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▪ Saturation:  
Is the high-energy/low-x limit governed by a universal 
dense saturated gluon matter?

CENTRAL QUESTIONS
Physics reach of eA program at EIC

▪ Confinement & Hadronization:  
What are the space-time dynamics for hadronization? 
How do quarks and gluons interact with a nuclear medium?

▪ Partonic Structure of the Nucleus  
What is the partonic origin of the EMC effect? 
What is the role of collective gluon excitations? 
A full 5D description of the partonic structure & dynamics?
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NAS CHARGE FOR EIC
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▪ An EIC can uniquely address three profound 
questions about nucleons - neutrons and protons - 
and how they are assembled to form the nuclei of 
atoms: 
▪ How does the mass of the nucleon arise? 
▪ How does the spin of the nucleon arise? 
▪ What are the emergent properties of dense 

systems of gluons?

[…] The third question is perhaps the most exciting to nuclear scientists 
because it offers the opportunity for the most surprises, including new 
phases of matter and deep insights about quantum field theory. 
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▪ Is the high-energy/low-x limit governed by a universal dense 
saturated gluon matter?

SATURATION
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PROTON STRUCTURE AT LOW X
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Linear evolution has problems!

▪ Gluons and sea quarks dominant at low x 
▪ Distributions rise quickly at low x 
▪ According to BFKL evolution, single gluon 

emission diverges (~ 1/x)

Divergent behavior violates the 
black disk limit from QM
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PROTON STRUCTURE AT LOW X
Non-linear effects lead to saturation.

▪ Saturation caused by gluon recombination 
▪ Non-linear behavior described by BK/JIMWLK-

based models 
▪ Equilibrium point between splitting and 

recombination defines new scale Qs(x) >> ΛQCD 
▪ Color fields in this Color Glass Condensate 

extremely strong, but perturbative regime!

!6
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WHY EIC?
The ideal place to study saturation!

▪ First hints of possible onset of saturation seen at 
HERA, RHIC and LHC 

▪ Advantages at EIC: clean initial state and strong 
nuclear enhancement (nuclear “Oomph” factor)
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Saturation scale for Au 
as large as for proton at 
197x smaller value of x
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KEY OBSERVABLES FOR SATURATION
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Golden channels: diffractive processes

▪ Diffractive scattering can be described as 
interaction of color dipole with nucleus. 

▪ Only class of events sensitive to the spatial 
distribution of gluons. 

▪ Cross section depends quadratically on gluon 
momentum distribution 

▪ At HERA, 15% of DIS events was diffractive 
▪ In eA we have both coherent and incoherent 

scattering

A’A
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KEY OBSERVABLES FOR SATURATION
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Ratio of diffractive to total cross-section

A’A
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KEY OBSERVABLES FOR SATURATION
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Diffractive vector meson production

A

VM

A’

P’ + Y

A

▪ J/ψ smaller and less sensitive to non-linear effects 
compared to φ
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EIC WELL-PLACED TO MEASURE SATURATION
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Many complimentary channels available!

▪ Primary channels: 
▪ Ratio diffractive DIS to DIS 
▪ Diffractive meson production 

▪ …But also: 
▪ Nuclear structure functions compared to proton 
▪ Di-hadron correlations 
▪ Saturation effects in nuclear GPDs 
▪ …
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▪ How do quarks and gluons interact with a nuclear medium? 
▪What are the space-time dynamics for hadronization?

CONFINEMENT AND HADRONIZATION

!12
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HADRONIZATION IN SIDIS
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eA collision provides for ultimate control

▪ Well controlled hard-scattering kinematics 
▪ Well known final state 
▪ Able to go from production inside medium (low-

energy) to production outside of medium (high 
energy) 

▪ New handle on surprising heavy-meson 
suppression at RHIC 

▪ Topics of momentum broadening and color 
transparency can also be explored
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ISSUES WITH EXISTING LOW-ENERGY DATA

!14

How well do we understand the data we already have?
COMPARING DIFFERENT HADRONS
HERMES demonstrated that simple expectations about hadron 
flavor independence are naïve - Eur. Phys. J. A (2011) 47: 113.

No model can describe all of these data

!3
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Fig. 1. Dependence of Rh
A on ν for positively and negatively charged hadrons for three slices in z as indicated in the legend.

The inner and outer error bars indicate the statistical and total uncertainties, respectively. For the latter the statistical and
systematic bin-to-bin uncertainties were added in quadrature. In addition, scale uncertainties of 3%, 5%, 4%, and 10% are to
be considered for pions, kaons, protons and antiprotons, respectively.

transferred to the hadron in the photon-nucleon centre-
of-mass system to its maximum possible value. Together,
the constraints on z and xF reduce contributions from the
target fragmentation region.

From the data, the hadron multiplicity ratios Rh
A were

determined for each hadron type and target. Radiative
corrections were applied following the scheme described
in refs. [7,40–43], using average values of ν and Q2 for
each kinematic bin in the analysis. The corrections re-
main below 7% in all bins. Acceptance effects were stud-
ied in Monte Carlo simulations using an experimentally
motivated parametrisation of Rh

A. They were found to be
small compared to other uncertainties in all but the low-
est bin in ν. The differences between the parametrised and
reconstructed values were used to estimate the systematic
uncertainty due to the restricted acceptance for each ha-
dron type.

Uncertainties in the knowledge of radiative processes
(up to 2%) and half of the observed maximal differences
between results for Rh

A from different data-taking periods
were taken together as overall scale uncertainties1. The to-

1 In order to reduce effects from statistical fluctuations larger
ranges of acceptance were integrated for these studies. How-
ever, it was verified that those effects were not generated in
certain kinematic ranges only.

tal scale uncertainties are 3%, 5%, 4%, and 10% for pions,
kaons, protons and antiprotons, respectively.

The uncertainties due to the hadron identification were
estimated to be up to 0.5% for charged pions, up to 1.5%
for kaons and protons, and up to 4% for antiprotons.
Those due to acceptance effects were 6% for pions, 3%
for kaons, and 7% for protons and antiprotons in the first
ν bin, and less than 2% for any hadron in any other bin.
Effects due to the contamination from diffractive ρ0 me-
son production were estimated to be at most 4 and 7%
for positive and negative pions, respectively. (For details
see ref. [7].) These uncertainties were added in quadra-
ture separately for each data point to yield systematic
bin-to-bin uncertainties. Those were subsequently added
in quadrature to the statistical uncertainties and plotted
as total uncertainties.

3 Results and discussion
The results for the multiplicity ratio Rh

A are presented us-
ing a fine binning in one of the variables, a coarser binning
(called slice) in a second variable, and integrating over the
remaining variables within the acceptance of the experi-
ment. The following slices were used: 4–12, 12–17, and
17–23.5GeV for ν; 0.2–0.4, 0.4–0.7, and > 0.7 for z; and
≤ 0.4, 0.4–0.7, and > 0.7GeV2 in the case of p2

t . The de-
pendence on Q2 was investigated, but as it turned out to
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Fig. 2. Dependence of Rh
A on z for positively and negatively charged hadrons for three slices in ν as indicated in the legend.

Uncertainties are shown as in fig. 1.

Fig. 3. Dependence of Rh
A on p2

t for positively charged hadrons
for three slices in z as indicated in the legend. Uncertainties
are shown as in fig. 1.

be weak, no dependences with slices in Q2were produced.
In the following, dependences that show salient features
are discussed. In the presentation of the data, bins based

on fewer than 10 events were omitted because the large
statistical uncertainty would preclude useful conclusions.

The dependence of Rh
A on ν for three slices in z is

shown in fig. 1. For pions and K−, a global trend of steady
increase of Rh

A with increasing values of ν was observed.
Such a behaviour is explained in fragmentation models
as resulting from Lorentz dilation and/or a shift in the
argument z of the relevant fragmentation function [18].
However, at the highest z range there is an indication for
a flattening out (and possibly a reversal of this trend) at
low ν for π+ and π− independently, which is not explained
by these mechanisms.

The behaviour of Rh
A for K+ was found to be more

complicated. For krypton and xenon there is a clear in-
crease of RK+

A with ν for the lowest z-slice, but at larger
values of z the behaviour is flatter. In contrast, the results
for Rh

A for K− resemble those for pions. For antiprotons,
the ν dependence was found to be weak with a slightly
positive slope, but the statistical accuracy of the results
is too limited to draw definite conclusions. The neon data
show similar but less pronounced trends, which was a com-
mon observation in all distributions under study. This is
not unexpected due to the smaller size of the nucleus of
neon compared to krypton and xenon.

The results for protons differ significantly from those
for the other hadrons. For the heavy nuclei, Rp

A behaves
very differently for the three z-slices, considerably exceed-
ing unity at higher ν for the lowest z-slice. Part of the
explanation may be the following. Unlike the other ha-
drons, protons are present already in the target nucleus.
Therefore, apart from hadronization, residual protons can
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Fig. 4. Dependence of Rh
A on z for positively and negatively charged hadrons for three slices in p2

t as indicated in the legend.
Uncertainties are shown as in fig. 1.

also result from reactions in the final state (final-state in-
teractions), whereby a proton is knocked out of the nu-
cleus. Those protons will preferably be emitted with low
energy. This could lead to an energy dependence which,
in conjunction with other kinematic factors, leads to the
observed non-trivial behaviour.

The dependence of Rh
A on z for three2 slices in ν is

shown in fig. 2. A slight change of the z dependence when
varying the ν range was observed for the π+ and π− dis-
tributions. This has been observed already in ref. [7] for
the combined pion sample and we refer to that paper for
the discussion. The results on krypton and xenon for pro-
tons show a very strong dependence on z, the value of
Rp

A exceeding unity in all ν ranges at low z. This sup-
ports the assumption that at low values of z there is a
sizable contribution of final-state interactions. A similar,
but smaller effect was seen for K+, as RK+

A increases to
almost unity, while RK−

A remains well below unity. This
suggests that interactions play a role for K+ production
in which a proton in the target nucleus is transformed
into a K+ Λ pair while the analogous process for K−

production is suppressed due to the quark content of the
K− [24].

Figure 3 shows the dependence of Rh
A on p2

t for three
slices in z for positively charged hadrons. The behaviour
of Rh

A for π− (not shown) was found to be the same as that
for π+ within statistical uncertainties. The rise at high p2

t

2 As the combined dependence on ν and z is crucial for var-
ious model calculations, the results as a function of z are also
given for five slices in ν in ref. [17].

suggests a broadening of the pt distribution [24]. Such a
broadening could result from an interaction of the struck
quark with the nuclear environment before the final ha-
dron is produced and/or from interactions of the produced
hadron within the nucleus. A detailed analysis and discus-
sion of the HERMES data for pions and K+ particles in
terms of pt broadening has been presented in ref. [44]. In-
teresting to note is that in the highest z-slice Rh

A for pions
and K+ becomes independent of p2

t within statistical un-
certainties, while for protons a significant rise is observed
at high p2

t . For K− and antiprotons (neither are shown)
limited statistics preclude any definite conclusion. In the
intermediate z-range protons also show a much stronger
rise with p2

t compared to pions and kaons in the respec-
tive ranges. This is consistent with a large contribution of
final-state interactions in the case of protons.

In fig. 4, the variation of the p2
t -dependence with z is

presented in a different way by showing the dependence
of Rh

A on z for three slices in p2
t . The global decrease of

Rh
A with z was already observed in fig. 2. This dependence

of Rh
A on z turns out to be stronger at higher values of

p2
t , an effect that is emphasised at larger target mass. At

high z, the dependence on p2
t disappears for π+, π−, and

K+, as has already been seen in fig. 3. This lack of nuclear
broadening of the pt distribution in the limit of instan-
taneous hadronization, i.e., before the struck parton has
lost any energy, has been interpreted in terms of broad-
ening arising from partonic processes [24]. For protons,
a similar, but much stronger dependence of the slope on
p2

t was observed, with Rp
A increasing far above unity at

low z. This has been discussed in relation to fig. 2 as be-
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Fig. 2. Dependence of Rh
A on z for positively and negatively charged hadrons for three slices in ν as indicated in the legend.

Uncertainties are shown as in fig. 1.

Fig. 3. Dependence of Rh
A on p2

t for positively charged hadrons
for three slices in z as indicated in the legend. Uncertainties
are shown as in fig. 1.

be weak, no dependences with slices in Q2were produced.
In the following, dependences that show salient features
are discussed. In the presentation of the data, bins based

on fewer than 10 events were omitted because the large
statistical uncertainty would preclude useful conclusions.

The dependence of Rh
A on ν for three slices in z is

shown in fig. 1. For pions and K−, a global trend of steady
increase of Rh

A with increasing values of ν was observed.
Such a behaviour is explained in fragmentation models
as resulting from Lorentz dilation and/or a shift in the
argument z of the relevant fragmentation function [18].
However, at the highest z range there is an indication for
a flattening out (and possibly a reversal of this trend) at
low ν for π+ and π− independently, which is not explained
by these mechanisms.

The behaviour of Rh
A for K+ was found to be more

complicated. For krypton and xenon there is a clear in-
crease of RK+

A with ν for the lowest z-slice, but at larger
values of z the behaviour is flatter. In contrast, the results
for Rh

A for K− resemble those for pions. For antiprotons,
the ν dependence was found to be weak with a slightly
positive slope, but the statistical accuracy of the results
is too limited to draw definite conclusions. The neon data
show similar but less pronounced trends, which was a com-
mon observation in all distributions under study. This is
not unexpected due to the smaller size of the nucleus of
neon compared to krypton and xenon.

The results for protons differ significantly from those
for the other hadrons. For the heavy nuclei, Rp

A behaves
very differently for the three z-slices, considerably exceed-
ing unity at higher ν for the lowest z-slice. Part of the
explanation may be the following. Unlike the other ha-
drons, protons are present already in the target nucleus.
Therefore, apart from hadronization, residual protons can

Slide by Will Brooks

▪ Identified hadrons 
▪ Low energy scale 
▪ HERMES and CLAS-6 data currently not 

described by any models
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Baryon ChannelMeson Channels

CLAS-6 Preliminary

Consistent with HERMES results 

Target 

Fragmentation

Forward Fragmentation

CLAS-6 Preliminary: raw multiplicity ratio

5 GeV CLAS-6 Hadronization Results

First time ever to study the hadronization of L0 hyperon 

and probe the forward (current) and backward (target) 

fragmentation regions.

▪ EIC can do these measurements at large 
W/Q2 without issues with factorizationSlide by Lamiaa El Fassi
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COMPARISON OF LIGHT AND HEAVY QUARKS
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EIC year-1 result!

▪ Only 2 of many mesons that will be fully identified!
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▪What is the partonic origin of the EMC effect? 
▪What is the role of collective gluon excitations? 
▪ A full 5D description of the partonic structure & dynamics?

PARTONIC STRUCTURE OF THE NUCLEUS 

!16
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EMC EFFECT
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What happens below the shadowing region?

▪ Ratio of nuclear over nucleon structure 
function 

▪ Different behavior depending on the nature 
of the soft gluons. 

▪ EIC ranges from deep sea to valence 
region!
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FREE NEUTRON STRUCTURE
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Tagged deuteron DIS
▪ From “Nuclear FSI in tagged deuteron DIS at EIC”, Christian Weiss 
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NUCLEON AND NUCLEAR TOMOGRAPHY

!19

Experimental tools

▪ Semi-inclusive reactions: e+p/A —> e’ + h + X

▪ Exclusive reactions: e+p/A —> e’ + p’/A’ + h/γ 
(DVCS and DVMP) 
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NUCLEON AND NUCLEAR TOMOGRAPHY
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Wigner distributions and 2+2+1D imaging
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EXAMPLE: ACCESSING THE GLUON GPD
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2+1D imaging with exclusive processes
γ*

J/ψ,Υ

p p’

x + ξ x - ξ

t

|hHgi|(t) /

r
d�

dt
(t)/

d�

dt
(t = 0)

Hard scale: Q2 +M2
V

Modified Bjorken-x: xV =
Q2 +M2

V

2p · q

average unpolarized gluon GPD related to t-
dependent cross section (LO)

Fourier transform:  
transverse gluonic profile

• Remarks: 
• Simplest possible GPD extraction 
• Intrinsic systematic uncertainty due to 

extrapolation outside of measured t-
range 

• NLO effects could be significant  
• Corrections expected to be smaller 

for Y(1s) than for J/ψ
⇢(|~bT |, xV ) =

Z
d
2~�T

(2⇡)2
e
i~�T

~bT |hHgi|(t = �~�2
T )
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NUCLEON TOMOGRAPHY WITH J/Ψ

Normalized average gluon 
density

t-spectra

Only possible at an EIC:  
from the valence region deep into the sea!

!22
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NUCLEAR TOMOGRAPHY WITH J/Ψ AND φ

!23

Diffractive vector meson production

▪ J/ψ smaller and less sensitive to non-linear 
effects compared to φ 

▪ Coherent part probes nuclear structure 
▪ Incoherent part probes structure of nucleon in 

nuclear potential, including “lumpiness”. 
▪ Can select coherent by veto on breakup 

Normalized average gluon 
density

t-spectra



S. Joosten

PARTON DYNAMICS INSIDE NUCLEI

!24

What can we do with TMDs?

▪ Especially useful: unpolarized TMD 
and Boer-Mulders function because 
no need to separate spin from 
structure 

▪ Boer-Mulders function describes 
correlation of transverse quark 
polarization in unpolarized nucleon 

▪ Access EMC effect in transverse 
direction
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▪ Saturation:  
Is the high-energy/low-x limit governed by a universal 
dense saturated gluon matter?

SUMMARY
Physics reach of eA program at EIC

▪ Confinement & Hadronization:  
What are the space-time dynamics for hadronization? 
How do quarks and gluons interact with a nuclear medium?

▪ Partonic Structure of the Nucleus  
What is the partonic origin of the EMC effect? 
What is the role of collective gluon excitations? 
A full 5D description of the partonic structure & dynamics?
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