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JLab12 à EIC: Some general remarks 
Deep Inelastic Scattering Experiments 
 
JLab12:  
•  Fixed target experiments  
•  Low center of mass 

•  Predominantly will explore the valence quark (high x) region 

EIC: 
• Collider 
• High center of mass  

•  Predominantly will explore the sea quarks & gluons (low x) 
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Why collider in the future? 
• Past and current polarized e-p, e-A DIS exp.s fixed target 
• Collider (geometry) has some distinct advantages 

• Better angular separation between scattered lepton and 
nuclear fragments 
•  Better resolution of electro-magnetic probe 
•  Recognition of rapidity gap events (like diffractive physics) 

• Better measurement of the nuclear fragments 
•  Tricky: Interaction region and beam pipe design…. 
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Advantage of a collider for spin experiments: 
•  (Example) The proton bunches separated by about 100 ns in 

the RHIC ring can be filled with any controlled polarization 
orientation.  

 
•  Effective target spin reversal every 100 ns! A huge gain in 

control over experimental systematics (especially the false 
asymmetries arising from time variations in detector 
acceptances and efficiencies) 

•  The future EIC will/could have similar arrangement for electron 
and hadron beam bunches. 
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Another difference between fixed target & 
collider experiments 
 
The dilution factor: 
 
For NH3 target (for example) effectively only 3/(14+3) 
scatters occur from (useful) polarized H’s. (3/17 is hence 
the dilution factor) 
 
For a collider experiment, the singly charged polarized 
hydrogen IS the target…. At RHIC we fill the beam with 2.1 
x 1011 protons/bunch, and there are 110 bunches at a 
single time circulating (effective dilution factor 1). 
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Deep Inelastic Scattering 
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Measure of 
resolution 
power 

Measure of 
inelasticity 

Measure of 
momentum 
fraction of 
struck quark 

Kinematics: 

Inclusive measurements: 
e+p/A à e’+X 
Detect only the scattered lepton in the detector 
Semi-inclusive measurements: 
e+p/A à e’+h(π,K,p,jet)+X 
Detect the scattered lepton in coincidence with identified hadrons/jets  
Exclusive measurements: 
e+p/A à e’+h(π,K,p,jet)+p’/A’ 
Detect scattered lepton, identify produced hadrons/jets and measure target remnants  
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Complementary kinematic regions of 
Collider vs. fixed target experiments 
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Current polarized DIS data:
CERN DESY JLab SLAC

Current polarized BNL-RHIC pp data:
PHENIX π0 STAR 1-jet
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Q2 = Sxy

S =
p
4 · E1 · E2

1

Colliders enable 
significant 

enhancement in x 
and Q2 reach of any 

measurement 
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Why we need an EIC? 
A new facility, EIC, with a versatile range of kinematics, 
beam polarizations, high luminosity and beam species, is 
required to precisely image the sea quarks and gluons in 
nucleons and nuclei, to explore the new QCD frontier of 
strong color fields in nuclei, and to resolve outstanding 
issues in understanding nucleons and nuclei in terms of 
fundamental building blocks of QCD 
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Nuclei 
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Puzzles and challenges in understanding these 
QCD many body emergent dynamics 

How are the gluons and sea quarks, and their intrinsic spins 
distributed in space & momentum inside the nucleon? 
Role of Orbital angular momentum? 
How do they constitute the nucleon  
Spin?  
 
 
What happens to the gluon density in nuclei at high energy? 
Does it saturate in to a gluonic form of matter of universal 
properties? 

9 

QS: Matter of Definition and Frame (II)

7

Infinite Momentum Frame:
• BFKL (linear QCD): splitting functions ⇒ gluon density grows
• BK (non-linear): recombination of gluons ⇒ gluon density tamed

BFKL: BK adds:

αs << 1αs ∼ 1 ΛQCD

know how to 
do physics here?

m
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 φ
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• At Qs:   gluon emission balanced by recombination

Unintegrated gluon distribution
depends on kT and x:
the majority of gluons have 
transverse momentum kT ~ QS
(common definition)

? 
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Puzzles and challenges…. 

How does the nuclear environment 
affect the distributions of quarks and 
gluons and their interactions inside 
nuclei?  
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Figure 3.25: The ratio of nuclear over nucleon F
2

structure function, R
2

, as a function of
Bjorken x, with data from existing fixed target DIS experiments at Q2 > 1 GeV2, along with
the QCD global fit from EPS09 [174]. Also shown is the expected kinematic coverage of the
inclusive measurements at the EIC. The purple error band is the expected systematic uncertainty
at the EIC assuming a ±2% (a total of 4%) systematic error, while the statistical uncertainty is
expected to be much smaller.

tering could also take place at a perturbative
scale Q > Q

0

, and its contribution to the in-
clusive DIS cross-section could be systemati-
cally investigated in QCD in terms of correc-
tions to the DGLAP-based QCD formulation
[213, 214]. Although such corrections are
suppressed by the small perturbative probing
size, they can be enhanced by the number of
nucleons at the same impact parameter in a
nucleus and large number of soft gluons in
nucleons. Coherent multiple scattering nat-
urally leads to the observed phenomena of
nuclear shadowing: more suppression when
x decreases, Q decreases, and A increases.
But, none of these dependences could have
been predicted by the very successful lead-
ing power DGLAP-based QCD formulation.

When the gluon density is so large at
small-x and the coherent multi-parton inter-
actions are so strong that their contributions
are equally important as that from single-
parton scattering, measurements of the DIS

cross-section could probe a new QCD phe-
nomenon - the saturation of gluons discussed
in the last section. In this new regime, which
is referred to as a Color Glass Condensate
(CGC) [158, 155], the standard fixed order
perturbative QCD approach to the coherent
multiple scattering would be completely in-
e↵ective. The resummation of all powers of
coherent multi-parton interactions or new ef-
fective field theory approaches are needed.
The RHIC data [193, 194] on the correla-
tion in deuteron-gold collisions indicate that
the saturation phenomena might take place
at x . 0.001 [193, 194]. Therefore, the re-
gion of 0.001 < x < 0.1, at a su�ciently
large probing scale Q, could be the most
interesting place to see the transition of a
large nucleus from a diluted partonic sys-
tem — whose response to the resolution of
the hard probe (the Q2-dependence) follows
linear DGLAP evolution — to matter com-
posed of condensed and saturated gluons.

92

 
 
 How does nuclear matter respond to 
fast moving color charge passing 
through it?  (hadronization…. 
confinment?) 
 

How do gluons and sea quarks 
contribute to the nucleon-nucleon 
force? 
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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: 
ü  Wide range in nuclei 
ü  Luminosity per nucleon same as e-p 
ü  Variable center of mass energy  

The Electron Ion Collider 
Two options of realization! 
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AGS

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

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

1212.1701.v3 
A. Accardi et al 
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    EIC: Kinematic reach & properties 
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For e-N 
collisions at the 
EIC: 
ü  Polarized: e, p, 

d/3He 
ü  Variable center 

of mass energy 
ü  Wide Q2 range 

à evolution  
ü  Wide x range 

à spanning 
valence to low-
x physics 
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Current polarized DIS data:
CERN DESY JLab SLAC

Current polarized BNL-RHIC pp data:
PHENIX π0 STAR 1-jet
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ΔΣ/2 = Quark contribution to Proton Spin 
  LQ   = Quark Orbital Ang. Mom
 Δg    = Gluon contribution to Proton Spin 
  LG   = Gluon Orbital Ang. Mom  

Our Understanding of 
Nucleon Spin 

13 
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�
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Precision in ΔΣ and Δg è  A clear idea 
Of the magnitude of LQ+LG 
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Topics not directly covered in this talk but 
implied… and covered elsewhere... 
•  With longitudinally polarized D or 3He in the EIC, one could 

explore the spin structure of the NEUTRON, not unlike the past 
fixed target experiments (measure g1

n) over a wide range in x 
and Q2  (Kijun Park’s talk, this meeting) 

•  Tagging the spectator protons (in D or 3He) will maximize the 
effectiveness of this measurement è improve dilution factor 

•  Unprecedented measurement of the Bjorken Spin Sum Rule, 
and hence also possibly a very precise measurement of Strong 
Coupling Constant from the fit to non-singlet g1

(p-n). (Limited by 
the experimental systematics: polarization measurements of 
the hadrons: A. Deur, HE NP with Spectator Tagging, ODU, 2015 ) 
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Nucleon spin the structure & study of nuclear 
binding 

•  Another area of interest: Measurement of the kinematics of the 
spectator nucleon indicator of the strength and (hence) the nature of its 
binding with the in-play nucleon(s):  

  à quark-gluon origin of the nuclear binding   
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Tag the recoil proton: 
Study the neutron’s q-g spin 

structure function. 
Also for other few body nuclei 
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A. Deur. High-energy nuclear physics with spectator tagging. ODU  03/9-11/2015

Compared to EG1dvcs and best world data (PDG 2014):
EIC expected

s

•Reasonable assumptions for EIC yield a very accurate measurement of 
acceptable precision. Tagging not necessary as long as we are statistics (really 

stat+point-to-point uncor.) dominated.
•Assumed statistics similar to a typical CLAS experiment aiming at 
measuring inclusive spin structure functions. 
•Increasing statistics by factor10 would yield: Δαs(MZ0)=±0.0021±0.0003. 

•Then, adding tagging would yield: Δαs(MZ0)=±0.0016±0.0003. A very competitive 

measurement.  

Conclusion: 

Wednesday, March 11, 2015

A. Deur @ ODU , 2015 



Transverse Spin Physics 
Phenomena & its understanding 
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Transverse spin introduction 

•  Since people starved to measure effects at high pT to interpret 
them in pQCD frameworks, this was “neglected” as it was 
expected to be small….. However…. 

•  Pion production in single transverse spin collisions showed us 
something different….  
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“Single-spin asymmetry” 

!" L!

R 

•  expect  AN ~                    in simple parton model 
Kane, Pumplin, Repko ‘78 

AN =
NL �NR

NL + NR

AN ⇠ mq

pT
↵S Kane, Pumplin, Repko 1978



xF = PL/P

max

L = 2PL/

p
s

Pion asymmetries: at most CM energies! 
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ZGS/ANL 
√s=4.9 GeV 

RHIC 
√s=62.4 GeV 

FNAL 
√s=19.4 GeV 

AGS/BNL 
√s=6.6 GeV 

Suspect soft QCD effects at low scales, but they seem to remain relevant to  
perturbative regimes as well 
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•  Large very forward neutron 
asymmetry found at RHIC. 

• Center of Mass & pT 
dependence studied 

• Not understood how it arises: 
a challenge to theorist  

Other unexpected discoveries…  
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Transverse spin data @ RHIC: 
21 

 23 

4 THE CONFINED MOTION OF PARTONS IN NU-
CLEONS  

 
A natural next step in the investigation of nu-

cleon structure is an expansion of our current 
picture of the nucleon by imaging the proton in 
both momentum and impact parameter space. 
From TMD parton distributions we can obtain an 
“image” of the proton in transverse as well as in 
longitudinal momentum space (2+1 dimensions).  
At the same time we need to further our under-
standing of color interactions and how they man-
ifest themselves in different processes. This has 
attracted renewed interest, both experimentally 

and theoretically, in transverse single spin 
asymmetries (SSA) in hadronic processes at high 
energies, which have a more than 30 year history. 
Measurements at RHIC have extended the obser-
vations from the fixed-target energy range to the 
collider regime, up to and including the highest 
center-of-mass energies to date in polarized p+p 
collisions. Figure 4-1 summarizes the measured 
asymmetries from different RHIC experiments as 
function of Feynman-x (xF ~ x1-x2). 

 

 
Figure 4-1: Transverse single spin asymmetry measurements for charged and neutral pions at different center-of-mass 
energies as function of Feynman-x. 
 

The surprisingly large asymmetries seen are 
nearly independent of  over a very wide 
range. To understand the observed SSAs one has 
to go beyond the conventional leading twist col-
linear parton picture in the hard processes. Two 
theoretical formalisms have been proposed to 
explain sizable SSAs in the QCD framework: 
These are transverse momentum dependent par-
ton distributions and fragmentation functions, 
such as the Sivers and Collins functions dis-
cussed below, and transverse-momentum inte-
grated (collinear) quark-gluon-quark correlations, 
which are twist-3 distributions in the initial state 
proton or in the fragmentation process. For many 
spin asymmetries, several of these functions can 
contribute and need to be disentangled to under-
stand the experimental observations in detail, in 
particular the dependence on pT measured in the 
final state.  The functions express a spin depend-
ence either in the initial state (such as the Sivers 

distribution or its Twist-3 analog, the Efremov-
Teryaev-Qui-Sterman (ETQS) function [21]) or 
in the final state (via the fragmentation of a po-
larized quarks, such as the Collins function). 

The Sivers function, , describes the corre-
lation of the parton transverse momentum with 
the transverse spin of the nucleon. A non-
vanishing  means that the transverse parton 
momentum distribution is azimuthally asymmet-
ric, with the nucleon spin providing a preferred 
transverse direction. The Sivers function, , is 
correlated with the ETQS functions, Tq,F, through 
the following relation: 
!!,! !, ! = − !!!! !! !

! !!!!! !, !!! |!"#"! [Eq. 4-1].  
In this sense, a measurement constraining the 

ETQS function indirectly also constrains the Siv-
ers function.  We will use this connection repeat-
edly in the following. 

s

f1T
⊥

f1T
⊥

f1T
⊥

Large transvers spin asymmetries at high Center of Mass à 
Surprise! Various questions being studied…  
What is the underlying mechanism? 
Observed pT dependence  AN consistent with expectations? 
Can TMD evolution be seen in RHIC data? 
Can the we study factorization breaking using RHIC p+p data? 
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Possible origins for AN 
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Collins mechanism: 
asymmetry in the forward jet 
fragmentation 

Sivers mechanism: 
asymmetry in production of 
forward jet or γ 

SP 
kT,q 

p 

p

SP 

p 

p

Sq kT,π 
Sensitive to proton spin – 
parton transverse motion 
correlations 

Sensitive to 
transversity 

•  Need to go beyond inclusive hadron measurements  
•  Possibilities include jets, direct photons, di-hadron correlations, etc. 

RHIC 2014/15 



Transverse Spin: 400+ times the  expected values of asymmetries 
have been routinely observed: both in ep and pp systems. 
Systematic investigations now underway to study and understand 
them.  
 
What could their origin be? 
•  Transverse motion/momentum of partons (initial state: Sivers 

Function)? 
•  Related to orbital motion… remaining part of the nucleon spin? 
•  How do we quantify this? Through quark GPDs? èJLab 12GeV 

•  Asymmetry in fragmentation process (final state: Collins Function)? 
•  This too has been recently measured in e+e- collisions at Belle 

•  In p-p combination of both!! 

•  Need  a better probe to study this: A polarized e-p collider! 

 
 

Wednesday, 10th February, 2016 Next Generation Nuclear Physics with JLab12 & EIC 23 



FUTURE….  
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World is not one dimensional! 
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1D         

7

3D         

Courtesy: Alssandro Bacchetta 



Unified view of the Nucleon Structure 
26 

q (2+1)D imaging Quarks (Jlab/COMPASS) , Gluons (EIC) 
²  TMDs – confined motion in a nucleon (semi-inclusive DIS)  
²  GPDs – Spatial imaging of quarks and gluons (exclusive DIS & diffraction)   

5D 

3D 

1D 

HERMES 
JLab12 

COMPASS 
Valence 

HERMES 
JLab12 

COMPASS 
(RHIC) 

q Wigner distributions 
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q Naturally, two scales: 
²  high Q – localized probe 

To “see” quarks and gluons  

²  Low pT – sensitive to confining scale 
To “see” their confined motion 

²  Theory – QCD TMD factorization 

Semi-Inclusive DIS è Best for measuring 
Transverse Momentum Distributions 

q Naturally, two planes: 
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First, maybe the only, 
measurement of polarized sea 
and gluon TMDs 

q High luminosity implies: Single 
transverse-spin asymmetries: 
high resolution & 
multidimensional  
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Momentum tomography of the nucleon 
 
•  Tomographic images of KX/Ky of partons as functions of Bjorken-x: u quark 

distribution for transversely polarized proton.  
•  With EIC: low x partonic plots like these possible!   
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Exclusive DIS 
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resolution 
power 
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inelasticity 

Measure of 
momentum 
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struck quark 

Kinematics: 

Exclusive events: 
e + (p/A) à e’+ (p’/A’)+ γ / J/ψ / ρ / φ
detect all event products in the detector 

e’ 

t 

(Q2) 
e 
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Allow access to the spatial 
distribution of partons in the nucleon 

Fourier transform of spatial 
distributions è GPDs 

GPDs è Orbital Angular Momenta! 

1
2

= JQ + JG

JQ =
1
2
�⌃ + LQ

JG = �G + LG



EIC coverage for GPDs 

First, maybe the only, measurement of polarized sea and gluon GPDs 
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Spatial Imaging of quarks & gluons 
access to Generalized Parton Distributions 

32 

Exclusive/Diffractive events: 
e + p à e’+ p’+ γ 

Fourier transform of t=(p-p’) à  
Spatial distribution 

Exclusive Processes and Generalized Parton Distributions

Generalized parton distributions (GPDs) can be extracted from suitable exclusive scat-
tering processes in e+p collisions. Examples are deeply virtual Compton scattering (DVCS:
�⇤+p ! �+p) and the production of a vector meson (�⇤+p ! V +p). The virtual photon
is provided by the electron beam, as usual in deep inelastic scattering processes (see the
Sidebar on page 18). GDPs depend on three kinematical variables and a resolution scale:

• x + ⇠ and x � ⇠ are longitudinal par-
ton momentum fractions with respect
to the average proton momentum (p+
p0)/2 before and after the scattering, as
shown in Figure 2.18.

Whereas x is integrated over in the
scattering amplitude, ⇠ is fixed by the
process kinematics. For DVCS one has
⇠ = x

B

/(2� x
B

) in terms of the usual
Bjorken variable x

B

= Q2/(2p · q). For
the production of a meson with mass
M

V

one finds instead ⇠ = x
V

/(2� x
V

)
with x

V

= (Q2 +M2

V

)/(2p · q).

• The crucial kinematic variable for par-
ton imaging is the transverse momen-
tum transfer �

T

= p

0
T

� p

T

to the
proton. It is related to the invariant
square t = (p0 � p)2 of the momentum
transfer by t = �(�2

T

+ 4⇠2M2)/(1 �
⇠2), where M is the proton mass.

• The resolution scale is given by Q2

in DVCS and light meson production,
whereas for the production of a heavy
meson such as the J/ it is M2

J/ 

+Q2.

Even for unpolarized partons, one has a nontrivial spin structure, parameterized by two
functions for each parton type. H(x, ⇠, t) is relevant for the case where the helicity of the
proton is the same before and after the scattering, whereas E(x, ⇠, t) describes a proton
helicity flip. For equal proton four-momenta, p = p0, the distributions H(x, 0, 0) reduce to
the familiar quark, anti-quark and gluon densities measured in inclusive processes, whereas
the forward limit E(x, 0, 0) is unknown.

Weighting with the fractional quark charges e
q

and integrating over x, one obtains a
relation with the electromagnetic Dirac and Pauli form factors of the proton:

X

q

e
q

Z
dxHq(x, ⇠, t) = F p

1

(t) ,
X

q

e
q

Z
dxEq(x, ⇠, t) = F p

2

(t) (2.14)

and an analogous relation to the neutron form factors. At small t the Pauli form factors
of the proton and the neutron are both large, so that the distributions E for up and down
quarks cannot be small everywhere.

x + ⇠ x� ⇠

p

p

0

x + ⇠ x� ⇠

p

p

0

�

⇤
�

⇤
�

V

Figure 2.18: Graphs for deeply virtual Compton scattering (left) and for exclusive vector
meson production (right) in terms of generalized parton distributions, which are represented by
the lower blobs. The upper filled oval in the right figure represents the meson wave function.
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DVCS on Neutrons: 
Carlos M. Camacho’s talk 



Spatial Imaging of quarks & gluons 
access to Generalized Parton Distributions 

33 

Exclusive/Diffractive events: 
e + p à e’+ p’+ J/ψ

Fourier transform of  
t=(p-p’) à  
Spatial distribution 

Exclusive Processes and Generalized Parton Distributions

Generalized parton distributions (GPDs) can be extracted from suitable exclusive scat-
tering processes in e+p collisions. Examples are deeply virtual Compton scattering (DVCS:
�⇤+p ! �+p) and the production of a vector meson (�⇤+p ! V +p). The virtual photon
is provided by the electron beam, as usual in deep inelastic scattering processes (see the
Sidebar on page 18). GDPs depend on three kinematical variables and a resolution scale:

• x + ⇠ and x � ⇠ are longitudinal par-
ton momentum fractions with respect
to the average proton momentum (p+
p0)/2 before and after the scattering, as
shown in Figure 2.18.

Whereas x is integrated over in the
scattering amplitude, ⇠ is fixed by the
process kinematics. For DVCS one has
⇠ = x

B

/(2� x
B

) in terms of the usual
Bjorken variable x

B

= Q2/(2p · q). For
the production of a meson with mass
M

V

one finds instead ⇠ = x
V

/(2� x
V

)
with x

V

= (Q2 +M2

V

)/(2p · q).

• The crucial kinematic variable for par-
ton imaging is the transverse momen-
tum transfer �

T

= p

0
T

� p

T

to the
proton. It is related to the invariant
square t = (p0 � p)2 of the momentum
transfer by t = �(�2

T

+ 4⇠2M2)/(1 �
⇠2), where M is the proton mass.

• The resolution scale is given by Q2

in DVCS and light meson production,
whereas for the production of a heavy
meson such as the J/ it is M2

J/ 

+Q2.

Even for unpolarized partons, one has a nontrivial spin structure, parameterized by two
functions for each parton type. H(x, ⇠, t) is relevant for the case where the helicity of the
proton is the same before and after the scattering, whereas E(x, ⇠, t) describes a proton
helicity flip. For equal proton four-momenta, p = p0, the distributions H(x, 0, 0) reduce to
the familiar quark, anti-quark and gluon densities measured in inclusive processes, whereas
the forward limit E(x, 0, 0) is unknown.

Weighting with the fractional quark charges e
q

and integrating over x, one obtains a
relation with the electromagnetic Dirac and Pauli form factors of the proton:

X

q

e
q

Z
dxHq(x, ⇠, t) = F p

1

(t) ,
X

q

e
q

Z
dxEq(x, ⇠, t) = F p

2

(t) (2.14)

and an analogous relation to the neutron form factors. At small t the Pauli form factors
of the proton and the neutron are both large, so that the distributions E for up and down
quarks cannot be small everywhere.
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Figure 2.18: Graphs for deeply virtual Compton scattering (left) and for exclusive vector
meson production (right) in terms of generalized parton distributions, which are represented by
the lower blobs. The upper filled oval in the right figure represents the meson wave function.
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Images of sea Quarks  
& Gluon’s spatial dist. 
Via J/Ψ production  
With the EIC 
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An immediate check/impact: 
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q  Quark GPDs and its orbital contribution to proton’s spin: 

Jq =
1

2
lim
t!0

Z
dx x [Hq(x, ⇠, t) + Eq(x, ⇠, t)] =

1

2
�q + Lq

The first meaningful constraint on quark orbital contribution to proton spin 
by combining the sea from the EIC and valence region from JLab 12 

This could be checked  
by Lattice QCD 

Lu + Ld ~ 0? 

There are also more recent ideas 
Of calculating parton distribution 

functions on Lattice:  
X. Ji et al. arXiv 1310.4263; 

1310.7471; 1402.1462 
& Y.-Q. Ma, J.-W. Qiu 1404.6860 
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EMC effect… medium modification of PDFs 
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Figure 3.25: The ratio of nuclear over nucleon F
2

structure function, R
2

, as a function of
Bjorken x, with data from existing fixed target DIS experiments at Q2 > 1 GeV2, along with
the QCD global fit from EPS09 [174]. Also shown is the expected kinematic coverage of the
inclusive measurements at the EIC. The purple error band is the expected systematic uncertainty
at the EIC assuming a ±2% (a total of 4%) systematic error, while the statistical uncertainty is
expected to be much smaller.

tering could also take place at a perturbative
scale Q > Q

0

, and its contribution to the in-
clusive DIS cross-section could be systemati-
cally investigated in QCD in terms of correc-
tions to the DGLAP-based QCD formulation
[213, 214]. Although such corrections are
suppressed by the small perturbative probing
size, they can be enhanced by the number of
nucleons at the same impact parameter in a
nucleus and large number of soft gluons in
nucleons. Coherent multiple scattering nat-
urally leads to the observed phenomena of
nuclear shadowing: more suppression when
x decreases, Q decreases, and A increases.
But, none of these dependences could have
been predicted by the very successful lead-
ing power DGLAP-based QCD formulation.

When the gluon density is so large at
small-x and the coherent multi-parton inter-
actions are so strong that their contributions
are equally important as that from single-
parton scattering, measurements of the DIS

cross-section could probe a new QCD phe-
nomenon - the saturation of gluons discussed
in the last section. In this new regime, which
is referred to as a Color Glass Condensate
(CGC) [158, 155], the standard fixed order
perturbative QCD approach to the coherent
multiple scattering would be completely in-
e↵ective. The resummation of all powers of
coherent multi-parton interactions or new ef-
fective field theory approaches are needed.
The RHIC data [193, 194] on the correla-
tion in deuteron-gold collisions indicate that
the saturation phenomena might take place
at x . 0.001 [193, 194]. Therefore, the re-
gion of 0.001 < x < 0.1, at a su�ciently
large probing scale Q, could be the most
interesting place to see the transition of a
large nucleus from a diluted partonic sys-
tem — whose response to the resolution of
the hard probe (the Q2-dependence) follows
linear DGLAP evolution — to matter com-
posed of condensed and saturated gluons.
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30 + years of 
activity to 
understand 
this, but with 
only limited 
Success. 
 
 

Cloet et al. proposed polarized EMC Study 
Could the future EIC could add to? 
 



Ian Cloet, NP Town meeting, Temple U.  
Polarized EMC effect

[ICC, W. Bentz and A. W. Thomas, Phys. Lett. B 642, 210 (2006)]
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Spin-dependent cross-section is suppressed by 1/A
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protons should carry most of the spin e.g. =) 7Li, 11B, . . .

Ideal nucleus is probably 7Li
from Green Function Quantum Monte–Carlo: P

p

= 0.86 & P

n

= 0.04

Ratios equal 1 in limit of no nuclear effects
table of contents San Paulo 13

th

May 25 / 33

Wednesday, 10th February, 2016 Next Generation Nuclear Physics with JLab12 & EIC 36 

Should we  
Push for 
Polarized light 
Ions at the EIC? 
(JLEIC may already 
Have it?) 



EIC Physics vs. Luminosity & Energy 
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Electro-Weak 
(CLFV, sin2ΘW) 
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FIG. 3. E↵ective weak mixing angle running as a function of Q2 shift (the blue band) due to an intermediate mass Zd for (a)
mZd = 15 GeV and (b) mZd = 25 GeV for 1 sigma fit to "�0 in Eq. (12). The lightly shaded area in each band corresponds to
choice of parameters that is in some tension with precision constraints (see text for more details).

which is further reduced by Z and Zd leptonic branching
ratios. The on-shell branching ratio is given by [33, 36]

BR(H ! ZZd) =
1

�H

q
�(m2

H ,m2
Z ,m

2
Zd

)

16⇡m3
H

✓
g mZ

cos ✓W

◆2

⇥
✓
�0
mZd

mZ

◆2
 
(m2

H �m2
Z �m2

Zd
)2

4m2
Zm

2
Zd

+ 2

!
(14)

with �(x, y, z) ⌘ x2 + y2 + z2 � 2xy � 2yz � 2zx and
�H(125 GeV) ' 4.1 MeV [41], which shows a rather mZd

independent value over most of the mass range (Fig. 2),
resulting in Eq. (13).

The ATLAS bounds translate into constraints on �0

as a function of mZd , but depend on the branching ra-
tio for Zd ! `+`�. For BR(Zd ! 2`) ⌘ BR(Zd !
2e)+BR(Zd ! 2µ) ⇡ 0.3 [42], one finds (at 2 sigma) the
nearly constant bound |�0| . 0.02, over the range of mZd

considered in our work. Here we note that in the pres-
ence of allowed dark decay channels (that is, decay into
invisible particles), BR(Zd ! 2`) can be much smaller
than 0.3, which would weaken the constraint on �0.

The best current bounds on " for the relevant mass
range are given by the precision electroweak constraints,
along with the non-continuous bounds from the e+e� !
hadron cross-section measurements at various experi-
ments [43]. The Drell-Yan dilepton resonance searches
at the LHC experiments (such as in Refs. [44, 45]) have
the potential to give a better bound than precision elec-
troweak constraints [46]. When combined with bounds
on " from precision measurements and production con-
straints [43, 47], one finds |"| . 0.03, for kinetic mixing
alone. However, in our scenario, where a separate source
of mass mixing is also considered [33], that bound can be
somewhat relaxed, via partial cancellation with �0 depen-
dent contributions to the Z-Zd mixing angle [33], roughly
yielding |"| . 0.04. (See also Refs. [47, 48] for less severe

bounds on " from a recasting of a CMS analysis of Run
1 data, sensitive to H ! ZZd.)
Given the above discussion, a simple combination of

the upper bounds on " and �0 suggests

|"�0| . 0.0008. (15)

We use the above bound as a rough guide for the allowed
region of parameter space in our discussion below.
For a given mZd , a negative "�0 in Eq. (12) will shift

the SM prediction in Eq. (1) towards the low Q2 experi-
mental sin2 ✓W (mZ)MS weighted average in Eq. (6). That
e↵ect is illustrated in Fig. 3 (a), where for mZd = 15 GeV
the blue band corresponds to a 1-� fit to Eq. (7) or
�0.0010 < "�0 < �0.0003. A similar 1-� band is pre-
sented in Fig. 3 (b) for mZd = 25 GeV with �0.0016 <
"�0 < �0.0005. In each case, the lighter shaded upper
part of the band corresponds to |"�0| > 0.0008 which
is in some tension with constraints from precision mea-
surements and the rare Higgs decay search by ATLAS, as
explained above. Future improved sensitivity at the LHC
should cover most of the bands in Figs. 3 (a) and (b). For
other mZd values, the 1-� bands are about the same as
our Fig. 3 representative examples; however, for larger
mZd > 25 GeV, the darker parts of the bands allowed
by current constraints narrow. This can be seen from a
comparison of Figs. 3 (a) and (b) that shows how smaller
values of mZd can accommodate a shift in sin2 ✓W (Q2)
more easily, over the currently allowed parameter space
[as suggested by the mZd dependence in Eq.(12)].
In the case of low Q2 determinations of sin2 ✓W (Q2),

the Qweak polarized e p asymmetry experiment at JLAB,
which measures weak nuclear charge of proton (Qp

weak),
is expected to reach an uncertainty of ±0.0007 after all
existing data are analyzed in the near future. This would
reduce the uncertainty on the weighted average in Eq. (6)
to ±0.00055 and, assuming the same central value as the

LHeC 

Dark Z Study: arXiv:1507.00352 
 
 
 
 
EIC Study by William Marciano et al. 
A more detailed study underway:  
Y. Zang, A. Deshpande & K. Kumar et al. 
 
 

Low Q2 Weak Mixing Angle Measurements and Rare Higgs Decays

Hooman Davoudiasl,1 Hye-Sung Lee,2 and William J. Marciano1

1Department of Physics, Brookhaven National Laboratory, Upton, New York 11973, USA
2CERN, Theory Division, CH-1211 Geneva 23, Switzerland

A weighted average weak mixing angle ✓W derived from relatively low Q2 experiments is compared
with the Standard Model prediction obtained from precision measurements. The approximate 1.8
sigma discrepancy is fit with an intermediate mass (⇠ 10 � 35 GeV) “dark” Z boson Zd, corre-
sponding to a U(1)d gauge symmetry of hidden dark matter, which couples to our world via kinetic
and Z-Zd mass mixing. Constraints on such a scenario are obtained from precision electroweak
bounds and searches for the rare Higgs decays H ! ZZd ! 4 charged leptons at the LHC. The
sensitivity of future anticipated low Q2 measurements of sin2 ✓W (Q2) to intermediate mass Zd is
also illustrated. This dark Z scenario can provide interesting concomitant signals in low energy
parity violating measurements and rare Higgs decays at the LHC, over the next few years.

Discovery of what appears to be a fundamental Higgs
scalar [1, 2] completes the basic Standard Model (SM)
particle spectrum. In addition, comparing precision fine
structure constant ↵, Fermi constant GF , and Z boson
mass (mZ) values at the quantum loop level, employing
the Higgs mass mH = 125 GeV and top quark mass
mt = 173.3(8) GeV gives the indirect SM weak mixing
angle prediction [3, 4]

sin2 ✓W (mZ)MS = 0.23124(12) SM prediction, (1)

where the modified minimal subtraction (MS) definition
at scale µ = mZ for the renormalized weak mixing angle
✓W has been employed [5]. The existing error in Eq. (1)
stems from mt, higher order loops (that overall double
the error), and hadronic uncertainties, all of which are
expected to be further reduced. That prediction agrees
remarkably well with the average value [3] of the more
direct Z pole measurements [6, 7]

sin2 ✓W (mZ)MS = 0.23125(16) Z pole average. (2)

A comparison of these distinct precision methods severely
constrains “new physics” extensions of the SM [3].

In contrast, low Q2 determinations of the weak mixing
angle (for a review, see Ref. [3]) currently allow consider-
able room for certain types of new physics, particularly
Z 0 bosons (for earlier work along these lines, see for ex-
ample Refs. [8–11]). Indeed, the 3 most precise measure-
ments at lower Q2 ⌧ m2

Z extrapolated, for comparison,
to an MS scale µ = mZ give a somewhat disparate range
of values [3]

sin2 ✓W (mZ)MS = 0.2283(20) APV, (3)

sin2 ✓W (mZ)MS = 0.2329(13) Moller E158, (4)

sin2 ✓W (mZ)MS = 0.2356(16) NuTeV (5)

from the measurements in Cs atomic parity violation
(APV) at hQi = 2.4 MeV [12–15], SLAC Moller scatter-
ing experiment E158 at hQi = 160 MeV [16], and Fermi-
lab neutrino deep inelastic scattering (DIS) experiment
NuTeV at hQi ⇡ 5 GeV [17].
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FIG. 1. Current measurements of the weak mixing angle at
various Q [6, 7, 13–19] and future prospects [20–24]. The
black curve represents the expected SM prediction for the run-
ning of sin2 ✓W with Q [5]. Current measurements are given
as black points with existing error bars. The red “Antici-
pated sensitivities” are meant only to illustrate the possible
uncertainties potentially obtainable from experiments under
analysis and proposed.

These measurements are illustrated in Fig. 1, af-
ter evolving back to their experimental Q values.
There, we also show other less precise determinations of
sin2 ✓W (Q2) (JLAB Qweak first result [18] and JLAB
PVDIS [19]) as well as the very accurate Z pole val-
ues [6, 7], future sensitivities (Ra+ APV [20, 21], JLAB
Moller [22], MESA P2 [23], JLAB DIS experiment
SOLID [24]), and the predicted SM running curve for
comparison. Note that the Qweak result in our figures
corresponds to only about 4% of their total collected
data. Their statistical uncertainty may be significantly
reduced in the near future making them the expectedly
best low Q2 determination. We return to this point later.
Note, also, that the factor of 5 improvement envisioned
for APV using single ionized Ra+ trapped atoms as orig-
inally suggested in Ref. [25], although extremely well mo-
tivated, is still in a development stage [26]. The potential
polarized electron scattering asymmetry improvements
are currently on a more definite footing.
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Summary 
• Colliders have some natural advantages (energy, 

geometry, dilution factor etc…) 

• Wide kinematic range of polarized DIS experiment at the 
EIC will profoundly enhance our ability to study q-g 
interactions & understand the underlying features and 
dynamics. 

• Complementary to JLab12 physics program, the EIC will 
take us to low-x (sea & gluon dominated) regions 

• Physics of Strong Gluon Fields covered in other talks in 
this meeting. 
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