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Outline
Spin physics with at the EIC è “hadron structure” most measurements will require that
one or both colliding beams are polarized. A couple will not require polarization.
The spin orientations could be è transverse or longitudinal
Vast repertoire of measurements è I will only present a few highlights

History: Why spin physics at the collider with longitudinal and transverse spin 
orientations (lessons drawn from e/µ-p and in p-p)

Highlights of possible spin physics at the EIC: mostly from the EIC White Paper è
understanding emergence of spin and mass…
New initiatives Beyond the White Paper (BWP)

Conclusion and outlook
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Deep Inelastic Scattering: Precision & Control 
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Kinematics:

Inclusive events: e+p/A à e’+X

Semi-Inclusive events: e+p/A à e’+h(p,K,p,jet)+X

Exclusive events: e+p/A à e’+ p’/A’+ h(p,K,p,jet)
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Spin structure (function) of the proton: g1(x,Q2) è DS

• Before 2000, this was (one of the) the principle measurement focused by all fixed 
target experiments in the world… CERN, SLAC, DESY.
• Needs longitudinally polarized targets (protons, deuterons or helium) and 

longitudinally polarized muon or electron beams.
• One only gets the full picture of contributions from the quarks (DS = quark’s 

contribution to nucleon’s spin) only after INTEGRATING over x, at a fixed Q2

• Fixed target experiments have a significantly limited x-Q2 reach, as such heavy 
reliance on model dependent EXTRAPOLATIONS at low-x
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Low x behavior of g1(p) è case for polarized HERA
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Clear need for  low x 
measurements!

A. Deshpande & V. W. Hughes  ~1996 SMC  (internal) analysis meeting



To G from F2(x,Q2) or DG from g1(x,Q2)
scaling violation
Global analysis: of F2(x,Q2) à G(x,Q2

0) è Next-to-Leading Order pQCD fits
Global analysis: of g1(x,Q2) à DG(x,Q2

0) è Also NLO pQCD fits
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Large uncertainty in 
polarized gluon 

distribution
PRD58, (1998) 112002

Exp. Syst.

The. Syst.

dF2

dlnQ2
/ G(x,Q2)
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“Single-spin asymmetry” 

!" L!

R 

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

Transverse Spin Asymmetries

AN =
NL �NR

NL +NR
⇡ mq · ↵S

pT
⇡ 0.001

<latexit sha1_base64="Bn6sAAqAMzMBnfy1RairImQ5X8Y="></latexit>
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Contrary to theoretical expectations VERY large (40%) asymmetries in data

Distinguishing between initial state and final state interactions difficult in p-p, ultimately e-p to resolve completely

Kane, Pumplin and Repko PRL 41 1689 (1978)

ZGS/ANL: 4.9 GeV AGS/BNL: 6.6 GeV FNAL: 19.4 GeV RHIC: 64 GeV

STAR: 200 GeV



General consensus started forming that:

A new facility with significant increase in the x-Q2 range, sufficiently large 
luminosity, and control to study longitudinal as well as transverse spin 
phenomena was needed.

The precision and control possible in polarized DIS, was considered 
essential beyond the already underway RHIC-Spin program.

QCD (spin) theory evolved to reliably interpret data available at these and 
future facilities. Enabled ideas for fundamental tests of QCD as 
complementary facilities. 

(see talks on Cold-QCD program) 

June 5, 2019 EIC at the Workshop on Cold QCD @ RHIC-AGS Meeting 2019 9



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
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 
Eur. Phy. J.  A, 52 9(2016)

JLEIC Collaboration
JLEIC Pre-CDR 
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eRHIC Design Group
eRHIC pre-CDR

2018



Detector integration with the Interaction Region
Lessons learned from HERA

Ion beamline

Electron beamline

Possible to get 
~100% acceptance 
for the whole event

Total acceptance detector (and IR)

Crossing angles:  
eRHIC: 25 mrad
JLEIC :  50 mradFigure Courtsey: Rik Yoshida
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EIC Detector Concepts, others expected to emerge 
EIC Day 1 detector, with BaBar Solenoid
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BeAST at BNL

JLEIC Detector Concept, with CLEO Solenoid

Ample opportunity and 
need for additional 
contributors and 

collaborators 

TOPSiDE: Time Optimized PID Silicon Detector for EIC



A new facility is needed to investigate, with precision, the dynamics of gluons & sea 
quarks and their role in the structure of visible matter

How are the sea quarks and gluons, and their spins, distributed in 
space and momentum inside the nucleon? 
How do the nucleon properties emerge from them and their 
interactions?

How do color-charged quarks and gluons, and colorless jets, interact with a 
nuclear medium?
How do the confined hadronic states emerge from these quarks and gluons? 
How do the quark-gluon interactions create nuclear binding?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
ax

. d
en

si
ty

Qs kT

~ 1/kT

k T
 φ

(x
, k

T2 )

• 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)

QS: Matter of Definition and Frame (II)
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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)

gluon 
emission

gluon 
recombination

?

How does a dense nuclear environment affect the quarks and 
gluons, their correlations, and their interactions?
What happens to the gluon density in nuclei? Does it saturate at 
high energy, giving rise to a gluonic matter with universal 
properties in all nuclei, even the proton?

=
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EIC: Kinematic reach with polarized e-p

For e-N collisions at the EIC:
üPolarized beams: e, p, d/3He
üVariable center of mass energy
üWide Q2 range à evolution
üWide range in x, access low x 

x

Q
2  (G

eV
2 )

EIC √s=
 140 GeV, 0

.01
≤

 y ≤ 0.95 
 

 

Current polarized DIS data:
CERN DESY JLab SLAC

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

1
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EIC √s=
 65 GeV, 0

.01 ≤
 y ≤ 0.95  
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EIC’s precision è Significant reduction in uncertainties
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Figure 2.6: EIC pseudo-data on the inclusive spin structure function g1(x,Q2) versus Q
2 at

fixed x for 5 GeV and 20 GeV electron beams colliding with 100 GeV and 250 GeV proton beam
energies at an EIC, as indicated. The error bars indicate the size of the statistical uncertainties.
The data set for each x is o↵set by a constant c(x) for better visibility. The bands indicate the
current uncertainty as estimated in the “DSSV+” analysis (see text).

To illustrate the tremendous impact of
EIC measurements of inclusive and semi-
inclusive polarized deep-inelastic scattering
on our knowledge of helicity parton distri-
butions, a series of perturbative QCD analy-
ses were performed [73] with realistic pseudo-
data for various center-of-mass energies. The
data simulations were based on the PEPSI
Monte Carlo generator [74]. The precision

of the data sets corresponds to an accumu-
lated integrated luminosity of 10 fb�1 (or one
to two months of running for most energies
at the anticipated luminosities) and an as-
sumed operations e�ciency of 50%. A min-
imum Q

2 of 1GeV2 was imposed, as well
as W

2
> 10GeV2, a depolarization factor

of the virtual photon of D(y) > 0.1, and
0.01  y  0.95. Figure 2.6 shows the

27

pseudo-data for the inclusive structure func-
tion g1(x,Q2) of the proton versus Q

2 at
fixed x.

Collisions at
p
s ' 70GeV at an EIC are

seen to provide access to x values down to
about 2 ⇥ 10�4. The anticipated size of the
asymmetry A1(x,Q2) ' g1(x,Q2)/F1(x,Q2)
at these x values is O(10�3), which sets the
scale for the required data samples and con-
trol of experiment systematics. These and
other aspects are discussed further in Sec-

tion 6. Data from a higher-energy EIC,
shown for electron beam energies up to
20GeV, is seen to provide access to signif-
icantly smaller x and larger Q

2. As demon-
strated in Fig. 2.7, the combination of mea-
surements with a wide range of center-of-
mass energies at an EIC will make it possible
to directly determine dg1(x,Q2)/d log(Q2)
with good sensitivity, which directly probes
the gluon distribution �g.
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Figure 2.7: The derivative of g1(x,Q2) with log(Q2) for di↵erent x values for the same combi-
nation of electron and proton beam energies as used in Fig. 2.6, together with the “DSSV+”
uncertainty bands.

The pseudo-data for g1 and for semi-
inclusive spin asymmetries were included [73]
in the global analysis of helicity-dependent
parton distribution functions based on the
DSSV framework [60, 61]. 1 Figure 2.8 (left)
shows the results of this analysis in terms
of the sea quark and gluon helicity distri-
butions. For comparison, the present uncer-
tainty bands are also displayed. As one can
see, an impressive reduction in the width of
the bands would be expected from EIC data,
in particular, towards lower values of x. Ev-

idently, extractions of �g from scaling vio-
lations, and of the light-flavor helicity distri-
butions �u, �d and their anti-quark distri-
butions from semi-inclusive scattering will be
possible with exquisite precision. With dedi-
cated studies of kaon production, the strange
and anti-strange distributions will also be ac-
cessible. All this is anticipated to yield new
insights into the question of why it is that the
combined quark and anti-quark spin contri-
bution to the proton spin turns out to be so
small.

1As described earlier, these first DSSV papers do not yet contain the latest information from RHIC on
�g, which were not yet available at the time of [73]. However, this is not an issue here as the figures below
are merely meant to demonstrate the improvements an EIC would provide on the knowledge of the helicity
distributions. We note that for the studies presented here the analysis of [60, 61] has been complemented
with recent lepton scattering data [27, 44] from CERN. It will henceforth be referred to as “DSSV+” analysis.
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Simulated data shown in best fits DSSV+ fits (DIS+ RHIC Spin)
Ø Statistical errors significantly lower than uncertainty bands
Ø Left (g1) spin structure functions 
Ø Below dg1/dlnQ2 è proportional to –DG
Ø EIC will constrain the data in the region where gluons 

dominate the proton’s internal dynamics



DS/2 = Quark contribution to Proton Spin
LQ   = Quark Orbital Ang. Mom
Dg = Gluon contribution to Proton Spin
LG   = Gluon Orbital Ang. Mom 

Understanding of Nucleon Spin

1
2

=

1
2
�⌃ + LQ

�
+ [�g + LG]

Precision in DS and Dg è A clear idea
Of the magnitude of LQ+LG
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Figure 2.8: Left: Uncertainty bands on helicity parton distributions, in the first DSSV anal-
ysis [60, 61] (light bands) and with EIC data (darker bands), using projected inclusive and
semi-inclusive EIC data sets (see text). Note that for this analysis only data with x � 10�3

were used, for which Q
2
� 2.5 GeV2. Right: �2 profiles for the truncated x integral of �g over

the region 10�4
 x  10�2 with and without including the generated EIC pseudo-data in the

fit. Results are shown for three di↵erent EIC center-of-mass energies.

The right part of the figure shows
the �

2 profile of the truncated first mo-
ment of the gluon helicity distribution,R 0.01
0.0001 dx�g(x,Q2), at Q2 = 10 GeV2, again
compared to the “DSSV+” estimate. Also
here, the impact of EIC data is evident. One
also observes the importance of high ener-
gies. For instance, running at the highest
energy clearly constrains the small-x region
much better. Overall, the EIC data greatly
improves the �

2 profile, even more so when
all data in Fig. 2.6 are included.

The light shaded area in Fig. 2.9 displays
the present accuracies of the integrals of �⌃
and �g over 0.001  x  1, along with their
correlations. The inner areas represent the
improvement to be obtained from the EIC,
based on the global analysis studies with
pseudo-data described above. We stress that
similar relative improvements would occur
for any other benchmark set of polarized par-
ton distribution functions, such as the latest
DSSV [62] set. The results shown in the fig-
ure clearly highlight the power of an EIC in
mapping out nucleon helicity structure. The

anticipated kinematic range and precision of
EIC data will give unprecedented insight into
the spin contributions Sq and Sg. Their mea-
surements, by subtracting from the total pro-
ton spin 1/2, will provide stringent and inde-
pendent constraints on the total contribution
of quark and gluon orbital momenta, Lq+Lg.

Besides polarized proton beams, the
EIC design envisions beams of polarized
deuterons or helium-3. The neutron’s
g1(x,Q2) can thus be determined, potentially
with a precision that is comparable to the
data on g1(x,Q2) of the proton. The di↵er-
ence of the moments of proton and neutron
g1(x,Q2) allows a test of the fundamental
sum rule by Bjorken [75]. The data from
polarized fixed target experiments have veri-
fied the sum rule to a precision of about 10%
of its value. The extended kinematic range
and improved precision of EIC data allow for
more stringent tests of this sum rule, as well
as its corrections, to an accuracy that is cur-
rently anticipated to be driven mostly by ad-
vances in hadron beam polarimetry (cf. Sec-
tion 6.2.5).
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Recent progress in Lattice QCD
• For the first time PDFs are attempted to being calculated on the lattice! While the 

current uncertainty estimates are hotly debated amongst experts, eventual precision 
lattice calculations will need precision experimental measurements….

• Accessing Gluon Distribution in Large Momentum Effective Theory, Jian-Hui Zhang et al., PRL 122, 142001, April 2019
• First Direct lattice-QCD calculation of the x-dependence of the pion PDF, J-W.Chen et al, arXiv 1804.01483 
• Parton Distribution functions and one loop matching, https://doi.org/10.1142/S2010194516600533 , X. Ji et al.
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C. Alexandrou et al. PRL 119, 142002 (2017)

q Gluon’s spin contribution on 
Lattice: SG = 0.5(0.1): Yi-Bo Yang 

et al. PRL 118, 102001 (2017)

q Jq calculated on Lattice QCD:
!QCD Collaboration, PRD91, 

014505, 2015

Nucleon spin and momentum distribution

https://doi.org/10.1142/S2010194516600533


3-Dimensional Imaging Quarks and Gluons

W(x,bT,kT)
∫	d2kT

f(x,bT)f(x,kT)

∫d2bT

bT

kT
xp

Spin-dependent 3D momentum space 
images from semi-inclusive scattering
à TMDs

Spin-dependent 2D coordinate space 
(transverse) + 1D (longitudinal momentum) 
images from exclusive scattering
à GPDs

Momentum
space

Coordinate
space

Position and momentum à Orbital motion of quarks and gluons

Wigner functions W(x,bT,kT)
offer unprecedented insight into confinement and chiral symmetry breaking.
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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 their confined motion

² Theory – QCD TMD factorization

Measurement of Transverse Momentum Distribution
Semi-Inclusive Deep Inelastic Scattering
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Current data for Sivers asymmetry:
COMPASS h

±
: PhT < 1.6 GeV,  z > 0.1
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Figure 2.14: Kinematic coverage in x and Q
2 for the EIC compared to the coverage of the

planned JLab12 experiment. The kinematics of the existing experimental measurements are also
shown for comparison.

pected impact of data from the EIC us-
ing the parameterization from Ref. [77] as
an arbitrarily chosen model of the Sivers
function. This parameterization, denoted
theori = F (xi, zi, P i

hT , Q
2
i ;a0) with the M

parameters a0 = {a
0
1, ..., a

0
M} fitted to exist-

ing data, serves to generate a set of pseudo-
data in each kinematic bin i. In each xi, Q2

i ,
zi and P

i
hT bin, the obtained values, valuei,

for the Sivers function are distributed using
a Gaussian smearing with a width �i corre-
sponding to the simulated event rate at the
center-of-mass energy of

p
s = 45 GeV ob-

tained with an integrated luminosity of 10
fb�1. To illustrate the achievable statistical
precision, the event rate for the production
of ⇡± in semi-inclusive DIS was used, see, for
example, Fig. 2.15.

This new set of pseudo-data was then
analysed like the real data in Ref. [77].
Fig. 2.16 shows the result for the extraction
of the Sivers function for the valence and sea
up quarks. Similar results are obtained for
the down quarks as well. The central value
of f?u

1T , represented by the red line, follows

by construction the underlying model. The
2-sigma uncertainty of this extraction, valid
for the specifically chosen functional form, is
indicated by the purple band. This precision,
obtainable with an integrated luminosity of
10 fb�1, is compared with the uncertainty
of the extraction from existing data, repre-
sented by the light grey band. It should be
emphasized that our current knowledge is re-
stricted to only a qualitative picture of the
Sivers function and the above analysis did
not take into account the model dependence
and the associated theoretical uncertainties.
With the anticipated large amount of data
(see Fig. 2.15 for a modest integrated lumi-
nosity 10 fb�1), we can clearly see that the
EIC will be a powerful facility enabling ac-
cess to TMDs with unprecedented precision,
and particularly in the currently unexplored
sea quark region. This precision is not only
crucial for the fundamental QCD test of the
sign change between the Sivers asymmetries
in the DIS and Drell-Yan processes, but also
important to investigate the QCD dynamics
in the hard processes in SIDIS, such as the

37

EIC will expand the  x-Q2 

range significantly ² Experiment – Particle ID critical for these measurements



benefit of both µ
+ and µ

� beams to measure
the charge asymmetry in DVCS. The antici-
pated integrated luminosity around 100 pb�1

will, however, limit the accuracy of measure-
ments at Q

2 above 5GeV2 and the possi-
bilities to explore simultaneously the depen-
dence on x, Q2 and t. At present it is not
clear whether polarized protons will be avail-
able.

A first era of precise parton imaging will
begin with the 12 GeV upgrade at JLab, with
very high statistics and su�ciently high Q

2

to probe partons at high-x, including the ef-
fects of polarization. Figure 2.19 gives an
overview of existing and anticipated mea-
surements of DVCS in the x,Q

2 plane.
To realize the full physics potential of

parton imaging that we have discussed in the
previous section will require the EIC. Such
a machine will, for the first time, make it
possible to image partons with high statis-

tics and with polarization in a wide range
of small- to moderate-x. At high-x it will
complement the JLab 12 program with mea-
surements at large-Q2, thus opening up the
possibility to extract physics from scaling vi-
olations for high-momentum partons.

Let us finally mention that it is very dif-
ficult to obtain information on GPDs from
exclusive processes in p+p collisions. This is
due to the e↵ect of soft gluon exchange be-
tween spectator partons in the two protons,
which precludes a simple theoretical inter-
pretation of such reactions. Lepton-proton
scattering thus provides a privileged way to
quantify the spatial structure of the pro-
ton via GPDs. On the other hand, the in-
formation gained in lepton-proton scattering
can help to better understand important fea-
tures of proton-proton collisions, in particu-
lar the dynamics of multi-parton interactions
[128, 129].

Q2=100 GeV 2

Q2=50 GeV2Planned DVCS at fixed targ.:
COMPASS- dσ/dt, ACSU, ACST

JLAB12- dσ/dt, ALU, AUL, ALL

Current DVCS data at colliders:
ZEUS- total xsec
ZEUS- dσ/dt

H1- total xsec
H1- dσ/dt
H1- ACU

Current DVCS data at fixed targets:
HERMES- ALT HERMES- ACU

HERMES- ALU, AUL, ALL

HERMES- AUT Hall A- CFFs
CLAS- ALU CLAS- AUL
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Figure 2.19: An overview of existing and planned measurements of DVCS in the x,Q
2 plane.

49

Spatial Imaging of quarks & gluons
Generalized Parton Distributions

Deeply Virtual Compton 
Scattering Measure all 
three final states
e + p à e’+ p’+ g 

Fourier transform of 
momentum 
transferred=(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+
p
0)/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
⇠ = xB/(2� xB) in terms of the usual
Bjorken variable xB = Q

2
/(2p · q). For

the production of a meson with mass
MV one finds instead ⇠ = xV /(2� xV )
with xV = (Q2 +M

2
V )/(2p · q).

• The crucial kinematic variable for par-
ton imaging is the transverse momen-
tum transfer �T = p0

T � pT 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 Q
2

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

J/ +Q
2.

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 = p

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

X

q

eq

Z
dxH

q(x, ⇠, t) = F
p
1 (t) ,

X

q

eq

Z
dxE

q(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 p0

x + ⇠ x� ⇠

p p0

�⇤ �⇤� 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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Figure 2.21: Top: The DVCS cross-section in two bins of x and Q
2. The error bars reflect

statistical and assumed systematic uncertainties, but not the overall normalization uncertainty
from the luminosity measurement. For the left panels the assumed luminosity is 10 fb�1 for
|t| < 1GeV2 and 100 fb�1 for |t| > 1GeV2. Bottom: The distribution of partons in impact
parameter bT obtained from the DVCS cross-section. The bands represent the parametric errors
in the fit of d�DV CS/dt and the uncertainty from di↵erent extrapolations to the regions of
unmeasured (very low and very high) t, as specified in Sec. 3.6 of [2].

measured value of ⇠ = x/(2 � x), whereas
the variable bT is legitimately interpreted as
a transverse parton position [99]. The bot-
tom panels of Figure 2.21 show that precise
images are obtained in a wide range of bT ,
including the large bT region where a char-
acteristic dependence on bT and x due to
virtual pion fluctuations is predicted as dis-

cussed in Sec. 2.4.1. We emphasize that a
broad acceptance in t is essential to achieve
this accuracy. If, for instance, the measured
region of |t| starts at (300MeV)2 instead of
(175MeV)2, the associated extrapolation un-
certainty exceeds 50% for bT > 1.5 fm with
the model used here.
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Figure 2.26: Top: cross-section for �
⇤
p ! J/ p in two bins of xV and Q

2. Bottom: the
distribution of gluons in impact parameter bT obtained from the J/ production cross section.
The bands have the same meaning as in Figure 2.21.

ics such as shadowing, anti-shadowing or the
EMC e↵ect. An overview and references can
be found in Sec. 5.9.1 of [2]. Coherent ex-
clusive reactions such as J/ production on
heavy nuclear targets have the potential to
map out the geometry of the nucleus in high-
energy processes and thus to quantify the ini-
tial conditions of heavy-ion collisions. As dis-
cussed in Sec. 3.2.2, they may o↵er detailed
information about parton saturation by ex-
hibiting the bT dependence of the amplitude
N(x, rT , bT ) for scattering a color dipole of
size rT at a transverse distance bT from the
center of the nucleus.

Scattering processes at high Q
2 in which

two or more nucleons are simultaneously
knocked out of a nucleus provide an oppor-

tunity to study short-range correlations be-
tween nucleons in a nucleus. Fixed-target ex-
periments [138, 139] have obtained intriguing
results, which not only provide detailed in-
sight into the nucleon-nucleon interaction at
short distances but also have astrophysical
implications [140]. At the EIC, one will have
the unique opportunity to study the role of
gluon degrees of freedom in these short-range
correlations. For instance, in exclusive J/ 
production o↵ light nuclei accompanied by
knockout nucleons, see Sec. 5.12 of [2]. Such
studies have the potential to greatly increase
our understanding of nuclear forces in the
transition region between hadronic and par-
tonic degrees of freedom.
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2+1 D partonic image of the proton with the EIC
Spin-dependent 2D momentum space images from 
semi-inclusive scattering

Spin-dependent 2D coordinate space (transverse) +
1D (longitudinal momentum) images from exclusive 
scattering
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2+1 D partonic image of the proton with the EIC
Spin-dependent 3D momentum space images from 
semi-inclusive scattering

Spin-dependent 2D coordinate space (transverse) +
1D (longitudinal momentum) images from exclusive 
scattering
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Only a collider with wide x-Q2 range can achieve this
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Figure 9: 90% C.L. uncertainty estimates for the running integrals of the gluon helicity (left), quark helicity
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Q2, the spin of the proton can be written in terms
of its constituents using the Ja↵e–Manohar sum
rule [21]

1

2
=

1

2

Z 1

0
dx�⌃

�
x,Q2

�
+

Z 1

0
dx�g

�
x,Q2

�
+ L(Q2) , (2)

where 1
2�⌃(x,Q2) represents the quark helicity

contribution, and �g(x,Q2) represents the gluon
helicity contribution to the total spin of the pro-
ton. The respective orbital angular momenta of
quarks and gluons are represented by L(Q2) =P

q

⇥
Lq(Q2) + Lq̄(Q2)

⇤
+ Lg(Q2).

Figure 9 shows an extraction of the integrals of
the quark and gluon contributions in Eq. 2, run-
ning between x = xmin and x = 1 with their 90%
confidence level (C.L) uncertainties. The gray-
shaded band is the outcome of the DSSV08 [17]
analysis, which is almost exclusively based on
the existing DIS data. The blue-shaded band
shows the result of the DSSV14 [18] fit, which in-
cludes polarized p+p data from RHIC. The yellow-
shaded region shows the projected constraints on
the parton distributions once all RHIC data col-
lected through 2015 is included. In the plots, the
region to the right of the dashed vertical line is
constrained by current data. It is clear that preci-

sion data are needed to determine the parton con-
tribution to the proton’s spin, especially at low x.
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Figure 10: Present knowledge of the evolution in x of
the structure function g1, based on the DSSV14 ex-
traction [19]. The dotted lines show the results for
alternative fits that are within the 90% C.L. limit.

The fraction of the spin from angular mo-
menta can be obtained by subtracting 1

2�⌃(Q2)
and �G(Q2) from the total spin of the proton, us-
ing the sum rule in Eq. 2. The right panel in Fig. 9
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shows how the angular momenta contribution is
totally unconstrained at moderate to low x. A
key observable in disentangling the various parton
contributions to the proton spin is the polarized
structure function g1(x,Q2). It is proportional to
the di↵erence of the neutral current cross-sections
of DIS events, with the beams polarized parallel
and anti-parallel in the longitudinal direction,

1

2


d2�⌧

dxdQ2
� d2�◆

dxdQ2

�
' 4⇡↵2

Q4
y(2� y)g1(x,Q

2).
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Figure 11: Projections for the structure function g1 at
di↵erent

p
s, compared with a model extrapolation and

its uncertainties [18]. The curves correspond to di↵er-
ent values of x that are specified next to each curve.
For clarity, constants are added to g1 to separate dif-
ferent x bins; moreover, multiple data points in the
same x-Q2 bin are displaced horizontally. The gray
area marks the phase space currently covered by fixed
target experiments. See text for details.

The integral of the structure function over x
is sensitive to the contribution from the quarks
and the derivative versus Q2 is sensitive to the

gluon distribution. Therefore �g(x,Q2) can be
accessed in DIS data via scaling violation fits
⇠ dg1

�
x,Q2

�
/dlnQ2. However, a precise scaling

violation fit requires, depending on the respective
uncertainties, a su�ciently large lever arm in Q2

at any given value of x. Figure 10 shows how
the present knowledge of the structure function
g1 rapidly deteriorates and uncertainties explode
at low x. The EIC pseudo-data are depicted by
the red data points. The uncertainties are smaller
than the symbols illustrating the enormous con-
straining power an EIC will have on g1.
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Figure 12: The EIC’s impact on the knowledge of the
integral of the quark and gluon spin contribution in the
range 10�6 < x < 10�3 (y-axis) versus the contribu-
tion from the orbital angular momentum in the range
10�3 < x < 1 (x-axis).

Figure 11 shows the structure func-
tion g1(x,Q2) in e+p collisions at

p
s =

44.7, 63.4, 141.4 GeV from EIC pseudo-data, com-
pared with the phase space currently reached by
fixed target experiments. The error bars indicate
only the statistical precision and correspond to a
sampled luminosity of 10 fb�1. The uncertain-
ties of the DSSV14 theoretical prediction [18] are
shown by the blue bands. It is clear that the
assumed sampled luminosity is already enough
to get really precise measurements, whereas the
larger

p
s extends greatly the reach to lower x val-

ues where present uncertainties are large. Given
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the QCD string tension in the Regge framework.
In this framework, the transition from large to
small x contains important information that al-
lows one to deduce how the dynamical degrees of
freedom transition from Reggeon exchanges to so-
called Pomeron exchanges, or – in parton language
– from quark to gluon exchanges, where the latter
carries the quantum numbers of the QCD vacuum.
The evolution over a large range in Q2 can teach
us how the the string tension evolves from this
nonperturbative stringy picture to that of QCD
bremsstrahlung. One can thus study with un-
precedented precision how the dynamics changes
when going upwards from the lower right corner
in Fig. 1.

In Fig. 16, an inelasticity of y  0.6 was cho-
sen; this is important to ensure that the DVCS
cross-section is not dominated by the Bethe-
Heitler background; details of the analysis are
given in Ref. [39]. As a result, the values of x do
not go below x = 10�3. The analysis of data with
higher y and lower x is possible but more involved.
These considerations are also valid at lower

p
s.

Therefore, at lower energies there is limited reach
beyond the Reggeon exchange dominated region.

Another important exclusive channel is that of
J/ production, which provides unique access to
the unpolarized gluon GPD through the dominant
photon-gluon fusion production mechanism; this

mechanism is discussed further in Sec. 3.4 and il-
lustrated in Fig. 19. Transverse spatial images ob-
tained from Fourier transforming the t-dependent
�⇤p ! J/ + p0 J/ cross-section for

p
s = 140

GeV show that gluon distributions can be accessed
across the entire transverse plane with fine resolu-
tion at small x.
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Figure 16: The average value of the mean squared par-
ton radius of the proton, extracted from the DVCS
cross-section, plotted as a function of Bjorken x. Re-
sults are shown for three di↵erent values of Q2. Plot
from the EIC White Paper [1].

Incoherent exclusive scattering is characterized
by the breakup of the proton. These processes
are unique in that they are sensitive to the color
charge fluctuations in the proton. This is discussed

17

Phy. Rev. D 96 (2017) 11, 114005
E.C. Aschenauer, S. Fazio, J. H. Lee, H. Mantysaari, B. 

Page, B. Schenke, T. Ullrich, R. Venugopalan, & P. Zurita

Message from these studies: High energy is not only 
good for the low-x physics with nuclei, but it also 
helps hadron structure studies… 
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Sin2QW with the EIC: Physics Beyond SM searches: 
Case for high -uminosity and high-energy

• Precision parity violating asymmetry 
measurements e/D

• Deviation from the “curve” may be hints of BSM 
scenarios including: Lepto-Quarks, RPV SUSY 
extensions, E6/Z’ based extensions of the SM

• Caveat: Requires high luminosity i.e. will take 
time, but also other competitive searches around 
the world.
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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
,m

2
Z
,m

2
Zd

)

16⇡m
3
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✓
g mZ
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◆2

⇥
✓
�
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◆2
 
(m2

H
�m

2
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�m

2
Zd

)2

4m2
Z
m

2
Zd

+ 2

!
(14)

with �(x, y, z) ⌘ x
2 + y

2 + z
2 � 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 Q

2 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 Q

2 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

6 Y. X. Zhao et al.: Neutral Weak Interactions at an EIC
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into account the corrections of QED radiation of scattered
electrons at next-to-leading order accuracy and bin mi-
grations due to finite detector resolutions. Di↵erent beam
energy configurations, under discussion for a future EIC
have been investigated.

The ��Z interference structure functions provide unique
combinations of unpolarized and polarized PDFs in the
parton model. Moreover, they have direct sensitivity to
unpolarized and polarized strange quark distributions. Along
with the charged-current mediated structure functions [5],
these structure functions could be very impactful input
for a clean extraction of individual PDFs. The combined
measurements also provide an opportunity to test SU(3)
flavor symmetry. The study shows that higher center-of-
mass with high luminosity is favorable for such extraction.
The major systematic uncertainty of such measurements
stems from the uncertainties in the measurements of the
polarization of the electron and proton beams. The re-
quirement on the accuracy of electron (proton) beam po-
larimeters is < 1% (< 3%). A recent combined analysis
with unpolarized data from both H1 and ZEUS at HERA
has showed a slightly better precision on the F �Z

3 measure-
ment [26]. However, the study proposed at an EIC would
be far more powerful in constraining F �Z

1 since it is the
dominant contribution to the parity-violating asymmetry.

The measurements of the weak mixing angle accessible
at a future EIC are in a unique Q2 region where there are
no proposed measurements in the following decade. Pio-
neering measurements in this region were carried out by
HERA. A combined QCD analysis on the weak mixing an-
gle at HERA covers a broad high Q2 region [27], while the
precision is significantly lower in the Q2 region covered by
the proposed EIC measurements. The impact of the mea-
surements will depend on the status of searches for physics
beyond the Standard Model. There could be growing in-
terest in such measurements depending on the outcomes
of new physics searches at the LHC and elsewhere.

Armed with these results, a comprehensive study on
PDF fits is planned for both unpolarized and polarized
distributions. The study will be focused on the impact on
individual PDFs when combining data of di↵erent world
data subsets with EIC projections. It might be interesting
to know how well the s and �s distributions could be
constrained without using semi-inclusive measurements.
Another interesting topic is the impact of the improved
unpolarized PDFs to LHC physics with EIC data.

In summary, a future EIC, with its high energy and
high luminosity, opens up a new window for the study
of neutral current electroweak physics. New unpolarized
and polarized � � Z interference structure functions can

Y. X. Zhao, A.D., K. Kumar, Eur. Phys. J. A53 (2017) 3, 55 

H. Davoudiasl, H. S. Lee, W. J. Marciano, 
Low Q2 Weak Mixing Angle Measurement 
and Rare Higgs Decays, arXiv: 1507.00352
Phys. Rev. D 92, 5, 05505 (2015)



Other recent publications 
• The Deepest Recesses of The Atom, A. Deshpande & R. Yoshida, Scientific American, 

June 2019
• SIDIS, Parton Distributions, and Fragmentation Functions at the future EIC; E. C. 

Aschenauer, I. Borsa, R. Sassot, C. Van Hulse, PRD99, 094004 (2019)
• Measuring Weizsaecker-Williams dirtsibution of linearly polarized gluons in an EIC thorugh

di-jet asymmetries, A. Dumitru, V. Skokov, T. Ullrich PRC 99, 015204 (2019)
• Accessing the energy dependence of Key Measurements, E.C. Aschenauer et al. Rep. 

Prog. Phys. 82 vol.2 (2019)
• Measuring gluon Sivers at the future EIC, L. Zheng et al., Int. J. Mod. Phys. Conf. Ser. 46 

(2018) 1860021 
• Di-Jets the path to the (un)polarized partonic photon structure at the EIC, X. Chu & E.C. 

Aschenauer, PoS DIS2018 (2018) 168

See: https://wiki.bnl.gov/eic/index.php/Publications_and_presentations
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Opportunities for YOU: Physics beyond the EIC White Paper:

• Heavy quark and quarkonia (c, b quarks) studies beyond HERA, with 100-1000 times 
luminosities (??) Does polarization of hadron play any role?

• Quark Exotica: 4,5,6 quark systems…?
• Impact of precision measurements of unpolarized PDFs, especially at high x, for LHC
• What role would TMDs in e-p play in W-Production at LHC?
• Study of jets: Internal structure of jets 
• Jet propagation in nuclei… energy loss in cold QCD medium: a topic interest
• Initial state affects QGP formation!….. p-A, d-A, A-A at RHIC and LHC: many puzzles
• Gluon TMDs at low-x!
• Polarizedd light nuclei in the EIC
• Entanglement entropy in nuclear medium and its connections to fragmentation, 

hadronization and confinement

June 5, 2019 EIC at the Workshop on Cold QCD @ RHIC-AGS Meeting 2019 27



Summary & outlook

• The electron ion collider with polarized beams will be an extremely versatile facility to 
study QCD; and via precision/controlled afforded by high-luminosity high-energy DIS, 
unprecedented study of hadron structure and partonic dynamics is possible.

• The hugely expanded x-Q2 coverage coupled with high luminosity (large acceptance 
detector, & polarimetry which was not discussed in this talk) is the key to its success.

• A recent review of EIC science by the US National Academy of Sciences, Engineering 
and Medicine (NAS) declared the science of EIC : fundamental and compelling and 
its realization, timely. è We await formal process of EIC realization to get started.

June 5, 2019 EIC at the Workshop on Cold QCD @ RHIC-AGS Meeting 2019 28



QCD Landscape to be explored by EIC
QCD at high resolution (Q2) —weakly correlated quarks and gluons are well-described

Strong QCD dynamics creates many-body 
correlations between quarks and gluons
à hadron structure emerges

EIC will systematically explore correlations in 
this region.

An exciting opportunity: Observation by EIC 
of a new regime in QCD of weakly coupled 
high density matter
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RHIC Spin: DG Impact  
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Figure 1-3: ALL vs. xT for inclusive jet production at mid-
rapidity in 200 GeV (blue circles) [6] and 510 GeV (red 
squares) [7] p+p collisions, compared to NLO predictions 
[8,9] for three recent NLO global analyses [10,11,12] 
(blue curves for 200 GeV and red curves for 510 GeV). 

Figure 1-4: ALL vs. xT for π0-meson production at mid 
rapidity with the point-to-point uncertainties in 200 GeV 
(blue circles) [13] and 510 GeV (red squares) [14] p+p 
collisions, compared to NLO predictions [15] for three 
recent NLO global analyses [10,11,12] (blue curves for 
200 GeV and red curves for 510 GeV). The gray/gold 
bands give the correlated systematic uncertainties. 

 

 

 
 
 
Figure 1-5: The running integral for Δg as a function of 
xmin at Q2 = 10 GeV2 as obtained in the DSSV global 
analysis framework. The different uncertainty bands at 
90% C.L. are estimated from the world DIS and SIDIS 
data, with and without including the combined set of pro-
jected pseudo-data for preliminary and RHIC measure-
ments up to Run-2015, respectively as well as including 
EIC DIS pseudo data (taken from Ref. [16]). 

 
The production of W± bosons in longitudinally 

polarized proton-proton collisions serves as a 
powerful and elegant tool [17] to access valence 
and sea quark helicity distributions at a high 
scale, Q∼MW, and without the additional input of 
fragmentation functions as in semi-inclusive DIS. 
While the valence quark helicity densities are 
already well known at intermediate x from DIS, 
the sea quark helicity PDFs are only poorly con-
strained. The latter are of special interest due to 
the differing predictions in various models of 
nucleon structure (see Ref. [18, 19]). The 2011 
and the high statistics 2012 longitudinally polar-
ized p+p data sets provided the first results for 
W± with substantial impact on our knowledge of 
the light sea (anti-) quark polarizations (see Fig-

ure 1-7 (left)). With the complete data from 2011 
to 2013 analyzed by both the PHENIX (see Fig-
ure 1-6 (right)) and STAR experiments the final 
uncertainties will allow one to measure the inte-
grals of the ∆! and ∆! helicity in the accessed x 
range above 0.05. The uncertainty on the flavor 
asymmetry for the polarized light quark sea 
∆! − ∆!  will also be further reduced and a 
measurement at the 2σ level will be possible (see 
Figure 1-7 (right)). These results demonstrate 
that the RHIC W program will lead, once all the 
recorded data are fully analyzed, to a substantial 
improvement in the understanding of the light 
sea quark and antiquark polarization in the 
nucleon. 
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200 GeV and red curves for 510 GeV). The gray/gold 
bands give the correlated systematic uncertainties. 

 

 

 
 
 
Figure 1-5: The running integral for Δg as a function of 
xmin at Q2 = 10 GeV2 as obtained in the DSSV global 
analysis framework. The different uncertainty bands at 
90% C.L. are estimated from the world DIS and SIDIS 
data, with and without including the combined set of pro-
jected pseudo-data for preliminary and RHIC measure-
ments up to Run-2015, respectively as well as including 
EIC DIS pseudo data (taken from Ref. [16]). 

 
The production of W± bosons in longitudinally 

polarized proton-proton collisions serves as a 
powerful and elegant tool [17] to access valence 
and sea quark helicity distributions at a high 
scale, Q∼MW, and without the additional input of 
fragmentation functions as in semi-inclusive DIS. 
While the valence quark helicity densities are 
already well known at intermediate x from DIS, 
the sea quark helicity PDFs are only poorly con-
strained. The latter are of special interest due to 
the differing predictions in various models of 
nucleon structure (see Ref. [18, 19]). The 2011 
and the high statistics 2012 longitudinally polar-
ized p+p data sets provided the first results for 
W± with substantial impact on our knowledge of 
the light sea (anti-) quark polarizations (see Fig-

ure 1-7 (left)). With the complete data from 2011 
to 2013 analyzed by both the PHENIX (see Fig-
ure 1-6 (right)) and STAR experiments the final 
uncertainties will allow one to measure the inte-
grals of the ∆! and ∆! helicity in the accessed x 
range above 0.05. The uncertainty on the flavor 
asymmetry for the polarized light quark sea 
∆! − ∆!  will also be further reduced and a 
measurement at the 2σ level will be possible (see 
Figure 1-7 (right)). These results demonstrate 
that the RHIC W program will lead, once all the 
recorded data are fully analyzed, to a substantial 
improvement in the understanding of the light 
sea quark and antiquark polarization in the 
nucleon. 
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