, particles produced in p+p simulated events from PYTHIA 6.426 [39] with the Perugia-0 tune [40], were

processed through a detector simulator (GSTAR package based upon GEANT 3.21/08T [41]), and then used

to estimate the quark/parton ratio of a biased sample over the quark/parton ratio in an unbiased sample.

11

Overall good agreement with models based on SDIS and e+/e- and  data at 200GeV and 500GeV in terms of 

Mh

J. Adams et al. (STAR Collaboration), arXiv:1710.10215. 
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TMD Collins FFs: Azimuthal single-spin asymmetries of charged pions in jets 

First observations of Collins effect in polarized p+p collisions at 200GeV (2006) and 500GeV (2011) 

General agreement between data and model calculations is consistent with assumptions of robust TMD-factorization and 

universality of the Collins function 

Evolution effects seem to be slow -  more precise data needed! 

Di-hadron FFs: Azimuthal correlations of charged pion pairs 

Significant charged pion pair asymmetries at 200GeV (2006 / 2012) and 500GeV (2011) observed! 

Overall good agreement with models based on SDIS and e+/e- and  data at 200GeV and 500GeV 

Future 

Higher precision results expected from large data samples in 2015 at 200GeV and 2017 at 510GeV 

New studies in polarized p+A collisions  in 2015 

Great for potential for additional studies as documented in coldQCD plan at RHIC beyond 2020!

DOE NP contract: DE-SC0013405

E. Aschenauer et al., arXiv:1602.03922. 
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Thank you!

Jim Drachenberg (Lamar University)  

and  

Andreas Metz (Temple University)
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