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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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Spin structure of the proton

Polarized DIS : ~30% DIS : Poorly 
constrained 

ΔG = Δg(x)dx∫
Gluon Polarization: Quark/ antiquark Polarization :

ΔΣ = (Δu+Δd +Δs+Δu +Δd +Δs )∫ dx

• Integral was well measured in DIS but small 
(only ~30%). 

• Large uncertainty for antiquark distribution 
from SIDIS

• Large uncertainty from DIS and 
SIDIS 

• First evidence of non-zero Δg from 
RHIC 2009 data
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Quark / Antiquark polarization DIS

• Uncertainties are large / Tendency for 
flavor asymmetry.  

Unpolarized flavor asymmetry

Polarized flavor asymmetry [DIS , SIDIS ]
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 PRD 64, 052002 (2001)

 PLB 693, 227 (2010)

• Purely perturbative process of gluon splitting into quark and 
antiquark pair expect to be flavor symmetric. 

• E866 results: Significant flavor asymmetric structure in unpolarized 
quark / antiquark. 

• Several models qualitatively explain this feature in the low x region. 
• More data needed to explain the high x region. / FNAL SeaQuest 

experiment / STAR W measurements. 
• Some models have predicted an asymmetry in the respective 

helicity distributions.



Quark / Antiquark polarization DIS

xΔu xΔd

• Uncertainties are large / Tendency for 
flavor asymmetry.  

• W production at RHIC provide direct 
access to antiquark distributions!

Unpolarized flavor asymmetry

Polarized flavor asymmetry [DIS , SIDIS ]

• SIDIS Results 
depend on FFs.

Quark / antiquark polarization measurements from DIS
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DSSV global analysis , PRD 80,034030 (2009)

• Polarized DIS 
measure Δu+Δu
and Δd +Δd

• Polarized SIDIS 
provide flavor 
separation.

Δu and Δd
• Large uncertainty for                      

 PRD 64, 052002 (2001)

 PLB 693, 227 (2010)
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• Purely perturbative process of gluon splitting into quark and 
antiquark pair expect to be flavor symmetric. 

• E866 results: Significant flavor asymmetric structure in unpolarized 
quark / antiquark. 

• Several models qualitatively explain this feature in the low x region. 
• More data needed to explain the high x region. / FNAL SeaQuest 

experiment / STAR W measurements. 
• Some models have predicted an asymmetry in the respective 

helicity distributions.



• Polarized DIS data so far only from fixed-target experiments / New data from 
COMPASS / Small lever-arm in Q2 - Large uncertainties in Δg from scaling violations. 

• Direct LO extraction of Δg generally positive  and consistent with inclusive DIS 
measurements and RHIC constraints, but large uncertainties.
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Indirect measurement Direct measurement



STAR Detector

• High precision charged particle tracking and particle ID with the TPC for |η| < 1.4.

• Electromagnetic calorimetry system with 2π coverage [BEMC (|η| < 1.0) , EEMC 
(1<η<2)].

• Additional detectors (ZDC, BBC, VPD) for relative luminosity measurements and local 
polarimetry.
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Sea Quark Polarization Measurement at STAR
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Exploring antiquark polarization at RHIC
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•  Direct Coupling to the Quark and anti Quark of interest.

•  High resolution scale (Q2) set by 
the W mass.

u d

✔

u d

❌

• Maximum violation of parity leads to 
perfect spin separation.

•  Easy detection via the leptonic decay 
channels.

• The parity violating single spin asymmetry, 
AL for W production provides direct 
information about antiquark polarization.

u+ d →W + → e+ +ν u + d→W − → e− +ν
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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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W boson reconstruction at STAR

ptBalance
4pi - nearCone

ele
ctr

on

nearCone  ΔR =0.7

ET
ΔR < 0.7

E2x2
T   / ET

ΔR < 0.7  > 88%

4X4

TPC track extrapolated 
to Barrel colorimeter 

tower grid

Ee
T

!pT
balance =

!pT
e +

!pT
jets

ΔR>0.7
∑ E2x2

T   / ET
4X4       > 95%

Calorimeter response from a simulated 
QCD type di-jet background  event

Calorimeter response from a 
simulated W event

 E2x2
T   > 14 GeV

• W candidate events are isolated TPC tracks pointed 
to isolated calorimeter cluster. 

• Due to undetected neutrino large missing energy 
opposite the electron candidate.  

• Large imbalance in the transverse momentum.

• Di-jet BG events are several TPC. tracks 
pointed to several calorimeter cluster.

• Transverse momentum is balanced by 
the opposite jet and missing energy is 
small.
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Mid-rapidity background estimation

 ———— -  Candidate track and BEMC cluster  

             reconstructed.

 BLUE  - EeT  > 14 GeV and EeT / E4x4T > 0.95

 Green - EeT / EΔR<0.7T > 0.88

 Red   -  sign PT balance cut > 14 GeV

 PRL 113.072301 (2014)

Run 13 QA

• QCD background is estimated using a data-driven procedure and veto ing on EEMC 
calorimeter 

• Electroweak backgrounds (W->𝜏 + ν   and Z->e++e-) estimate using MC simulation
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STAR W AL(η)
AL =

1
P1
N++ + N+− − N−− − N−+

N++ + N+− + N−− + N−+

TPC

BEMC

EEM
C

FGT

Y

Z

η=-1.1
η=-0.5

η=0

η=+0.5

η=+1.11
2 3

4

STAR W AL from 2011 + 2012 data

• AL for W+ is consistent with theoretical 
predictions constrained by polarized 
SIDIS data 

• AL for W- is larger than the prediction for 
ηe <0 ,which suggest large Δū 

• Indication of positive Δū at 0.05<η<0.2.

• In 2013 STAR recorded ~4 times as 
much data than what included in  
2012 published results 

• Expect significant reduction of the 
uncertainty  

• Extend kinematic coverage to forward 
eta using FGT

Devika Gunarathne - RHIC/AGS user meeting - June 7-10 2016, BNL

STAR

11

 PRL 113.072301 (2014)



STAR W AL results in global analysis
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MW /
p
s = 0.16

D. de Florian et al., Phys. Rev. Lett. 101 (2008) 072001

Z 1

0.05
�d̄(x,Q2)dx ⇡ �0.05

Z 1

0.05
�ū(x,Q2)dx ⇡ 0.02

• From recent DSSV++ result incl. 
STAR AL data: 



STAR W ALL Measurements
• W ALL probe different combinations of quark polarizations 
• Asymmetries expected to be smaller, and first measurement consistent with 

predictions from DIS. 

Devika Gunarathne - RHIC/AGS user meeting - June 7-10 2016, BNL
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STAR W ALL from 2011 + 2012 data



STAR Z AL 
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• Measurements of Z production at 
RHIC are  limited by small 
production cross section. 

• But Z allows initial state kinematics 
to be determined event by event at 
LO due to fully reconstructed e+/e- 
final states.

STAR Z->e++e-  invariant mass distribution from 2011 + 2012 data

STAR Z AL from 2011 + 2012 data

 PRL 113.072301 (2014)
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• STAR: W cross-section ratio measurements

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

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

R
W

=
�
W

+

�
W

� R
W

=
�
W

+

�
W

�

STAR W Cross Section Ratio Measurements



Gluon Polarization Measurement at STAR
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Exploring gluon polarization at RHIC

ΔG
G

ΔG
G

Δq
q
ΔG
G

Δq
q
Δq
q

ALL =
σ ++ −σ +−

σ ++ +σ +−
∝
ΔfaΔfb
fa fb

âLL

Parity conserved longitudinal double spin asymmetry

• For most of the RHIC kinematic (mid-
rapidity) qg and gg (qg) dominate in 500 
(200) GeV p+p collisions , making ALL for 
inclusive probes (jets, π0, etc) sensitive to 
gluon polarization.

Partonic fractions in jet production at RHIC 
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200 GeV
500 GeV

LO analyzing powers for various RHIC 
p+p inclusive reaction 

arXiv 0007218
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How STAR experiment accesses gluon polarization ? 
• STAR provides access to gluon polarization in three modes via double spin asymmetry 

ALL measurements in longitudinally polarized p+p 200 and p+p 510 GeV collisions 
• Inclusive Jet  
• Di-jet 
• Inclusive π0

Jet reconstruction at STAR

Pa
rto

n
Pa

rti
cl

e
D

et
ec

to
r

Data Jets MC Jets

PY
TH

IA
G

EA
N

T

• For STAR 2006 data Midpoint cone 
algorithm (cone radius - 0.7)

• For STAR 2009 data and beyond Anti-kT 
algorithm (Cacciari, Salam and Soyez, 
JHEP 0804, 063: Cone radius - 0.6 (0.5) 
for 200 (510) GeV)
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Progression of the collisions in 
parton, particle and detector 

levels.



2009 Inclusive jet measurement at STAR  
Inclusive jet cross section
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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 pure NLO calculations for data 
comparison 

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

Quantitative comparison between data and theory



2009 Inclusive jet measurements at STAR  
Inclusive jet ALL at p+p 200 GeV 
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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.



2012 Inclusive jet measurement at STAR  
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• Run 12 p+p 500 GeV ALL measurement of inclusive jets  (anti-kT algorithm) probes smaller x values 

• Run 12 ALL measurement in good agreement with most recent DSSV14 fit including Run 9 ALL results  

• 2012 p+p 510 GeV ALL is in good agreement with 2009 p+p 200 GeV ALL in the overlapping region  

Inclusive jet ALL at p+p 510 GeV In comparison to 2009 200 GeV ALL 
Spin 2014

STAR Preliminary STAR Preliminary



• 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:

22

“…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

Global analysis including RHIC data

22
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Global analysis with polarized jets and Projections
STAR
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0

0.02

0.04

AjetALL

NEW FIT

DSSV
with ∆χ2=1 and 90% C.L. bands

STAR 2009 run (preliminary)

|η| < 0.5
0.5 < |η| < 1.0

AjetALL

pT [GeV]

0

0.02

0.04

10 20 30

DSSV New global analysis (include STAR 2009 data) 

Projections for 
STAR 2009 and 

2015 data 
combined
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arXiv:1501.01220 arXiv:1501.01220

PRL	  113,	  012001	  



STAR di-jet measurement
• Di-jet permit event by event calculations of x1 and x2 at leading order . 
• Di-jet cross section is well-described by NLO pQCD with corrections for hadronizations 

and underlying event.
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STAR 2009 di-jet cross section results 

• Di-jet cross section results are well described by the NLO pQCD calculations.



STAR di-jet measurement
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STAR di-jet ALL as a function of invariant mass over square root of C.M energy 

• Data are compared 
to model 
predictions based 
on DSSV14 
NNPDFpol1.1. 

• The uncertainties 
are expected to be 
reduced by a 
factor of ~ 1.7 with 
data in STAR 2013 
(510 GeV) and 
2015 (200 GeV). 

arXiv 1602:03922



STAR inclusive π
0
 measurements

• STAR studied π0 production at 0.8<η<2 by measuring two 
photon decay. 

• Energy measurement using Endcap calorimeter 

STAR  Inclusive π0 cross section 

PRD.89.012001	  

PRD.89.012001	  

STAR  Inclusive π0 Double spin asymmetry 

NNPDFpol1.1	  predic8on	  with	  STAR	  
200	  GeV	  data	  	  (0.8	  <	  η	  <	  2.0)

NPB	  887.276

•  Need more precise results to 
constrain NLO 

• STAR 2012 510 GeV data are 
being analyzed and expect 
reduce the uncertainty.

Devika Gunarathne - RHIC/AGS user meeting - June 7-10 2016, BNL
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STAR  π0 measurements using Forward meson 
Tracker (FMS)

• π0 measured in FMS at 2.5 < η < 4.0 by using 2012 and 2013 510 GeV data  
• Isolated π0 measured by 2-γ isolation cone with cone radius 35 mr and 100 mr 
• ALL does not depend on isolation cone cut  
• Isolated π0 ALL is consistent with 0 

Devika Gunarathne - RHIC/AGS user meeting - June 7-10 2016, BNL
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Future STAR di-jet measurements
• STAR plans to install Forward Calorimeter System (FCS) in ~ 2020. 
• This will enable di-jet measurements with one or both jets at forward region (2.8 < η <3.7) 
• FCS will be able to provide data to constrain Δg  at x ~ 5x10-3 and x =< 10-3 with FCS-

EEMC jets and FCS-FCS jets respectively

Projection for di-jet ALL using STAR future FCS

• √s = 500 GeV
• Cone Algorithm , R=0.7
• Assumed integrated luminosity - 1000 pb-1

• Assumed polarization 60%

• Forward di-jets will further 
constrain Δg at low xg region.

Devika Gunarathne - RHIC/AGS user meeting - June 7-10 2016, BNL
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Summary
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Gluon polarization program

Several final states (Hadron / Jet) have been measured all pointing to the same conclusion 
that the gluon polarization is small consistent with COMPASS findings 
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 constraints for unpolarized gluon  at high x

W boson program

Mid-rapidity: New W- results suggest large anti-u quark polarization along with broken QCD sea
Strong physics case of unpolarized ƌ / ū probe using W production

Backward/Forward rapidity: STAR FGT (Forward GEM Tracker) / Ongoing analysis

Run 13 / 15 and future

Run 13: Long. 510GeV Run 13 (~300pb-1 rec.): W (Anti-quarks) and Jet production (Gluons)

Run 15: 200GeV (Run 15) with long. pol. p-p running



Backup

30
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Inclusive jet measurement : 2006
Inclusive jet cross section

Inclusive jet ALL

31
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Inclusive jet cross section run 9

Devika Gunarathne - RHIC/AGS user meeting - June 7-10 2016, BNL
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T

Jet p
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0.04

 (GeV/c)
T

 p0/
0 5 10 15

, Run 2005-20090/PHENIX Prelim. 
PHENIX shift uncertainty

0/DSSV++ for 
STAR Prelim. jet, Run 2009
STAR shift uncertainty
DSSV++ for jet

PHENIX / STAR scale uncertainty 6.7% / 8.8% from pol. not shown
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Data are well described by NLO pQCD calculations 

New PHENIX Run 13 results at 510GeV 

A. Adare et al. (PHENIX Collaboration), arXiv:1510/02317.

Consistency between PHENIX 

and STAR results!

6

candidate was explicitly required to fire the HPP trigger.
This test, along with a time-of-flight cut, suppressed the
possibility of contamination from the neighboring bunch
crossings to a negligible level. As in the cross section
analysis, the π0 candidates were counted within a ±25
MeV/c2 window around the π0 peak in the two-photon
invariant mass distribution. The ALL was then corrected
for the background ALL measured in the side bands on
either side of the π0 peak; this background asymmetry
was found to be consistent with zero in all pT bins.
The relative luminosity R was defined from the number

of MB triggers in each bunch crossing, and cross checked
using the number of collisions firing the ZDCs on both
sides of the IR. The pile-up correction due to the high
collision rate had a negligible effect on R. The result-
ing contribution of the relative luminosity uncertainty to
Aπ

0

LL
for the 2012 (2013) data was δAπ

0

LL
|R = 2.0 × 10−4

(3.8× 10−4), affecting all pT bins in the same way.
ALL was measured for each PHENIX data taking seg-

ment (up to 90 minutes long) to minimize the systematic
effects from variation in R, beam polarization (decreasing
during a store by ∆P=0.005–0.010 per hour), and HPP
trigger performance. These asymmetries were averaged
separately for the 2012 and 2013 data. Results from 2012
and 2013 were consistent within statistical uncertainties
and the final result presented in this Letter is the average
of these data sets.
The resulting π0 ALL systematic uncertainties are

(a) a correlated uncertainty from relative luminosity of
3.6×10−4, (b) a correlated uncertainty from polarization
measurements of 6.5% (scale uncertainty), and (c) point-
to-point uncertainty from background fraction determi-
nation under the π0 peak in the two-photon invariant-
mass distribution. The point-to-point uncertainties were
found to be smaller than 10% of the statistical uncer-
tainty in all pT bins. As in the previous PHENIX anal-
ysis [14], the contribution of other potential sources of
systematic uncertainties was negligible.
Figure 3 shows the π0 ALL asymmetries at

√
s = 510

GeV compared with the DSSV14 calculation [16] based
on a global fit of the world helicity asymmetry data.
Comparing the data to the DSSV14 curve we obtain
χ2/NDF=8.0/14, while comparing to the ALL = 0 hy-
pothesis we obtain χ2/NDF = 18.2/14; the data prefer
the DSSV14 curve by a little more than 3 standard de-
viations.
Figure 4 shows π0 ALL data from PHENIX at both√
s = 200 GeV [14] and 510 GeV, along with NLO pQCD

analyses from three groups [5, 6, 16]. All three analyses
predict an increase in π0 ALL at the same xT due to
pQCD evolution, with xT = 2pT /

√
s. Our data is con-

sistent with such an increase.
In summary, we have presented the unpolarized cross

section and double helicity asymmetry for π0 production
at midrapidity for p+p collisions at

√
s = 510 GeV. The

NLO pQCD calculation is in excellent agreement with
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FIG. 3. (color online) ALL vs pT for π0 production at midra-
pidity in p+p collisions at

√
s = 510 GeV. Error bars are

combined statistical and point-to-point systematic uncertain-
ties. The ALL = 0 (yellow) line is uncertainty from relative
luminosity. The theoretical curve with 90% C.L. band (green)
is from a DSSV14 calculation [16].
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FIG. 4. (color online) ALL vs xT for π0 production at midra-
pidity at

√
s = 200 GeV (blue) from [14] and 510 GeV (red)

from this analysis. Error bars are combined statistical and
point-to-point systematic uncertainties. Note that the rela-
tive luminosity uncertainties from two data samples are about
the same, hence are indistinguishable in the plot in the over-
lapping xT range. Theoretical curves are from recent NLO
global analyses [5, 6, 16], with the lower curves (blue) for
√
s = 200 GeV and the higher curves (red) for

√
s = 510 GeV.

Devika Gunarathne - RHIC/AGS user meeting - June 7-10 2016, BNL




