
Opportunities in Hadron
 

Structure

Guided by Key Questions

Overarching Goal: 
Explore and Understand QCD

1. What is the role of gluons

 

in nucleons and nuclei?

Gluons

3. How do hadronic

 

final-states

 

form in QCD?

Fragmentation

2. What is the internal spin and flavor landscape

 

of hadrons? 

Nucleon
Structure



2020+

Opportunities in Hadron
 

Structure
Key New Facilities

e RHIC
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2015+
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Protons & 
Neutrons

Q < Λ
αs

 

(Q) > 1

One parameter, ΛQCD

 

,
~  Mass Scale or

Inverse Distance Scale
where as

 

(Q) = infinity

“Separates”

 

Confinement
and Perturbative

 

Regions

Mass and Radius of the 
Proton are (almost) 
completely governed by

Constituent
Quarks
Q > Λ

αs

 

(Q) large

Asymptotically
Free Quarks

Q >> Λ
αs

 

(Q) small

ΛQCD

 

≈0.213 GeV

q

q
g

Mr. Hyde

Dr. Jekyll

The Double-Faced Strong Force
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A large community believes a high luminosity polarized 
electron ion collider

 
is the ultimate tool to understand 

the structure of quark-gluon systems, nuclear binding, 
and the conversion of energy into matter to such 
detailed level that we can use/apply QCD.

An Electron Ion Collider
 

will allow us to look in detail into 
the sea of quarks and gluons, to create and study gluons, 
and to discover how energy transforms into matter

From DOE 20-year plan

• Spin Structure of the Nucleon
- Gluon and sea quark polarization
- The role of orbital momentum

• Partonic
 

Understanding of Nuclei
- Gluon momentum distributions in Nuclei
- Fundamental explanation of Nuclear Binding
- Gluons

 

in saturation, the Colored Glass Condensate
-

 

Hard diffraction
• Precision Tests of QCD

- Bjorken

 

Sum Rule



JLab
 

12 GeV
 

Upgrade:
The 12 GeV

 

Upgrade, with its 1038+ luminosity, is expected to 
allow for a complete spin and flavor dependence of the valence 
quark region, both in nucleons and in nuclei.

Electron Ion Collider
 

(eRHIC/ELIC)
Provide a complete spin and flavor dependence of the nucleon 
and nuclear sea, study the explicit role that gluons play in the

 nucleon spin and in nuclei, open the new research territory of 
“gluon GPDs”, and study the onset of the physics of saturation.

Personal View:



•

 

Luminosity of 1x1033

 

cm-2 sec-1

•

 

One day 50 events/pb
•

 

Supports Precision

 

Experiments

Lower value of x scales as s-1

•

 

DIS

 

Limit for Q2

 

> 1 GeV2

 

implies 
x down to 1.0(2.5) times 10-4

•

 

Significant results for 200 
events/pb

 

for inclusive scattering

•

 

If

 

Q2

 

> 10 GeV2

 

required for

 

Deep 
Exclusive Processes can reach x 
down to 1.0(2.5) times 10-3

•

 

Typical cross sections factor 100-

 
1,000 smaller than inclusive 
scattering

•

 

Significant results for 20,000-

 
200,000 events/pb high 
luminosity essential

Luminosity Considerations for EIC
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World Data on F2
p

 
Structure Function
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In general, Next-to-Leading-

 Order (NLO) perturbative

 

QCD 
(DGLAP) fits do a good job of 
reproducing the data over the 
full measurement range.
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EIC is the ultimate 
gluon (spin) machine



EIC –
 

Science: Gluons, Gluons, Gluons
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12-GeV

Longitudinal Structure Function FL

• Experimentally can be determined
directly IF VARIABLE ENERGIES!

• Highly sensitive to effects of gluon



Gluons in the Nucleon –
 

Low x and Q2

EIC expects 
an impressive 
precision!



Quarks in a Nucleus

“EMC Effect”

F 2
A
/F

2D

10-4

 

10-3

 

10-2

 

10-1

 

1x

ELIC

Need to reach shadowing region, range in A required (D-Ca fine)

Observation that structure functions are altered in nuclei 
stunned much of the HEP community ~25 years ago

Effect well measured,over

 

large 
range of x and A, but remains 
poorly understood

1) valence quark effect only?
2) need larger Q2

 

at smallest x



E772

Is the EMC effect a valence 
quark phenomenon or are sea 
quarks involved?

Anti-Quarks in a Nucleus
Can pick apart the spin-flavor 
structure of EMC effect by 
technique of flavor tagging, in 
the region where effects of the 
space-time structure of hadrons 
do not interfere (large ν!)

Nuclear attenuation negligible
for ν

 

> 50 GeV hadrons escape
nuclear medium undisturbed

0.5

1.0

gluons

sea
valence

0.1 1.0

S. Kumano, “Nuclear Modification of Structure 
Functions in Lepton Scattering,”

 

hep-ph/0307105

x

RCa

Gluon constraints using QCD 
evolution of NMC’s

 
F2

Sn/F2
C

Tremendous opportunity for 
experimental improvements!



eRHIC

Gluons in the Nucleus

Note: not all models carefully checked against existing data
+ some models include saturation physics



Using the nuclear arena
How long can an energetic quark

 

remain deconfined?
How long does it take a confined quark to form a hadron? 

Or How do energetic quarks

 

transform into hadrons? 
How quickly

 

does it happen? What are the mechanisms? 

Formation time tf
h

Production time tp

Quark is deconfined

Hadron

 

is formed

Hadron
 

attenuation

CLAS



Using the nuclear arena
How long can an energetic quark

 

remain deconfined?
How long does it take a confined quark to form a hadron? 

Or How do energetic quarks

 

transform into hadrons? 
How quickly

 

does it happen? What are the mechanisms? 

L
e

e’

γ*

π+

pT

ΔpT
2

 

= pT
2(A) –

 
pT

2(2H)
“pT

 

Broadening”
dE/dx

 
~ <pT

2>L
ΔE ~ L (QED)

~ L2

 

(QCD)? 



Using the nuclear arena

ELIC

ΔpT
2

 

reaches a “plateau”
 

for sufficiently large quark energy, 
for each nucleus (L is fixed). 

ΔpT
2

ν

In the pQCD
 

region, the effect 
is predicted to disappear (arbitrarily put at ν

 
=1000)



How long can an energetic quark

 

remain deconfined?
How long does it take a confined quark to form a hadron? 

Or How do energetic quarks

 

transform into hadrons? 
How quickly

 

does it happen? What are the mechanisms? Deep Inelastic ScatteringRelativistic Heavy-Ion Collisions

Initial quark energy is known
Properties of medium are known

π

e e’

π

Using the nuclear arena

Relevance to RHIC and LHC



The Spin Structure of the Proton

qΔ

Lq

ΔG

δq
Lg

From NLO-QCD analysis of DIS 
measurements
ΔΣ

 

≈

 

0.2
ΔG = 1.0±1.2 probably small?
quark polarization Δq(x)

first 5-flavor separation from 
HERMES

transversity δq(x)
a new window on quark spin
azimuthal asymmetries from     

HERMES and JLab
future: flavor decomposition

gluon polarization ΔG(x)
RHIC-spin and COMPASS 

started providing answers!
orbital angular momentum L

how to determine?
GPD’s and TMD’s

½ = ½ ΔΣ
 

+ ΔG + Lq

 

+ Lg

We want to

 

solve this puzzle!
need large range in x and Q2 and 
high luminosity for precision!



World Data on F2
p
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World Data on g1
p

50% of momentum
carried by gluons

20% of proton spin
carried by quark spin

The dream is to produce a 

similar plot for xΔg(x) vs x



World Data on F2
p
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World Data on g1
p

The dream is to produce a 

similar EIC plot for g
1 (x,Q 2) 

over similar x and Q 2
range

An EIC   makes it possible!Region of existing g1
p

 

data



Bjorken
 

Sum Rule: Γ1
p -

 
Γ1

n = 1/6 gA

 

[1 + Ο(αs

 

)]
Precision QCD Test, tested to 10-15%

• 7% (?) in unmeasured region, in future
constrained by data and lattice QCD

• 3-4% precision at various values of Q2

Needs:
O(1%) Ion Polarimetry!!!

Holy Grail: excellent
determination of αs

 

(Q2)

• Sub-1% statistical precision at ELIC
(averaged over all Q2)



eRHIC
World data on ΔG/G

Projected data on ΔG/G with 
an EIC at a scale of ~ 10 GeV2, 
via quasi-real photo-production 
of D0

 

mesons. Projections 
correspond to D0 K- + π+. A 
vertex separation capability of 
100 μm is required.

Access to ΔG/G is also possible from the g1
p

 

measurements 
through the QCD evolution, and from di-jet measurements.

RHIC-Spin



Flavor Decomposition
quark polarization Δq(x)
first 5-flavor separation

DIS probes only the sum of quarks and 
anti-quarks requires assumptions on 
the role of sea quarks

Solution: Detect a final state hadron

 
in addition to scattered electron

Can ‘tag’ the flavor of the 
struck quark by measuring the 
hadrons produced: ‘flavor tagging’

q

 

parton

 

distribution function
dσf

 

elementary γ∗-q sub-process
Df

h

 

fragmentation function

SIDIS



At RHIC with W production At JLab
 

12 GeV
 

with (SI)DIS
Unique reach and no ambiguity

Flavor Decomposition

Complementary programs!   RHIC data stop at x = 0.6 and need valence d(x)



RHIC-Spin region

Flavor Decomposition

JLab @11 GeV

Spin-Flavor Decomposition of the Light Quark Sea



Apart from RHIC and JLab-12 GeV, currently discussed/planned :

• GSI-FAIR

• JPARC

• U70

• COMPASS

• FNAL E906

Variety of objectives: 
,  longitudinal spin 

distributions, transversity, 
Sivers

 
effect, Nuclear effects.



The Impact of Quark and Gluon Motion on the Nucleon Spin

“TMDs
 

and GPDs”

One ESSENTIAL Step Beyond!!!

Re
lat

ivi
ty 

ve
ry 

im
po

rta
nt!

!!

~ 0.2

Small?

? Large ? 



k

k'

γ*
q q'

γ

p p'

e

Model calculation of u-quark distributions in protons at 
different momentum fractions.

Generalized Parton
 

Distributions and Nucleon Tomography

A Major new direction in Hadron

 Physics aimed at the 3-D mapping 
of the quark structure of the 
nucleon.

Simplest process:
Deep-Virtual Compton Scattering

Accessible through (Deep) Exclusive Reactions

Interference 
pattern

x = 0.01 x = 0.40 x = 0.70



GPDs
 

& Deeply Virtual Exclusive Processes

x

Deeply Virtual Compton Scattering (DVCS)

t

x+ξ x-ξ

hard vertices

ξ–

 

longitudinal 
momentum transfer

x –

 

quark momentum
fraction

–t

 

– Fourier conjugate
to transverse impact 
parameter  

γ

“handbag”
 

mechanism

At large Q2

 

: QCD factorization

 

theorem hard exclusive process can 
be described by 4 transitions (Generalized Parton Distributions) :

Vector

 

::
 

H (x, ξ
 

,t)

Tensor

 

:
 

E (x, ξ
 

,t)

Axial-Vector

 

:
 

H (x, ξ
 

,t)

Pseudoscalar

 

:
 

E (x, ξ
 

,t)

~
~Extending DVCS is one of the main physics 

motivations for the 12 GeV Upgrade
H(x,ξ,t), E(x,ξ,t), . .  “Generalized Parton

 

Distributions”

[ ]∫
−

ξ+ξ−
 

J G = =
1

1
)0,,()0,,(

2
1

2
1 xExHxdxJ qqq

Quark angular momentum
 

(Ji’s
 

sum rule)

X. Ji, Phy.Rev.Lett.78,610(1997)  



PROTON 2 Jq

GPD model 
(GPV 01) 

Δq
HERMES

(1999)

2 Lq

u 0.61 0.57 ±

 

0.04 0.04 Ŧ

 

0.04      

d -0.05 -0.25 ±

 

0.08 0.20 Ŧ

 

0.08

s 0.04 -0.01 ±

 

0.05 0.05 Ŧ

 

0.05

u + d + s 0.60 0.30 ±

 

0.10 0.30 Ŧ

 

0.10

orbital angular momentum
 

carried by 
quarks : solving the

 
spin puzzle

evaluated at  μ2

 

= 2.5 GeV2

Ji

 

(1997)

with



orbital angular momentum
 

carried by 
quarks : solving the

 
spin puzzle

Ingredients:
1) GPD Modeling
2) HERMES 1H(e,e’γ)p

 
(transverse target spin asymmetry)
3) Hall A 2H(e,e’γp)n

Or independent:
Lattice QCD!

Also large data set from 
CLAS soon available.

At one value of x only

k

k'

γ* q q'

γ

p p'

e



Tomography of the Nucleon
Generalized Parton

 
Distributions

Ultimate strategy:
•Data on various hard exclusive processes
•Deconvolution and global fits to obtain GPDs
•Further constraints from Lattice QCD
•Obtain tomographic 3-D pictures of the nucleon
•Understand origins of mass and spin structure

Essential Contributions @ EIC:
Deeply Virtual Meson Production @ Q2 > 10 GeV2

disentangles flavor and spin!
ρ and φ Production give access to gluon GPD’s

at small x (<0.2)
transverse spatial distribution

of gluons in the nucleon



L

R

π

Spin-Orbit Effects and Transverse Spin

Observed Large
“Single-Spin Asymmetry”

Now confirmed at much higher 
energies at STAR (and Brahms)Fermilab

 
E704:

p p πX at 400 GeV

Must be due to spin-orbit effects 

in the proton itself and/or in the 

fragmentation process



e
Unpolarized target

Longitudinally 
pol. target

Transversely 
pol. target e

e

p

p

Off-diagonal PDFs related to 
interference between L=0 and 
L=1 light-cone wave functions

Transverse Momentum Dependent Parton
 

Distributions

Accessible through Semi-Inclusive Reactions

p

m

xTMD

dσh

 

~ Σeq
2q(x) dσf

 

Df
h(z)

Presenter�
Presentation Notes�
The SIDIS cross section  at leading twist has eight contributions 

related to different combinations of the polarization state of the incoming lepton 

and the target nucleon. The subscripts in $F_{UL}$, $F_{LL}$,etc.,  

specify the beam (first index) and  target(second index) 

Polarizations. For examplethe F_UL corresponds to the longitudinally polarized target and unpolarized beam. 

It was  shown that 8 structure functions factorize into TMD parton distributions

 and fragmentation functions, and into soft and 

hard parts \cite{JiMaYu}. The table shows corresponding 8 TMD PDFs for all combinations of polarizations of target nucleon and quark. 

The row shows the polarization of the nucleon and columns show the polarization of quarks. The function of our current studies (the Mulders distribution function)

Is related to the wave function overlap of L=0 and L=1 Fock states of the 

nucleon \cite{JiMaYu02} and describes the probability to have a transversely polarized quarks in the longitudinally polarized nucleon. 

The distribution function involved is related to the Although introduced earlier by Ralston and Soper it was first discussed in details by Mulders and Co. It describes the transversely polarized quarks in the longitudinally polarized nucleon. 

It’s better known friends (Boer function discribing transversely polarized quarks in the unpolarized protons and transversity describing transversely polarized quarks in the transversely polarized nucleon) attracted a lot of attention of theorists in last 2 years. 

To observe the transverse polarization of quarks spin dependent polarization is required. It was introduced by John Collins in 1993. 

�



gives transverse size of quark (parton) with longitud. momentum fraction x

Fourier transform in momentum transfer

x = 0.01 x = 0.40 x = 0.70

Wigner

 

function: Probability to find a u(x) quark with a 
certain polarization at position r

 

and with momentum k

Wu(x,k,r)

GPDu(x,ξ,t)
Hu, Eu, Hu, Eu~~

p

m

BGPD

d 2k
T

u(x)
Δu, δu

F1
u(t)

F2
u,GA

u,GP
u

f1
 

(x)
g1

 

, h1

Parton
Distributions

Form Factors
d

2k
T

dx

ξ = 0, t = 0

Link to 
Orbital 

Momentum

Towards a 3D spin-
 flavor landscape

Want PT

 

> Λ
 

but not too large!

Link to 
Orbital 

Momentum

p

m

xTMD

d3
r

TMDu(x,kT
 

)
f1

 

,g1

 

,f1T

 

,g1T
h1

 

, h1T

 

,h1L ,h1



N and N-Δ
 

Form Factors

6 GeV Projections       
• 12 GeV Projections

6 GeV

GE
p

GE
n GM

n

GM

 

(N-Δ)



Exclusive ρ0
 

production on transverse target 

2Δ

 

(Im(AB*))/πT

|Α|2(1−ξ2) −

 

|Β|2(ξ2+t/4m2) - Re(ΑΒ∗)2ξ2
ΑUT = −

Asymmetry depends linearly
on the GPD

 

E, which enters 
Ji’s

 

sum rule.

A ~  2Hu

 

+ Hd

B ~  2Eu

 

+ Edρ0

K. Goeke, M.V. Polyakov,
M. Vanderhaeghen, 2001

A ~  Hu

 

- Hd

B ~  Eu

 

- Edρ+

AUT

xB

ρ0



New Spin Structure Function: Transversity

•

 

Nucleon’s transverse spin content
“tensor charge”

•

 

No transversity

 

of Gluons in 
Nucleon “all-valence object”

•

 

Chiral

 

Odd only measurable in 
semi-inclusive DIS

first glimpses exist in data 
(HERMES, JLab-6)
Later work: more complicated
COMPASS 1st results: ~0 @ low x
Future: Flavor decomposition

-(in transverse
basis)δq(x) ~

Need (high) transverse ion polarization



ELIC

Vanish like 
1/pT

 

(Yuan)

Correlation between Transverse Spin and 
Momentum of Quarks in Unpolarized

 
Target

All Projected Data

Perturbatively

 
Calculable at

Large pT



dσh

 

~ Σeq
2q(x) dσf

 

Df
h(z)

1) Spin-Orbit Effects in the Proton Itself  
Mechanism for Observed Transverse-Spin Effects  

Sivers
 

distribution

interferes with

(soft gluons) 

to establish leading-twist  
Sivers distribution required

It’s there (HERMES)!!!



dσh

 

~ Σeq
2q(x) dσf

 

Df
h(z)

2) Spin-Orbit Effects in Fragmentation  
Mechanism for Observed Transverse-Spin Effects  

Collins Fragmentation

It’s there too (HERMES/BELLE)!!!

Artru
 

mechanism 
(3P0

 

picture of color 
string breaking)?

Can we learn about 
the emergence of 
hadrons from the 
QCD vacuum too?



The Future of Fragmentation

TMDu(x,kT
 

)
f1

 

,g1

 

,f1T

 

,g1T
h1

 

, h1T

 

,h1L ,h1

p

h

xTMD

σ D

Current Fragmentation h

q
Can we understand the 
physical mechanism of 
fragmentation and how 
do we calculate it 
quantitatively? 

Target Fragmentation

p
M

h

σ

dσh

 

~ Σq

 

fq(x) σ
 

Df
h(z) dσh

 

~ Σq

 

σ
 

Mh/p
q(x,z)

QCD Evolution

Correlate at EIC



A great deal has been learned/is on its way from
JLab, RHIC, HERMES, COMPASS, FNAL-E906, …

Opportunities in Hadron
 

Structure

o what the role of gluons is in nucleons and nuclei
o what the internal spin and flavor landscape is of hadrons
o how hadronic

 

final-states form in QCD

Theory progress has been tremendous over the last decade 
or so to set the framework allowing for a revolution in our 
understanding of the inside of hadrons …

QCD Factorization, Lattice QCD, Saturation

All we need is hard work, good ideas, vision and

&

to have high hopes that we can understand QCD in a 
conclusive way and “solve”

 
hadron

 
structure, and learn
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DESY data showed a collapse of 
the F2

 

Structure Function data 
at small x and low Q2

The Parton-Hadron
 

Transition at Low Q2

 
Revisited

λ HERA

Parameterize the rise of 
F2

 

as a function of Q2

 

as 
λ

 

= -δlnF2

 

/δlnx

Hadron-hadron

 

scattering 
energy dependence

Observe transition from partons

 

to 
hadrons (constituent quarks) in data at 
a distance scale ≈

 

0.3 fm ?? (Caldwell)



EIC –
 

Science: Gluons, gluons, gluons
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EIC 12-GeV

Glue in full glory again… How many gluons can you stuff 
in a unit area? At high enough 
density saturation must set in!

Gluon density at low x rises as
x-δ

 

~ x-0.3

Gluon density in nucleus rises as
A1/3

Lower value of x scales as s-1

E.g., Ecm

 

= 100 GeV, A = 200 
vs.   Ecm

 

=  65 GeV, A =  40
gives factor of 2 in gluon 
density (did I do that right?),
or a factor of 10 in lower x reach
compared to the proton case.
[HERA: Ecm

 

= 290 GeV, A = 1 factor of 4.2]



EIC –
 

Science: Gluons, gluons, gluons
Glue in full glory again… How many gluons can you stuff 

in a unit area? At high enough 
density saturation must set in!

Gluon density at low x rises as
x-δ

 

~ x-0.3

Gluon density in nucleus rises as
A1/3

Lower value of x scales as s-1

E.g., Ecm

 

= 100 GeV, A = 200 
vs.   Ecm

 

=  65 GeV, A =  40
gives factor of 2 in gluon 
density (did I do that right?),
or a factor of 10 in lower x reach
compared to the proton case.

Saturation: the 
Color Glass 
Condensate



Accessing GPDs
 

through DVCS

d4σ
dQ2dxB

 

dtdφ
~ |TDVCS

 

+ TBH|2

Eo = 11 GeV Eo = 6 GeV Eo = 4 GeV

BH

DVCS

TBH

 

: given by elastic form factors F1

 

, F2
TDVCS:

 

determined by GPDs

I ~

 

(TBH)Im(TDVCS)

BH-DVCS interference generates 
beam and target polarization 
asymmetries that carry the proton 
structure information.

DVCS
BH

p p

e e

Transverse size of quark (parton) 
with longitudinal momentum fraction x



Generalized Parton
 

Distributions and Pion
 

Electroproduction



What Ecm
 

and Luminosity are needed
for Deep Exclusive Processes?

New Roads:
ρ and φ Production give access
to gluon GPD’s

 

at small x (<0.2) 
Deeply Virtual Meson

Production @ Q2

 

> 10 GeV2

disentangles flavor and spin!

Well suited processes for the EIC 
transverse spatial distribution

of gluons in the nucleon

Can we do such measurements at fixed x in the valence quark region? 
This IS important if we really want a full picture of orbital motion…

Original motivation for EIC: HERMES at higher L (+ Ecm

 

)
HERMES: s1/2

 

=    7, L ~ 1031 FOM = 1.0
EIC low  :

 
s1/2

 

=  20, L ~ 1033 FOM = 1.5
EIC high :    s1/2

 

= 100, L ~ 1033 FOM = 0.0024

fixed x:   σ

 

~ s/Q2

 

(Mott) x 1/Q4

 

(hard gluon exchange)2

(o.k, remember σL

 

~ 1/Q6)
Use for back-of-envelope count rate estimates ~ 1/s2 x L

Initial Conclusion: Needs High L at lower Ecm

 

range



SIDIS (γ*p→πX) cross section at leading twist (Ji

 

et al.)

structure functions = pdf
 

×
 

fragm
 

×
 

hard ×
 

soft (all universal)

e
Unpolarized target

Longitudinally 
pol. target

Transversely 
pol. target e

e

p

p

Off-diagonal PDFs related to 
interference between L=0 and 
L=1 light-cone wave functions

Boer-Mulders
1998

Kotzinian-Mulders
1996

Collins-1993

Presenter�
Presentation Notes�
The SIDIS cross section  at leading twist has eight contributions 

related to different combinations of the polarization state of the incoming lepton 

and the target nucleon. The subscripts in $F_{UL}$, $F_{LL}$,etc.,  

specify the beam (first index) and  target(second index) 

Polarizations. For examplethe F_UL corresponds to the longitudinally polarized target and unpolarized beam. 

It was  shown that 8 structure functions factorize into TMD parton distributions

 and fragmentation functions, and into soft and 

hard parts \cite{JiMaYu}. The table shows corresponding 8 TMD PDFs for all combinations of polarizations of target nucleon and quark. 

The row shows the polarization of the nucleon and columns show the polarization of quarks. The function of our current studies (the Mulders distribution function)

Is related to the wave function overlap of L=0 and L=1 Fock states of the 

nucleon \cite{JiMaYu02} and describes the probability to have a transversely polarized quarks in the longitudinally polarized nucleon. 

The distribution function involved is related to the Although introduced earlier by Ralston and Soper it was first discussed in details by Mulders and Co. It describes the transversely polarized quarks in the longitudinally polarized nucleon. 

It’s better known friends (Boer function discribing transversely polarized quarks in the unpolarized protons and transversity describing transversely polarized quarks in the transversely polarized nucleon) attracted a lot of attention of theorists in last 2 years. 

To observe the transverse polarization of quarks spin dependent polarization is required. It was introduced by John Collins in 1993. 

�



Or, in terms of harder-to-answer questions:

1)
 

Can we understand and quantitatively describe QCD 
in the confinement region?

1)
 

Where are the gluons in spectroscopy?
2)What is the internal landscape of all hadrons?

1)
 

What roles do charge/isospin
 

symmetries play?
2)What role does the spin-orbit force play?
3)How do quarks get dressed?
4)Can we develop a “shell model”

 
for hadrons?

3)How do hadrons emerge from QCD?
1)

 
Can we understand parton

 
energy loss in QCD?

2)Can we calculate hadronization
 

quantitatively?
3)Does the sQGP

 
play any role in this process?

4)What is the quark-gluon origin of nuclear binding?



EIC:
 

Electron Ion Collider

e-

e+

p
Polarized electrons

Polarized protons

Ions (e.g. Au)

Polarized light ions
D, 3He

Effective neutron

Polarized positrons

(Variable √s)

Urgency to establish next-

 
generation ep/eA collider facility

 Fundamental QCD studies 

Nucleon spin structure

and

Partonic structure of nucleus

Urgency to establish next-

 
generation ep/eA collider facility

Fundamental QCD studies 

Nucleon spin structure

and

Partonic structure of nucleus

e RHIC

RHIC

Brookhaven National Laboratory Jefferson Laboratory

ELIC

Seeheim, Germany

 

1997

 

MIT

 

2000
IUCF 1999             BNL       2002
BNL   1999             JLab

 

2004
Yale   2000            BNL     2006



NSAC Report 2002

Electron-Ion Collider
 

…
Ring-ring and linac-ring options
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