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Introduction

Nucleon Structure and DIS
JLab and 12 GeV Energy Upgrade



Nucleon Structure 
• Nucleon: proton =(uud) ,    neutron=(udd) + sea quarks + gluons

• Nucleon: 99% of the visible mass in universe

Ø Proton momentum  (unpolarized PDFs)
Quarks carry  ~ 50%  of proton’s momentum

Glue carry the rest of the momentum

How does quark and gluon dynamics generate the rest of the proton spin? 

Quarks carry ⇠ 30% of proton’s spin

Ø Proton spin “puzzle” (polarized PDFs)

Ø 3D structure of nucleon: 3D in momentum or (2D space +1 in momentum)  

Probing
momentum

Q (GeV)

200 MeV (1 fm) 2 GeV (1/10) 
fm)

Color Confinement Asymptotic freedom

Can we scan the nucleon to reveal its 3D structure?
How does the glue bind quarks and itself  into a proton and nuclei? 





Inclusive, Semi-Inclusive and Exclusive Processes

• Inclusive electron scattering: only detect scattered electron
elastic: form factors
excitations: resonances, new states search  
DIS: structure functions, parton distributions (PDFs), 

spin distributions (polarized PDFs)
• Semi-inclusive: detect one additional particle

SIDIS: flavor tagging, spin-flavor structure
transverse momentum dependent 
distributions (TMDs)          

• Exclusive: all final states are determined 
deep-virtual Compton Scattering (DVCS), …

à generalized parton distributions (GPDs) 



JLab and 12 GeV Energy Upgrade 

Experimental Hall Detector Upgrade



12 GeV Upgrade Project

§Enhanced capabilities 
in existing Halls
§Increase of Luminosity
1035 - ~1039 cm-2s-1

New	Hall

CHL-2

20	cryomodules

Add	5
cryomodules

Add	5
cryomodules

20	cryomodules

Add	arc

Project Scope (~99.7% complete): 
• Doubling the accelerator beam energy - DONE
• New experimental Hall D and beam line - DONE
• Civil construction including Utilities - ~DONE
• Upgrades to Experimental Halls C - DONE
• Upgrades to Experimental Halls B - ~99%

• Solenoid only scope remaining 

TPC = $338M
ETC < $2M

Project Completion Sept 2017 
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Hall D – exploring origin of confinement by 
studying exotic mesons

Hall B – understanding nucleon structure via
generalized parton distributions

Hall C – precision determination of valence 
quark properties in nucleons/nuclei 

Hall A – form factors, future new experiments 
(e.g., SoLID and MOLLER)

12	GeV	Scientific	Capabilities



Unpolarized Parton Distributions

Valence Quark Structure: d/u @ High-x
Sea Quark Flavor Distributions: 

Light Sea Asymmetry, Strange Sea



Unpolarized Structure Function F2

• Bjorken Scaling 

• Scaling Violation

• Gluon radiation –
• QCD evolution 

NLO: Next-to-Leading-Order

• One of the best 
experimental tests of 
QCD 



Unpolarized Parton Distribution Functions

valence
region



Valence Quark Distributions: d/u@ High-xd/u&
pCDR& Recent&Fit&

Need&new&figure&to&refine&case&(Wally),&
Different&Q2&from&Fermilab,&no&nucleus&

High-x: valence quark dominating, clean region to study valence behavior
d/u at high-x, not well-known due to large nuclear effect using effective neutron target 
JLab 12: 1) Hall A 3H/3He; 2) BONUS @ CLAS12, 3) SoLID PVDIS-proton 

1) Hall A 3H/3He: super 
ratio to minimize 
nuclear effect (this fall)

2) BONUS @ CLAS12 
tag back scattering 
slow proton to minimize 
nuclear effect in 
deuteron

3) SoLID PVDIS-proton 
director probe d/u in 
proton using gamma 
and Z exchanges 
(without effective 
neutron) 



Flavor structure of  the proton sea 

! The proton sea is not SU(3) symmetric! 

10 

Violation of  Gottfried sum rule Confirmed by Drell-Yan exp’t 

Why                          ?                             

d̄(x)� ū(x)

d̄(x) 6= ū(x)

Why does                         change sign? 

NMC: SG = 0.235± 0.026

Proton Sea not SU(3) Symmetric



Light Sea Quark Asymmetry: d_bar/u_bar

Fermi Lab SEAQUEST new results              

Prec. Rad. Corr. , Jlab , May 2016accardi@jlab.org 31

This analysis: 

NMC, SLAC with nucl. correc�ons 

+ BONUS at Q2 = 3.5 GeV2

(and CJ15 for uv, dv)

 

  

Hadronic physics output 2: dbar/ubar 

NMC = Peng et al. analysis of
    NMC data as in publica�on
    (and MSTW08 for uv, dv)

 

 No evidence fo sign change at large x !

 And SeaQuest agrees!

– presented for the .rst �me 

a few days later

Niculescu/Keppel, 

DIS2016

 Bryan Kerns 
B.Kerns, DNP April 2016

JLab12: Possible SIDIS measurement, 
Hall C proposal projections



Strange Sea
Need additional observable in addition to inclusive DIS on p and n
Ø Weak Interaction (Neutrino, PV) or SIDIS (Kaon)
SIDIS (Kaon): in current fragmentation region? HERMES, probably mostly not?
Issue with Kaon Fragmentation Function? 

HERMES strange distributions: old vs new

Kaon multiplicity ratio 

•  � case, there is a good agreement between COMPASS and HERMES for the 
�+/�- multiplicity ratio 

Despite  the difference in the shape of � multiplicity sum   

•  K case: clear discrepancy between COMPASS and HERMES  even for the K
+/K- multiplicity ratio 

•  DSS next fit of Kaon FF  
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COMPASS 2006 data preliminary
systematic error

Monte Carlo LEPTO/JETSET(LUND)

HERMES
systematic error

Results on the spin structure of the 
nucleon from HERMES

Charlotte Van Hulse, 
University of the Basque Country

International Workshop on 
Quark-gluon Structure of the Nucleon

November 8, 2012 – Tokyo Institute of Techonology

Comparison of Kaon Multiplicity Ratio



Nucleon Spin-flavor Structure

Valence Quark Flavor and Spin Distributions
Sea Quark Flavor-Spin Distributions

Gluon Spin Distribution



Polarized Structure functions



Polarized Parton Distributions



Nucleon Spin Structure Study
• 1980s:  EMC (CERN) + early SLAC

quark contribution to proton spin is very small 
ΔΣ = (12+-9+-14)% ! ‘spin crisis’

• 1990s: SLAC, SMC (CERN), HERMES (DESY)
ΔΣ = 20-30%,        the rest: gluon and quark orbital angular momentum

(½)ΔΣ +Lq + ΔG +LG =1/2 
gauge invariant (½)ΔΣ + Lq + JG =1/2             

• 2000s:  COMPASS (CERN), HERMES, RHIC-Spin, JLab, … :
 ΔΣ ~ 30%; ΔG contributes, orbital angular momentum significant
 Large-x (valence quark) behavior;  Moments and sum rules
 Needs 3-d structure information to complete the proton spin puzzle

 Reviews: Sebastian, Chen, Leader, arXiv:0812.3535, PPNP 63 (2009) 1;



JLab E99117: Precision Measurement of A1
n at High-x

Valance Quark Flavor Separation 

X.Zheng et al., PRL 92, 012004 (2004)



Inclusive Hall A and B and Semi-Inclusive Hermes

BBS

BBS+OAM

pQCD with Quark Orbital Angular Momentum

Avakian, Brodsky, Deur and Yuan,
PRL 99, 082001 (2007) 



A1
p at 11 GeV

Projections for JLab at 11 GeV



g2: twist-3, q-g correlations
• experiments: transversely polarized target 

SLAC E155x, (p/d)  
JLab Hall A (n), Hall C (p/d)

• g2 leading twist related to g1 by  Wandzura-Wilczek relation

• g2 - g2
WW: a clean way to access twist-3 contribution

quantify q-g correlations         
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Color Polarizability (Lorentz Force): d2

• 2nd moment of g2-g2
WW

d2: twist-3 matrix element

d2 and g2-g2
WW: clean access of higher twist (twist-3) effect: q-g correlations

Color polarizabilities χΕ,χΒ are linear combination of d2 and f2 (X. Ji)
Provide a benchmark test of Lattice QCD at high Q2

Avoid issue of low-x extrapolation
Color Lorentz (transverse) force          (M. Burkardt)
Relation to Sivers and other TMDs
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World Measurements of d2(Q2)

E08-027 “g2p”
SANE

“d2n” (E06-014) new in Hall A

6 GeV Experiments

Sane: new in Hall C    

“g2p” in Hall A, results soon

projected



d2
n Result from JLab E06-014

Posik et al., PRL 113 022002 (2014)



JLab E12-06-121



Sea Quark Spin-Flavor Study with EIC

• Unique opportunity for Δs
energy reach current fragmentation region for Kaon tagging in SIDIS

• Significant improvement for 
Δu_bar, Δd_bar from SIDIS 

• Increase in Q2 range/precision 
for g1 (and g2)
constraint on Δg. 



current data

w/ EIC data

EIC: Probe Polarized  Gluons

ΔG

ΔΣ

A Polarized EIC:

• Tremendous improvement on ΔG
• Also improvement in ΔΣ
• Spin Flavor decomposition              

of the Light Quark Sea

29



3-D Structure I 

Transverse Momentum-Dependent Distributions

x=0.1



q Wigner distributions

5D

3D

1D



TMDs
2+1 D picture in momentum space

Bacchetta, Conti, Radici

GPDs
2+1 D picture in impact-parameter space

QCDSF collaboration

Towards Imaging - Two Approaches

• intrinsic transverse motion
• spin-orbit correlations- relate to OAM
• non-trivial factorization
• accessible in SIDIS (and Drell-Yan)

• collinear but long. momentum transfer
• indicator of OAM; access to Ji’s total Jq,g

• existing factorization proofs
• DVCS, deep exclusive meson production



Quark polarization

Unpolarized
(U)

Longitudinally 
Polarized (L)

Transversely Polarized 
(T)
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L

T

Leading-Twist	TMD	PDFs

f1 =

f 1T
⊥ =

Sivers

Helicity
g1 =

h1 =
Transversity

h1
⊥ =

Boer-Mulders

h1T
⊥ =

Pretzelosity

h1L
⊥ =

Worm Gear

: Survive trans. Momentum integration
Nucleon Spin

Quark Spin

g1T =

Worm Gear



Access TMDs through Hard Processes

Partonic scattering amplitude

Fragmentation amplitude

Distribution amplitude

proton

lepton lepton

pion
Drell-Yan

BNL
JPARCFNAL

proton

hadron lepton

antilepton

EIC

SIDIS

electron

positron

pion

pion
e–e+ to pions

BESIII

1 1(SIDIS) (DY)q q
T Tf f⊥ ⊥= −

34



} Gold	mine	for	TMDs
} Access	all	eight	leading-twist	TMDs	
through	spin-comb.	&	azimuthal-
modulations

} Tagging	quark	flavor/kinematics



Separation of Collins, Sivers and pretzelocity effects 
through angular dependence
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COMPASS/HERMES: Sivers Asymmetries 
and Extraction of Sivers Function

M. Anselmino, M. Boglione, and S. Melis
Phys. Rev. D 86, 014028 (2012)Also other TMDs.

The shaded area represents the statistical uncertainty of
the fit parameters corresponding to a !!2 ¼ 20 (i.e.) to
95.45% confidence level for 11 degrees of freedom, see
Appendix A of Ref. [5] for further details). Notice that, in
general, the error bands corresponding to the TMD evolu-
tion fit are thinner than those corresponding to the DGLAP
fit: this is caused by the fact that the TMD evolution
implies a ratio Sivers/PDF which becomes smaller with
growing Q2, as shown in Fig. 3, constraining the free
parameters much more tightly than in the DGLAP evolu-
tion fit, where the Sivers/PDF ratio remains roughly con-
stant as Q2 raises from low to large values.

In Fig. 7 we compare, for illustration purposes, the
Sivers function—actually, its first moment, defined in
Ref. [5]—at the initial scaleQ0 for u and d valence quarks,
as obtained in our best fits with the TMD (left panel) and
the DGLAP (right panel) evolution, Table II. Notice that
for this analysis we have chosen to separate valence from
sea quark contributions, while in Ref. [5] the u and d
flavors included all contributions.

This result deserves some comments. The comparison
shows that the extracted u and d valence contributions, at
the initial scale Q0 ¼ 1 GeV, are definitely larger for the
TMD-evolution fit. This reflects the TMD-evolution prop-
erty, according to which the Sivers functions are strongly
suppressed with increasingQ2, which is not the case for the
almost static collinear DGLAP evolution. Thus, in order to
fit the same data atQ2 bins ranging from 1.3 to 20:5 GeV2,
the TMD-evolving Sivers functions must start from higher
values at Q0 ¼ 1 GeV. The Sivers distributions previously

extracted, with the DGLAP evolution, in Refs. [5,13] were
given at Q2 ¼ 2:4 GeV2; one should notice that if we
TMD evolve the Sivers distributions on the left side of
Fig. 7 up to Q2 ¼ 2:4 GeV2 we would obtain a result very
close to that of Refs. [5,13] (and to that of the right side
of Fig. 7).

III. CONCLUSIONS AND FURTHER REMARKS

We have addressed the issue of testing whether or not the
recently proposed Q2 evolution of the TMDs (TMD evo-
lution) can already be observed in the available SIDIS data
on the Sivers asymmetry. It is a first crucial step towards
the implementation, based on the TMD-evolution equa-
tions of Refs. [7–9], of a consistent QCD framework in
which to study the TMDs and their full Q2 dependence.
That would put the study of TMDs—and the related
reconstruction of the three-dimensional parton momentum
structure of the nucleons—on a firm basis, comparable to
that used for the integrated PDFs.
Previous extractions of the Sivers functions from

SIDIS data included some simplified treatment of the
Q2 evolution, which essentially amounted to consider
the evolution of the collinear and factorized part of the
distribution and fragmentation functions (DGLAP evolu-
tion). It induced modest effects, because of the slow Q2

evolution and of the limited Q2 range spanned by the
available data. The situation has recently much pro-
gressed, for two reasons: the new TMD evolution [8,9]
shows a strong variation with Q2 of the functional form
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FIG. 7 (color online). The first moment of the valence u and d Sivers functions, evaluated at Q ¼ Q0, obtained from our best fits of

the Asinð"h#"SÞ
UT azimuthal moments as measured by HERMES [11] and COMPASS [12,23] Collaborations. The extraction of the Sivers

functions on the left side takes into account the TMD evolution (left column of Table II), while for those on the right side it does not
(right column of Table II). The shaded area corresponds to the statistical uncertainty of the parameters, see Appendix A of Ref. [5] for
further details.

STRATEGY TOWARDS THE EXTRACTION OF THE SIVERS . . . PHYSICAL REVIEW D 86, 014028 (2012)

014028-11



3He	(n)	Target	Single-Spin	Asymmetry	in	SIDIS

−+↑ = ππ ,),',(n hhee

neutron  Sivers SSA:
negative for π+,

Agree with Torino Fit   

neutron Collins SSA small 
Non-zero at highest x for π+

Blue band: model (fitting) uncertainties 
Red band: other systematic uncertainties

JLab E06-010 collaboration,  X. Qian at al., PRL 107:072003(2011)



JLab 12 GeV Era: Precision Study of TMDs

• From exploration to precision study with 12 GeV JLab
• Transversity: fundamental PDFs, tensor charge
• TMDs: 3-d momentum structure of the nucleon
• à Quark orbital angular momentum
• Multi-dimensional mapping of TMDs

• 4-d (x,z,P┴,Q2)  
• Multi-facilities, global effort

• Precision à high statistics
• high luminosity and large acceptance
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Overview	of	SoLID	

• Full	exploitation	of	JLab	12	GeV Upgrade
à A	Large	Acceptance Detector	AND Can	Handle	High	Luminosity	(1037-1039)
Take	advantage	of	latest	development		in	detectors	,	data	acquisitions	and	simulations
Reach	ultimate	precision	for	SIDIS	(TMDs),	PVDIS	in	high-x region	and	threshold	J/ψ

•5	highly	rated	experiments	approved	
Three	SIDIS	experiments,		one	PVDIS,		one	J/ψ production	(+	4	run	group	experiments)

•Strong	collaboration	(250+	collaborators	from	70+	institutes,	13	countries)
International	collaborations	(significant	Chinese	contributions)

Solenoidal	Large	Intensity	Device



SoLID-Spin: SIDIS on 3He/Proton @ 11 GeV

E12-10-006: Single Spin Asymmetry on 
Transverse 3He, rating A

E12-11-007: Single and Double Spin 
Asymmetries on 3He, rating A

E12-11-108: Single and Double Spin 
Asymmetries on Transverse Proton,  rating A

Key of SoLID-Spin program: 
Large Acceptance 
+ High Luminosity
à 4-D mapping of asymmetries
à Tensor charge, TMDs …
àLattice QCD, QCD Dynamics, 
Quark Orbital Angular Momentum,
Imaging in 3-D momentum space. 41

Two run group experiments DiHadron and Ay



Transversity from	SoLID
§ Collins	Asymmetries	~		Transversity (x)		Collin	Function
§ Transversity:	chiral-odd,	not	couple	to	gluons,	 valence	behavior,	largely	unknown	 	
§ Global	model	 fits	to	experiments	(SIDIS		and	e+e-)	
§ SoLIDwith	trans	polarized	n	&	p	à Precision	extraction	of	u/d	quark	transversity
§ Collaborating	with	theory	group	 (N.	Sato,	A.	Prokudin,	 …)	on	impact	study	

Collins Asymmetries

PT vs. x for one (Q2, z) bin 
Total > 1400 data points 

Z. Ye et al., PLB 767, 91 (2017)



Tensor	Charge	from	SoLID

§ Tensor	charge		(0th	moment	of	transversity):	fundamental	property
Lattice	QCD,	Bound-State	QCD	(Dyson-Schwinger)	 ,	…		

§ SoLIDwith	trans	polarized	n	&	p	à determination	 of	tensor	charge

Tensor Charges
Projections with a model
QCD evolutions included

SoLIDprojections

Extractions	from
existing	data	

LQCD

DSE

Table 3: Table of tensor charges computed using Eq. (11). Tensor charges are calculated at Q2 = 2.4 GeV2 and Q2 = 10 GeV2 and in four regions
of x corresponding to the acceptance of SoLID, 0.05 < x < 0.6; the full region, 0 < x < 1; and the regions outside of acceptance, 0 < x < 0.05,
0.6 < x < 1. The errors are computed at 90% C.L. The isovector nulceon tensor charge gT is calculated using the full region 0 < x < 1 and a
truncated region 0.05 < x < 0.6, see Eq. (21).

observable Q2(GeV2) KPSY15 �KPSY15 �SoLID �SoLID/�KPSY15(%)
�u[0,0.05] 2.4 0.046 0.010 0.005 49
�u[0.05,0.6] 2.4 0.349 0.122 0.015 12
�u[0.6,1] 2.4 0.018 0.007 0.001 14
�u[0,1] 2.4 0.413 0.133 0.018 14
�u[0,0.05] 10 0.051 0.011 0.005 46
�u[0.05,0.6] 10 0.332 0.117 0.014 12
�u[0.6,1] 10 0.0126 0.0048 0.0007 14
�u[0,1] 10 0.395 0.128 0.018 14
�d[0,0.05] 2.4 -0.029 0.028 0.003 10
�d[0.05,0.6] 2.4 -0.200 0.073 0.006 9
�d[0.6,1] 2.4 -0.00004 0.00009 0.00001 13
�d[0,1] 2.4 -0.229 0.094 0.008 9
�d[0,0.05] 10 -0.035 0.030 0.003 10
�d[0.05,0.6] 10 -0.184 0.067 0.006 9
�d[0.6,1] 10 -0.00002 0.00006 0.00001 14
�d[0,1] 10 -0.219 0.090 0.008 9
g(truncated)

T 2.4 0.55 0.14 0.018 13
g(full)

T 2.4 0.64 0.15 0.021 14
g(truncated)

T 10 0.51 0.13 0.017 13
g(full)

T 10 0.61 0.14 0.020 14

0.5 1.0 1.5

gT

truncated full
SoLID

Kang et al (2015)

Radici et al (2015)

Anselmino et al (2013)

Gamberg, Goldstein (2001)

Bhattacharya et al (2016)

Gupta et al (2014)

Bali et al (2015)

Green et al (2012)

Aoki et al (2010)

Bhattacharya et al (2013)

Gockeler et al (2005)

Pitschmann et al (2015)

DSE

Lattice

Pheno

Pheno

Figure 3: The isovector nucleon tensor charge gT after the pseudo-data of SoLID is taken into account is compared with result of Kang et al
2015 [23] at Q2 = 10 GeV2, result from Ref. [42] (Radici et al 2015) at 68% C.L. and Q2 = 4 GeV2, and result from Ref. [40] at 95% C.L.
(Anselmino et al 2013) at Q2 = 0.8 GeV2, and Ref. [55] (Gamberg, Goldstein 2001) at Q2 = 1 GeV2. Other points are lattice computation at
Q2 = 4 GeV2 of Bali et al Ref. [15], Gupta et al Ref. [16], Green et al Ref. [11], Aoki et al Ref. [18], Bhattacharya et al ref. [12, 13], Gockeler
et al Ref. [19]. Pitschmann et al is DSE calculation Ref. [21] at Q2 = 4 GeV2. Two SoLID points are the truncated and full tensor charges from
Eq. (21).
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Tensor Charge and Neutron EDM

Tensor charge and EDM
Electric Dipole Moment

current neutron EDM limit



Mapping Sivers Asymmetries with SoLID
§ Sivers Asymmetries	~		Sivers Function	 	(x,	kT,	Q2)		(x)	

Fragmentation	Function	 (z,	pT,Q2)
§ Leading-twist/not	Q	power	suppressed:	Gauge	Link/	QCD	

Final	State	Interaction
§ Transverse	Imaging
§ QCD	evolutions	 		
§ SoLID:	precision	multi-d	mapping
§ Collaborating	with	theory	group:	 impact	study

Sivers Asymmetries

PT vs. x for one (Q2, z) bin 
Total > 1400 data points 
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TMDs: Access Quark Orbital Angular Momentum
§ TMDs	:	Correlations	of	transverse	motion	with	quark	spin	and	orbital	motion	
§ Without	OAM,	off-diagonal	TMDs=0,	

no	direct	model-independent	 relation	to	the	OAM	in	spin	sum	rule	yet
§ Sivers	Function:	QCD	lensing	effects
§ In	a	large	class	of	models,	 such	as	light-cone	quark	models

Pretzelosity:	ΔL=2	(L=0	and	L=2	interference	,			L=1	and	-1	interference)
Worm-Gear:	ΔL=1	(L=0	and	L=1	interference)	

§ SoLID	with	trans	polarized	n/p	à quantitative	knowledge	of	OAM

SoLID Projections
Pretzelosity



EIC Imaging in 3-d momentum space

The Confined Motion of Partons inside the Nucleon:129

The semi-inclusive DIS (SIDIS) measurements have two natural momentum scales: the130

large momentum transfer from the electron beam needed to achieve the desired spatial res-131

olution, and the momentum of the produced hadrons perpendicular to the direction of the132

momentum transfer, which prefers a small value sensitive to the motion of confined partons.133

Remarkable theoretical advances over the past decade have led to a rigorous framework134

where information on the confined motion of the partons inside a fast-moving nucleon is135

matched to transverse momentum dependent parton distributions (TMDs). In particular,136

TMDs are sensitive to correlations between the motion of partons and their spin, as well as137

the spin of the parent nucleon. These correlations can arise from spin-orbit coupling among138

the partons, about which very little is known to date. TMDs thus allow us to investigate139

the full three-dimensional dynamics of the proton, going well beyond the information about140

longitudional momentum contained in conventional parton distributions. With both elec-141

tron and nucleon beams polarized at collider energies, the EIC will dramatically advance142

our knowledge of the motion of confined gluons and sea quarks in ways not achievable at143

any existing or proposed facility.144

Figure 1.3 (Left) shows the transverse-momentum distribution of up quarks inside a145

proton moving in the z direction (out of the page) with its spin polarized in the y direc-146

tion. The color code indicates the probability of finding the up quarks. The anisotropy in147

transverse momentum is described by the Sivers distribution function, which is induced by148

the correlation between the proton’s spin direction and the motion of its quarks and gluons.149

While the figure is based on a preliminary extraction of this distribution from current ex-150

perimental data, nothing is known about the spin and momentum correlations of the gluons151

and sea quarks. The achievable statistical precision of the quark Sivers function from the152

EIC kinematics is also shown in Fig. 1.3 (Right). Currently no data exist for extracting153

such a picture in the gluon-dominated region in the proton. The EIC would be crucial to154

initiate and realize such a program.155
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Figure 1.3: Left: Transverse-momentum distribution of up quark with longitudinal momentum
fraction x = 0.1 in a transversely polarized proton moving in the z-direction, while polarized in
the y-direction. The color code indicates the probability of finding the up quarks. Right: The
transverse-momentum profile of the up quark Sivers function at five x values accessible to the
EIC, and corresponding statistical uncertainties.
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3-D Structure II

Generalized Parton Distributions



E12-06-114 DVCS in Hall A (first 12 GeV era experiment)

π0 ’s reconstructed 
in DVCS calorimeter 

100 PAC days approved:
Ø High impact experiment for nucleon 

3D imaging program
Ø High precision scaling tests of the 

DVCS cross section at constant xB
Ø CEBAF12 will allow first time 

exploration of the high xB region

Excellent coincident time resolution:
250 MHz beam structure

Planned 50% of experiment completed in 2014-2016

49

Analysis path:
• Jun’17: Report at JLab Summer Meeting.
• Jan’18: Preliminary results on π0 at 

xB=0.36
• Apr’18: Preliminary results on DVCS 
• Jul’18 : Short paper submitted to PRL on 

π0

• Jan’19: Letter to PRL on DVCS
• Jul’19: Long paper to PRC (DVCS & pi0)

10 MeV 
resolution



CLAS12 - DVCS/BH Target Asymmetry Projection

e p        epγ  

<Q2> = 2.0GeV2

<x>   = 0.2
<-t>  = 0.25GeV2

CLAS preliminary

E=5.75 GeV
AUL

Longitudinally polarized 
target

Δσ~sinφIm{F1H+ξ(F1+F2)H...}dφ~

E = 11 GeV
L = 2x1035 cm-2s-1

T = 1000 hrs
ΔQ2 = 1GeV2

Δx = 0.05



Polarized DVCS @ EIC 



Electron Ion Collider

NSAC 2007 Long-Range Plan:

“An Electron-Ion Collider (EIC) with polarized beams has 
been embraced by the U.S. nuclear science community
as embodying the vision for reaching the next QCD 
frontier.  EIC would provide unique capabilities for the 
study of QCD well beyond those available at existing 
facilities worldwide and complementary to those planned for 
the next generation of accelerators in Europe and Asia.”

EIC Community White Paper arXiv:1212.1701v2

NSAC 2015 Long-Range Plan:

We recommend a high-energy high-luminosity 
polarized EIC as the highest priority for new 
facility construction following the completion 
of FRIB.



Abhay Deshpande

World’s first 
Polarized electron-proton/light ion  
and electron-Nucleus collider 
 
Both designs use DOE’s significant 
investments in infrastructure 

For e-A collisions at the EIC: 
#  Wide range in nuclei 
#  Luminosity per nucleon same as e-p 
#  Variable center of mass energy  

The Electron Ion Collider 
Two proposals for realization of the Science Case 

AGS

For e-N collisions at the EIC: 
#  Polarized beams: e, p, d/3He 
#  e beam 5-10(20) GeV 
#  Luminosity Lep ~ 1033-34 cm-2sec-1 

100-1000 times HERA 
#  20-100 (140) GeV Variable CoM   

1212.1701.v3 
A. Accardi et al 

August 3, 2015 US China Meeing, Kunshan-Duke 

e-RHIC@BNL

JLEIC@JLab
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figure-8 design

Electron injector
Polarized, 3GeV

Second phase for HIAF: EIC (3 x 12 GeV) in China

Polarized, 12GeV, proton

SRF Linac-ring

Polarized H2+

source

Siberian Snake
And Spin rotator

Electron ring
Polarized, 3GeV

See  W. L. Zhan’s talk@The 8th Workshop on Hadron Physics in China and Opportunities Worldwide (2016)

lHIAF design maintains a well defined path for EIC
lIn HIAF I: EIC Ion pre-Booster 1014~15 ppp à Lower energy EIC (Update +ERL)

Luminosity : ~1033 cm-2 s-1



Overview of EIC Experiments

A Key Question for EIC:
“How are the sea quarks and gluons, and their spins distributed in space and 
momentum inside the nucleon?”
• Spin and Flavor Structure of the Nucleon
• 3-d Structure in Momentum Space and Confined Motion of Partons inside 

the Nucleon
• 3-d Structure in Coordinator Space and Tomography of the Nucleon 

Other Important Questions:
“Where does the saturation of gluon densities set in?
How does the nuclear environment affect the distribution of quarks and gluons 
and their interactions in nuclei?”

Opportunity for Low Energy Search of Physics Beyond SM
§ Parity Violating e-N



Summary

• Understand strong interaction/nucleon structure: A challenge
• JLab 12 GeV upgrade: Study Nucleon Structure in Valence Quark 

Region 
• Highlights of JLab results and 12 GeV/SoLID program

Unpolarized PDF: d/u @ high-x, sea asymmetry d_bar/u_bar, strange sea
polarized PDF: A1n @high-x, d2 moments 
3-d Structure: TMDs and GPDs

• Future Electron-Ion Collider: understand sea quarks and gluons



Backup



Valence Quark Distributions: d/u@ High-xd/u&
pCDR& Recent&Fit&

Need&new&figure&to&refine&case&(Wally),&
Different&Q2&from&Fermilab,&no&nucleus&



Δu and Δd at JLab 11 GeV

Flavor decomposition with SIDIS

Polarized Sea

JLab @11 GeV



known information on GPDs

first moments : nucleon electroweak form factors

ξ independence : Lorentz 
invariance

P - Δ/2 P + Δ/2

Δ

Pauli

Dirac

axial

pseudo-scalar

forward limit : ordinary parton distributions
unpolarized quark distribution

polarized quark distribution

:   do NOT appear in DIS          additional information



Access GPDs through DVCS x-section & asymmetries

Accessed by cross sections

Accessed by beam/target 
spin asymmetry

t=0

Quark distribution q(x)

-q(-x)

DIS measures at ξ=0



Twist 2 contribution
Twist 3 contribution strongly suppressed

Hall A DVCS Experiment
Handbag Dominance at Modest Q2

The Twist-2 term can be extracted accurately from the cross-section difference
Dominance of twist-2 ⇒ handbag dominance  ⇒ DVCS interpretation 



Quark Angular Momentum

→ Access to quark 
orbital angular
momentum



transverse polarized target 

3D Images of the Proton’s Quark Content

M. Burkardt PRD 66, 114005 (2002)

b - Impact parameterT

u(x,b )T  d(x,b )T  uX(x,b )T   dX(x,b )T   

Hu EuNeeds: HdEd

quark flavor polarization 

Accessed in Single Spin
Asymmetries. 



EIC@HIAF Kinematic Coverage Comparison with JLab 12 GeV
e(3GeV) +p(12GeV), both polarized, L(max)~ 1033cm2/s

EIC@HIAF:
• study sea quarks (x ~ 0.01)
• deep exclusive scattering at 

Q2 > 5-10
• higher Q2 in valance region
• range in Q2  allows some 

study gluons 



Green (Blue) Points: SoLID projections for polarized NH3 (3He/n) target
Luminosity: 1035 (1036)  (1/cm2/s); Time: 120 (90) days

Black points: EIC@HIAF projections for 3 GeV e and 12 GeV p
Luminosity: 4 x 1032 /cm2/s; Time: 200 days

EIC@HIAF Projections for SIDIS Asymmetry π+ 

EIC@HIAF 
reach high 
precision 
similar to 
SoLID  at 
lower x, 
higher Q2 
region



GPD Study at EIC@HIAF

• Unique opportunity for DVMP (pion/Kaon) 
flavor decomposition needs DVMP
energy reach Q2 > 5-10 GeV2, scaling region for exclusive light meson production
(JLab12 energy not high enough to have clean light meson deep exclusive process)

• Significant increase in range for DVCS
combination of energy and luminosity

• Other opportunities: vector meson, heavy flavors?


