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RHIC at BNL



Bernd Surrow

Outline

Theoretical 
foundation

2

38th International Conference on High Energy Physics (ICHEP 2016)
Chicago, IL, August 3-10, 2016

Experimental aspects: 
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Summary 
and 
Outlook

Results / Status

Gluon related studies (Jet production): g / Δg 

Quark / Anti-quark related studies (W / Z 

production): q / Δq 

Transverse spin dynamics (W / Z production): 

Sivers function
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How do we probe the structure and dynamics of matter in ep vs. pp scattering? 

Spinning Glue: QCD and Spin
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Observable: Quark/Anti-quark 

polarization (W production)  

Longitudinal single-spin 

asymmetry AL 

Parity (Spatial inversion) violating 

for W production!

AL =
�+ � ��
�+ + ��

Theoretical foundation
Proton spin structure using high-energy polarized p+p collisions: Helicity
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Theoretical foundation
Proton spin structure using high-energy polarized p+p collisions: Trans. spin dynamics
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Sivers mechanism: Asymmetry in 
forward jet or γ production

D. Sivers, Phys. Rev. D 41, (1990) 83. 
D. Sivers, Phys. Rev. D 43, (1991) 261.

 
 

 

Collins mechanism: Asymmetry in 
forward jet fragmentation

J. Collins, Nucl. Phys. B396, (1993) 161.

 

 

  

 

Sensitive to proton spin-parton 
transverse motion correlation 

Sensitive to transversity (h1)

Transverse momentum dependent (TMD) PDFs and FFs

Transverse momentum dependent (TMD) PDFs and FFs

p p p

p p p

Non-zero asymmetry from multi-
parton correlation functions

J. Qiu and G. Sterman, Phys. Rev. Let. 67 (1991) 2264.       
J. Qiu and G. Sterman, Phys. Rev. D59 (1998) 014004.

Correlators closely related to kT 
moments of TMDs
D. Boer, P. Mulders and F. Pijlman, 
Nucl. Phys. B 667 (2003) 201.    

AN =
d�" � d�#

d�" + d�#
SP SP

pp

p p
Sq

kT, parton

kT, π
hSq · (p⇥ kT,⇡)i 6= 0hSP · (p⇥ kT, parton)i 6= 0
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Experimental aspects - RHIC
The world’s first polarized proton-proton collider
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Absolute Polarimeter  
  (H jet)

RHIC pC Polarimeter

PHENIX

STAR

Siberian Snakes

Spin Rotators

Siberian Snakes

Pol. Proton 
Source 200 MeV Polari-

meter

Rf Dipole Strong AGS snake

AGS polarimeters

Helical Partial  
Siberian Snake

Partial Snake
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Experimental aspects - RHIC
Polarized p-p collisions
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Production runs at 

√s=500/510GeV (long. 

polarization) in 2009, 2011, 

2012 and 2013: W 

production (Quark 

polarization) / Jet and 

Hadron production (Gluon 

polarization)

Run L (pb-1) P (%) FOM (P2L) (pb-1)

Run 9 12 0.38 1.7

Run 11 9.4 0.49 2.3

Run 12 72 0.56 24

Run 13 ~300 0.54 ~87
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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=1.4

η=2.0

FGT

TPC

EEM
C

BEMC

� = � ln
�

tan
�

�

2
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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 (1)
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Di =
1

k2T,i

Dij = min

 
1

k2T,i

,
1

k2T,j

!
�R2

ij

R

�R2
ij = (⌘i � ⌘j)

2 + (�i � �j)
2

d = min ({Dij , Di})

If d = Dij : Combine jet i and jet j

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 cross-section measurement (Run 9) at 200GeV (2)
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Quantitative comparison between 

data and theory of (Data-Theory)/

Theory showing 

UE/hadronization corrections applied 

to pure NLO calculations 

Data systematic errors 

CT10 scale uncertainties 

CT10 pdf uncertainites 
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  

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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M =
p
s

p
x1x2

�3 + �4 = ln
x1

x2

ALL measurements  consistent with 

DSSV2015 and NNPDF11 

constrained by Run 9 data  

Sensitivity to partonic kinematics 
(2-2 process, LO):

STAR: Mid-rapidity Di-Jet Jet ALL measurement (Run 9 / 200GeV) (Run 12 / 500GeV)

B. Paige et al. (STAR Collaboration), Moriond 2016. (Run 9 / 200GeV)

S. Rakmachandran et al. (STAR Collaboration), DIS 2016. (Run 12 / 500GeV)

Dijet ALL 
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Results / Status - g / Δg(x) related studies
Impact on Δg from RHIC data / projections 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!

Projections Existing Data

NSAC Long-Range plan, 2015

�G(Q2 = 10GeV2) =

Z 1

xmin

�g(x,Q2 = 10GeV2) dx
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Results / Status - q / qbar related studies
STAR: Probing dbar / ubar ratio: QCD sea 
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p

p �e (�̄e)

e+ (e�)

W+ (W�)

STAR coverage at mid-rapidity: 0.1 < x < 0.3 for -1 < η < 1  

Constraints on global fitting for dbar/ubar through W production at higher Q2 compared E906  

Independent cross-check of Drell-Yan data

R(xF ) ⌘
�W+

�W�
=

u(x1)d̄(x2) + d̄(x1)u(x2)

ū(x1)d(x2) + d(x1)ū(x2)

R(xF ) ⌘
�W+

�W�
=

u(x1)d̄(x2) + d̄(x1)u(x2)

ū(x1)d(x2) + d(x1)ū(x2)

B. Kerns et al. (SeaQuest Collaboration), APS April Meeting, 2016.
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Results / Status - q / qbar related studies
STAR: W cross-section ratio measurements (Run 11 / 500GeV) (Run 12 / 510GeV)
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Run 11 + Run 12 preliminary result: ~100pb-1 

Run 13 data sample with ~300pb-1 will provide important improvement on precision 

Planned Run 17 data sample of ~400pb-1 M. Posik et al. (STAR Collaboration), DIS 2015.

R
W

=
�
W

+

�
W

�
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Results / Status - q / qbar related studies
STAR: W cross-section ratio measurements at (Run 11 / 500GeV) (Run 12 / 510GeV)
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W boson kinematics can be determined by reconstructing the W kinematics via its recoil  

Combination of data/MC simulations allows W boson rapidity reconstruction 

Critical for transverse single-spin asymmetry result of W production probing Sivers sign change

S. Fazio et al. (STAR Collaboration), DIS 2015.

R
W

=
�
W

+

�
W

�
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one can expect sensitivity to the polarized quark and anti-quark distributions in the region
0.05 ! x ! 0.4. We note that similar results as in Fig. 5 were also found in Ref. [14].

Figure 5: Averages of the momentum fractions x1,2 as functions of the charged lepton’s rapidity
ηl for W− (left) and W+ production (right) at RHIC.

Because of the correlation shown in Fig. 5, the combinations of parton distributions pre-
dominantly probed will vary with ηl. However, here also the underlying structure of the weak
interactions enters. For W− production, neglecting all partonic processes but the dominant
ūd → W− → e−ν̄e one, the asymmetry is found to be given by

Ae−

L ≈

∫

⊗(x1,x2)
[∆ū(x1)d(x2)(1− cos θ)2 −∆d(x1)ū(x2)(1 + cos θ)2]

∫

⊗(x1,x2)
[ū(x1)d(x2)(1− cos θ)2 + d(x1)ū(x2)(1 + cos θ)2]

, (5)

where
∫

⊗(x1,x2)
denotes an appropriate convolution over momentum fractions, and where θ is

the polar angle of the electron in the partonic c.m.s., with θ > 0 in the forward direction
of the polarized parton. Note that θ itself depends on the momentum fractions and on the
lepton’s rapidity. At large negative ηl, one has x2 ≫ x1 and θ ∼ π. In this case, the first
terms in the numerator and denominator of Eq. (5) strongly dominate, since the combination
of parton distributions, ∆ū(x1)d(x2), and the angular factor, (1 − cos θ)2, each dominate over
their counterpart in the second term. Therefore, the asymmetry provides a clean probe of
∆ū(x1)/ū(x1) at medium values of x1. By similar reasoning, at forward rapidity ηl ≫ 0
the second terms in the numerator and denominator of Eq. (5) dominate, giving access to
−∆d(x1)/d(x1) at relatively high x1. For the W+ production channel one has instead of (5)

Ae+

L ≈

∫

⊗(x1,x2)

[

∆d̄(x1)u(x2)(1 + cos θ)2 −∆u(x1)d̄(x2)(1− cos θ)2
]

∫

⊗(x1,x2)

[

d̄(x1)u(x2)(1 + cos θ)2 + u(x1)d̄(x2)(1− cos θ)2
] . (6)

Here the distinction of the two contributions by considering large negative or positive lepton
rapidities is less clear-cut than in the case of W−. For example, at negative ηl the partonic
combination d̄(x1)u(x2) will dominate, but at the same time θ ∼ π so that the angular factor
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Results / Status - Δq / Δqbar related studies
RHIC Probing the quark flavor structure using W boson production
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�ū

ū
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L. Adamczyk et al. (STAR Collaboration), Phys. Rev. Lett. 113, (2014) 072301.

Bernd Surrow
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Measured asymmetries constrain anti-quark 

polarizations: Larger asymmetry for W- suggest 

large anti-u quark polarization!

Results / Status - Δq / Δqbar related studies

5

)  2 (GeV/c-e+em
40 60 80 100 120

) 
 

2
 E

v
e

n
ts

 /
 2

 (
G

e
V

/c

5

10

15

20  STAR Data

 MC-e+ e→* γ Z/

| < 1.1
e

η|

FIG. 3. (color online) Distributions of the invariant mass
of Z/�⇤ ! e

+
e

� candidate events. The Z/�

⇤ ! e

+
e

� MC
distribution (filled histogram) is shown for comparison.

Figure 2(b) shows the reconstructed charge sign multi-
plied by the ratio of Ee

T (measured by the EEMC) to p

e
T

(measured by the TPC) for forward rapidity candidates.
Because of their forward angle, these tracks have a re-
duced number of points along their trajectory measured
by the TPC compared to the midrapidity case, which
leads to a degraded pT resolution. Despite that, a clear
charge sign separation is observed. The data were fit
to two double-Gaussian template shapes generated from
W

± MC samples to estimate the reconstructed charge
sign purity. The shaded regions were excluded from the
analysis to remove tracks with poorly reconstructed pT

and reduce the opposite charge sign contamination. The
residual charge sign contamination is estimated to be
6.5%, which is small relative to the statistical uncertain-
ties of the measured spin asymmetries.

Measurements of Z/�⇤ production at RHIC energies
are limited by a small production cross section. How-
ever, one unique advantage of this channel is the fully
reconstructed e

+
e

� final state, allowing the initial state
kinematics to be determined event by event at leading
order. A sample of 88 Z/�

⇤ ! e

+
e

� events was identi-
fied by selecting a pair of isolated, oppositely charged e

±

candidates, as described in Ref. [25]. The resulting in-
variant mass distribution of e+e� pairs is shown in Fig. 3,
superimposed with the MC expectation.

The measured spin asymmetries were obtained from
the 2011 and 2012 data samples using a likelihood
method to treat the low statistics of the 2011 sample.
For a given data sample, a model for the expected, spin-
dependent W± event yield µ in a given positive pseudo-
rapidity range, labeled a, of the STAR detector can be
defined for each of the four RHIC helicity states of the
two polarized proton beams

µ

a
++ = l++N

a(1 + P1�A
+⌘e

L + P2�A
�⌘e

L + P1P2�ALL)
µ

a
+� = l+�N

a(1 + P1�A
+⌘e

L � P2�A
�⌘e

L � P1P2�ALL)
µ

a
�+ = l�+N

a(1� P1�A
+⌘e

L + P2�A
�⌘e

L � P1P2�ALL)
µ

a
�� = l��N

a(1� P1�A
+⌘e

L � P2�A
�⌘e

L + P1P2�ALL)
(1)

where

• P1(P2) is the absolute value of the polarization of
beam 1(2),

• A

+⌘e

L (A�⌘e

L ) is the single-spin asymmetry mea-
sured at positive(negative) ⌘e with respect to beam
1,

• ALL is the parity-conserving double-spin asymme-
try [32] which is symmetric with respect to ⌘e,

• N

a is the spin averaged yield, and

• l±± are the respective relative luminosities deter-
mined from an independent sample of QCD events,
which required a nonisolated lepton candidate with
E

e
T < 20 GeV as described in Ref. [18].

A similar set of four equations can be written for
the symmetric negative pseudorapidity range of the
STAR detector, labeled b, by interchanging A

+⌘e

L with
A

�⌘e

L . The dilution of the asymmetries due to unpolar-
ized background contributions to theW± candidate yield
are represented by � = S/(S + B), where S and B are
the number of signal and background events as shown
in Figs. 1 and 2, and were measured separately for re-
gions a and b. The estimated W

± ! ⌧

±
⌫⌧ yield is not

a background for the asymmetry measurement as it is
produced in the same partonic processes as the primary
signal, W± ! e

±
⌫e.

The eight spin-dependent yields for the pair of sym-
metric pseudorapidity regions in the STAR detector (a
and b) are used to define a likelihood function

L =
4Y

i

P(Ma
i |µa

i )P(M b
i |µb

i )g(�
a)g(�b) (2)

consisting of a product of Poisson probabilities P(Mi|µi)
for measuring Mi events in a helicity configuration, i,
given the expected value µi from Eqn. (1) and a Gaus-
sian probability g(�) for the estimated background di-
lution. The spin asymmetry parameters (A+⌘e

L , A

�⌘e

L
and ALL) of this likelihood function were bounded to
be within their physically allowed range of [-1,1], Na,b

and �

a,b were treated as nuisance parameters, and the
remaining parameters (P and l±±) are known constants.

Separate likelihood functions were computed for the
2011 and 2012 data sets, consisting of 2759 W

+ and 837
W

� candidates in total. The product of these two like-
lihood functions was used in a profile likelihood analy-
sis [31] to obtain the central values and confidence in-
tervals for the asymmetries. The W

± asymmetries were
measured for e± with 25 < E

e
T < 50 GeV and are shown

in Figs. 4 and 5 as a function of e± pseudorapidity for the
single- and double-spin asymmetries, respectively. These
results are consistent with our previous measurements of
AL [18]. The data points are located at the average ⌘e

within each bin, and the horizontal error bars represent
the rms of the ⌘e distribution within that bin. The ver-
tical error bars show the 68% confidence intervals, which

Critical: Measurement of W+ and W- 

asymmetries as a function ηe 
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Figure 2(b) shows the reconstructed charge sign multi-
plied by the ratio of Ee

T (measured by the EEMC) to p

e
T

(measured by the TPC) for forward rapidity candidates.
Because of their forward angle, these tracks have a re-
duced number of points along their trajectory measured
by the TPC compared to the midrapidity case, which
leads to a degraded pT resolution. Despite that, a clear
charge sign separation is observed. The data were fit
to two double-Gaussian template shapes generated from
W

± MC samples to estimate the reconstructed charge
sign purity. The shaded regions were excluded from the
analysis to remove tracks with poorly reconstructed pT

and reduce the opposite charge sign contamination. The
residual charge sign contamination is estimated to be
6.5%, which is small relative to the statistical uncertain-
ties of the measured spin asymmetries.

Measurements of Z/�⇤ production at RHIC energies
are limited by a small production cross section. How-
ever, one unique advantage of this channel is the fully
reconstructed e

+
e

� final state, allowing the initial state
kinematics to be determined event by event at leading
order. A sample of 88 Z/�

⇤ ! e

+
e

� events was identi-
fied by selecting a pair of isolated, oppositely charged e

±

candidates, as described in Ref. [25]. The resulting in-
variant mass distribution of e+e� pairs is shown in Fig. 3,
superimposed with the MC expectation.

The measured spin asymmetries were obtained from
the 2011 and 2012 data samples using a likelihood
method to treat the low statistics of the 2011 sample.
For a given data sample, a model for the expected, spin-
dependent W± event yield µ in a given positive pseudo-
rapidity range, labeled a, of the STAR detector can be
defined for each of the four RHIC helicity states of the
two polarized proton beams

µ

a
++ = l++N

a(1 + P1�A
+⌘e

L + P2�A
�⌘e

L + P1P2�ALL)
µ

a
+� = l+�N

a(1 + P1�A
+⌘e

L � P2�A
�⌘e

L � P1P2�ALL)
µ

a
�+ = l�+N

a(1� P1�A
+⌘e

L + P2�A
�⌘e

L � P1P2�ALL)
µ

a
�� = l��N

a(1� P1�A
+⌘e

L � P2�A
�⌘e

L + P1P2�ALL)
(1)

where

• P1(P2) is the absolute value of the polarization of
beam 1(2),

• A

+⌘e

L (A�⌘e

L ) is the single-spin asymmetry mea-
sured at positive(negative) ⌘e with respect to beam
1,

• ALL is the parity-conserving double-spin asymme-
try [32] which is symmetric with respect to ⌘e,

• N

a is the spin averaged yield, and

• l±± are the respective relative luminosities deter-
mined from an independent sample of QCD events,
which required a nonisolated lepton candidate with
E

e
T < 20 GeV as described in Ref. [18].

A similar set of four equations can be written for
the symmetric negative pseudorapidity range of the
STAR detector, labeled b, by interchanging A

+⌘e

L with
A

�⌘e

L . The dilution of the asymmetries due to unpolar-
ized background contributions to theW± candidate yield
are represented by � = S/(S + B), where S and B are
the number of signal and background events as shown
in Figs. 1 and 2, and were measured separately for re-
gions a and b. The estimated W

± ! ⌧

±
⌫⌧ yield is not

a background for the asymmetry measurement as it is
produced in the same partonic processes as the primary
signal, W± ! e

±
⌫e.

The eight spin-dependent yields for the pair of sym-
metric pseudorapidity regions in the STAR detector (a
and b) are used to define a likelihood function

L =
4Y

i

P(Ma
i |µa

i )P(M b
i |µb

i )g(�
a)g(�b) (2)

consisting of a product of Poisson probabilities P(Mi|µi)
for measuring Mi events in a helicity configuration, i,
given the expected value µi from Eqn. (1) and a Gaus-
sian probability g(�) for the estimated background di-
lution. The spin asymmetry parameters (A+⌘e

L , A

�⌘e

L
and ALL) of this likelihood function were bounded to
be within their physically allowed range of [-1,1], Na,b

and �

a,b were treated as nuisance parameters, and the
remaining parameters (P and l±±) are known constants.

Separate likelihood functions were computed for the
2011 and 2012 data sets, consisting of 2759 W

+ and 837
W

� candidates in total. The product of these two like-
lihood functions was used in a profile likelihood analy-
sis [31] to obtain the central values and confidence in-
tervals for the asymmetries. The W

± asymmetries were
measured for e± with 25 < E

e
T < 50 GeV and are shown

in Figs. 4 and 5 as a function of e± pseudorapidity for the
single- and double-spin asymmetries, respectively. These
results are consistent with our previous measurements of
AL [18]. The data points are located at the average ⌘e

within each bin, and the horizontal error bars represent
the rms of the ⌘e distribution within that bin. The ver-
tical error bars show the 68% confidence intervals, which
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FIG. 3. [Color online] The amplitude of the transverse single-spin asymmetry for W± and Z0 boson production measured by
STAR in proton-proton collisions at

√
s = 500 GeV with a recorded luminosity of 25 pb−1. The solid gray bands represent

the uncertainty on the KQ [11] model due to the unknown sea quark Sivers function. The crosshatched region indicates the
current uncertainty in the theoretical predictions due to TMD evolution.

fits to experimental data. A consensus on how to obtain
and handle the non-perturbative input in the TMD evo-
lution has not yet been reached [27]; therefore the results
presented here can help to constrain theoretical models.
A combined fit on W+ and W− asymmetries, AN (yW ),
to the theoretical prediction in the KQ model (no TMD
evolution), shown in Fig. 4, gives a χ2/ndf = 7.4/6 as-
suming a sign-change in the Sivers function (solid line)
and a χ2/ndf = 19.6/6 otherwise (dashed line). The cur-
rent data thus favor theoretical models that include a
change of sign for the Sivers function relative to observa-
tions in SIDIS measurements, if TMD evolution effects
are small.

We are grateful to Z.-B. Kang for useful discussions.
We thank the RHIC Operations Group and RCF at BNL,
the NERSC Center at LBNL, the KISTI Center in Korea,

and the Open Science Grid consortium for providing re-
sources and support. This work was supported in part by
the Office of Nuclear Physics within the U.S. DOE Office
of Science, the U.S. NSF, the Ministry of Education and
Science of the Russian Federation, NNSFC, CAS, MoST
and MoE of China, the National Research Foundation of
Korea, GA and MSMT of the Czech Republic, FIAS of
Germany, DAE, DST, and UGC of India, the National
Science Centre of Poland, National Research Foundation,
the Ministry of Science, Education and Sports of the Re-
public of Croatia, and RosAtom of Russia.

[1] S. Mert Aybat, and Ted C. Rogers, Phys. Rev. D 83,
114042 (2011).

L. Adamczyk et al. (STAR Collaboration), Phys. Rev. Lett. 116, (2016) 
132301.



Sivers function quantifies correlation between transverse 

parton momentum and transverse proton spin 

Fundamental prediction of QCD gauge invariance: 

Active experimental programs at COMPASS (DY) and RHIC (W 

production) 

First measurement of AN for W/Z production using fully 

reconstructed gauge bosons at 500GeV (Run 11 / 25pb-1)  

Sivers-Sign sign-change scenario (Χ2/n.d.f.=7.4/6) preferred 

over no-sign change scenario (Χ2/n.d.f.=19.6/6) 

Precise measurement of AN (W) in Run 17 (~400pb-1 - X 16 of 

LRun 11) in bins of pT and rapidity and AN(Z) 
Bernd Surrow

Results / Status - Transverse spin related studies
STAR: W / Z AN measurements (Run 11 / 500GeV)

20

38th International Conference on High Energy Physics (ICHEP 2016)
Chicago, IL, August 3-10, 2016

Attractive FSI Repulsive ISI

DIS: pp:

SiversDIS = - Sivers (DY / W / Z

7

W y
-0.5 0 0.5

N
 A

-1

-0.8

-0.6

-0.4

-0.2

0

0.2

0.4

0.6

0.8

1

W y
-0.5 0 0.5

N
 A

-1

-0.8

-0.6

-0.4

-0.2

0

0.2

0.4

0.6

0.8

1

ν + l→ +W

/d.o.f. = 7.4  /62χGlobal 
KQ (assuming ‘‘sign change’’)

)-1 p-p 500 GeV (L = 25 pbSTAR
 < 10 GeV/cW

T0.5 < P

3.4% beam pol. uncertainty not shown

W y
-0.5 0 0.5

N
 A

-1

-0.8

-0.6

-0.4

-0.2

0

0.2

0.4

0.6

0.8

1

W y
-0.5 0 0.5

N
 A

-1

-0.8

-0.6

-0.4

-0.2

0

0.2

0.4

0.6

0.8

1

ν - l→ -W

/d.o.f. = 19.6  /62χGlobal 
KQ (no ‘‘sign change’’)

)-1 p-p 500 GeV (L = 25 pbSTAR
 < 10 GeV/cW

T0.5 < P

3.4% beam pol. uncertainty not shown

FIG. 4. [Color online] Transverse single-spin asymmetry amplitude for W+ (left plot) and W− (right plot) versus yW compared
with the non TMD-evolved KQ [11] model, assuming (solid line) or excluding (dashed line) a sign change in the Sivers function.

[2] S. Meissner, A. Metz, and M. Schlegel, J. High Energy
Phys. 08 (2009) 056.

[3] D. W. Sivers, Phys. Rev. D 41, 83 (1990); D 43, 261
(1991).

[4] A. Airapetian et al., the HERMES Collaboration, Phys.
Rev. Lett. 94, 012002 (2005);
M. Alekseev et al., the COMPASS Collaboration, Phys.
Lett. B 673, 127 (2009);
X. Qian et al., the Jefferson Lab Hall A Collaboration,
Phys. Rev. Lett. 107, 072003 (2011).

[5] J. C. Collins, Phys. Lett. B 536, 43 (2002).
[6] S. J. Brodsky, D. S. Hwang, and I. Schmidt, Phys. Lett.

B 530, 99 (2002);
S. J. Brodsky, D. S. Hwang, and I. Schmidt, Nucl. Phys.
B 642, 344 (2002);
X. Ji and F. Yuan, Phys. Lett. B 543, 66 (2002).

[7] Nuclear Science Advisory Committee, the 2007 Long
Range Plan, Milestone HP13
http://science.energy.gov/np/nsac/.

[8] M. G. Echevarria, A. Idilbi, Z.-B. Kang, I. Vitev, Phys.
Rev. D 89, 074013 (2014).

[9] E. A. Hawker et al., Phys. Rev. Lett. 80, 3715 (1998).
[10] A. Metz and J. Zhou, Phys. Lett. B 700 11 (2011).
[11] Z.-B. Kang and J. -W. Qiu, Phys. Rev. Lett. 103, 172001

(2009).
[12] RHIC Polarimetry Group, RHIC/CAD Accelerator

Physics Note 490 (2013).
[13] K. H. Ackermann et al., the STAR Collaboration, Nucl.

Instrum. Methods Phys. Res., Sect. A 499, 624 (2003).
[14] M. Anderson et al., the STAR Collaboration, Nucl. In-

strum. Methods Phys. Res., Sect. A 499, 659 (2003).
[15] M. Beddo et al., the STAR Collaboration, Nucl. Instrum.

Methods Phys. Res., Sect. A 499, 725 (2003).
[16] L. Adamczyk et al.,the STAR Collaboration, Phys. Rev.

Lett. 113, 072301 (2014);

M. M. Aggarwal et al.,the STAR Collaboration, Phys.
Rev. Lett. 106, 062002 (2011).

[17] L. Adamczyk et al., the STAR Collaboration, Phys. Rev.
D 85, 092010 (2012).

[18] D. Acosta et al., the CDF Collaboration, Phys. Rev. D
70, 032004 (2004);
G. Aad et al., the ATLAS Collaboration, J. High Energy
Phys. 12 (2010) 060;
S. Chatrchyan et al., the CMS Collaboration, J. High
Energy Phys. 10 (2011) 132.
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FIG. 3. [Color online] The amplitude of the transverse single-spin asymmetry for W± and Z0 boson production measured by
STAR in proton-proton collisions at

√
s = 500 GeV with a recorded luminosity of 25 pb−1. The solid gray bands represent

the uncertainty on the KQ [11] model due to the unknown sea quark Sivers function. The crosshatched region indicates the
current uncertainty in the theoretical predictions due to TMD evolution.

fits to experimental data. A consensus on how to obtain
and handle the non-perturbative input in the TMD evo-
lution has not yet been reached [27]; therefore the results
presented here can help to constrain theoretical models.
A combined fit on W+ and W− asymmetries, AN (yW ),
to the theoretical prediction in the KQ model (no TMD
evolution), shown in Fig. 4, gives a χ2/ndf = 7.4/6 as-
suming a sign-change in the Sivers function (solid line)
and a χ2/ndf = 19.6/6 otherwise (dashed line). The cur-
rent data thus favor theoretical models that include a
change of sign for the Sivers function relative to observa-
tions in SIDIS measurements, if TMD evolution effects
are small.
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FIG. 3. [Color online] The amplitude of the transverse single-spin asymmetry for W± and Z0 boson production measured by
STAR in proton-proton collisions at

√
s = 500 GeV with a recorded luminosity of 25 pb−1. The solid gray bands represent

the uncertainty on the KQ [11] model due to the unknown sea quark Sivers function. The crosshatched region indicates the
current uncertainty in the theoretical predictions due to TMD evolution.

fits to experimental data. A consensus on how to obtain
and handle the non-perturbative input in the TMD evo-
lution has not yet been reached [27]; therefore the results
presented here can help to constrain theoretical models.
A combined fit on W+ and W− asymmetries, AN (yW ),
to the theoretical prediction in the KQ model (no TMD
evolution), shown in Fig. 4, gives a χ2/ndf = 7.4/6 as-
suming a sign-change in the Sivers function (solid line)
and a χ2/ndf = 19.6/6 otherwise (dashed line). The cur-
rent data thus favor theoretical models that include a
change of sign for the Sivers function relative to observa-
tions in SIDIS measurements, if TMD evolution effects
are small.
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Gluon related studies: g / Δg 
Precise Run 9 ALL measurement: Non-zero ΔG of similar magnitude as quark polarization! 

First Di-Jet measurement opens the path to constrain the shape of Δg 

New inclusive jet cross-section: Important constraint for unpol. gluon  distribution at high x  

Quark / Anti-quark related studies: q / Δq 

Mid-rapidity (Run 11/12): Published W asymmetry results suggest large anti-u quark polarization along with broken QCD sea / 

Substantial improvement with Run 13 data sample 

New prelim. result of cross-section ratio measurement (Run 11/12): Strong physics case of unpolarized dbar/ubar probe using W 
production complementary to SeaQuest / Substantial improvement with Run 13 data sample 

Forward rapidity analysis requires completion of challenging FGT tracking analysis  

First fully reconstructed W AN asymmetry: Sign-change preferred! 

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

Unpolarized program for Run 17: Cross-section ratio measurements of W+/W- Unpolarized dbar / ubar probe 

Exciting long-term program beyond 2020 requiring forward detector upgrade (Cold QCD plan)  

Cold QCD plan, arXiv: 1602.03922.
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STAR: Neutral Pion ALL measurement at 200GeV for 0.8 < η < 2.0

NNPDFpol1.1 prediction with STAR 200 GeV data   
(0.8 < η < 2.0)
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Backup

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

Need more precise 

results to constrain 

PDF’s at low x 

STAR 2012 510GeV 

data sample is being 

analyzed
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FIG. 7. (Color online) The ALL results (blue markers) are
presented with the DSSV prediction [17] and the GRSV pre-
diction [44] using the best fit to polarized DIS (∆g = std) and
the maximum and minimum allowed values for gluon polar-
ization. Statistical uncertainties are shown by the error bars,
whereas systematic uncertainties are indicated by the error
boxes. The 6% scale uncertainty is due to beam polarization
uncertainty.

and ↓ denotes beam spin polarized vertically downward
in the lab frame. The quantity E(φ) was fit to the equa-
tion C + ε sinφ, the background was subtracted using
Eq. 7 with Araw = ε, and the final result for AN was
obtained by dividing by the luminosity weighted polariza-
tion. The luminosity-weighted average polarizations for
the transversely polarized data have values ⟨PB⟩ = 0.54
and ⟨PY ⟩ = 0.55. The uncertainty due to propagation
of the relative polarization uncertainty of each beam is
4% [43]. The background asymmetries were estimated
as the average of the asymmetry in the two sideband re-
gions, and were found for both AN and ALL to be less
than 1σ from zero, again with σ ≈ 0.01.

III. RESULTS

A. Cross Section

Figure 5 presents the measured cross section for neu-
tral pions produced over the transverse momentum range
5 < pT < 16 GeV/c. Contributions to the systematic
uncertainties include those related to the uncertainty on
the signal fraction, the smearing matrix, the effect of
repeating the analysis with an additional 4 < pT < 5
GeV/c bin, the reconstruction and trigger efficiencies, the
EEMC energy resolution, and the overall EEMC energy
scale. The signal fraction uncertainty includes contri-
butions from the uncertainties on the parameters in the
template functions, the uncertainty on the weights of the
templates, the uncertainty on the scale parameter and
its effect on the integrals used to determine the signal
fraction in the peak, and a contribution based on the in-
tegral of the residual in the signal region. Uncertainty
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FIG. 8. (Color online) The AN results are plotted versus xF

integrated over 5 < pT < 12 GeV/c (left panel) and versus
pT integrated over 0.06 < |xF | < 0.27 (right panel). Statisti-
cal uncertainties are shown by error bars, whereas systematic
uncertainties are indicated by error boxes. Negative xF re-
sults are depicted with open circles and open error boxes,
while positive xF results are exhibited with closed circles and
closed systematic error boxes. The AN results are presented
with model predictions based on the twist-3 mechanism in the
collinear factorization framework [34]. The 4% scale uncer-
tainty is due to beam polarization uncertainty.

on the luminosity results in a 7.7% vertical scale uncer-
tainty. The dominant uncertainty on the cross section is
the overall energy scale uncertainty, which is correlated
over all bins.

The measured cross section results in Fig. 5 are com-
pared to a theory prediction based on NLO pQCD and
global fits of distribution and fragmentation functions
[1]. The CTEQ6.5 set of parton distribution functions
[45] and DSS fragmentation functions [14] are used. The
EEMC π0 cross section data points are observed to lie
between the calculations that set the factorization, renor-
malization, and fragmentation scales to pT and 2pT . This
is qualitatively consistent with central pseudorapidity
measurements from PHENIX, both in published results
at

√
s = 200 GeV [4] and preliminary results at

√
s = 500

GeV [15]. In each of these measurements, the cross sec-
tion is lower than the pT -scale theory curve in the region
of 5 < pT < 16 GeV/c. Within uncertainties, previous
STAR results at

√
s = 200 GeV are in good agreement

with the pT -scale theory predictions [7].

Figure 6 shows the cross section results of this analysis
in comparison with previously published STAR results in
other pseudorapidity and transverse-momentum regions.
While the entire STAR detector has a broad range of
coverage, the results presented here lie in a previously
unmeasured region. The results indicate that the cross
section changes slowly with respect to η at lower η and
has significant η dependence at higher η, with the tran-
sition lying between η = 2 and η = 3.3.
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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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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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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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Backup

Measurement in FMS at 2.5 < η < 4.0 by using 2012 and 2013 510GeV data 

Isolated π0 measured by 2 isolation cone with cone radius 35mrard and 

100mard 

ALL does not depend on isolation cone cut 

Isolated π0 ALL is consistent with zero

C. Dilks et al. (STAR Collaboration), SPIN 2014.


